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Abstract

In my thesis, | present an investigation of the dissociation reactions of gas phase
molecules on single crystal metal surfaces studied by a molecular beam in combination with
Reflection Absorption Infrared Spectroscopy (RAIRS). Two gas/surface systems were
investigated namely water (D.0) dissociation on a flat Cu(111) surface and methane

dissociation on a stepped Pt(211) surface.

The dissociation of water molecules on an oxygen covered Cu(111) surface is
presented first. In this study, | explain how | confirmed the reaction mechanism which leads
to facile water dissociation on a Cu(111) surface pre-covered with oxygen atoms using
isotopic labeling of the oxygen atoms coupled with RAIRS detection. Direct observation of the
two different hydroxyl isotopologues on the surface showed that the water molecules
dissociate on the surface by transferring an H-atom onto the oxygen adsorbate. At a surface
temperature of 180 K, the reverse disproportionation reaction was observed to occur
simultaneously with the dissociative adsorption of water molecules which resulted in the
removal on the pre-covered oxygen isotope on the surface with continuous surface exposure

to water molecules.

The study of water dissociation is continued but for a clean Cu(111) surface i.e. no pre-
adsorbed oxygen atoms. The sticking probabilities of the dissociated water molecules were
investigated by controlling the translational energy and the vibrational energy introduced into
the incident water molecules. This experiment showed that the translational energy is better
in promoting the dissociative chemisorption of DO on Cu(111) surface than vibrational

energy.

The interaction between methylidyne-CH(ads) co-adsorbed with H(ads) atoms on a
Pt(211) surface was investigated. Three distinct RAIRS absorption peaks were observed for
the CH(ads) on the surface where the intensity of the peaks could be transferred from one to
the other by changing the H atoms coverage on the surface. These peaks were then assigned
to the methylidyne with 0, 1 or 2 neighbouring hydrogen atoms. The three hydrogen
environments arose as a result of the limited one-dimensional diffusion of hydrogen atoms

on the steps of the Pt(211) surface.



| conclude by summarizing the results from the studies presented in this thesis and
showing future experiments that one could perform to understand the water molecules

reaction on Cu surfaces better.



Résumé

Dans ma these, je présente une analyse des réactions de dissociation de molécules en
phase gazeuse sur des surfaces métalliqgues monocristallines étudiées par un faisceau
moléculaire en combinaison avec la spectroscopie infrarouge d'absorption par réflexion
(RAIRS). Deux systémes gaz/surface sont étudiés : la dissociation de I'eau (D;0) sur une

surface plane de Cu(111) et la dissociation du méthane sur une surface étagée de Pt(211).

La dissociation des molécules d'eau sur une surface Cu(111) couverte d'oxygéne est
présentée en premier. Dans cette étude, j'explique comment j'ai confirmé le mécanisme de
réaction qui conduit a la dissociation facile de I'eau sur une surface Cu(111) précouvert
d'atomes d'oxygene en utilisant le marquage isotopique des atomes d'oxygene couplé a la
détection RAIRS. L'observation directe des deux isotopologues hydroxyles différents sur la
surface a montré que les molécules d'eau se dissocient sur la surface en transférant un atome
H sur I'adsorbat d'oxygéne. A une température de surface de 180 K, j’ai pu observer que la
réaction de disproportionnement inverse se produisait simultanément avec I'adsorption
dissociative des molécules d'eau, ce qui a entrainé I'élimination de l'isotope d'oxygene

précouvert sur la surface lors d’'une exposition continue de la surface aux molécules d'eau.

L'étude de la dissociation de I'eau est poursuivie, mais pour une surface Cu(111)
propre, c'est-a-dire sans atomes d'oxygene pré-adsorbés. Les probabilités d'adhésion des
molécules d'eau dissociées ont été étudiées en contrblant I'énergie translationnelle et
I'énergie vibrationnelle introduites dans les molécules d'eau incidentes. Cette expérience a
montré que I'énergie translationnelle est plus efficace pour promouvoir la chimisorption

dissociative de DO sur la surface de Cu(111) que I'énergie vibrationnelle.

L'interaction entre le méthylidyne- CH(ads) co-adsorbé avec des atomes H(ads) sur
une surface Pt(211) a été étudiée. Trois pics d'absorption RAIRS distincts ont été observés
pour le CH(ads) sur la surface ou l'intensité des pics pouvait étre transférée de I'un a l'autre
en changeant la couverture des atomes H sur la surface. Ces pics ont ensuite été attribués au
méthylidyne avec 0, 1 ou 2 atomes d'hydrogéne voisins. Les trois environnements
d'hydrogene sont le résultat de la diffusion unidimensionnelle limitée des atomes

d'hydrogene sur les marches de la surface de Pt(211).



En conclusion, jexpose des perspectives d’expériences futures que I'on pourrait

réaliser pour mieux comprendre la réaction des molécules d'eau sur les surfaces de Cu.
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Chapter 1: Introduction

Chapter 1. Introduction

1.1 Motivation

Heterogeneous catalysis undoubtedly plays an essential role in efficiently converting
raw materials into useful chemicals and fuels. One such example is the Haber-Bosch process
which converts nitrogen and hydrogen into ammonia at high temperature and pressure using
an iron catalyst 1. The ammonia formed is mainly used for the production of fertilizers which

allows our agriculture to sustain the increasing population on our planet *.

As surface scientists, we are constantly looking to develop and improve catalysts used
for chemical reactions as significant improvement can be introduced into a reaction with the
right catalyst. The Sabatier principle states that “an ideal catalyst must bind to the reactant
at an intermediate strength which is neither too weak nor too strong” %3. This is because a
weakly binding catalyst has low probability of keeping the reactants bound and converting
them into products. On the other hand, a strongly bound reactant will not free up the catalyst

for other reactants after being converted into products.

Currently, the rising demand for energy has placed renewable sources of energy such
as Hy in the limelight. The primary source for H; gas is from the steam reforming reaction

between methane and water *:
CH,(g) + H,0(g) = CO(g) +3H,(g9) AH = 206 k] /mol (2.1)

The products obtained are the syngas, CO and H; which are fed into the Fischer-Tropsch
synthesis to form valuable hydrocarbons . In the steam reforming reaction, the dissociative
adsorption of methane is the rate limiting step. Although many late transition metals (Pd, Pt
and Ru) could be employed as catalysts for this reaction, a Ni-based catalyst is used in industry

because it is cheaper 4.
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Chapter 1: Introduction

More hydrogen is then extracted by reacting the product obtained from the steam
reforming process, CO with water molecules. This reaction is called the water gas shift

reaction (WGSR):
H,0(g) + CO(g) = H,(g) + CO,(9) AH = —41 kJ /mol (1.2)

WGSR is exothermic therefore it is thermodynamically favoured at low temperature
(~200 °C) but kinetically favoured at high temperature (400-500 °C) °. At low temperature,
copper-based catalysts are employed while at high temperature iron-based catalysts are used
>, Water dissociation is the rate-limiting step in WGSR hence there is a lot of interest among
surface scientists in understanding it in more depth. This is especially true due to the prospect
of H; becoming an important source of energy which leads to water splitting studies to

become increasingly attractive.

To understand these heterogeneous catalyses reactions better, we employ simpler
systems in our lab where single crystal metal surfaces with specific surface structures are
reacted with gas molecules in an ultra-high vacuum (UHV) chamber. The conditions used in
these experiments can be controlled carefully therefore allowing for better understanding of
the rate-limiting steps in the reactions mentioned above. On top of that, we also perform
guantum state resolved studies where the incident gas molecules are prepared in a specific

ro-vibrational state before colliding with the surface.

Most of the catalysts used for the chemical reactions are currently determined
through trial and error. To ensure that in future, we no longer need to proceed by testing
every metal or metal alloy to find the best catalyst for a reaction, advanced theoretical
modelling of gas/surface reactions is needed. Since our experiments are performed with well-
defined metal surfaces and gas molecules prepared in specific ro-vibrational states, we obtain

detailed data which are ideal for testing theoretical models.
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Chapter 1: Introduction

1.2 Gas-surface dynamics studies

1.2.1 Surface chemistry of H,0

Water is important in many studies such as catalysis, electrochemistry, and material
science ®. The variety of chemical reactions in which water molecule is involved together with
its rich molecular properties makes it a very interesting molecule to be studied. One such
fascinating property may be observed in surface adsorbed water molecules. On different
substrates, water was observed to exist in various forms for instance as monomer, dimer, 2D
layer or 3D clusters 6. Water can also convert from one structure to another depending on its
surface coverage and surface temperature 7. Another intriguing property of water is the
strong hydrogen bonding that dictates the outcome of many surface reactions. For instance,
if the intermolecular hydrogen bonding is stronger than the water/surface bonding then,
water would typically exist as clusters but when the water binds more strongly to the surface,

water will dissociate on the surface ©.

Over the past decades, extensive research has been conducted on water molecules
which have been compiled into two reviews by Thiel and Madey in 1987 and by Henderson in
2002 %8, One important theme of discussion in both the reviews is the fate of water molecules

arriving on a surface. Do they adsorb molecularly or dissociate?

In order to identify if a reaction between water molecules and a metal surface
resulted in breaking of one O-H bond or not, one needs to be able to identify the products.
The challenge arises when the dissociated water molecules undergo either reversible or
irreversible reaction, i.e. product is not stable °. In reversible water dissociation reaction, the
nascent products are thermodynamically driven to recombinatively desorb as water
molecules, H,0(a) - OH(ads) + H(ads) - H20(g) while in the irreversible reaction, water
dissociates but the products do not recombine instead dehydrogenate further resulting in
surface oxidation, H,O(a) = OH(ads) + H(ads) = O(ads) + Hax(g). In general, metal and
semiconductor surfaces favour irreversible dissociation whereas oxide surfaces undergo
reversible water dissociation °. The irreversible water dissociation is easier to be identified

due to the Hx(g) liberation from the surface unlike the reversible reaction.
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Chapter 1: Introduction

On metal surfaces, a 2D amorphous structure of water was reported to appear below
Ts < 120 K °. Above T, = 135 K, water molecules on hydrophilic surfaces diffuse and coalesce
into an extended and ordered 2D film with hydrogen bond network, 1912, Whereas, on
hydrophobic surfaces nucleation of ice clusters occurs instead 7.Continuous surface exposure
to water molecules at Ts = 120 K was observed to produce ice multilayers on metals such as
Ni, Pt and Rh 3. The 2D film (monolayer) and the 3D clusters (multilayer) were distinguished
through their desorption temperatures as the 2D film on a wetting surface is more stable than
the water molecules in the 3D structure *. Thus, water from the 2D layer desorbs at a higher

temperature than the clusters.

Dubois et al. reported that a clean Cu(111) surface is non-wetting therefore only a
single peak was observed in the temperature programmed desorption measurement for a
Cu(111) surface covered with ice layers 7. The peak was assighed to the desorption of
multilayer clusters. This observation is in contrast to wetting surfaces such as Pd(111) and
Rh(111) which showed two desorption peaks corresponding to the monolayer and multilayer

water desorption from the surface 713,

As mentioned previously, hydrogen bonding in water molecules plays a major role in
its reaction with surfaces. Yamamoto et al., showed that the wetting properties of a surface
can be tuned with surface hydroxyls *>. The authors studied water interaction with Cu(110)
and Cu(111) surfaces at near ambient conditions (1 Torr, 295 K) and demonstrated that the
Cu(110) is hydrophilic but a clean Cu(111) is hydrophobic. The wetting layer on the Cu(110)
was composed of a mixture of OH(ads) + H2O(ads), where the adsorbed OH stabilised the
trapped water molecules through hydrogen bonding. Interestingly, when the Cu(111) surface
was covered with O(ads) followed by water exposure, a mixture of OH(ads) + H,O(ads) was
observed. The hydrophobic Cu(111) became hydrophilic due to the hydrogen bonding

between the surface hydroxyls and the water molecules.

Although there are many studies performed to understand the reaction between
water molecules and metal surfaces, quantum state resolved experiments for water
dissociation are still limited. In the following section, | will present examples of experiments
conducted with ro-vibrationally excited CH4 gas molecules which could act as benchmarks for

guantum state resolved study of water dissociation.
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Chapter 1: Introduction

1.2.2 Quantum state resolved studies

In order for reactants to overcome an activation barrier and convert into products,
one needs to provide energy to the reactants. A model proposed by Polanyi relates the
location of the barrier on the potential energy surface (PES) to the energy required for the
chemical reaction and the energy disposed in the products 6. Using the reaction between an
atom and diatomic molecule (A + BC = AB + C), he explained that when the transition state
of the reaction is closer to the entrance channel as shown in Figure 1.1- plots on the left, the
reaction is considered as an “early barrier” reaction. In this case, at the transition state the
BC bond length is in equilibrium hence adding translational energy is more efficient in

promoting reaction compared to vibrational energy.

On the other hand, for the “late barrier” reactions presented in Figure 1.1- plots on
theright, the BC bond is stretched at the transition state. Therefore, adding vibrational energy

to the reactants will enhance the reaction more efficiently than adding the same amount of

Early barrier Late barrier

Translational energy Translational energy
Early barrier
Vibrational energy

AB AB

translational energy.

rBC

Late barrier
Vibrational energy

rBC

Fig. 1.1: Schematic of the PES for the reaction between A + BC to form AB + C, where rsc and
ras represent the interatomic distance between BC reactant and AB product, respectively. In
the left plots, the transition state is closer to the entrance channel, in contrary to the plots on
the right where the transition state is closer to the exit channel. The effect of adding either
translational or vibrational energy can be observed from the red line. Reproduced with
permission from ¥’
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Chapter 1: Introduction

Polanyi’s model was developed to explain simple gas phase reaction involving an atom
and a diatomic molecule. Therefore, it may not be sufficient to describe inherently
complicated systems which include polyatomic molecules and surfaces. For instance, a study
performed by colliding vibrationally excited methane molecules on a Ni(100) surface resulted
in the dissociative chemisorption of the methane on the surface 8. The authors reported that
when the incident methane molecules were excited to vs-antisymmetric stretch, the reaction
was promoted less compared to addition of translational energy. However, if the methane
molecules were excited to the vi-symmetric stretch mode, the reaction efficacy was found to
be 1.4 °. These observations show that different vibrational modes enhance reactions

differently.

1.2.2.1 Mode specificity

When different vibrational modes of a molecule with the same energy (isoenergetic)
cause a reaction to be enhanced differently, we call this ‘mode specificity’. The first
demonstration of mode specificity in a molecule/surface reaction was with deuterated
methane, CH,D; excited to two different overtone vibrations, 2vg and v; + v¢ and a Ni(100)
surface 2°. In the local mode basis, the two states can be described as | 20> denoting 2 quanta
of CH stretch in a single bond and | 11> indicating one quantum of CH stretch in each of the
C-H bonds of the CH,D;. Although both states have same amount of vibrational energy, the
methane molecules in the 2v, state was found to be 5 times more reactive than v; + v,

demonstrating mode specificity in this reaction.

A second study uncovered mode specificity by comparing the dissociation probability
of v1 and v3 excited CH4 on Ni(100) performed by Maroni et al. in 2003 with CHs molecules
and a Ni(100) surface in our group *°. The incident methane molecules were vibrationally
excited to the v1- symmetric stretch by stimulated Raman pumping. Its reactivity was found
to be an order of magnitude larger than the reported dissociative adsorption of methane with
v3 - antisymmetric stretching #%°. This indicates that the symmetric stretch of the methane

molecules are along the reaction coordinate hence it caused higher reactivity.

As for water molecules, the first state-resolved experimental study of dissociative

adsorption of water molecules, DO on a metal surface was performed in our lab 2.
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Deuterated water molecules were collided with a Ni(111) surface and the dissociation was
found to be promoted by both translational and vibrational energies. The impinging water
molecules were excited into vs or 2vs vibrational levels and the dissociation probabilities for
the vibrational excitation was found to be higher than for adding equal amount of translation

energy.

1.2.2.2 Bond selectivity

The first bond selective chemical reaction was demonstrated by Sinha et al. in 1990
for a bimolecular reaction between singly deuterated water, HOD(g), and H atoms 22. They
excited the third overtone of the O-H stretch in the HOD molecules (4vo.1) and then reacted
them with H atoms. This was followed by measurement of the products using partially
saturated laser induced fluorescence. The authors reported that the excited bond was

preferentially dissociated and produced more than 100:1 ratio of OD:OH.

The ability to manipulate the outcome of a chemical reaction by exciting a specific
bond in a molecule is truly a large step forward in chemistry. The first evidence for bond
selective dissociation of a gas/surface system was presented by Killelea et al. 23. They
performed the experiment by colliding CHD3(g) on a Ni(111) surface. Prior to the collision, the
Ni surface was titrated with D atoms. The dissociation products were identified through
recombinative desorption measurements, which showed that for the CHDs(g) incident gas
molecules prepared in the v C-H stretch resulted in a product ratio of >30:1 for CD3:CHD,.

This is in contrast to the statistical outcome expected, 1:3 proving bond selective dissociation.

Although water was initially used to prove bond selectivity in a chemical reaction,
water/metal surface reactions are yet to be explored with bond selective studies. In my
research, | was interested in exploring dissociative adsorption of ro-vibrationally excited

water molecules on a clean Cu(111) surface which | present in more details in Chapter 4.

1.2.3 Surface chemistry of CHa

Studies of methane dissociation on catalytically active transition metal surfaces such
as Pt(111), Pt(211) and Ni(100) have been performed in our group *?42> The investigations

showed that methane dissociation is a direct dissociation which occurs immediately on
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impact, that is activated both by incident translational and vibrational energy and that the
dissociation is mode specific and bond selective. Apart from understanding the reaction of a
single molecule on a surface, it is also very important for surface chemists to study the
interaction between co-adsorbed molecules as they can either promote, hinder or change a

reaction.

Fisher-Tropsh synthesis converts the syngas, CO and H; into hydrocarbons over a
catalyst. The CHy(ads) fragments (where x= 1, 2 or 3) are the typical intermediates and they
undergo complex surface reaction consisting of hydrogenation, dehydrogenation and
coupling during the synthesis. In a study performed by Xu et al. the reaction path of the alkyl
formation was found to depend on the co-adsorbed species on the surface 2°. In their study,
CHsl(g) was reacted with a Co(0001) surface at Ts= 100 K which mostly produced CHs(ads) and
CH(ads). Upon surface heating, the CH(ads) fragments were observed to hydrogenate into
CH4 (ads) or longer hydrocarbon chains depending on the co-adsorbed species. Co-adsorption
with H(ads) converted the CH(ads) into CHa(g) whereas CO(ads) stabilised the CH,(ads) species
and converted it into C;He(g) or CaHa(g) as shown in Fig. 1.2. In my study, | studied the
interaction between the simplest hydrocarbon adsorbate, CH(ads) on a stepped Pt(211)

surface co-adsorbed with H atoms. The study is presented in Chapter 5.
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Fig. 1.2: The reaction pathway of CH(ads) species on the surface with co-adsorbed hydrogen
atoms or CO(ads) on a Co(0001) surface. Reproduced with permission from %°.
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1.3 Theoretical modelling of water/surface reactions

Developing theoretical models for gas/surface reaction dynamics has become a highly
active field of study as it is relevant for heterogeneous catalysis. Due to the involvement of a
surface, theoretical simulation for this reaction is more complex as it requires modelling of
high-dimensional PES unlike chemical reactions involving only gas molecules. One main goal
of modelling the gas/surface dynamics accurately is to understand and predict dissociative
chemisorption of gas molecules on transition metal surfaces as this is often the rate-limiting

step for many heterogeneous catalysis processes such as steam-reforming and WGSR 4.

A chemical reaction between gas molecules and surface is easier to be modelled if it
involves diatomic gas molecules rather than polyatomic molecules. Diatomic molecules are
small enough for performing full-dimensional, i.e. six-dimensional, quantum dynamics
calculations with, such as the dissociative adsorption of H2 on metal surfaces 27:?8, This is in
contrast with polyatomic molecules which have many more degrees of freedom and
therefore are complex and difficult to be studied at full-dimensional quantum mechanical
level as they require high-dimensional PES. It is challenging for both DFT and ab initio
calculations to provide accurate description of the surface and the polyatomic molecules at

the same time 2230,

In constructing an accurate global PES for the reaction of water on a metal surface,
one needs to consider the nine degrees of freedom of the water molecules on a rigid surface.
This challenging task becomes even more difficult when one requires quantum dynamical
calculations of the fully coupled 9D model. Therefore, most theoretical studies of water
reaction on metal surfaces have been performed with reduced-dimensional or approximate
guantum models. For instance, Mondal and co-workers used reduced dimensionality (3D) for
water dissociation on Cu(111) investigation using the simplest pseudo diatomic molecule, HO-

H model 31,

In 2015, Farjamnia and Jackson reported the study of water dissociation on the Ni(111)
surface using an approximate approach based on a reaction path Hamiltonian (RPH) 32. In this
method, all the internal motions of the water molecules were treated using a vibrationally
adiabatic basis set. Effects of lattice motion was included in their investigation using sudden

models and they demonstrated that with increasing surface temperature, the sticking
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probabilities changes as a result of lattice motion, similar to the observation for methane

dissociation on metal surfaces 3334,

Jiang et al. employed the reduced-dimensional quantum approach to investigate
dissociative water chemisorption on a flat Cu(111) surface 3>3, In their studies, Jiang and co-
workers explored the mode specificity of H,0 and bond selectivity of HOD on Cu(111) by using
6D quantum dynamical approach where the 6D model (3 vibrational degrees of freedom, 2
rotational degrees of freedom and molecule-surface distance) excluded any effects from
impact site and corrugation on the surface. A sudden vector projection (SVP) model was used
to explain the strong mode specificity of water dissociation on the Cu(111) 3’. The SVP model
is based on the premise that the gas/surface collision is faster than the intramolecular
vibrational redistribution (IVR) rendering a strong influence of how the reactant mode is

coupled to the reaction coordinate at the transition state 2.

When the first quantum state resolved molecular beam experiment for water
dissociation was reported on Ni(111), the asymmetric O-D stretch mode of D,O was found to
strongly promote the reaction 2. A reduced-dimensional (6D) quantum approach was used
to understand the mode specificity in this reaction, where an approximation for the lattice
motion and impact site effects were included. The authors rationalised the vibrational

enhancement of water dissociation on the Ni(111) using the SVP model.

In 2016, Zhang and co-workers presented their study of water dissociation on a rigid
Cu(111) surface using full-dimensional quantum dynamics method 3°. All the nine degrees of
freedom of water molecules were allowed to be fully coupled. The authors reported
vibrational energy to promote the reaction better than translational energy as predicted for
a late barrier reaction however, their calculations predicted the asymmetric stretch mode of
H.O to promote its dissociative chemisorption on the surface more strongly than the
symmetric stretch at high energies. On the other hand, Jiang et al. performed similar
experiment with H,0/Cu(111) using a reduced- dimensional approach with a 6D model
resulting in a prediction that the symmetric stretch have higher reactivity than the
asymmetric stretch for the dissociative chemisorption of H20 on Cu(111) 3°. The discrepancy
in the predictions stem from the different models used for their calculations. As we are able

to perform quantum state resolved experiments in our lab, it will be really interesting to test
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these predictions and provide more insight into the mode specific reactivity of water on the

Cu(111).

1.4 Thesis outline

The studies in this thesis can be divided into two main parts based on the gas/surface
systems used, H,0/Cu(111) and CH4/Pt(211). The former will be presented first with results
from water interaction on both a clean and partially oxygen covered Cu(111) surface. After
that, | will present experiments performed on a Pt(211) surface where methane molecules
dehydrogenate to form methylidyne, CH(ads) followed by discussion on its interaction with

co-adsorbed H(ads).

The goals of my studies are to use RAIRS and oxygen isotopes to confirm that water
dissociation on a partially oxygen covered surface proceeds through the breaking one O-H
bond in the water molecule via H atom abstraction by the surface oxygen. This became a
study of interest when we observed facile water dissociation on clean Cu(111) surface with
RAIRS. Water dissociation on a clean Cu(111) surface is predicted to have a large activation
barrier therefore, it was really surprising to observe water dissociating when the incident
molecules had only 0.28 eV of translational energy. With more research, it became clear that
there were traces of Oz in the molecular beam which arrived on the surface resulting in partial
surface coverage with oxygen atoms. The surface oxygen atoms were found to facilitate water
dissociation. Based on this, | decided to investigate the water dissociation mechanism on a

partially oxygen covered Cu(111) surface.

Another goal is to measure the sticking coefficients for dissociative adsorption of ro-
vibrationally excited water molecules on a clean Cu(111) surface. These measurements are
intended to test calculations which predict vibrational energy to be more efficient in
promoting water dissociation compared to translational energy. Finally, | aim to investigate

the interaction of CH(ads) co-adsorbed with H(ads) on a stepped Pt(211) surface.
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The thesis is arranged in the following manner:

In Chapter 2, | describe the apparatus and the techniques used to probe the gas/surface

interactions.

In Chapter 3, | show how RAIRS coupled with isotope labeling can be a powerful tool in
understanding surface reaction mechanism. | present RAIRS spectra confirming the water
dissociation mechanism on a partially oxygen covered Cu(111) surface using oxygen isotopes,
160, and 80,. The hypotheses tested for understanding the reaction of water on the oxygen

covered surface are presented and discussed in detail.

In Chapter 4, | describe the quantum state resolved sticking coefficients measured for water
molecules on a clean Cu(111) surface. The measurements are obtained with RAIRS spectra
showing another useful way of employing RAIRS to study the reactivity of gas molecules on a

metal surface.

In Chapter 5, | describe a surprising observation in RAIR spectra exhibited by methylidyne co-
adsorbed with hydrogen atoms on a Pt(211) surface. The role played by the surface hydrogen

atoms are explained with RAIRS measurements and DFT calculations.

In Chapter 6, | summarize the important findings from my work on the two gas/surface

systems and describe other experiments which can be performed in the future.
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Chapter 2. Experimental

2.1 Overview

All the experiments in this thesis were performed using the molecular beam/surface
apparatus shown in Fig. 2.1. The details of this apparatus are described elsewhere 4041,
Therefore, in my dissertation | will only focus on the modifications performed to this machine

and the techniques used to perform the gas/surface studies.

4-D surface manipulator

UHV surface chamber

\
AES, !

Sputter gun N i
e Laser excitation
of molecular beam

RAIRS detection
of surface adsorlbates

/cw OPO light /Molecular beam source chamber

Fig. 2.1: 3D model from SolidWorks of the ultra-high vacuum set-up used in this thesis.
Reproduced from Li Chen’s dissertation .

A molecular beam (MB) is prepared in the source chamber from a supersonic jet
expansion using a 2 mm electroformed nickel skimmer (Beam Dynamics). The molecular beam
passes through two differential pumping stages before entering the ultra-high vacuum (UHV)
chamber with a base pressure of 2:10*! mbar where a single crystal metal surface is located.
Fig. 2.1 shows the Fourier Transform Infrared (FTIR) Spectrometer placed on the left of the
machine where the IR light leaves the spectrometer and is reflected off the sample surface

inside the UHV chamber and then detected by an external infrared (IR) detector on the right
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of the machine. The whole IR beam path is evacuated by coupling the UHV chamber to the

evacuated FTIR and detector box with flexible stainless steel bellows.

The incident molecules can be prepared by infrared excitation in specific ro-
vibrationally excited states using a single mode continuous wave (cw) infrared optical
parametric oscillator (OPO). The IR excitation of the molecular beam is performed in the
source chamber, just before the skimmer as shown in the inset in Fig. 2.1 (top right corner, in
circle). After preparation of the molecules in a specific excited state, the fraction of excited
molecules can be measured using a room temperature pyroelectric detector. The detector is

placed right before the UHV chamber and it can be moved into the molecular beam path.

In this thesis, | describe studies involving two different gas/surface reactions which
are the dissociation of water molecules with a Cu(111) surface and the dissociation of
methane molecules on a Pt(211) surface. The surface analysis techniques used are Reflection
Absorption Infrared Spectroscopy (RAIRS), Auger electron spectroscopy (AES), King and Wells
(K&W) beam reflectivity measurements, and Temperature Programmed Desorption (TPD). In
the following sections, | will explain in detail the techniques used to analyse the gas/surface
interactions as well as the cleaning procedures used for the Cu(111) and Pt(211) surface

samples.

2.2 Molecular beam/surface apparatus

This sub-chapter can be divided into three main parts, (i) generation of a molecular
beam and its characterisation, (ii) surface sample preparation and (iii) adsorbate detection

techniques.

Briefly, a molecular beam is formed in the source chamber (P1) by skimming a
supersonic expansion with a 2 mm diameter skimmer as shown in Fig. 2.2. The molecular
beam then travels through a chopper wheel with two 2 mm slits and a separation valve in the
second chamber before entering the third chamber. A pyroelectric detector which can be
translated vertically into the molecular beam for the detection and the measurement of the
excited fraction of the state prepared molecules in the molecular beam for the state-resolved

experiments. When the pyroelectric detector is retracted, the molecular beam enters the
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UHV chamber where it collides with either a mica flag (10 mm x 10 mm) or the target surface
(@ 10 mm). The mica flag can be moved in and out of the molecular beam path and is used to

perform K&W measurement of the sticking coefficient.

Fig. 2.2: A schematic diagram showing the path of the molecular beam (blue) and the position
of the different surface probing apparatus in the machine. P1- refers to the first chamber
where the supersonic expansion of the molecular beam takes place. P2- refers to the second
chamber where the chopper and the separation valve reside. P3- refers to the third chamber,
the smallest chamber in the machine which has a pyroelectric detector that can be translated
in and out of the molecular beam path. P4- refers to the ultra-high vacuum chamber where
the gas/surface reaction takes place. Diagram taken from Ana Gutiérrez-Gonzdlez’s thesis *.

2.2.1 Supersonic expansion and molecular beam velocity

A supersonic expansion is a very useful tool for the preparation of molecular beams
for atomic and molecular physics studies as it allows a sample of molecules to be prepared
under collision free conditions and with a well-defined kinetic energy as well as with efficient
internal energy cooling. The molecular beams used in this thesis are prepared by expanding
gas mixtures through a 50-100 micron nozzle from a stagnation pressure of 1-3 bar into the

first chamber, typically with 10”7 mbar pressure. By placing a skimmer downstream from the
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nozzle, in the zone of silence of the expansion, only the molecules in the centre region of the

supersonic expanded jet are passed to the next stages of the set-up, Fig. 2.3.

BACKGROND PRESSURE P,

COMPRESSION
WAVES

MACH DISK SHOCK
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SLIP LINE
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Fig. 2.3: Supersonic jet expansion in the nozzle. Reproduced with permission from 4.

When the molecules flow from a region with high pressure into a region with very low
pressure through a small orifice in the nozzle (in this case, @ 100 um), a supersonic expansion
occurs. During the expansion, the molecules experience a high number of collisions which
cause the random thermal motion of the molecules to be converted into a directed motion
with narrow beam velocity distribution. This adiabatic process also results in efficient cooling
of the rotational degrees of freedom of the molecules which is really helpful in the study of
molecular structure where spectral congestion is reduced thus allowing interpretable spectra

to be measured #.

The maximum or terminal velocity achieved by the gas molecules after expansion
depends on the temperature of the gas before expansion, the heat capacity of the gas and
the average molecular mass of the gas mixture. The terminal velocity of an adiabatic

expansion is given by,

(2.1)
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Where kg is the Boltzmann constant, < m > is the average molecular mass of the gas

mixture with X molar fraction of i constituents, <m > = X;X;m; and <y > is the molar

. . C
average ratio of the heat capacity, <y >= J;X;y; , wherey = C—p. There are two ways to

v

control the translational energy of the gas molecules namely, (i) seeding the heavier gas
molecules in a lighter carrier gas such as He or H; and variation of the seed ratio and (ii)

changing the nozzle temperature.

The velocity distribution of the molecular beam is characterized by time-of-flight (TOF)
measurements using a quadrupole-mass-spectrometer (QMS) in combination with a chopper
wheel. The QMS on-axis (Pfeiffer, QMA 400, QMH 400-5, QMG 421) is installed in the line-of-
sight of the molecular beam in the UHV chamber and the chopper is located in the second
differential pumping stage. The chopper wheel has two slits of 2 mm width. A continuous
molecular beam travelling into the second chamber is chopped by the chopper wheel
(typically at 200 Hz) into packets of molecules. The EPOS2 software is used to control the DC
chopper motor from Maxon. An opto-coupler placed at 180° to the molecular beam path
senses the passing of the opposite slit and serves as the start trigger of multichannel analyser
(MCA-3/P7882). Following the start pulse, the MCA counts the ion-pulses from the secondary
electron multiplier (SEM) and records their time of arrival. A MATLAB script is used to fit a flux
weighted Boltzmann velocity distribution convoluted with a chopper function to the
measured TOF distribution. The resulting velocity distribution is then converted to the kinetic

energy distributions of the molecular beam.

The measured arrival time of the molecules includes the travel time of the neutral

molecules (tneutrat), ion flight time (tions) and the chopper delay (tchopper)-

tror = tneutrat T tions + tchopper
(2.2)
By removing the chopper delay and ion flight time from the total time-of-flight, one
can determine the neutral molecules’ travel time. Further details of TOF calibrations can be
found in Li Chen’s thesis °.The following table 1 shows the translation energy of the D,O
molecules seeded in He, at different nozzle temperatures used in this thesis, measured by the
TOF method. The velocities of the CHs molecules used for the study of methylidyne on Pt(211)

surface are also included.
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Table 1: Average speed and translational energy of the D,0 molecules and CH, molecules in the gas

mixtures specified, as function of nozzle temperatures.

Gas mixtures Tn (K) Ekin (kJ/ mol) AE = FWHM/ Exin

2% D30 in He 300 27 0.22
400 34 0.21
500 42 0.21
600 50 0.22
700 58 0.24
800 65 0.25
900 72 0.26
1000 79 0.28
1050 83 0.28

3% CH4 in He 500 41 0.25
800 64 0.40

2.2.2 Preparation of molecular beams of water and methane in helium

During my thesis research, a new set-up for the molecular beam source was built and

installed with help from Dr. Daniel Auerbach. The following 3D SolidWorks image in Fig. 2.4

shows the new nozzle assembly. This new design is based on the molecular beam source

previously developed by Dr. Daniel Auerbach and co-worker in 1992 %°. The stainless steel

nozzle is held by two water cooled copper clamps which can bend to allow for thermal

expansion of the nozzle without imposing bending stress on the copper tubes. The nozzle is

heated resistively by passing current along its length from one copper clamp to the other. A

hole of ~50-100 um size is laser drilled in the centre of the nozzle tube to allow for the

supersonic expansion of the molecular beam. Since this new assembly does not require the

nozzle to be welded (unlike the previous nozzle design which can be found elsewhere #°), it is

therefore easier to replace the nozzle of different materials such as Au and W.
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Stainless

steel nozzle

Fig. 2.4: 3D SolidWorks overview of the source and the cooling water flow direction in the
copper tubes.

For the study of water dissociation on either a clean or an oxygen covered Cu(111)
surface, | used a molecular beam of water molecules seeded in helium to collide with the
metal surface. Since water exists as liquid at standard conditions (1 bar, 298 K), | mixed the
helium carrier gas with the vapor pressure of water in a stainless steel reservoir containing
typically 5 ml of D20 (purchased from Eurisotop) to form a gas mixture of deuterated water
molecules in helium. The reservoir or ‘bubbler’ is a stainless steel or glass container with one
inlet, where the pure He gas enters and leaves through an exit, mixed with water molecules

as shown in Fig. 2.5.

When the reservoir is first filled with D;0, dissolved gases such as N, Oz, and CO; are
removed through freeze-pump-thaw cycles. This process involves freezing the D;0 liquid
using liquid nitrogen in polystyrene cups as shown in the photograph in Fig. 2.5, followed by
pumping out any gas in the volume above the frozen liquid. The reduced pressure above the
D,0 lowers the solubility the dissolved gases which leave the solution when the D;0 ice melts.
These gases can then be pumped away once the water is frozen again. Typically 5 freeze-
pump-thaw cycles are performed until no pressure rise is observed upon pumping on the ice

indicating pure D0 liquid.
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Fig. 2.5: Schematic diagram showing the paths that the molecular beam could travel in, either
through the bypass of through the water ‘bubbler’. Photograph showing a ‘bubbler’ made of
glass placed in polystyrene cups during the freeze-pump-thaw cycle.

Copper undergoes oxidation very easily, therefore it is crucial to confirm the molecular
beam is free of oxygen. By doing so, we prevent oxygen contamination on the copper surface
which could significantly reduce the activation barrier for water dissociation and cause
misinterpretation of the measurements. | used an oxygen/moisture trap (Supelco,
Supelpure), installed before the ‘bubbler’ to remove any water molecules and/or oxygen
molecules in the helium gas. The trap has catalyst coated on a molecular sieve which helps in
the removal of water molecules and oxygen to less than 2ppb. Apart from using the trap, |
also kept the gas line pressurized with He, above 1 bar, when no experiments were performed
in order to prevent any small leaks into the gas line which could introduce oxygen

contamination in the molecular beam.

The seed ratio of the DO molecules in He was controlled by heating the water
reservoir at constant He gas pressure at 1 bar. Heating the ‘bubbler’ caused the vapour
pressure of water in the reservoir to increase which then resulted in an increased seed ratio
of deuterated water molecules in He. A plot of the seed ratio of D20 in He at 1 bar as function

of the reservoir temperature is shown in Fig. 2.6 below.
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Fig. 2.6: Seed ratio of D0 in He as a function of liquid water temperature for He pressure of 1
bar. The D0 vapour pressure values are taken from the work of Matsunaga et al. *

When the water reservoir was heated to increase the seed ratio, the gas line leading
to the nozzle also needed heating to ensure that there are no cold spots where the deuterated
water molecules could condense. A heating tape was wrapped around the copper tube
leading from the reservoir to the vacuum feedthrough and the 1/8” copper tube inside the

machine was heated by passing a DC current of 14 A through it.

For the preparation of the molecular beam of methane in He a commercially available
3% CHa in He mixture (with CHa purity of 99.9995%) from Carbagas was supplied to the

molecular beam source via the oxygen/moisture trap.

2.2.3 Sample preparation
Two different single crystal surfaces were investigated as part of this thesis research,
the flat Cu(111) surface and a stepped Pt(211) surface. The former was used for the study of

D,0 dissociation whereas the latter was used to study methylidyne co-adsorbed with
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hydrogen atoms on the surface. The Cu(111) surface is susceptible to oxidation therefore, it
was a challenge to ensure there was no oxidation occurring when the surface was not
deliberately introduced to oxygen. As explained previously in section 2.2.2, any air leaks into
the gas line was prevented by keeping the copper line under helium pressure when there are

no experiments running.

Fig. 2.7: A Cu(111) surface held in between two tungsten wires, used for surface heating and
cooling.

The Cu(111) was cleaned by sputtering with Ar* at 1 kV and 2 pA with 1-10”7 mbar
argon pressure in the UHV chamber, for 15 minutes. After that, the surface was annealed at
Ts = 900 K for 10 minutes 478, The cleanliness of the surface was then verified with Auger

Electron Spectroscopy (AES) measurement, Fig. 2.8 - top.

The Pt(211) surface was cleaned by sputtering with Ar* at 1 kV and 2 pA with 1-10”7
mbar argon pressure in the UHV chamber, for 10 minutes. Following that, the Pt(211) surface
was annealed at T = 1100 K for 2 minutes %°. Surface cleanliness was verified by taking an AES
measurement, Fig. 2.8 - bottom. In addition to sputtering and annealing, between
experiments (on the same day), the Pt(211) surface was cleaned by exposing it to 5-10® mbar
of Oz pressure in the UHV chamber at Ts = 700 K. This allowed for carbon contamination from

previous surface exposure to methane molecules, to be oxidised and removed as CO and CO..
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Fig. 2.8: Auger spectra showing measurements before and after cleaning the Cu(111) surface-
top and Pt(211) surface- bottom. The bottom figure was reproduced from #2.
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2.2.4 Molecular beam flux

The sticking coefficients of molecules on the surface can be measured by the K&W
beam reflectivity method. The sensitivity of this technique is limited by the signal/noise ratio
of the QMS system used to monitor the partial pressure of the sample gas in the UHV chamber
which in the RAIRS machine is of the order of 1% with a 1 sec integration time. For water
dissociation on a clean Cu(111) surface, the expected sticking coefficients for our conditions
of incident energy are expected to be much lower than 1% due to the high activation barrier

for this reaction, predicted by DFT calculations to be 1.5 eV °°.

Therefore, a more sensitive method is needed to perform sticking coefficient
measurements. Reflection Absorption Infrared Spectroscopy (RAIRS) is a highly sensitive
method of infrared spectroscopy for the detection of adsorbates with dipole active vibrational
modes. We used RAIRS to monitor the uptake of chemisorbed OH of the dissociative
chemisorption of water. The coverage dependent sticking coefficient S(0) can be calculated
from the slope of the uptake curve of the product species which relates the coverage of the

absorbed species to the incident dose of the reactant molecule.

The incident dose (in ML) is calculated from the molecular beam flux density
(molecules/(sec*cm?)) incident on the target surface, given by

AP - S

Flux density = ————
ux density ky T, A

(2.3)
where the 4P is the rise in the partial D20 pressure in the UHV chamber upon admission of
the gas molecules into the chamber, S is the pumping speed of the turbo pump in the UHV
chamber for D20, kg is the Boltzmann constant, T, is the temperature of the gas in the UHV

chamber (298 K) and A is the cross sectional area of the molecular beam on the surface.

The partial pressure rise of D20 at m/z=20 was monitored by the off-axis QMS installed
in the RAIRS machine (Pfeiffer, QMA 400, QMH 400-5 and QMG 422). The QMS signal was
then converted to partial pressure of D,O using an experimentally determined calibration
factor. The QMS calibration involved leaking in a known partial pressure of water vapour
(H20) as measured by a cold cathode gauge, into the UHV chamber from a reservoir attached

to the UHV gas line while monitoring the QMS signal for m/z 18 with 1400 V SEM voltage and
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1.5 uA emission current. The QMS measurements and the cold cathode gauge readings
(corrected with ionization efficiency of H,O- 1.12) were recorded for four different H,0
pressure rises in the UHV chamber as shown in Fig. 2.9. The conversion factor was obtained
from a linear regression of the QMS signal (in Amperes) to H,O partial pressure rise (in mbar)
obtained from this measurement is 1.1 mbar A* + 5.8%. (In this calibration, it was assumed

that H,0 and D,0 have the same gas correction factors.)
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Fig. 2.9: Calibration of the QMS signal to the partial pressure of the H,O in the UHV chamber.

During my thesis research, the turbo pump on the UHV chamber was changed from
Pfeiffer TMU 1001 with 920 L/s of pumping speed to a Maglev Turbomolecular pump STP
1003 from Edwards Vacuum with pumping speed of 1000 L/s for N,. A protecting mesh with
a conductance of 3051 L/s was installed above the STP 1003 pump resulting in a pumping

speed of 753 L/s, calculated as,

1

+
Spump Sgrid

Total pumping speed of turbo in UHV = ( )1

(2.4)
Details on the pump models and the pumping speeds of other pumps used in this gas/surface

apparatus can be found in Ana Gutiérrez-Gonzélez’s thesis %2.
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Since water molecules will trap on cold surfaces, we need to take into account the
pumping speed of the liquid nitrogen cooled sample mount. This cryogenic pumping speed
was measured by recording the DO QMS signal both with and without liquid nitrogen in the
cryostat of the sample mount. The resulting QMS trace is shown in Fig. 2.10. Without liquid
nitrogen cooling, the rise A in the QMS signal for m/z 20 was observed when the separation
valve was opened. The QMS signal is seen to increase slowly due to trapping of D,O on the
inner walls of the UHV chamber. The same measurement was then repeated but with the
cryostat of the sample mount halfway (B) and completely filled (C) with liquid nitrogen in
order to test to see if the cryogenic pumping depends on the level of the lig. N, in the cryostat.

Fig. 2.10 shows that there is no difference.
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Fig. 2.10: QMS signal measured for, A — The Cu(111) surface at T, = 300 K without any liquid
nitrogen cooling. At T, = 180 K with the sample mount B- half-filled and C- fully filled with liquid
nitrogen.

Comparing the QMS signal of A to B and C, it is clear that the surface mount cooling
increases the pumping of the DO molecules in the UHV chamber. Since the QMS signal is
directly proportional to the partial pressure of D,0 in the UHV chamber, the drop in the D,O

pressure due the secondary cryogenic pump can be obtained from the ratio of the maximum
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QMS signal from curve A and B shown in Fig. 2.10, calculated as 3.14. Including the cryogenic

pumping speed yields a total pumping speed in the UHV chamber of 2364 L/s.

L
Stotal = 753; . 314‘

(2.5)

The dose of molecules arriving on the surface per unit time is then calculated by:

Dose = Flux - Time
(2.6)
During my experiments | used a flux of 0.03 ML s for D,O molecules. If the sticking coefficient
of D0 on Cu(111) is assumed to be 1, then it takes about 33 seconds to form a ML of D,0 on

the surface.

As mentioned above, the coverage dependent sticking coefficient for a gas/surface
reaction can be obtained from the uptake curve of the product detected by RAIRS. In order
to do so, we need to know the incident dose of reactant molecules and the resulting coverage
of the Fproduct species. We also need to be sure that the adsorbed product species are stable
on target surface and that the RAIRS signal is a linear function of the coverage. In this section,
| have explained how the dose of water molecules was calculated. In the Auger Electron
Spectroscopy (AES) section, | will describe the method used to calibrate the RAIRS signal in

terms of coverage of a nascent product on the surface.

2.2.5 Gas-surface detection techniques

2.2.5.1 Auger Electron Spectroscopy (AES)

Auger Electron Spectroscopy is a widely used elemental analysis for metal surfaces in
UHV. It involves the exposure of a surface to a stream of high energy primary electrons (in
this case, 3 kV of energy was used) which causes the removal of a core electron from the
atoms on the top layers of a surface. A vacancy is therefore formed in the core electron level,
K which gets filled in by an electron from a higher energy level, L. The excess energy released
from this phenomenon is then used to remove another electron from the outer shell, M
known as the Auger electron. The ejected Auger electrons are collected by a cylindrical mirror

analyser (CMA from Perkin Elmer) filtered according to their kinetic energies and detected by
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an electron multiplier. The Auger electron spectrum obtained shows the characteristic Auger
peaks for the different elements present on the sample. Thus, quantitative analysis of the
spectra will provide information such as the surface composition and the surface coverage of

a certain adsorbate.

In my study, | used AES to verify the surface cleanliness as discussed in the sample
preparation section, 2.2.4 and to quantitatively analyse the Cu(111) surface after intentionally
exposing it to different doses of O, leaked into the UHV chamber to study the interaction of
H.0 on an oxygen covered Cu(111) surface. This was done by detecting oxygen at 520 eV and
copper at the strongest Auger signal at 920 eV as shown in Fig. 2.11. The feature at 283 eV is

attributed to electron scattering and is not due to carbon contamination .
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Fig. 2.11: Auger spectra showing the O and Cu peaks used for determining oxygen coverage
on the surface.

One of my studies involved confirming the reaction mechanism of D,0 gas molecules
on a partially oxygen covered Cu(111). In order to do this, after O, exposure to the surface, |
moved the Cu(111) in front of the Auger electron gun and bombarded it with high energy

electrons, 3 kV.
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Oxygen molecules on Cu surfaces are known to be prone to electron stimulated
adsorption therefore, during the AES measurements any oxygen adsorption arising from this
process would cause an overestimation of the surface oxygen coverage. To overcome this
problem, | adopted a method to measure the Auger spectra which accounts for this process
22, After the Cu(111) surface was exposed to O»(g), | measured six consecutive AES
measurements with 2 sweeps each, on the same surface position and then plotted the O/Cu
peak-to-peak AES signal ratio. The result is shown Fig. 2.12. It is clear that the O/Cu ratio
increases with every measurement, indicating the increasing effect of electron stimulated
oxygen adsorption on the surface. Here, it is also important to note that prolonged surface
exposure to Auger electron gun is known to deposit significant amount of contaminants such
as O on the metal under study >3. Assuming the rate of both these processes are constant
from one measurement to another, the O/Cu Auger peak-to-peak ratio without the effects of
electron induced oxygen adsorption and Auger electron gun contamination is the y-intercept

of the best fit line shown in Fig. 2.12.

The Auger peak-to-peak ratios obtained following different oxygen surface coverage
are then compared to a known 0.5 ML oxygen coverage for the ordered “29” superstructure

of Cu,0 °*. This is explained in Chapter 4.
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Fig. 2.12: O:Cu peak ratio following Auger measurements performed at the same position on
the surface, after the Cu(111) surface was exposed to 200 L of O, at T, = 300 K.

2.2.5.2 Temperature Programmed Desorption (TPD)

Another common technique employed in surface science studies is the temperature
programmed desorption (TPD) method. TPD is performed after gas/surface reaction where
the incoming MB is no longer incident on the surface. Controlled surface heating is conducted
while simultaneously measuring the partial pressure of the species desorbing from the
surface using a quadrupole mass spectrometer (QMS). In my studies, the off-axis QMS was
used to record the signal for the different masses of molecules desorbing from the surface.
Based on the desorption temperatures of the different species, one can obtain information
on the binding energy of the adsorbates, different adsorption sites of a chemical species on
the surface, the reaction order for a desorption process, coverage of a certain adsorbate
species and even the isotopic exchange occurring on the surface °>. For my study, | used the
TPD measurements to identify surface adsorbates following D,O gas molecules reaction with

the Cu(111) surface.
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2.2.5.3 King and Wells (K& W)

The King and Wells molecular beam reflectivity technique is used to measure the
sticking probability, So of a reactant on a surface. The K&W traces are obtained by using the
off-axis QMS coupled with the separation valve and the mica flag in the UHV chamber. The
MB entering the UHV chamber is initially blocked by the flag in order to prevent it from
directly striking the surface and the partial pressure rise due to the MB being reflected off the
flag is measured, P. Upon removal of the flag, the molecular beam collides directly with the
surface. Any molecules that stick to the surface will result in a drop in partial pressure and a
drop in the QMS signal. The relative change in QMS signal vyields a self-calibrated
measurement of the sticking. The K&W method is not able to distinguish between
physisorption, chemisorption or dissociative chemisorption of a reagent. Therefore, one
needs to be careful of the possible misinterpretations of the sticking coefficients obtained

from the K&W technique.

In this thesis, | used the King and Wells (K&W) method to identify the fraction of the
molecular beam (MB) which actually strikes the 10 mm diameter Cu(111) surface. For this, a
molecular beam of D,O was sent into the UHV chamber with the K&W flag blocking the MB
while recording the rise in the QMS signal (labelled as P in Fig. 2.13) for m/z 20 (2% D20 in He
mixture) at Ts=90 K. When the K&W flag was removed, the molecular beam impinged partially
on the cold Cu(111) surface covering it with a layer of ice. It is known that the water molecules
stick with unit probability on ice °®. The partial pressure drop resulting from the removal of
the K&W flag from the MB is labelled as AP. The ratio AP/P corresponds to the fraction of the
molecular beam striking on the cold Cu(111) surface. From Fig. 2.13 below, we determined
AP/P =0.94 *+ 3%. Hence, according to the data shown in Fig. 2.13, only 94 % of the water in
the MB arrives on the surface as the MB size is larger than the diameter of the surface. The
MB size was not reduced further as this requires the nozzle to be retracted further from the

skimmer which reduces the beam intensity in the UHV chamber.
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Fig. 2.13: King and Wells trace at m/z 20 to measure the flux of D,0 impinging on a cold
Cu(111) surface covered with a layer of ice, Ts = 90 K.

2.2.5.4 Hydrogen Atom Beam Source (HABS)

During my thesis research, a hydrogen atom beam source (HABS) was installed in our
UHV chamber. H-atoms are produced by flowing H; gas through a hot tungsten capillary which
was heated using tungsten filament wrapped around it. The filament was heated using a
direct current which in turn by conductance, heats up the capillary. This capillary can be
heated up to 2100 °C to result in thermal cracking of the H, molecules in the capillary (cracking
efficiency: 80 - 98%). Water cooling is used to remove heat from the copper cooling shroud

which houses the heating filament and cracking capillary, shown in Fig. 2.14

For my experiments, | used HABS to create hydrogen atoms to hydrogenate the
oxygen atoms on the Cu(111) surface when investigating the water reaction on an oxidised
Cu(111) surface. To do so, | leaked in H, molecules from a reservoir attached to the HABS into
the tungsten cracking capillary which was heated to 1600 °C resulting in the dissociation of H;

molecules into H atoms.
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Fig. 2.14: The heating structure of the hydrogen atom beam source. Taken from the manual of
HABS.

2.2.5.5 Reflection Absorption Infrared Spectroscopy (RAIRS)

During my research, | have extensively used the Reflection Absorption Infrared
Spectroscopy (RAIRS), an optical technique used widely in surface science studies, to probe
the adsorbates on metal surfaces. | used this technique to identify the nascent products of
water molecules interacting with Cu(111) surface and methane molecules reactivity with
Pt(211) surface. One main advantage of using RAIRS is that it is a non-invasive method unlike
AES. The electron beam used in AES changes the reactivity of the incoming molecules by
causing dissociation in the MB therefore, one cannot monitor the gas/surface reaction in real
time. Instead, RAIRS enables one to measure the vibrational absorption spectra in real time
without interfering with the reaction. Previously, it was also demonstrated by Ana Gutiérrez
Gonzalez, a Ph.D. student from our lab how RAIRS is a sensitive tool for studying site-selective

dissociation of methane on Pt surfaces 2.

Our RAIRS apparatus, combines a commercially available FTIR spectrometer (VERTEX
70V from Bruker) with an external detector with a home built UHV chamber and a molecular
beam source (purchased from Thermonics)*!. Infrared light is produced by a globar source (or
a tungsten lamp for NIR) which is incident on the surface at a grazing angle of ~80°. The metal
surface placed in the UHV chamber reflects this light to an indium antimonide (InSb) detector,
placed in the detector box as shown in Fig. 2.15. A PC software control, OPUS was provided

by Bruker for the parameters control and data collection.
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During the scanning of the movable mirror in the interferometer, a Fourier
transformed single channel IR spectrum is generated by OPUS from the interferogram
measured. The RAIRS spectra shown in this thesis are calculated as the ratio between the
two single channel spectra of the surface, (i) covered with adsorbates and (ii) a clean surface.

More details on the FTIR VERTEX 70V spectrometer can be found in Li Chen’s thesis %°.

FTIR spectrometer

Bruker
VERTEX 70V Interferometer
S
UHV chamber  Detector box
Adaption box
D,
Sample compariment|  Optical compariment

Molecular beam

Fig. 2.15: The gas/surface apparatus highlighting the path of the IR light travelling from the
source and arriving on the surface at a grazing angle followed by its reflection into a detector.

The surface selection rule for the RAIR spectroscopy requires the adsorbates to
possess a component of dynamic dipole moment perpendicular to the surface. This is because
when IR light is incident on a metal surface at grazing angle, the s-polarized light (electric field
is perpendicular to the plane of incidence) reflects from the surface with a zero net electric
field meanwhile the p-polarized light (electric field is parallel to the plane of incidence)
reflects with an enhanced electric field, Fig. 2.16. As the electric vector of the s-polarized light
is cancelled on the surface, only the p-polarized light interaction with the surface adsorbates

is detected.
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Fig. 2.16: (A)- The incident p-polarised electric field on the surface has a positive net electric
field upon reflection meanwhile in (B)- incoming s-polarised electric field vector cancels out at
the surface. (C)- A plot showing intensity of RAIRS signal with changing incident angle of the
p- and s-polarised light. (D)- The different RAIRS peak intensity observed for the same molecule
when it (i) lies flat or (ii) tilted on the surface. Reproduced with permission from *’.

Apart from the electric field, the image dipole of the adsorbates formed on the
reflective metal surface can help one to understand the RAIRS selection rule. An oppositely
charged image induced in the metal substrate by an adsorbate is referred to as the image
dipole. For instance, in Fig. 2.17 when an adsorbate lies flat on the surface with the axis of
dipole moment parallel to the surface, the image dipole created on the surface cancels out.
However, if the dipole moment of the adsorbate is perpendicular to the surface, then the
image dipole helps to increase the total dipole moment. In short, to observe an absorption
feature in the RAIR spectra, there must be a changing dipole moment of the adsorbates

normal to the surface.
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Fig. 2.17: Image dipoles formed in the metal surface based on the different orientations of the
surface adsorbates.

2.3 Quantum-state preparation of the molecular beam

Another part of my study involves using a mid-infrared coherent light source to
prepare the incident water molecules in a specific ro-vibrational state before their arrival on
the Cu(111) surface. In order to do so, | used the commercially available tunable, single mode,
continuous-wave optical parametric oscillator (OPO) purchased from the Lockheed Martin
Aculight Corporation and crossed the laser beam normal to the molecular beam in the source

chamber.

2.3.1 Optical Parametric Oscillator (OPO)

A non-linear crystal in the OPO converts an input ‘pump’ laser wave into two
electromagnetic waves with lower frequencies called the ‘idler’ and the ‘signal’, through a
second order non-linear process. The ‘signal’ is the frequency that is resonant in the OPO
cavity for a singly resonant cavity and it is also the higher frequency of the two split
frequencies. Based on the law of conservation of energy, the summation of the ‘idler’ and
‘signal’ frequencies should be equal to the frequency of the ‘pump’ wave. The phase match

of the lower frequency waves is another requirement for the OPO operation.

Wigler T WDsignal = Dpump

(2.7)
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| used the Argos 2400 cw OPO C module for my experiments and it operates with a
tuning range of 2564-3125 cm™ which covers the antisymmetric, v3 vibrational mode of the
D20 molecules used in this thesis. The wide range frequency tuning of the OPO is a major
advantage of this system on top of the high IR output power which is above 1 W across the

specified tuning range.

Fig. 2.18 below shows a schematic diagram of the laser system, where the top box
depicts the pump laser and the bottom box shows the OPO module. In the pump source, there
is a distributed feedback (DFB) Yb-doped optical fiber laser operating at 1064 nm. It has a
bandwidth of <100 kHz and seeds a 20 W fiber amplifier from IPG Photonics. The pump light

arrives in the OPO cavity after travelling through the armoured fiber cable.

Pump laser
DFB fiber laser Fiber amplifier
Fiber
isolator
Fiber Bulk
connector isolator

Armored
fiber cable

A MgO:PPLN
)\p‘—

i\
A \

Etalon
OPO

Fig. 2.18: A schematic diagram of the Aculight Argos 2400 showing the idler (A;), pump (Ap),
and signal (As) wavelengths.

The OPO module is made of a nonlinear optical crystal which in our case is a
periodically poled lithium niobate crystal (PPLN) placed in an optical resonator. As mentioned
previously, only the signal wave is resonant in the OPO cavity whereas the idler wave leaves
the OPO after a single pass. It is crucial that all the three electromagnetic waves, idler, signal

and pump are phase matched (i.e. have fixed relative phase as they travel through the crystal)
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for efficient generation of photons. If no fixed relative phase exists between the input and
generated photons through the crystal, then the output photons will interfere destructively
resulting in low number of photons generated following the parametric process. Fixed relative
phase was achieved in our OPO through the PPLN, a crystal that allows for quasi-phase
matching of the photons. This quasi-phase match is achieved as a result of periodic poling of
the crystal. Furthermore, the periodic poling is designed in a ‘fan-out’ pattern that changes
the poling period across the crystal therefore enabling one to tune the frequency of the

generated photons when translating the crystal.

In my experiments, | used the idler wave to excite the water molecules to a specific
ro-vibrational state. To ensure that the idler frequency matched the wavelength of the
desired ro-vibrational state, | used three steps to tune the wavelength of the OPO output
signal. They are the coarse (~13 cm™1), intermediate (~1cm™) and fine tuning

(continuous tuning over ~ 3.3 cm™1).

e Coarse tuning: By translating the non-linear crystal one can change its poling
period. As a consequence, different combinations of frequencies would
achieve phase matching allowing one to move closer to the desired frequency.

e Intermediate tuning: Achieved by changing the angle of the intra-cavity Fabry-
Perot etalon.

e Finetuning: By applying a voltage (0-150 V) to the piezo electric element (PZT),
the DFB seed laser experiences a strain which results in a frequency change in
the pump laser. As a result of that, the idler frequency also varies over a range

of ~100 GHz.

2.3.2 Frequency stabilization with Lamb Dip locking

We require the IR excitation frequency to be stable (within 1 MHz) from minutes to
hours during experiments. If left without any active stabilization, the OPO output was found
to drift with time — a few MHz in minutes and hundreds of MHz in hours 3. The drift arises

due to the temperature or pressure variations in the laboratory. To overcome this problem, |
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used the saturation technique (Lamb dip technique) to lock the laser in the desired IR

transition frequency.

To use this technique, an absorption cell was filled with the gas molecules to be
excited in the molecular beam. In this case, | used 80 pbar of D0 in the absorption cell. A
fraction of the OPO output (idler) was directed into the absorption cell, ~130 mW. As the
laser passes through the cell, it will excite the DO molecules in the path and result in a
Doppler broadened absorption. The linewidth of a Doppler broadened signal for D,0 at room
temperature is 231 MHz and stabilising the laser to the maximum of this line will not give the
accurate transition frequency. Therefore, we require a Doppler-free absorption which can be
reliably locked to. To do so, the laser signal was retro-reflected from a gold mirror at the end
of the absorption cell. Following the double pass of the laser in the cell, a saturation hole is
burned in the centre of the Doppler broadened profile. This spectral feature is called the Lamb

Dip named after the American physicist Willis Eugene Lamb.

Lamb dip frequency stabilisation can be explained in simple terms. When the laser
detunes from the desired transition frequency (w,), the oppositely travelling laser beams will
excite different sub-set of the DO molecules. For the incoming laser beam, the molecules
with a velocity component, v, = (w;, — wg)c/w, in the direction of the laser beam will be
excited. Meanwhile, for the counterpropagating beam the molecules with a velocity
component of v, = —(w;, — wqy)c/w, in the axis of the laser beam will be excited resulting
in a Doppler broadened profile shown in Fig. 2.19. When w, = w; , the molecules travelling
perpendicular to the laser beam axis (v, = 0) will be excited by both the laser beams, i.e. the
incoming laser beam and the reflected beam interact with the same set of molecules. If the
laser power is high enough, the transition saturation gives rise to a dip in the absorption
profile as a result of the lower level population bleaching shown in Fig. 2.19. This reduction in
the absorption signal is termed Lamb Dip and has a linewidth of 2-3 MHz 8. This width of the
Lamb dip is due to homogenous broadening for instance, transit time broadening and power

broadening.
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Fig. 2.19: Doppler broadened profile resulting from laser excitation and the Lamb dip
formed(inset) as a consequence of laser exciting the same set of molecules twice.

In the machine, the molecular beam interacts with the laser at a normal angle. At this
angle of interaction, the molecules travelling in the center of the beam have a zero-Doppler
shifted absorption. Since the Lamb dip’s frequency is the Doppler-free absorption frequency
required to excite the molecules in the molecular beam, it is used to lock the laser at the

desired transition frequency using a Laselok system.

Briefly, the OPO pump laser’s frequency is modulated with a voltage sine wave sent
by the Laselok to the seed piezoelectric element. Then, the photodiode measures the
dithered signal on the absorption profile. The resulting lock-in signal (absorption signal x
modulated signal) is the first derivative of the Lamb dip where its zero crossing is the zero-
Doppler shifted absorption frequency. When the measured frequency drifts from the zero-
crossing, the Proportional-Integral-Differential (PID) controller generates a corrective signal
which is sent to the seed piezoelectric element to restore the desired transition frequency

hence closing the feedback loop and actively locking the OPO idler frequency.
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2.3.3 Rapid Adiabatic Passage (RAP) for population inversion

To study the effect of vibrational energy for a gas/surface interaction, we prepare our
molecules in a specific rovibrational state using the rapid adiabatic passage (RAP) technique
coupled with a single mode, continuous wave IR laser. More details on the working principles
of the RAP technique are explained in the work of Chadwick et al. and Bruce Yoder’s
dissertation °>°8, We are able to achieve complete population inversion for the excited
molecules due to RAP. If not for this adiabatic technique, we would have only 50 % of the
molecules in the excited state because of Rabi cycling, a cyclic behaviour between 2-level
system. When a beam of photons interacts with the gas molecules in the molecular beam,
the photons will be absorbed and the molecules will be excited to a higher energy quantum
state. With more photon interaction, the molecules then re-emit the photons through
stimulated emission and return to the lower energy level. This absorption and stimulated
emission occur in a cyclic behaviour therefore, on average there will only be 50 % of the

molecules in the higher energy level.

A more efficient population inversion can be achieved with RAP by introducing curved
laser wavefronts using a cylindrical lens in the path of the laser. Due to the curved wavefronts,
the molecules travelling across the laser will experience a linear sweep of frequencies (a

Doppler tuning) resulting in a complete population inversion of the molecules >°.

2.3.4 Excited state population in the molecular beam

The state resolved sticking coefficient measurements of the water molecules on a
Cu(111) surface requires one to know the fraction of excited of water molecules in the
molecular beam prior to interaction with the surface. There are two methods to introduce
vibrational energy in the incident molecules. One way is through heating the nozzle which
causes the molecules to populate low-lying vibrational states and the other method involves
the usage of a laser, where a resonant laser crosses the molecular beam while the molecules
travel towards the surface. The percentage of excited molecules from the former method can
be calculated using the partition function of water molecules explained in the following
paragraph. Furthermore, fluence curve measurements are recorded to find the fraction of

vibrationally excited molecules in the MB due to laser excitation. In the following paragraphs,
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| will explain how both the methods were involved in the study of water dissociation on a

clean Cu(111) surface.

Supersonic expansion is able to efficiently cool the rotational levels of the molecules
in the molecular beam however, vibrational cooling is not as efficient . Thus, at higher nozzle
temperatures some molecules can still remain in the excited vibrational states based on

Boltzmann distribution. Using the partition function for water molecules,

_hvi
Quip =1I(1 — e kT)_l

(2.8)
| was able find the thermal population of each vibrational mode, P at different nozzle

temperatures using the following formula,

e -n;hv;/kT

P =
Qvib
(2.9)

where i is the vibrational mode, n; is the quantum number for mode i and v; is the frequency

of mode i. Table 2 below shows the vibrational state population calculated.

Table 2: The fraction of D,O molecules in different vibrational states for various T, calculated using

the formulae 2.8 and 2.9 above.

Vibrational state population
vi=1 v=1 v2=2 vi=1 ground
state
To/K Exn/eV | 2691.606 cm™ |1190.790 cm™ 2359.689 cm™|2799.758 cm™!

300 0.28 0 0.003 0 0 0.997
320 0.30 0 0.005 0 0 0.995
400 0.35 0 0.014 0 0 0.986
500 0.44 0 0.031 0.001 0 0.967
600 0.52 0.002 0.054 0.003 0.001 0.940
700 0.60 0.004 0.078 0.007 0.003 0.908
800 0.68 0.007 0.100 0.012 0.006 0.875
900 0.75 0.013 0.125 0.022 0.011 0.828
1000 0.82 0.020 0.146 0.032 0.017 0.784
1050 0.86 0.024 0.157 0.038 0.021 0.760
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The excited state population can be obtained with fluence curves, plots of pyroelectric
detector signal as a function of the excitation laser power. To perform fluence curve
measurements, one needs to vary the laser power which was realised by rotating a A/2
waveplate coupled with a linear polarizer. As the pyroelectric detector only measures a
change in the temperature, the laser beam needs to be modulated. This was achieved by
chopping the laser beam using an electromechanical shutter operating at 2 Hz and detecting
the pyroelectric detector signal using a lock-in amplifier. The signal measured by the
pyroelectric detector corresponds to the fraction of vibrationally excited molecules in the
molecular beam. As the laser power increases, the pyroelectric signal also increases until it

reaches a saturation which indicates a complete population inversion attained with RAP.

Considering the initial state population of the molecules as well as the laser excited
molecules, one may determine the fraction of excited molecules in the continuous molecular

beam, from the following relation.

fexc = frot* foin " frap
(2.10)

where f,,; refers to the fraction of molecules populating the lower rotational levels. As stated
above, the rotational energy of the molecules is efficiently cooled during the supersonic
expansion of the molecular beam in the nozzle therefore, it will not be accurate to take the
temperature of the nozzle as the rotational temperature of the beam. The two methods
outlined below are used in our lab to determine the rotational temperature of the gas

molecules.

e In the first method, fluence curves for different transitions are recorded where each
transition has several different initial J levels measurements. The asymptotes achieved
by the different J levels are then compared for the same transition and the ratios are
used to determine the relative rotational populations of the J levels. By comparing the
experimentally obtained relative populations to the theoretical values at different
rotational temperatures, one can identify the rotational temperature of the
molecules. Further details of this method are explained by Li Chen in his thesis 4°.

e The second method uses the direct relation of the pyroelectric detector signal to the

population of the excited molecules in the molecular beam (i.e. pyroelectric detector
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signal o« fraction of excited molecules in the beam). Based on this, we measure many
fluence curves for transitions with different J levels from the same symmetry species.
In this case, we have to record fluence curves for all the populated J levels. The sum
of the asymptotes for the different J levels is equal to the theoretical fraction of
molecules with this symmetry. For instance, ortho DO molecules have statistical
weight of 2/3 and para has 1/3. By employing this method, we can obtain a direct

calibration of the pyroelectric signal to the fraction of excited molecules.

The f,ip refers to the fraction of vibrationally excited molecules which was previously shown
to be calculated from the partition function of water molecules. This leaves us with the fr4p
term which refers to the excitation efficiency using the RAP technique which can be obtained
from the fluence curves measured. The ratio of the pyroelectric detector signal at a certain
laser power compared to the asymptote of the pyroelectric detector signal gives the

information of the fraction of molecules in an excited state, fr4p-
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Fig. 2.20: Fluence curves measured for vs, R-branch transitions - Roo(0), Ro2(2) and Ri11(1) for 2%
D0 in He mixture at T,= 400 K (Exin = 34 kJ/mol).
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Chapter 3: Confirming the mechanism for
water dissociation on O-Cu(111) using isotope

labeling.

3.1 Overview

The presence of adsorbates on transition metal surfaces can alter some surface
reactions significantly. Surface reactivity control with adsorbates that either promote or
inhibit surface reactions is an interesting field of study in heterogenous catalysis. For instance,
the water dissociation process in the presence of oxygen adsorbates has been extensively
studied on different transition metal surfaces as explained by Henderson in an extensive
review of the reactions of water on solid surfaces®. It was found that in the presence of oxygen
adsorbates, the water dissociation process is facilitated significantly on some metals such as

Cu, Ag but only to a small extent on a flat Ni(111) surface %62,

Water dissociation has received significant attention both from experiment and
theory ®8 as it is the rate-limiting step in the water-gas shift reaction, H,0 + CO > H, + CO;
used to extract H, following the steam-reforming process, CHs + H20 = CO + 3H, 2. At low
temperatures, a common catalyst used for the water-gas shift reaction is based on Cu, while
at high temperature a Fe based catalyst is preferred 2. Based on this, it appears useful to
probe the water dissociation reaction on a clean, flat single-crystal Cu(111) surface before
proceeding to more complex systems which are used at industrial level. On a clean Cu(111)
surface, the barrier for water dissociation is calculated to be 1.50 eV °°. However, as
mentioned above, water dissociation is much more facile on an oxygen covered Cu(111)
surface compared to a clean surface as the presence of surface oxygen atoms help to reduce

the activation barrier significantly, to a calculated value of 0.56 eV °°,

Using scanning tunnelling microscopy (STM), Pérez Ledn et al. and Matsumoto et al.

found that when oxygen is dosed on clean Cu(111) surface at room temperature, triangular
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oxide islands originating either at the step edges, in the vacancies of the terraces or on the
terraces are formed 6364 At low O, exposure, they observed the step edges to become
triangular and form oxides in the upper terrace of the step edges 3. Simultaneously, triangular
structures originating at the vacancy sites on the terraces also grew on the Cu(111) surface.
Whereas, at higher O, exposure another form of oxide island formed on the top of the terrace
referred to as an added oxide. The added oxide grew on the terrace unlike the step oxide and
the terrace oxide - which grew at the step edges or in the terrace, respectively. On the other
hand, heavy exposure of O; at elevated surface temperature resulted in the formation of
complex ordered superstructures called “29” and “44” where the oxide formed have
hexagonal structures with unit cells that are either 29 or 44 times bigger than the surface unit

cell of the Cu 3493,

Mudiyanselage et al. used X-ray photoelectron spectroscopy (XPS) and reflection
absorption infrared spectroscopy (RAIRS) to elucidate the water dissociation mechanism on
an oxygen covered Cu(111) surface . They reported that background dosing of H,0 on either
aclean Cu(111) surface or on a fully oxidized Cu,0 surface, did not result in water dissociation.
However, on a partially oxidised Cu(111) surface with 0.1 ML of O(ads), water dissociated
readily. In their experiment, the Cu(111) surface was first exposed to O, at room temperature
to form oxygen adsorbates on the surface. The surface was then exposed to a background
dose of H,0 molecules at Ts=90 K which resulted in the formation of H,O ice. After that, the
surface was annealed in steps to Ts=300 K and during this annealing process, they observed a
shift in the binding energy of the O 1s in their XPS measurements. They attributed the shift in
the binding energy from 533.9 eV (H.O ice) to 531.4 eV (OH adsorbed) to the water
dissociation process. They also observed another shift in the O binding energy from 531.4 eV
(OH adsorbed) to 529.5 eV (chemisorbed O) which was explained as the water desorption
from the surface. Mudiyanselage et al. found that the pre-dosed oxygen on the surface was
recovered following water desorption from the Cu(111) surface. Their experimental
observation are consistent with the water dissociation mechanism, H.O(g) + O(ads) =

20H(ads).

Jiang and Fang performed density functional theory (DFT) calculations to understand
the water dissociation process on a Cu(111) surface >°. They reported an activation barrier of

1.50 eV for water dissociation on a clean Cu(111) surface but for a surface with O, the
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activation barrier was reported to be as low as 0.56 eV *°. Jiang and Fang also showed that,
after the OH formation on either the clean or the oxygen covered Cu(111) from water
dissociation, further decomposition of OH has an activation barrier of 2.69 eV and 1.68 eV for
the clean and oxygen covered Cu(111), respectively *°. Thus, in the water dissociation process,
the dehydrogenation of the second hydrogen is the rate limiting step °°. The mechanism
proposed by Jiang and Fang for water dissociation on an O covered Cu(111) is the same as

Mudiyanselage et al., H0(g) + O(ads) > 20H(ads) %>,

Wang et al. investigated the dissociation of water on several transition metal surfaces
both bare and with adsorbed oxygen using DFT calculations ®1. They proposed that the water
dissociation reactivity improves in the following order, Au < Ag < Cu < Pd < Rh < Ru < Ni ®1. The
reactivity reverses on metals with pre-adsorbed oxygen where Ag and Cu highly promote O-
H bond scission but Ru and Ni have almost no effect on the water dissociation process °'.
Wang et al. suggested that the metal surface reactivity to water dissociation is dependent on
how strongly oxygen is bound to the surface 1. When the oxygen atoms are adsorbed strongly

on a metal surface, the water dissociation process is promoted less and vice versa °.

Based on the studies above as well as the facile water dissociation observed on the
Cu(111) (see section, 1.4 in Chapter 1), | decided to study the dissociation of water on oxygen
covered Cu(111) using RAIRS in combination with isotope labeling. Direct detection of two
different hydroxyl groups can serve as a direct proof for the hydrogen transfer mechanism
(H20(g) + O(ads) = 20H(ads)). Using different oxygen isotopes for the surface oxide and the
incident water species, RAIRS detection is able to distinguish the two hydroxyls, one from the
incoming water molecule and the other, as a result of pre-dosed oxygen extracting one
hydrogen atom from the incoming water molecule. To date, no RAIRS measurements with
isotope labeling have been published for water dissociation on an oxygen covered Cu(111)
surface. Most of the experiments that used the H,O(g) + O(ads) = 20H(ads) mechanism to
explain water dissociation on an oxygen covered Cu(111) surface have indirect evidence for
the formation of the 20H(ads) on the surface ®. Therefore, in this chapter | will present a
study of water dissociation on an oxygen covered Cu(111) surface, using isotope labeling for
the oxygen atoms (10 or '80) pre-adsorbed on the surface and for the water molecules (H2*20

or H,'®0) that interact with the surface. The products of this reaction were monitored in real
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time with RAIRS and AES was employed to quantify the coverage of the pre-dosed O(ads) on

the surface and the OH(ads) formed on the surface following water dissociation.
3.2 Molecular or dissociative adsorption of water molecules

Finding out if water adsorption is dissociative or molecular is often not
straightforward. Although there are many experimental techniques available to perform this
study, there are still disadvantages as highlighted by Henderson . This is due to the H,0(ads)

and OH(ads) having similar properties °.

To test if RAIRS can discern between the molecular H,O(ads) and OH(ads) from the
dissociated water molecules on a Cu(111) surface, | performed an experiment where a
Cu(111) surface was covered with ice followed by RAIRS measurement Fig. 3.1- black
spectrum. The surface was then cleaned by Ar* sputtering followed by annealing as outlined
in Chapter 2 (section 2.2.3) followed by a H,O(g) exposure to yield OH(ads) on an oxygen pre-
covered Cu(111) surface. The RAIRS peak corresponding to the hydroxyl adsorbates was

identified by performing another RAIRS measurement, Fig. 3.1- red trace.

_ 3638 cm™ 3701 cm
ice on surface

0.5 %

Absorption

ice on detector

I E: I e
3000 3500 4000
Wavenumber / cm’
Fig. 3.1: RAIR spectra showing absorption in the O-H stretch region corresponding to ice, OH

on ice (3701 cm™) and OH from dissociated water molecules (3638 cm™) .
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The black spectrum was taken after water reaction with Cu(111) surface at Ts= 90 K
with Exin = 0.28 eV which resulted in the formation of ice on the surface. The broadband
absorption signal observed around 3480 cm™ is due to the hydrogen bonded O-H stretch
vibrations in the ice layers formed on the surface. This band shows a very broad absorption
because of the extensive hydrogen bonding between the water molecules in the bulk ice
crystal structure resulting in broad absorption frequencies for the O-H stretch . The narrow
absorption peak at 3701 cm™ is due to so-called ‘free’ O-H bonds exposed on the ice surface

which are not hydrogen bonded to the neighbouring water molecules ©’.

Repeating the experiment at higher surface temperature, Ts = 180 K where noice layer
is formed on the Cu(111) surface resulted on the red spectrum. The sharp RAIRS peak
observed at 3638 cm™ is assigned to the OH(ads) formed from the dissociation of the water
molecules and chemisorbed directly on the Cu(111) surface. This peak lies in between the
broadband ice peak and the free OH on ice. Another broad absorption signal observed in the
red trace labelled as ‘ice on detector’ refers to the IR absorption by the ice formed on the
detector element of the liquid nitrogen cooled InSb detector. The water molecules present
inside the detector dewar form an ice layer when the detector is cooled by adding liquid
nitrogen. To minimize this ice build-up during the RAIRS measurements, | tried to keep the
detector continuously cold with liquid Na. Alternatively, the dewar has to be evacuated every

3-4 weeks.

The TPD traces in Fig. 3.2 show the desorption temperatures for m/z 18 - H,O
molecules. When a Cu(111) surface covered with ice, Fig. 3.1 — black trace, was heated from
Ts=90-500 K, a sharp desorption peak is observed at temperature Ts = 177 K’.However, when
a TPD measurement was performed for a surface covered with OH(ads), there was a broad
desorption peak observed from Ts = 200-300 K as shown in Fig. 3.2 -red trace. It was surprising
to observe a sharp desorption peak for ice layers from the surface as it consist of network of
water molecules with differing O-H strengths which rendered a broad RAIRS peak in Fig. 3.1.
Although the OH(ads) RAIRS peak was sharp Fig. 3.1, it produced a broad desorption signal

following recombinative desorption of the hydroxyl adsorbates on the surface.

Since the water molecules from the ice layers desorb with peak desorption
temperature at Ts = 177 K and the OH recombinatively desorbs (OH(ads) + OH(ads) — H.0(g)

+ O(ads) ) as water molecules >150 K with the maximum desorption around 200-320 K, there
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is a narrow window in which the water dissociation products are relatively stable without ice
formation on the surface. Therefore, | decided to perform my studies of water dissociation
on Cu(111) at Ts = 180 K in order to adsorb OH on the surface with minimal molecular water

adsorption.
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Fig. 3.2: TPD measurements performed with 2 K/s temperature ramp rate, shows ice
desorption (black trace- peak desorption at T, = 177 K) and recombinative desorption of water
(red trace- highest desorption rate in the range Ts = 200-320 K) from a Cu(111) surface.

At surface temperature, Ts = 160 K water can exist either in the metastable or the
stable state on the Cu(111) depending on the surface coverage of water 7. The metastable
state is defined as the near-surface amorphous phase whereas the stable species is the three-
dimensional polycrystalline structure on the surface. Although it was demonstrated that the
three-dimensional ice and OH adsorbates could be distinguished with RAIRS absorption
signals, the metastable phase of water reported by Hinch and Dubois was not observed with

this technique 7.

By reducing the exposure of D,0 to 0.04 ML on the surface at Ts = 135 K, | was able to
form the metastable species on the surface which was not observable with RAIRS but was

identified from the TPD measurement shown in the blue trace of Fig. 3.3 below. The peak
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desorption temperature is observed at Ts = 155 K, lower than the stable state, Ts = 175 K -
black TPD trace, and they agree with the measurements from Hinch and Dubois ’. The TPD

traces shown below were taken with a ramp rate of 1 K/s.
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Fig. 3.3: TPD traces of the stable and metastable species of D,0 (0.04 ML -blue and 2 ML- black)
formed on a clean Cu(111) surface at Ts = 135 K. Temperature ramp rate used was 1 K/s.

3.2 D0 interaction with *O(ads) or '80(ads) pre-covered Cu(111) surface

In the following sections, | will present experimental data to confirm the water
dissociation mechanism, H,0(g) + O(ads) — 20H(ads) on an oxygen covered Cu(111) surface.
| found that the H,O molecules dissociate on the partially oxygen covered Cu(111) to form
20H(ads) through the transfer of one hydrogen atom from the water molecule onto the
surface oxygen atom. Further research revealed that the reverse reaction
(disproportionation) occurs simultaneously with water dissociation resulting in the removal
of the water molecules from the surface leaving behind oxygen atoms, OH(ads) + OH(ads) —
H>O(g) + O(ads). The disproportionation reaction caused the surface oxygen atoms to be
replaced by the oxygen atoms from the water molecules. In the next sections, | will discuss
the different hypotheses tested to confirm the water dissociation mechanism on a partially

oxygen covered Cu(111) surface.
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3.2.1 RAIRS detection of OH(ads) isotopologues

Water dissociation on a clean Cu(111) surface was reported to be a highly activated
process %68, Fig. 3.4 (i) shows the RAIRS spectrum of a clean Cu(111) surface at Ts=180 K
exposed to a molecular beam of H,'®0 (37 ML) with Exin= 0.28 eV. No OH(ads) RAIRS peak is
observed in the spectrum indicating the translational energy provided was not sufficient to
overcome the activation barrier for water to break its O-H bond on a clean surface.

Mudiyanselage and co-workers also showed similar observations using XPS .

However, if the Cu surface contained adsorbed oxygen atoms, the water dissociation
process proceeds easily without the need for incident translational energy %>, | detected this
facile water dissociation process while studying D,O dissociation on a clean Cu(111) surface
with Exin = 0.28 eV. At that time, this was a surprising observation as water dissociation has a
high activation barrier, calculated to be 1.5 eV °°. By carefully inspecting the composition of
the molecular beam, | found out that there was oxygen in the MB which adsorbed on the

Cu(111) and enabled facile water dissociation.

The facile reaction between water molecules and oxygen atoms on the surface was
rationalized by a H atom transfer from the incoming water molecule to the adsorbed O atom
on the surface, resulting in the formation of 2 hydroxyl adsorbates ®®. This reaction
mechanism for water dissociation can be written as H.O(g) + O(ads) = 20H(ads) and |
investigated this mechanism on an oxygen covered single crystal Cu(111) surface with oxygen

isotopes, %0 and 20.

Initially, the Cu(111) surface was cleaned by sputtering and annealing as explained in
the surface cleaning procedure in the experimental set-up section. Then, the surface was pre-
dosed with 20(ads) by depositing 20, at Ts= 300 K (0.07 ML) followed by a molecular beam
exposure to Hx'®0(g) (58 ML) at Ts=180 K with Ekin=0.28 eV. The pre-adsorbed *¥0(ads)
coverage was measured by using AES. During the surface collision of the H,*®0 molecules,
RAIR spectra were measured and a single peak was observed to grow at 3637 cm%, assigned
to the 1®*0OH(ads) as shown in Fig. 3.4(ii). Interestingly, no RAIRS peak for the 2OH(ads) from
the pre-dosed oxygen was observed. Based on the water dissociation model, we should have
observed two OH(ads) RAIRS peak in Fig. 3.4(ii), one for **OH(ads) and another for 180H(ads).

However, our experimental data shows disagreement with the model.
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Fig. 3.4: Left- (i) RAIRS spectra for H,*°0(g) exposure (37 ML) on a clean Cu(111) surface at T
= 180 K with Ew, = 0.28 eV (ii) H:*°0O(g) dissociation on a ¥0(ads) covered Cu(111) surface
resulting in a *°OH(ads) RAIRS peak at 3637 cm™ (iii) H;*%0(g) dissociation on a **O(ads) covered
Cu(111) surface resulting in a *¥OH(ads) RAIRS peak at 3626 cm™. Right- The uptake for the
experiment in the left with 1°OH(ads) peak after (a) 3.6 ML and (b) 7.2 ML of H;°0 exposure
on a surface with 0.07 ML of ¥¥0(ads).

Table 3: RAIRS frequencies corresponding to the OH(ads) isotopologues.

Adsorbate Frequency (cm™)
160H 3637
180H 3626

The effect of reversing the O isotopes in the water molecules and the pre-dosed
oxygen was then tested by re-cleaning the Cu surface with sputtering and annealing followed
by surface exposure to 20, at Ts=300 K (0.07 ML). After that, a molecular beam of H,'80 (~58
ML) was incident at Ts= 180 K with Exin = 0.28 eV on the 0 pre-dosed surface. Again, RAIRS
measurements were made during the water molecules exposure and this time, a single RAIRS
peak assigned to the ¥OH(ads) was observed at 3626 cm™. Fig. 3.4(iii) shows that the

180H(ads) is 11 cm™ red shifted to the ®*0OH(ads) stretch in the RAIR spectra. In both the
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isotope labelling experiments, the OH(ads) RAIRS peak was observed to solely originate from
the dissociation of the incoming water molecules. This is clearly in disagreement with the

proposed water dissociation model on a partially oxygen covered Cu(111) surface.

The selection rule of RAIRS states that the surface adsorbates must have a dipole
moment component perpendicular to the surface to be ‘seen’ by RAIRS. Therefore, there is a
possibility that the OH from the O isotope pre-dosed on the surface was not observed in RAIRS
because this OH adsorbate lies flat on the surface hence rendering no dipole moment
component perpendicular to the surface. A study performed by Kumagai et al. using the
scanning tunnelling microscopy (STM) coupled with DFT calculations on the structure of the
hydroxyl adsorbates on a Cu(110) surface demonstrated that an isolated OH(ads) is tilted on
a Cu(110) surface 7°. They also found that the single hydroxyl can undergo a flip in its
orientation through electron tunnelling process 7°. Apart from the isolated OH(ads), Kumagai
et al. also studied the interaction of the OH(ads) groups in dimers by first depositing O, on
the surface at Ts=40 K followed by dragging a water molecule into the vicinity of an adsorbed
O atom on the surface ’°. This resulted in the formation of a hydroxyl dimer which no longer
did the switch motion because of the strong hydrogen bonding between the hydroxyl groups
in the dimer as shown in schematic diagram below 7°. Based on Kumagai and co-workers’
study, the ‘missing’ OH(ads) peak in Fig. 3.4(ii) and (iii) could perhaps be explained as a result

of this hydroxyl adsorbate lying flat on the surface as shown in the schematic below, Fig. 3.5.

H.O

dece " o

Fig. 3.5: Schematic diagram showing H transfer from the water molecule to the O atom on the
surface forming two OH(ads) on the surface where one hydroxyl lies flat and other sits upright.
Oxygen atom (red), copper atom(orange) and hydrogen atom(blue).

Based on the RAIRS selection rule, another possible explanation for the ‘missing’
OH(ads) RAIRS peak is that the hydroxyl adsorbate from the pre-adsorbed oxygen atoms
selectively tilt with increasing OH(ads) coverage on the surface. Assuming this hydroxyl first
sits upright in the fcc hollow side of the Cu(111) surface and then tilts with increasing OH

coverage on the surface, one can measure this process with RAIRS by reducing the incoming
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water molecules flux and measuring any reduction in the RAIRS intensity for the OH(ads)

formed from the pre-adsorbed O atom on the surface.

To study this, a reduced flux of H,*0 (3-10° ML s!) was introduced into the UHV
chamber where a Cu(111) surface pre-dosed with 0.04 ML of '®O(ads) resides. This was
achieved by chopping the molecular beam using a chopper installed in the second chamber
with 1 % duty cycle. Fig. 3.6 below shows the RAIRS absorption signal measured in the O-H
stretch region during this experiment. Again, there is only a single peak corresponding to the
hydroxyl from the incoming water molecules, ¥OH(ads) at 3627 cm™ which confirms that
there was no continuous tilting of the ®OH(ads) with increasing OH coverage on the surface.
Also, it is important to note that with increasing 20H(ads) coverage on the surface, there is a
small blue-shift in its frequency from 3625 cm™ to 3627 cm™. The frequency shift is attributed
to the increasing dipole-dipole interaction between the hydroxyls on the surface with its

increasing surface coverage ’*.

3625 cm™’ 3637 cm™’
180H

[o.025% 3627 cm™_

Absorption

3625 cm™
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Fig. 3.6: Uptake of 80OH(ads) following water collision on the Cu(111) surface covered with 0.04 ML
of 1°O(ads). On the right, the first few RAIR spectra from the measurements on the left are shown
following H2'80(g) collision on the surface, (a) 0.01 ML, (b) 0.02 ML, (c) 0.03 ML and (d) 0.04 ML.

The ®0H(ads) RAIRS peak, based on the experiment in Fig. 3.6 perhaps was not
observed with RAIRS due to the OH adsorbate lying parallel to the surface as shown in Fig. 3.5
or due to the dehydrogenation of the OH(ads) because of its instability , OH(ads) = H(ads) +

O(ads). In order to test this hypothesis, the surface was annealed to higher temperatures
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following water dissociation on an 0.02 ML *80(ads) covered Cu(111) surface at Ts=180 K. As
shown in Fig. 3.7 below, the 1®OH(ads) is not stable at T;=220 K and above. The OH adsorbates
desorb from the surface through the disproportionation reaction, 20H(ads) - H.0(g) +
O(ads), leaving an O(ads) on the surface . At T,=300 K, all the ®0OH adsorbates have desorbed
from the surface. Mudiyanselage and co-workers also reported similar observation of
80D(ads) on a Cu(111) surface, where its RAIRS peak showed a decrease in intensity above

Ts= 200 K and was completely removed from the surface at Ts = 275 K ©°.

This experiment also serves as an alternative proof to show that there was no tilting
of the ¥OH adsorbate formed with the 180 pre-dosed on the surface with increasing OH(ads)
coverage on the surface, as previously explained in Fig. 3.6. This is because no other OH RAIRS

peak was observed during the annealing process apart from ®OH(ads).

J0.05%

Absorption
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v I v I ’ I
3600 3620 3640 3660

wavenumber / cm’’

Fig. 3.7: (i) RAIR spectrum measured after 2% H>'°0 in He deposition on a surface covered with 0.02 ML
of 80(ads). Following surface annealing to (ii) 220 K, (iii) 250 K and (iv) 300 K, for 2 minutes at each
temperature. Dashed red line at 3627 cm™ refers to where the 180H stretch should be observed.
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Chapter 3: Confirming the mechanism for water dissociation on O-Cu(111)

Perhaps the hydroxyl from the dissociated water molecule was not isolated but
interacted with the pre-dosed oxygen hence, prevented the hydrogenation of the pre-
adsorbed oxygen. To test this hypothesis, an experiment was performed on a clean Cu(111)
surface to check if the OH(ads) RAIRS frequency measured belongs to the isolated OH(ads) on

the surface or to an intermediate species.

To study this, the clean Cu(111) surface was exposed to 300 L of 160,(g) at T=300 K
resulting in 0.17 ML of '®0(ads) surface coverage. The oxygen exposure was followed by H
atoms dosing at Ts=180 K using a beam of atomic hydrogen (~1 L of H(atom)). A peak at 3634
cmis observed in the RAIR spectrum shown in Fig. 3.8. This peak is assigned to the ®*OH(ads)
and was noted to be 3 cm™ red-shifted to the absorption signal shown for '®OH in Fig. 3.4.
The frequency shift can be explained as a result of low ®*OH(ads) coverage on the surface,
based on Fig. 3.6 above. The result from this experiment shows that the OH(ads) observed in
the previous measurements are isolated hydroxyls and not intermediates that interact with

neighbouring O(ads) on the surface.
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Fig. 3.8: 10OH(ads) RAIRS peak at 3634 cm™ following hydrogenation of °O(ads) with H atoms.
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So far, only OH(ads) from the interacting water molecules was observed and the
OH(ads) from the pre-adsorbed oxygen was not measured with RAIRS. The OH(ads) peak
observed also exhibited dipole-dipole coupling effect with increasing coverage on the surface
and it was shown to be stable up to Ts = 220 K. The IR frequency measured for the OH(ads)

was confirmed to arise from the isolated hydroxyl species on the surface.

3.2.2 Saturation depends on the pre-dosed O(ads) coverage

It is still unclear if the O(ads) pre-dosed on the surface acts as a spectator in the water
dissociation process or participates in the reaction. To further investigate this problem, |
probed the role of the initially adsorbed O(ads) by varying the oxygen coverage on the surface
prior to water molecules exposure. If oxygen pre-dosed on the surface acts only as a catalyst
and is not consumed in the reaction, the maximum hydroxyl coverage achieved for the
different pre-adsorbed oxygen coverage would remain the same. In contrary, if the surface
oxygen converts into hydroxyl by accepting a hydrogen from the water molecule, then the
saturation coverage attained for the different pre-dosed oxygen coverage will vary as the

limiting parameter is the available oxygen adsorbates for the reaction.

To perform this study, three known coverage of O(ads) on a Cu(111) surface were
used. Prior to this experiment, the oxygen coverage on the surface was measured with AES
and calibrated based on the known saturation coverage of O(ads)— 0.5 ML >*. More details are

explained in chapter 4.

The following Fig. 3.9 shows the absorption signal peak height for **0D(ads) measured
with RAIRS at 2689 cm™ on a surface pre-dosed with 0.02 ML, 0.07 ML and 0.09 ML of
80(ads), during D2*®0O(ads) collision with the Cu(111) at Ts = 180 K. The water molecules
arrived on the surface with Exin = 0.28 eV. Again, only a single peak was observed for the
OD(ads) on the surface, belonging to the water molecules from the molecular beam -
160D(ads). Based on the Fig. 3.9, it is clear that the saturation peak heights achieved for the
different surface oxygen coverage increased with increasing oxygen on the surface which
indicates the initial 80 adsorbates are consumed in the reaction as suggested by

Mudiyanselage et al. .
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Fig. 3.9: RAIRS absorption signal peak height for °OD(ads) measured at 2689 cm™ with
increasing exposure of D;'°0(g) on the Cu(111) surface with varying pre-adsorbed ¥0(ads)
coverage. The inset compares the initial ¥0(ads) coverage on the surface with °0OD(ads)
coverage following D,'0(g) dissociation.

It is also very interesting that the '®*0OD(ads) coverage exhibits a linear increase with
the pre-adsorbed '80(ads) coverage on the surface, shown in inset of Fig. 3.9. Further analysis
of this information shows that for a surface with 0.02 ML of pre-adsorbed 80(ads), 0.05 ML
of 10D(ads) was measured on the surface, which is 2.5 times more than the oxygen coverage
we started with. Every oxygen atom reacted with one incoming water molecule to form
20D(ads) on the surface, therefore giving twice the coverage of OD(ads) compared to the
initially pre-dosed O(ads) coverage. However, in this case only the ®0D(ads) peak was
observed with RAIRS so, there should have been approximately 0.02 ML of *OD(ads)
measured if two OD(ads), one ®*0D(ads) and one 80D(ads) were formed from the reaction.
Instead, a 0.05 ML of only **0OD(ads) was measured. This observation can be explained as a

result of the disproportionation reaction, which will be explained later in this chapter.

When the initial coverage of 80(ads) was increased to 0.07 ML and 0.09 ML, the

160D(ads) coverage was measured to be 0.09 ML and 0.11 ML, respectively. Although for
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these initial '80(ads) coverages, the ®0OD(ads) coverage increased on the surface, the
increment is not almost twice the 80(ads) coverage as observed for the 0.02 ML of *20(ads)
instead, it is only 20-30% more than the initial oxygen atom coverage. This indicates the
presence of oxygen islands on the surface ®3. Water dissociates at the periphery of these
islands thus, as the surface oxygen coverage increases, these islands get larger rendering less

available reactive sites (oxygen on the periphery of the islands) for the reaction.

3.3 Mechanism of water dissociation

3.3.1 Finding H atoms with RAIRS

Based on the published mechanism for water dissociation on an oxygen covered
surface (H,0(ads) + O(ads) > 20H(ads)) coupled with isotopic oxygen atoms — 180, and °0,,
we expected to measure two hydroxyl RAIRS peaks ©. However, time and again only one
absorption signal belonging to the OH(ads) from the incoming water molecules was measured
using RAIRS. Perhaps the oxygen on the Cu(111) surface is not a participant in the reaction
but acts just as a catalyst which reduces the barrier for water dissociation on a Cu(111)
surface. If this is true, after water molecules dissociate on an oxygen covered surface, the

surface must be covered with isolated H atoms.

Mudiyanselage et al. measured the H-Cu stretch with RAIRS as a sharp feature at 1153
cm ™ for Ts = 180 K 72. They proposed that this peak only appears in the RAIRS measurement
when the hydrogen atoms occupy both the sub-surface sites and the three-fold hollow sites
on the Cu(111) surface, as the absorption signal at 1153 cm™ was suggested to arise due to

the vibrational coupling between the sub-surface and surface hydrogen atoms.

In our lab, a Cu(111) surface covered with hydrogen atoms was prepared by a
hydrogen atom beam source (HABS) operated at 1600 K. The surface was exposed to different
amounts of H atoms followed by RAIRS measurements as shown in Fig. 3.10 — left. The surface
was then heated to remove the hydrogen atoms by recombinative desorption while recording
a TPD measurement shown in Fig. 3.10- right. The RAIRS measurement shows a peak at 1153
cm! after the surface was exposed to 250 L (calculated by taking the lowest limit of cracking

efficiency of H,, 80% multiplied by the exposure of Hz(g) in Langmuir) — Figure 3.10, left (a).
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This peak was observed to red-shift to 1147 cm™ when the H atoms exposure was increased

to 1588 L.

Performing a TPD measurement for a surface dosed with 1588 L of H produced a
shoulder at Ts = 240 K to the desorption peak at Ts = 310 K. Increasing the H exposure to 1941
L and then performing a TPD measurement, resulted in two clear peaks in the TPD trace
observed at Ts = 240 K and Ts = 310 K. The peak at 240 K was assigned to the H atoms from
the sub-surface and the peak at 310 K was assigned to surface hydrogen atoms 72, By analysing
the area under the peaks in the TPD traces, one can identify the surface sites from which the
H atoms desorb. When the H(atom) exposure was increased from 1588 L to 1941 L the higher
temperature TPD peak shows a constant area suggesting this peak to belong to the surface
adsorbed H atoms as the surface adsorption sites on the Cu(111) from which H atoms can
desorb are limited. The TPD peak with the lower temperature instead shows an increment in
the area under the peak when the H(atom) exposure was increased from 1588 L to 1941 L
which indicates a higher number of sites available for H atoms, the sub-surface sites.
Whereas, for a lower H(atom) exposure- 160 L, only a single peak at 320 K is observed in the
TPD trace of Figure 3.10, right panel (a). Since this is the only peak observed at low hydrogen
dose, it appears that the hydrogen atoms adsorb on the surface sites first followed by the

sub-surface sites.
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Fig. 3.10: Left - RAIR spectra measured with MCT detector following (a) 250 L and (b) 1588 L
of H(atoms) exposure using HABS. Right - TPD traces showing desorption of H, from the
Cu(111) surface when the surface was heated with a 2 K/s heating ramp. The surface was
initially exposed to (a) 160 L, (b) 1588 L and (c) 1941 L of H atoms.

When water molecules were dissociated on a *O(ads)- 0.17 ML covered Cu(111)
surface, no peak was observed for the H-Cu stretch around 1153 cm™. This is most likely due
to the low coverage of H atoms formed from the water dissociation which led to the absence
of the sub-surface hydrogen atoms. Since both the surface adsorbed and sub-surface H atoms
are required to be present simultaneously for the appearance of the RAIRS absorption signal
at 1153 cm™, the peak around 1153 cm™ was not observed after water dissociation on a
Cu(111) surface. In summary, no conclusive result was obtained to prove the
presence/absence of the isolated H atoms on the surface of the Cu(111) surface following

water dissociation on an oxygen covered surface.

3.3.2 Using HABS to identify the products of water dissociation

Another method to check if the O(ads) pre-dosed on the surface was hydrogenated
during the water dissociation process, is to perform an experiment which allows the growth
of the ‘missing’ OH(ads) RAIRS peak with the aid of hydrogen atoms. For this experiment, |
pre-dosed a clean Cu(111) surface with approximately 0.07 ML of 1®0O(ads)- and then exposed

the surface to a background dosing of H,'80(g) - 7-10° mbar. As shown in Fig. 3.11 this
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experiment resulted in the growth of a single peak at 3627 cm™ assigned to the 80H(ads) on
the surface. After that, the surface was exposed to H atoms with HABS resulting in the

formation of the ®*OH(ads) peak at 3639 cm™.

This previously ‘missing’ peak for *OH(ads) increased in intensity with increasing H
atoms exposure and simultaneously, the 2OH(ads) peak reduced in intensity. The decrease
in the 8OH(ads) peak intensity can be explained by the hydrogenation of the 80H(ads) during
the H atoms exposure, 2OH(ads) + H(atom) = H,®0(g), resulting in its removal from the
surface as gaseous water molecules. The red-shift in the frequency of the 80H(ads) stretch
with increasing H atoms exposure can be explained as reduced dipole-dipole coupling

between the 80H(ads) on the surface as its coverage reduces on the surface.

Furthermore, the 3639 cm™ peak assigned to the ®OH(ads) RAIRS peak increases in
intensity with increasing background dosing of H atoms. This indicates the pre-dosed ¢0O(ads)
on the Cu(111) surface was not fully hydrogenated following H,*0 dissociation. However,
this conclusion might be misled because water dissociation occurs only at the periphery of

the oxygen islands therefore, there were still free O atoms on the surface for hydrogenation.

It is known that oxygen dosing on a clean Cu(111) surface results in the formation of
local surface oxidation where the oxygen atoms form islands originating at the defects 3. The
oxygen atoms on the periphery of the islands are expected to react with the incoming water
molecules but the oxygen atoms in the middle of the islands are not reactive as there are no
neighbouring Cu sites available for the adsorption of OH(ads) from the dissociation of the
water molecules. A similar presence of reactive and non-reactive oxygen atoms to water
dissociation was reported by Grellner et al 3. Therefore, the **OH(ads) observed in Fig. 3.11
could be the result of hydrogenation of the non-reactive O atoms in the middle of the O

islands and not from the reactive oxygen atoms.

The ®0OH(ads) peak was also observed to red-shift (6 cm™) with increasing coverage
on the surface and this is in contradiction to the previous observation in Fig. 3.6 where with
increasing OH(ads) coverage on the surface, the RAIRS peak blue-shifted. Two effects are
suspected to contribute to this observation. One is the dipole-dipole coupling between the
60H adsorbates on the surface with increasing hydrogenation of the unreactive oxygen on

the surface. However, this effect would result in a blue-shift in the absorption which is not
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the case here therefore, the dipole-dipole coupling effect is expected to be small. As the net
frequency shift is towards the lower frequency, it indicates weakening of the O-H bond which
is proposed to be a consequence of hydrogen bonding between the oxygen of the ®*OH(ads)

and the hydrogen adsorbates.
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Fig. 3.11: The uptake of the ®OH(ads)- 3639 cm™ absorption signal measured after surface
exposure to hydrogen atoms from HABS. The surface was initially dosed with 0.07 ML of
80(ads) oxygen and then reacted to water molecules until the OH(ads)- 3627 cm™ RAIRS
peak saturated. The H(atoms) dose was as following, (a) 0.2 L, (b) 0.4 L, (c) 0.4 L, (d) 0.4 L, (e)
0.8Land (f) 17.6 L.

During the exposure of water molecules, the OH(ads) adsorbates were observed to
act as anchor points to trap molecular water forming OH + H,0 mixed layer on the surface *°.
It has been reported that the water molecules trapped between OH(ads) on the surface are
strongly bound hence desorbs at a higher surface temperature than from molecular water
with no interaction with surface hydroxyls. For instance, on Cu(110) the peak desorption

temperature for water molecules on a clean surface was reported at Ts = 170 K whereas, the
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tightly bound water from the mixed OH + H,O layer was observed to desorb at Ts = 200 K and
235K 74,

The interaction of the OH(ads) with trapped water molecules on a Cu(111) was tested
by colliding a MB of 2% D2®0 in He with a Cu(111) surface, initially dosed with 0.07 ML of
160(ads). The surface was kept at Ts = 170 K during this experiment, lower than the peak
desorption temperature for ice on the surface. Fig. 3.12 —top panel shows the changes in the
RAIRS peak height for *0OD(ads) on the surface with and without the MB. The result
demonstrates how the RAIRS peak intensity is hampered by 40% when the MB is on and its
recovery upon stopping the MB. The King and Wells measurement presented in Fig. 3.12 —
bottom panel instead shows the QMS signal for m/z 20 obtained simultaneously with the

RAIRS spectra in Fig. 3.12- top panel.

When the flag no longer blocked the surface, clear dips are observed in the QMS trace
indicating adsorption of the water molecules whereas when the flag was moved into the MB,
upward spikes are detected in the QMS trace indicating desorption of the water molecules
from the surface. This shows that the trapped water molecules were short-lived on the
surface thus were removed instantly upon blocking of the MB, shown by black arrows in Fig.

3.12- bottom panel.

The instant desorption of water molecules at low surface temperature, Ts = 170 K
suggests that they do not originate from the OH + H,O mixed layer on the surface but from
the clean Cu atom surface sites. Since the Cu(111) was not fully covered with the pre-
adsorbed oxygen atoms, a large fraction of oxygen-free Cu atoms were available for molecular
water adsorption which must be where the water molecules observed in Fig. 3.12 originate

from.
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Fig. 3.12: Top panel- The °0D coverage on the surface with increasing deposition of D0 on
0.07 ML *O(ads) pre-dosed Cu(111) surface. Bottom panel- QMS trace for the m/z 20 where
the blue arrows show the time when the flag was removed from the MB path while the black
arrows show the time when the flag was placed in the MB path. Inset shows a QMS spike
observed at around time=53 minutes when the flag blocked the MB from the surface.
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To complement the RAIRS measurements in Fig. 3.11, during H atoms exposure on the
surface, QMS measurements were also performed and are presented in Fig. 3.13. The labels
shown in Fig. 3.13 match with those in Fig. 3.11. It is clear that every time H atoms were
exposed on the surface, the QMS signals for m/z 20 and 17 show increments as a result of
removal of water molecules following hydrogenation of ¥0OH(ads) into H,¥0 and double
hydrogenation of ®O(ads) into H,0, respectively. For the H,'°O(g), | monitored the QMS
signal for m/z 17 instead of 18 because m/z 18 have approximately 20% contribution from

H2*80(ads) but m/z 17 comes from only H2®0O(g).

Looking closely at the area below m/z 17 and 20 of the respective QMS traces, one
can say that almost three times more of H2'°0(g) (m/z 18 calculated from the fragmentation
yield of m/z 17) desorbed from the surface compared to H,'80(g)- Fig.3.13 (a). This is a
surprising observation as we know that the ®OH(ads) needs to hydrogenate only once unlike
the ®0(ads) which has to hydrogenate twice before desorbing as water molecules. Based on
this, the obvious expectation was to have more of the H,'80(g) desorbing compared to
H2%®0(g). Since this is not what was observed, the measurement can be explained as a result
of hydrogen atoms beam size. During H atoms deposition, the area covered by the beam is
bigger than the surface area. As water molecules are sticky, they are always present on the
inner walls of the UHV chamber which could have dislodged when H atoms striked the walls

causing a higher rise in QMS signal for m/z 17 than m/z 20.
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Figure 3.13: QMS trace for m/z 20 (H;*®0), m/z 17 (fragment of H,**0) and m/z 2 (H,) during
the exposure of H atoms from the HABS. The labels (a-f) match with the RAIR spectra in Fig.
3.11.

3.3.3 Reducing incoming water flux

Water flux incident on the surface can be reduced by chopping the MB which lowers
the flux by x 100 compared to without a chopper (typically 0.03 ML s). An alternate way to
significantly reduce the number of water molecules that arrive on the surface is by using the
water molecules in the UHV background. The partial pressure of H,O originating from the UHV
chamber is typically around 1.1-10'! mbar and the molecules impinging on the surface was

estimated to be 2-10® ML s

Figure 3.14 shows the results of an experiment where the Cu(111) surface was first
dosed with 0.07 ML of 80 and then left in the UHV background (pressure = ~ 10! mbar)
where it was exposed to water molecules (H2'®0) present in the UHV background for 32
minutes before leaking in H2®0 directly into UHV (pressure = 7-1071° mbar)- Fig. 3.14. Initially,
two absorption peaks are observed to grow in the O-H stretch region, one for *0OH(ads) and
one for 180H(ads). What is interesting here is of course, the presence of the ¥0H(ads) formed

by H transfer from the incident H,%0 to 20(ads). This is the ‘missing’ RAIRS OH peak that
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we were not able to observe with RAIRS in all the previous experiments. The difference
between this and the previous experiments, is that now the incident water flux is three orders
of magnitude lower than while exposing the surface to the molecular beam or during

background exposures (water partial pressure = ~10% mbar).
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Fig. 3.14: RAIR spectra showing the uptake of two OH(ads) peaks on a partially oxygen
covered Cu(111) surface- 0.07 ML of 80(ads). Both the spectra on the left and right
are from the same experiment where the spectra were taken (a) after 0.07 ML 180(ads)
surface coverage, (b)-(f) following background water molecules exposure and (g)-(j)
following H2'°0 leak into UHV chamber. (b) 2-103 L, (c) 5-103 L, (d) 1-10? L,(e) 1.5-10
2y, (f)1.6-102 L, (g) 0.13 L, (h) 0.28 L and (i) 0.92 L.

Though the 80H(ads) signal initially grows together with the ®OH(ads) signal, it is
observed to reach a maximum and then starts to decrease in intensity while the ®*OH(ads)
signal continues to grow in intensity (Fig. 3.14). This indicates that the 1®0H(ads) adsorbates
are unstable and are removed by a secondary reaction which most likely is the
disproportionation reaction with ®OH(ads) leading to their desorption as H2'80(g), leaving

160(ads) on the surface.
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180(ads) + H2'°0(g) —» 20H(ads) + *OH(ads)—> H,'%0(g) + *°O(ads)

S

H,°0(g) + #0(ads)

After 32 minutes, H,'®0(g) was leaked directly into the UHV chamber (7:102° mbar)
and the results obtained are shown in Fig. 3.14 (g-i). In this case, the 80H(ads) RAIRS peak
was observed to reduce until the peak disappeared while the ®*OH(ads) RAIRS absorption
signal increased significantly with increasing H2'0 exposure (from 0.13 Lto 0.92 L). From this
observation it is evident that when the surface was exposed to a higher flux of incoming water
molecules, only a single RAIRS peak of OH(ads) with O of the incoming water molecules was
measured due to the removal of the pre-adsorbed 20 from the surface through the

disproportionation reaction.

In order to test the hypothesis for the replacement of the pre-dosed oxygen 20(ads)
by 180(ads) through a disproportionation reaction of the hydroxyls, the QMS signal for m/z 20
(D2%0 and fragment of D2'80) and 22 (D2'80) were monitored in a K&W experiment exposing
a Cu(111) surface pre-dosed with 0.07 ML of 80(ads) to a 2% D,0 in He beam. The results are
presented Fig. 3.15. An increase in the m/z 22 QMS signal (red trace) is observed upon
admission of the MB into the UHV chamber while the K&W flag still blocks the molecular
beam from striking the surface. When the flag was removed after t=760 seconds and the
D2%®0 beam collides with the Cu(111) a rapid rise in the QMS signal for m/z 22 and a drop in
the signal for m/z 20 are observed. A spike in the QMS signal for m/z 22 is a proof that the
disproportionation reaction occurred resulting in the removal of D,*20(g) m/z 22 as explained
previously. The dip for m/z 20 instead is a consequence of the molecular and dissociated
D»1%0(g) adsorption on the oxygen covered Cu(111) surface. The fragment of m/z 22 which
contributes to the m/z 20 signal in the QMS trace is approximately 20% based on the
fragmentation of H,O obtained from the National Institute of Standards and Technology
(NIST) hence it is negligible in this case. Based on the measurements from Fig. 3.14 and Fig.
3.15, the reactive 20 on the periphery of the oxygen islands are selectively exchanged with

160 producing islands of 80 with ®0 decorating the perimeter of these islands.
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Fig. 3.15: QMS trace showing m/z 20 (blue) and m/z 22 (red) during the 180 covered
surface exposure to a MB of D;*°0 in He was leaked into the UHV chamber.

3.4 Summary

In short, a partially oxidised Cu(111) surface allows for facile O-H bond breaking in
water molecules. The pre-dosed oxygen on the surface significantly reduces the activation
barrier for the dissociation of water and also gets consumed in the reaction. The water
dissociation process was observed to be almost barrierless because even water molecules
from the UHV background easily dissociated on an oxygen covered surface. The facile water
dissociation on partially oxygen covered surface compared to a bare Cu(111) surface is
because the oxygen atom on the O-Cu(111) surface helps to abstract one of the hydrogen

atoms from the water molecule resulting in the breaking of an O-H bond.

My study shows that when water molecules collide with the Cu(111), the pre-

adsorbed surface oxygen atoms abstract one of the hydrogens from a water molecule causing
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water to dissociate and form two hydroxyl adsorbates. This observation supports the
published mechanism for the reaction between an oxygen atom adsorbed on a Cu(111)
surface with a water molecule. At Ts = 180 K, the adsorbed hydroxyl species were found to be
unstable thus leading towards their recombinative desorption as water molecules through
disproportionation reaction. This way, the pre-dosed oxygen atoms were slowly replaced with
the oxygen atoms from the incoming water molecules. During my initial experiments, the
disproportionation reaction was not apparent from my experiments as the D;0 flux onto the
surface was 1000 times larger with a MB compared to the flux of water molecules from the

UHV background.
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Chapter 4: Quantum state resolved D-,0O

reactivity on a clean Cu(111) surface

4.1 Overview

In the previous chapter, | have discussed the implications of introducing oxygen atoms
on the Cu(111) surface prior to collision with water molecules. In this chapter, the focus will
be to measure sticking coefficients of dissociative chemisorption of water molecules on a
clean Cu(111) surface. Based on DFT calculations, Jiang and Fang reported an activation
barrier of 1.5 eV for this reaction °°. One can overcome the barrier by either using translational
or vibrational energy. | employed both these energies in order to obtain sticking probabilities
from water dissociation on a bare Cu(111) surface. The translational energy was provided to
the molecules by seeding in He and by heating the expansion nozzle up to 1050 K whereas,
the vibrational energy was added by excitation of the antisymmetic O-D stretch normal mode
by a resonant cw IR laser. It is important to note that heating the nozzle to 1050 K also

provides vibrational energy to the molecules.

Water is a non-linear molecule and has 9 degrees of freedom in which 3 of them are
vibrational degrees of freedom (3N-6=3, where N= number of atoms in the molecule) namely,
symmetric- v1, bending- v; and asymmetric- v3. All the three vibrational modes are IR active.
A D;0 molecule belongs to the Cyy point group where v1 and v; have the same symmetry, Ax
while vz is of B, symmetry. It is categorized as asymmetric top molecule due to the three
unequal moments of inertia it possesses. The rotational levels for this molecule can be
expressed with J, total angular momentum quantum number and K, and K¢ which are the
guantum numbers used to indicate how the rotational levels of the asymmetric top molecule

relate to the rotational levels of a oblate symmetric top and prolate symmetric top molecule.

In this chapter, | used excitation of the D,O molecules to the asymmetric O-D
stretching mode near 2800 cm™ in order to measure the sticking probabilities for the
dissociative chemisorption of the vibrationally excited water molecules on a Cu(111) surface.

| chose to use D;0 in the state resolved experiments due to the presence of H;O in air (~18
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mbar) which would strongly absorb the IR laser radiation (100% absorption based on an IR
absorption measurement performed for H,O in air, which showed a 10% absorption in a beam
path of 28 cm around 3756 cm™- v3) through the 4 m beam path to the machine. Because of
the low natural abundance (~ 2:10°® %) of doubly deuterated water, absorption of the laser

radiation can be neglected.
4.2 Sticking coefficients measurements with RAIRS

Sticking probabilities for dissociative chemisorption of gas molecules on metal
surfaces can be measured by using the K&W method described in Chapter 2. However, ground
state water dissociation on a clean Cu(111) surface was predicted to have low sticking
coefficients (< 1%) for Etrans < 1 eV, thus rendering the K&W method not sensitive enough for
this study 3. Going above 1 eV is would require the nozzle to be heated above 1050 K which
in turn would increase vibrational energy in the molecules. As a solution, RAIRS was employed
in this investigation to measure the sticking coefficients. Two advantages of using RAIRS for
this measurement is that, (a) RAIRS can distinguish the OH product from molecular water and
(b) RAIRS can measure a sticking coefficient in the order of 10°. On top of that, RAIRS can
discern isotopologues on the surface, such as OH and OD thus, it can also be used to study
the bond selective dissociation of HOD molecules. Morten Hundt, a doctoral student from our
lab successfully performed quantum state resolved measurements of D20 on a Ni(111) using
AES. However, AES is an elemental measurement tool which measures O on the surface
therefore, is not able to distinguish between OH(ads) and OD(ads) on the surface unlike

RAIRS.

In order to obtain the sticking probability values, one needs to plot the hydroxyl
coverage on the surface as a function of incoming water dose on the Cu(111) surface. The
initial slope of the plot is the initial sticking coefficient of dissociative chemisorption of water
molecules on the surface. The disproportionation reaction explained in Chapter 3 is negligible
in the initial sticking coefficient measurement as we need two OH(ads) in close vicinity for the

reverse of water dissociation to occur.
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4.2.1 RAIRS absorption to absolute coverage

To calculate sticking coefficients of D,O dissociation on a clean Cu(111) surface, | first
had to calibrate the RAIRS absorption signal in terms of OD(ads) coverage. To do so, | exposed
a clean Cu(111) surface to different doses of oxygen at two surface temperatures, Ts= 300 K
or Ts = 650 K as shown in Table 1. Using Auger Electron Spectroscopy (AES), | then measured
the O to Cu peak-to-peak Auger ratio signal at 520 eV for O and 920 eV for Cu, shown in Fig.
4.1, for each of the O, exposures and calibrated these measurements to the known saturation
coverage of 0.5 ML of O on Cu >4, The saturation oxygen coverage was reported by Jensen and
co-workers from nuclear reaction analysis (NRA) for a Cu,O oxide with the “29”

superstructure as 0.5 + 0.05 ML >4,

Table 4 and Fig. 4.2 show oxygen uptake data measured for the two different surface
temperatures (Ts= 300 K — blue squares and Ts= 650 K — red dots). Depositing O, at Ts= 650 K
was reported by Therrien et al. to form the “29” superstructure of Cu,O and | used this
condition to obtain the AES O:Cu ratio which corresponds to 0.5 + 0.05 ML >4, Since Jensen
and co-workers used the AES peak-to-peak height ratio of O at 510 eV and Cu at 105 eV, |
used only the reported O coverage at saturation, 0.5 ML to calibrate the O(OD) coverage

following 02(D20) exposure on the Cu(111) surface in my experiments >4,
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Fig. 4.1: Auger electron spectra measured from the Cu(111) surface. The green spectrum shows
a clean Cu(111) surface after sputtering and annealing. The red spectrum was taken following
surface exposure to 300 L of O; at T, = 300 K.

Table 4 : Calibrating Auger signal to O coverage on the surface.

Experimental conditions used Auger ratio O coverage / ML
30L of 0, at Ts=300K 0,01 0,02
84L of 0 at Ts=300K 0,03 0,07
150L of O, at Ts=300K 0,04 0,09
300L of O, at Ts=300K 0,08 0,17
300L of O, at Ts=650K 0,21 0,46
400L of O, at Ts=650K 0,23 0,50
500L of O, at Ts=650K 0,23 0,50
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Fig. 4.2: O, deposition on a clean Cu(111) surface performed at two different surface
temperatures followed by Auger signal measurements at 520 eV for O and 920 eV for Cu.

Now that we have calibrated the O/Cu AES peak-to-peak signal ratio in terms of
surface coverage O(ads), the OD(ads) surface coverage can be obtained by calibrating the
OD(ads) RAIRS absorption signal in terms of coverage with the calibrated O/Cu AES signal. To
do that, | measured a RAIRS uptake curve for OD(ads) at 2689 cm™ using a gas mixture of 2%
D,0 in He with Exin= 0.82 eV and Ts= 180 K, followed by an Auger measurement as shown in
Fig. 4.3. The peak absorption of the O-D stretch RAIRS signal at 2689 cm™ was then calibrated
against the O coverage obtained from the calibrated AES detection. This allowed me to
calibrate the OD RAIRS peak signal in terms of OD(ads) coverage by performing a least squares

fit to the data points. The resulting slope is 35.82 ML/ RAIRS absorption signal + 8%.
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Fig. 4.3: RAIRS uptake curve of the O-D stretch at 2689 cm™ used for the calibration of RAIRS
absorption to the OD(ads) coverage on the surface. Inset shows a RAIRS peak corresponding
to the O-D stretch on a Cu(111) surface at T;= 180 K after D,0 deposition with Exn= 0.82 eV.
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Fig. 4.4: Calibration of RAIRS absorption to OD coverage on a clean Cu(111) surface.
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Below are the two steps involved in the conversion of the RAIRS peak absorption

spectra to OD(ads) coverage on the surface.

RAIRS (absorption) <>  AES(0O/Cu) <>  Absolute coverage

Known coverage

from Cu,0 **

As mentioned at the beginning of this section, one needs both the product’s coverage
on the surface along with the dose of water molecules arriving on the surface to obtain the
initial sticking coefficient for water dissociation. | have just explained how the coverage of
OD(ads) can be obtained from the measured RAIRS absorption signal whereas the method
used to identify the dose of water molecules arriving on the surface was shown in Chapter 2,
section 2.2.3. The next section will focus on how the sticking probabilities were obtained from

the OD(ads) coverage vs D,0 dose plot using Langmuir uptake fit.

4.2.2 So obtained from OD(ads) coverage vs dose of water molecules

The following RAIRS measurements of the OD(ads) uptake were performed with an
incident beam of 2% D20 in He with Ekin of the deuterated water with Exin = 0.82 or Ekin = 0.86
eV and a surface temperature of 180 K. During the experiment, the RAIRS absorption for
OD(ads) was measured as a function of time while simultaneously monitoring the QMS signal
for m/z 20 (D20). The RAIRS absorption signal was converted into the OD(ads) coverage in ML
as explained in section 4.2.1. The dose in ML was calculated from equations 2.3 and 2.6. After

that, Langmuir fits were used to obtain the initial sticking coefficients as shown in Fig. 4.5.
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Fig. 4.5: OD uptake following D0 dissociation with different Exi, on a clean Cu(111) surface at
Ts =180 K. Black — Ein = 0.86 eV and blue — Eiij» = 0.82 eV.

Fig. 4.5 above shows the OD surface coverage, ©op as a function of incident D,0 dose.

The red lines are the fits of a Langmuir uptake model,

o _A-B-Dose
90 ™1+ B - Dose

(4.1)

to the data. The uptake model function above was derived from surface coverage-dependent
water sticking probability shown below. Since each water molecule dissociates to form

OD(ads) and D(ads), it will take up two adsorption sites on the surface.

5(9013) =Sp- (1- 900)2
(4.2)

So is the initial sticking coefficient on a clean Cu(111) surface and the ©op is the surface

coverage of the OD(ads). To include any further site blocking by each adsorbate, | used an
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adjustable parameter A to account for the effective number of sites blocked by each

adsorbate. Now, the sticking probability equation above becomes

S(GOD) =Sp- (1 - 7\900)2

(4.3)
The time dependent coverage is related to the S(Bop) as following:
dBop (1)
—qr - S®op)=fSo-(1- A80p(1))?
(4.4)
fis the flux of the MB in ML/s. Integrating the equation above will give us
f . SO -t
Opp (t) =
oo (1) 14+A-f-Sy-t
(4.5)

This above equation can also be written as a function of dose, D which is the Langmuir uptake

model used to fit the RAIRS uptake curves in Fig. 4.5.

A+ B Dose So° D

e D: =
on(D) 14+B -Dose 1+4+A-S,-D

(4.6)
Where
A = 1/A (the asymptotes of the uptake curves in Figure 7 i.e. saturation coverage)

A-B=So
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D=f-t
tis the exposure time

From the fits in Fig. 4.5, the So measured for D,0 with Exin = 0.82 eV is 1.81 X 10 and for Exin
=0.86 eV is 6.96 x 104,

4.3 Laser-off results

The dissociative chemisorption of water molecules on a clean Cu(111) surface was
predicted to be a reaction with barrier of approximately 1.5 eV °°. One can overcome this
barrier through the addition of translational energy or vibrational energy to the incident
water molecules. In this section, | have investigated the effect of increasing translational
energy on the dissociation of DO molecules on a Cu(111) surface by increasing the nozzle
temperature from T, = 300 K to T, = 1050 K and the results are presented in Fig. 4.6 below. It
isimportant to note that by raising the nozzle temperature, | also introduce vibrational energy
into the molecules. Table 5 shows the vibrational population fraction at different nozzle
temperatures, calculated using the vibrational partition function as explained in Chapter 2
(section 2.3.4). The estimated vibrational energy in the water molecules are also shown in the

table below.

Table 5: Vibrational population of D,O molecules at the nozzle temperatures used for laser-off

experiments.
Vibrational state population
vi=1 va=1 v2=2 vi=1 ground
state

Tn/K Exin/eV | 2691.606 1190.790 2359.689 2799.758 Evin/eV

cm? cm? cm? cm?
300 0.28 0 0.003 0 0 0.997 0
900 0.75 0.013 0.125 0.022 0.011 0.828 0.041
1000 0.82 0.020 0.146 0.032 0.017 0.784 0.056
1050 0.86 0.024 0.157 0.038 0.021 0.760 0.064
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Fig. 4.6: Top- Uptake of OD(ads), measured with RAIRS, on the surface when 2% D,0 in He was
incident on the surface at Ts = 180 K, with varying Eun of incident D,O molecules. Bottom-
Sticking coefficients obtained from the OD uptake plotted as a function of translational energy
of impinging water molecules in a logarithmic scale. The red line shows the S-shape curve
fitting line for the sticking probabilities.
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The data was fit using S-shape reactivity curve using the following function 7>

A(W) E— E}
) )

So(E,v) = T(l + erf e

(4.7)

where Sy (E, v) refers to the initial sticking coefficient, S, at translational energy, E
and vibrational quantum state, v. A is the asymptote of the reactivity and it was fixed to unity
whereas E} is the average barrier height. A Gaussian distribution is assumed for the barrier

heights with width, W (v).

Water dissociation was observed to be enhanced by ~ 50 times with increasing
translational energy from Exin = 0.28 eV to 0.86 eV. As mentioned earlier, increasing the nozzle
temperature in these experiments results in raising the thermal vibrational energy of the
molecules alongside its kinetic energy. Thus, the enhanced water dissociation observed at
higher translational energies in Fig. 4.6 may have contribution from the vibrationally excited

molecules.

Furthermore, at the lowest translational energy, 0.28 eV, there is still a sticking
coefficient for dissociative adsorption of D20 on the Cu(111) although the energy is far below
the predicted activation barrier. This observation may be attributed to oxygen contamination
in the MB. In the previous chapter, | have demonstrated that oxygen atoms on the surface
significantly lowers the barrier for water dissociation. Therefore, any oxygen in the MB
arriving on the surface will dissociatively adsorb and the D,O molecules which impinge on the
oxygen adsorbates will be easily dissociated. The uptake of OD(ads) for the Ein =0.28 eV from
Fig. 4.6-top is ~1:107 ML s™. Another explanation for the Sp at the lowest translational energy
is tunnelling effect as predicted by Zhang and co-workers based on their calculations where
they observed a significant sticking probability for the ground state H,O molecules in the low

energy regions .

The data point with the lowest Etrans Was not considered for the S-curve fit since at this

energy, water dissociated due to oxygen contamination on the surface. The oxygen

94



Chapter 4: Quantum state resolved D,0 reactivity on a clean Cu(111) surface

contamination contribution was corrected for the other initial sticking coefficients, i.e. Etrans>

0.7 eV.
4.4 Laser-on results

D20 molecule comprises of 2 deuterium atoms with nuclear spin, Ip = 1 each and an
oxygen atom with nuclear spin 0. The spin combinations thus gives six symmetric (ortho) and
three antisymmetric (para) nuclear spin states for D,0, Fig. 4.7 6. Based on Pauli’s principle
when the two bosons are interchanged, the total wavefunction of the molecule must remain
symmetric. Therefore, the symmetric (ortho) nuclear spin of D,O requires the rotational
wavefunction to be symmetric whereas the antisymmetric (para) nuclear spin state requires
rotational wavefunction to be antisymmetric in order for the total wavefunction to be
symmetric. This brings us to the selection rule, when K; + K¢ is even, we obtain states with
ortho D20 but when K; + K¢ is odd, para D;0 is obtained for the vibrational ground state
molecules.
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Fig. 4.7: Right- Symmetric and antisymmetric spin wavefunctions, ¥y, resulting from the
combinations of the wavefunctions of the deuterium atoms while left- symmetry of ro-vibronic
wavefunctions, W,,,;,. | refers to the total nuclear spin and m, refers to the magnetic nuclear
spin. Reproduced with permission from °.
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To report sticking coefficients for dissociative adsorption of water on the Cu(111)
surface, one needs to know the fraction of ro-vibrationally excited DO molecules. As
mentioned above, D,0O has two nuclear spin isomers, ortho and para with 2:1 nuclear spin
statistical weight ratio. At zero Kelvin, only the lowest rotational state of ortho (0Oo) and para
water (1lo1) are occupied and with increasing temperature, more rotational states are
populated. The transition frequencies for R-branch excitation of the vs mode from v=0

originating from the 5 lowest rotational states are shown in Table 6 below.

Table 6: The five lowest rotational level transitions for D,O molecules.

Transition V (cm) Spin isomer
Roo(0) 2799.75 Ortho
Ro1(1) 2811.21 Para
Ri1(1) 2808.76 Ortho
R10(1) 2813.68 Para
Roz2(2) 2821.67 Ortho

In my experiments, | used the ortho D;0 due to its higher statistical weight. The
fraction of excited molecules in the different rotational states were obtained from the ratio
of the asymptotes of the fluence curves measured at different nozzle temperatures. The

method for fluence curves measurements has been explained in Chapter 2.

Fig. 4.8 shows the fluence curves measured at a nozzle temperature T, = 400 K. Since
| was exciting only the ortho D,O molecules, | measured fluence curves for the three initial
rotational states, Jg k. — Ooo, 111 and 202 of ortho D.0. From the measured fluence curves, |
determined that 27% of the molecules in the MB are in the 111 state - Ri1(1) transition, 25%

in the Ogo state - Roo(0) transition and 16% in the 2o; initial state — Ro2(2) transition.
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Fig. 4.8: Fluence curves measured for three lowest rotational transitions of ortho D0
molecules.

To obtain the rotational temperature of the D0 in the MB, one needs to compare the
measured excited fractions to the calculated population as a function of rotational

temperatures shown in Fig. 4.9. The relative population for the different rotational states is
given by:
—E(Jk,x
gi -2/ +1) -eXp%

PUcarc) = o)

(4.8)

Where g; refers to the effective nuclear spin weight, 2/3 — ortho and 1/3 — para. The i
indicates either ortho or para. In order to obtain the relative population of the rotational
levels, we need to divide by Q;(T), the rotational partition function. Q;(T) was obtained from

the sum of 35 lowest J-levels from the energies presented in the work of Shirin et al. 7.
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_E(]KAKC)
k

QM= ) gi-@+1) -exp—iz

]KAKC

(4.9)

Fig. 4.9 shows the calculated population of DO for the 3 lowest rotational states for
ortho D,0 water. Comparing the data from Fig. 4.8 to Fig. 4.9, the rotational temperature at
Tn =400 K was obtained as 12 K £ 1 K. Since the Ji_x_= li1depopulates slowly with increasing

temperature, | chose this state to be excited for my study.

Fractional population

. , . .
5 10 15 20
Temperature / K

Fig. 4.9: Calculated fraction of ortho D,O molecules as a function of rotational temperature for
3 lowest rotational energy levels, normalised to the maximum value.

It is not always feasible to measure fluence curves at high nozzle temperatures due to
a decrease in signal to noise ratio of the pyroelectric detector signal for increasing nozzle

temperature. This signal decrease is the result of the following factors:
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a) With increasing T, rotational temperature of the D0 in the MB increases which reduced

the population in each of the rotational states.

b) Excitation become less efficient with increasing MB speed because the transit time, which

is the time spent by molecules in the laser beam, is reduced.

In order to overcome this problem, an alternative method was used to determine the
fraction of excited molecules at higher T.. In this method, the pyroelectric detector signal was

assumed to be proportional to the flux of excited molecules.

V(ref) = a * fexc(ref) - flux(ref)
(4.10)

V(ref) is the pyroelectric detector signal for a reference state while « is the proportionality
constant. Using the second method explained in Chapter 2 (refer section 2.3.4) for
determining the rotational temperature, the fraction of excited molecules ( f.,.) for the
reference state is calculated. Once « is determined from equation 4.10, the excited fraction
of the same state at different nozzle temperature can be found using the following equation
4.13. The excited fraction from J x_x_ = 144 for various nozzle temperatures are shown in

Table 7.

V(T flux (ref)
V(ref) flux (T,

fexe = * fexc (ref)

(4.11)

Table 7: The excited fraction of D0 molecules for ] g k. = 111 at different nozzle temperatures.

T./K Ny,—o Ny k=1 %€ (calc) fexe
300 0.997 - - 0.234
400 0.986 0.30 0.265 0.265
600 0.940 - - 0.088
700 0.908 - - 0.045
800 0.875 - - 0.017
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In order to calculate the state resolved sticking coefficients for the v3 excited state
from the laser-on measurements, it is crucial to correct for the contribution of the thermally
excited vibrational molecules (refer to Table 2 in section 2.3.4). This contribution drops out if
we take the difference between the laser-on and laser-off reactivity since the state
preparation changes only the v=0 population in the MB. Therefore, the state resolved

reactivity for D20 on a Cu(111) surface can be determined from the following equation 7>,

laser on __ claser of f
%o % + Sp=°
fexc

V3 _
S,° =

(4.12)
where S.*€TOm s the initial sticking coefficient obtained as a result of ro-vibrational
excitation of molecules with laser and Sg=laser °IT is the reactivity of DO molecules without

laser excitation at the same incident translational energy. S¥=0 is the sticking probability of
ground state D,O molecules is the sticking probability of ground state D,O molecules, in this

case, it was taken as zero.

Fig. 4.10- top shows the OD(ads) uptake during the collision of 2% D,0 in He with a
Cu(111) surface at Ts = 180 K, with vibrational excitation of the D,0 into v; mode (Ri1(1)
transition). Various nozzle temperatures were used in these experiments and they are shown
in Fig. 4.10-top along with the corresponding translational energies. The state-resolved
sticking coefficients measured from Fig 4.10-top is presented in Fig.4.10-bottom. The values
for Sp were obtained using formula 4.12 and the plots were fit with the S-curve fit explained

above, formula 4.7. The summary of the information obtained is presented in Table 8.
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Fig. 4.10: Top, left- OD(ads) coverage as a function of D,0 dose on Cu(111) at Ts= 180 K with
laser on and off. Top, right- OD(ads) coverage for laser-on with increasing D0 dose at various
Euwn. Bottom-State-resolved dissociation probability for dissociative adsorption of D,O on
Cu(111) at T, = 180K as a function of translational energy. The red lines are the S-curve fittings.
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Table 8: Summary of the information obtained from the S-curve fittings in Fig.4.10.

State E, /eV EvJev n
Laser off 1.749 + 0.015 0 -
Vs 1.540 + 0.075 0.35 0.70

Following the initial sticking coefficient measurements and the S-curve fittings, the
vibrational efficacy was calculated. The vibrational efficacy, n gives the relative effect of the
V3 vibrational energy for overcoming the reaction barrier compared to the same amount of

translational energy and it is calculated as the following,

EY=° — EY

Evib

V =

(4.13)

where the EJ=° - E} is shift in translational energy between the S-curves for v=0 and v;. EV?
is the vibrational energy of the incident molecules and corresponds to the energy of the

infrared photons used for excitation of the v; transition.

By using the shift in S-curves obtained from the laser-on and laser-off experiments,
the 1 was calculated to be 0.70, lower than unity. A vibrational efficacy lower than unity
shows than the translational energy is more efficient in promoting the reaction compared to
the vibrational energy. According to the Polanyi rules, the value of 0.6 is an indication of an
‘early barrier’ reaction where vibrational energy is predicted to enhance the reaction less than
the translational energy. A theoretical study by Jiang and co-workers predicted that vs
vibrational excitation of water molecules activates the dissociative adsorption of water more
efficiently than the corresponding amount of translational energy, Fig. 4.113°. The authors
also predicted the symmetric stretch mode to show the strongest effect among the three
vibrational modes, v; —symmetric stretch mode, v, — bending mode and v; — asymmetric

stretch mode.
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Fig. 4.11: Sticking probabilities predicted for different initial vibrational states of H20 on Cu(111)-
(v1,v,,v3). The top figure is without Boltzmann weighting whereas the bottom figure includes
Boltzmann weighting.

Another theoretical calculation performed for the dissociative chemisorption of H,0O
on a Cu(111) included all the nine degrees of freedom in the quantum model 3. In this study,
the authors predicted the vibrational energy to enhance the water dissociation better than
the translational energy similar to the study by Jiang et al. 3>3°. However, the asymmetric
stretch mode and not the symmetric stretch mode of H,0 was found to promote the reaction
better due to the strong coupling of the asymmetric stretch mode with the reaction

coordinate.

One explanation for my sticking coefficient measurements to give a vibrational
efficacy, n < 1 is that the S, of the laser-off experiments had significant contribution from
the molecules in the higher vibrational states, shown in Table 5. Therefore, the S, measured

for the laser-off, Etan > 0.7 eV experiments are higher than the true value for ground state
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molecules. This in turn shifted the laser-off S-curve to lower translational energy which results

in an efficacy for the v; lower than unity unlike the predictions from theoretical calculations®.

4.5 Summary

Water dissociation on a clean Cu(111) surface was measured with and without laser
excitation using RAIRS technique. The translational energy of the incident D,O molecules was
controlled by seeding in He gas at a seed ratio of approximately 2% and by heating of the
expansion nozzle. Increasing the nozzle temperature also adds thermal vibrational energy to
the incident D,O(g) molecules. For the laser-on experiments, the DO molecules were excited
to antisymmetric O-D stretch mode v; via the R rotational transition from Ji g = 111 state.
The vibrational efficacy, n was determined to be 0.7 which indicates that the translational
energy is more efficient in promoting water dissociation on a clean Cu(111) surface compared
to vibrational energy. This is in contrast with theoretical predictions. The fact that the
measured value of n < 1 might be due to the laser-off experiments having significant effect

from the vibrationally excited molecules at higher nozzle temperatures.
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Chapter 5: CH(ads) co-adsorbed with hydrogen

atoms on a Pt(211) surface

5.1 Overview

Studying the formation and reactivity of small hydrocarbons on metal surfaces is
important to understand better the catalytic processes such as the Fischer-Tropsch synthesis
and the steam reforming reaction*’8. Methylidyne (CH), the smallest hydrocarbon is a key
intermediate in the Fisher-Tropsh synthesis and therefore has gained attention among

surface scientists leading to studies on the reaction of methylidyne on metals such as Ni and

Pt 79,80.

Previously, the group of Trenary studied the formation of methylidyne on a Pt(111)
surface using infrared spectroscopy 2°. They proposed three methods to form methylidyne on
Pt(111) namely, i) thermal decomposition of diiodomethane (CH2l), ii) decomposition of
ethylene (C2H4) and iii) hydrogenation of carbon atoms. The third method, surface carbon
hydrogenation, was performed by first exposing the surface to 2 L of ethylene (C2Ha4) at Ts =
750 K followed by surface exposure to 40 L of H; at Ts = 85 K. Upon surface heating to Ts = 200
K, a peak at 2974 cm™ assigned to the CH(ads) appeared in their RAIRS measurement as shown
in Fig. 5.1. With increasing surface temperature, it was found that this CH(ads) peak red-
shifted by 18 cm™ and then disappeared above Ts = 500 K. In Trenary et al.’s paper, the
frequency shift was attributed to the coverage of the co-adsorbed hydrogen atoms because
the frequency shift occurs only up to Ts = 400 K and above that, there was no significant
frequency change. Since H; is known to desorb around 300 K from a Pt(111) surface, one
expects no hydrogen to remain on the surface above Ts = 400 K hence, indicating that the

presence of hydrogen was the reason the shift in the RAIRS C-H stretch frequency #°.
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Fig. 5.1: RAIRS spectra from Trenary et al. showing formation of methylidyne (CH) from carbon
atoms hydrogenation on a Pt(111) surface initially dosed with carbon atoms using ethylene
(C:H4). The CH(ads) RAIRS peak shifted continuously from 2974 ¢cm™ to 2956 cm™ with
increasing surface temperature from Ts = 200 K to T, = 500 K. Reproduced with permission .

In my study, | have used RAIR spectroscopy to investigate CH(ads) adsorbed on a
stepped Pt(211) surface with co-adsorbed hydrogen atoms. As described in chapter 2, RAIRS
is a highly sensitive tool to study adsorbates on metal surfaces because it does not only
provide information on the type of adsorbates on the surface but in certain cases allows one
to identify the adsorption site of a chemical species 8. Previously, it was shown by studies in
our lab that RAIRS can identify the nascent products of methane dissociation on the steps and
terraces of a Pt(211) surface, as shown in the Fig. 5.2 below 4, It was observed that the RAIRS
frequency of the methyl on the steps (2903 cm™) is blue shifted to the methyl on the terraces
(2886 cm™).

The ability to observe site-selective dissociation with RAIRS has allowed us to have
better control of the reactions occurring on the different sites of a surface. For example, in
order to dissociate CHsonly on the terraces of the Pt(211) surface, we first passivate the steps
of the Pt(211) surface with CO(ads). The site blocking is confirmed by recording RAIRS peak
for CO(ads) during the gas deposition on the surface. Once the RAIRS peak height for the
CO(ads) on the step sites reaches a plateau, indicating saturation of the adsorbates on the

steps, we stop the CO exposure. A continuous beam of CHs with Exn= 65 kJ/mol incident
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energy is then deposited on the surface which results in methyl formation only on the terraces

of Pt(211) since the steps are decorated with CO(ads) #2.

Apart from the site selective adsorption, RAIRS technique also allows one to gain
insight into the chemical environment of the adsorbates of interest. For instance, Deng et al.
detected the CH(ads) on a Pt(111) surface to interact with co-adsorbed hydrogen atoms which
caused a continuous blueshift of the C-H stretch frequency with increasing H(ads) coverage
80 Zhang et al. observed that the peak intensity of CO(ads) is closely related to the coverage
of O(ads) on a Cu(111) surface using infrared spectroscopy 2. We can therefore agree that
the RAIRS technique is able to provide detailed information about the adsorbates on a surface

including interaction with neighbouring adsorbates.
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Fig. 5.2: RAIR spectra showing methyl formation on the steps and terraces of a Pt(211) surface
recorded during surface exposure to a molecular beam of 3% CHs in He at Ts = 120 K with Ekin
= 65 kJ/mol of incident energy. Reproduced from #.

In this chapter, | will explore the properties of CH(ads) co-adsorbed with
hydrogen/deuterium atoms on a Pt(211) surface. The RAIRS measurements recorded will be
compared with the work of Trenary and his co-workers. On top of that, further studies

performed to identify the origin of the CH(ads) will be presented.
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5.2 RAIRS measurements of CH(ads) peaks

5.2.1 Three distinct CH(ads) absorption peaks

In our lab, methylidyne was prepared by thermal decomposition of methyl on a
Pt(211) surface. Chemisorbed methyl was formed by methane dissociation using a molecular
beam of 3% CH4 in He with Exin = 65 kJ/mol of kinetic energy incident on a Pt(211) surface at
Ts = 150 K. At this incident energy, methyl, CH3(ads) was produced on both the steps and
terraces of the Pt(211) surface as observed in the RAIR spectra at 2901 cm™ and 2886 cm™,
respectively - Fig. 5.3 (a). The assignment of these peaks are explained in detail in Gutiérrez-

Gonzélez’s paper 24,

Heating the surface covered with methyl to Ts = 250 K caused the removal of the
CHs(ads) peaks indicating recombinative desorption and/or thermal decomposition of the
methyl species - Fig. 5.3 (c). In the same spectrum, there is an appearance of a C-H stretch
peak at 2972 cm assigned to the CH(ads) formed from the decomposition of the methyl
species. This peak appears at a similar frequency as observed by Trenary et al. for the CHz(ads)
on a Pt(111) surface - Fig. 5.1. In the next immediate spectrum, heating the surface to Ts =
310 K shows a reduction in the intensity of this peak and the emergence of a novel peak at
2962 cm™ - Fig. 5.3 (d). Continuous surface heating in steps to Ts = 330 K and 350 K produced
another C-H stretch peak at 2951 cm™ Fig. 5.3 (e-f). Table 9 summarizes the vibrational

frequencies observed and the corresponding adsorbates.
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Fig. 5.3: (a) RAIR spectrum following dissociation of CHs molecules on a Pt(211) surface at Ts =
150 K with Exn = 65 ki/mol of incident energy. (b) After annealing the surface at T, = 230 K for
2 minutes and then cooling to Ts = 150 K prior to RAIRS measurement. Similar procedure was
used for (c) to (f) but at different annealing Ts - (c) T; = 250 K, (d) Ts = 310 K, (e) T = 330 K and
(f) Ts = 350 K. When all the H atoms on the surface were removed after heating the surface to
Ts = 350 K, the surface was exposed to (g) 0.5L, (h) 1.0 L, (i) 1.8 L, (j) 2.3 L of D, at Ts = 150 K.
(k) Annealing surface once again to T; = 350 K and () 0.5 L of D, deposition at T, = 150 K.

Table 9: Assignment of RAIRS peaks observed in Fig. 5.3.

Frequencies / cm™? Assignments
2886 CHs(ads) on terraces
2901 CHs(ads) on steps
2951
2962 CH(ads)
2972
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In order to test if the three CH(ads) absorption peaks observed in Fig. 5.3 (c-f) are
associated with the changing surface hydrogen atoms coverage as reported by Trenary’s
group as in Fig. 5.1, | heated the surface in steps to Ts= 350 K and annealed for 2 minutes to
desorb the hydrogen atoms on the surface, Fig. 5.3 (f). The TPD traces in Fig. 5.4 show
deuterium desorbing from the steps and terraces of the Pt(211) surface and the D, doses used
can be directly compared to the RAIRS spectra in Fig. 5.3. Following surface annealing at Ts =
350 K, an apparent shift appears in the RAIRS absorption peak from 2972 cm™ to 2951 cm™.
By slowly increasing the deuterium coverage on the surface from 0.5 L to 2.3 L, shown in Fig
5.3 (g-j), the most blue-shifted peak at 2972 cm™ was restored. Reheating the surface to Ts =
350 K shifted the CH(ads) peak back to 2951 cm™?, Fig. 5.3 (k) and redepositing 0.5 L of D2 on
the surface again caused all the three peaks to be visible. In short, the surface
hydrogen/deuterium coverage plays a role in the appearance and disappearance of the three

discrete CH(ads) peaks.
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Fig. 5.4: TPD traces of D, desorption from the Pt(211). The surface was exposed to varying
doses of D, followed by surface heating from Ts = 150 K to T; = 400 K with a 2 K/s heating ramp
which caused desorption of deuterium molecules from the steps and terraces of Pt(211).
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Although the relative intensity of the three peaks can be attributed to the varying
hydrogen/deuterium coverage on the surface, the three distinct frequencies of the CH(ads)
with different amounts of co-adsorbed hydrogen is strikingly different from what Trenary and
his co-workers reported for CH(ads) on a Pt(111) surface. They observed what appears with
Exin = 65 kiJ/mol of incident energy to be a continuous shift in C-H stretch frequency from 2974
cm™ to 2956 cm™! for CH(ads) adsorbate with decreasing hydrogen coverage on the Pt(111)
surface. Therefore, the surface structures must be responsible for the difference in the RAIR.
Unlike a flat Pt(111) surface where all surface atoms are equivalent, the Pt(211) surface has
three different surface sites with different activation barriers for reactions. These reactive

sites are labelled as steps (S), terraces (T) and corners (C) as shown in Fig. 5.5.

@

Step (s)
Terrace (t)
Corner (c)

<
-
<

Fig. 5.5: A schematic showing the side view of a Pt(211) surface where the three adsorption
sites are visible. Reproduced with permission from 82,

When the same experiments were performed with incident CD4 molecules instead of
CHa, as shown in Fig. 5.6 below there was again a clear transfer of intensity between the three
CD(ads) peaks measured at 2217 cm™, 2210 cm™ and 2201 cm™. CDs(ads) appears to be
slightly more stable than CHs(ads) indicated by the fact that the most blue-shifted CD(ads)
peak appeared only after surface heating to Ts = 250 K unlike the CH(ads) which already
appeared at Ts = 230 K — Fig. 5.3(b). This may be due to kinetic isotope effect where more
energy is required to break the C-D bonds in the CDs(ads) since the zero-point energy for C-D

is lower than a C-H bond.
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Fig. 5.6: RAIR spectra showing the dehydrogenation of CDs(ads) on steps - 2133 ¢cm™ and
terraces — 2098 cm™ into CD(ads) and the three discrete CH(ads) peaks shifting with increasing
surface temperature. (a) After exposure of 2% CD4 in He at Ts = 150 K and Exin = 72 ki/mol,
there was CHs on the steps and terraces of the Pt(211) surface. (b) Surface was briefly annealed
to T; = 230 K for 2 minutes and cooled down to Ts = 150 K before recording RAIRS. This step
was repeated but the surface was heated to different surface temperatures - (c) 250 K, (d) 310
K, (e) 330 K and (f) 350 K.

5.2.2 Why three discrete CH(ads) peaks?

As described in the previous section, RAIRS is able to distinguish between adsorbates
on the different surface sites. Therefore, the first hypothesis formulated to explain the three
CH(ads) RAIRS peaks was that each peak corresponds to a different adsorption site on the
Pt(211) surface. If this is true, then one must be able to reproduce the peaks by saturating the
most stable site first with CH(ads) followed by the next stable site and the next. This
hypothesis was then tested by continuously exposing the Pt(211) surface at Ts = 380 K to a
beam of 3% CHs in He with Exn = 65 kl/mol of incident energy, Fig. 5.7. The surface
temperature used in this experiment was deliberately placed at the peak desorption

temperature of H, to remove any H atoms coming from the dehydrogenation of methane
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molecules, through recombinative desorption. This step is important as it ensures no
interaction between the co-adsorbed H atoms and the methylidyne on the surface during the

experiment.

Absorption

] I
2850 2900 2950 3000
Wavenumber / cm™

Fig. 5.7: RAIRS spectra showing the uptake of CH(ads) with time, where time increases from
bottom to top. Every RAIRS spectrum was taken following an additional of 0.4 L of methane
exposure at T, = 380 K with Exin = 65 ki/mol incident energy - (a) 0.4 L, (b) 0.8 L, (c) 1.2 L, (d) 1.6
L (e)2.0L (f)2.41,(g) 2.8 L and (h) 3.2 L.

Fig. 5.7 shows only a single peak near 2946 cm™. This shifts slightly to the red with
increasing CH(ads) coverage but there is no evidence for the formation of any other peaks,
Fig. 5.7 (g-h). Since we still observe a single peak for CH(ads) after saturation as shown in Fig.
5.7 (f-h), it can be concluded that the three CH(ads) peaks were not the result of methylidyne

adsorbed in three different adsorption sites on the Pt(211).

DFT calculations predict that the CH(ads) and H(ads) adsorb on the steps of Pt(211)
forming a row of adsorbates along the steps of the surface 8. The CH(ads) prefers to adsorb
in a threefold hollow site between two step atoms and one terrace atom (sst) 8. The H(ads)
adsorbates instead prefer the bridge site between two step atoms (ss). The restricted motion

of hydrogen atoms in one dimension allows only three varying hydrogen environments in the
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immediate vicinity of a CH(ads) namely zero hydrogen (OH), 1 hydrogen (1H) and 2 hydrogen
(2H) atoms adjacent to a CH adsorbate. This brings us to our second hypothesis which is that
each of the CH(ads) peak observed in the RAIR spectra correspond to a CH adsorbate

surrounded by a specific number of hydrogen atom(s) , OH, 1H or 2H as shown in Fig. 5.8.

OH NN to CH T 1HNNto CH T 2H NN to CH T

C C C
ptsg Y / 9\ Y p[sg‘T h 4 / O\/#\ Ptng /;\/ +\/;\
pet b 4 4 (s AR SR TR Plc' L S Y )

Fig. 5.8: Schematic diagram showing the adsorption of CH(ads) on the sst sites and H(ads) on
the ss sites of a Pt(211) surface. Reproduced with permission from .

This hypothesis was further investigated with density functional theory (DFT)
calculations performed by our collaborator, Prof. Fabio Busnengo in which the CH(ads)
species was placed near varying neighbouring hydrogen atoms- OH, 1H, 2H, 3H, 4H or 5H.
Vibrational frequencies for CH(ads) in the different hydrogen environments were computed
and interestingly, three different frequencies were obtained, 3027 cm™, 3036 cm™ and 3041
cm! assigned to CH(ads) with OH, 1H or 2H nearest neighbour 2L, It is known that the DFT
calculations typically predict much higher frequencies compared to experimental vibrational
frequencies 8. Nevertheless, the relative frequencies predicted were found to be more
reliable 8. The DFT predicted vibrational frequencies for CH(ads) are 14 cm™ apart between
two of the extreme values and my experimental data shows a difference of 21 cm™ between
the maximum and minimum frequency. Since anharmonic effects were not included in the
DFT calculations, a better comparison will be between the vibrational frequencies of the
CD(ads) adsorbates. Theoretical calculations predict a 11 cm™ difference whereas RAIR
spectra in Fig. 5.6 shows a 16 cm™ of difference between the two most extreme CD(ads)
absorption peaks 8. In this case, the DFT calculations have a closer resemblance to the

vibrational frequencies measured experimentally.
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Based on the DFT calculations, the three peaks observed in the RAIRS spectra in Fig.
5.3 can be assigned. The peak at 2951 cm™ is assigned to the methylidyne with OH in its
vicinity, 2962 cm™ to CH(ads) with 1H nearest neighbour and 2972 cm™ to 2H nearest
neighbour. Besides DFT, one can also assign the methylidyne peaks to the corresponding
hydrogen environments based on the hydrogen coverage on the surface. Since heating the
surface to Ts = 350 K removes adsorbed hydrogen atoms, the single peak observed at 2951
cm™ can be expected to appear in a condition where there is OH atom in its vicinity. The most
blue-shifted CH(ads) peak must belong to the CH(ads) with maximum number of neighbouring
hydrogen atoms, 2H since we observe this peak immediately following the dehydrogenation
of methyl species on the step and terraces. The RAIRS peak in between these extremes

therefore could be predicted to belong to the CH(ads) with 1H nearest neighbour.

5.2.3 H-D isotope exchange on the surface

Watson et al. observed hydrogen-deuterium exchange between methylidyne, CH(CD)
adsorbed on a Pt(110)-(1x2) surface and D2(H.) gas molecules #. They report a facile exchange
between D;(gas) and CH(ads) via Langmuir-Hinshelwood reaction especially at surface

temperatures 350 K — 450 K, to produce CD(ads) and HD(gas) #.

In my experiments, | also observed a similar behaviour between CH(ads) and D, gas
molecules. Fig. 5.9 shows an experiment where methane molecules were collided with a clean
Pt(211) surface at Ts = 300 K with Ekin = 65 kJ/mol resulting in a single RAIRS peak at 2970 cm”
1 Fig. 5.9 (a). Heating the surface caused D,(g) desorption and the CH(ads) peak to red shift,
Fig. 5.9 (b). Incremental deposition of deuterium caused the recovery of the peak at 2790 cm~
!, Once again heating the surface to Ts = 350 K produced the most red shifted peak at 2948
cm! but this time, another peak also appeared, Fig. 5.9 (g). The new peak appeared in the C-
D stretch region at 2198 cm™ and is assigned to the CD(ads) with zero deuterium atom nearby.
Redepositing 0.5 L of D2 caused the three CH(ads) absorption peaks to reappear shown in Fig.
5.9 (h) and at the same time, there are two other peaks observed at 2198 cm™ and 2210 cm™
! assigned to CD(ads) with zero and one adjacent hydrogen atom, respectively. The lost
intensity of the CH(ads) peaks in Fig. 5.9 (g-h) is attributed to the formation of CD adsorbates

on the surface through H-D isotope exchange.
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Fig. 5.9: RAIR spectra showing C-H stretch and C-D stretch regions during exposure to D; on a
Pt(211) surface covered with CH(ads). (a) A RAIR spectrum taken after 3% CH4 in He with Exin =
64 kij/mol deposition on a Pt(211) surface at T, = 300 K. (b) After heating surface to Ts = 350 K
which removed surface hydrogen atoms. Then the surface was exposed to varying doses of D,
—(c)0.5L, (d)1.0L, (e) 1.8 L and (f) 2.3 L at T; = 150 K. (g) Surface was again annealed at T, =
350 K and (h) exposed to 0.5 L of D, at T; = 150 K.

5.3 Origin of the CH(ads): steps and/or terraces?

After assigning the three CH(ads) peaks to different hydrogen environments, the next
step is to identify where the methylidyne is originating from. As mentioned above, in this
study, methylidyne was formed on the Pt(211) surface through thermal decomposition of the
methyl species which was initially deposited on the steps and terraces of the surface. Did both
the CHs(steps) and CHs(terraces) contribute to the methylidyne observed or only one of the
adsorption sites did? Two experiments were performed to try to answer this question. The

results are shown in Fig. 5.10.
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Fig. 5.10: Left panel- (a) RAIR spectrum of methane deposition with Exn,= 41 ki/mol at T,= 120
K resulting in the formation of methyl on steps of Pt(211) observed at 2904 cm-1 followed by
surface heating to (b) T=250 K, (c) 300 K and (d) 350 K. Right panel- (a) RAIRS spectrum after
dissociating CH4 with the 65 ki/mol incident energy on a Pt(211) at Ts = 120 K — the step sites
of the Pt(211) surface was previously passivated with deuterium atoms. After heating the
surface to (b) T; = 250K, (c) T; =300 K and (d) T, = 350 K.

Based on the different dissociation barriers for methane on the steps (42 kJ/mol) and
terraces (84 ki/mol), | was able to study the origin of the methylidyne species by controlling
the incident energy of methane molecules 4°. The measurement in the left panel of Fig. 5.10
was performed by colliding a molecular beam of 3% CHa4 in He on a Pt(211) surface with Exin=
41 kJ/mol at Ts = 120 K which produced methyl only on the steps of the Pt(211) at 2904 cm™.
Following that, the surface was heated to Ts = 250 K- left panel of Fig. 5.10 (b) which produced
CH(ads) at 2972 cm?, previously assigned to CH(ads) with 2 adjacent hydrogen atoms.
Additional surface heating to Ts = 300 K and then to Ts = 350 K resulted in the replacement of
the 2972 cm™ peak with 2951 cm™ absorption peak, assigned to CH(ads) with OH nearby. The
peak near 2960 cm™ assigned to CH(ads) with 1H nearest neighbour, is missing in this

experiment because surface heating was performed in bigger steps compared to Fig. 5.3.
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Since | was only interested in understanding the origin of CH(ads) comes from, | did not try to

reproduce the three CH(ads) peaks.

A similar experiment was carried out for the methyl on the terraces- Fig. 5.10, right
panel. In this case, the surface was cleaned and then the step sites were passivated with
deuterium atoms. This was achieved by leaking in 1 L of D, molecules into the UHV chamber
while the surface was at Ts = 120 K. As the step sites were no longer available for the
adsorption of the dissociated methane, only the terraces of the surface were covered with
CHs(ads) when the surface was exposed to a molecular beam of 3% CHa4 in He at Ts = 120 K
with Exin = 65 kJ/mol. This was confirmed with RAIRS measurements where a C-H stretch peak
was recorded at 2890 cm™ (assigned to methyl on terraces) — Fig. 5.10(a), right panel. The
surface was once again heated in steps to try to dehydrogenate the CHs(ads) on the terraces
of Pt(211). This time, there was no CH(ads) adsorbate observed, as shown in the right panel
of Fig. 5.10 (b-d). Based on these results, it is clear that the CH(ads) observed on the Pt(211)

surface originate from the decomposition of methyl on the step sites.

Further evidence showing that only the CHs(ads) on the steps dehydrogenate to form
the methylidyne species is presented in Fig. 5.11. In this case, the experiments were
performed at a higher surface temperature, Ts = 220 K and it was found that by depositing
methane molecules on the Pt(211) surface with 41 kJ/mol of incident energy, CH(ads) is the
only product on the surface — Fig. 5.11(b), left panel. It is known from previous studies that a
kinetic energy of 41 kJ/mol is only sufficient for methane dissociation on the steps of Pt(211)
therefore, the CH(ads) peaks observed must be the result of continuous dehydrogenation of

the hot methyl products on the steps 2.

At first, the most red-shifted CH(ads) peak was observed at 2950 cm™, assigned to
methylidyne with OH in its vicinity, Fig. 5.9(b), left panel. This observation is in contrast to Fig.
5.3 where the 2972 cm peak (for CH adsorbate with 2 neighbouring H atoms) appeared first
following methyl decomposition. This difference can be explained as due to the low number
of blocked sites on the surface at Ts = 220 K during initial deposition of methane molecules.
Apart from that, the higher surface temperature also enhances hydrogen atoms diffusion
along the steps of the surface. Thus, for a short time, almost all methylidyne adsorbates had

zero adjacent hydrogen atom resulting in the appearance of a peak at 2950 cm™* first. With
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increasing surface exposure to CHa, the CH(ads) RAIRS peak slowly shifted in intensity to the

most blue shifted CH(ads) RAIRS peak at 2972 cm™.

The right panel of Fig. 5.11 instead shows the RAIR spectra recorded during the
deposition of methane beam at Ts = 220 K with Exin = 64 kJ/mol. As the incident energy is
enough to overcome the dissociation barriers on both the step and terrace sites of the Pt(211)
surface, we observe CHs(ads) on both these sites at 2904 cm™ (steps) and 2889 cm* (terraces)
at first, Fig. 5.11(c) -right panel 42. The methyl species on the steps was present briefly before
it started broadening and disappearing whereas, the RAIRS peak for methyl on terraces grew
as the exposure to methane molecules was increased. Even before the methyl peaks
appeared, methylidyne absorption peaks were already visible. As in Fig. 5.11 -left panel, the
most red-shifted peak at 2950 cm™ again appeared first before shifting in intensity to the
more blue-shifted absorption peak. In this experiment, the source of CH(ads) can be clearly
identified. The growing methyl coverage on the terraces and the short-lived methyl species
on the steps show that the CH(ads) species comes only from the dehydrogenation of CHz(ads)
on the steps. This indicates that methylidyne forms one dimensional rows of adsorbates on
the steps of Pt(211). The three discrete peaks of CH(ads) observed arise due to the confined
motion of hydrogen atoms on the steps of the Pt(211) resulting in either 0, 1 or 2 hydrogen

atoms near the CH(ads).
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Fig. 5.11: RAIR spectra recorded during deposition of methane molecules on the Pt(211) with
translational energy of 41 ki/mol — left panel and 64 ki/mol- right panel. Each spectrum was
recorded following different methane molecules exposure — (a) O L, (b) 0.5 L, (c) 1.5 L, (d) 2.5
L (e)3.5L (f)4.5L, (g)5.5L, (h)6.5L and (i) 9.5 L.

5.4 Conclusion

In summary, methylidyne CH(ads) was formed on a Pt(211) surface through methyl
dehydrogenation on the steps. Three RAIRS peaks at fixed frequency but with varying peak
intensities were observed and their formation could be controlled by changing the surface
coverage of co-adsorbed hydrogen atoms. The surprising observation of three discrete
vibrational frequencies for the same adsorbate was tested based on two hypotheses - (i) the
three RAIRS peaks of CH(ads) arise from different adsorption sites on the Pt(211) surface and
(ii) three hydrogen environments namely, OH, 1H and 2H around the methylidyne contribute
to the three RAIRS peaks. The latter is proposed to explain the observation of the three
distinct CH(ads) absorption peaks. When CH4 was replaced with CD4, three CD(ads) absorption

peaks were observed and they behaved similar to the CH(ads) species. The methylidyne
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adsorbates were also found to have a tendency to undergo H-D isotope exchange to form

CD(ads) in the presence of D(ads).
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Chapter 6: Conclusions and future work

6.1 Summary

6.1.1. Dissociation of water molecules on Cu(111)

The water dissociation mechanism on a partially oxygen covered Cu(111) surface was
confirmed to be H,0(g) + O(ads) — 20H(ads) with isotope labeling experiments. This is the
first direct evidence for the formation of the two hydroxyls from water dissociation on the
Cu(111) surface. At Ts = 180 K, a secondary process (disproportionation reaction), 20H(ads)
— H,0(g) + O(ads) was observed to occur while water dissociated on the surface which
replaced the initially dosed surface oxygen atoms with the oxygen atoms from the incoming
water molecules. Apart from that, the formation of oxygen islands on the surface with two
types of oxygen, the reactive oxygen atoms on the periphery of the islands and the non-

reactive oxygen atoms in the middle of the islands were also observed in the experiments.

On a clean Cu(111) surface the state-resolved sticking coefficients for DO was
measured for the anti-symmetric vibrational mode, v;. The vibrational efficacy was
determined as 11=0.7. Based on Polanyi rules, this demonstrates the reaction has an ‘early
barrier’ but the result is in contraction to the theoretical predictions. The vibrational efficacy
measured showed a value lower than unity perhaps as a result of the laser-off experiments
having prominent contribution from the vibrationally excited DO molecules, with increasing

Th.

6.1.2 Methylidyne co-adsorbed with hydrogen atoms on a Pt(211)

CH(ads) was produced on a stepped Pt(211) surface from thermal decomposition of
CHs(ads) on the step sites of the surface. Three discrete peaks assigned to methylidyne
species were detected in the RAIR spectrum. They were observed to red-shift with decreasing
surface hydrogen coverage and vice versa. With experiments and DFT calculations, the three
CH(ads) peaks were demonstrated to arise from the different number of H atoms surrounding

the CH adsorbate, OH, 1H or 2H. The specific number of neighbouring hydrogen atoms present
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near the CH(ads) was explained as a result of the confined one-dimensional motion of the

hydrogen atoms on the steps of the Pt(211) surface.

6.2 Future work

6.2.1 Facile OD(ads) to OH(ads) exchange

During my study of dissociative adsorption of D,0O on the Cu(111) surface, | observed
the OD(ads) species to be replaced by OH(ads). An experiment which demonstrate this
observation is shown in Fig. 6.1. In this study, a MB of 2% D,0 in He with Exn = 1.1 eV was
collided with a Cu(111) surface resulting in the formation of OD(ads) measured with RAIRS at
2687 cm™- Fig. 6.1 (a). After exposing the surface to ~ 0.06 ML of D20 in the MB, the beam
was stopped and RAIR spectra were measured continuously. With time, the intensity of the
OD peak was observed to reduce and a new peak was recorded at 3637 cm™, assigned to

OH(ads).

The changing surface coverage of the OD(ads) and OH(ads) are presented in Fig.6.1
(b). Clearly, when the MB was no longer arriving on the surface, the OD(ads) coverage
decreased and simultaneously more OH(ads) species appeared on the surface. An equilibrium
between both the species was attained with time. This is an evidence for H-D exchange
between surface bound OD(ads) and another molecule that acts as a source of H. Since the
isotopic exchange was detected when the MB was stopped, the source of hydrogen must be

coming from the molecules in the UHV background, either H,O(g) or Ha(g).

Plotting the sum of the surface coverage of OH(ads) + OD(ads) shows a decrease in
their total coverage once the MB was stopped indicating desorption of the isotopic hydroxyls
through disproportionation reaction. In this condition, the rate of desorption through

disproportionation is higher than the rate of dissociative adsorption of water molecules.
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Fig. 6.1: (a) RAIR spectra showing the reduction of OD(ads) peak intensity and the appearance
of a novel peak at 3637 cm™. (b) The coverage of OD and OH on the surface during surface
exposure to a MB of 2% D,0 in He with Exn = 1.1 eV and the evolution of these species after
the MB was stopped. (c) Total coverage of the adsorbates (OH + OD) plotted from (b).

The source of H for the H/D exchange of the hydroxyl adsorbates in Fig. 6.1 was tested
using deuterated water molecules. Initially the surface was pre-covered with 0.07 ML of
oxygen atoms and allowed to react with H,O(g) from the UHV chamber to produce OH(ads)
on the surface. D>0O(g) was then leaked into the UHV chamber and this resulted in the OH(ads)
conversion into OD(ads) as shown in Figure 6.2 below. It is clear that in this case, the D20(g)
is the source of D however, it is not clear if the exchange occurs after the D0 adsorbs on the
surface (Langmuir-Hinshelwood reaction) or with an incoming gaseous D;0 (Eley-Riedel

reaction) and the surface OH(ads). It will be interesting to continue this study and identify the
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mechanism of H/D exchange between the hydroxyl on the surface and incident water

molecules.
O-H stretches O-D stretches
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Fig. 6.2: On the left, the IR spectra for O-H stretches are presented and on the right, RAIR
spectra for O-D stretches are shown. Both set of IR spectra demonstrate the uptake for surface
hydroxyls when a surface with 0.07 ML of ¥0(ads) was exposed to H,'°0(g) from the UHV
background (black spectra) followed by surface exposure to D;°0(g) (purple spectra). The
amount of water exposure for the different spectra are as following, (a) 0.09 L, (b) 0.11 L and
(c)0.46 L.

6.2.2 Site-selective water dissociation study on stepped surfaces using RAIRS
RAIRS is a powerful surface science tool to identify reactions occurring on different
adsorption sites on metal surfaces. The first site-selective dissociation for methane on the
steps and terraces of a Pt(211) was performed in our lab 2%. The nascent products on the
different adsorption sites were distinguished from their absorption frequencies measured
using RAIRS. Being able to measure the products on the steps and terraces of Pt(211) enabled

one to control reactions on the different sites, separately.
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The dissociative adsorption of water molecules have been investigated on various
stepped surfaces such as Cu(110) and Fe(100) but no surface site specific studies have been
reported 2. It will therefore be very interesting to perform investigations of water

dissociation on stepped Cu surfaces while monitoring the site-selective reaction with RAIRS.

6.2.3 Vibrational mode specific water dissociation on Cu(111)

Being able to perform quantum state resolved experiments involving addition of
vibrational energy to the incident molecules and then measuring the efficiency of a reaction
is a huge progress in the heterogeneous catalysis studies. Based on the model proposed by
Polanyi, the water dissociation on metal surfaces has a “late” transition state 6. Therefore, it
is predicted that the reaction will be significantly enhanced with vibrational energy compared

to translational energy.

A theoretical study was performed by Jiang et al. to identify if vibrational energy
promotes water dissociation on a Cu(111) surface better than translational energy . The
following Fig. 6.3 is one of their results from the DFT calculations. It shows sticking
probabilities predicted for different vibrational modes of the incident water molecules, (v1-
symmetric stretch, v2- bending mode, vs- antisymmetric stretch) and ground state molecules
35 In general, vibrationally promoted molecules are observed to have higher reactivity than
translational energy. The symmetric stretching mode was calculated to have the most
prominent effect compared to the asymmetric and bending modes. This enhancement was
considered a result of the symmetrically stretched vibration to be in the reaction coordinates.
The calculated results can be tested in our laboratory by preparing the water molecules in
specific vibrational states before colliding with a Cu(111) surface. Simultaneous measurement
of the dissociation product with RAIRS will give the sticking probabilities for the different

vibrational modes which can then be compared with the theoretical values.
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Fig.6.3: Top- Reactivity of vibrationally excited water molecules (vi, v, v3) on a Cu(111) where
the black curve represents the molecules in the ground state. Bottom- Same as the top graph
but dissociation probability is in the logarithmic scale. Reproduced from °.

6.2.4 Bond selectivity study of HOD

Apart from the vibrational mode selectivity, bond selective dissociative chemisorption
of water molecules on a Cu(111) surface could be studied in our lab. A DFT calculation study
performed by Jiang et al., investigated the implications of exciting a specific bond in the HOD
molecules on its dissociation on a Cu(111) and their results are shown in Fig. 6.4 where (abc)
refer to a- vop, b- bending, c- vou 38. Placing vibrational energy in the O-D stretch caused this
bond to selectively break as shown in Fig. 6.4- top. Whereas, when the O-H stretch was
excited, the dissociation favoured the O-H bond, Fig. 6.4-bottom. The higher reactivity
exhibited by vibrationally excited molecules was attributed to the “late barrier” on the
potential energy surface for water dissociation whereas the O-H or O-D bond-selective
dissociation was explained as a result of the slow redistribution of vibrational energy in the

HOD molecules.
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Fig. 6.4: The probability of dissociative chemisorption of HOD molecules in various low-lying
vibrational states. The reaction can occur through two channels, top- HOD - OH + D and
bottom- HOD > OD + H. Reproduced from 3¢,

6.2.5 Quantum state resolved study of CO; dissociation on a Cu(111)

Quan and co-workers conducted a study of CO; reaction with adsorbed H atoms on a
Cu(111) surface using RAIRS, TPD and supersonic expanded molecular beam 2¢. The reaction
was proposed to proceed through Eley-Riedel mechanism where the impinging CO2 molecules
react with the H adsorbates on the surface resulting in the formation of HCOO(ads). The
reaction was reported to be improved when the CO; molecules were vibrationally excited.
The O-C-O bending mode was proposed to be the main contributor to the enhanced CO;
reaction with H on the Cu(111) surface as this vibrational mode resembles the transition state
86, However, there is a limitation to this study. The authors could not isolate the molecules in

a specific vibrational state because they populated the vibrational states of CO, by thermal
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heating of the nozzle. In our lab, instead, we are able to prepare the incident CO, molecules
in a specific ro-vibrational state using laser. Therefore, we could test the study by Quan et al.

using IR laser coupled with RAIRS.
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