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Saada Abujarada
Doctor of Philosophy
Photodesorption of Nitric Oxide from Au(100) using
3D surface-velocity map imaging

Abstract
Nitric oxide photodesorption by nanosecond lasers on Au(100) single crystal at two
desorption energies (3.5 eV and 4.6 eV) has been investigated in order to understand
the surface-gas reaction dynamics.
NO/Au is an important system in catalysis, but this thesis focusses on using the
NO/Au system to develop a novel 3D-surface velocity map imaging (3D-SVMI) setup.

This was done using a combination of experimental techniques including time-of-flight
mass spectroscopy, 3D-surface velocity map imaging, near-ambient pressure X-ray
photoelectron spectroscopy, and theoretical calculations based on density functional
theory.

Two distinct desorption mechanisms for the photodesorption of NO from gold de-
pendent on the photon wavelength were revealed.The 355 nm desorption is dominated
by a direct excitation mechanism leading to a super-thermal and narrow angular ve-
locity distribution. The desorption with 266 nm photons leads to slower average speed
and wider angular distribution and it is dominated by a thermally activated mecha-
nism.

The results from the 3D-VMI experiments togather with NAP-XPS and DFT results
reveal that NO is molecularly adsorbed on the gold at a high-symmetry (2f) site, which
ensures efficient overlap of the NO π∗ orbital with the orbitals on the two neighbouring
Au atoms, and with the N–O bond axis aligned along the surface normal.
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Chapter 1

Introduction

The investigation of the elementary steps of a chemical reaction and the direction of

a rational mechanism for the reaction is the realm of reaction dynamics. Most of the

experiments performed in this area have concentrated on the study of molecules in the

gas phase to obtain reliable and accurate results.

One approach to investigate the dynamics of a reaction is to probe the internal quan-

tum states and translational or kinetic energies of the reactant and product molecules;

hence the choice of the appropriate techniques is of great importance here. Determi-

nation of the internal energies of the products has been made possible through the use

of high resolution laser spectroscopy, while for kinetic energies of gaseous products,

velocity map imaging (VMI) has become the technique of choice since its invention

in the late 80s (ion imaging) and mid 90s (VMI). VMI is capable of extracting the

velocity distribution of the products of a gas-phase reaction. Most of the studies

have been focused on gas phase reactions because of their relative accuracy level of

detail obtained, experimental considerations, and for ease of comparing with computa-

tional studies (and relevance to atmosphere chemistry in some cases). However, other

systems, in particular at the gas-solid interface, although more complex, are equally

important, especially for many industrial processes such as heterogeneous catalysis.

Several techniques have been used in the past for studying photon-induced desorption

of adsorbed molecules from solid surfaces. Time-of-flight (TOF) technique coupled

to a rotatable mass spectrometer has been one technique of choice. [1] This set-up

allows angular resolved transitional energy distributions to be recorded. However this

set-up suffers from being time-consuming, and additionally cannot probe the internal

17



CHAPTER 1. INTRODUCTION 18

energy distributions. These shortcomings have paved the way for the rise in the use

of imaging techniques, even for surface reactions. The energy and angular-resolved

distributions of neutrals (EARNs) was reported by Winograd et al. [2, 3] Desorption

of neutrals was induced by ions. Angular distributions of ions desorbed from surfaces

were also achieved using the electron-stimulated desorption ion angular distributions

(ESDIADs) method.[4] This method has furthermore proven to be successful in some

cases in deriving the orientations of molecular bonds at surfaces. [5, 6] State-resolved

detection of neutrals typically involves the laser ionisation of neutral fragments, often

performed in a resonance-enhanced multi-photon ionisation (REMPI) scheme. Usually

a pump/desorption laser is used to start the event at the surface and this is followed

by detection of the neutrals by another laser operating a few mm above the surface

in which the kinetic energy distribution of the fragment leaving the surface can be

optioned. However, this can only be achieved by the use of an elaborate optical detec-

tion geometry, otherwise the kinetic energy distributions obtained would lack any of

the angular information needed. Menges et al. demonstrated the possibility of record-

ing a state-selective two-dimensional velocity distribution by sheet-focussing of the

ionisation laser (with the sheet perpendicular to the surface). [7] This was performed

for the model system of NO photodesorbed from NiO, for which a bi-modal velocity

distribution was obtained, with most of the kinetic energy release being directed along

the surface normal.

Velocity map imaging will have an advantage over other techniques by offering a higher

resolution, and the ability to record a 3D velocity distribution. This 3D-velocity dis-

tribution can be recorded in a single experiment as will be explained in this work.

The aim is to use imaging techniques to obtain a level of detail for surface reaction

similar to gas-phase reactions, and recently there has been some work and publications

in that area.[8, 9] Other surface techniques were applied in this study to confirm the

capability of the Surface-velocity-Map-Imaging (S-VMI).

The structure of this thesis is as follows:

Chapter two explains fundamentals of the interaction between the gaseous molecules

and metal surfaces, with special emphasis on adsorption and desorption of pre-adsorbed

gases. A distinction is made between the different types of adsorption of gaseous

molecules onto surfaces. Special attention is paid to the methods of desorption of



CHAPTER 1. INTRODUCTION 19

gaseous molecules from the surface including thermal desorption, electron stimulated

desorption and desorption triggered by photons. A brief description of the structure of

the face-centred cubic system is provided, in particular the low-index fcc(100), (110)

and (111).

Chapter three, summarises the most important experimental techniques and the strin-

gent requirements placed on the techniques used as spectroscopic probes when studying

reaction dynamics.

Chapter four is dedicated to the Surface Velocity Map Imaging technique, the core

of this thesis. The development of Velocity Map Imaging and modifications of the

spectrometer and the set-up to be suitable for investigating the desorption of gases

from a single crystal surface are reported here.

Chapter five reports on the use of surface velocity map imaging to investigate the pho-

todesorption of pre-adsorbed NO from Au(100). Translational energy distributions

of the desorbed NO molecules are reported. Rotational energy distributions of the

desorbed NO molecules are also reported and discussed, aiming at separating thermal

from non-thermal desorption mechanisms. The effect of photon energy on the desorp-

tion mechanism is also reported.

Chapter six presents the result obtained on adsorption and desorption of NO from the

Au(100) using Near-Ambient Pressure X-ray photoelectron spectroscopy (NAP-XPS).

This technique offers information on the type of adsorption (molecular or dissociative),

and is capable of providing information on the adsorption site and the orientation of

the adsorbed NO molecules on the surface.

Chapter seven is a theoretical study of the adsorption of NO onto the Au(100) surface

using Density Functional Theory, which was carried out with the aim of identifying

the most energetically favourable adsorption site through calculating the adsorption

energies of NO onto the three high symmetry sites.

In chapter eight the results obtained from the three used techniques are summarised

and the conclusions of this thesis are given, Future work is mentioned here.



Chapter 2

Background

2.1 Fundamentals of Interactions between Gaseous

Molecules and Solid Surfaces

Understanding of chemical reactions occurring at the surface of a solid necessitates

unravelling the elementary steps at a molecular level associated with the interactions of

gaseous molecules with the solid surface. These interactions may be more diverse than

the ones associate with gas phase reactions, as the surface can play an important role

in modifying the reactivity as well as the selectivity of the products. [10] Interactions

of gaseous molecules with a solid surface include certain processes including collisions,

adsorption, surface reactions and desorption of products.

2.1.1 Collision and Energy Transfer

The following processes occur when an atom or a molecule impinges on a surface.[10–14]

1. Elastic collisions : In this process, particles are reflected off the surface, and there

is no net exchange of energy between the gaseous particles and the solid surface.

In this type of collision, the kinetic energy is conserved.

2. Inelastic collisions : In this process, energy transfer or exchange between the

particle and the surface takes place. The particle might impart energy into the

surface or receive energy from the surface. However, if enough energy is trans-

ferred then, it may stick to the surface and ends up as an adsorbed species. In

20
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this case, the change in the energy of the particle is not confined to its transla-

tional energy since a re-distribution of energy in the internal degrees of freedom

might occur which could lead to vibrational and rotational de-excitations.

3. Reactive collisions : The outcome of this type of collision is a chemical reaction

where bonds are broken and/or bonds are formed. This type of collision typically

occurs when the collision energy is high enough to surmount the activation energy

barrier of the specific reaction.

4. Adsorption: In this case, the impinging particle loses enough of its energy to

prevent it from bouncing back from the surface into the gas phase. The particle

spends some time (dwell-time) where it will be weakly bound at the surface.

However, the particle can escape back to the gas phase if it absorbs energy from

the phonon bath of the substrate (lattice vibrations) of the solid, or it might hop

to a surface site where it ends up as a chemisorbed species, in which case it is

said to be a precursor mediated chemisorption.

5. Energy transfer : In principle, two energy transfer mechanisms can be envisaged

between the impinging particle and the solid surface. These involve the excitation

and de-excitation of the substrate phonons, as well as electron hole pairs of the

substrate. An electron hole pair is generated when an electron acquires sufficient

energy to move from the valance band to the conduction band. On leaving the

valance band the electron is said to have created a hole, hence an electron hole

pair is generated. The impinging particles might interact with the electronic

system of the metal substrate, as a result of which an electron is excited from

an occupied state below the Fermi level (Ef ) (which usually refers to the energy

difference between the highest occupied states and lower ones in quantum system

at absolute zero temperature) to an unoccupied state resulting in an excited state

usually blue referred to as an electron-hole pair.
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A schematic diagram illustrating electron-hole pair excitation when a gas molecule

collides with a metal surface is shown in the Fig. 2.1.

Figure 2.1: a)Primary interactions between a molecule and a solid surface, b)
Schematic showing the creation of an electron-pair.[15]

2.1.1.1 Adsorption

When an atom or a molecule approaches the surface, it experiences an attractive po-

tential energy that eventually will bind it to the surface. The process involved in

trapping atoms or molecules to the surface is called adsorption.[16]

The probability of adsorption is influenced by many parameters. Some of these pa-

rameters are related to the surface of the solid including its composition, orientation

(exposed crystal face) and temperature, while others are related to the to the incom-

ing gaseous molecules including its nature, the translational energy and the angles of

incidence of the approaching molecules, together with its initial electronic, vibrational

and rotational quantum states and its orientation in space during collision.

When the nature of bonding between the molecule (adsorbate) and the solid surface

(substrate) is considered, one can distinguish between two types of adsorption, namely

physisorption and chemisorption.[17]
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2.1.1.1.1 Types of Adsorption

• Physisorption is characterized by weak van der Waals interaction between the

adsorbate and the surface corresponding to binding energy of about 20 kJ mol−1.

• Chemisorption is characterized by strong chemical bonding of the atoms or

molecules to the surface, with corresponding binding energies of 80 to 200 kJ mol−1.

It involves the establishment of a chemical bond between the adsorbate and the

surface (ionic or covalent) resulting from the transfer or sharing of charge be-

tween the molecular orbitals and the surface electron bands. Chemisorption

can be categorized as non-dissociative adsorption if the molecule is adsorbed in-

tact or dissociative adsorption if bonds break when molecules are adsorbed.[17]

Furthermore, it can be divided into activated and non-activated adsorption as

explained by the potential energy curves Fig. 2.2 which are especially advanta-

geous in illustrating energy relations during adsorption. In both cases an energy

barrier (Ea) has to be surmounted to proceed from the physisorbed state to the

chemisorbed state. For activated adsorption, the barrier lies above the potential

energy “zero” (Vp) = 0, hence energy has to be supplied for the chemisorption to

occur Fig. 2.2 a), while in the non-activated chemisorption the energy barrier is

below the potential energy “zero”, and the incoming molecule will always have

enough energy to overcome the barrier and chemisorb. Fig. 2.2 b).

Figure 2.2: a) Potential energy diagram showing activated chemisorption; b) Non-
activated barrierless chemisorption.
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2.1.1.1.2 Flux of Gaseous Atoms Striking a Solid Surface

Thorough investigation of adsorption of gaseous molecules onto a solid surface requires

an atomically clean surface, which has not become saturated by surrounding gas phase

molecules for a time period of hours.

The collision rate or flux of gas molecules striking the surface of unit area at ambient

pressure P is given by eq 2.1[18]

f =
NAP√
2πMRT

(2.1)

where: f is the flux of gas molecules or atoms (atoms) cm−2sec, NA is Avogadro’s num-

ber 6.023× 1023 mol−1, P is the pressure measured in Pascal, M is the average molar

weight of the gaseous species, R is the ideal gas constant and T is the temperature in

Kelvin.

f = 2.63× 1020
P (Pa)√

M(g mol−1)T
(2.2)

f = 3.52× 1022
P (Torr)√

M(g mol−1)T
(2.3)

Eq. 2.2 & 2.3 allow us to calculate the number of molecules striking a solid surface

per second per unit area. Using the equation 2.3 for calculating the number of water

molecules impinging the surface at 3 × 10−6 Torr and using M = 18 g mol−1 and

T = 300 K yields a value of about 1015 molecules cm−2sec−1.

Given that a typical metal surface has about 1015 surface sites cm−2 and assuming

that every molecule sticks to the surface when colliding (sticking probability = 1), one

can see that at this pressure it takes only one second for the surface to be covered

with a monolayer of water molecules. Water vapour is known to be the main residual

gas at this pressure. Exposing the surface to a pressure of 10−6 Torr for 1 second will

cover the surface with a monolayer of the gas molecules used. A Langmuir is defined

as 10−6 Torr sec.
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For studying gas-solid interactions, typically the adsorbed gas coverage should not

exceed one monolayer, because we are interested in the gas solid interactions and

not interactions between molecules adsorbed in what is called multilayer adsorption

Fig. 2.3.[19]

Figure 2.3: Schematic illustration of the first, and second layers of adsorption, and
multilayer.

Table 2.1 [18] shows the times in seconds required to contaminate a clean surface

with adsorbate molecules e.g. water, CO and H2, with the former being reactive

towards many metals. It is clear that a significant reduction in the background pres-

sure is of paramount importance if one is to avoid the interference of contaminated

molecules on the investigation. A background pressure in the range of 10−10 Torr is

usually employed to prepare and maintain an atomically clean surface in a contami-

nation free-state for the duration of a typical experiment of a few hours.

Table 2.1: Surface saturation times at different pressures.

Pressure Impingement Rate Time to Saturation
Torr

760 3 ×1026 3.3×10−8

1 3.9×1023 2.6×10−5

1 ×10−3 3.9×1020 1.5×10−2

1 ×10−6 3.9×1017 15
1 ×10−9 3.9×1014 15.000
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2.1.1.1.3 Sticking Probability

The rate of adsorption of a gas onto a solid surface is expressed in terms of a parameter

called sticking probability, defined by the rate of adsorption per unit area divided by

the number of molecules colliding with the surface per unit area per second or simply

the flux.

King and Wells used an ultra-high vacuum system (UHV) and a molecular beam tech-

nique to measure the sticking probability of a gas on a crystal surface. The design of

the ultra-high vacuum molecular beam system constructed in glass is shown Fig 2.4.

Figure 2.4: A molecular beam apparatus constructed of Pyrex glass for measuring
sticking coefficient.[14]

The method involves directing a well-collimated molecular beam, with a flux in the

range of 1012 − 1013 molecules cm−2sec−1 at a single crystal. The molecular beam

with the mentioned characteristics is achieved by using several differentially pumped

chambers to achieve ultra-high vacuum conditions in the adsorption chamber.

Two consecutive experiments are performed to determine the sticking coefficient. In

the first one, the pressure in the adsorption cell, p1 was recorded as a function of time

after the exposure of the pre-cleaned crystal surface to the molecular beam. In the

second experiment, the pressure in the cell, p2 was recorded as a function of time after

moving the crystal out of the path of the molecular beam.
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The difference between p2(t) and p1(t) is taken as a measure of the amount of molecules

trapped on the surface. The sticking coefficient at time t was then calculated by using

this eq:[20, 21]

S =
p2(t)− p1(t)

p2(t)
(2.4)

2.1.1.2 Desorption

Desorption of an adsorbed chemical species from a solid surface can typically be caused

by several methods, namely:

• Thermal Desorption[21, 22]

• Electron-stimulated desorption[23–25]

• Photo-induced desorption[26]

2.1.1.2.1 Thermal Desorption

Thermal excitation initiates desorption of the adsorbed species. The technique tem-

perature programmed desorption (TPD) [21] involves first the adsorption of gaseous

molecules onto an initially clean solid surface (usually a single crystal at a low tem-

perature) followed by heating of the crystal preferably with a linear heating rate.

T = T0 + βt (2.5)

where: T is the temperature at any time, T0 is the initial temperature and β is the

heating rate in degrees per unit time.

The partial pressure of the desorbed species as a function of time is monitored and

recorded using an ultra-high vacuum chamber equipped with a mass spectrometer.

The temperature at which a species desorbs from the surface can be measured from

the heating rate and time. In this method, the area under the peak in the desorp-

tion spectrum recorded is directly proportional to the amount of the gas adsorbed on

the substrate. When calibration is carried out, one can determine the coverage from

the temperature desorption spectrum recorded. Fig. 2.5 a) depicts the TPD spectrum

obtained following adsorption of CO onto a Pd(111) surface at 300 K.[27] The temper-

ature at peak maximum is indicative of the enthalpy of adsorption, which is a measure



2.1. FUNDAMENTAL INTERACTIONS 28

of the strength of binding of the adsorbed molecule to the surface. If more than one

adsorption site is present for the molecule at the surface, multiple peaks may appear

in the spectrum reflecting different enthalpies of adsorption. An example is given Fig.

2.5 b) which shows the TPD spectrum following the adsorption of oxygen on Pt(111)

at 80 K. The peak appearing at lower temperature corresponds to a weakly adsorbed

state of oxygen.

Figure 2.5: a) TPD spectrum following the adsorption of CO on Pt(111) surface at 300
K; b) TPD spectrum following the adsorption of CO on Pt(111) surface at 80 K.[27]

The two examples chosen for adsorption were of the non-dissociative type (molecu-

lar), and the molecule desorbed intact from the surface during heating. In some cases

when molecular adsorption takes place at low temperature, a surface reaction might

occur during heating.[27]

2.1.1.2.2 Electron Stimulated Desorption

The term electron-stimulated desorption (ESD), was first introduced by Madey and

Yates [25] to describe the process by which different chemical species are produced

when an adsorbate-surface system is bombarded by low energy electron (E < 500 eV).

The desorption products as a result of this electron bombardment include ground-

state neutrals, and vibrationally and electronically excited as well as ionic fragments,

i.e. positive and negative ions. [28] As it is much easier and more efficient to detect

ions rather than neutrals, most of published data have been on electron-induced ion

desorption.[29]
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ESD had been used in surface science to determine the structure and orientation

of the adsorbed species. This stems from the fact the desorbed ions do not necessarily

exhibit isotropic distribution. The direction of the desorbed ions was found to depend

on the orientations of the ruptured bond. [29] It has been reported that the kinetic

energy of desorbed positive ions lies in the range of 1 to 10 eV, although energies

as high as 15 eV have been reported. These high energies cannot be explained by

thermal effects or by direct energy transfer when considering the collisions between

a low-energy electrons of mass me ≈ 1
1840

a.m.u and an adsorbed atom or molecule.

It can be shown that the magnitude of the maximum energy transferred between the

colliding electron with energy Ei and mass me and atom or molecule of mass M, where

m is much less than M, can be approximated to[29, 30]

∆E

Ei

=
2me

M
(2.6)

Calculating the fractional energy transfer for electron-atomic hydrogen collision

for example, will give a transfer of the order of 2
1840

≈ 0.001. Considering that

Ei = 500 eV implies that less than 0.5 eV would be partitioned to the hydrogen

atom under these conditions.[31] Hence for interpreting the observation of “massive”

ions with high kinetic energies in ESD it was suggested that the stimulated desorption

is initiated by an electronic excitation of the surface molecular bond.[29]

Two models have been suggested to describe the stimulated desorption, namely Menzel-

Gomer-Redhead (MGR) [31, 32] and the Antoniewicz model . [33] In both of these

models electronic excitation of the adsorbate-substrate complex leads to a vertical

transition from the ground state potential energy surface (PES) to an excited state.

On returning to the ground state after a certain residence time in the excited state,

the adsorbed molecule might desorb as an ion or a neutral species.

In the MGR model Fig. 2.6 a), the excited state surface is of repulsive nature.

This is reflected by an increase in the nuclear distance between the adsorbate and the

substrate molecule as the adsorbate-substrate complex moves towards the minimum

of the excited PES. As the potential energy decreases, the kinetic energy (Ek) of the

adsorbate- substrate complex increases. If the energy gained is greater than the energy

of adsorption, the adsorbate will desorb, if not it will be recaptured again as it decays

to the ground state. In case of an ionic primary excitation and if no electron tunneling
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occurs, then the ionised molecule can desorb as a positive or negative ion. If, however,

tunneling occurs, the molecule can desorb as a neutral.

Antoniewicz model Fig. 2.6 b), which is a modification of MGR model, proposes

that the initial interaction between the adsorbed atom or molecule and the impinging

electron leads to the formation of a positively ionised excited particle. In this model

the excited state PES is of attractive nature due to attraction of the negative or pos-

itive ion to its image charge at the surface. This is reflected by the decrease in the

nuclear distance between the adsorbate and the substrate.

Figure 2.6: Schematic of a) MGR model, b) Antoniewicz model.

As the ion is accelerated towards the surface by the image force it comes very

close to the surface which enhances the probability of its neutralisation by resonant

tunneling by a substrate electron. the re-neutralised species-now being very close to

the surface-is repelled as a result of Pauli repulsion [34] and is scattered away from the

substrate and escapes as a desorbing neutral particle, this is illustrated in Fig. 2.7.

Desorption of the positive ions was explained by Antoniewicz by adopting a more com-

plex process involving a two-electron process. The initial ground state configuration

is raised to the excited ionic curve (M + A+)∗ this is followed by the movement of

the excited ion towards the surface where it is neutralized by tunneling of an elec-

tron from substrate, placing the system at a higher energy level on the ground-state

curve (M + A). This hot neutral species (high energy) is repelled by the substrate

as it comes closer to the surface (Pauli repulsion). [34] The hot neutral species might
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escape with high kinetic energy away from the surface or it might be reionised by res-

onant electron tunneling into the substrate during its escape, hence yielding positively

charged desorbing species. [35] In both models, the excess energy is distributed into

the translational, rotational, and vibrational energies of the desorbed molecule. These

models have been formulated in one dimension, but molecular desorption dynamics

happen in a multi-dimensional configuration space, in which the internal motions of

the molecule are also included.

Figure 2.7: Illustrates the proposed sequence leading to neutral particle desorption
(The moving point simply shows the changing potential of desorbing particle).

ESD experiments involve measurements including identification of the desorbing species,

desorption yield and energy dependence or threshold energies for desorption. An im-

portant extension of the ESD technique allows measurement of the angular distribu-

tion of the desorbing particles (ESDIAD, electron stimulated desorption ion angular

distribution). [4] Considerable improvement in the digital data acquisition and back-

ground subtraction and the display of the acquired ESD data has led to digital ESDIAD

imaging, which provided information on the symmetry of the adsorption site together

with the configuration of the adsorbates on the solid surface and the direction of the

adsorbate bond.
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2.1.1.2.3 Photo-Induced Desorption

Photons of light having enough energy can cause desorption of chemisorbed or ph-

ysisorbed species from solid surfaces. The close relationship between the electron-

stimulated desorption and photodesorption (PID) has been pointed out by amongst

others, Madey. [25, 26] Photons can induce molecular desorption from a solid surface

by different processes, namely surface heating, resonant vibrational, or electronic ex-

citation of the adsorbate-substrate system. Surface heating comes about by direct

absorption of the incident photon energy by the substrate causing lattice phonon ex-

citation, which raises the temperature of the solid surface. If this thermal energy

is sufficient to overcome the potential energy barrier of adsorption, the adsorbate-

substrate bond may rupture, leading to desorption of the adsorbed molecule. Another

mechanism for solid surface excitation is initiated by substrate electronic excitation

via electron hole-pair creation and the transfer of the electron or hole produced into

an unoccupied adsorbate state leading to its excitation, which subsequently decays

into the heat bath of the substrate (lattice vibrations) before desorption occurs, see

Fig. 2.8. This mechanism is usually termed as substrate mediated excitation or indi-

Figure 2.8: Substrate mediated excitation. Photochemistry is mediated by hot carriers
at the surface.

rect excitation. The thermal effects of the process are dependent on the thermal and

optical properties of the solid surface (e.g. thermal conductivity, thermal diffusion)

and the laser beam characteristics such as wavelength, fluence or intensity and pulse

width. The advantages of using photon stimulated desorption when compared to ther-

mal desorption is the fast and wide range of heating rates that can be used, allowing
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the study of desorption kinetics over a wider dynamic range. The use of short laser

pulses provides an efficient tool for desorbing short-lived intermediates that cannot be

detected by other methods.[11]

The other mechanism termed as direct excitation involves the absorption of photon

energy directly by the adsorbate, leading to vibrational or electronic excitation of the

adsorbate, see Fig. 2.9. Generally surface photochemical processes initiated by direct

photon absorption of the adsorbate exhibit a wavelength dependence that is qualita-

tively similar to absorption by the corresponding gas phase molecule. After a short

Figure 2.9: Adsorbate localized excitation or direct excitation. Photoexcitation takes
place within the adsorbate complex.

time in the excited state, it relaxes and nuclear motion follows accompanied by energy

transfer into the adsorbate-substrate bond. In case the amount of energy transferred

is large enough to overcome the potential barrier of the adsorbate-substrate bond, the

molecule will desorb.

2.2 Surface Structure of Face-Centered Cubic Sys-

tem Metals

The fcc is one of the close packed structures, appropriate for metals, with 12 nearest

neighbors to each site (i.e., a coordination number of 12). The Bravais lattice for the

fcc structure is shown in Fig. 2.10.
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It is composed of parallel planes of nearest neighbors (with six nearest neighbors

to each site in the plane). In the face-centered cubic system, an atom is located

Figure 2.10: The Bravais lattice of a face-centered cubic (FCC) structure.

at the corner of each cube and on the face of each side. Precious metals such as

platinum, gold, rhodium and palladium that are catalytically important all exhibit a

face-centered cubic crystal structure.

A brief description for the low indexed fcc(100), (110) and (111) will be given here.

1. The fcc(100) surface

One can obtain the fcc(100) surface by cutting an fcc metal parallel to the front

of the fcc cubic unit cell and this exposes a surface (dark brown atoms) with an

atomic arrangement of 4-fold rotational symmetry Fig. 2.11. The coordination

Figure 2.11: An fcc unit cell (100) face.

number of the surface layer atoms is 8. This is because each surface atom is

surrounded by four other atoms as nearest neighbours in the first layer and

another four in the layer directly below it. It is worth noting here that all

the surface atoms are equivalent and that the surface is smooth on an atomic
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scale. The surface offers different adsorption sites for the approaching molecules

namely, on-top sites above a single metal surface atom, 2-f bridging sites where

the molecule is adsorbed and bound to two metal atoms and 4-f hollow sites

where the molecule is adsorbed and bonded to four metal atoms Fig. 2.12.

Figure 2.12: The three possible adsorption sites offered by the fcc(100) metal surface.

2. The fcc(110) surface

An fcc(110) surface is obtained by cutting the fcc unit cell in a manner that

intersects the x and y axis but not the z-axis. This exposes a surface with an

atomic arrangement of 2-fold symmetry Fig. 2.13.

Figure 2.13: An fcc unit cell (110) face.

The coordination number of the topmost layer atoms in this case is 7. This can

be explained by the fact that each surface atom has two nearest neighbours in

the first layer, and another four in the underlying second layer, and one directly

below it in the third layer. The lower coordination number for the surface atoms

in Au(110) compared to Au(100) is reflected in the different chemical Reactivities

of these two surfaces. The adsorption sites offered by this surface includes, on-

top sites, 2-f bridging sites between two neighbouring atoms in a single row, and

another bridging site between two atoms in adjacent rows. Higher coordination

sites in the troughs are also available.
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3. The fcc(111) surface

The surface (111) is obtained by cutting the fcc metal in such a manner that the

surface plane intersects the x, y and z axes at the same value. This exposes a

surface with an atomic arrangement of 3-fold rotational symmetry Fig. 2.14.

Figure 2.14: An fcc unit cell (111) face.

These surfaces are described as “close-packed” because it is the most efficient

way of packing atoms within a single layer. The coordination number of the

surface layer atoms on the fcc(111) surface is 9, since each of the atoms in the

first layer has 6 neighbouring atoms and three atoms in the layer directly below

it. It offers three adsorption sites namely, on-top sites, 2-f bridging sites between

two atoms and 3-f hollow sites between three atoms.

2.3 Nitric Oxide Adsorption on Gold Surfaces

Nitric oxide (NO) is a diatomic radical with one unpaired electron, causing its no-

ticeable reactivity. [36] NO is a major air pollutant and its removal by heterogeneous

transition metal catalysts is an important industrial process.

NOx is produced in fuel combustion engines, and its reduction to nitrogen by three-

way-catalysts (TWC) is crucial in reducing air pollution, [37] hence the interaction

of nitric oxide with metal surfaces is of considerable importance. are three major

reduction reactions that take place over TWCs.[38]

2NO + 2CO N2 + 2CO2 (2.7)

2NO + 2H2 N2 + 2H2O (2.8)

NO + CxHy CO2 + H2O + N2 (not balanced) (2.9)
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The complexity of the interaction between NO and metal surfaces is due to the un-

paired electron in the antibonding 2π∗ orbital (see Fig. 2.15), and the low dissociation

energy (630 kJmol−1) compared to other gases such as CO (1076 kJmol−1).[39]

Figure 2.15: Molecular Orbital (MO) diagram of free Nitric oxide (NO) molecule.

The presence of the unpaired electron in its 2π∗ orbital means that NO can either

donate its 2π∗ electron to the surface on adsorption, or it can accept an electron from

the surface into the half-filled 2π∗ orbital.

NO as a ligand displays a variety of coordination modes in metal complexes as demon-

strated in the Fig. 2.16.

Figure 2.16: Nitric oxide display a wide variety of coordination geometries (linear,
bent, bridging).
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NO dissociates easier than nitrogen or carbon monoxide, hence the possibility of find-

ing a variety of adsorbates on metal surfaces under the different conditions of pressure

and temperature, including NO, N, O, N2O, (NO)2 and NO2. These species come

about as a result of molecular adsorbate, or dissociative adsorption and recombination

of adsorbed species.[40]

2.3.1 Electronic Structure

The dual nature of NO of being an acceptor or donor of an electron makes the electronic

structure of the molecule on metal surfaces more complicated than the more widely

studied CO. Gados et al. adopted the Blyholder model for the electronic structure

of CO bonded to metal surfaces; [41] according to this model, NO interaction with a

transition metal surface involves the donation from the NO 5σ orbital to the metal

substrate, and a back donation from the metal substrate to the NO 2π∗ orbital see

Fig. 2.17.

Figure 2.17: An energy diagram of NO on a transition metal substrate based on the
Blyholder model.[41]

Both of the NO 5σ and 2π∗ orbitals split up into bonding and antibonding orbitals

due to their interaction with the localized d-band states of the substrate.
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2.3.2 The Importance of Gold in Catalysis

Little attention has been paid for a long time on using gold in catalysis, which is

in contrast to the platinum metal group. This was mainly due to its filled d-band,

associated with low activity. [42] The reason behind this inactivity was later realised

to be due to the fact that the methods used for the preparation of supported gold

catalysts did not always produce nano-size gold particles which proved to be essential

for its catalytic activity. [43] Gold-based catalysts found applications in a variety of

reactions as can be seen from Table 2.2.

Table 2.2: Use of gold-based catalysts for a variety of reactions.

Type of reaction Reactant Temperature Support Ref
(K)

Complete oxidation CO 200-400 Be(OH)2, Mg(OH)2 [44]

HCHO 300-450 TiO2 [45]

CH3OH 300-450 TiO2 [45]

CH4,C3H8 450-650 Co3O4 [46]

Selective oxidation C3H6 + H2 +O2 300-500 TiO2,Ti-SiO2
[47]

C3H8 +O2 +H2 300-400 TiO2(anatase) [47]

C4H10 +O2 + H2 300-450 TiO2(anatase)
[47]

glycols room temp activated carbon
[48]

Selective hydrogenation CH = CH 400-500 Al2O3 [49]

CH = CH – CH = CH2 400-500 Al2O3, SiO2 [50]

crotonaldehyde 500-550 ZnO
[51]
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The number of publications in which Au has been used have witnessed an expo-

nential increase in the last two decades as demonstrated in Fig 2.18.[52–54]

Figure 2.18: Number of Publication on gold catalysis from 1900 to 2016.[55, 56]

2.3.2.1 Carbon Monoxide Oxidation

Huruta and coworkers demonstrated the high activity of gold nanoparticles deposited

on a support in the oxidation of carbon monoxide below room temperature. The activ-

ity was suggested to be due to the presence of low coordinated gold atoms on corners

and edges.[57] This discovery trigged much of research focusing on the oxidation of car-

bon monoxide on gold supported catalysts.[58, 59] Research in this field, as the major-

ity of publications indicate, deals with the preparation and characterisation of gold sup-

ported catalysts,[60] testing these catalysts in various catalytic reactions,[61, 62] role

of support and additive,[63–66] elucidation of the nature of the active site,[42, 67–70]

and reaction mechanisms.[42, 59, 71, 72] employed the deposition-precipitation method

for preparing a series of Au/ TiO2 catalysts with varying particle sizes through chang-

ing pH of the aqueous solution of the gold precursor HAuCl4.[73] Catalysts with high

dispersion of gold exhibited a significant enhancement in the catalytic activity for CO

oxidation at sub-ambient temperatures. This was attributed to the enhancement of

oxygen adsorption at the interface between the metal and the titania support. This

seems to be somehow related with the findings of Mirsuhara et al. who reported that

O2 adsorbs dissociatively on TiO2(111) , giving an O-rich surface that reacted with

CO to yield CO2. [74] It was postulated that electronic charge transfer from the gold
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nano-clusters to the O-rich TiO2(110) is responsible for the observed enhancement of

the catalytic activity in CO oxidation.

There is ample evidence that CO and O2 can be adsorbed on nano-size gold par-

ticles, hence, three different mechanisms have been proposed for the oxidation of CO

over gold supported catalysts:

1. The Langmuir-Hinshelwood mechanism in which both CO and O2 are adsorbed

onto the surface and subsequently react.[75]

2. Eley-Rideal mechanism where only one of these molecules are adsorbed onto the

surface with the other interacting with it from the gas phase.[76]

3. Mars van Krevelen: For some supported gold catalysts the lattice oxygen of the

support reacts with the adsorbed CO and this is replenished by the oxygen in

the gaseous stream.[64, 77]

2.3.2.2 Nitric Oxide Reduction over Supported Gold Catalysts

Exhaust gases such as H2, CO and incompletely burnt hydrocarbons (HCs) are capable

of reducing NO. The reactivity of NO with these reducing gases over supported gold

catalysts was the focus of a review by Ueda and Haruta with the prospects of using such

catalysts to reduce air pollution caused by these harmful gas emissions.[78] Galavango

and Parravano investigated the reduction of NO by hydrogen over gold supported

catalysts including Au/MgO, Au/Al2O3 and Au/SiO2.[79] A marked difference in the

selectivity towards the formation of N2 was observed over these catalysts. The overall

reactions taking place were:

2NO + 2H2 2H2O + N2 (2.10)

2NO + 5H2 2H2O + 2NH3 (2.11)

A light selectivity for N2 production was observed on Au/MgO and Au/Al2O3, while

on Au/SiO2, NH3 is the main reaction product. The authors attributed that major

difference in selectivity to an increased electron density on the Au site which in turn

increases the electron back donation from the gold site to the adsorbed NO, hence

weakening the N-O bond, thereby facilitating its rupture in the case of Au/MgO and

Au/Al2O3. However, an associative adsorption of NO was proposed on Au/SiO2 and
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its eventual hydrogenation to form NH3. Modification of the electronic properties of

the Au active site by the support has been suggested for the observed difference in the

selectivity of gold supported catalysts , which seems to in agreement with Extended

X-Ray Absorption Fine Structure (EXAFS) data collected on Au/MgO which indi-

cated highly dispersed gold particles and the simultaneous presence of Au+1 and Au(0)

species.[80] Gold based catalysts have proven to be more efficient for the reduction of

NO by CO compared with those based on the platinum group metals conventionally

used in the TWCs. Significant activities were observed even at room temperature

with complete conversion of NO to nitrogen at around 150◦C. Reduction of NO

by CO was studied by Iliva et al. over gold supported on CeO2 and CeO2-Al2O3.

The catalysts were found to exhibit 100% selectivity for the formation of nitrogen at

200◦C with a remarkable high and stable activity. [81] For the same catalysts, N2O

was formed and above 250◦C formation of ammonia was detected. Alumina played

a major role in preventing the sintering of both the gold and ceria nano-particles in

Au/CeO2-Al2O3. [82] Ueda et al. reported the reduction of NO with propene over

a series of highly dispersed supported gold catalysts in the presence of oxygen and

water vapour.[61] The Au/Al2O3 catalyst achieved the highest conversion to nitrogen

of nearly 70% at 427◦C. Based on the fact that NO2 reacted with propene at lower

temperature, the authors suggested that NO reduction proceeds via oxidation of NO

to NO2 followed by reaction of NO2 with propene. Catalytic activity of Au/Al2O3

was improved by mixing it mechanically with Mn2O3, known to oxidize NO to NO2.

The mixture exhibited good activity for the reduction of NO with several HCs in-

cluding methane, ethane, ethene, propane and propene, in the presence of oxygen and

water vapour in a temperature range of 250◦C– 500◦C. [83] A major problem with

supported gold catalysts in the selective catalytic reduction with hydrocarbons is that

its maximum efficiency is reached above 300◦C.[84–86] Since the most economical way

in the elimination of NOx is to reduce to nitrogen by using CO or H2 or HC in the

exhaust gas under the operating conditions of the engine, a lot of research has gone

into improving the performance of supported gold nanoparticles.[87]
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2.3.3 Nitric Oxide Interaction with Gold Surfaces

The interaction of NO with gold surfaces has been studied with the aim of gaining

more insight into the adsorption behavior and mechanism of NO reduction on gold

nano particles (GNPs) supported catalysts. A variety of experimental and theoretical

methods have been used towards this end. The studies focused on defining the type

of adsorption being associative or dissociative under different conditions of pressure

and temperature, nature of active sites and its activities, binding geometries and con-

figuration of the adsorbed NO, binding energies and the relevant intermediates in the

NO reduction. Hussein et al. employed Density Functional Theory (DFT) method

to investigate the adsorption of NO and CO adsorption on low indexed gold sur-

faces Au(100), Au(110) and Au(111) together with stepped surfaces Au(310) and on

adatoms on Au(100).[88] Both adsorption energies and vibration frequencies were cal-

culated. The results indicated clearly that the low coordinated gold atoms have high

activity towards adsorption of NO, hence supporting the general view assumption that

steps, defects and kinks are responsible for the catalytic activity of gold catalysts. The

findings of this study seem to agree with those obtained by Wang et al. who studied

the activities of cationic, anionic and neutral Au(100), Au(111) and Au(310) besides

an Au adatom on Au(111) surfaces for NO adsorption.[89] The authors observed that

the increase in the activity of gold was accompanied by a decrease in the coordination

number of gold atoms on the surface. Cationic surfaces were found to be more active

than the anionic and neutral surfaces. It was concluded that the presence of low coor-

dinated gold surface atoms together with a high concentration of positive charges on

the surface are essential requirement for the good activity.

On the Au(111) surface, each gold surface atom has 9 nearest neighbours, i.e. a coordi-

nation number of 9. This is the highest coordination number of all types of gold single

crystal surfaces.[90] No adsorption of NO on Au(111) was observed by Bartram et al.

under UHV conditions even at temperatures as low as 95 K. [91] Adsorption of NO

and its reaction on clean and oxygen precovered Au(111) surface was studied by DFT.

The clean Au(111) surface was found to be inert, and NO adsorbs very weakly on the

surface bound to an on-top surface site with tilted geometry. In contrast, the oxygen

pre-covered surface was found to be very active for NO where NO reacted with the Oad

species to form NO2. The activation energy for this reaction was dependent on the
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oxygen surface coverage. Torres et al. performed DFT calculations to investigate the

reaction between nitric oxide and atomic oxygen on Au(111) at low temperature to

form NO2.[92] The authors reported very low adsorption energies of 19 and 39 kJmol−1

at fcc and defect sites, respectively. Enhancement of adsorption on pre-adsorbed oxy-

gen atoms on gold surfaces seems not to be confined to NO adsorption. In a recent

theoretical study on the adsorption of crotonaldehyde on gold nanoclusters, it was

reported that the presence of oxygen enhanced the crotonaldehyde adsorption relative

to the bare gold clusters and that enhancement was oxygen coverage dependent.[93]

On Au(100) surface the Au surface atom has a coordination number of 8. The Au(100)

is known to reconstruct in a similar manner to the other late 5d metals such as Pt

and Ir. The more open bulk terminated unreconstructed phase form have different

adsorptive properties than the reconstructed form.[94] Rienks et al. investigated the

effect of exposing reconstructed a Au(100) single crystal to NO, CO and O2 over a

small temperature range. Phase transition to the unreconstructed (the more open,

bulk terminated) form of the Au(100) surface was observed by scanning transmission

electron microscopy (STEM) upon exposure to 5 x 10−6 mbar of NO at a temperature

of 170 K for several minutes. It was concluded that a low temperature was essential

to ensure a sufficiently high NO coverage and relatively strong chemical adsorption

to induce a phase transition from the hex surface to the more open bulk terminated

surface. TPD was performed to determine the strength of NO chemisorption on the

bulk terminated Au(100). Using the highest temperature maximum (217 K ) in the

desorption spectrum after saturation at (170 K), the NO chemisorption energy was

calculated to be ∼57 kJmol−1, indicating a rather weak interaction to affect the dis-

sociation of NO molecule on this surface. This is further hampered by the enthalpy

change associated with the dissociation step NOad → Nad + Oad (endothermic reac-

tion).

The Au(310) surface is composed of (100) terraces and (110) steps. The terraces atoms

have a coordination numbers of 8 and 9, whereas the steps have 6 coordinated atoms.

NO adsorbs on Au (310) preferably on a single Au atom adsorption site at the step

with an adsorption energy of 0.71 eV (68.4 kJmol−1), while the second energetically

favorable adsorption site is the (100) bridge site at the step with an adsorption energy

of 0.65 eV (62.6 kJmol−1). Vinod et al. using X-ray photoelectron spectroscopy (XPS)
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and TPD techniques reported that NO and N2O adsorbs on the Au(310) surface.[95]

In contrast to other Au surfaces, NO was found to decompose on Au(310) surfaces at

temperatures as low as 80 K with the formation of N2Oads and Oads on the surface.

Bukhtiyariv et al. employed XPS to investigate the decomposition of NO on flat Au(111)

and stepped Au(310) and (533) surfaces at elevated NO pressures up to 7 Pa and tem-

perature range between 300 and 500 K. NO was found not to chemisorb on Au(111),

however, dissociation of NO was observed on both Au(310) and (533) surfaces. The

authors concluded that Au step-sites are responsible for adsorption and dissociation of

NO.[96] The study revealed that while NO dissociation on Au(310) exclusively forms

Nads on the surface whose coverage decreases with increasing surface temperature, NO

dissociation on Au(533) initially forms N2Oads on the surface that is replaced by more

stable Nads at increasing NO exposure and/or surface temperature. Fajin et al. used

DFT to conclude that the presence of hydrogen was necessary for the dissociation of

NO on the stepped Au(321) surface. The authors found that the hydrogen adatoms

on the surface reacts with NO giving way to a series of alternative path ways for the

dissociation of the N-O bond with lower activation barriers. [97] This seems to be in

agreement with studies carried out on gold supported catalysts where it was found

that the reduction of NO commenced at moderate temperatures only in the presence

of hydrogen gas. A common theme amongst many of these studies is the importance

of low coordinated Au atoms acting as active sites for adsorption.[76, 98, 99]

Wu et al. investigated the low-temperature adsorption and decomposition of NO on

low-coordinated Au(997) and Au(110)-1x2 surfaces employing Thermal desorption

spectroscopy (TDS) and XPS measurements as well as DFT calculations. [100] Al-

though the lowest coordinated Au atoms on both surfaces are 7-coordinated, their

surface chemistry towards NO adsorption and decomposition was found to be differ-

ent. On both surfaces, (NO)2 dimer species and not NOads were found to be the active

surface species for the NO decomposition into O adatoms and N2O. However, differ-

ent types of (NO)2 dimers were found to form depending on the Au surface structure.

(NO)2 dimer species adsorbed on the 7-coordinated ridge Au atoms on both surfaces

decompose into O adatoms and N2O upon heating. This type of dimer dominates on

Au(997).



Chapter 3

Experimental Techniques

In probing molecular reaction mechanisms, whether in the gas-phase or reactions at

surfaces, it is rather essential to be able to monitor the progress and every step that

takes the reactants to products. This probing is rather difficult, mainly because of the

fast timescales of these elementary steps, in case of which bond breaking and forming

reaction is in the range of femtoseconds. [101] An alternative strategy is to study the

energy partitioning in the products after the reaction has taken place, this is often

done typically using nano-second lasers. In both cases, a high resolution (temporal or

spectral) is essential requirement. Many fundamental questions and issues arise when

dealing with molecular reaction dynamics such as[102]

1. How do the initial conditions of the reacting molecules impact the outcome of a

chemical reaction?

2. How is the excess of the initial imparted energy in the reacting molecules parti-

tioned among internal degrees of freedom or quantum states of the products?

3. The evolution of the system from reactants to products.

These fundamental issues pose serious challenges to the experimental studies which

aim to study the kinetics of chemical reactions by using powerful, high-resolution

lasers. However, the development has made it possible to monitor individual elemen-

tary reactions as they occur as well as to probe internal energies of the chemical species

including the electronic, vibration and rotational energies and the partitioning of the

energy imparted in the product molecule(s).[103, 104] Defining the initial conditions of

46
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molecules in terms of velocity and internal energies is important in order to compare

with that of the product(s) if any energy balance is needed to be carried forward.

Many methods and measurement techniques have been adopted to address the ques-

tions and issues in molecular reaction dynamics. Spectroscopic probes used in the

study of reaction dynamics have to meet some stringent requirements including:

1. High sensitivity: in particular where molecular beams are involved, as the den-

sities are low and product concentrations even lower.

2. Specificity: the technique must have the ability to isolate signals from chemical

species of interest.

3. Quantum state resolution of the chemical species in the reaction medium since

these carry the finger prints of the elementary steps that produced the product.

4. High time resolution in the range of nanosecond to femtoseconds as most of the

dynamic processes occur within these short times, otherwise one loses to track

the flow of the excess energy of a reaction into the specific internal degrees of

freedom.

The methods and spectroscopic techniques applied in this study will be discussed in

the following sections.
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3.1 Techniques

A combination of various experimental and theoretical techniques have been applied in

this study. A brief description of the main experimental techniques will be presented

here.

Figure 3.1: The main three techniques used in this study: 3D Surface Velocity Map
Imaging (S-VMI), Near-ambient pressure X-ray photo-electron spectroscopy
(NAP-XPS ) and the Density Functional Theory (DFT).

3.1.1 Pump-Probe Spectroscopy

Pump-probe spectroscopy is an important technique that has been widely used since

demonstrated by Porter and Norrish in the 1960. [105, 106] The principle of pump-

probe experiments is simple (shown in Fig. 3.2).

Figure 3.2: Sketch of the pump-probe principle of two lasers. One is used as the pump
beam, which excites the sample. Another beam is used to probe the change.
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The sample under investigation is excited or perturbed by interaction with the pump

which is often a short laser pulse nowadays. The probe is timed to arrive at the sample

after a known delay from the pump in order to probe the change that has occurred

as a result of the interaction of the pump laser’s action. The pump should be more

intense than the probe, because it produces the changes in molecules, whereas the

probe merely interrogates them.

Time-resolved spectroscopic systems have been able to achieve a time delay control in

the range of femtoseconds.[106]

In this study here, the pump and probe were two nanosecond lasers, the first

”pump” laser is used to initiate the reaction, i.e. desorption of the adsorbed chemical

species through bond rupturing, and the second ’probe’ laser pulse time-delayed from

the first one, is used to detect and characterise the products. The delay time is chosen

to prevent thermal equilibration of the system as this results in the loss of information

of the rotational and vibrational energy distributions of the nascent product molecule.

3.1.2 Laser Spectroscopic Detection

Out of the many laser spectroscopic, two techniques are widely used to detect products

in specific quantum states; Laser Induced Florescence (LIF) and Resonant Enhanced

Multiphoton Ionisation (REMPI). Both techniques have advantages and disadvantages

but quantum state detection can be achieved with either one.[107] Here, only REMPI

will be explained as it is the one applied in this study.

3.1.2.1 Resonance Enhanced Multi-Photon Ionization Spectroscopy

Resonance enhanced multi-photon ionisation is a spectroscopic technique that is char-

acterised by high sensitivity and selectivity. Ionisation of most atoms or molecules

cannot be achieved by the absorption of one photon only using typical table-top light

sources since that photon energy would have to be in regions of the electromagnetic

spectrum (deep UV, soft X-rays), which are difficult to obtain in standard laborato-

ries. Hence, one can choose to use more than one photon simultaneously. The term

of multi-photon ionisation (MPI) comes about simply because more than one photon

is used to ionise the species under investigation. In MPI experiments (Fig. 3.3), the

first photon excites the atom or molecule to a “virtual state”, i.e. to an imaginary
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energy level, which is not a solution of Schrodinger equation or a real energy level. A

second photon (or third) might take the system either to a virtual or a real energy

level intermediate state before one last photon will ionise the excited state. The ion-

ization efficiency of the chemical species will be much greater if the intermediate state

reached by absorption of one or more photon corresponds to a real energy level. In

this case, we will have what is termed as resonance-enhanced multi-photon ionisation

(REMPI).[107] The process is resonantly enhanced when the energy of n photons nhυ

(typically n = 1 to 4), where υ is the laser frequency, is resonant with that of an

electronically excited state. The molecule is further ionized by absorbing m photons

and the total process is often referred as an (n + m) photon ionization. This can

be achieved experimentally by the use of tunable dye lasers. Labelling the REMPI

scheme is linked to the number of photons needed to reach the resonant state and

the number of photons needed to achieve ionisation from the resonant state. Thus a

(1+1) REMPI abbreviation is used to describe a REMPI process in which one photon

is absorbed to take the molecule of interest from its ground state to an intermediate

resonant state, and the second photon to ionise the molecule from this state (Fig. 3.3).

The excess energy is distributed between the kinetic energy of the ejected electron and

the ion.

Figure 3.3: Comparison of (1+1) REMPI scheme and MPI for the electronic ground
state NO. The horizontal lines present vibrational states. Note that REMPI is a state
selective method, while the MPI is not.
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Additionally, different wavelengths can be used for each stage (two colour REMPI)

yielding schemes such as 1 + 1́, 2 + 1́ etc. By selecting specific excitation wavelengths

(laser tuning), it is possible to excite intermediate energy levels that are characteristic

for a particular molecule, hence one is able to ionise a specific quantum state of the

molecule investigated. By scanning the laser wavelength, REMPI absorption spectra

can be recorded from which the quantum state distribution can be determined.

A REMPI spectrum displays the parent ion signal as a function of laser wavelength

from which information about the rotational and vibrational distributions of the

nascent product can be obtained. REMPI spectroscopy is a widely used technique

as it can be employed to a wide range of molecules. REMPI is frequently combined

with time-of-flight mass spectrometry (TOF) or velocity-map imaging (VMI),both of

which will be discussed below.

3.1.2.2 State - resolved detection of NO via (1+1) REMPI

Spectroscopy of NO.

To understand REMPI spectroscopy of NO molecules, one needs to understand the

quantum states of nitric oxide. The electronic structure of diatomic molecules and

their energies can be found in the book by Herzberg. [108] The electronic state of

a molecule is noted by Λ(2S+1)Ω , with S the electronic spin, Λ the electronic orbital

and Ω the angular momentum quantum number, resulting in the spin-orbit coupling.

The coupling of the angular momenta is taken into consideration when an unpaired

electronic spin and non-zero orbital momentum are present. The rotational structure’s

order and spacing are determined by the interaction between the nuclear angular

momentum R and the electronic motion of angular momentum L and spin S as well as

their coupling to the inter-nuclear axis. Hund formulated 1926 a system of five cases

called Hund’s cases (a to e). [109] These cover the possible combinations of couplings

between these components. Most molecules can be well described by one of these

Hund’s cases. This work will focus on Hund’s case (a) and (b) because they work

best to describe the properties of NO in its lower electronic states. Figure 3.4 left side

shows the diagram for Hund’s case (a). In this case both the electronic orbital angular

momentum L and the total electronic spin S are strongly coupled to the inter-nuclear

axis and very weakly coupled to the nuclear angular momentum R which results in
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a precession around the molecular bond. L interacts strongly with the axial field of

the molecule and hence precesses about the molecular axis, so that its projection into

the molecular axis is constant. Similarly, S precesses with constant projection Σ, so

that the total angular momentum along the molecular axis is Ω = λ + Σ with λ

and Σ the projection of L and S into the molecular axis respectively. Ω takes on

the values Ω = λ + Σ, Λ + Σ, Λ - Σ, where Σ = S, S - 1,..., - S. λ + Σ takes adds

vectorially to the orbital angular momentum due to nuclear motion R to form the total

angular momentum J. In Hund’s case (b) Figure 3.4 right side, the electronic orbital

angular momentum L is strongly coupled to the internuclear axis but the spin S is not.

Typically, this occurs when electronic motion is zero and there is no inner-molecular

magnetic field. In consequence the spin is not coupled to the inner-nuclear axis. It is

still well defined but Σ is not and neither is Λ. Therefore J cannot be constructed from

the nuclear rotation R and Ω. Instead, the total angular momentum vector without

spin K is generated by adding R to Λ. Thus, J and S are always both integral or

half-integral depending on whether the number of electrons is even or odd.

Figure 3.4: a) In Hund’s case (a) the coupling of L and S to the internuclear axis
is very strong while the coupling between the nuclear rotation R and the electronic
motion is negligible. As a result its components along the inter-nuclear axis Λ and Σ
are constant and well defined. L and S combine with the nuclear angular momentum R
to the total angular momentum of the molecule J with it inter-nuclear axis component.
b) In Hund’s case (b) S is no longer coupled or bound to the inter-nuclear axis. This
makes Σ and Ω no longer applicable. Λ and R combine to the total angular momentum
apart from spin K.[108]

The (1+1) REMPI scheme was implemented in this work for the quantum state

resolved detection of photodesorbed NO (Fig.3.3). This was achieved as follows:

The first photon promotes NO from its ground state, X2Π, to the first excited state,
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A2Σ. [110] Nitric oxide has an unpaired electron in its 2π∗ orbital. Spin-orbit inter-

action splits the X2Π state into two spin levels X2Π1/2 and X2Π3/2 which are mixed

by the rotation of the nuclei resulting in a partial lifting of the fourfold degeneracy of

the ground state into two doubly degenerate states, F1 and F2.

The coupling of the angular momentum present in NO is described by Hund’s case

a) or b). [108]. At low J, Hund’s case (a) applies: the orbital and angular momentum

are coupled with the internuclear axis and for a regular 2π∗ state, the lower spin

state is 2Π1/2 and the upper 2Π3/2. In this case will have a value of Ω = 3/2 or 1/2

depending on the orientation of the spin and orbital angular momenta. Each spin

orbital are further split into two symmetry adapted parity states e and f, full details

can be found Ref. [111] In the high J limit, Hund’s case (b) is more appropriate in

the excited state A2Σ which also split into F1 and F2 components, corresponding to

the e and f states. The selection rules for electronic transition such as A2Σ(ν,R) ←

X2Π(ν,J ) are given by Hollas’ book as [107]

∆J = 0,±1 (3.1)

∆S = 0 (3.2)

∆Λ = 0,±1 (3.3)

The A2Σ ← X2Π transition of NO has twelve rotational branches for each vibrational

state as showes in Fig 3.5 . The individual transitions are labeled as P, Q or R

depending on whether ∆J is -1, 0 or +1. For the hund’s case (a) the spin label is

assigned regarding the Σ quantum number. F1 if Σ = 1/2 and F2 if Σ = −1/2. For

Hund’s case (b), Σ is undefined, so the spin label depends on the direction of the total

spin S in relation to the total angular momentum of the molecule without spin R. For

every two rotational states of the same R, the state with the larger J has the spin

label F1 and the one with the lower J has the spin label F2.

In this thesis work, we characterized the internal population of NO photodesorbed

from adsorbed NO from Au(100) to obtain insight into the desorption mechanism.
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Figure 3.5: Rotational branches of the allowed transitions for a generic vibrational
band of the γ band system. Adopted from Ref [111]

3.1.3 Time of Flight Mass Spectrometry

The principal of time-of-flight mass spectrometry (TOF) first published by Stephens

in 1946 involves the production of ions by ionising atoms or molecules. It is followed

by accelerating these ions through a fixed potential after which ions are allowed to

transverse along a field free path of known length, after which they are detected.[112]

The time of flight t is given by the simple eq. 3.4:

t = L

√
m

2V Q
(3.4)

Where is L the length of the drift tube in cm, V is the accelerating voltage, m is the

mass of the ion, Q is the ion charge.

Different ions travelling down the time-of-flight tube at different velocities are sepa-

rated according to their mass/charge ratio, hence reaching the detector at different

times, with lighter ones arriving earlier than heavier ones.

Ions can be created in many different ways including:
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1. Electron bombardment in which an energetic beam of electrons is allowed to

collide with gaseous molecules causing them to lose electrons, hence forming

positive ions.

2. Exposing the gaseous molecules to a high intensity laser beam, whereby the

molecules will absorb energy and may become ionised.

Analysis of ions, flight time is useful only when they leave the ion source at the same

time. This is easier to achieve when a pulsed laser is used. As a result of this, a

group or packet of ions are ejected and determined by the ionizing laser pulse dura-

tion. Hence an ionizing pulse of e.g. 5 ns will yield ion packets which are initially

at least 5 ns wide. The width of the ion packet is known as temporal distribution.

Another parameter on which the width of ion packet depends on the position at which

the ions were created or accelerated. The variation related to this position is referred

to as initial spatial distribution. This variation in the velocity of the ions within the

ion packets is called energy distribution.

A basic time-of-flight mass spectrometer design shown in Fig 3.6 and comprises of

three different regions.

Figure 3.6: Schematic showing the different sections of a TOF spectrometer.

The ion source region, a very small and short compartment where ions are created con-

sists of the sample to be analysed with a repeller and an extractor plates. A relatively

long drift region that is field-free, which is bounded by the extraction grid and another

grid positioned just before the detector. The non-magnetic TOF spectrometer have

many advantages including the speed by which a whole spectrum can be obtained (mi-

croseconds or less), the ability to record the entire mass spectrum for each accelerating
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pulse, hence one can still measure the relative intensities with high accuracy even if

the conditions of the source vary unexpectedly. [113–115] Furthermore, a mass range

of up to 500 000 Da is possible making it suitable for analysing large biomolecules.

However, a main disadvantage is the limited resolution. This is because during the

ionization process ions will be formed at different times (instant of ion formation) and

at different locations at the time of acceleration (space) with different kinetic ener-

gies (velocities) as was explained before. These three parameters collectively limit

the resolution in a TOF instrument. TOF was used here for measuring the velocity

distribution of the flying NO molecules from the surface upon desorption followed by

ionization in z direction as shown in Fig. 3.7

Figure 3.7: Diagram showing two different sections of a TOF spectrometer. First, TOF
measurement which were used for the Velocity distribution measurements. Second, a
TOF-MS which directed the flying NO to be detected.

3.1.4 Molecular Beam

A molecular Beam is a beam of atoms or molecules that are formed when a gas at a

higher pressure is allowed to expand through a small orifice into a chamber at a lower

pressure. These particles are then travelling at roughly the same velocities (speed and

direction) but with very few collisions.

Molecular beams can steer in into the surface, at a certain angle relative to the surface.

A Molecular Beam is characterised by parameters including beam intensity, beam ki-

netic energy, velocity distribution and spread.

The molecules in the beam can be excited using laser beams affecting their internal

quantum state distribution. If these measurements for the molecules in the incident
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beam can be carried out before impinging on the surface together with similar char-

acteristics for the scattered beam, detailed information on the energy transfer during

the chemical surface reaction can be obtained, leading to a better understanding of

the dynamics of surface reactions on an atomic scale.

Two main beam sources are known, namely effusion sources and supersonic sources,

each with different properties. In both cases, gas is allowed to expand from a high

pressure cell into vacuum through a small orifice or hole, see Fig. 3.8.

Figure 3.8: Diagrams showing effusive and supersonic molecular beams, and typical
velocity distributions for ammonia beam prepared in effusion and supersonic beam
cells.

In an effusion source, the diameter of the hole (d) is less than the mean free path

(λ) of the gas. The mean free path is defined as the average distance travelled by a

molecule between two successive collisions. Under these conditions, a molecule suffers

no significant collisions as it leaves the cell. A collimated beam can be formed by

pumping the gas through one or more orifices connected in series. The generated

effusive beam have a Maxwell-Boltzmann molecular velocity distribution characteristic

of the temperature of the effusion cell and a cosine angular distribution, where θ is the

angle between the molecular velocity vector and the axis normal to the effusion cell

wall with the orifice. The limitation imposed on the pressure in the effusion cell to

satisfy the effusion condition (λ > d) results in low beam intensity typically 1013-1015

particles cm−2 s−1.

In a supersonic beam source, the diameter of the hole is bigger than the mean free

path in the gas. In such sources, many collisions take place as the molecules exit the

hole as well as in the region immediately beyond it. This source has a very narrow

speed distribution, see Fig. 3.8 and narrower angular distribution about the beam
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axis when compared to that of the effusion source. With proper collimation of such a

beam, intensities of 1018-1019 particles cm−2 s−1 have been achieved.

Supersonic molecular beams are very cold and velocity distributions corresponding to

rotational temperatures as low as 4 K have been reported. Under these conditions,

beam molecules have little internal energy with only very low rotational quantum

states being occupied. Although supersonic beams offer many advantages over effusive

sources, the main disadvantage is that these require very high pumping speeds in order

to handle the large gas flows associated with it. This can be countered by using pulsed

beams.

3.1.5 An Introduction to Velocity Map Imaging (VMI)

The first inspiration towards velocity map imaging was Photolysis mapping (PM) in-

vented in 1967. This ion imaging technique was pioneered by Solomon, who described

a method that has the ability to determine the orientation of the transition moment of

photo-dissociated species in gas phase reactions. [116] A full 3-D angular distribution

of the photo-fragments was recorded during the etching of the inside of a coated glass

sphere using a laser.[117] The significance of photolysis mapping (PM) as introduced

by Solomon was not really realised until twenty years later.

Photofragment imaging (PFI)

Photofragment imaging (PFI) was presented in 1987 by Chandler and Houston, who

introduced a combination of a position sensitive detector with a Charged-Coupled De-

vice (CCD) for the detection of photo-fragmented species.[118] The authors were able

for the first time to demonstrate the ability to obtain a two dimensional image from a

three dimensional spatial distribution for the produced CH3 photofragment originat-

ing from photo-dissociation of CH3I, using the combination mentioned earlier in their

system i.e. REMPI and TOF. The technique has many advantages over ion imaging

reported by Solomon, including mass specificity, higher sensitivity and spatial resolu-

tion. In their experiment, Chandler and Houston used a Nd:YAG laser beam (266 nm

pump beam) to intersect a molecular beam of CH3I seeded in He at right angle to

photolyse CH3I. The produced methyl fragment was then state selectively ionised us-

ing a tunable dye laser 10 ns after its production using a (2+1) REMPI scheme.The

state-selected methyl ions were created between a repeller and an extractor region of
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the electrodes. Crossing a molecular beam with a laser beam resulted in the evolu-

tion of an expanding cloud of fragments in three dimensions (spherical distribution of

velocities), known as a Newton Sphere (NS), the radius of which is directly pro-

portional to the fragment’s speed. The Newton sphere of the newly formed ionised

fragment expanded and was allowed to fly in a field-free tube in a TOF-MS [114] to-

wards a detector consisting of 2D micro channel plate (MCP), phosphor screen and a

charged couple device (CCD) camera. When the incident ions hit the MCPs, pulses

of electrons are formed which in turn hit the phosphor screen converting each hit into

a flash of light which can be imaged by a CCD camera placed behind the screen for

processing and analysis in a PC. The produced image is 2D projection of the complete

3D velocity distribution of the nascent reaction products. As a result of crushing the

Newton spheres onto the 2D detector plane, circular images are formed. The image of

the methyl fragment from CH3I dissociation is shown in Fig. 3.9.

Figure 3.9: Image produced by projecting onto two dimensions the three-dimensional
spatial distribution of CH3 fragments produced from photolysis of CH3I with 266 nm
laser light.[118]
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Velocity Map Imaging (VMI)

Velocity Map Imaging (VMI) was a further development in 1997 by Eppink and

Parker [119] who carried out modifications and improvements of the PFI technique

by the use of an electrostatic system. This modified technique has been coined as

velocity map imaging (VMI) ever since and has been regarded as an excellent and

indispensable technique for reaction dynamics, see Fig. 3.10.

Figure 3.10: a) Schematic pump-probe VMI setup. It shows the electrode system with
repeller (R), extrator (E) and ground (G) to accelerate the photo-products towards
the detector which consists of a microchannel plate (MCP), a phosphor screen and a
charged-coupled device CCD to image the phosphor and to send a digitised picture
to the PC. Two laser pulses with a variable delay are overlapped in the molecular
beam between the repeller end extractor electrodes. The time-of-flight (TOF) gives
enough time to separate the fragments in mass and to stretch the Newton spheres in
the yz-plane

.
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The modification introduced by Eppink and Parker included the removal of the

grids from the electrodes, hence removing the grid distortions in the image formed.

More importantly, the new design provided an opportunity for exploiting the electro-

static lenses system in such a way that ions produced with the same initial velocity are

mapped onto the same point on the detector, regardless of their initial spatial position,

hence the name “velocity mapping”, see Fig. 3.11.

Figure 3.11: SIMION simulation of the electric fields in Eppink and Parkers VMI
design. The repeller (R), extractor (E) and ground (R) electrodes are shown. Some
of the representative inhomogeneous electric field contours are shown as red lines.
A beam of molecules enters the ionisation region through a small aperture in the
repeller plate. Ions are generated by REMPI using a laser. The subsequent trajectories
of the ions are shown as black lines, showing that the ions with the same velocity are
being focused onto the same spot on the detector.

An electric field is maintained within the electrostatic lens region. The established

electric field has three functions to perform simultaneously:

1. Acceleration of the produced ions along the TOF flight tube to the detector.

The TOF tube is potential free and the ions drift freely in this field-free region

after being accelerated.

2. Mapping all the ions having the same velocity component onto the same point

on the detector.

3. Compression or crushing of Newton sphere for a given ion mass into the detector

resulting in the formation of a 2D circular image.
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It must be noticed that the electric field applied will accelerate all ions to the same

kinetic energy given by:

EKin =
1

2
mv2 (3.5)

where m is the mass of the ion and v is the velocity of the ion, since the force on these

ions is the same for all the ions, and hence the kinetic energy is the same.

F = qE (3.6)

where F is the force experienced by the charge at the point, and the field is E. Ac-

cordingly, ions of different masses will be flying to the detector with different velocities

and hence separate in time when reaching the detector. Although VMI is analogous to

time-of-flight mass spectrometry, the difference between these two techniques is that

with the appropriate choice of the electric fields in the ion source compartment, ions

with the same mass and initial velocity can be directed to the same position on the

detector where their positions can be used to extract their velocities. In VMI exper-

iments, the ions investigated can be mass selected. This will allow the ion of interest

to reach the detector while at the same time rejecting others.

3.1.6 X-ray Photoelectron Spectroscopy

3.1.6.1 Principles of X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive spectroscopic technique

that has been widely used for investigating the chemical composition of surfaces of

materials (and the nature of the chemical bonds that exist between the atoms on

the surface).The wide use of XPS for probing surfaces of various materials lie it its

operational simplicity. XPS is based on the photoelectric effect originally observed

by Hertz, [120] and later explained by Einstein in 1905 using the quantum nature of

light.[121] Einstein realised that when light is incident on a sample, a photon may be

absorbed and causing an electron to be ejected from the material. The ejected electron

is called photoelectron. It took scientists more than fifty years after Einsteins discovery

to develop an analytical spectroscopic technique using the photoelectric effect. In the

XPS process, a primary beam of soft X-rays, usually Mg Kα or Al Kα with photon

energy of 1253.6 eV and 1486.6 eV, respectively, is allowed to interact with the spec-

imen leading to excitation and subsequent ejection of low-energy electrons resulting
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from the photo-inonization of the atoms molecules or ions of the specimen. Fig. 3.12

depicts the XPS photoelectric emission process, where an electron is ejected from a 2p

orbital.

Figure 3.12: XPS Photoelectron emission process.

where: hυ is the energy of the incident photon beam, Ef is the Fermi level Φ is the

work function of the sample, defined as the energy difference between the Fermi level

and the vacuum or free energy level (Ev).

Taking advantage of the law of conservation of energy, one can relate the kinetic energy

of the photoelectron to its binding energy in the solid by the following equation:

Ek = hυ − Eb − ϕsample (3.7)

where: Ek and Eb, are the kinetic energy and binding energy of the ejected photo-

electron relative to the Fermi level, ϕsample is the work function, which is the energy

barrier required to remove the photoelectron from the Fermi level of the material to

the vacuum level, as shown in Fig 3.12. Eb has a specific value for each element and

core level from which the electron has been ejected. The binding energy depends on

the atomic number of the element Z, and is related to the ionisation energy.
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Fig. 3.13 shows the variation of the core level binding energies of the photoelectrons

as a function of the atomic number of the element and the core level from which it

is ejected. Each element produces a characteristic set of XPS peaks at characteristic

binding energies values that directly identify each element that exists on the surface

of the specimen being analysed.

Figure 3.13: Core level binding energies of the ejected photoelectrons as a function of
the atomic number of the element and the orbital from which it is ejected.[122]

An XPS spectrum is a plot of the intensities of the ejected photoelectrons against

their kinetic energies or binding energies. Different orbitals give different photoelectron

peaks in the spectrum. Fig 3.14 demonstrates a wide scan XPS spectrum for gold.

Figure 3.14: XPS wide scan spectrum for gold metal.
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The extra emission peaks NNN and NNV in Fig 3.14 are Auger peaks. The core

hole created by the XPS photoemission process leaves the atom in an excited state.

An electron falls from a higher energy level to fill the core hole created and the energy

released in the process can eject a further electron from the atom, this is called Auger

electron and the process is called Auger emission. The process is depicted in Fig. 3.15

beside the photoelectron emission process in contrast to the photoelectron emission

process the kinetic energy of Auger electrons is independent of the incident photon

energy.

Figure 3.15: Auger emission process.[123]

Binding energies (BEs) of core electrons of an element are determined by the elec-

trostatic interaction between the electron and the nucleus. These BEs of a particular

orbital of a particular element depend on the chemical environment of the atoms of

that element. Core level binding energy shifts are due to a change in the chemical

bonding of the atoms of the element under investigation. Withdrawal of valence elec-

tron charge increases the binding energy of that element, while addition of valence

electron charge decreases its binding energy.
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Fig 3.16 is an illustration of how the binding energy of C 1s changes depending on

its chemical environment, while Fig 3.17 shows how the binding energy of the Mo(0)

changes as its changes to Mo4+ and Mo6+. The higher the oxidation state of the metal,

the higher is the Binding energy (BE) shift compared to the pure metal Mo(0).

Figure 3.16: Binding energies of core levels of C 1s and N 1s in different chemical
environments.[122]

Figure 3.17: The XPS spectra of 3d core level spectra of metallic Mo, MoO2 and
MoO3.[122]
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3.1.6.2 Instrumentation

An XPS instrument system is comprises mainly of an X-ray source, a sample vacuum

chamber, an electron energy analyzer and electron detector (channel electron multiplier

or channel plate), see Fig. 3.18. XPS requires a monochromatic source of soft X-ray

usually from an anode or from a synchrotron, and in both modern instruments cases

a X-ray monochromator is used. This is essential to improve the resolution of the

photoelectron peaks in the XPS spectrum.

Figure 3.18: Basic components of XPS system (above) and X-ray photoelectron spec-
trometer (below).

XPS is typically used in ultrahigh vacuum. This is required for maintaining sample

surface integrity, maximizing the mean free path of the ejected photoelectrons and

minimizing the scattering of photoelectrons in gases. However, XPS systems have

been built witch operate in the mbar pressure range, as described below.

3.1.6.3 Near-Ambient Pressure X-ray Photoelectron Spectroscopy

The Near-Ambient Pressure XPS (NAP-XPS) method is designed to partially over-

come the so-called pressure gap in surface science. The pressure gap refers to the fact
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that whereas many technological processes, including heterogeneous catalysis, take

place in pressure ranges 1-200 bars, most the surface science experiments are per-

formed in ultrahigh vacuum (UHV) conditions. In NAP-XPS systems, the sample

is exposed to pressures in the order of millibars, while it is placed very close to a

massively pumped nozzle (with an entrance aperture of a few hundred microns in

diameter) which brings photoelectrons quickly to UHV environment, where they are

separated and detected by a differentially pumped electrostatic lens system attached

to a standard hemispherical electron energy analyser, as shown in Fig. 3.19

Figure 3.19: Principle layouts of differential pumping schemes (P0-P4) for ambient
pressure XPS. Schemes (b–e) use a variation of a differentially-pumped lens system
generations, while scheme (a) the most basic differential pumping system inserts two
or more differential pumping stages between the sample location and the entrance to
a standard electron energy analyzer input lens. [124]
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In NAP-XPS spectra, it is possible to observe new peaks emerging from the gas-

phase. Moreover, it allows observing the catalysts in vivo conditions (during the

chemical reactions) by XPS, which is by its nature chemically sensitive. So, unlike

ordinary XPS, NAP-XPS allows study the dynamics of catalytic reactions. Here we

have used the NAP-XPS to study the adsorption of NO/Au(100) at near ambient

pressure and to combined the results with the S-VMI results.



Chapter 4

Surface-Velocity Map Imaging

Methodology

The purpose of this chapter is to provide full details of the surface VMI concept as

a new approach for studying surface reaction dynamics. The VMI set-up is one of

the handful of surface VMI spectroscopy world wide. Information on the experiments

apparatus used in this study and also an understanding of how the experiments were

preformed and analysed provided in this chapter.

4.1 Surface-Velocity Map Imaging Background

Since its introduction in 1997,[119] most of the velocity map imaging applications were

focused on studying gas-phase reaction dynamics (see chapter 2). In a typical VMI

experiment, one can extract the 3-D velocity and angular distribution from the two

dimensions (2D) parallel to the detector. Although the region in space in which the

fragments can be detected under VMI conditions is rather small (< 3 mm), it is still

large enough to reliably detect gaseous photodissociation. [Exploitation of this tech-

nique in surface studies requires special modifications of the setup and taking certain

precautions into consideration, as will be explained later on]. The first application was

pioneered by Wodtke and co-workers (2009). [8] The authors applied the VMI tech-

nique to surface desorption processes by combining VMI with TOF measurements. In

the laser induced desorption of neutral Br atoms from a KBr single crystal, the surface

of the crystal was oriented parallel to the ion optics and the detector, and the surface

70
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normal to the crystal was aligned along the TOF tube. TOF information and hence

velocity distributions along the surface normal was obtained by varying the delay time

between the desorption and the ionisation lasers, while VMI was used to derive the

velocity distributions in the two dimensions parallel to the KBr surface. The surface

was placed outside the electrodes, i.e. behind the repeller plate. In 2017, the Wodtke

group used the S-VMI combined with fs-MPI to study water scattering from Pt(100)

and surface desorption kinetics. The work was carried out to demonstrate the capa-

bilities of their new ion imaging instrument.[125]

White and co-workers employed the surface-VMI technique to shed light onto the pho-

todesorption of O2 and photofragmentation of butanone adsorbed on TiO2(110).[9, 126]

Nesbitt and co-workers also employed surface-VMI which combines REMPI to study

the molecular beam scattering of HCl from Au(100) single crystal and to yield the

quantum state and 2D velocity distribution. The surface was mounted onto one of

the electrodes and the scattering plane was perpendicular to the detector. [127] Most

recently, they have combined REMPI with (DC) slicing VMI to obtain 3D velocity

information for HCl scattered from self-assembled monolayers and achieved velocity

resolution along the surface normal of around 11%. Only grazing angles of incidence

are possible in this arrangement, as gas molecules have to pass between the electrodes

to strike the surface. [128] In all of the above experiments, the surface normal was

aligned along the TOF axis of the VMI spectrometer.

In contrast, Harding et al. have recently demonstrated measurements of speed and an-

gular distributions of N2 scattered from a Au(111) single crystal whose surface normal

lies in a plane parallel to the ion optics and detection plates. Velocity distributions in

this case were measured under spatial imaging conditions by varying the delay between

the ionization laser pulse and extraction pulse to follow the movement of the scattered

molecules away from the surface but parallel to the imaging detector.[129]

A new application of velocity-map imaging (VMI) was demonstrated, whereby the

momentum distribution of photoelectrons ejected from a tungsten nanoscale metal tip

by Bryan group.[130] They have adapted the multi-electrode design of Suzuki and co-

workers, which makes use of a larger stack of multiple focusing electrodes to achieve

higher resolution, hence eight electrodes were used. Hong Ye and co-workers have

presented the VMI in electron emission surfaces studies as well; velocity-map-imaging
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spectrometer was used to characterize the normalized emittance (root mean- square,

rms) of photoemitted electron bunches with energy resolution of 0.2 meV. This appli-

cation opens up opportunities for studying correlated electron emission from surfaces

and vacuum nanoelectronic devices. [131] Three ion optics VMI was used, with the

sample mounted on the top of the sample holder which is in contact with the repeller

plate.

In summary, so far S-VMI has been used in three different applications namely the

desorption, scattering and electron emission.

4.1.1 Area and Conditions

As has been mentioned earlier, the aim in this study is to obtain the 3D velocity dis-

tribution of NO molecules adsorbed from Au(100) in a single experiment. All three

velocity components must be measured individually as illustrated in the Fig. 4.1.

Figure 4.1: Molecules desorbed from the surface and fly in all directions above the
surface (in red) and possess three distinct velocity components, all of which must be
determined separately, in order to obtain the full three-dimensional velocity distribu-
tion.

The VMI image will record the velocity component in two dimensions parallel to the

surface (along X and Y direction). The third velocity component along the surface

normal (Z-axis) cannot be obtained from a single VMI image. In this study, the veloc-

ity component in the Z direction was obtained by using time-of-flight measurements.

The time taken for the fragments to fly from the surface to the focus of the ionisation

laser is measured by recording the intensity of the signal produced by the fragments at
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different time delays between desorption and ionisation laser. By combining the VMI

images two velocity components vx and vy, with the TOF velocity component vz, the

3D velocity distribution can be obtained.

For surface desorption processes which are studied here, where the direction of travel

of the desorbed particles can be described by a spherical coordinate system. Here, the

polar angle (θ) is the angle at which the fragments travel relative to the surface normal

(Z axis), and the azimuthal angle (ϕ) is the angle at which they travel relative to the

vertical (Y) axis. particular attention has to be paid to the optical detection geometry.

This is due to the fact that the laser pulse causes desorption of NO molecules which

can potentially fly in all directions in the hemisphere above the surface. Since we are

interested in the 3D velocity distribution, we have to ensure the capture of all NO

molecules desorbing under all possible angles and that the fragments travelling at a

particular angle are not preferentially detected over others .

Two options are available for the surface studies here, see Fig. 4.2. If the fragments are

produced at one small spot on the surface and detected within a small volume above

the surface (which is not ideal for the surfaces studied studies), then some fragments

may be missed, and hence the angular distribution measured is determined by this

optical geometry, and may not reflect the dynamics of the process.

Figure 4.2: 2-D diagram of a dot-sheet and a sheet-sot geometry, the green arrows
indicate the desorbed particles.

Wodtke and co-workers overcame this problem by desorbing fragments from a rel-

atively large spot on the surface, and ionising the neutral fragments within a small

volume above the surface about 1.5 mm (referred to as sheet-dot), such that fragments
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from a relatively large polar angle of 60◦ symmetric around the surface normal could

be recorded, Fig. 4.2. [8] The more intuitive ’dot-sheet’ laser geometry configuration

was employed in this work here to record fully resolved three-dimensional velocity dis-

tributions over almost the full solid angle (2π sr), Fig. 4.2.[132]

A small non-focused desorption laser spot illuminated the surface (< 1 mm). A cylin-

drical lens with a focal length of 28 cm, yielding a Rayleigh length of 20 mm for

1+1 REMPI, hence effectively creating an ∼ 20 x 8 mm2 “curtain” above the surface

through which the NO molecules have to fly. The solid angle of the cone that is reliably

covered by a REMPI laser sheet is given by :

2 x tan−1(
d

2
x z) (4.1)

Where: d is the diameter of the laser sheet and z is the surface-laser distance. The

probe laser was focused parallel to the surface with a distance varying in all surface

studied between 1.5 and 4 mm.[8] A typical surface-to-laser distance of 3 mm, allowing

the detection of all those NO molecules leaving the surface with a solid angle of 6.5 sr

(53◦ symmetrically around the surface normal).

The dot sheet laser geometry is not realistic with the typical VMI. As mentioned

previously, the elegance of the VMI technique is that all fragments with same velocity

will be mapped to the same position on the detector regardless to their creations,

and this is only true with small area of ∼3 x 3 mm2. The dot-sheet laser geometry

will create a large ionisation area. Simulations were carried out previously, [133] and

found that the ∼10 x 10 mm2 area of VMI (where the ionisation will occur ) is

required for the planned surface desorption studies here which is commensurate with

the desired dimensions of the probe laser sheet. [134] A design consisting of twelve

electrodes, resulting in a shallow electric field gradient and weak extraction conditions

of 50 V cm−1, was applied to produce a VMI area of ∼ 12 x 12 mm2. Hence that

all NO molecules crossing the laser sheet are ionised and accelerated under true VMI

conditions.[134]
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4.2 Experimental Apparatus

The S-VMI apparatus used in this study have been originally designed to carry VMI

gas-phase experiments. In this study, it was adapted for VMI surface studies. The

system comprises of many parts, namely the VMI vacuum system, the molecular beam,

the surface mount, the electrodes, the detection system and the controls. Each of

these parts will be described here briefly; more details can be found elsewhere. [134]

The surface mount part however, will be described in detail.

4.2.1 Vacuum System

Fig. 4.3 depicts the vacuum system used in the study, which is ∼1.5 m in length.

Figure 4.3: The stainless steel vacuum chamber a) molecular beam chamber containing
the skimmer and the valve, b) the main chamber containing the ion optics and the
manipulator to introduce the surface to the chamber. The desorption laser intersects
the surface at 45◦ and the REMPI Laser is parallel to the surface between the first
two plates. Adopted from[134]

The system consists of two chambers:

Molecular beam chamber : containing the valve for introducing the target molecule and

the seeding gas together into the main chamber through a skimmer.

Reaction chamber : containing the VMI ion optics (twelve electrodes stacked together),

with TOF tube ( 0.45 m in length measured from the point of laser interaction (i.e. the

ionization region) to the MCP detector. The gold single crystal is mounted directly
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behind the repeller plate which is the first plate of the stack by using a manipulator

that is introduced vertically into the chamber. The molecular beam and the reaction

chamber are separated by a ∼1 cm thick plate with ∼2 cm hole in its center, onto

which the molecular beam skimmer is mounted.

The experiment were typically performed under UHV conditions in order to en-

sure that the surface studied is kept clean during the time of the experiment, hence

preventing the interference of contaminants. Very low pressure is also an essential

requirement since it increases the mean free path of the molecules, hence lengthening

the time between successive collisions, allowing detection of the nascent product frag-

ment before it collides with other molecules. Secondary collisions are likely to change

the nascent product fragment energy and directions of travel apart from shifting the

population torwards thermal equilibrium. The mean free path can be calculated by

using

λ =
RT√
2σp

(4.2)

where: R is Gas law constant, T is Temperature (K), p is Pressure (Torr), σ is the

collisional section (m2). UHV was achieved by using a combination of turbo pumps

(the molecular beam chamber is evacuated by a refurbished Edwards STP-1000 C

turbomolecular pump, and the main chamber is evacuated with an Edwards STP-

1003 turbo pump) backed up by an Edwards E2M28 rotary pump. A pressure of 10−9

torr was routinely achieved. The system can be baked up to 200◦C in order to reduce

the background pressure to allow a pressure in the region of 10−10torr. Isolation gate

valves are used to isolate the MCP detector from the TOF if needed. Gate valves enable

the rotary pumps to be isolated from the turbo molecular pumps during evacuation.

To monitor the pressure, four pressure gauges are mounted on the apparatus.

The molecular beam chamber and reaction chamber are each monitored by a SRS-

NW-F-UHV and an Edwards AIM-X-DN40CF ion gauge respectively ( used for mea-

suring ultra high vacuum). The forelines of the turbomolecular pumps are monitored

by SRS-PG105 Pirani gauges.

4.2.2 Molecular Beam

Reaction dynamic studies require target molecules that are spread over as few quantum

states as possible. This can be achieved by use of a molecular beam, since supersonic
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expansion results in the production of a molecular beam with extremely low internal

temperature. Under standard conditions, many rotational states are populated and

a broad velocity distribution of molecules is observed, usually Maxwell-Boltzmann

distribution. Supersonic expansions lead to narrower and well- defined kinetic energy

and well defined internal energies of target molecules within the molecular beam,

which is useful for crossed-beam and beam-surface interaction experiments. Supersonic

molecular beams offer target molecules that are translationally and rotationally cold.

In this study, a gas sample composed of 2-5% of the target NO molecule seeded in

helium as a carrier gas is used in the gas phase experiments, which are used here as a

calibration guide for surface experiments. The mixture was held behind the molecular

beam valve (a General Valve with 500 µm diameter orifice) at a stagnation pressure of

2.5 bar. The valve is pulsed using an Iota One pulse driver from Parker. The molecular

beam was extracted from the supersonic expansion using a Beam Dynamics skimmer

(Model 2, 1.2 mm orifice) placed ∼15 mm from the valve’s orifice. The opening time

of the molecular beam is controlled relative to the laser energy and the NO partial

pressure. It was varied between 500-800 µs in these experiments. A manual leak value

attached to the main chamber was used to introduce the adsorbate NO to the chamber

for background surface coverage.

4.2.3 The Electrodes

A standard set of VMI ion optics consists of three electrodes, namely repeller, extrac-

tor and ground plate. However, the VMI set up used in this study is composed of

12 electrodes. The use of such a design has the benefit of increasing the

volume in which the VMI condition prevails, i.e. all the fragments with

the same velocities arriving at the detector at the same time . It has further

advantages:

• Much tighter focussing of the NS in the x and y directions.

• Good conditions for dc slicing.

• Improving temporal resolution.

Each of the electrodes used was 10 cm in diameter; 1 mm thick with a hole at the

centre through which the molecular beam path and TOF axis is directed. The hole
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in the repeller was increased to ∼12 mm to allow a gold crystal to be introduced

to the stack assembly and be flush with the repeller plate and maintain electrical

contact. Because of the physical contact between the liquid nitrogen-cooled crystal

and the room-temperature repeller plate, the crystal heated up too quickly; hence it

was set-back by 0.5 mm away from the repeller plate. Both the crystal and repeller

are connected to separate power supplies held at the same voltage (1000 V) such that

the electric field experienced by the fragments in vacuum at the point is homogenous,

as proven by gas-phase calibration experiments and simulation. The electrodes are

separated from each other by 9.5 mm thick ceramic spacers. A diagram showing the

mounting of the twelve electrodes assembly is shown in the Fig. 4.4.

Figure 4.4: The electrodes are mounted over four insulated rods onto a metal cylinder
and separated by insulating spacers. The repeller region spreads over the first four
electrodes, the extraction region spreads over electrodes seven to twelve and the tran-
sition region spreads from electrode fourth to seven.

In a standard set of VMI optics, there are two field regions: the region between

the repeller and the extractor plates (acceleration field), and the region between the

extractor and the ground plates (extraction field). The gradient of the field between

these two regions plays a pivotal role in achieving VMI focussing conditions. However,

when many electrodes are used, the situation is more complicated, and three field

regions can be envisaged here namely acceleration, transition and extraction. The

transition field is located between the other two regions. In the VMI set-up used

here, the repeller region spreads over the first four electrodes, while the extraction

region spreads over electrodes seven to twelve. The transition region on the other

hand spreads from electrode 4 to 7, see Fig. 4.4. The voltages of the electrodes can be

varied (except for electrode 12 which is always kept at 0 V) by a resistor chain and are

optimised depending on the gradient ratio required. The optimum extraction:repeller
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gradient ratio is usually around 2.4, but for this experiment was was 2.1.

Table 4.1 shows the voltages applied on these plates.

Table 4.1: The voltages applied on the ion optics.

Plate 1 2 3 4 5 6 7 8 9 10 11 12
Voltage 982 945 890 835 751 671 576 483 371 257 129 0

4.2.4 Manipulator

The manipulator (MCD Vacuum products corporation, Hayward, CA 94545 USA,

4 1/2 flange, throw 1 m ) is designed in such a manner to allow moving, cooling and

heating of the surface in a sealed main chamber maintained under ultra high vacuum.

A schematic illustrating the manipulator mounted on top of a translation stage on top

of the reaction chamber is depicted in Fig. 4.5.

Figure 4.5: Schematic showing manipulator allowing movement of surface within the
reaction chamber. The red indicates the movement of the crystal in all directions.

The design allows the sample to be moved upward and downward, left and right

as well as backward and forward with respect to the direction of the TOF. Rotation

of the sample about the vertical axis of the manipulator is also possible. The crystal
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manipulator was placed vertically along the chambers central axis. The manipulator

consisted of a UHV x-y-z stage. The sample could be moved by + 25 mm of translation

in the x and y directions, 600 mm in the z direction and by 360◦ around the z axis.

4.2.5 Surface Mount

A schematic illustrating the mounting of the gold single crystal is shown in Fig. 4.6.

Figure 4.6: Schematic of surface mount incorporating resistive heating, cooling and
monitoring of the surface temperature.

This mount allows resistive heating and cooling of the surface. Two copper arms

hold the crystal by the use of tungsten wires that are electrically conductive and able to

retain their mechanical strength at high temperatures. The wires are shaped as U loops

that fit into slots on both sides of the single crystal, kept it in place during heating and

cooling. Tungsten wires were heated by passing a current (∼18 A) through the copper

arms and that in turn heated the gold crystal. The copper arms were connected to the

manipulator tube via sapphire disks which are thermally conductive but electrically

insulating. This was necessary to prevent any electricity to flow from the copper arms

to the manipulator tube when applying current to the copper arms via the copper wires
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during the heating process. Cooling of the gold crystal is achieved by feeding liquid

nitrogen into the hollow metal tube of the surface mount system. The temperature of

the surface is monitored during the experiment using a thermocouple embedded in the

gold crystal. The manipulator also holds a 12 mm diameter stainless-steel disc with

a central 2 mm hole; this disc can be placed in position instead of the gold crystal

and allows to run gas-phase calibration experiments using the molecular beam under

otherwise identical conditions without having to break the vacuum.

4.2.5.1 Surface Preparation and Gas Handling and Exposure

The purity of NO gas used in this study was 99.9%. The Au(100) (10 mm diameter,

1.5 mm thick, from Surface Preparation Laboratory) was cleaned from impurities prior

to adsorption of NO. This was achieved by heating it resistively to a temperature of

∼700 K by applying a current of 18 A through 0.5 mm tungsten wires, see Fig. 4.7.

This was followed by cooling it with liquid nitrogen to a temperature of ∼178 K, after

which NO was allowed to adsorb onto the surface, see Fig. 4.6

Figure 4.7: Chart showing the gradual increase in the temperature with the current
while cleaning the surface by applying 18 A through the copper arms attached to the
surface.

Desorption was carried out after adsorption by nearly an hour to ensure that all

background NO has been pumped out of the system. The crystal surface was dosed
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with NO molecules by one of the following methods. The first method was using

molecular beam opening for 4 minutes. Higher coverage can be achieved by using

this method. The second method was by backfilling the chamber to a static pressure

using a manual leak valve or through a connection on the rotary pumps using the gas

manifold which is filled from standard compressed gas cylinders.

4.2.6 Laser System

A pump-probe set-up (mentioned in chapter 2) was employed in this study. Photo-

desorption of the target molecules NO was carried out using a pump laser, and the

desorbed molecules were subsequently ionised using the probe laser, which enabled

the detection of products in specific quantum states. Desorption of NO from the

surface was caused by laser irradiation at 355 nm and 266 nm using the output of a

Quanta Ray- YAG laser. The laser beam is characterized by a maximum pulse energy

of 1.5- 2 mJ and and a pulse length∼9 ns. After desorption∼ 226 nm probe laser with

pulse energy of 150 µJ was used to ionise the photo-NO using a (1+1) REMPI Scheme.

This laser system allows for the possible use where the distance between dissociation

(desorption in our case) and ionisation are known.

4.2.6.1 The Pump Laser (Quanta Ray laser (DCR-11))

The laser active medium of a Nd:YAG are Nd3+ ions which is optically pumped by a

flash lamp. The time delay between Q switch and the flash lamb was controlled and it

was 250 µs. The laser was either frequency tripled (3.5 eV) or quadrupled (4.7 eV) with

a pulse duration of 7 ns at a repetition rate of 20 Hz and a pulse energy of ∼1.2 mJ.

The beam was directed by dichroic mirror impinge upon the Au surface at an angle

of 45◦.

4.2.6.2 The Probe Laser (YAG Dye laser)

The probe laser used in this work to ionised desorbed NO molecules is a Radiant Dyes

Narrowscan, dye laser pumped by a Continuum Powerlite Nd:YAG Laser.

Nd:YAG Lasers

Continuum Powerlite Nd:YAG which emits at a wavelength of 1064 nm from Nd3+

ions which are doped in an Yttrium Aluminium Garnet.
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This wavelength is converted through double and harmonics to produce a wave-

length of 532 and 355 nm. The “Q switch” defines the “time zero” in this experiment.

The timing between the Q switch and the flash lamps is controlled to yield high en-

ergy, and was (320 µs ). The laser has an important feature of the dye laser is that

it is tuneable, and different dyes can be used in order to obtain a range of different

wavelengths. The beam from the Nd:YAG is split into various fractions using mirrors

and beam splitters to send the laser through to the oscillator and amplifier cell, see

Fig. 4.8.

Figure 4.8: The probe laser beam path in the lab. 1,064 nm light is converted to 355
nm. This is directed via mirrors into the dye laser to yield 470 nm. In the dye laser
a beam-splitter sends a small portion (10%) into the oscillator cell. The remainder
of the 355 nm light is then divided using mirrors and one more beam splitter such
that a second beam (the pre-amp) containing (25%) of the light enters the oscillator
cell and the remaining 355 nm enters the amplifier cell. The wavelength light from
the oscillator beam is tuned using a diffraction grating to 470 nm. The beam passes
through a spatial filter telescope, and then through an amplifier cell were the rest of
the 355 nm light overlaps to amplify the 470 nm beam. After leaving the amplifier cell,
the 470 nm is frequency doubled to 235 nm, before being reflected by several dichroic
mirrors, through a focussing lens and into the chamber.

Dye Lasers

Dye lasers belong to the family of liquid lasers. The active material is a dye

dissolved in a liquid solvent which is circulated through the laser. Dye lasers may

produce a wide range of wavelengths by varying the pump radiation’s wavelength and
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using the appropriate dyes. The approximate working ranges of various laser dyes are

shown schematically in the figure below, 4.9.

.

Figure 4.9: Dye spectral emission characteristics.

The efficiency of the dye laser is determined by the dye, and is usually between 10%

and 20% with respect to the energy of the pump beam. For the experiments reported

here the dye Courmarin 47 was used to achieve the desired wavelength between 445 -

470 nm, see Fig. ??. This was prepared with ethanol at an optimum concentration

of 0.3 g/l. The dye laser beam is frequency doubled using a BBO crystal, producing

horizontally polarised output with 0.5 to 1 mJ pulse energy. This beam is then directed

through the chamber and focused in one dimension using a cylindrical convex lens to

form the laser sheet.

4.3 Ion Detection and Data Acquisition

Following the NO desorption, the NO fragment drift into the ionisation area by (1+1)

REMPI as mentioned earlier which is 3 mm from the surface and between the first

and second plate. Once the NO molecules are state-selectively ionised, they are re-

pelled down the TOF tube and under the VMI focussing conditions provided by the

electrodes, they arrive at the detector. The position sensitive detector used in this

study is a BurlePhotonis 40 mm MCP coupled to a P43 phosphor screen. The MCP

consists of an array of pores, each acting as a single electron multiplier. A potential

difference of about 1.8 kV is applied across the detector, and the pores eject electrons

when a particle hits the MCP (referred as to continuous mode). The first ejected

electron creates a cascade of secondary electrons upon hitting the interior wall of the



4.3. ION DETECTION AND DATA ACQUISITION 85

pores leading to an amplification of the signal. Up to 106 electrons are formed and

exit the MCP when one charged particle impacts on the detector at the start. The

exiting electrons collide with a phosphor screen causing it to emit fluorescence. The

fluorescence is detected using a Foculus L-SV-FO614 CCD camera that is pulsed at

the same frequency as the experiment, i. e. 20 Hz. The exposure time can be set

to any value; this was in the region of 100 - 400 µs in the measurements carried here

(referred as to imaging mode). The recorded image is sent to a lab computer where it

is processed to produce the final image that is a composite of ∼20,000 single images.

Pulsing and synchronisation of the various parts of the apparatus are very important

for the performance of the experiment.

During the experiment, various parameters might be changed to optimise per-

formance and the system has to provide such changes. For example, the time delay

between the opening of the molecular beam and the firing of the laser beam may be var-

ied, as well as the time between the pump and probe laser pulses. This is provided by

two Standard Research Systems DG-645 digital delay generators and custom-written

LabVIEW programs.[134]

4.3.1 Choice of the Probe Laser Wavelength using Gas-Phase

Nitric Oxide

Before starting the surface studies on the NO-Au(100), the modified VMI setup, was

run in gas-phase mode i.e. when the molecular beam plate is in place instead of the

surface to obtain REMPI spectra of NO gas. This was necessary in order to determine

the most appropriate probe laser wavelength to be used to ionise and detect the photo-

desorbed NO from the gold surface. The most appropriate laser wavelength in this

case is chosen to be the one corresponding to the highest intensity line.

NO for this gas-phase study was obtained by dissociation of NO2 using a ∼2%

of NO2 and ∼2% of O2 seeded in He (∼95%) molecular beam at ∼226 nm. The

NO produced was probed using (1+1) REMPI scheme via the A ←X (0,0) transtion.

A wavelength scan was carried out to record the REMPI spectrum. The spectrum

and the wavelength ∼225 nm corresponding to the highest intensity that was selected

(indicated by the arrow) for the probe laser is shown in Fig. 4.10.
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The probe laser for the surface studies was set to this wavelength, for both TOF and

imaging experiments.

.

Figure 4.10: Nitric Oxide REMPI spectrum showing the dye laser
wavelength at which the experiments were conducted.

An image of NO is recorded; the raw data can be constructed by extracting a

distribution of intensity against radius in pixel using BASEX.[135] In order to convert

the radius to velocity, our raw data was calibrated using the results by Whitaker

and co-worker [136] and a conversion factor of ∼11 ms−1/pixel was obtained, see

Fig. 4.11.[133].

.

Figure 4.11: Raw image of the dissociation of NO2 at 226 nm and calibration mea-
surement for surface studies.[133]
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4.3.2 Substrate Heating

The gold surface is irradiated with a nanosecond laser pulse. The light is absorbed

in the substrate uppermost layer at the surface (optical penetration depth), where

the photon energy is transferred to metal electrons, which rapidly lose their energy

through electron-electron and electron-phonon collisions, transferring the energy to

the lattice vibrations (phonons), and then transfer sufficient vibrational energy to the

adsorbates on the surface for desorption. The time for the decay into heat is for most

metals in the order of a few picoseconds at room temperature. The Quanta laser

used in the experiments carried here has a pulse length of ∼7 ns pulse energy of a

few mJ for both wavelengths (355 and 266 nm). The laser fluence was kept extremely

low. First to ensure signal on scope, and avoid damage to the surface. In the case

of 266 nm irradiation the diameter of the laser spot was bigger than the one used in

the 355 nm. More energy was required to obtain the signal when using the 266 nm

desorption. However, the fluence was kept at a minimum to minimise the temperature

rise of the surface and therefore the thermal desorption signal that could have obscured

the observation of the non-thermal desorption. A temperature rise of (27 K and 20 K)

were obtained for wavelengths of 355 nm, and 266 nm respectively.[137, 138] In both

cases the temperature rise were quiet small.



Chapter 5

Photodesorption dynamics of NO

from Au(100) using S-VMI

This (main) chapter of the thesis is concerned with the dynamics of nanosecond (ns)

laser-induced desorption of NO from Au(100) using S-VMI, TOF and (1+1) REMPI

techniques to get detailed insights into the 3D velocity and angular distribution and

the desorption dynamics at various wavelengths.

Photodesorption of pre-adsorbed NO on Au(100) was investigated using two separate

laser beams of 3.5 and 4.7 eV aiming at investigating the translational and internal

energy distributions of the photodesorbed species. It was expected that the results

obtained will shed some light into the desorption mechanism.

5.1 Introduction

Monitoring of elementary processes on surfaces is essential in the field of photochem-

istry of molecules adsorbed on surfaces for both fundamental and practical purposes

since these are somehow related to the field of catalysis. Surface reaction or desorption

of adsorbed molecules involve processes such as excitation and relaxation of substrate

electrons and adsorbates, together with energy transfer and partition among the var-

ious degrees of freedom of the system. Hence, accurate description of photo-induced

processes requires good understanding of these fundamental issues. Photoinduced

processes involving NO adsorbed on different well-defined metal single crystal surfaces

have been widely studied by various research groups employing different experimental

88
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and theoretical methods, see chapter 2. NO has been extensively used in such studies

because of its association with many catalytic reactions and the fact that NO molecules

in the gas phase can be easily detected state-selectively by resonance-enhanced multi-

photon ionization (REMPI), see chapter 3.

Two different mechanisms can be envisaged for the desorption of molecules from metal

surfaces when a laser beam of specific wavelength hits the surface, namely a non-

thermal and a thermal mechanism. The energy of the photon causing electronic ex-

citation of the system is partitioned into translational and internal (vibrational and

rotational) energy, as well as dissipation into the substrate. This partitioning is deter-

mined by the potential energy surface and the lifetime of the intermediate excited state

as described by the Menzel-Gomer-Redhead theory.[25, 32] Therefore, measurements

of the translational and internal energy distribution of the desorbed molecules can

shed some light onto the desorption mechanism and the energy flow pathways during

photodesorption. Although non-thermal desorption is important in this study, thermal

desorption due to partial thermal equilibration with the substrate cannot be avoided.

The dynamics of thermal desorption of molecules with the surface have been investi-

gated in great detail by the combination of molecular beam and laser spectroscopic

techniques. [139–141] Distinction between these two forms of desorption mechanisms

is not as straightforward and both forms might be occurring simultaneously.

Fukutani et al. concluded that substrate valence excitation was responsible for the

laser-induced non-thermal NO desorption from Pt(001) at 80 K for photon energies of

6.4 and 3.5 eV.[142, 143] Evidence supporting this conclusion came from the observa-

tions that 1) translational and internal energy distributions were independent of the

pump laser wavelength, and 2) the desorption was induced by a single photon process.

Buntin group has studied the photodesorption of NO from Pt(111) at different wave-

length (1907, 1064, 532 and 355 nm) and two desorption channels were observed.

[144, 145] A thermal and non-thermal chanel, the latter of which is driven by adsor-

bate interactions with hot carries (holes or electrons) initiated due to excitation of the

substrate at photon energies in the range from 1.17 to 3.5 eV, resulting in desorbed

NO molecules exhibiting a non-Boltzmann rotational energy distribution.

The photon-stimulated desorption of NO from a Pt(111) surface at 80 K was inves-

tigated by Chuang and co-workers using REMPI spectroscopy. [146] Two distinctive
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desorption channels were identified on a non-annealed surface and a surface annealed

to 220 K after NO adsorption at 80 K. The rotational energy distribution was found

to follow a Boltzmann distribution for as-adsorbed Pt(111) and was non-Boltzmann

on the annealed Pt(111) surface, with an inverted population of spin−orbit states, in

agreement with the results reported by Buntin et al. [145] In an electron-stimulated

desorption study of NO from Pt(111), Burns et al. reported that direct excitation of

adsorbates induces the desorption, which was supported by the experimental result of

a 6 eV threshold for desorption and also by theoretical calculations.[147]

Mulugetaet et al. reported on the internal energy distributions of desorbed NO ob-

tained by REMPI spectroscopy for Ag(111) and for Ag nanoparticles by laser light

(2.3, 3.5 and 4.7 eV); NO molecules were detected with hyperthermal velocities and

with vibrational and rotational temperatures significantly higher than the sample

temperature.[148]

Richter et al. studied the laser-induced desorption of NO from Si(111) at a surface

temperature of 100 K and found the desorption dynamics to be sensitive to the initial

coverage with NO.[149] The energy partitioning in the desorbed NO and its dependence

on the desorption laser wavelength suggested that different photoreaction channels are

in operation at low and high coverage; for low coverage, the resultant energy partition-

ing in the desorbed NO is such that translation and vibration carry most of the photon

energy. The kinetic energy distributions were found to be non-Maxwellian, while the

rotational state populations were adequately described by a Boltzmann distribution.

Freund and his co-worker analysed fully state-resolved NO molecules desorbed from

an oxygen-covered Ni(100) surface by 193 nm radiation. [150] The authors reported

two desorption channels, thermal and non-thermal, via electronic excitation. The

non-thermal part exhibits very strong spin-orbit selectivity at low rotational quantum

numbers. Ho and his group studied laser induced desorption of NO/GaAs(110) at 90

K over a wide range of wavelengths from 457 to 900 nm and found the desorption and

dissociation are induced by a non-thermal mechanism.[151]

Here, it was reported the use of a combination of time-of-flight (TOF) and VMI tech-

niques for resolving 3-dimensional velocity distributions of NO photodesorbed from a

gold single crystal using 355 nm and 266 nm photons.
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The rotational state distribution for both excitation wavelengths were calculated

to compare and analyse results to identify any differences in the mechanism of the

photodesorption of NO from Au(100).

5.2 Experimental

The velocity map imaging (VMI) technique has been successfully applied to many

gas-phases photodissociation experiments. A new approach to the study of reaction

dynamics on surfaces focused on the idea of adapting the VMI only one of many spec-

trometer utilised in gas-phase studies for surface studies. The setup was designed to

obtain the 3D velocity distribution of desorbed molecules from the surface (see chap-

ter 3). Briefly, a typical VMI gas-phase experiment involves a molecular beam that

is directed along the TOF axis, through holes in the centre of a series of electrodes.

Desorption of chemisorbed NO from the Au(100) crystal was initiated by a Nd:YAG

laser (Quanta Ray DCR-11), which was either frequency tripled (3.5 eV) or quadru-

pled (4.7 eV) with a pulse duration of 7 ns and a pulse energy of ∼1.2 mJ for both

wavelength. The beam was directed at the NO/Au(100) surface at an angle of 45◦,

see Fig. 5.1.

.

Figure 5.1: Schematic of the S-VMI showing the parallel alignment of the gold surface,
in relation of the ion optics (right), and schematic of the experiment and molecules
desorption direction.
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The desorbed molecules ionised by ∼226 nm REMPI laser and repelled down the

TOF tube and under the VMI focussing conditions provided by the electrodes, they

arrive at the detector and measured either as a current as a function of flight time

recorded on an oscilloscope (TOF-MS experiment) or via the generation of an image

using a position sensitive detector, see (Ion Detection and Data Acquisition) 4.3. We

recorded TOF profiles by varying the time delay between the desorption and the probe

laser; these profiles were converted into velocity distributions that deliver the velocity

component along the surface normal (v z) exclusively, i.e. not the overall speed of

the desorbed molecules. Since the gold surface and the detector are parallel to each

other but perpendicular to the TOF axis of the spectrometer, the velocity distributions

extracted from the VMI images correspond to the remaining two velocity components

vx and v y parallel to the gold surface, where y is along the propagation direction of

the REMPI laser, i.e. horizontal in the laboratory frame, and x is the vertical axis, for

specific values of v z. Hence, it was possible to record velocity distributions along z (v z)

by varying the time delay between the desorption and the probe laser in discrete steps,

and for each time delay, i.e. v z, we obtain the velocity distributions along x and y from

the velocity map images. In order to record rotational state distributions, the delay

time between the pump and the probe laser was fixed to correspond to specific velocities

of the v z distribution for both 355 and 266 nm desorption laser wavelengths. The probe

laser was scanned over an appropriate wavelength range in steps of 0.005 nm to obtain

REMPI spectra for NO for a given v z. To extract rotational state distributions of the

desorbed NO molecules only, rotational spectra in the absence of the desorption laser

were recorded, and background subtraction was carried out. A relative calibration

scheme was applied to avoid any factors that influence the sensitivity of different

rotational lines to a different degree. This was done by recording thermal NO spectra

which yield a well known Boltzmann distribution; the intensities of each rotational

line of these thermal spectra were compared to the Boltzmann population of NO at

298K to extract calibration factors which were used to convert the line intensities of

the photo-desorbed NO to rotational populations.
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5.3 Results

5.3.1 Translational Energy Distributions

The main purpose of the TOF measurements was to investigate the translational

energy of photodesorbed molecules. TOF measurements were taken following the 355

nm desorption laser at 2 mm and 3 mm surface-to-REMPI distance. In order to record

all desorbed NO molecules (rather than selectively only a small fraction that happens

to be intersected by REMPI the laser), a large laser sheet (focused by a cylindrical

lens) was used parallel to the surface. The probe laser wavelength was tuned to be

resonant with Q1(1) line of the (0,0) transition. The signal-to-noise (S/N) ratio at 2

mm was comparable to that at 3 mm, indicating that we detect all NO molecules in

both cases, however the velocity resolution along z at 2 mm is slightly worse such that

all results reported here are for a 3 mm surface-to-REMPI laser distance, see Fig. 5.2

.

Figure 5.2: Normalized v z velocity distribution of photodesorbed NO after density-to-
flux conversion of the raw data at 355 nm at 2 mm REMPI distance (black line) and
3 mm REMPI distance (the red line).

The error in the velocity distribution along the z axis is given by ∆l/l, where ∆l is

the uncertainty of determining the exact distance between the surface and the probe

laser; assuming we can adjust the position to within 100 µm, we estimate the error to
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be around 0.1 mm/3.0 mm = 3%. As only the 3 mm surface-to-REMPI laser distance

is considered here, the TOF spectra of NO following 355 and 266 nm photodesorption

will be referred to as 355 nm and 266 nm for simplicity. As an average of three

runs is shown in Fig. 5.3 (a & b), respectively, as a function of the desorption laser

wavelength. All other experimental conditions are the same. These TOF spectra

only measure the velocity component of the desorbed NO molecules along the surface

normal (z) and were subsequently converted into a v z distribution; Fig. 5.3 (c & d)

shows the velocity distribution v z of NO molecules; the time delays for both pump

wavelengths were chosen to yield equally spaced velocity intervals; a density-to-flux

conversion was applied, as was the appropriate Jacobian, see Appendix A.[152]

.

Figure 5.3: Top (a & b) time-of flight data for NO photodesorbed from Au(100) at
355 and 266 nm. Bottom (c & d) normalised velocity distribution of photodesorbed
NO after density-to-flux conversion of the raw data at 355 nm (blue circles) and 266
nm (black circles) by using a LabView program. 1D Maxwell Boltzmann at 178 K is
provided for comparison in both cases (red line).
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Fig. 5.3 shows that for the 1D velocity distribution in case of 355 nm desorption

(blue circles), the velocity components are shifted to higher velocities when compared

to a 1D Maxwell-Boltzmann distribution at the surface temperature of 178 K. The

355 nm velocity distribution peaks at 380m s−1 and 580m s−1, and the signal ends at

velocity of ∼800m s−1. It can be described as bi-modal, giving unambiguous evidence

for the two different desorption mechanisms, which will be discussed later. These

results are in agreement with those obtained by Menges and his group.[7] They have

combined a state selective (REMPI) detection with an imaging technique to study

the photo-desorption of NO/NiO(111). The obtained 2D velocity distribution was

described as bi-modal. Mull et al. observed bi−modal velocity distributions that were

independent of internal vibrational excitation after UV-laser induced desorption on NO

from oxide surfaces and attributed this to the presence of two non−thermal desorption

channels.[153] The different velocities observed for the desorbing NO molecules could

be caused by different mean lifetimes which provide a natural explanation of the bi-

modal velocity flux distributions.

In Fig. 5.3, the 266 nm velocity distribution (black circles) peaks at around 420m s−1

followed by sharp decline and extending to ∼900m s−1. Both velocity distributions

are indicating a non-thermal desorption mechanism for both wavelengths investigated.

However, remarkably the velocity distribution for the lower energy 355 nm desorption

is shifted towards higher velocities compared to the 266 nm desorption. This may be

indicative of one desorption channel present for the 355 nm that was not available for

266 nm desorption.

The translation temperature for both 226 and 355 nm desorption were calculated using

Ttr = Etr/2 kB (5.1)

where: Etr is the transnational energy and kB is boltzmann constant.

It found to be 116K and 290K for the slowest and fastest velocity component for 355

nm, respectively. A temperature higher than the surface temperature i.e. 290 K indi-

cates the velocities in the direction normal to the surface, and the other temperature

which is lower than the surface temperature, indicates velocities in the direction par-

allel to the surface. In the 266 nm desorption, the Ttr is about the same as the surface

temperature (178K) which indicates thermal desorption mechanism. Again the sharp

decay in the 266 nm velocity distribution might indicate a thermal mechanism due to
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the temperature jump (20K) for 266 nm desorption. Photon-induced thermal desorp-

tion would exhibit a relatively slow onset following the beginning of irradiation due to

the thermal equilibrium. Another noticeable difference was that the absolute signal

intensity is significantly weaker by ∼40% for 266 nm desorption compared to 355 nm

desorption for similar laser fluences, hence bigger laser diameter beam was used for

266 nm. The low signal obtained for the 266 nm desorption could be due to the fact

that the photon energy is very close to the work function of gold (∼ 4.8 eV) [154],

raising the possibility of ionisation of surface gold atoms forming a cationic surface

which is more active, as NO donates electrons to Au, hence the adsorbed NO will be

more strongly held onto the surface.[89]

It was mentioned earlier that the goal was to obtain the 3D velocity distribution. The

recorded images from velocity map imaging provided the remaining two velocity com-

ponents v z and v y, which are parallel to the Au(100) surface. Images were recorded

at laser delay times corresponding to velocities v z in 20m s−1 intervals from 120 to

470m s−1 for both wavelengths, as the signal before and after the indicated range is

very week and does not yield images. The images were recorded at different velocities

not just at the peak ones, see Fig. 5.4.

.

Figure 5.4: Raw 640 x 480 VMI images of NO desorption from Au(100) taken at time
delays corresponding to different values of v z, 240m s−1 and 590m s−1 for 266, and
355 nm, respectively.
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The centre of these images corresponds to zero velocity in the x and y dimension,

even though this centre is shifted slightly with respect to the centre of the CCD camera,

an effect that was also observed in previous gas-phase experiments and was attributed

to a slight misalignment of the ion optics.

Fig. 5.5 shows a set of images for 266 and 355 nm desorption at the same velocities.

.

Figure 5.5: Set of images at different values of v z (440m s−1, 600m s−1) a) 266 nm
desorption laser and b) 355 nm desorption laser.

The images were of low quality compared with the 355 nm ones due to the weak

signal intensity obtained. Other factors, however, could be contributing the this image

asymmetry such as the illumination of an ellipsoidal area on the surface by the desorp-

tion laser due to its 45◦ angle of incidence and the probe laser which is being focussed

using a cylindrical lens and having a Gaussian intensity profile in one direction not

subjected to focussing. The latter favours ionising molecules desorbing along the sur-

face normal over those flying up or down in the laboratory frame, the flying desorbed

molecules seem to intersect the central part of the laser beam, keeping distortions at

a modest level.



5.3. RESULTS 98

As the VM images appear roughly circular, i.e. there does not seem to be a

preference for the NO molecules to fly along the [001] over the [010] direction, we

azimuthally averaged the two velocity distributions parallel to the Au(100) surface

to yield vx/y. Fig. 5.6 explains how it is done by using a custom-written LabVIEW

program.

.

Figure 5.6: Flow diagram showing how to extract vxy from VMI image, for each pixel
in the matrix, the distance from that pixel to the centre of the image (i.e. the normal)
is calculated. The centre is taken as vx/y = 0 and pixels furthest from the centre
correspond to the largest values of vx/y. Each pixel corresponds to a step in speed of
11m s−1. The newly calculated speeds at each pixel are rounded to the nearest whole
number, and transferred into a three column array. Pixels corresponding to the same
speed are binned together. The first column of the array contains the rounded speed,
the second column contains the number of pixels corresponding to that speed, and the
third column contains the cumulative intensity.
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Fig. 5.7 shows the smoothed NO intensity as a function of vx/y and v z as a surface

plot for a) 355 and b) 266 nm desorption. For the 355 nm potons, i.e. energy is below

the substrate’s work function, the velocity in z direction peaks at 380 and 580m s−1

but extends up to ∼800m s−1 with vx/y almost completely vanishing at velocities

∼200m s−1, hence a narrow angular distribution is obtained along the surface normal

in this case. When using 266 nm photons, i.e. energies just below the substrate’s work

function, the v z velocity distribution seems to plateau between 120 and 420m s−1

followed by a sharp decline with v z vanishing at around 900m s−1, as seen in Fig. 5.7

b), while vx/y extends all the way to below 400m s−1.

.

Figure 5.7: Smoothed surface plot of the NO flux desorbed using (a) 355 and (b)
266 nm photons as a function of v z (from TOF measurements), and averaged parallel
(to the gold surface) vx/y velocity components (from the VM images).

The faster and narrower distributions in the 355 nm and the slower and wider dis-

tributions in the 266 nm desorption is another indication that two different desorption

mechanism are in operation.
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The angular distribution as a function of the overall speed has also been calculated.

Fig. 5.8 a) shows that the angular distribution at 355 nm is rather narrow (< ±20◦),

i.e. the NO molecules preferentially desorb along the surface normal. The geometry of

our 3D surface VMI setup as mentioned earlier allows much wider angular distribution

to be detected than those measured here, up to ± 53◦.

Fig. 5.8 b) shows fits of these distributions to cosn θ functions. A fitting parameter of

Figure 5.8: a) Nitric oxide flux as a function of overall speed and angle after 355 nm
photodesorption. Color scheme from red (most intense) to orange (zero intensity).
b) Angular distributions for selected speeds of desorbed NO molecules after 355 nm
photodesorption together with fits to a cos θ function.

n i.e. a cos θ distribution processes. For 355 nm desorption, the angular distributions

for even the slowest NO molecules can only be fitted with n > 1, and it can be seen

that the angular distributions become narrower with increasing overall speed. This

strongly peaked distribution of the fast channel means that the molecules have a

fast velocity component pointing along the surface normal and only slow velocity

components parallel to the surface (i.e. the x and y direction).
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Fig. 5.9 a) shows the angular distributions of 266 nm desorption as a function

of overall speed. The angular distribution is much wider than the 355 nm (± 35◦),

however, NO is still preferentially flying along the surface normal. For 266 nm des-

Figure 5.9: a) Nitric oxide flux as a function of overall speed and angle after 266 nm
photodesorption. Color scheme from red (most intense) to orange (zero intensity).
b) Angular distributions for selected speeds of desorbed NO molecules after 266 nm
photodesorption together with fits to a cos θ function.

orption, Fig. 5.9 b), at overall speeds of 240m s−1 or lower, the angular distribution

can be fitted to cosn θ resulting in n < or = 1 suggesting that a thermal desorption

mechanism may be operating. However, for the higher speeds shown here, n > 1, in-

dicating a non-thermal desorption process. At both wavelengths investigated, the NO

molecules is flying roughly symmetrically along the surface normal. The strong peak-

ing along the surface normal has also been observed in laser desorption experiments

of NO/Pt(111),[144, 145, 150] and electron-stimulated desorption experiments of NO

from NO2/Pt(111).[155]

For 266 nm desorption, all of the above results indicate that thermal and non-thermal

desorption mechanisms are operating. This has also been suggested in the case of

laser-induced desorption of NO from Ni(100)–O,[150] and from condensed films.[156]

The authors reported that ultraviolet laser of ( 4.6−5.5 eV) induced desorption from
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the surface of a thin nitric oxide film proceeds via two mechanisms which are present si-

multaneously. One mechanism is attributed to laser induced thermal desorption while

the other is due to a non-thermal process. This seems to be in agreement with the

angular distributions, where a thermal desorption mechanism seems to be responsible

for the slower NO molecules after 266 nm photodesorption.

5.3.2 Internal Energy Distributions

To obtain a better understanding of the underlying mechanism of NO photodesorp-

tion from Au(100), we have extended the above translational energy measurements to

internal state (rotational) distribution measurements.

5.3.2.1 Rotational Energy Distribution

The rotational state distributions of NO photodesorbed from Au(100) were extracted

from the intensity distributions of the (1+1) REMPI spectra recorded on the transi-

tion A2Σ1/2 ← X2Π3/2(0,0) at a fixed time delay (i.e. for a fixed velocity) of 7.1 µs

corresponding to the peak in the velocity distribution v z = 420m s−1 in case of 266

nm, and 7.8 µs and 5.1 µs corresponding to peaks in the velocity distribution v z =

350m s−1, 580m s−1, respectively as mentioned above in the Experimental (5.2). No

vibrationally excited NO molecules were detected. Fig. 5.10 shows a REMPI spectrum

for 355 nm desorption at 350m s−1.

Figure 5.10: Typical (1+1) REMPI spectrum of NO desorbed from gold using 355 nm
photons at a time delay corresponding to NO molecules with v z = 380m s−1
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As described in the Experimental, spectra of thermal NO were recorded to per-

form background subtraction and to apply a relative calibration scheme to extract

the rotational state distribution of the photodesorbed NO. To obtain the rotational

population distributions for the v = 0, first we assigned the observed transitions in

the measured REMPI spectrum based on a simulated spectrum carried out with the

software LIFBASE, see Appendix C. In the course of fitting, attention was only paid

to lines and branches which did not overlap with any other lines. To determine the

energy of the rotational levels, the experimental findings of Gillette and Eyster were

used,[157] deploying the formula suggested by Herzberg. The rotational temperature

was calculated then by dividing each transition peak intensity by the Honl−London

factors and the degeneracy of the initial state (2J + 1), see eq 5.2.

T = (121.1) cm−1 + ωe(v + 0.5)− ωexe(v + 0.5)2 +BvJ(J + 1) (5.2)

where is: ω = 1903.68, ωexe = 13.97 cm−1, Be = 1.7046 cm−1

To simplify population analysis, isolated lines from single branches were observed,

hence avoiding overlap, to obtain reliable rotational populations. Transitions origi-

nating from N = 4-7 and N = 7-16 of the O12 and P12 rotational branches of NO

were chosen, respectively. After weighing the populations by the degeneracy of the

lower level, the energies of the rotational levels were calculated to yield Boltzmann

plots for selected velocities. Fig. 5.11 shows the Boltzmann plot of photodesorbed

NO corresponding to a velocities of 580 and 350m s−1 for the 355 nm, respectively,

and 420m s−1 for 266 nm desorption, characterized by a single straight line yielding a

rotational temperatures.
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Figure 5.11: Rotational populations of NO molecules in v = 0 desorbed at 178K
extracted from the O12 (open squares) and P12 (closed triangles) branches; solid and
dotted lines are linear best fits to evaluate the rotational temperature a,b) for 355 nm
at 380m s−1 and 580m s−1 respectively c) for 266 nm at 420m s−1.
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The contributions from the two spin−orbit states X2Π1/2 and X2Π3/2, which are

energetically separated by about 124 cm−1, fall along the same line in the Boltz-

mann plots. When the rotational populations in the two spin−orbit states are fit-

ted separately, they give almost the same rotational temperature, which suggests the

spin−orbit excitation is in thermal equilibrium. In such cases, the abscissa in the

Boltzmann plot can be represented by the sum of the rotational and the spin-orbit

energy. Since spin−orbit states are related to the axis around which rotation occurs,

the results indicate that there is no preference for tumbling of the NO around a partic-

ular axis; this is expected for NO adsorbed along the surface normal on a symmetric

Au(100) substrate. While there is no a priori reason for these nascent rotational state

distributions of photodesorbed NO to be thermal, we nonetheless fitted the distribu-

tions to obtain rotational temperatures, thus simplifying comparison between different

experimental conditions, the results are summarised in Table. 5.1 below:

Table 5.1: Rotational temperatures Trot of nascent NO photodesorbed from an
Au(100) surface using 355 and 266 nm photons.

Desorption laser wavelength
355 nm 266 nm

Rotational Branch v z = 380m s−1 v z = 580m s−1 v z = 420m s−1

O12 (337 ± 12) K (206 ± 5) K (102 K ± 1) K
P12 (363 ± 4) K (334 ± 4) K (226 K ± 5) K

Inspection of the above table, shows that the rotational temperatures for 355 nm

desorption at the two investigated velocities above the surface temperature for both

branches O12 and P12, indicating a non-thermal desorption mechanism, in agreement

with our previous results from the transnational and angular distributions. The av-

erage rotational temperature in both O12 and P12 branches after 355 nm desorption

is lower for the faster component, this indicates a positive correlation, i.e. the trans-

lational and rotational energy are coupled and energy is partitioned during a com-

mon single step of the desorption process which confirms the non-thermal desorption

mechanism. A correlation between rotational and translational excitations has been

observed in many system.[153, 158] A striking feature is that with increasing temper-

ature, the intensity of the slow channel increases compared with the fast one, and this

is in agreement with work by Hasselbrink et al. who used Ultraviolet irradiation of
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NO2 adsorbed on top of a NO saturated Pd(111) surface, by using excitation energies

between 3.5 and 6.4 eV caused the photodissociation of NO2/N2O4 and results in the

desorption of NO molecules. [159] For the higher energy wavelength of 266 nm, the

temperature at the investigated velocity is less than the average rotational temper-

atures at 355 nm for the two investigated velocities. This was also the case for the

translational temperatures as the average translational energy after 266 nm desorption

is also lower compared to 355 nm desorption. The temperature for the O12 branch

is less than the surface temperature which suggests that rotational cooling may have

occurred during desorption. This is not unexpected for a thermal process based on

the principle of detailed balance; NO molecules are likely to adsorb more readily onto

a metal surface when they are rotationally cold (as rapidly rotating molecules would

not spend sufficient time in the favorable head-on orientation for adsorption to occur),

hence the fraction of NO molecules thermally desorbing from the Au(100) surface after

the laser-induced temperature jump may also be rotationally cold. This is in agree-

ment with Burgess et al. who studied desorption of CO from Cu substrates heated

with UV lasers. They measured Maxwellian TOF distributions below the predicted

surface temperature, with no evidence of collisions, although desorbed fluxes were

high. [160] Similar results were obtained by Cavanagh and King on NO-Ru(100) by

using a combination of TPD and LIF to study the rotational distribution, where the

surface temperature was 455 ± 20 K.[161] The rotational temperatures obtained were

found to correspond to nearly half of the surface temperature which is an evidence for

rotational cooling. Mantell and his group studied the thermal desorption of NO on

Pt(111) and established that NO is essentially fully rotationally accommodated.[162]

Tully and Cardillo reported on rotational cooling of NO desorbed from an Ag(111)

surface. [163] The authors argued that some of NO molecules would desorb by trans-

forming rotational energy to translational energy, hence these molecules will have less

that the average rotational energy corresponding to the surface temperature The rota-

tional cooling phenomenon in the desorption process of molecular adsorption system

has been observed experimentally and explained theoretically. For the P12 branch

the obtained rotational temperature is above the surface temperature which again

points towards a non-thermal mechanism. This seems to agree with conclusions from

the previous section, i.e. the presence of potentially two different mechanisms, or at
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least the contribution of a thermal mechanism to the 266 nm desorption. Theoretical

calculations for very rapid laser-induced desorption (LID) processes have indicated a

propensity toward near full translational accommodation in the desorbing molecules

but less than full rotational accommodation, similar to what we observe here.[164]

5.3.3 Effect of Photon Density

Examination of the power dependence of the desorption laser can shed light on the

mechanism of the desorption process. An energy dependence scan was recorded by

varying the energy of the desorption laser and recording the signal intensity. The

desorption of NO induced by nanosecond laser pulses (355 nm in this case) from Au

surface was found to be linear with the laser energy. 5.12 displays a logarithmic plot

of the neutral NO signal vs laser energy which was probed by REMPI through the

(0.0) transition.

Figure 5.12: Logarithmic plot of neutral NO intensities after 355 nm desorption laser
as a function of laser intensity.

The slope of the line is ∼0.8, suggesting that single photon absorption leads to pho-

todesorption of NO from the Au surface. This is similar to the observation for the ion

current produced in electron stimulated desorption (ESD). [165, 166] A linear power

dependence with a slope of 1 of the NO photodesorption yield contradicts the expected

exponential power dependence for thermally induced desorption.[167]
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5.3.4 Summary

In this chapter, Photodesorption of NO molecules pre-adsorbed on an Au(100) surface

was investigated at 355 and 266 nm desorption laser. The transnational and rational

distributions for each wavelength were recorded, analysed and interrupted. Two des-

orption mechanism are available for both investigated wavelengths. For the 355 nm

desorption, it seems to predominantly occur through a non-thermal channel, likely in-

volving an electronic excitation. However the thermal mechanism cannot be excluded.

However for the 266 nm desorption a thermal mechanism is operating. Results ob-

tained also suggest the photodesorption mechanism of NO is wavelength dependent.



Chapter 6

Near-Ambient Pressure X-ray

Photoelectron Spectroscopy

In this chapter the NAP-XPS used to investigate NO adsorption on Au surface at high

pressure and different surface temperatures.

In this study adsorption was “performed” on a sputtered gold surface Au(100) as

no adsorption was observed on the sputtered annealed smooth surface at the lowest

temperature achieved in the system.

6.1 Introduction

The adsorption structures of NO on metal surfaces have been studied by various surface

techniques, most of which require ultrahigh vacuum (UHV) conditions. However, the

behavior of adsorbates on model systems in UHV can differ significantly from real

catalysts under ambient conditions. To overcome the gap between model and the real

surfaces, it is important to know the NO adsorption behavior under ambient pressure.

A high-frequency of collisions of gaseous species occur at elevated pressures, this can

cause some surface processes, for example bond breaking, chemisorptions, and lateral

shifts of adsorption sites. No previous study have been conducted on NO/Au(100).

The NAP-XPS technique was developed in the early 2000s, but is still in its infancy.

Therefore the established literature is limited, especially with respect to the study of

adsorption on metal surfaces by a NAP-XPS system. However, there are a few studies

relevant to the work presented here, but on different metal surfaces.

109
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Bukhtiyarov et al. investigated the adsorption of NO on gold particles deposited on an

alumina film in the temperature range 300 - 500 K using in situ X-ray photoelectron

spectroscopy (XPS). [168] Two nitrogen-containing adsorbed species were found to

exist on the surface of gold particles. The first was identified as adsorbed nitrogen

atoms characterised by a N 1s binding energy (BE) of 399.4 eV. The second species

was identified as a surface complex with N2O stoichiometry characterised by a BE

of 402.7 eV and found to be thermally stable only in a narrow temperature range of

325-425 K. Identification of these species was aided by a separate experiment in which

NO was adsorbed onto a stepped Au(533) crystal.

Bukhtiyarov et al. employed in-situ-XPS to investigate the decomposition of NO on

flat Au(111) and stepped Au(310) and (533) surfaces at elevated NO pressures up

to 7 Pa and in a temperature range between 300 and 500 K. [96] NO was found not

to chemisorb on Au(111) under the conditions used. However, dissociation of NO

was observed on both Au(310) and (533) surfaces. The authors concluded that Au

step-sites are responsible for adsorption and dissociation of NO. The study revealed

that while NO dissociation on Au(310) exclusively forms Nads on the surface whose

coverage decreases with increasing surface temperature, NO dissociation on Au(533)

initially forms N2Oads on the surface that is replaced by more stable Nads at increasing

NO exposure and/or surface temperature.

Shimada and his group have used the (NAP-XPS) to investigate NO adsorption on

Pt(111) under various pressures of NO up to 1 Torr at room temperature.[169] They

found that NO molecularly adsorbed below 10−7 Torr and occupied the most stable

fcc-hollow sites and partially the more energetical atop sites. At higher pressure of

10−6 Torr, irreversible adsorption of atomic oxygen takes place via NO dissociation,

leading to the formation of NO+O domains.

Toyoshima at el. reported the molecular CO and NO adsorption structures on Pd(100)

single crystal surfaces by using a combination of ambient pressure X-ray photoelectron

spectroscopy and density functional theory under sub-Torr pressure conditions at room

temperature. [170] In the case of NO adsorption at 10−7 Torr, a (2
√
2 ×

√
2)R45◦

structure with occupying bridge sites is formed, additional site occupation of on-top

sites caused after subsequent gas introduction up to 0.5 Torr is also observed. The

authors found that NO partially dissociates into atomic N and O species, but these
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disappear from the surface due to further reaction with NO under ambient conditions.

Ueda et al. studied the adsorption of CO and NO on the Ir(111) surface at room

temperature under UHV and NAP conditions. They found NO under NAP conditions

only molecularly adsorbed on the surface, while under UHV, could dissociated species

and molecular NO are co-adsorbed in a (2 x 2) structure.

In this thesis work, NAP-XPS has been used at different substrate temperatures and

pressure of 1 mbar in order to obtain some insight in to the alignment of NO on gold

and how it is adsorbs on the surface.

6.2 Experimental Apparatus

The Near-Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-XPS) instru-

ment is a recent acquisition in the Photon Science Institute at the University of

Manchester. The system is a custom-built design developed by SPECS-GmbH. The

instrument is equipped with a SPECS focus 500 monochromated Al Kα source (pho-

ton energy 1486.6 eV), which can be focused to a spot size of 300 µm. The instrument

can be operated in conventional XPS mode, i.e. under ultra-high vacuum conditions

(< 10−9 mbar) or under near-ambient pressures (1 mbar in the experiments carried

out here). The instrument is equipped with an Ar+ ion source and e-beam capable of

heating the surface to 1000 K. Samples can be cooled to ∼100 K using liquid nitrogen

under UHV conditions. For the NAP-XPS measurements, the sample is placed in a

high-pressure chamber separated from the X-ray source by a SiN window, which is

transparent to X-rays, see Fig. 6.1.

Figure 6.1: Diagram of a NAP cell. Incident X-rays must first pass through a SIN
window that is transparent to X-rays. This window is only a few microns thick and
can withstand pressures in the NAP cell up to 20 mbar.
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Electrons and gas can escape through the differentially-pumped aperture, as shown

schematically in Fig. 6.2

Figure 6.2: Schematic showing how electrostatic lenses can be used to increase electron
count rate at the analyser. a) A differential pumping system consisting of individually
pumped chambers separated by small apertures to allow photoelectrons to reach the
analyser while also maintaining a steep pressure gradient from sample to analyser. b)
The same system with the addition of electrostatic lenses between each aperture.[171]

The electron analyser, see Fig. 6.3, is a 150 mm mean radius SPECS Phoibos 150

NAP electron energy analyser with three differential pumping stations.

.

Figure 6.3: Cross-section of PHOIBOS 150 NAP analyser showing the differentially-
pumped electron energy analyser. The four differential pumping zones are colored in
different blue shades.[172]
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The first pumping station (pre-lens) is separated from the analysis chamber by a

nozzle with a 0.3 mm hole at the tip. A turbo pump (500 l/s) on the pre-lens stage

enables a pressure difference of four orders of magnitude compared to the NAP cell.

The first and second sections are separated by a 4 mm aperture. The second section

contains the first set of electrostatic lenses. The front and rear components of the

electrostatic lenses are separated by an iris aperture and the third pumping stage is

placed behind the iris. The fourth and final pumping station services the hemispheres

and detector. The near-ambient-pressure cell allows measurements at gas pressures at

the sample of up to 20 mbar. NAP-XPS has been developed in order to overcome one of

the main drawbacks of XPS, i.e. that UHV does not mimic real-life conditions. While

NAP-XPS cannot be carried out at atmospheric pressures, 20 mbar is ∼11 orders of

magnitude higher than UHV, and in the case of water adsorption, achieves the sort of

pressures found in typical average humidity conditions.

6.3 Sample Preparation and Experimental Producer

The Au(100) crystal, which has been used for the S-VMI work, was mounted on a tan-

talum sample plate, polished side up, by spot-welding two clips made of tantalum foil

over each of the short edges, leaving a visible surface area of approximately 5 × 5 mm

between the clip, as shown in Fig. 6.4.

.

Figure 6.4: Schematic of a Au(100) crystal mounted onto a tantalum plate.
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After mounting, the sample was placed into the load-lock of the SPECS NAP

XPS equipment. Once at high vacuum, the sample was transferred to the main UHV

chamber. The Au(100) crystal surface was cleaned by Ar ion sputtering cycles (sputter

for 900 s, sputter again for another 1800 s followed by annealing 20 mins via e-beam

heating at ∼1000 K, and sputter again for 30 min). Initially, a wide kinetic energy

range XPS spectrum was recorded to verify that the sample was clean. While no

oxygen was found on the surface after this cleaning procedure, a fair bit of carbon

was still present (not shown). After further cleaning, the UHV chamber was left to

pump down to a base pressure ∼10−9 Torr and the sample was transferred to the

NAP cell, and the gate between the cell section and the UHV chamber was closed. XP

spectra were recorded with NO flowing into the cell at 1 mbar and varying substrate

temperatures. However, we failed to detect any NO adsorbed on Au(100) even at a

base temperature of 220 K after the substrate had been prepared by sputtering and

annealing, hence XP spectra for O 1s and N 1s at 220 K and 266 K were all recorded

on a only sputtered gold substrate. The binding energies of the photoelectron spectra

were calibrated to the bulk Au 4f 7/2 peak at 84 eV. All spectra were normalised the

baseline intensity, background subtraction has performed and spectra were fitted with

an appropriate number of Gaussian functions using CasaXPS.[173]

6.4 Results

After exposure of Au(100) to NO at 1 mbar at room temperature, N 1s and O 1s

spectra were recorded as a function of temperature and pressure allowing for the

characterisation of nitrogen and oxygen surface species adsorbed on Au(100).

The N 1s spectrum Fig. 6.5 a) shows two peaks at binding energies of 406.1 eV and

407.5 eV with the latter less intense then the former. These peaks are attributed

to gaseous NO molecules, and in agreement with the results obtained by Ye et al.

[174, 175]
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In the O 1s spectrum, Fig. 6.5 b), twin peaks appear at 531.3 and 532.8 eV, and

one at 538.8 eV. The twin peaks can be attributed to residual CO adsorbed on the

surface.[169] The peak at 538.8 eV is due to the oxygen atom in gas-phase NO.

.

Figure 6.5: (a) N 1s and (b) O 1s X-ray photoelectron spectra during exposure of
Au(100) to NO at 1 mbar pressure and 298 K. The black line is the recorded XP
spectrum, while the red line is a fit, deconvoluted into the purple and turquoise con-
tributions.

The above results show clearly that NO does not adsorb on Au(100) under these

conditions of temperature and pressure.
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Desorption in the S-VMI experiment was initiated at a low temperature of∼178 K.[176]

In the system used here, the lowest achievable temperature is 220 K, which is ∼50 K

degrees higher than that reached in the 3D-VMI instrument.

Only gaseous NO was observed in the recorded spectrum at 220 with the sput-

tered and annealed (atomically flat) surface (not shown here). No peaks of N 1s

and O 1s at ∼400 eV and ∼531 eV which indicate adsorbed NO species were found.

Hence we studied NO adsorption on a sputtered and non-annealed gold surface

with the knowledge that sputtering leaves some defects of lower coordination, hence

being more reactive for NO adsorption at relatively higher temperatures. The surface

was sputtered for 30 min after the cleaning procedure mentioned earlier followed by ex-

posure to NO under the same condition at 298 K on the gold surface. It is worthwhile

mentioning here that Baumer and his group performed temperature-programmed des-

orption and infrared adsorption spectroscopy of CO/Au and found for the sputtered

Au(111) surface a large number of rough pits and mound morphology.[177] In anneal-

ing experiments, they observed the loss of these sites which coincides with the loss of

CO adsorption capacity. The binding energy significantly depends on the order of co-

ordination. The same was mentioned in previous studies which demonstrated that the

presence of defects on Au(111) surface can affect adsorption of NO, while an annealed

Au(111) does not exhibit any activity towards NO adsorption. [96] Fig. 6.6 shows the

N 1s and O 1s XPS core level spectra of nitric oxide adsorbed on Au(100) at 1 mbar

NO pressure and 220 K on sputtered and non-annealed surface.

The N 1s spectrum (Fig. 6.6 a) shows three distinct peaks at 398.8, 401.9 and

405.8 eV, and a peak at 407.1 eV appearing as a shoulder of the 405.8 eV peak. The

peaks at 405.8 and 407.1 eV are signs as gaseous NO peaks as mentioned earlier in

Fig. 6.5 (no obvious shifts were observed in gaseous NO), the two new peaks at 398.8

and 401.9 eV point to the presence of an adsorbed NO species on the sputtered gold

surface. A large binding energy difference of 3.2 eV is found in N 1s for different

molecular species i.e. 398.8 and 401.9 eV. This is in agreement with Rienks group,

who reported the presence of three main features at 394.7, 398.1 and 401.3 eV in the

N 1s spectrum recorded during the exposure of Pt(100) to NO at 200 K.[178]
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Peaks appearing at 398.1 eV and 401.3 eV were attributed to two different NO

molecularly adsorbed species on the surfaces, and this is in agreement with other

studies on different surfaces. [179–181]

.

Figure 6.6: (a) N 1s and (b) O 1s XPS core-level spectra of NO adsorbed on sputtered
gold surface taken at 220 K and 1 mbar NO pressure. The black line is the recorded
XP spectrum, while the red line is a fit, cdeonvoluted into the purple and turquoise
contribution.

The peak appearing at 394.7 eV which is not observed in this study was suggested by

the authors to be due to atomic nitrogen because the temperature is just high enough

to allow dissociation at specific sites. Further support of molecularly adsorbed NO

comes from a study by Sugai et al. who observed a peak at 401.5 eV due to molecularly
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adsorbed NO on Pt(100) and (310),[182] and a study by Kiskinova et al. who observed

a N 1s peak at 400.7 eV due to molecularly adsorbed NO on Pt(111). [183] Large

chemical shift at ∼4 to 6 eV were observed between the N ls spectra associated with

the molecularly desorbed NO. Madey et al. reported large chemical shifts, as great

as 8 eV, between the N ls spectra associated with weakly and strongly chemisorbed

NO on a polycrystalIine tungsten ribbon. Chemical shifts in both the N ls and O ls

spectra suggest that NO is largely non-dissociatively chemisorbed at 100 K.[184]

All the observed peaks on the O 1s spectrum (Fig. 6.5 b) appeared again at 220 K

at nearly same binding energies (Fig. 6.6 b). While the higher energy peak is due to

gas-phase NO, the twin O 1s peaks show an increase in intensity and/or area under

the curve when compared with that recorded at 298 K reflecting the contribution

from the molecularly adsorbed NO at 220 K, with some contribution from residual

CO. Similarly O 1s twins peaks were observed for NO adsorption on Ru(001) and CO

adsorption on Pt(111) which were interpreted as being due to two molecular adsorption

states. In both cases, adsorption of NO on an on-top site was associated with a higher

binding energy of O 1s, and on bridge sites with a lower BE of the O 1s. It is not

possible to elucidate the nature of adsorption sites further since the adsorption only

occurred on a sputtered, non-annealed surface which is not atomically flat, and

adsorption sites as on-top (ot), hollow (2f) are both defined. In general, XPS peaks

in the energy regions above 532 eV and 399 eV for O and N, respectively, were found

by several authors and attributed to molecularly adsorbed NO.[184, 185]

Crucially, the fact that a large shift of the N 1s binding energy is observed, while

only a small O 1s difference is found, leads us to conclude that the orientation of the

adsorbed nitric oxide is with the N-end facing the metal surface. The fact that NO is

molecularly adsorbed in this study is further supported by the absence of N 1s peaks

at around 399.4 eV or 402.7 eV mentioned earlier and reported to be arising from

the dissociative adsorption of NO. Also, no feature at around 529.5 eV in the O 1s

region characteristic of atomic O was observed.[186, 187] The difference between the

binding energy of O 1s and N 1s in this study was found to be 132 eV which has been

suggested that NO is bound linear to the surface from the N terminal with the Au-N-O

angle around 180◦, i.e. no appreciable tilting with respect to the surface normal. A

difference of 128 eV was attributed to a bent form of NO. A bent form of NO where the
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metal N-O angle is not 180◦ has been found in many nitorsyls. Bent metal-N-O form

will bring the O atom closer to the metal surface and hence increase its interaction

with it. The extent of interaction usually manifests itself in the extent of the shift

in the binding energy of O 1s compared to that of O 1s in the gaseous phase. The

greater the size of the bending angle, the closer the O atom to the metal surface and

the greater the O 1s BE shift. The fact that no significant shift is observed for the

O 1s BE in this study for the adsorbed NO when compared with that of the gaseous

NO is a clear indication that NO alignment is perpendicular to the surface plane, or

that the tilting angle is too small to cause an observable shift in the O 1s binding

energy. After adsorption at 220 K and recording of the XPS spectra, the temperature

of the surface was gradually raised to 266 K while keeping the NO flowing into the cell,

and the spectra were recorded again and are shown in Fig. 6.7. Only peaks related to

gaseous NO are observed. The two peaks associated with the two N surface desorption

species have disappeared.

.

Figure 6.7: N 1s XPS core-level spectra during exposure of NO at 266 K and 1 mbar
pressure.
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6.5 Summary

The adsorption of NO on Au(100) under 1 mbar NO pressure was carried out at three

different temperatures, room temperature, 220 K and 266 K. NO adsorbed species

was recorded only at 220 K. NO was molecularly adsorbed with the N end facing the

surface, and O pointing away from the surface.



Chapter 7

Density Functional Theory

The adsorption of NO on clean Au(100) has been studied using the DFT-slab approach

as a supported material in order to interpret our experimental results and to shed

light on the excitation mechanism. In this thesis work DFT used to determine the

adsorption geometries and energies of NO of Au(100).

7.1 Introduction

DFT is the most popular computational method available in chemistry and condensed-

matter physics, computational physics since the 90s. [188, 189] It is an ab-initio ap-

proximation to investigate the electronic structure of many-body systems, in particular

atoms, molecules and the condensed phases. The development of DFT and the avail-

ability of faster computational resources have allowed the investigation of increasing

size and complex systems.

The basic statements of DFT in briefly can be summarised in two points:

1. The basic idea is based on the Hohenberg and Kohn (HK) theorem[190] which

replaces the many-body-wave-function ψ with the electron density.

The total ground state energy E of the many-particle system can be described

by the electron density and the sum of external fields ν(r), see eq. 7.1

E =

∫
n(r) v(r)dr +

1

2

∫∫
n(r)n(r̀)

r − r̀
drd(r̀) +G[n] (7.1)

where: v(r) is a unique function of state single particle density n(r), and G[n] is

universal functional independent of v(r)

121
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2. The mainstay of DFT is the Kohn-Sham (KS) theorem. [191] Here the stage

where one maps the many particle problem onto a corresponding set of effective

single parameters problems. The KS split the G[n] into two terms:[192]

G[n] ≡ Ts[n] + Exc[n] (7.2)

where: Ts[n] is kintic energy of non-interacting electron gas with density n(r), and Exc

is the exchange and correlation of interacting electron gas with density n(r). In the

DFT calculations, the KS questions will be solved rapidly by choosing a single particle

density n(r), until self-consistency is reached, Fig. 7.1

.

Figure 7.1: Flow chart of solving the Kohn-Sham equation. At first, an initial guess
for the electron density is assumed, which is required for the calculation of Veff(r), the
diagonalisation of the Kohn-Sham equations, and the subsequent evaluation of n(r)
along with ETotal. As long as the convergence criterion is not fulfilled, the numerical
procedure is continued with the last n(r) instead of the initial guess. When the criterion
is satisfied, various output quantities are computed.



7.2. COMPUTATIONAL METHODOLOGY 123

The total energy of the system is then given by

E =
∞∑
n=1

ξi −
1

2

∫∫
n(r)n(r̀)

r − r̀
drd(r̀) + EXC [n]−

∫
vxc n(r) d(r) (7.3)

as the energy cannot be calculated exactly but instead must be approximated. Three

levels of approximations can be distinguished during the development of modern DFT

since the mid-sixties:

• Local density approximations (LDA)

The exchange and correlation energy is only a fraction of the density, which is a

good approximation if the electron density varies slowly. The Exc is given by

Exc[n] =

∫
n(r) ξ(n(r)) d(r) (7.4)

• Gradient expanded GE or generalised gradient functional GGA

In this case the energy depends both on the electron density and the gradient of

the electron density

Exc[n] =

∫
n(r),∇n(n(r)) d(r) (7.5)

However, the GGA fails when the electron density varies too fast.

Adsorption energies, adsorption sites, vibrational frequencies and the density of state

were determined to interpret the 3D- SVMI results and to understand the desorption

mechanisms which were presented in chapter 5. The core level calculation was obtained

to explain the NAP-XPS results in chapter 6.

7.2 Computational Methodology

The calculations have been performed using the Cambridge serial total energy pack-

age (CASTEP), [192] which solve the Kohn-Sham equations in a plane-wave basis

set employing three-dimensional periodic boundary condition.[193] The electron wave

functions were expanded in plane wave basis set and the ionic cores were described by

ultrasoft pseudopotentials. Electronic exchange and correlations are described in the

generalised gradient approximation GGA, using the functional proposed by Perdew-

Burke-Ernzerhof (PBE). For bulk FCC Au, a cut-off energy of up to 750 eV was utilized

in all the calculations. Using the primitive fcc unit cell, we obtained a lattice constant
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of bulk Au as 4.046 Å, which agrees well with the experimental finding (4.078 Å). In

this work the Au(100) surfaces were modelled with 8 layers in slab mode, the vacuum

region above the slabs is 20 Å. NO molecules were adsorbed on three sites of the slab.

Only the top four layers were relaxed, whilst the remaining four layers had their move-

ment constrained.

Previous work reported that the adsorption energy of CO does not depend on the

number of Au layers if there are more than two layers.[194] NO was adsorbed on each

of the three potential sites on the fcc Au(100) surface, i.e. on top(ot), bridge site (2f)

and hollow site (4f) for representative cell geometries and degrees of coverage , see

Fig. 7.2.

.

Figure 7.2: Potential adsorption sites for NO on the Au(100) surface in gold
. ot = on-top, 2f = bridge site, 4f = hollow site. Oxygen in red, nitrogen in blue.

Using the relaxed geometry, the adsorption energy was computed for each case to

find the most stable site. The adsorption energy, Eads is given by

Eads =
1

N
[ENO+slab − (NENO + Eslab)] (7.6)

where: E(N+slab) is the total energy of the relaxed slab with NO adsorbed, N is the

number of NO adsorbed per unit cell, ENO is the ground state energy of a single NO

molecule in a (10 x 10 x10 Å3 ) box , and Eslab is the total energy of the NO free slab.

The relaxed geometries were carried forward into the frozen phonon calculations, to
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compute vibrational frequencies of the surface adsorbed NO on high symmetry sites.

The Au slab atoms had constrained motion, whilst the NO atoms were free to move.

A finite displacement of 0.01 Å on N atoms was applied to compute the force constant

matrix, which was then implemented in calculating the vibrational frequencies.

To further investigate the electronic properties of the gas-surface interaction, the spin-

polarised projected density of states (PDOS) were calculated using the OPYADOS

code for all structures of NO adsorbed on Au.

Theoretical simulations of core-level shifts (CLS) deduced from XPS are performed us-

ing Slater-Janak transition state approximation. The CLS is defined by the difference

of binding energy between the interested and referenced atom. The binding energy of

particular core level is defined by the difference of total energies of the ground E(ni)

and photo-excited (ni - 1) systems, ni is the number of electron in the core level i.

ECLS = [(ni − 1)− E(ni)]− [Eref (ni − 1)− Eref (ni)]. (7.7)

7.3 Results and Discussion

7.3.1 Adsorption Energy of Nitric Oxide on Au(100)

We have calculated the adsorption energies of NO molecules at the three main geome-

try sites of the Au(100) surface, namely on-top (ot), bridge site (2f) and hollow site (4f),

as shown in Fig. 7.2, for representative coverage.

The variation in the adsorption energies could be related to the energy of adsorption

on the different adsorption sites. See table 7.1, for the adsorption energy results.

Table 7.1: Adsorption energies of NO on Au(100) at ot, 2f and 4f sites at different
coverages. The highlighted value indicated the most favourable site in our study.

Coverage Current work (eV)
ot 2f 4f

100% 0.51 0.46 0.71
50% 0.78 0.82 0.70
25% 0.20 0.69 0.65

As presented in the table 7.1, for all but 100% coverage, the NO preferentially ad-

sorbs on the bridge (2f) site with weak adsorption energies between 0.69 eV and 0.8 eV

depending on coverage. This is roughly in agreement with previous calculations by
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OlveraNeria et al. (0.53 eV) for NO on a single gold atom,[195] and by Niemantsver-

driet and co-workers (0.57 eV) for adsorption on the bridge site (both studies used

25% covarage). [88] Thermal desorption experiments (0.59 eV) also agree with the

above calculated adsorption energies. [176] Liu and co-workers computationally stud-

ied 25% coverage of NO on Au(100) and found an adsorption energy of 0.26 eV for the

on-top (ot) site; we calculated an adsorption energy of 0.20 eV for the ot site, but as

mentioned above also find an energetically more favourable conformation in the form

of the 2f site.[89]

Fig. 7.3 presents all the adsorption energies at the different covarages and sites.

Figure 7.3: All calculated adsorption energy as function of coverage at 3 different
adsorption sites: red line present bridge site(2f) at 25%, 50% and 100% coverage,
black line present on-top (ot) at 25%, 50% and 100% coverage and blue line present
hollow site (4f) at 25%, 50% and 100% coverage respectively.
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On the 2f and 4f site (Fig. 7.4) the single electron in the two NO π∗ orbitals (belong-

ing to the nitrogen atom) can efficiently overlap with the orbitals on two neighbouring

Au atoms at the surface between which the NO is located, resulting in an N–O bond

aligned along the surface normal. We find this upright arrangement in fact for all sites

and coverages apart from the on-top site for all 50% coverage case.

.

Figure 7.4: Adsorption of NO on the Au(100) surface on 2f and 4f sites for 50 %
coverage, and the orbital interaction between the NO molecule and the surface Au
atom on the hollow site

Fig. 7.5 where the overlap of the π∗ orbital with the orbitals on a single Au atom causes

the NO to tilt, which is in agreement with Wiu.[89] In contrast, Tratnik reported that

in most cases NO adsorbs on a bridge site with N-O bond being perpendicular to the

surface plane.[196]

.

Figure 7.5: Adsorption for NO on the Au(100) surface, on the top site for 50 %
coverage, and the orbital interaction between the NO molecule and the surface Au
atom on the top site.
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7.3.2 Vibrational Frequencies

Calculated vibrational frequencies of NO were found to be dependent on the coverage.

This seems to be in agreement with the finding by li and Co-worker.[197] Vibrational

frequencies of the adsorbed NO were calculated for the different coverages investigated,

namely 100%, 50% and 25% together with the various adsorption sites. For 100%

coverage, N-O stretch frequency of 1784, 1885 and 1726 cm−1 were found for 4f, ot

and 2f sites respectively. Their values are 120 cm−1, 19 cm−1 and 178 cm−1 smaller

than the frequency of NO in gas phase (1904 cm−1). [198] The results here indicate

that the 2f site is more stable than the others. Similarly, for 50% coverage the 2f

adsorption site with 1654 cm−1 was found to be more stable than ot (1755 cm−1) and

4f (1730 cm−1). For 25% coverage, calculation of the NO frequency indicates that the

4f adsorption site (1604 cm−1) is more stable than 2f (1629 cm−1) and ot (1755 cm−1).

The results obtained here indicate that the coverage plays an important role in deciding

on identity of the most stable site for the adsorption of NO, see Table. 7.2

Table 7.2: Vibrational frequencies of NO on Au(100) at three sites ot, 2f and 4f at
different coverages in order of the most favourable site.

Unit cell Site V eV
100% 4f 1784.03 (-8%) 0.23

ot 1885.05 (-3%) 0.23
2f 1726.29 (-11%) 0.21

50% 2f 1654.21 (-15%) 0.20
ot 1755.32 (-10% 0.21
4f 1730.17 (-11%) 0.21

25% 2f 1629.42 (-16%) 0.20
4f 1604.77 (-17%) 0.20
ot 1755.24 (-10%) 0.22
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7.3.3 Work Function

We have calculated the work functional of NO on Au(100) by using DFT to judge if

there is change caused by the adsorption of NO on Au(100). The work function ϕ of

a metal can be calculated directly using the formula:

ϕ = V − EF (7.8)

where V and EF are the electrostatic potential at the reference point outside the surface

and the Fermi energy, respectively. Both the potential in the vacuum region (V )

and the Fermi energy (EF ) are derived from the same calculation and the results

summarised in Table 7.3.

Table 7.3: Work-function change, ϕ in eV, induced by NO adsorption on Au(100).

Adsorption sites 25% 50% 100%
∆ϕ ∆ϕ ∆ϕ

ot -0.13 -0.06 -0.72
2f -0.04 0.34 -0.12
4f 0.04 0.05 0.15

The work function for clean Au is ∼4.9 eV according to the calculation in this work.

After NO adsorbes on the surface, the work function was in the range 4.2 − 5.26 eV

which is in agreement with the results obtained by Hansson group (5.10 eV)[199, 200]

and the Fall group (5.53 eV)[201], which is in a good agreement with the experimental

value (5.25 ± 0.31). [200] From the inspection of the table above, the positive ϕ is

expected for NO adsorption on gold,[202] as the electronegativities of O and N atoms

(which are 3.44 and 3.04) are significantly larger than that of Au atom which is 2.54.

This is indeed found for NO in the hollow site for all coverages and bridge sites at

50%. However, it does not apply to the ot site for all coverages, and this is done to

their different charge redistribution induced by adsorption.
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It is interesting to note that in the case of 4f adsorption site and for all coverages

investigated, there is an increase in the work function which is in contrast to the ot

site for which a decrease in the work function is observed for the same coverage, see

Fig. 7.6.

.

Figure 7.6: Work function of different sites on NO/Au(100) as a function of covarage.

According to Zeng et al.[203] an increase in the work function, i.e. a positive ∆ϕ,

as observed in this study for the 4f site is expected if a net charge transfer from

the substrate to the adsorbed NO occurs regardless of the adsorption site. It was

suggested that a positive ∆ϕ means an inward pointing surface dipole moment induced

by adsorption.Following from this argument and for a top-site adsorption site, a net

charge transfer from the adsorbed NO to the substrate could be envisaged in which

the direction of the surface dipole moment is pointing outward to the vacuum.
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7.3.4 Projected Density of State

Insights into the interaction between NO and Au surfaces can be obtained from the

projected density of states (PDOS).

The PDOS have been calculated for clean Au(100), see Fig. 7.7. Mapped the partial

density-of-states of the Au–NO complex around the Fermi energy separately for the Au

atom and the NO molecule in search for a plausible non-thermal excitation mechanism,

in case of 100% and 25% coverage. In the ot site for both investigated coverages, did not

find any orbitals matching the desorption lasers energies, i.e. 3.5 and 4.6 eVdesorption

laser respectively.

.

Figure 7.7: Projected density of state (PDOS) of clean Au(100) surface (s, p and f
orbitals).

In Fig. 7.8, it appears that for the 2f site (as well as for the hollow 4f), some

filled Au orbitals (belonging to p orbitals) at ∼3 eV below the Fermi energy and some

unoccupied orbitals belonging to the nitrogen p orbitals of the NO around 0.5 eV

above the Fermi energy exist witch is very close to the 355 nm desorption laser energy.
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.

Figure 7.8: Projected density of state of adsorbed NO a) On bridge site (2f) for
25% showing unoccupied N orbital at 0.5 e V and an Au occupied orbital at 3 eV
which match the 355 nm desorption laser, indicating the possibility for a non-thermal
mechanism, b) On 2f site, for 100% covarage matches the 355 nm energy.

7.3.5 Core Level Shift

Electron core level shifts calculated for various electron removals from Au atoms and

comparative spectrum possible for hole-free systems were obtained. Present the core

level shift (CLS) results for the N 1s states of NO adsorption only on (2f) and (ot) site,

as the bridge site is the energetically more favourable adsorption site based, while the

on-top site is the other suggested site in the literature, and close in terms of adsorption

energy. We calculated a larger CLS shift for the bridge site than the on-top site; these

shifts are ∼ 1.5 eV and 0.9 eV of the N 1s peak towards lower binding energies for

bridge and on-top sites, respectively. CLS-DFT results are complementary to the

experimental results (NAP-XPS).
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7.4 Summary

NO preferentially adsorbs on the bridge (2f) site with a weak adsorption energy of

between 0.65 eV and 0.8 eV for 25% and 50%. In all adsorption configurations but

not the ot, the N-O molecular axis is perpendicular to the surfaces. The results for the

PDOS indicate that an electronic transition from Au to NO is a feasible explanation

for a non-thermal-desorption mechanism..



Chapter 8

Conclusions and Future Work

8.1 Conclusions

The adsorption of nitric oxide onto Au(100) has been studied with the aim of obtain

3D velocity distrbuions to learn about the photodesorption mechansim, and to identify

the type of adsorption. The investigations were performed by employing a combination

of experimental techniques and theoretical calculations including 3D-surface velocity

map imaging, near-ambient pressure x-ray photoelectron spectroscopy and density

functional theory.

Thermal vs. non-thermal NO desorption mechanism

Desorption of NO from the Au(100) surface was concluded to be dominated by a

non-thermal mechanism when a 355 nm desorption laser is used. This conclusion

was based on 1) the observed narrow angular and speed distribution of the desorbed

NO molecules, 2) the rotational temperature of NO being higher than the surface

temperature, 3) the coupling between the translational and rotational energies that

allows partitioning of energy during the adsorption process. In contrast, desorption

of NO from the Au(100) at 266 nm was seen to be dominated by a thermal mecha-

nism. This conclusion was reached by considering 1) the angular speed distribution

of the desorbed NO which was wider that that observed for 355 nm desorption, 2)

the rotational temperature of the desorbed NO was not far from that of the surface

temperature 178 K.

134
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Angularly resolved velocity distributions

The angular-resolved speed distribution of the photo-desorbed NO molecules from an

Au(100) surface is directed along the surface normal and extremely narrow, with all

NO molecules desorbing from the surface within a very narrow angular distribution

with a polar angle of less than 20◦ relative to the surface normal.

Based on these experimental findings, it was concluded that NO is either adsorbed

on-top of a gold atom or at another site of high symmetry like a 2f or a 4f site.

Rotational state distributions of the photo-desorbed NO molecules

The results obtained here indicated that the laser-desorbed NO molecules are rota-

tionally cold. The rotational temperatures were around (206 ± 5 K), which - although

close to the surface temperature - was considered fairly cold when the excess photon

energy is taken into account. Rotationaly cold NO molecules point to the N-O axis

lying a long the surface normal such that little torque is imported into the NO during

the disorption process.

Near-ambient pressure X-ray photoelectron spctroscopy

Results here confirmed the molecular adsorption of NO molecules onto the sputtered

non-annealed Au(100) at 220 K. At around 260 K, no NO adsorbed was seen which is

in agreement with the results obtained from 3D-surface velocity map imaging. Adsorp-

tion was carried out on a sputtered non-annealed Au(100) surface as no features of any

adsorbed NO were recorded on the annealed gold surface at the lowest temperature

achieved on this system (220 K). Although the adsorption of NO was carried out on

a sputtered Au(100) and strictly speaking one cannot talk about regular adsorption

sites, nonetheless it was concluded here that the NO adsorption sites resemble bridge

sites and on-top sites. Furthermore, results indicated that NO adsorbs with N facing

the surface and O pointing away from the surface.

Density function theory

Calculation here were performed on three different adsorption sites on the ordered

Au(100) surface. The most energetically favourable adsorption site was found to be

the bridge (2f) site. Adsorption energies were found to be coverage dependent. It was

argued that this is due to the efficient overlap of the NO π∗ orbital with the orbitals

of two neighbouring gold surface atoms. This leads to the N-O bond aligned along

the surface normal. This NO orientation with respect to the surface is in agreement
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with both the 3D-surface VMI results and the cold rotational state distributions of

the desorbed NO molecules.

8.2 Future Work

The novelty of this work is that it demonstrates the capability of the 3D-VMI technique

not only in elucidating the photodesorption dynamics of pre-adsorbed molecules on

metal substrates, but also in revealing the adsorption site, orientation and alignment

of adsorbates. It can be used to study the bond orientation and mapping. In order to

map the dissociation dynamics across interfaces, the use of selectively- Halogenated

SAMs is proposed, see Fig. 8.1.

.

Figure 8.1: Dissociation of self assembled monolayers (SAMS)

This is similar to electron-stimulated desorption ion angular distribution studies (ES-

DIAD) by Madey, Yates, and co-workers.[4] By applying the axial recoil approximation,

the atoms produced in the dissociation process will move outward along the direction

of the bond that was broken, hence it will be possible to map the direction of the bond

from the direction of travel of the fragments, which 3D-VMI can deliver.



Appendix A

Flux to Density Conversion

The TOF raw data for the NO desorbed from Au(100) does not represent the distribu-

tion. Hence has to be converted to extract the velocity distribution. Since the signal

S(t) is proportional to the number density ρ(r,t) which is distribution in space, not in

time, hence the S(t) refer to the TOF spectrum not the TOF distribution.

The recorded TOF signal, S(t)dt, was first converted to flux, I(t)dt:

I(t) dt = S(t) v(t) dt (A.1)

The time domain data was then transformed to velocity space whilst retaining prob-

ability across each time and velocity component:

P (v) dv = I(t) dt = S(t) v(t) dt (A.2)

P (v) |dv/dt| = S(t) v (A.3)

The Jacobian matrix is given by:

|dv/dt| = l/t2 = v2/l (A.4)

where: v is velocity and l the flight distance. The final transformation which use

directly to convert the row TOF data to velocity distribution is described below:

P (v) = S(t) l/v (A.5)
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Appendix B

LIFBASE Fits

.

Figure B.1: Experimental data and LIFBASE fits for the O 12 and P12 branches for
the GAS-Phase NO for Calibration.
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Figure B.2: Experimental data and LIFBASE fits for the O 12 and P12 branches at
v z=380 ms−1 and a desorption wavelength of 355 nm.
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Figure B.3: Experimental data and LIFBASE fits for the O 12 and P12 branches at
v z=380 ms−1 and a desorption wavelength of 355 nm.
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Figure B.4: Experimental data and LIFBASE fits for the O 12 and P12 branches at
v z=420 ms−1 and a desorption wavelength of 266 nm.
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Photodesorption of NO from Au(100) using 3D surface-velocity
map imaging
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(Received 13 September 2016; accepted 24 October 2016; published online 11 November 2016)

We measured the fully resolved 3-dimensional velocity distributions of nitric oxide photodesorbed
from a gold single crystal. These experiments combine time-of-flight measurements and the velocity
map imaging technique to yield velocity distributions resolved in three dimensions for a prototypical
surface-adsorbate system. Nitric oxide adsorbed on Au(100) was photodesorbed using a 355 nm
laser beam. The desorbed NO molecules were ionised in the gas-phase by resonance-enhanced
multi-photon ionisation within a set of velocity map imaging optics. The NO molecules preferentially
leave the surface along the surface normal with a very narrow angular distribution, indicating a
non-thermal desorption process. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967248]

I. INTRODUCTION

Studies of the detailed dynamics of chemical reactions
frequently aim to record the product translational and/or
internal energy distributions, both for gas-phase as well as for
interfacial reactions, to learn about the energy re-distribution
during the reaction and ultimately about the reaction
mechanism. The photo-induced desorption of fragments from
a single crystal presents a well-defined reaction system due
to the well-known surface structure and photon energy. The
photon energy may be preserved to some extent in the gas-
phase fragments whose internal and translational energies
can be probed after leaving the surface and can help to
provide information about the dynamics of the desorption
process.

A number of different experimental techniques have
been employed in the past to study charged particle-
and photon-induced desorption processes. Traditionally, one
would use a time-of-flight (TOF) setup employing a mass-
spectrometer that can be rotated around the fixed surface to
acquire angularly resolved translational energy distributions.1

However, this is time-consuming (and lacks the internal
energy distribution), hence in order to record all fragments
simultaneously in a single experiment, imaging methods
have risen in popularity. Winograd and co-workers have
reported the energy- and angular-resolved distributions
of neutrals (EARNs) whose desorption was induced by
ions, and they achieved an angular resolution of ∼8◦.2,3

Similarly, ESDIADs (electron-stimulated desorption ion
angular distributions) deliver angular distributions of ions
desorbed from surfaces;4 this method has successfully been
employed for triangulation, i.e., it was in some cases

a)S. Abujarada and H. AlSalem contributed equally to this work.
b)Author to whom correspondence should be addressed. Electronic mail:

sven.koehler@manchester.ac.uk. Telephone: +44 161 306 4448.

possible to derive the orientations of molecular bonds at
surfaces.5

State-resolved detection of neutrals typically involves
the laser ionisation of neutral fragments, often performed
in a resonance-enhanced multi-photon ionisation (REMPI)
scheme. If a pump/desorption laser is employed to initiate an
event at a surface, then the laser-detection of neutrals a few
mm above the surface can deliver kinetic energy distributions
of fragments. However, unless an elaborate optical detection
geometry is used, such kinetic energy distributions lack any
angular information. Menges et al. demonstrated an elegant
example of sheet-focussing of the ionisation laser (with the
sheet perpendicular to the surface) to record two-dimensional
velocity distributions state-selectively. This was done for the
model system of NO photodesorbed from NiO, for which
they obtained a bimodal velocity distribution, with most of
the kinetic energy release being directed along the surface
normal.6

A number of groups have recently adopted ion imaging
techniques, which are heavily employed in gas-phase
reaction dynamics,7 to the study of surface dynamics.
Briefly, ion imaging techniques in the gas-phase may be
used to study, e.g., photo-dissociation processes of small
molecules; such molecules—seeded in a molecular beam—
may be photo-dissociated and subsequently ionised within
a set of ion optics which accelerate the ions down a
TOF tube. Since the mass difference between the initially
generated neutrals and the formed ions is negligible, the
velocity of the neutrals expanding on a Newton sphere
is preserved and can be re-constructed from the arrival
position of the ions on a position-sensitive detector. Velocity-
map imaging (VMI) was a technical improvement of
ion imaging that ensured that the ions’ arrival position
is only a function of their velocity and not of the
position where they were formed.8 Velocity resolutions

0021-9606/2016/145(18)/184201/8/$30.00 145, 184201-1 Published by AIP Publishing.
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of better than 1% have been achieved in some VMI
spectrometers.9–11

It hence seemed a logical step to adopt the VMI
technique for surface studies in order to derive high-resolution
velocity distributions. Wodtke and co-workers were the first
to apply the VMI technique to surface desorption processes
by combining VMI with TOF measurements.12 In the laser-
induced desorption of neutral Br atoms from a KBr single
crystal, the surface of the crystal was oriented parallel to the
ion optics and the detector, and the surface normal to the crystal
was aligned along the TOF tube. TOF information—and hence
velocity distributions along the surface normal—was obtained
by varying the delay between the desorption and the ionisation
lasers, while VMI was used to derive the velocity distributions
in the two dimensions parallel to the KBr surface. White and
co-workers employed the surface-VMI technique to shed
light onto the photodesorption of O2 and photofragmentation
of butanone adsorbed on TiO2(110).13,14 Nesbitt and co-
workers also employed surface-VMI to study the molecular
beam scattering of HCl from Au(100) single crystals;15

most recently, they obtained 3D velocity information for
HCl scattered from self-assembled monolayers by elegantly
utilising the dc slicing technique to achieve a velocity
resolution along the surface normal of around 11%.16 In all of
the above experiments, the surface normal was aligned along
the TOF axis of the VMI spectrometer. In contrast, Harding
et al. have recently demonstrated measurements of speed and
angular distributions of N2 scattered from a Au(111) single
crystal whose surface normal lies in a plane parallel to the ion
optics and detection plates.17 Velocity distributions are in this
case measured under spatial imaging conditions by varying
the delay between the ionization laser pulse and extraction
pulse to follow the movement of the scattered molecules away
from the surface but parallel to the imaging detector.

The combination of TOF and VMI techniques can
potentially produce fully resolved three-dimensional velocity
distributions of neutral fragments from surfaces; if REMPI
spectroscopy is applied, internal state distributions can be
obtained as well, i.e., fully resolved internal and rotationally
resolved translational energy distributions can be recorded,
the “holy grail” of reaction dynamics. However, for surface
desorption processes, one has to pay attention to the exact
geometry of the detection system: If the fragments are
produced at one small spot on the surface and detected within
a small volume above the surface, then some fragments may
be missed, and hence the angular distribution measured is
determined by this optical geometry, and may not reflect the
dynamics of the process. Wodtke and co-workers overcame
that problem by desorbing fragments from a relatively large
spot on the surface and ionising the neutral fragments within
a small volume above the surface (referred to as sheet-dot),
such that a relatively large polar angle of ∼60◦ symmetric
around the surface normal could be recorded.12,18 We here
present the first studies in which the more intuitive dot-sheet
geometry is used to state-selectively record fully resolved
three-dimensional velocity distributions over almost the full
2π sr; the experimental details and the advantages and
disadvantages of this approach are discussed in more detail in
Sec. II.

The test system investigated here is the photodesorption
of NO from a Au(100) single crystal. Nitric oxide is a key
intermediate in a range of industrially relevant processes, such
as the reduction of higher oxidation state nitrogen compounds
(nitrates and nitrites) to ammonium or ammonia compounds or
laughing gas N2O, as well as in the oxidation of ammonia.19,20

On Pt surfaces, the exact pathway for ammonia reduction is
still under dispute, not only regarding the intermediates but
also the mechanism, with both Langmuir-Hinshelwood and
Eley-Rideal mechanisms being suggested.19,21,22

As for gold substrates, NO is more strongly adsorbed to
Au(100) than to Au(111).23 There is an agreement that the
nitrogen atoms face the gold surface, but there are conflicting
reports as to whether the neutral NO binds to Au(100) on the
bridge site, i.e., between two neighboring atoms (2f site)24 or
the on-top (ot) site;25 it is also disputed whether the NO is in a
bent geometry25,26 or along the surface normal.24 Temperature-
programmed desorption experiments and density functional
theory calculations agree that NO covalently binds to gold
with an adsorption energy of ∼57 kJ mol−1,24 and adsorption
at around∼170 K ensures sufficiently high coverages to induce
a hex → (1 × 1) phase transition.27

While the photodesorption of nitric oxide from Au(100)
has not been studied to date, NO is an attractive candidate as
it is experimentally straightforwardly detected using REMPI
spectroscopy.

Buntin et al. as well as Chuang and co-workers studied
the laser-desorption of NO from Pt(111). Depending on
the excitation wavelength, both found a bimodal velocity
distribution, the faster component of which was attributed
to excitation followed by electron-transfer to the NO
adsorbate.28–30 The desorption of NO from a non-metal
Si(111) surface, however, has been found to be due to
electronic excitations of the covalent substrate bonds.31 So
et al. investigated the interaction between the laser radiation
with NO adsorbed on GaAs(110) at 80 K over a range of
wavelengths and found that the desorption and dissociation
of NO molecules are induced by non-thermal processes.
The authors concluded that the observed desorption and
dissociation could be attributed to interactions of the adsorbed
NO with photogenerated charge carriers.32 Menges et al.
reported results on the angular distribution of NO desorbing
from NiO(111) after excitation with 193 nm laser light using an
experimental setup capable of state-selectively obtaining the 2-
dimensional velocity distribution of the desorbed neutrals in a
single experiment.6 Garcia et al. studied the photodissociation
of NO adsorbed on Cu(110) using reflection-absorption
infrared spectroscopy. The NO dimer was found to be
photoactive in contrast to bridge-bonded NO which showed
no photoactivity. NO dimers photodissociate by breaking the
N–N bond, releasing one NO molecule to the gas phase,
while the other NO remains adsorbed on the surface in the
metastable atop position.33

We here reported the application of 3D surface-velocity
map imaging to the 355 nm photodesorption of NO
from Au(100) surfaces. Section II describes in detail how
we achieved to record the velocity distributions in three
dimensions independently through a combination of TOF and
VMI measurements. The results are presented in Section III
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and their analysis in Section IV, followed by a discussion of
the non-thermal nature of the NO desorption process.

II. EXPERIMENTAL

The experimental setup was designed to measure the
velocity distribution of NO molecules photodesorbed from
a Au(100) surface in three dimensions independently using
a combination of TOF and VMI methods; the gas-phase
VMI setup has been described in detail previously.34 In
brief, the spectrometer consists of two chambers, namely
a molecular beam chamber which is only in operation when
calibration experiments are performed, and a chamber that
contains the Au(100) single crystal and the VMI optics.
This chamber is evacuated by a 1000 L s−1 turbomolecular
pump to achieve ultra-high vacuum conditions (base pressure
5 × 10−10 Torr), backed by a mechanical pump. The VMI
optics, described in more detail below, consist of twelve
parallel plates of 10 cm diameter, the first of which, typically
referred to as the repeller plate, features a 12 mm diameter
central hole. A 10 mm diameter Au(100) crystal (1.5 mm
thick) equipped with a K-type thermocouple is attached to a
sample mount connected to a 3-axes/rotational manipulator
which allows for heating and liquid nitrogen cooling, see
Fig. 1.35 While the 12 mm opening in the repeller plate can
accommodate the Au crystal, the physical contact between
the liquid nitrogen-cooled crystal and the room-temperature
repeller plate heats up the crystal too quickly, and the crystal
is hence set-back by 0.5 mm behind (i.e., further away from
the laser) and parallel to the repeller plate. The surface
normal of the gold crystal is aligned along the TOF tube
(z axis) of the spectrometer, at the end of which a 40 mm
diameter multi-channel plate detector (Burle Photonis) is
located (time-of-flight path for mass-separation is 45 cm).
The manipulator also holds a 10 mm diameter stainless-steel
disc with a central 2 mm hole; this disc can be placed in
position instead of the gold crystal and allows us to run
gas-phase calibration experiments using the molecular beam
under otherwise identical conditions without having to break
the vacuum. Both the crystal and repeller plate are connected
to separate power supplies held at the same voltage such that
the field experienced by the fragments in vacuum at the point

FIG. 1. Schematic of the 3D VMI setup showing the parallel alignment of
the gold surface in relation to the ion optics.

where they are ionised (between the repeller and the second
plate) is homogenous, as proven by gas-phase calibration
experiments.

The gold crystal is heated prior to experiments to 700 K
and subsequently cooled to ∼170 K. Nitric oxide (NO)
gas is introduced into the chamber as background gas at a
pressure of ∼5 × 10−7 Torr for a few minutes, and the NO gas
pressure is maintained at ∼5 × 10−8 Torr during experiments
to re-dose the surface, resulting in a sub-monolayer NO
coverage.6,27

With the crystal in place, a frequency-tripled Nd:YAG
laser (Quanta Ray DCR-11, hν = 3.5 eV, pulse duration 7 ns)
beam is directed through small holes in the VMI electrodes
at the NO/Au(100) surface at an angle of 45◦. The energy
of 1.5 mJ and the repetition rate of 20 Hz result in a
transient temperature increase of ∼27 K at the surface of
the crystal.36 This increase does not cause thermal desorption
of NO molecules as shown later. The laser pulse nonetheless
causes desorption of NO molecules which can potentially fly
in all directions in the hemisphere above the surface. Since
we are interested in the 3D velocity distribution, we have to
ensure the capture of all NO molecules desorbing under all
possible angles by paying particular attention to the optical
detection geometry. If one were to desorb fragments from a
small spot on the surface and detect these fragments within a
small volume above the surface, then the experiment is biased
towards detecting only those fragments flying in a straight
line from desorption spot on the surface to the detection
volume. In order to detect all fragments, one can either
increase the area which the desorption laser illuminates and
detect the fragments within a small volume above the surface
(sheet-dot);12,37 alternatively, one can use a small desorption
laser spot on the surface (here ∼2 mm diameter) and employ
a detection laser sheet that ionises the NO fragments in a
rather large volume above the surface (dot-sheet), see Fig. 2.
Here, we report the latter, more-intuitive method for the first
time.

The NO molecules are ionised in a (1 + 1) REMPI
scheme via the (0,0) A ← X transition; the third harmonic
of a Continuum Powerlite 8020 Nd:YAG laser was used
to pump a Radiant Dyes NarrowScan laser operating on
Coumarin 460; the resulting output is frequency-doubled in
a BBO (barium borate) crystal to yield ∼200 µJ pulses at
around 226 nm at 20 Hz. Employing the 8 mm diameter

FIG. 2. Illustration of the dot-sheet conditions employed in this work. The
photodesorption laser approaching from the right illuminates only a small
area on the surface, while the probe laser forms a sheet above the surface to
intersect as many desorbed molecules as possible.
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output from this laser system, we use a cylindrical lens with
a focal length of 28 cm to create such a laser sheet above
the surface. This yields an effective Rayleigh length zR for
1 + 1 REMPI detection (keeping in mind that the ionisation
step is saturated and that the Rayleigh length for focusing
with a cylindrical lens is defined by the beam dimension in
one direction only doubling from waist to zR) of more than
20 mm, hence effectively creating an 8 mm tall “curtain”
above the surface through which the NO molecules have to
fly. We note that we also translated the laser sheet up and
down in front of the surface during measurements, but this
did not affect the images, indicating that all NO radicals fly
though the laser sheet. At a typical surface-to-laser distance of
3 mm, this allows us to detect all those NO molecules leaving
the surface within a solid angle of 5.6 sr. As hinted above,
the slightly more elaborate design of our ion optics consisting
of twelve electrodes (yielding soft extraction conditions of
around 50 V cm−1) was chosen to increase the volume in
which VMI conditions prevail, which we have previously
established experimentally,34 and we are hence confident that
all NO molecules crossing the laser sheet are ionised and
accelerated under true VMI conditions.

By varying the time delay between the desorption and the
probe lasers, we record time-of-flight profiles, but crucially,
since the probe laser beam is focussed using a cylindrical lens
and hence forms a sheet above the surface, these TOF profiles
can be converted into velocity distributions that deliver the
velocity component along the surface normal (vz) exclusively,
i.e., not the overall speed.

An NO molecule desorbing from the surface straight
along the surface normal (v = vz) is detected by the REMPI
laser after the same time delay as an NO molecule that leaves
the surface with a certain angle and whose overall speed
may be higher (v > vz) as long as their velocity along z is
the same; due to the “sheet”-shaped probe laser, converting
these TOF profiles to velocity distributions hence delivers vz.
However, all particles ionised within this extended volume
nonetheless adhere to velocity map imaging conditions as
shown previously.34 The ions are then accelerated down the
time-of-flight tube (for mass separation) onto the position
sensitive multi-channel plate (MCP) detector. This MCP
detector is gated using a DEI PVX-4140 high voltage pulser
in order to discriminate against ions other than NO+. The
ions’ arrival positions are imaged onto a phosphor screen
and captured by a synchronised CCD camera (FOculus
FO124TB) before being transferred to a PC using a frame
grabber (NI PCI-8254R). Custom-written LabVIEW software
is used to accumulate and save the images, which are
subsequently converted to velocity distributions. Since the
gold surface and the detector are parallel to each other
but perpendicular to the TOF axis of the spectrometer, the
velocity distributions correspond to the remaining two velocity
components vx and vy (where y is along the propagation
direction of the REMPI laser and x is the vertical axis
in the laboratory frame, see Fig. 1) for specific values
of vz.

In essence, by varying the time delay between the
desorption and probe lasers in discrete steps, we are able
to record velocity distributions along z (vz), and for each time

delay, we obtain the velocity distribution along x and y from
the velocity map images.

III. RESULTS

Distributions of the NO velocity component flying along
the z axis after 355 nm photodesorption were recorded by
varying the delay time between the desorption and probe
lasers; such a TOF profile for a surface-to-REMPI laser
distance of 3 mm is shown in Fig. 3(a). Fig. 3(b) shows the
velocity distribution vz of NO molecules as an average of two
runs; the time delays were now chosen to yield equally spaced
velocity intervals. However, since the REMPI detection is
sensitive to particle densities and since each time delay probes
a subset of NO molecules over a time interval determined by
the probe laser pulse width (∼7 ns), we applied the appropriate
density-to-flux conversion and Jacobian.38 These experiments
were repeated with a surface-to-REMPI laser distance of
2 mm in order to record a larger solid angle of desorbing
NO molecules (not shown), but this yielded the same result
within the error of the experiment. The S/N ratio at 2 mm was
comparable to that at 3 mm, indicating that we detected all NO
molecules in both cases, but the velocity resolution along z at
2 mm is slightly worse such that all results reported here are
for a 3 mm surface-to-REMPI laser distance unless otherwise
stated. The error in the velocity distribution along the z axis

FIG. 3. (a) Raw time-of-flight data for NO photodesorbed from Au(100) at
355 nm. (b) vz velocity distribution of photodesorbed NO after the density-
to-flux conversion of the raw data (blue circles), errors represent average of
two runs. A 1D Maxwell-Boltzmann distribution at the surface temperature
is provided for comparison (red line).
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is given by ∆l/l, where ∆l is the uncertainty of determining
the exact distance between the surface and the probe laser; we
estimate the error to be around 0.1 mm/3.0 mm = 3%. One
major advantage of employing the TOF technique to acquire
vz with a well-defined laser-pump–laser-probe setup is the
high velocity resolution obtained.

The remaining two velocity components vx and vy, which
are parallel to the Au(100) surface, are derived from the
velocity map images which are recorded at laser delay times
corresponding to velocities vz for which data points were
recorded. These raw velocity map images, two of which
are shown in Fig. 4, are recorded in density space and are
subsequently converted to velocity space. Each raw image is
composed of single images from approximately 20 000 laser
shots. The center of these images corresponds to zero velocity
in the x and y dimension, even though this center is shifted
slightly with respect to the center of our CCD camera, an
effect that we also observe to the same extent in our gas-phase
experiments, and is due to the slight misalignment of the ion
optics. The slight asymmetry we observe in some images is
also likely due to either the misalignment of the ion optics
or the round desorption laser illuminating an ellipsoidal area
on the surface or the probe laser, which is focussed using a
cylindrical lens and has a Gaussian intensity profile in the
direction not affected by the focussing; the latter favours
fragments desorbing along the surface normal over those

FIG. 4. Velocity map images of NO recorded at desorption-REMPI laser
delay times corresponding to 420 m s−1 (top) and 560 m s−1 (bottom).

flying up or down in the laboratory frame, but fragments
seem to intersect the central part of the laser beam, keeping
distortions at a modest level.

In order to obtain three-dimensional velocity distribu-
tions, the results from the TOF profiles and the VM images
must be appropriately combined as described in Sec. IV.

IV. DISCUSSION

Since the vz distributions are strictly speaking 1D velocity
distributions, they are compared in Fig. 3(b) with a 1D
Maxwell-Boltzmann distribution at the temperature of the
gold surface; however, the experimental vz distribution of
NO peaking at non-zero velocities is not well described by
the 1D Maxwell-Boltzmann distribution, indicating a non-
thermal desorption process. The experimental vz distribution
peaks at velocities just below 500 m s−1 and appears mono-
modal.

Combining the TOF and VMI measurements results in
3D distributions which are cumbersome to visualize. Since the
VM images appear roughly circular, i.e., there does not seem
to be a preference for the NO molecules to fly along the [001]
over the [010] direction, we azimuthally averaged the two
velocity distributions parallel to the Au(100) surface to yield
vx/y. Fig. 5 shows a smoothed surface plot combining TOF data
and VM images. It can be seen that while vz is most intense
at around 500 m s−1 and extends up to around 1000 m s−1,
vx/y almost completely vanishes at velocities higher than
200 m s−1, illustrating that the desorption of NO molecules
is confined to a rather narrow cone along the surface normal.
To highlight this angular preference further, we created a
polar contour plot of intensity as a function of both, overall
speed and polar angle, see Fig. 6. The angular distribution is
quite narrow throughout, always narrower than 25◦, and it can
be clearly seen that the NO molecules preferentially desorb
along the surface normal. This is not unexpected, of course,
as the flux of atoms or molecules leaving a surface typically
peaks along the surface normal.39,40 The smooth transition of
the distributions from their peak along the surface normal to
polar angles of only around 25◦ (i.e., without a sudden cutoff)

FIG. 5. Smoothed surface plot of the NO flux as a function of vz (from
TOF measurements) and the azimuthally averaged vx/y (from VM images)
recorded at 3 mm surface-to-REMPI laser distances.
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FIG. 6. Plot of the NO flux as a function of overall speed and angle after
355 nm photodesorption. Color scheme from red (most intense) to faint
yellow (zero intensity). Note that the geometry of our 3D surface VMI setup
allows NO molecules desorbing from the surface at angles of up to 53◦ to be
detected.

also proves that we cover the full angular distribution which
would theoretically, purely based on the detection geometry,
and have allowed the detection of NO molecules up to polar
angles of 53◦ (or even 63◦ for substrate-probe laser distances
of 2 mm as used in some of the experiments here).

Fig. 7 shows the angular distribution of the NO molecules
for selected overall speeds. Also shown are fits of these
distributions to cosn θ functions, where a fitting parameter of
n = 1 is typical for thermal desorption processes. The angular
distributions for even the slowest NO molecules can only be
fitted with n > 1, and it can also be seen that the angular
distributions become narrower with increasing overall speed.

Fig. 8 shows the overall speed distribution of NO
molecules independent of angle and compares it to a fitted 3D
Maxwell-Boltzmann distribution at a temperature of 317 K.
The lack of intensity below 400 m s−1 and the narrower
distribution as compared to the Maxwell-Boltzmann fit are
good indications that the overall speed distribution is not

FIG. 7. Experimental angular distributions (circles) for selected speeds of
photodesorbed NO molecules together with fits to a cosn θ distribution (red
lines); plots are offset vertically for clarity.

FIG. 8. Overall speed distribution of the desorbed NO molecules (obtained
by appropriately combining vz with vx and vy) and a Maxwell-Boltzmann best
fit at a temperature of 317 K in red.

thermal. Fig. 9 shows the integrated (over all flight times)
signal intensity of NO molecules desorbed from gold at
various surface temperatures. It can be seen that a significant
fraction of the NO molecules are still adsorbed to the surface
even at and above the temperature reached during the laser
pulse (∼197 K), such that purely thermal desorption is unlikely
to occur.

All the above results point to a non-thermal mechanism
due to electronic excitation. This could either be a “hot”
electron mechanism in which an electron from the conduction
band is excited above the Fermi level (EF); this is followed
by tunnelling into an unoccupied state of the adsorbate
forming a negative ionic state, from which the desorption
of the neutrals occurs.41,42 Fukutani et al. consider such a
mechanism for the 193 nm photodesorption of NO from
Pt(111).30 Alternatively, the photon may cause excitation
within the adsorbate molecule which—once in an excited
state—undergoes desorption. For NO on Ni(111), Yates and
co-workers argue that the interaction between the NO 2π∗

antibonding orbital and the Ni d bands causes the occupied
NO 2π∗-d state and the unoccupied NO 2π∗-d state to be below
and above the Fermi level with an energy gap of ∼3.7 eV,
close to the excitation laser wavelength of 355 nm used in

FIG. 9. Integrated signal intensity of NO desorbed from Au(100) as a func-
tion of temperature.
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their experiments.43 Rogozik et al. reported that these levels
are expected to broaden and extend to near Ef as a result of the
strong molecule/metal interaction.44 It seems hence plausible
that the desorption of NO from Au(100) observed in this work
at 355 nm is also either due to excitation within the adsorbed
NO itself or due to a substrate-mediated mechanism.

In order to shed more light onto the excitation
mechanism of NO adsorbed on Au(100), we performed
first principles quantum chemical calculations based on
density-functional theory. We employed the Cambridge Serial
Total Energy Package (CASTEP) which solves the Kohn-
Sham equations with a plane wave basis set employing
three-dimensional periodic boundary conditions,45 similar to
our previous work.46 We used the Perdew–Burke–Ernzerhof
(PBE) functional to approximate the exchange and correlation
effects in the electronic properties.47 For all but 100%
coverage, we find that the NO preferentially adsorbs on the
bridge (2f) site with a weak adsorption energy of between
0.65 eV and 0.8 eV depending on the coverage. This is
roughly in agreement with previous calculations by Olvera-
Neria et al. (0.53 eV) for NO on a single gold atom26 and by
Niemantsverdriet and co-workers (0.57 eV for adsorption on
the bridge site).24 Thermal desorption experiments (0.59 eV)
also agree with the above calculated adsorption energies27 but
are in contrast to Liu and co-workers who computationally
studied 25% coverage of NO on Au(100) and found an
adsorption energy of 0.26 eV for the on-top (ot) site;25 we
note that we calculate an adsorption energy of 0.20 eV for the
ot site, but—as mentioned above—also find an energetically
more favourable conformation in the form of the 2f site. On the
latter, the single electron in the two NO π∗ orbitals (belonging
to the nitrogen atom) can efficiently overlap with the orbitals
on two neighbouring Au atoms at the surface between which
the NO is located, resulting in an N–O bond aligned along
the surface normal. We find this upright arrangement in fact
for all sites and coverages apart from on-top cases, where the
overlap of the π∗ orbital with the orbitals on a single Au atom
causes the NO to tilt.

We mapped the partial density-of-states of the Au–NO
complex around the Fermi energy separately for the Au atom
and the NO molecule in search for a plausible non-thermal
excitation mechanism. It appears that for the 2f site (as well
as for the hollow 4f, but not for the ot site), some filled
Au orbitals (belonging to p orbitals) at ∼3 eV below the
Fermi energy and some unoccupied orbitals belonging to the
nitrogen p orbitals of the NO around 0.5 eV above the Fermi
energy exist. Since this gap of ∼3.5 eV is roughly equivalent
to our excitation laser wavelength of 355 nm, excitation from
the substrate to the adsorbate is likely to be responsible for
the non-thermal desorption of NO from Au(100).

V. CONCLUSIONS

In this paper, we have demonstrated the capability of a 3D
surface VMI apparatus to study photodesorption processes.
The combination of TOF and imaging methods negates
the need for complex instrumentation employing rotatable
mass-spectrometers for which data acquisition can be time-
consuming. 3D surface VMI delivers fully resolved velocity

distributions with high resolution if one ensures that all
desorbing particles are detected and presents hence a faster
method for surface reaction studies. The angularly resolved
velocity distributions of NO photodesorbed from Au(100)
indicate that a non-thermal mechanism is responsible for the
NO desorption, and this seems likely to be induced by a
substrate-mediated excitation.

Note added in proof. Since acceptance of this manuscript,
Greaves and co-workers have presented scattering experiments
of ammonia from dielectric PTFE surfaces with the surface
placed within the ion optics and the surface normal aligned
perpendicular to the spectrometer’s axis using their 2D-VMI
setup.48
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Translational and Rotational Energy Distributions of NO
Photodesorbed from Au(100)
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ABSTRACT: We report velocity and internal state distribu-
tions of nitric oxide photodesorbed from an Au(100) single
crystal using 355 and 266 nm photons. The velocity
distributions were measured in all three dimensions
independently using our novel 3D-velocity map imaging
setup. Combined with the internal energy distributions we
reveal two distinct desorption mechanisms for the photo-
desorption of NO from gold dependent on the photon
wavelength. The 355 nm desorption is dominated by a
nonthermal mechanism due to excitation of an electron from
the gold substrate to the adsorbed NO; this leads to a
superthermal and noticeably narrow velocity distribution and a
rotational state distribution that positively correlates with the
velocity distribution and can be described by a rotational temperature appreciably above the surface temperature. Desorption
with 266 nm photons leads to a slower average speed and wider angular distribution and rotational temperatures not too far off
the surface temperature. We conclude that in the absence of occupied orbitals in the substrate and unoccupied orbitals on the
adsorbed NO separated by 4.7 eV, corresponding to 266 nm; the shorter wavelength desorption is dominated by a thermally
activated mechanism.

1. INTRODUCTION

Photon-induced chemical reactions including the desorption of
small molecules such as NO, CO, or O2 from solid surfaces
have been a thriving area of research.1−7 The aim of such
investigations is typically to unravel and understand the basic
processes that control the elementary steps, i.e., the mechanism
and dynamics of adsorbate−substrate interactions during the
desorption process. In this context, nitric oxide desorption from
metal surfaces has been thoroughly investigated by many
research groups using different experimental and theoretical
methods.8−11 NO has been the adsorbate of choice for many
reasons, one of which is that NO is associated with many
catalytic reactions in which it interacts with a surface.12 Another
reason is that NO molecules in the gas phase can easily be
detected state selectively by, e.g., resonance-enhanced multi-
photon ionization (REMPI) or laser-induced fluorescence
(LIF) spectroscopy.
Some studies revealed the existence of two specific channels

for NO desorption from various substrates, namely, a thermal
and a nonthermal mechanism.13 Thermal desorption is the
result of complete energy equilibration before desorption
occurs. Electronically excited intermediate states are short lived
on metal surfaces where relaxation of exited states of adsorbed
molecules is expected to be extremely rapid, with lifetimes of
only a few femtoseconds; hence, fast and sensitive probes are

required to monitor the dynamics of desorption (characterized
by translational, vibrational, and rotational temperatures).14,15

For nonthermal desorption, energy equilibration is incomplete
at the time of desorption, and the internal and translational
energy distribution of the desorbing molecule may provide
clues regarding the desorption mechanism. The energy of the
photon causing electronic excitation of the system is partitioned
into translational and internal (vibrational and rotational)
energy, as well as dissipation into the substrate. This
partitioning is determined by the potential energy surface and
the lifetime of the intermediate excited state as described by the
Menzel−Gomer−Redhead (MGR)16,17 and Antoniewicz18

models. Therefore, measurements of the translational and
internal energy distribution of the desorbed molecules can shed
some light onto the desorption mechanism and the energy flow
pathways during photodesorption.
King and co-workers reported thermal and nonthermal

mechanisms of the laser-stimulated desorption of NO from
Pt(111) at 1064, 532, and 355 nm; they deduced that the
nonthermal desorption is hot carrier initiated due to excitation
of the substrate at photon energies in the range from 1.17 to 3.5
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eV,19,20 resulting in desorbed NO molecules exhibiting a non-
Boltzmann rotational energy distribution. Fukutani et al.
concluded that substrate excitation was responsible for the
laser-induced NO desorption from Pt(001) for photon energies
in the range between 3.5 and 6.4 eV;21 the evidence provided
was that translational and internal energy distributions were
independent of the pump laser wavelength. In contrast to the
work by King and co-workers, the rotational state distribution
of desorbed NO from Pt(001) followed a Boltzmann
distribution, with the two spin−orbit states in equilibrium
with very similar rotational temperatures. The photon-
stimulated desorption of NO from a Pt(111) surface at 80 K
was investigated by Chuang and co-workers using REMPI
spectroscopy.22 Two distinctive desorption channels were
identified on a nonannealed surface and a surface annealed to
220 K after NO adsorption at 80 K. The rotational energy
distribution was found to follow a Boltzmann distribution for
as-adsorbed Pt(111) and was non-Boltzmann on the annealed
Pt(111) surface, with an inverted population of spin−orbit
states, in agreement with the results reported by Buntin et al.20

Richter et al. studied the laser-induced desorption of NO
from Si(111) at a surface temperature of 100 K23 and found the
desorption dynamics to be sensitive to the initial coverage with
NO. The energy partitioning in the desorbed NO and the
dependence of the energy partitioning on the desorption laser
wavelength suggested that different photoreaction channels are
in operation at low and high coverage; for low coverage, the
resultant energy partitioning in the desorbed NO is such that
translation and vibration carry most of the photon energy. The
kinetic energy distributions were found to be non-Maxwellian,
while the rotational state populations were adequately
described by a Boltzmann distribution.
Mulugetaet et al. reported on the internal energy

distributions of desorbed NO obtained by REMPI spectroscopy
for Ag(111) and for Ag nanoparticles;24 NO molecules were
detected with hyperthermal velocities and with vibrational and
rotational temperatures significantly higher than the sample
temperature.
Recently, a number of groups began to exploit the advantages

of the velocity map imaging (VMI) techniqueso far
predominantly used for gas-phase studiesfor surface
dynamics studies.25−29 We previously reported on the use of
a combination of time-of-flight (TOF) and VMI techniques for
resolving 3-dimensional velocity distributions of NO photo-
desorbed from a gold single crystal using 355 nm photons.30

NO molecules were found to leave the surface preferentially
along the surface normal with a very narrow angular and rather
fast velocity distribution, indicating a nonthermal desorption
process. This was attributed to the excitation of an electron
from a filled p orbital on gold to an unoccupied p orbital on the
nitrogen (of an adsorbed NO) around 3.5 eV higher in energy
and close in energy to our excitation wavelength. In the present
paper, we expand this work to include laser excitation with 266
nm photons and add the rotational state distribution for both
excitation wavelengths, which allows us to compare and analyze
results to identify any differences in the mechanism of the
photodesorption of NO from Au(100).

2. EXPERIMENTAL METHODS
The experimental setup was designed to measure the velocity
distribution of fragments photodesorbed from a surface in three
dimensions independently using a combination of TOF and
VMI methods as described in detail elsewhere.31 In brief, the

spectrometer consists of two chambers, namely, a molecular
beam chamber which is only in operation when gas-phase
calibration experiments are performed and a UHV chamber
that contains the Au(100) single crystal and the VMI optics.
This chamber is evacuated by a 1000 L s−1 turbomolecular
pump backed up by a mechanical pump achieving a base
pressure of 5 × 10−10 Torr. The Au(100) crystal (10 mm
diameter, 1.5 mm thick, from Surface Preparation Laboratory)
equipped with a K-type thermocouple is attached to a sample
mount connected to a 3-axes/rotational manipulator which
allows for heating and liquid nitrogen cooling. The VMI optics
consist of 12 parallel plates of 10 cm diameter whose surface
normals are aligned along the center axis of the TOF
spectrometer. Twelve plates were employed in order to
increase the volume in which VMI conditions prevail.31 Prior
to experiments, the gold single crystal is cleaned by heating to
700 K and subsequently cooled to ∼178 K. Pure NO gas is
introduced into the chamber through a molecular beam valve at
a background pressure of ∼5 × 10−6 Torr for a few minutes to
establish a submonolayer NO coverage. The valve was then
adjusted to yield a background pressure of NO of 5 × 10−8

Torr; this suppressed the background signal sufficiently while
allowing the surface to be redosed continuously during the
experiment. Desorption of chemisorbed NO from the Au(100)
crystal was initiated by a Nd:YAG laser (Quanta Ray DCR-11),
which was either frequency tripled (3.5 eV) or quadrupled (4.7
eV) with a pulse duration of 7 ns at a repetition rate of 20 Hz
and a pulse energy of ∼1.2 mJ. The beam was directed at the
NO/Au(100) surface at an angle of 45°. The desorbed NO
molecules may fly in all directions within the hemisphere above
the surface. In order to obtain a complete 3D velocity
distribution, the optical detection geometry design must ensure
that all NO molecules flying off the surface at all possible angles
are detected. We have done so by creating a small desorption
laser spot on the surface (<1 mm in diameter) while detecting
the NO molecules within a rather large volume in front of the
surface such that a large fraction of the hemisphere above the
surface is covered.25,32 The desorbed NO molecules were
detected state selectively by a 1 + 1 REMPI scheme via the A
← X (0,0) transition by employing a frequency-doubled
Radiant Dyes NarrowScan laser, operating on Coumarin 460,
pumped by a Continuum Powerlite 8020 Nd:YAG laser.33 The
resulting output is frequency doubled in a BBO (barium
borate) crystal to yield ∼200 μJ pulses at around 226 nm at 20
Hz. A cylindrical lens of 28 cm focal length was used to focus
the output of the laser system to create a laser sheet with an
area of ∼20 × 8 mm2 above the center of the surface. The
REMPI laser beam path was adjusted using linear translation
stages to pass in front of the surface with a surface-laser
distance of 3 mm, giving a velocity resolution along the z axis of
∼3% (assuming we can adjust and reproduce the position to
within 100 μm, hence Δd/d ≈ 3%) and allowing us to detect all
those NO molecules leaving the surface within a solid angle of
5.6 sr. The elaborate design of the ion optics (by using 12
plates, resulting in a shallow electric field gradient and weak
extraction conditions) allows all those NO molecules ionized
by the laser to be accelerated under true VMI conditions.31 We
recorded TOF profiles by varying the time delay between the
desorption and the probe laser; these profiles were converted
into velocity distributions that deliver the velocity component
along the surface normal (vz) exclusively, i.e., not the overall
speed of the desorbed molecules. NO+ ions are accelerated
down the time-of-flight tube (for mass separation) onto the
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position-sensitive multichannel plate (MCP) detector, gated
using a DEI PVX-4140 high-voltage pulser in order to
discriminate against ions other than NO+. The ions’ arrival
positions are imaged onto a phosphor screen and captured by a
synchronized CCD camera (FOculus FO124TB). Custom-
written LabVIEW software is used to accumulate and save the
images, which are subsequently converted to velocity
distributions. Since the gold surface and the detector are
parallel to each other but perpendicular to the TOF axis of the
spectrometer, the velocity distributions extracted from the VMI
images correspond to the remaining two velocity components
vx and vy parallel to the gold surface, where y is along the
propagation direction of the REMPI laser, i.e., horizontal in the
laboratory frame, and x is the vertical axis, for specific values of
vz.
Hence, we are able to record velocity distributions along z

(vz) by varying the time delay between the desorption and the
probe laser in discrete steps, and for each time delay, we obtain
the velocity distributions along x and y from the velocity map
images. In order to record rotational state distributions, we
fixed the delay time between the pump and the probe laser to
correspond to specific velocities of the vz distribution for both
355 and 266 nm desorption. The probe laser was scanned over
an appropriate wavelength range in steps of 0.005 nm to obtain
REMPI spectra for NO for a given vz. To extract rotational state
distributions of the desorbed NO molecules only, rotational
spectra in the absence of the desorption laser were recorded,
and background subtraction was carried out. We also applied a
relative calibration scheme to avoid any factors that influence
the sensitivity of different rotational lines to a different
degree.34 This was done by recording thermal NO spectra
which yield a well-known Boltzmann distribution; the
intensities of each rotational line of these thermal spectra
were compared to the Boltzmann population of NO at 298 K
to extract calibration factors which were used to convert the
line intensities of the photodesorbed NO to rotational
populations.

3. RESULTS AND DISCUSSION
Translational Energy. A time-of-flight (TOF) spectrum of

NO following 266 nm photodesorption for a surface-to-REMPI
laser distance of 3 mm is shown in Figure 1a. The probe laser
wavelength was tuned to be resonant with the Q1(1) line of the
(0,0) transition of NO. These TOF spectra only measure the
velocity component of the NO molecules along the surface
normal and were converted into a vz distribution; Figure 1b
shows the velocity distribution vz of NO molecules as an
average of three runs; the time delays in Figure 1a were chosen
to yield equally spaced velocity intervals; a density-to-flux
conversion was applied, as was the appropriate Jacobian.35

Figure 1b shows that the two 1D velocity distributions are
shifted to higher velocities as compared to a 1D Maxwell−
Boltzmann distribution at the surface temperature of 178 K,
indicating a nonthermal desorption mechanism for both
wavelengths investigated.36,22 The 355 nm distribution can be
described as bimodal, pointing toward two distinct desorption
mechanisms, and most interestingly, the velocity distribution
for the lower energy 355 nm desorption is shifted toward
higher velocities compared to the 266 nm desorption.
We also note (not shown) that the absolute signal intensity is

significantly weaker (∼40%) for 266 nm desorption compared
to 355 nm desorption for similar laser fluences, which may be
indicative of one desorption channel not being available during

266 nm desorption. The low signal obtained for the 266 nm
desorption could also be due to the fact that the photon energy
is very close to the work function of gold (5.3 eV),37 raising the
possibility of ionization of surface gold atoms forming a cationic
surface, which is more active;38 hence, the adsorbed NO will be
more strongly held onto the surface.
The two velocity components vx and vy parallel to the

Au(100) surface are extracted from the VM images which are
recorded at laser delay times corresponding to velocities vz for
which images were recorded from 120 to 760 m s−1 in 20 m s−1

intervals. These raw velocity map images, two of which are
shown in Figure 2, are recorded in density space and are
subsequently converted to velocity space.
Each raw image is composed of 20 000 single images from

equally many laser shots. The center of these images
corresponds to zero velocity in the x and y dimensions, even
though this center is shifted slightly with respect to the center
of our CCD camera, an effect that we also observe to the same
extent in our gas-phase experiments, and is due to the slight
misalignment of the ion optics. This slight asymmetry obtained
in some images has been also reported when using 355 nm
laser.25 This was suggested to be caused by a slight
misalignment of the ion optics, by the round desorption laser
illuminating an ellipsoidal area on the surface (due to its 45°
angle of incidence), or by the probe laser, which is focused
using a cylindrical lens and has a Gaussian intensity profile in
the direction not affected by the focusing, leading to slightly
different ionization efficiencies within the probe laser volume.

Figure 1. (a) Raw time-of-flight data for NO photodesorbed from
Au(100) at 266 nm. (b) Normalized vz velocity distribution of
photodesorbed NO after density-to-flux conversion of the raw data at
266 (black circles) and 355 nm (blue circles). 1D Maxwell−Boltzmann
distribution at the Au(100) surface temperature (178 K) is provided
for comparison (red line). The three velocities indicated are those at
which the rotational state distributions were measured.
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As observed when recording TOF profiles, the intensity of the
images recorded after 266 nm desorption is weaker than for
355 nm desorption. An appropriate convolution of results
obtained from the TOF profiles and the VM images produces
3-dimensional velocity distributions.
In order to display the intensity as a function of the velocity

in three different dimensions, we chose a reduced representa-
tion by radially averaging over the two dimensions parallel to
the gold surface yielding a combined vx/y distribution; the
smoothed NO intensity as a function of vx/y and vz is shown as a
surface plot in Figure 3 for 266 and 355 nm desorption.
For 355 nm desorption, i.e., at photon energies considerably

below the substrate’s work function, vz seems to peak at around
380 and 550 m s−1 but extends up to ∼1000 m s−1, with vx/y
almost completely vanishing at velocities above 200 m s−1, as
seen in Figure 3a. However, when using 266 nm photons, i.e.,
energies just below the substrate’s work function, the vz velocity
distribution seems to plateau between 120 and 420 m s−1

followed by a sharp decline with vz vanishing at around 800 m
s−1, as seen in Figures 3b and 1b, while vx/y extends all the way
to above 400 m s−1. This faster-but-narrow (355 nm) vs slower-
but-wide (266 nm) distribution is another indication that at
least two distinct mechanisms may be in operation and is
further highlighted below.
Figure 4 shows the angular distribution for 355 and 266 nm

desorption as a function of the overall speed; the angular

Figure 2. Velocity map images of NO recorded after 266 nm
desorption at desorption-REMPI laser delay times corresponding to vz
= 360 (top) and 480 m s−1 (bottom).

Figure 3. Smoothed surface plot of the NO flux desorbed using (a)
355 and (b) 266 nm photons as a function of vz (from TOF
measurements), and averaged parallel (to the gold surface) vx/y
velocity components (from the VM images).

Figure 4. NO flux as a function of overall speed and angle after (a)
355 and (b) 266 nm photodesorption. Color scheme from red (most
intense) to yellow (zero intensity); white areas indicate speed/angle
combinations that could not be recorded.
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distribution at 355 nm is rather narrow, i.e., the NO molecules
preferentially desorb along the surface normal, while in the case
of 266 nm desorption, the angular distribution is much wider.
The geometry of our 3D surface VMI setup allows much

wider angular distributions to be detected than those measured
here, up to 53°.
Figure 5 shows the angular distribution of the NO molecules

for selected overall speeds for 266 nm desorption. Also shown

are fits of these distributions to cosn θ functions, where a fitting
parameter of n = 1 is typical for thermal desorption processes.
As can be seen from Figure 5, at overall speeds of 240 m s−1 or
lower, the angular distribution can be fitted resulting in n ≤ 1,
suggesting that a thermal desorption mechanism may be
operating. However, for the higher speeds shown here, n is
greater than 1, indicating a nonthermal desorption process.
Fitting parameters for our data of the 355 nm desorption were
significantly higher for the same respective speeds.30

Figure 6 shows the overall speed distribution of NO
molecules after desorption with 266 and 355 nm photons
averaged over all angles and compares it to a fitted 3D
Maxwell−Boltzmann distribution at a (surface) temperature of
178 K. The figure shows that the overall speed distribution is
fairly close to a thermal distribution for 266 nm desorption.
This indicates that a thermal component at least contributes to
the desorption mechanism, if not dominates it. This seems to
be in agreement with the angular distributions, where a thermal
desorption mechanism seems to be responsible for the slower
NO molecules after 266 nm photodesorption, as indicated by
the fitting parameter n ≤ 1. In our previous work we have
shown that NO desorption was induced predominantly by a
nonthermal desorption mechanism at 355 nm.26 We note that
the temperature rise during laser irradiation is only ∼27 K for
355 nm pulses, i.e., transient surface temperatures are ∼205 K,
but we also showed that NO still adsorbs to our substrate at
those temperatures. The temperature jump for 266 nm
irradiation is ∼20 K (due to slightly lower laser fluences),
and while the photon energy is higher than at 355 nm, the

shorter wavelength photons seem to preferentially induce a
thermal process.
For 266 nm desorption, all of the above results indicate that

thermal and nonthermal desorption mechanisms are operating.
This has also been suggested in the case of laser-induced
desorption of NO molecules from a platinum foil39 also from a
Pt(111) surface,18 from Ni(100)−O,13 and from condensed
films.40

Internal Energy. A rotationally resolved (1 + 1) REMPI
spectrum of photodesorbed NO recorded on the A2Σ1/2 ←
X2Π3/2 (0,0) transition is shown in Figure 7; spectra were

recorded at fixed time delays Δt (i.e., at preselected velocities vz
along the surface normal) corresponding to the peak(s) in the
velocity distribution, see Figure 1b; no vibrationally excited NO
molecules were detected. As described in the Experimental
Section, spectra of thermal NO were recorded to (a) perform
background subtraction and (b) apply a relative calibration
scheme to extract the rotational state distribution of the
photodesorbed NO.
To simplify population analysis, we observed isolated lines

from single branches, hence avoiding overlap, to obtain reliable
rotational populations. Transitions originating from N = 4−7
and N = 7−16 of the O12 and P12 rotational branches of NO
were chosen, respectively. After weighting the populations by

Figure 5. Angular distributions for selected speeds of desorbed NO
molecules after 266 nm photodesorption together with fits to a cosn θ
function.

Figure 6. Overall speed distribution of the desorbed NO molecules
after 266 (black circles) and 355 nm (blue circles) desorption,
obtained by appropriately combining vz with vx and vy, and a Maxwell−
Boltzmann distribution corresponding to 178 K in red.

Figure 7. Typical (1 + 1) REMPI spectrum of NO desorbed from gold
using 355 nm photons at time delays corresponding to NO molecules
with vz = 380 m s−1.
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the degeneracy of the lower level, the energies of the rotational
levels were calculated to yield Boltzmann plots,41−43 shown in
Figure 8 for various vz velocities after 266 and 355 nm

photodesorption. The contributions from the two spin−orbit
states 2X1/2 and 2X3/2, which are energetically separated by
about 124 cm−1,40 result in similar rotational temperatures,
indicating that rotational and spin−orbit excitations are in
equilibrium. Since spin−orbit states are related to the axis
around which rotation occurs, the results indicate that there is
no preference for tumbling of the NO around a particular axis;
this is expected for NO adsorbed along the surface normal on a
symmetric Au(100) substrate.
While there is no a priori reason for these nascent rotational

state distributions of photodesorbed NO to be thermal, we
nonetheless fitted the distributions to obtain rotational

temperatures, thus simplifying comparison between different
experimental conditions; the results are summarized in Table 1.

Inspection of Table 1 reveals that the rotational temperatures
for both O12 and P12 branches after 355 nm photodesorption
are higher than the surface temperature at both vz velocities
measured, indicating a nonthermal desorption channel for NO.
This is in agreement with the conclusions from our previous
work based on the velocity distributions alone.30 Furthermore,
the rotational temperature in both O12 and P12 branches after
355 nm desorption is lower for the faster component,
indicating a positive correlation, i.e., the translational and
rotational energy are coupled and energy is partitioned during a
common single step of the desorption process.
For the higher energy wavelength of 266 nm, the average

rotational temperature of the O12 and P12 branches is lower
than after 355 nm desorption and in the case of the O12 branch
is even lower than the surface temperature. As noted earlier, the
average translational energy after 266 nm desorption is also
lower compared to 355 nm desorption. The rotational
temperature of the O12 branch (102 K) suggests that rotational
cooling may occur during desorption,44 which is not
unexpected for a thermal process based on the principle of
detailed balance; NO molecules are likely to adsorb more
readily onto a metal surface when they are rotationally cold (as
rapidly rotating molecules would not spend sufficient time in
the favorable head-on orientation for adsorption to occur);
hence, the fraction of NO molecules thermally desorbing from
the Au(100) surface after the laser-induced temperature jump
may also be rotationally cold. This seems to agree with
conclusions from the previous section, i.e., the presence of
potentially two different mechanisms, or at least the
contribution of a thermal mechanism to the 266 nm
desorption. Theoretical calculations for very rapid laser-induced
desorption (LID) processes have indicated a propensity toward
near full translational accommodation in the desorbing
molecules but less than full rotational accommodation,45

similar to what we observe here. Cold rotational distributions
are also expected as the NO is adsorbed on the bridge site of
the Au(100) crystal along the surface normal with the N
pointing toward the surface,30 and little torque is hence
imparted onto the NO during the desorption process.
The superthermal speed distribution of 355 nm desorption

and the positive correlation between translational and rotational
energy indicate that a nonthermal mechanism is in place; we
attributed this to an electronic excitation of the surface and
supported it by density functional theory calculations, the
analysis of which showed that there are filled orbitals on the
gold and unfilled orbitals on the adsorbed NO ∼3.5 eV apart,
such that desorption may be mediated by an electronic
transition from the metal to the adsorbate.30 However, there
may also be an underlying thermal mechanism in operation due

Figure 8. Rotational populations of NO molecules in v′ = 0 desorbed
from Au(100) at 178 K, extracted from the O12 (open squares) and
P12 (closed triangles) branches; solid and dotted lines are linear best
fits to evaluate the rotational temperature. Pump−laser wavelength
and normal velocity were (a) 355 nm at vz = 380 m s−1, (b) 355 nm at
580 m s−1, and (c) 266 nm at 420 m s−1.

Table 1. Rotational Temperatures Trot of Nascent NO
Photodesorbed from an Au(100) Surface Using 355 and 266
nm Photons

desorption laser wavelength

355 nm 266 nm

rotational branch vz = 380 m s−1 vz = 580 m s−1 vz = 420 m s−1

O12 (337 ± 12) K (206 ± 5) K (102 ± 1) K
P12 (363 ± 4) K (334 ± 4) K (226 ± 5) K
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to the heating effect from the 355 nm laser. The weaker signal,
and the absence of occupied (p orbitals of Au) and unoccupied
p orbitals (on N) separated by 4.7 eV according to the density-
of-states analysis of our DFT calculations,30 indicates that a
thermal mechanism may dominate the 266 nm desorption
process.
For both desorption wavelengths, however, equivalent to 3.5

and 4.7 eV, we are certain that the vast majority of the photon
energy goes into the substrate. Only between 0.6 and 0.8 eV are
needed to desorb NO on the most stable bridge site from the
Au(100) surface.26 By (1) appropriately weighting the
rotational state distributions and arriving at an average
rotational energy of ∼0.1 eV, (2) calculating the average
translational energy of the desorbed NO (∼0.04 eV), and (3)
assuming an upper limit of vibrationally excited NO of 5%
(resulting in an average vibrational energy of 0.01 eV), we
conclude that more than 90% of the available photon energy
goes into the substrate, in agreement with previous studies on
related systems.24,46

■ CONCLUSION

Photodesorption of NO molecules preadsorbed on an Au(100)
surface was investigated at 355 and 266 nm. Laser desorption of
NO from Au(100) at 355 nm seems to predominantly occur
through a nonthermal channel, likely involving an electronic
excitation. However, when using 266 nm photons, our results
show that a thermal mechanism is operating, which is caused by
a jump of the surface temperature, the thermal energy
associated with this being enough to cause desorption of NO
molecules. Given the noticeable differences in yields, we believe
that a thermal channel is also operating during 355 nm
desorption but is overshadowed by the nonthermal mechanism,
while the thermal mechanism contributes most of the intensity
during 266 nm desorption.
We have shown the existence of these two channels for the

desorption of NO from Au(100) at the two different photon
energies of 266 and 355 nm using the detailed information
available from our 3D-VMI experiments, rather than from TOF
measurements alone, and we are confident that 3D-VMI from
surfaces holds the potential to extract the detailed dynamics of
many more interesting surface processes.
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Adsorption site, orientation and alignment of
NO adsorbed on Au(100) using 3D-velocity map
imaging, X-ray photoelectron spectroscopy and
density functional theory
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Nitric oxide adsorption on a Au(100) single crystal has been investigated to identify the type of adsorption,

the adsorption site, and the orientation and alignment of the adsorbed NO relative to the surface. This was

done using a combination of 3D-surface velocity map imaging, near-ambient pressure X-ray photoelectron

spectroscopy, and density functional theory. NO was observed to be molecularly adsorbed on gold at

B200 K. Very narrow angular distributions and cold rotational distributions of photodesorbed NO indicate

that NO adsorbs on high-symmetry sites on the Au crystal, with the N–O bond axis close to the surface

normal. Our density functional theory calculations show that NO preferentially adsorbs on the symmetric

bridge (2f) site, which ensures efficient overlap of the NO p* orbital with the orbitals on the two neighbouring

Au atoms, and with the N–O bond axis aligned along the surface normal, in agreement with our conclusions

from the rotational state distributions. The combination of XPS, which reveals the orientation of NO on gold,

with 3D-surface velocity map imaging and density functional theory thus allowed us to determine the

adsorption site, orientation and alignment of nitric oxide adsorbed on Au(100).

Introduction

Nitric oxide (NO) is a diatomic radical with one unpaired electron,
which causes its notable reactivity.1 It is known for its toxicity, has
diverse physiological functions,2 serves as a signalling molecule
(neurotransmitter) in the nervous system,3 and is also one of the
gases contributing to acid rain. NO is a molecule of industrial
importance, e.g. in the liquid-phase catalytic hydrogenation of
nitric oxide or nitrate to hydroxylamine.4,5 It is a key intermediate
in many industrial processes, including the reduction of some
nitrogen compounds such as nitrates and nitrites to ammonia or
N2O, and in the oxidation of ammonia.6–8 The exact pathway for
ammonia oxidation on metal surfaces is still under investigation,
not only with regards to the intermediates formed but also the
mechanism, with both Langmuir–Hinshelwood and Eley–Rideal
mechanisms being suggested.6,9,10

NOx is produced in fuel combustion engines, and its reduction
to nitrogen by three-way-catalysts is crucial in reducing air
pollution.11 Catalytic convertors based on platinum group metals
(PGMs) including platinum, rhodium and palladium play a crucial
role in the clean-up of car emissions. Dispersed gold as nano-sized
particles on transition metal oxides has demonstrated significant
catalytic activity in the conversion of toxic car emissions including
carbon monoxide, incompletely burnt hydrocarbons and nitrogen
oxides.12 The potential of using gold as a substitute of PGMs for
car emission control is justified by its low-temperature activity
and its thermal stability. Hence the interaction of NOx with gold
metal surfaces is of considerable importance. The complexity of
the adsorption behaviour of NO on metal surfaces – due to the
unpaired electron in the antibonding 2p* orbital – leads to various
adsorbate species potentially being formed including NO itself, N,
O, (NO)2, N2O, and NO2. The coexistence of these species on some
metal surfaces complicates the experimental characterisation and
identification of individual chemical species.

Ueda and Haruta investigated the catalytic reduction of NO
on a supported gold catalyst and concluded that N2 and N2O
were the only products.13 Thermal desorption spectroscopy
(TDS) provided an estimate of the NO chemisorption strength
on Au(100) of 57 � 4 kJ mol�1. Bukhtiyarov et al. investigated
the adsorption of NO on gold particles deposited on an alumina
film in the temperature range 300–500 K using in situ X-ray
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photoelectron spectroscopy (XPS).14 Two nitrogen-containing
adsorbed species were found to exist on the surface of gold
particles. The first was identified as adsorbed nitrogen atoms
characterised by a N 1s binding energy (BE) of 399.4 eV. The
second species was identified as a surface complex with N2O
stoichiometry characterised by a BE of 402.7 eV and found to
be thermally stable only in a narrow temperature range of
325–425 K. Identification of these species was aided by a
separate experiment in which NO was adsorbed onto a stepped
Au(533) crystal. The assignments of the recorded BEs seems to
be in agreement with Vinod et al. who investigated the adsorp-
tion of NO on the (310) face of a gold single crystal in the
temperature range of 80–220 K.15

Bukhtiyarov et al. employed XPS to investigate the decom-
position of NO on flat Au(111) and stepped Au(310) and (533)
surfaces at elevated NO pressures up to 7 Pa and temperature
range between 300 and 500 K.16 NO was found not to chemisorb
on Au(111), however, dissociation of NO was observed on both
Au(310) and (533) surfaces. The authors concluded that Au step-
sites are responsible for adsorption and dissociation of NO. The
study revealed that while NO dissociation on Au(310) exclu-
sively forms Nads on the surface whose coverage decreases with
increasing surface temperature, NO dissociation on Au(533)
initially forms N2Oads on the surface that is replaced by more
stable Nads at increasing NO exposure and/or surface tempera-
ture. Fajin et al. used density functional theory (DFT) to show
that the presence of hydrogen was necessary for the dissocia-
tion of NO on the stepped Au(321) surface.17 Employing XPS
and TDS experiments, Vinod et al. observed the formation of
N2O and Oads following adsorption of NO on a stepped Au(310)
surface even at temperatures as low as 80 K.15 A common theme
amongst many of these studies is the importance of low
coordinated Au atoms acting as active sites for adsorption.18–22

Hussain et al. employed DFT to study NO adsorption on Au(111),
(100), (110) and (310) surfaces, as well as on adatoms on
Au(100).23 The adsorption energy of the gaseous molecules was
found to increase considerably with increasing coordinative
unsaturation of the gold atoms. These results are consistent
with the view that defects, steps and kinks on the surface
determine the activity of gold catalysts. For low index surfaces,
the bridge site is favoured, however top coordination is preferred
at the stepped (310) surface. In all adsorption configurations,
the N–O molecular axis is perpendicular to the surfaces except
for Au(310).

Wu et al. investigated the low-temperature adsorption and
decomposition of NO on low-coordinated Au(997) and Au(110)-
1 � 2 surfaces employing TDS and XPS measurements as
well as DFT calculations.24 Although the lowest coordinated
Au atoms on both surfaces are 7-coordinated, their surface
chemistry towards NO adsorption and decomposition was
found to be different. On both surfaces, (NO)2 dimer species
and not NOads were found to be the active surface species for
the NO decomposition into O adatoms and N2O. However,
different types of (NO)2 dimers were found to form depending
on the Au surface structure. (NO)2 dimer species adsorbed on
the 7-coordinated ridge Au atoms on both surfaces decompose

into O adatom and N2O upon heating. This type of dimer dominates
on Au(997). On the Au(110)-1 � 2 surface, another more abundant
and less stable (NO)2 dimer was found to easily decompose into
O adatoms and N2O during NO exposure at 105 K.

We have previously studied the dynamics of the laser-
induced desorption of adsorbed NO from Au(100) surfaces
using 3D-surface velocity map imaging (3D-surface VMI) which
allowed us to capture all desorbed NO molecules from the gold
surface within a sold angle of 5.6 sr. While this previous work
focussed on the differentiation of two different desorption
mechanisms, a direct and a thermal one depending on desorption
wavelength, we here report on the use of 3D-surface VMI in
combination with near-ambient pressure-XPS (NAP-XPS) and
condensed-phase DFT simulations to ascertain the adsorption site,
orientation and alignment of the adsorbed nitric oxide. 3D-VMI in
particular delivers crucial information about the adsorption site of
NO (through the narrow angular distribution of the desorbed NO)
and the alignment of the N–O (through rotational state dis-
tributions), supported by the NAP-XPS and DFT results.

Methods
3D-surface velocity map imaging

The 3D-VMI apparatus has been described elsewhere;25 here
only brief description will be given. The spectrometer consists
of two chambers, a molecular beam chamber and a UHV
chamber that contains the Au(100) single crystal and the twelve
plates VMI optics. A base pressure of 5 � 10�10 Torr is achieved
using a 1000 L s�1 turbomolecular pump backed by a mechanical
pump. A K-type thermocouple attached to the Au(100) crystal
measures its temperature. The crystal is mounted on a 3-axes/
rotational manipulator which allows for heating and liquid
nitrogen cooling. Pure NO gas is introduced into the chamber
for adsorption on the Au(100) crystal through a molecular beam
valve at a background pressure of B5 � 10�6 Torr. Desorption
of NO from the Au(100) crystal is initiated by a frequency-
tripled Nd:YAG laser (Quanta Ray DCR-11) with a pulse dura-
tion of 7 ns and a pulse energy of B1.2 mJ. The beam was
directed at the crystal surface at an angle of 451. The desorbed
NO molecules may fly in all directions within a hemisphere
above the surface. The desorbed NO molecules are detected
state selectively in a 1 + 1 resonance-enhanced multi-photon
ionisation (REMPI) scheme via the A ’ X (0,0) transition by
employing a frequency-doubled Radiant Dyes NarrowScan
laser, operating on Coumarin 460, pumped by a Continuum
Powerlite 8020 Nd:YAG laser. NO+ ions are accelerated down
the time-of-flight tube (for mass separation) onto the position-
sensitive multichannel plate (MCP) detector. The ions’ arrival
positions are imaged onto a phosphor screen and captured by a
synchronized CCD camera (FO124TB). Time-of-flight spectra
were recorded by varying the time delay between the desorp-
tion and the probe laser in discrete steps, and were converted
into velocity distributions that provide the velocity component
along the surface normal (vz) only. For each time delay
(and hence vz), we recorded VM images which correspond to
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the remaining two velocity components vx and vy parallel to the
gold surface.

Near-ambient pressure X-ray photoelectron spectroscopy

The near-ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS) system employed in this work is equipped with a
SPECS Focus 500 monochromatic Al Ka source (photon energy
1486.6 eV), which can be focused to a spot size of 300 mm. The
analyser is a SPECS 150 mm Phoibos 150 NAP, fitted with a
three-stage, differentially pumped electrostatic lens that allows
working pressures up to 25 mbar. NAP-XPS measurements are
performed in a specially designed cell which couples to the
entrance cone of the analyser lens system. The Au(100) crystal
surface was cleaned by Ar+ ion sputtering cycles. The UHV
chamber was left to pump down to a base pressure better than
10�9 Torr, after which the crystal was moved to the NAP-cell and
the gate between the cell section and the UHV chamber was
closed. XP spectra were recorded with NO flowing into the cell
at 0.75 Torr and varying substrate temperatures. However, we
failed to detect any NO adsorbed on Au(100) even at a base
temperature of 220 K after the substrate had been prepared by
sputtering and annealing, hence our XP spectra at 220 K and
266 K are all recorded on a sputtered-only gold substrate.

The binding energies of the photoelectron spectra were
calibrated to the bulk Au 4f7/2 peak at 84 eV. All spectra were
normalised using the baseline intensity and background sub-
traction and fitted with an appropriate number of Gaussian
functions using CasaXPS.26

Condensed-phase density functional theory

We performed first principles quantum chemical calculations
based on density-functional theory. We employed the Cambridge
Serial Total Energy Package (CASTEP) which solves the Kohn–Sham
equations with a plane wave basis set employing three-dimensional
periodic boundary conditions.27,28 The Perdew–Burke–Ernzerhof
(PBE) version of the generalized gradient approximation (GGA)
was used to represent the exchange and correlations, and on-the-
fly ultrasoft pseudopotentials for Au, N and O. The Monkhorst–
Pack (MP) algorithm was selected for k point sampling, and a
cut-off energy of 750 eV was employed.

An eight-layer slab was employed to describe the (100)
surface of a fcc gold single crystal. We used the BFGS algorithm
to relax the positions of the Fe atoms in the top four layers,
whilst the bottom four layers were constrained in position.

Adsorption energies were calculated via the relation

Eads = Eslab+NO � (Eslab + ENO) (1)

where Eslab+NO is the energy of the slab with NO adsorbed, Eslab

is the energy of the NO-free slab, and ENO is the ground state
energy of a single NO molecule in a 10 � 10 � 10 Å3 box.

Most importantly for this work, core level shifts were calcu-
lated using the Slater�Janak transition state approximation,29

which then allows convenient comparison with the NAP-XPS
data.

Results and discussion
3D-VM images

Fig. 1 shows a raw velocity map image recorded for NO molecules
which were photodesorbed from the surface with a speed along the
surface normal (vz) of 420 m s�1. This and similar images were
converted to velocity space and then deliver the velocity distribution
in the two dimensions, vx and vy, which are parallel to the Au(100)
surface. The raw image is composed of single images from 20 000
laser shots.

Recording similar images for a range of velocities along the
surface normal (vz) allows us to extract a complete velocity
distribution with the velocity components in all three dimen-
sions in space obtained independently. This can then be
converted to an angularly-resolved speed distribution of NO
after 355 nm photodesorption from Au(100), see Fig. 2. It can be
clearly seen that the angular distribution is (1) along the surface
normal, and (2) extremely narrow, with all NO molecules
desorbing off the surface within a very narrow angular distribu-
tion with a polar angle relative to the surface normal of o201,
and much narrower for most molecules. The results from these
VMI experiments indicate that NO is either adsorbed on-top of
a gold atom, or at another high symmetry site such as a 2f or 4f
site; this is because repulsive forces between gold and the NO
molecule during the desorption process from these high-
symmetry sites are along the surface normal; for example, the
repulsive forces parallel to the surface from the four Au atoms
in case of adsorption on the 4f site cancel each other out, while
forces along the surface normal are accumulative; equally,
in case of on-top adsorption, the NO molecules fly along the
Au–N bond and hence along the surface normal, yielding a
narrow angular distributions;30 adsorption at a non-symmetry
site would on the other hand result in the angular distribution
being tilted away from the surface normal due to non-cancelling

Fig. 1 Raw velocity map image for NO molecules photodesorbed from the
Au(100) surface with a velocity along the surface normal, vz, of 420 m s�1.
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lateral forces. This example shows the potential of 3D-VMI
to learn about adsorption sites and surface structure through
the measurement of angular distributions in laser desorption
experiments.

Rotational state distributions

In order to record rotational state distributions, we fixed the
delay time between the pump and the probe laser to correspond
to the specific velocity of the vz distribution of 560 m s�1, which
is the maximum in the velocity distribution. The probe laser
was scanned over an appropriate wavelength range in steps of
0.005 nm to obtain REMPI spectra for NO. A rotationally
resolved (1 + 1) REMPI spectrum of 355 nm photodesorbed
NO recorded on the A2S1/2 ’ X2P3/2 (0,0) transition is shown in
Fig. 3. Rotational state distributions were extracted by compar-
ison with thermal nitric oxide REMPI spectra, and rotational
temperatures were fitted using Boltzmann plots. We want to
stress that rotational distributions of laser-desorbed nitric
oxide are not necessarily thermal ensembles, and rotational
temperatures were merely fitted to obtain a single value for ease
of interpretation. The rotational temperature based on analysis
of a few isolated rotational lines of the O12 branch was found to
be (206 � 5) K. While slighter hotter than the surface tempera-
ture, this is surprisingly low considering the excess energy from
the laser photon. We interpret this cold rotational temperature

to mean that the N–O bond is aligned along the surface normal.
We concluded in the previous section that the repulsive forces
between the gold surface and the N atom are along the surface
normal. If the N–O bond was not along the surface normal
(i.e. the angle between AuAS–N–O, where AuAS is the surface
adsorption site, would deviate significantly from 1801), but the
N would be repelled away from the surface along the normal,
then this would impart a significant torque onto the NO
molecule, causing it to tumble and rotate, which would lead
to a much higher rotational temperature. A laser-desorbed N–O
molecule which adsorbs with its molecular axis along the
surface normal would on the other hand be rotationally cold,
as in our case here.31

NAP-XPS results

XPS is considered by many as the standard for the identifi-
cation of surface species, and one of the goals in this study was
to support our conclusions from the 3D-VMI experiments using
more established surface analysis techniques such as XPS. In
particular, XPS would be able to reveal whether NO adsorbs
molecularly or atomically on Au(100) under our conditions
(backing-up the conclusions above from the detection of intact
nitric oxide in the gas-phase), to reveal the alignment of NO
(N–O parallel to the surface would shift the XPS peaks for N and
O roughly equally, whereas N–O normal to the surface would shift
the XPS peak of the atom closer to the surface more than the
respective other atom, supporting our conclusions from the rota-
tional distributions), and possibly to reveal the adsorption site.

Exposure of Au(100) to NO at 298 K

Fig. 4 shows XPS spectra recorded during 1 mbar NO exposure
of the surface at room temperature. The N 1s spectrum (Fig. 4a)
shows two peaks at binding energies of 406.1 eV and 407.5 eV,
with the former being more intense. In accordance with the
results obtained by Shimada et al. and Yu et al., these peaks are
attributed to gas-phase NO molecules.32,33

Fig. 2 Plot of the NO flux as a function of overall speed and angle after
355 nm photodesorption. Colour coding from dark red (most intense) to
white (zero intensity).

Fig. 3 Typical (1 + 1) REMPI spectrum of NO desorbed from gold using
355 nm photons at a time delay corresponding to NO molecules with
vz = 560 m s�1.
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The O 1s spectrum shows three peaks at 531.3, 532.8 and
538.8 eV. While the peak at 538.8 eV is due to the oxygen atom in
gas-phase NO, the twin peaks appearing at 531.3 and 532.8 eV can
be attributed to residual CO adsorbed on the surface. The twin
O 1s peaks appearing in this energy region were also reported in
CO adsorption on Pt(111).34,35 The above results show that NO
does not adsorb on Au(100) under these conditions of tempera-
ture and pressure.

Adsorption at 220 K

As mentioned previously, XPS spectra recorded at 220 K for the
ordered sputtered and annealed Au(100) surface show no
adsorption of NO (data not shown, but spectra qualitatively
similar to Fig. 4) as indicated by the absence of N 1s and O 1s
peaks at B400 eV and B531 eV, respectively.16 As in the case of
room temperature measurements, only gas-phase NO peaks
were observed.

We hence studied NO adsorption on a sputtered (but not
annealed) gold surface. The surface was sputtered for 30 min
followed by exposure to NO.

Fig. 5 shows the N 1s and O 1s XPS core level spectra of nitric
oxide adsorbed on gold at 1 mbar NO pressure and 220 K, the
lowest temperature reached in our NAP-spectrometer, but
B40 K higher than the base temperature in our 3D-VMI
spectrometer (178 K).

The N 1s spectrum (Fig. 5a) shows three distinct peaks at
398.8, 401.9 and 405.8 eV, and another peak at 407.1 eV
appearing as a shoulder of the 405.8 eV peak. The two peaks
at 405.8 eV and 407.1 eV are due to gaseous NO, as shown in
Fig. 4. The other two peaks at 398.8 eV and 401.9 eV point to the
presence of adsorbed nitrogen species on the sputtered gold
surface.

Rienks et al. reported three main peaks at 394.7, 398.1 and
401.3 eV in the N 1s region recorded during the exposure of
Pt(100) to NO at 200 K.36 The peak at 394.7 eV – not observed in
the current study – was attributed to atomic nitrogen due to
dissociation of adsorbed NO. The peaks at 398.1 eV and 401.3 eV,
and hence close to those observed in the current study, were

Fig. 4 (a) N 1s and (b) O 1s X-ray photoelectron spectra during exposure
of Au(100) to NO at 1 mbar pressure and 298 K. The black line is the
recorded XP spectrum, while the red line is a fit, deconvoluted into the
purple and turquoise contributions.

Fig. 5 (a) N 1s and (b) O 1s XPS core-level spectra of NO adsorbed on
sputtered gold surface taken at 220 K and 1 mbar NO pressure. The black
line is the recorded XP spectrum, while the red line is a fit, deconvoluted
into the purple and turquoise contributions.
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attributed to two different molecularly adsorbed NO species on
the surface. Further support of molecularly adsorbed NO comes
from a study by Sugai et al. who observed a peak at 401.5 eV due
to molecularly adsorbed NO on Pt(100) and (310),37 and a study
by Kiskinova et al. who observed a N 1s peak at 400.7 eV due to
molecularly adsorbed NO on Pt(111).38

In case of dissociative adsorption, one might also expect a feature
in the O 1s region just below 530 eV characteristic of atomic
oxygen,39,40 but this was not observed on our sputtered gold surface.

Instead, a peak at 538.5 eV and two partially overlapping
peaks at 531.1 and 532.7 eV appear in the O 1s region of the
spectrum, see Fig. 5b. All three peaks also appear in the room
temperature spectra shown in Fig. 4, but in particular the latter
two are now more intense. The higher binding energy peak is due
to gas-phase NO, while the two peaks around 532 eV are likely due
to molecularly adsorbed NO, possibly with some contribution
from adsorbed residual CO. Kiskinova et al. assigned these two
peaks in the case of NO adsorption on Pt(111) to bridge-bonded
(lower BE, 530.6 eV) and on-top (higher BE, 532.5 eV) NO.38 While
we are working with a sputtered gold surface, we nonetheless
conclude that we observe NO on adsorption sites that resemble
bridge sites (398.1 eV in the N 1s spectrum and 531.1 eV in the O
1s spectrum) and on-top sites (401.3 eV in the N 1s spectrum and
532.7 eV in the O 1s spectrum). The fact that the difference in
binding energy between the bridge and on-top site is greater in
the N 1s region than it is for the oxygen indicates that N is facing
the surface, in agreement with previous work for NO on Pt(100)
and Pt(111).36,38

Adsorption at 266 K

After adsorption at 220 K and recording of the XPS spectra, the
temperature of the surface was gradually raised to 266 K while
keeping the NO flowing into the cell, and the spectra were
recorded again, shown in Fig. 6. Once again only peaks related
to gaseous NO are observed. The two peaks associated with the
N surface species have disappeared. This shows that NO has

desorbed from the surface at this temperature in agreement
with our previous 3D-VMI results.31

DFT results

Adsorption energies. We have studied three different
adsorption sites on the ordered Au(100) surface, as indicated
in Fig. 7, at NO coverages of 25%, 50%, and 100% with the aim
of determining the most energetically favourable adsorption
site and orientation of adsorbed NO. The results indicate that
NO preferentially adsorbs on the bridge (2f) site, with an Au–N
distance of 2.14 Å (such that the N atom is 1.43 Å above the
surface), and a N–O distance of 1.18 Å. Adsorption energies vary
between 0.65 eV and 0.8 eV depending on the coverage, and are
roughly in agreement with those obtained by Olvera-Neria et al.
(0.53 eV) for NO on a single gold atom,41 and by Niemantsver-
driet and co-workers (0.57 eV) for adsorption on the bridge
site.23 They are also in agreement with the adsorption energy
obtained from TDS experiments (0.57 eV) by Rienks et al.42

For the next-favourable on-top (ot) site, we calculated an
adsorption energy of 0.26 eV, which is in agreement with that
calculated by Liu and co-workers (0.26 eV) for a 25% NO
coverage on Au(100).43

In the energetically more favourable 2f site, the single
electron in the two NO p* orbitals (belonging to the nitrogen
atom) can efficiently overlap with the orbitals on two neigh-
bouring Au atoms at the surface between which the NO is
located, resulting in the N–O bond being aligned along the
surface normal. In contrast, our calculations yield a small tilt
angle of 0.21 of the N–O bond axis with respect to the surface
normal in the case of the energetically slightly less-favourable

Fig. 6 N 1s XPS core-level spectra during exposure of NO at 266 K and
1 mbar pressure.

Fig. 7 Potential adsorption sites for NO on the Au(100) surface. ot = on-
top, 2f = bridge site, 4f = hollow site. Oxygen in red, nitrogen in blue.
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on-top adsorption. This is due to the overlap of the p* orbital with
the orbitals on a single Au atom. This tilting geometry of NO
adsorbed on Au(111) was also calculated by Zhang et al.44 In
agreement with our 3D-surface VMI results, the cold rotational
state distribution is due to the majority of the NO being aligned
along the normal of the surface, with the slightly tilted NO at the
on-top side not noticeably contributing to the low rotational
excitation.

Core level shift calculations. We discuss the core level shift (CLS)
results for the N 1s states of NO adsorption only on the bridge (2f)
and on-top site, as the bridge site is the energetically more favourable
adsorption site based on our DFT calculations, while the on-top site
is the other suggested site in the literature, and close in terms of
adsorption energy. We calculated a larger CL shift for the bridge site
than the on-top site; these shifts are B1.5 eV and B0.9 eV of the
N 1s peak towards lower binding energies for bridge and on-top
sites, respectively. While the measured shifts are significantly larger
(B4 to 6 eV), the greater CLS calculated for the 2f position compared
to the on-top site agrees with our assignment in Fig. 5, i.e. a lower
binding energy for the bridge site. The lack of quantitative agree-
ment is most likely due to the difficulty of properly describing our
system using density functional theory.45

Conclusions

In this paper, we have presented the results of NO adsorption
on a Au(100) single crystal surface using 3D-VMI, NAP-XPS and
condensed-phase DFT calculations. The combined results of
those three different techniques point to a molecular adsorp-
tion of NO on the Au(100) surface at low temperatures. The VMI
and DFT results show that NO adsorbs onto the gold surface
from its N end with the O atom pointing away from the surface.
The novelty of this work is that it demonstrates the capability of
the 3D-VMI technique not only in elucidating the photodesorp-
tion dynamics of pre-adsorbed molecules on metal substrates,
but also in revealing the adsorption site, orientation and
alignment of adsorbates in a fashion not too dissimilar to early
electron-stimulated desorption ion angular distribution studies
(ESDIAD) by Madey, Yates, and co-workers.46,47
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