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〈定風波〉宋 · 蘇軾

三月七日，沙湖道中遇雨，雨具先去，同行皆狼狽，余獨不覺。
已而遂晴，故作此。

莫聽穿林打葉聲，何妨吟嘯且徐行。
竹杖芒鞋輕勝馬，誰怕？一蓑煙雨任平生。
料峭春風吹酒醒，微冷，山頭斜照卻相迎。
回首向來蕭瑟處，歸去，也無風雨也無晴。

Ding Feng Bo by Su Shi
Translate by Yang Xianyi and Gladys Yang

On the seventh day of the third month we were caught in the rain on our way
to Shahu. The umbrellas had gone ahead, my companions were downhearted,
but I took notice. It soon cleared, and I wrote this.

Forget that patter of rain on the forest leaves,
Why not chant a poem as we plod slowly on?

Pleasanter than a saddle this bamboo staff and straw sandals.
Here’s nothing to fear.
I could spend my whole life in the mist and rain.

The keen spring wind has sobered me,
Left me chilly,
But slanting sunlight beckons from high on the hill;

One last look at scene behind
And on I go,
Impervious to wind, rain or sunny weather.





Near-ambient pressure velocity map imaging

Tzu-En Chien

Department of Chemical Engineering, KTH Royal Institute of Technology
SE–100 44 Stockholm, Sweden

Abstract

Catalytic reactions on solid surfaces have been studied under Ultra-high
vacuum (UHV) conditions for decades. These studies provide crucial information
for catalytic reactions, such as surface structures, adsorption sites, and reaction
mechanisms. However, industrial catalysis operates under high gas pressure to
increase the reaction rate, so the knowledge we learn from the previous UHV
studies may not be able to directly transfer to the industry. This difference
is referred to as the “pressure gap”, and it represents the difficulties that
scientists encounter when attempting to investigate and comprehend catalytic
reactions at high pressure. To address this issue, in situ/operando techniques
and instruments have been developed to study reactions at pressures closer to
real-world applications.

The present thesis aims to showcase the new instrument, Near-Ambient
Pressure Velocity Map Imaging (NAP-VMI), and its applications to molecular
spectroscopy and surface science at near-ambient pressures. This instrument
features a velocity map imaging (VMI) setup with redesigned ion optics and
uses differential pumping to achieve a working pressure of 10−3 mabr. It allows
time-resolved measurements at microsecond time scales using the pump-probe
technique with a pulsed molecular beam and a pulsed laser. The performance is
validated using N2O photodissociation and N2 surface scattering. CO oxidation
on Pd(110) and Pd(100) surfaces is studied at elevated oxygen pressure (1×10−5

mbar) where the surfaces reconstruct. The results show the suppression of CO2

production in oxygen rich environments for both surfaces. The difference in
kinetics and dynamics behavior between the two surfaces also suggests that
surface structures and adsorption sites are important in the reaction mechanisms.
These findings highlight the importance of surface structure in catalytic reactions
and pave the way for more effective catalysts to be designed by tailoring surface
properties and reaction conditions.

Key words: Catalyst, Surface reaction, Near-ambient pressure, CO, CO2, CO
oxidation, Pd, Palladium, Instrument design, Velocity-map imaging
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Näraomgivningstryck hastighetskarta avbildning

Tzu-En Chien

Institutionen för Kemiteknik, Kungliga Tekniska högskolan,
SE-100 44 Stockholm, Sverige

Sammanfattning

Katalytiska reaktioner p̊a fasta ytor har studerats under ultrahögt vakuum
(UHV) i årtionden. Dessa studier ger avgörande information för katalytiska
reaktioner, s̊asom ytstrukturer, adsorptionsställen och reaktionsmekanismer.
Industriell katalys arbetar dock under högt gastryck för att öka reaktionshas-
tigheten, s̊a kunskapen vi lär oss fr̊an de tidigare UHV-studierna kanske inte
direkt kan överföras till industrin. Denna skillnad kallas “tryckgapet” och den
representerar de sv̊arigheter som forskare möter när de försöker undersöka och
först̊a katalytiska reaktioner vid högt tryck. För att lösa detta problem har in
situ/operando metoder och instrument utvecklats för att studera reaktioner vid
tryck som ligger närmare verkliga tillämpningar.

Den föreliggande avhandlingen syftar till att visa upp det nya instru-
mentet, nära-omgivande tryckhastighetskarta-avbildning (NAP-VMI) och dess
tillämpningar för molekylär spektroskopi och ytvetenskap vid nära-omgivande
tryck. Detta instrument har en hastighetskarta-avbildning (VMI) med omdesig-
nad jonoptik och använder differentialpumpning för att uppn̊a ett arbetstryck
p̊a 10−3 mabr. Den till̊ater tidsupplösta mätningar p̊a mikrosekunders tidsska-
lor med hjälp av pump-probe-teknik med pulsmolekylär str̊ale och pulslaser.
Prestandan valideras med hjälp av N2O fotodissociation och N2 ytspridning.
CO oxidation p̊a Pd(110) och Pd(100) ytan studeras vid förhöjt syretryck
(1 × 10−5 mbar) där ytorna rekonstrueras. Resultaten visar undertryckandet
av CO2 produktion i syrerika miljöer för b̊ada ytorna. Skillnaden i kinetik och
dynamikbeteende mellan de tv̊a ytorna tyder ocks̊a p̊a att ytstrukturer och
adsorptionsställen är viktiga i reaktionsmekanismerna. Dessa fynd framhäver
vikten av ytstruktur i katalytiska reaktioner och banar väg för mer effektiva
katalysatorer som kan utformas genom att skräddarsy ytegenskaper och reak-
tionsförh̊allanden.

Nyckelord: Katalysator, Ytreaktion, Näraomgivningstryck, CO, CO2, CO
oxidation, Pd, Palladium, Instrumentdesign, Hastighetskartbildning.
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Preface

This thesis presents the design and construction of near-ambient pressure
velocity-map imaging for studying heterogeneous catalysis reactions under
elevated pressure with µs time resolution. A brief introduction, an overview, the
experimental setup, and the results are presented in Part I. Part II contains the
three articles listed below. The articles have been adjusted to comply with the
current thesis format for consistency, but their contents have not been altered
as compared with their original counterparts.

Paper 1. Tzu-En Chien, Lea Hohmann, and Dan J. Harding, 2022.
Near-ambient pressure velocity map imaging. J. Chem. Phys. 157, 034201.

Paper 2. Tzu-En Chien, Lea Hohmann, and Dan J. Harding. Time-
Resolved Surface Reaction Kinetics in the Pressure Gap. Submitted to Faraday
Discussions.

Paper 3. Tzu-En Chien, Lea Hohmann, and Dan J. Harding. Bimodel
Activity on Heterogeneous Catalysts: CO oxidation on Pd(100). Manuscript
under preparation.

February 2024, Stockholm

Tzu-En Chien
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Hansson, Matthias Muntwiler, Klas Engvall, Mats Göthelid, Dan
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Part I

Overview and summary





Chapter 1

Introduction

Controlling chemical reactions is modern alchemy. Although we still cannot
make gold out of nowhere, we can control reactions using catalysts. The term
“catalysis” was coined by Swedish chemist Jöns Jacob Berzelius. He proposed
the name based on the Greek words “kata” (down) and “lysis” (loosening) to
describe the action of substances that speed up chemical reactions without
being altered themselves (Berzelius 1835; Wisniak 2010).

Catalysts are everywhere, from mother nature to industrial manufacturing
(Chorkendorff & Niemantsverdriet 2017; Norden 2014). Some examples of
processes that employ catalysis in nature are: (1) enzymatic catalysis, which
drives all of the biochemical reactions in living organisms; (2) in plants, the
process of photosynthesis, where sunlight is captured to convert carbon dioxide
and water into glucose and oxygen; (3) certain bacteria can convert atmospheric
nitrogen into ammonia through nitrogen fixation; and (4) metal ion catalysis,
which assists in substrate binding and stabilization of reaction intermediates.

Catalysts increase the efficiency of chemical reactions, reduce energy con-
sumption, and often lead to cleaner and more sustainable production processes,
which are essential in modern industry. For instance, (1) the Haber-Bosch
Process uses iron catalysts to synthesize ammonia from nitrogen and hydrogen;
(2) steam reforming uses nickel-based catalysts to convert methane and other
hydrocarbons with steam into hydrogen and carbon monoxide; (3) selective
catalytic reduction (SCR) uses vanadium- or titanium-based catalysts to re-
duce nitrogen oxides in flue gases with the aid of a reducing agent, typically
ammonia or urea; (4) catalytic converters in vehicles use platinum, palladium,
and rhodium as primary catalysts to reduce harmful emissions. They transform
toxic gases like carbon monoxide, nitrogen oxides, and unburned hydrocarbons
into less harmful substances such as water, nitrogen, and carbon dioxide; (5)
electrocatalysis is used in hydrogen fuel cells, where platinum-based catalysts
facilitate the splitting of hydrogen gas, while other catalysts like metal oxides
can help with oxygen reduction; and additionally, (6) many modern synthetic
routes to organic chemistry involve homogenous catalytic steps, often employing
transition metal catalysts or enzymes. For example, cross-coupling reactions
with metal-based catalysts are widely used in the synthesis of pharmaceuticals.

1



2 1. Introduction

Heterogeneous catalysis refers to the type of catalysis process where the
reactions take place at the interface between two phases, typically solid and gas.
Studying the chemical reaction on a surface often requires a finely controlled en-
vironment, such as a vacuum condition. When investigating catalytic processes,
researchers often use techniques that require ultra-high vacuum (UHV) condi-
tions to achieve clear, uncontaminated results (Ertl 2001). However, industrial
catalysis operates under high gas pressure to increase the reaction rate. This
discrepancy is known as the “pressure gap”, where researchers face challenges
when trying to study and understand catalytic reactions under high pressure
(Frenken & Groot 2017). This difference in pressure conditions means that the
behavior and characteristics observed for catalysts in the laboratory under UHV
conditions might not always align with industrial circumstances. For example,
under high pressure environments, catalysts might have different active sites,
or the rate-determining step of a reaction might change. To address this issue,
researchers have been developing techniques and instruments that allow them
to study catalysts at pressures closer to those of real-world applications. In
summary, the “pressure gap” emphasizes the importance of studying catalysts
under conditions that mirror real-world applications, ensuring that the findings
are relevant and can be used to design and develop better catalytic processes.

1.1. Aims and scope of present thesis

The present thesis aims to showcase the new method, Near-Ambient Pressure
Velocity Map Imaging (NAP-VMI), and its capabilities for surface science
and molecular spectroscopy under near-ambient pressure conditions, which are
sufficient to cause surface reconstructions (Tao et al. 2010). We demonstrate
the application of NAP-VMI to the study of CO oxidation on palladium model
surfaces, resolving a long-standing debate concerning the active phase in oxygen-
rich environments in previous research.

The thesis begins with an introduction to surface reactions and techniques
to study them under UHV and near-ambient pressure; the working principle
of velocity map imaging (VMI); CO oxidation on Pd(110) and Pd(100), which
we use as model systems in our studies. The following chapter focuses on the
design, assembly of the machine, and experimental methods. The first section
of the results chapter demonstrates how the new ion optics design, combined
with differential pumping, allows the experiments to be conducted at pressures
of 10−3 mbar (Paper 1). In the later section of the results chapter, we present
the time-dependent measurements of CO oxidation on Pd(110) and Pd(100)
surfaces. These measurements, conducted under elevated pressures, highlight
the changes in surface structures and provide kinetic information on these
meta-stable surfaces (Paper 2 & 3).

1.2. Sustainability aspects

Catalysts play an essential role in advancing sustainability in various sectors.
By facilitating chemical reactions to occur more efficiently and under milder
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conditions, catalysts can lead to processes that are more energy efficient, produce
fewer waste products, and use fewer resources. For sustainability goals to be
met, continuous research and investment in catalysis are necessary. For instance,
creating less expensive, non-noble metal catalysts that are more environmentally
friendly requires an understanding of how reactions work. This way, industries
can use more common materials instead of rare, toxic and expensive ones,
making their processes more affordable and eco-friendly. It’s not just about
developing new catalysts, but also about understanding their mechanisms,
improving their lifetimes, and making their production more sustainable.

In the aspect of this thesis, catalytic oxidation of CO falls into several
categories of UN Sustainable Development Goals (SDG), primarily by contribut-
ing to better air quality, public health, sustainable energy, and environmental
protection. SDG 3, Good Health and Well-Being: Effective CO oxidation
enhances urban air quality, contributing to healthier, more sustainable living
spaces. It helps to reduce air pollution by converting harmful CO from vehicle
exhaust and industrial emissions into less harmful CO2. SDG 11, Sustainable
Cities and Communities: Despite the fact that CO2 is a greenhouse gas,
converting CO to CO2 reduces the overall greenhouse effect because CO reacts
with hydroxyl (OH) radicals, reducing their abundance in the atmosphere. CO
indirectly increases the global warming potential because OH radicals help to
reduce the lifetimes of strong greenhouse gases like methane and CO2. Addi-
tionally, understand the catalytic reaction mechanisms indirectly contribute
to SDG 9, Industry, Innovation, and Infrastructure: Advancements
in the catalysis processes promote industrial innovation, paving the way for
more sustainable and efficient production methods with reduced environmental
footprints.



Chapter 2

Background

This chapter provides general information about the chemical reactions on
surfaces and the techniques used to study surfaces in ultra-high vacuum and
near-ambient pressure conditions. It is followed by a brief description of the
conventional VMI technique and an overview of CO adsorption and oxidation
on Pd(110) and Pd(100) surfaces.

2.1. Surface catalysis

Surface catalysts reduce the reaction energy barrier, creating a new reaction
path for molecules. From a molecular point of view, several elementary steps are
involved in the reaction. Typically, two reaction mechanisms have been proposed
for metal surface reactions (Baxter & Hu 2002). The first is the Langmuir-
Hinshelwood (L-H) mechanism. The general steps for the L-H mechanism are
as follows: (1) adsorption of the reactant molecules; (2) reaction (formation of
products); and (3) desorption of the product molecules. The second mechanism
is the Eley-Rideal (E-R) mechanism. The E-R mechanism assumes that only
one of the molecules adsorbs and the other one reacts directly from the gas phase
without adsorption. In practice, the E-R mechanism rarely exists; therefore, we
only consider the L-H mechanism in the following discussion. Here are some
key factors that control surface reactivity.

• Adsorption: Before the reaction can proceed, the reactant molecules
need to be adsorbed onto the catalyst’s surface. An adsorption site on
a catalyst is a location where reactant molecules or atoms can bind or
“adsorb”. Sticking probability refers to the probability that a gas molecule
or atom impinging upon a solid surface will adsorb (stick) to the surface
instead of reflecting back into the gas phase. The sticking probability
usually decreases with surface coverage, which refers to the fraction of
adsorption sites on a surface that are occupied by adsorbate. Surface
coverage is often discussed in unit of monolayer (ML). The common
definition of 1 ML is equal to one adsorbate adsorbs on one surface atom.

• Desorption: The desorption rate controls the residence time of adsorbates.
The residence time for reactants should be sufficiently long to allow them
to react or to diffuse to the active sites and then react. However, the
desorption rates for the products should be fast enough so that the

4



2.1. Surface catalysis 5

catalyst is not poisoned. For simple first-order processes, the desorption
rate can be described as a function of temperature and desorption
activation energy using the Arrhenius equation:

kdesorption(T s) = A · e
−Ed
kbT s (2.1)

where A is the pre-exponential factor, Ed is the desorption activation
energy, T s is the surface temperature, and kb is the Boltzmann constant.

• Reaction: The surface reaction rate quantifies how fast the reactants
undergo a reaction after they have adsorbed onto the catalyst surface.
The surface reaction rate is often expressed in terms of the surface
coverage of the adsorbed species. For a simple bi-molecular reaction
A+B → P , the reaction rate is given by:

rateproduct = krθAθB (2.2)

where kr is the reaction rate constant and θA and θB are the surface
coverage of species A and B, respectively. The surface reaction rate
typically depends on temperature, often described by the Arrhenius
equation:

kr(T s) = A · e
−Ea
kbT s (2.3)

where A is the pre-exponential factor, Ea is the reaction activation
energy, T s is the surface temperature, and kb is the Boltzmann constant.

• Potential energy diagram: From an energy perspective, a potential
energy diagram, also known as a reaction coordinate diagram, shows
how the energy of a system changes as a chemical reaction proceeds.
Figure 2.1 shows a typical potential energy diagram for a reaction both
with and without catalysts. The transition state is the highest energy
point on the minimum energy reaction pathway and corresponds to the
state of the system as it transforms from reactants to products. The
activation energy (Ea) is the energy difference between the initial state
and the transition state, representing the energy barrier that needs to be
overcome to proceed with the reaction. Catalysts function by offering an
alternative reaction pathway with a reduced activation energy compared
to the non-catalytic reaction, making it easier for reactants to achieve
the transition state and to form products.

• Reaction steps: In a sequence of reactions, such as adsorption, surface
reaction, and desorption, the slowest step dictates the overall rate. This
slowest step is called the rate-determining step. In a complex system,
competitive reactions might happen. Competitive reactions refer to
processes where two or more pathways or reactions compete for the same
reactants. Understanding the intricacies of the elementary steps allows
chemists to manipulate reaction conditions or design novel catalysts to
achieve desired outcomes in terms of yield and selectivity.
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Figure 2.1: Comparison of the potential energy diagram for catalytic and non-
catalytic reactions.

2.2. Ultra-high vacuum techniques

Ultra-high vacuum (UHV) conditions are crucial for surface science studies.
UHV refers to very low pressures, typically below 10−9 mbar. The use of UHV
offers a controlled environment that keeps the surface clean for the duration of an
experiment period (several hours). UHV provides an environment that surfaces
can be studied in their intrinsic state without the complications introduced by
contaminants or excessive gas-surface interactions. In addition, many surface
sensitive techniques, which involve the detection of charged particles, require
operation under UHV conditions. In the context of the present thesis, some
important UHV techniques and methods are:

• Auger Electron Spectroscopy (AES): AES is a surface analytical technique
used to determine the elemental composition of surfaces. It can analyze
the top few atomic layers of a material, making it ideal for investigating
surface compositions and checking if the surface is contaminated. The
process of AES begins by bombarding a sample with an electron beam,
which ionizes atoms. This ionization creates electron vacancies that
are filled by electrons from the same atom. This relaxation transition
emits another electron, known as an Auger electron. The kinetic energy
of these emitted Auger electrons is characteristic of specific elements,
allowing for their identification.
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• X-ray Photoelectron Spectroscopy (XPS): XPS is a technique that uses
X-rays to emit core electrons from a sample. By measuring the kinetic
energy of the emitted electrons, XPS provides detailed information about
the sample’s elemental composition and chemical states at the surface
(several nm in depth).
• Low-Energy Electron Diffraction (LEED): LEED is a technique utilized

to determine the atomic structure of crystalline surfaces. By directing a
beam of low-energy electrons at a surface and observing the resulting
diffraction pattern on a detector, the periodicity and symmetry of the
surface atoms can be deduced. While LEED provides insights about
surface reconstructions, adsorption sites, and surface phase transitions,
it requires surfaces with a consistent, repeating pattern over a large area
(long range order) to perform effectively.
• Scanning Tunneling Microscopy (STM): STM is an atomic-scale imaging

technique rooted in the quantum tunneling principle. By bringing a sharp
metallic tip close to a conductive surface and applying a bias voltage,
a tunneling current forms, which is highly sensitive to the tip–surface
distance. This allows STM to produce detailed topographic images with
atomic resolution. STM is capable of visualizing individual atoms and
studying molecular arrangements.

• Reflection Absorption Infrared Spectroscopy (RAIRS): RAIRS is a
surface-sensitive technique designed to investigate the vibrational modes
of molecules adsorbed on metal surfaces. Using infrared radiation di-
rected at a grazing angle, RAIRS detects specific frequencies absorbed
by the molecules, revealing their vibrational characteristics. This makes
it especially valuable for analyzing molecule-surface interactions and
adsorption sites.

• Temperature-Programmed Desorption (TPD): Unlike the techniques
mentioned above, which study the surface structures. TPD is a method
that investigates desorbed molecules into gas phase. In a UHV environ-
ment, a sample with adsorbed species is methodically heated, causing
the species to desorb. By monitoring the desorbed concentration of
species as a function of temperature, a desorption spectrum is derived,
revealing binding energies and desorption kinetics. This technique is
widely used to understand surface binding energies, reaction mechanisms,
and adsorbate interactions.

2.3. Near-ambient pressure measurements

Near-ambient pressure (NAP) studies or operando studies bridge the gap between
fundamental UHV surface science and real-world applications (Frenken & Groot
2017). Detection techniques without charged particles, such as STM, and optical
methods like PM-IRAS and surface X-ray diffraction can be easily adapted to
NAP. Here we will briefly review recently developed NAP detection methods.
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2.3.1. Non-charged particles methods

• Scanning Tunneling Microscope (STM): Although STM can operate
under high pressure, there are technical problems when performing
under high pressure and high temperature. Elevated temperatures lead
to an increase in thermal drift, causing drift in the images. The piezo
element, which controls the STM tip, must remain below its Curie
temperature. This is not easy to achieve under high pressure due to the
convective flow causing temperature rises. In most high pressure STM
designs, there is a small volume high pressure cell. In this configuration,
only the STM tips and surfaces are exposed to the high pressure (Tao
et al. 2008; Herbschleb et al. 2014).
• Planar Laser Induced Fluorescence (PLIF): PLIF is an optical technique
using a laser sheet, which is a planar and thin sheet of laser light, to
excite a section of the sample; the subsequent fluorescence emitted
can be correlated to local concentrations. It is often employed in fluid
dynamics, but when applied to catalysis, it offers real-time visualization
of reactive species distribution over a catalyst surface (Zetterberg et al.
2012; Blomberg et al. 2015, 2016b).
• Surface Optical Reflectance (SOR): SOR techniques analyze the reflec-

tivity of light from catalyst surfaces to deduce properties and reactions
occurring on them. Changes in reflectivity can indicate molecular adsorp-
tion, surface oxidation, or other reactions. SOR is valuable for observing
surface changes in real-time and in 2D imaging (Zhou et al. 2017).

2.3.2. Scattering and charged particle methods

• X-ray Photoelectron Spectroscopy (XPS): XPS traditionally operates
under ultra-high vacuum (UHV) conditions. There are a few problems
that need to be overcome to work under high pressure. The emitted
photoelectrons have a very short mean free path in high pressure gases.
At atmospheric pressures, the photoelectrons can undergo scattering
or be absorbed before reaching the detector, leading to signal loss. To
minimize the flight distance at high pressure, the path between the
sample and the entrance of the detector is shortened by adding an
aperture right above the surface (hundreds of µm); multiple differential
pumping stages to minimize electron scattering in the electron flight
region. The other issue is the discharge through the gas where high
voltage differences are present, as in the electrostatic lens system or the
electron detectors. Differential pumping with a better lens design is used
to address these questions (Salmeron & Schlögl 2008).

• Environmental Molecular Beam (EMB) technique: EMB, which was
developed at the University of Gothenburg to facilitate scattering experi-
ments on volatile liquids employs an aperture to distinguish between the
high pressure surface area and the low-pressure zone near the detector
(Kong et al. 2012).
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• Transmission Electron Microscopy (TEM): High Pressure TEM operates
based on the fundamental principles of traditional TEM but includes
modifications to accommodate samples under non-vacuum conditions.
The working principle of HP-TEM involves enclosing the sample between
two ultra-thin, electron-transparent windows. These create a miniature
sealed chamber or micro-reactor, which can be filled with a gas or
liquid, allowing the sample to exist under elevated pressures, mimicking
real-world conditions (Chee et al. 2020).

2.4. Velocity map imaging

Velocity map imaging was first used by Eppink & Parker (Eppink & Parker 1997).
It is a powerful experimental technique used in atomic and molecular physics to
study the dynamics of ions or electrons in photoionization or photodissociation
processes induced by lasers. It provides a way to measure the speed and angular
distribution of charged particles simultaneously. Figure 2.2 shows the working
principle of a VMI. Traditional VMI ion optics have three electrodes (repeller,
extractor and ground). Charged particles created in a region of interest are
accelerated by an electric field towards a detector. If the particles have the same
initial velocity, they will hit the detector at the same spot, regardless of their
original spatial locations. The result is an image on the detector where each
spot corresponds to a particular velocity. The position on the detector indicates
the projection of the velocity vector, and the distance from the center indicates
the speed. Many groups have been working on improving the resolution (time
and space) by slicing techniques (Ashfold et al. 2006) or a high speed camera
(Bromberger et al. 2022). DC slicing and pulsed slicing are techniques that
increase the flight time of the ions/electrons, which results in the ions/electrons
spreading out, forming a longer packet. This spreading makes it easier to
analyze since a short voltage pulse at the detector can be used for selecting the
center of the ion packet. Laser slicing selects the molecules of interest with a
point or sheet laser, reducing the space charge effect and improving the kinetic
energy resolution.

While VMI has been used in a wide range of gas phase experiments, the
focus of this thesis is more specific in gas-solid interactions. In many recent
studies (Hadden et al. 2016; Harding et al. 2017; Greenwood & Koehler 2021),
a method that combines VMI with molecular beam and surface scattering
techniques is used to study gas-solid interactions.

2.5. CO adsorption and oxidation on Pd(110)

In the results section (Section 4.2), we studied the CO scattering and oxidation
on the Pd(110) surface with NAP-VMI. Therefore, we briefly review the Pd(110)
surface structures upon the adsorption of CO, O2, and during CO oxidation at
UHV and (near) ambient pressure conditions in the following sections.
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Repeller

charged
particles

Extractor
Ground

Figure 2.2: VMI working principle.

2.5.1. CO adsorption

At room temperature, CO molecularly adsorbs onto Pd(110) and can induce a
(1×2)–missing row reconstruction. When the CO coverage is low (θCO < 0.3),
CO adsorption appears random on the (1×1) pristine surface. As CO coverage
increases (0.3 < θCO < 0.75), Pd(110) undergoes a transition into a (1×2)–
missing row pattern, leading to a c(4×2)-CO structure. Two different CO
adsorption structures are proposed by Raval et al. and Zhang et al.. Raval et al.
suggested that CO molecules can attach both on the ridge and the trough sites;
and Zhang et al. suggested CO adsorbs on the first layer of Pd at short-bridge
positions and on the second layer at bridge sites. Figure 2.3 shows the two
structures proposed by (a) Raval et al. and (b) Zhang et al. (Raval et al. 1990;
Zhang et al. 2011).

(a) (b)

ridge site 1st layer short-bridgetrough site 2nd layer bridge

Figure 2.3: CO/Pd(110)–missing row structures proposed in (a) (Raval et al.
1990) and (b) (Zhang et al. 2011).
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2.5.2. O2 asdorption

Oxygen adsorbs dissociatively on Pd(110) at temperatures above 160 K, leading
to the formation of several structures, including p(1×3), p(1×2), (2×3)-1D,
c(2×4), c(2×6), and complex surface oxide structures at different temperatures
and oxygen exposures. The oxygen-induced reconstructions of Pd(110) are
complex, but the c(2×4) has received the most interest. This specific structure
has a Pd(110) surface (1×2)–missing row structure, with oxygen atoms adsorbed
on the ridge rows in a zigzag pattern. The c(2×4) structure is found at oxygen
pressure as low as 10−8 mbar and remains up to pressure around 10−7 mbar.
With further increase in oxygen pressure, the anti-phase domain boundaries
populate the missing-row structure. When oxygen pressure reaches 1× 10−6

mbar, the entire missing row structure is occupied. Figure 2.4 shows the
c(2×4)–O structure and anti-phase domain boundaries on (1×2)–missing row
Pd(110)(Goschnick et al. 1986; Westerström et al. 2009). Further increase in

oxygen pressure gives rise to the (7×
√
3) and (9×

√
3) complex surface oxide

structures.

(a) (b)

anti-phase domain boundary

Figure 2.4: O2/Pd(110)–missing row structures; (a) c(2×4)–O structure and
(b) anti-phase domain boundaries on (1×2)–missing row Pd(110).

2.5.3. CO oxidation

CO oxidation on Pd(110) has been examined both in traditional UHV en-
vironments and in operando settings. Some key findings from the previous
studies:

• Ladas et al. conducted titration experiments of CO oxidation on an
oxygen covered Pd(110) surface detected by LEED. The results showed
that high oxygen coverages inhibit the rate of CO2 production, which
can be attributed to low CO adsorption activation energy or low CO
sticking coefficient (Ladas et al. 1993).
• Yasui et al. studied CO oxidation on the Pd(110) c(2× 4)–O surface by
TPD combining EELS and LEED, suggesting that the CO molecules
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approach O-atoms at the peripheries of c(2×4)–O surface patches (Yasui
et al. 1998).
• RAIRS of CO oxidation on Pd(110) c(2× 4)–O surface showed that once

surface temperature is above 250 K, CO molecules move from atop and
bridge sites to only bridge sites (Fukui et al. 1996).
• Early XPS experiments showed that O2 dissociative adsorption was

inhibited by CO pre-covered Pd(110) surface (Jones et al. 1999).
• Matsushima’s group reported the investigations of the velocity and

angular distribution of the desorbing CO2 from CO oxidation on Pd(110).
They found two desorbing components with slow and fast speed. The
slow component has a wider angular distribution; and the fast component
has narrower angular distribution (Wako et al. 2000; Moula et al. 2001;
Yamanaka 2008).
• PM-IRAS studies by Gao et al. observed a transient peak in CO2

turnover frequency (TOF) right after the “light-off” region, which later
stabilizes at a lower rate due to mass transfer limitations (MTL), and
they claimed that the Pd reduced metal phase is the most active phase
at both low and high pressure (Gao et al. 2009b).
• NAP-XPS studied CO oxidation on Pd(110) under sub-Torr conditions
and showed that CO poisoning occurs at low surface temperatures (<
165 ◦C / 438 K). Above this temperature, CO molecules desorb while
the surface is dominated by chemisorbed oxygen (surface oxide) with a
small amount of PdO bulk oxide. The CO2 production is proportional
to the amount of chemisorbed oxygen, which they indicated as the active
phase and followed the L-H mechanism (Toyoshima et al. 2013; Kondoh
et al. 2016).
• PLIF studies of CO oxidation on Pd(110) suggested that the CO partial

pressure variation within the boundary layer will affect the structure and
activity of the catalyst, which should be considered for in situ studies
(Blomberg et al. 2015, 2016a).

Many of these investigations have divergent findings due to different mea-
surement techniques and reactor configurations. Most of the groups (Toyoshima
et al. 2013; Kondoh et al. 2016) directly correlated the surface structures under
high oxygen pressure to their reactivity, leading to the conclusion that surface
oxide is the active phase. Contrarily, Gao and colleagues claimed that the Pd
reduced metal phase is the most active phase (Gao et al. 2009b; van Rijn et al.
2010; Gao et al. 2010).

2.6. CO adsorption and oxidation on Pd(100)

In the results section (Section 4.3), we studied the CO scattering and oxidation
on the Pd(100) surface with NAP-VMI. Therefore, we briefly review the Pd(100)
surface structures upon the adsorption of CO, O2, and during CO oxidation at
UHV and (near) ambient pressure conditions in the following sections.
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2.6.1. CO adsorption

CO adsorbed on Pd(100) exhibits a single vibrational feature, throughout the
temperature range 80–600 K and pressure range pCO = 1×10−6−1 Torr (Ortega
et al. 1982; Szanyi et al. 1993; Ozensoy & Goodman 2004). The characteristic
of this vibration mode is assigned to Pd-CO birdge vibration. At θCO = 0.5,
CO forms an ordered structure of (2

√
2×
√
2)R45◦−2CO (Behm et al. 1980).

Ouvrard et al. reported a uncommon atop CO from sum frequency generation
(SFG) at 300 K and pCO = 0.5 Torr (Ouvrard et al. 2014).

2.6.2. O2 asdorption

Oxygen adsorbs dissociatively on the Pd(100) and results in several ordered
structures: p(2 × 2)−O (θO2

= 0.25), c(2 × 2)−O (θO2
= 0.5), p(5 × 5)−O

(θO2
= 0.64) and (

√
5×
√
5)R27◦−O (θO2

= 0.8) (Chang & Thiel 1987, 1988a;
Chang et al. 1988; Chang & Thiel 1988b; Zheng & Altman 2002b). The

(
√
5×
√
5)R27◦−O structure (denoted as (

√
5×
√
5)−O ) can be considered as

a strained single layer of PdO(101) on the Pd(100) surface. It also appears in a
wide range of temperatures and pressures (Todorova et al. 2003; Lundgren et al.
2004; Kostelńık et al. 2007; Shipilin et al. 2014, 2017). Further increase the
oxygen pressure promote the growth of the epitaxial multilayer oxide (Seriani
et al. 2009; Rijn et al. 2011; Shipilin et al. 2015; Mehar et al. 2023). A non-
epitaxial layer of bulk-like PdO was observed at pO2 > 0.5 mbar (Westerström
et al. 2011). In a recent report (Mehar et al. 2023), the oxidation of Pd(100)
by oxygen forms an epitaxial multilayer PdO(101) at 500 K. At temperatures
above 600 K, the growth of PdO(100) along with PdO(101) results in a thicker
and rougher oxide.

2.6.3. CO oxidation

Due to the complexity of the metal-oxide structures, the CO oxidation on the
Pd(100) has been extensively investigated. Key findings from previous studies
that focused on catalytic activity and surface structures:

• Hendriksen et al. studied CO oxidation on Pd(100) using STM. The
Pd(100) reversibly oxidizes and reduces by a oxygen rich flow or CO
rich flow, respectively. The reduced surface is flat, and the oxidized
surface is rough. The CO oxidation reaction rate increases with the
formation of an oxidized surface. They suggested the reaction takes
place on the metal surface and follows the L-H mechanism; the oxide
surface follows the Mars–Van Krevelen mechanism, where the oxide is
continuously consumed by CO and reformed under oxygen rich conditions
(Hendriksen et al. 2004, 2010).
• Gao et al. disagreed with the interpretation of Hendriksen et al.. They

claimed that the reduced metal is the most active phase at both low and
high pressure because they observed a transient peak in CO2 turnover
frequency (TOF) right after the “light-off” region, which later stabilizes
at a lower rate due to mass transfer limitations (MTL). Additionally,
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they observed a new CO vibration mode associated with O–atoms at
oxygen rich environments (O2/CO > 5) after the “light-off” region (Gao
et al. 2009b,a).
• Zheng & Altman performed the titration experiments on oxygen covered
Pd(100) toward reduction by CO using LEED, TPD, TPR, and STM.

LEED showed that the (
√
5 ×
√
5)−O surface structure is reduced by

CO and results in the (2×2)−O structure. At high surface temperatures
(> 450K), a long delay is observed before the redaction starts. The

reduction lag on the (
√
5×
√
5)−O surface is due to the slow reduction

of the (
√
5×
√
5)−O surface, indicating that the oxidized surface is less

active. TPR results showed that the inactivity is due to the inability to
adsorb CO (Zheng & Altman 2002a).
• (N)AP-XPS investigations into the CO oxidation on Pd(100) have been

reported by several groups (Toyoshima et al. 2012; Blomberg et al. 2013;
Gustafson et al. 2018; Yu et al. 2019; Blomberg et al. 2021; Knudsen
et al. 2021; Goodwin et al. 2021). Toyoshima et al. observed the CO2

formation increased with the formation of O-Pd-O trilayer surface oxide,
suggesting the upper O species of the surface oxide is the key to high
activity. Yu et al. agree with the finding of Toyoshima et al.. Blomberg
et al. reported the CO oxidation on Pd(100) up to 1 bar. A metallic Pd
is observed after “light-off” in the highly active region. The difference
between the results compared to previous reports might be due to the
reactor design and the gas flow configuration. Gustafson et al. suggested
that the thin PdO oxide films are at least as active as metallic surfaces,
and the unsaturated metal oxide can act as active sites. Goodwin et al.
used grazing incidence X-ray photoelectron spectroscopy to highlight
the structure of the metallic islands formed on top of the oxide island
should be considered. Knudsen et al. performed the time-resolved AP-
XPS with the combination of gas pulse and event-averaging with the
time resolution in seconds, which is the time scale for phase transition.
They reported that a transient metallic surface is highly active for CO
oxidation.

• CO oxidation has also been studied by computational theory methods
such as Density Functional Theory (DFT) and First-principles Kinetic
Monte Carlo (1p-kMC) simulation (Rogal et al. 2007a,b, 2008; Hoffmann
& Reuter 2014; Hoffmann et al. 2015; Matera et al. 2015). They developed
the microkinetic model and aimed to understand the stable Pd(100)
surface structures during CO oxidation at different temperatures and
pressures, as well as to describe the experiments on a macroscale.

• PLIF study with 1p-kMC suggested a phase mixture (metallic Pd(100)

and (
√
5×
√
5)−O surface oxide) during CO oxidation on Pd(100) (Mat-

era et al. 2015).
• CO oxidation and reduction of the Pd oxides are studied at UHV condi-
tions using Temperature Programmed Reaction Spectroscopy (TPRS),
RAIRS, and DFT (Weaver et al. 2015, 2017; Kim et al. 2018; Mehar
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et al. 2018). The results show that chemisorbed O/Pd(111) is 2–3 times
more reactive than the PdO(101)/Pd(111) surface (Weaver et al. 2017),
while a multilayer PdO(101)/Pd(100) is more active than a single layer
PdO(101)/Pd(100) (Mehar et al. 2018). Additionally, they suggested
that the oxidation reaction on the metal oxide follows the Mars–van
Kreveken (MvK) mechanism, and the oxygen vacancies play an important
role in CO oxidation.

• Two-dimensional surface optical reflection (2D-SOR) showed that no
PdO bulk oxide was formed; instead, a well-defined surface oxide was
formed during CO oxidation on the Pd(100) surface. The study combined
with PM-IRRAS showed the desorption of CO with the formation of a
surface oxide (Rämisch et al. 2022).

The formation of oxides, which can act as active phases for CO oxidation,
complicates CO oxidation on Pd(100) more than on Pd(110). Despite extensive
investigation, questions about surface structures and active phases still remain.
Additionally, none of these studies had good time resolution to measure reaction
kinetics, with the exception of Knudsen et al.. As a result, additional research
will be required in the future.



Chapter 3

Experimental setup and methods

The development of a new method and the design and construction of an
appropriate instrument were the main focus of present thesis. The experiments
presented in this thesis were conducted with a home-built apparatus named
Near-Ambient Pressure Velocity Map Imaging (NAP-VMI) at KTH. The general
concept and design are published in Paper 1 (Chien et al. 2022). The NAP-
VMI apparatus is designed for investigating molecular beam surface scattering
in conditions ranging from ultra-high vacuum (fundamental surface science)
to near ambient pressure (applied catalysis). This unique setup bridges the
“pressure gap”, enabling the study of chemical reaction dynamics and kinetics in
scenarios where higher pressures are essential or unavoidable. Figure 3.1 shows
the photo and CAD design of the apparatus.

(a) (b)

y

z x

Figure 3.1: (a) photo and (b) CAD model of the NAP-VMI apparatus.

It is equipped with several turbomolecular pumps, maintaining a base
pressure in the chamber below 2× 10−9 mbar. However, during experiments,
the pressure inside the scattering chamber can reach 1× 10−3 mbar. We use
differential pumping techniques to separate the microchannel plate (MCP)
detector, which operates exclusively in high vacuum, from the high pressure

16
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region. The present chapter describes the comprehensive design of the NAP-
VMI instrument, experimental methods, and general kinetic models for the
surface reactions.

3.1. NAP-VMI

The NAP-VMI apparatus consists of the following main components:

• Molecular beam chamber: The molecular beam chamber generates the
supersonic molecular beam, initiating the gas–surface reaction.

• Scattering chamber: The surface and VMI optics are located in the
scattering chamber, where the reaction takes place.

• Detector chamber: The detector chamber contains a MCP detector,
which is used to detect ions produced when molecules are ionized by a
laser during scattering and/or reactions.

• Preparation chamber: The preparation chamber is used for sample
transfer and sample preparation. A sample manipulator is located in
this chamber.

• STM chamber: The scanning tunneling microscope (STM) chamber
mounted next to the preparation chamber.

• Laser system: Tunable laser light for ionizing the target molecules is
achieved by tripling the frequency of a Dye laser’s fundamental, pumped
by a frequency doubled Nd:YAG laser.

Figure 3.2 shows a cross-sectional view of the NAP-VMI in the y-z plane, with
the components labeled.

3.1.1. Molecular beam chamber

The standard method for generating molecular beams with well defined velocities
involves a supersonic expansion into a vacuum followed by differential pumping.
Using a pulsed valve minimizes the pumped gas volume by producing a brief,
concentrated molecular beam. This is achieved by expanding gas from a high
pressure reservoir through a small nozzle into low pressure or vacuum. Figure
3.3 shows the design of the molecular beam source chamber. It consists of two
chambers, the source chamber (LewVac, standard CF100 four way cross) and the
differential chamber (our own design manufactured by VACOM), separated by a
skimmer (Beam Dynamics Inc., Model 1 with a 2 mm opening) and pumped by
a 350 and a 90 l/s turbomolecular pump (Leybold), respectively. The molecular
beam chamber is mounted below the scattering chamber, separated by a 3 mm
aperture (in the scattering chamber). A pulsed valve (Amsterdam Piezovalve,
ACPV2 model) (Irimia et al. 2009) is mounted in the source chamber. The
pulse valve has a 200 µm diameter and a 40–degree conical nozzle shape. The
orifice of the nozzle is closed by a piezoelectric cantilever controlled by an
electronic driver unit (Amsterdam Piezovalve, EDU5), allowing operation at a
10 Hz repetition rate with an opening duration of 20–400 µs. A typical backing
gas pressure of 1–3 bar is used in the experiment. With the pulsed valve in
operation, the pressure of the source chamber increases to 5× 10−6 mbar, the
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Figure 3.2: Cross section view in the y-z plan of the NAP-VMI.

pressure of the differential chamber increases to 1×10−7 mbar, and the pressure
change in the scattering chamber increases is 3× 10−9 mbar. Pressures in the
source chamber and differential chamber are measured by full range vacuum
gauges (Pfeiffer Vacuum, PKR 251); pressures in the scattering chamber are
measured by cold cathode gauges (Pfeiffer Vacuum, IKR 270) in each chamber.
This increase in pressure of 3× 10−9 mbar with the 10 Hz valve running and
a pumping speed of 350 l/s in the 3 l scattering chamber represents a load of
1× 10−9 bar·l/s. Therefore, we estimate approximately 1012 molecules to reach
the scattering chamber per pulse.

3.1.2. Scattering chamber

Figure 3.4 shows the design of the scattering chamber (our own design manufac-
tured by VACOM). The scattering chamber is the “center” of the instrument,
where the VMI ion optics are located (see Section 3.1.3 and 3.1.4); the molec-
ular beam and laser cross each other at the VMI optics. It has four CF100
flanges, two CF63 flanges, and four CF40 flanges. It is pumped by a CF 100
turbomolecular pump (Pfeiffer Vacuum, 300 l/s) from the top. The molecular
beam chamber is connected from below. Two CF100 flanges on the sides are
connected to the preparation chamber and detector chamber, respectively. The
laser beam coming from the side CF63 flanges with deep UV (DUV) viewports
(LewVac). Four CF40 flanges are connected to a leak valve (LewVac), a high
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Figure 3.3: CAD model of the molecule beam chamber.

voltage feedthrough (LewVac) for ion optics, a cold cathode gauge (Pfeiffer
Vacuum, IKR 270) and a blank flange, respectively.
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Figure 3.4: CAD model of the scattering chamber.

3.1.3. Detector chamber

Figure 3.5 shows the design of the detector chamber (our own design manufac-
tured by VACOM). The detector chamber consists of a top hat shape CF100
flange, a VMI module (see Section 3.1.5), a flight tube, and a vacuum imaging
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detector (Photek). The detector chamber is pumped by a CF63 turbomolecular
pump (Pfeiffer Vacuum, 300 l/s). An inverted magnetron cold cathode gauge
(Pfeiffer Vacuum, IKR 360) is used to reduce the influence of magnetic fields.
A metal mesh in the ions’ flight region is used to shield the electric field from
the high voltage connections and feedthroughs. The flight distance for ions is
260 mm from the ionization center. The vacuum imaging detector has a 40 mm
Z-stack MCPs with a P46∗ phosphor screen with a typical maximum working
pressure of 10−6 mbar. Ions reach the MCPs and produce a cascade of electrons,
which are accelerated onto the phosphor screen, where they emit light. A short
high voltage gate pulse can be applied to the MCPs, allowing the targeted ions
to be selected by their time-of-flight or m/z ratio and reducing background
noise. A CCD camera (FLIR, 1.3 megapixel) with an 8 mm lens is used to
capture the emitted light on the phosphor screen.

y

z
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Flight distance
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VMI
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Ionization center

Figure 3.5: CAD model of the detector chamber and the ion optics.

3.1.4. Preparation chamber

Figure 3.6 shows the design of the preparation chamber (our own design manu-
factured by VACOM). The preparation chamber is a CF250 tube with several
flanges. It is pumped by a CF100 turbomolecular pump (Pfeiffer Vacuum, 820
l/s). It is equipped with an Argon ion source (PREVAC, IS40C1), an Auger
electron spectroscopy (AES) (RBD Instrument, microCMA), a residual gas
analyzer (Extorr, XT100), two motor control feedthroughs (Arun Microelec-
tronics), an electrical feedthrough (LewVac) and a thermocouple feedthrough
(LewVac). A XYZR manipulator (see Section 3.1.6) is located in the preparation
chamber. The sample cleaning process before experiments proceeds as follows:
(1) Argon sputtering for 10 minutes at 3 keV and 5 mA (8 µA at the surface),
(2) annealing to 970 K for 5 minutes, and (3) natural cooling down to 400 K.
After cleaning, an Auger analysis is conducted to check the sample’s cleanliness.

∗In Paper 1, we mentioned that a P43 phosphor screen was used, which was incorrect.
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Figure 3.6: CAD model of the preparation chamber.

3.1.5. VMI ion optics

We aim to design VMI optics to reach a working pressure of 10−3 mbar. At this
pressure, collisions between gas molecules become significant. The mean free
path (λ) is the average distance a particle travels between collisions with other
particles, which can be described as: λ = kT/2σP , where k is the Boltzmann
constant, T is the temperature, σ is the effective cross-section of the particle,
and P is pressure. The mean free path at room temperature for air molecules
at a pressure of 10−3 mbar is around 100 mm. For ions, σ is much bigger,
which means the mean free path is shorter; therefore, it is very important to
reduce the flight distance in the NAP region. To minimize the scattering effects
of background molecules, the VMI ion optics need to be compact. Figure 3.7
shows the design of the VMI ion optics. The concept of the special VMI optics
is to separate the high pressure scattering region from the detector chamber
while ions still reach the detector with the proper velocity mapping feature.
Eight electrodes (1 mm in thickness) are used in the ion optics, where four
of them are in the scattering chamber and four of them are in the detector
chamber, separated by a 3 mm pinhole. The first set of electrodes (R, E1, E2,
and G) produce a hard focus of the ions at the aperture, and the second set
of electrodes (F1, F2, F3, and F4) function as an acceleration region and an
Einzel lens that fine tunes the focusing.

3.1.6. Sample manipulator and sample holder

Figure 3.8 shows the XYZR manipulator and sample holder. The XYZR
manipulator consists of four UHV stepper motor stages (Arun Microelectronics).
Three linear stages (X: 50 mm; Y: 50 mm; Z: 400 mm) and a rotational stage are
joined by the homemade brackets and mounted in the preparation chamber. It
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Figure 3.7: CAD model of the VMI ion optics.

allows the sample to move between the preparation chamber and the scattering
chamber.

Due to the compact design of the VMI optics, we could not find a suitable
commercial sample holder. Therefore, we also designed the sample holder. The
criteria for the sample holder are:

• Compact design
• Heating up to 1000 K
• Measuring the surface temperature
• Capable of applying potential up to 500 V
• Use a removable flag style sample plate

Figure 3.9 shows the sample holder design and assembly, taking into account
these criteria. Four different materials are used in the sample holder based
on several factors, such as cost, functionality, and accessibility. The sample
plate receiver is made of stainless steel 316Ti. The sample is heated from
below by a pyrolytic graphite heating element (Thermic Edge), which is covered
and insulated by pyrolytic boron nitride (pBN). The sample is mounted on a
“flag-style” sample plate. Chromel–Alumel (type–K) thermocouple wire on the
alumina bridge, which is connected by tantalum (Ta) thermocouple springs to
the thermal couple feedthrough. In the current setup, we cannot simultaneously
apply potential to the sample holder and measure surface temperature because
they share the same connection, which poses a safety concern. We leave a tiny
channel between the sample receiver and sample plate, allowing an isolated
temperature measurement below the sample plate.

3.1.7. STM chamber

Figure 3.10 shows the connection of the NAP-VMI and STM. The reactor STM
(Leiden Probe Microscopy) is installed in a separate chamber connected to the
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Figure 3.8: CAD model of the sample manipulator.
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Figure 3.9: CAD model of the sample holder.

preparation chamber via a CF63 flexible coupling to minimize vibration origi-
nating from the preparation chamber. On the opposite side of the preparation
chamber, a transfer arm was installed for transferring the flag style sample
plate. Owing to delays in the STM delivery and installation, experiments with
the STM were not conducted as part of this thesis. However, it is intended for
studying surface structures under reaction conditions.
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Figure 3.10: CAD model of the NAP-VMI and the STM chamber (Top view
with cross section from the sample plan).

3.2. Molecule ionization

VMI optics velocity mapped the ions to the detector. In order to detect the
neutral molecules in the experiments with VMI, they must first be ionized. We
used a UV laser to ionize the target molecules.

3.2.1. Laser system

Figure 3.11 shows the diagram of the laser system. For ionization, laser light
in the ultraviolet (UV) region (203–216 nm) is used. The flash lamp pumped
Nd:YAG laser (InnoLas, SpitLight Compact) is frequency doubled, resulting in
a wavelength of 532 nm and a repetition rate of 10 Hz. This frequency pumps
the dye laser (Radiant Dyes, NarrowScan, DCM dye in ethanol). The dye
laser comprises a resonator to select a specific wavelength in the dye mixture’s
gain profile, along with two amplifying stages to boost power. Each stage is
pumped by a portion of the incoming 532 nm light. A 2400 lines/mm grating
is used for choosing the desired wavelength. The amplified laser is frequency
tripled with two BBO crystals, with the output wavelength in the UV region.
Two Pellin–Broca prisms are used to separate the harmonics of the laser beam.
A beam block blocks the fundamental and second harmonic lasers. Typical
laser power output is around 1 mJ per pulse (measured after the Pellin–Broca
prisms), with a pulse width of several ns. A variable wave plate (optional)
controls the polarization of the laser. The laser is guided by several mirrors and
focused in the center of the VMI optics by a 200 mm focal length lens.
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Figure 3.11: Schematic diagram of the laser system.

3.2.2. REMPI

Resonance-enhanced multiphoton ionization (REMPI) is used for ionization.
The principle of REMPI is to ionize molecules through an intermediate resonant
state. Figure 3.12 shows a typical 2+1 REMPI scheme. The 2+1 REMPI process
needs two photons from the initial state to reach the resonant intermediate state
and a third one overcome the ionization threshold and ionize. The resonant step
makes it selective, and often quite efficient. Even minor laser power fluctuations
can result in significant variations in the resulting ion signal.

In the later chapter (Chapter 4), N2, CO, and CO2 are studied. N2

molecules are ionized by 2+1 REMPI through the two-photon electronic tran-
sition a

′′ 1Σ+
g ← X 1Σ+

g at the laser wavelength around 203 nm (Lykke &
Kay 1991). CO molecules are ionized using a 2+1 REMPI process via the
E 1Π← X 1Σ+ transition at the laser wavelength around 215 nm (Hines et al.
1990). We use the S(10) transition for the detection of scattered molecules, as
the J=10 state is barely populated in the incident beam but is one of the most
populated in the scattered distribution. CO2 is detected using laser ionization
around 212 nm. We expect this to be a 2+1 REMPI process, presumably via
1-photon-forbidden 1Σ+

g and/or 1Πg Rydberg states(Wu et al. 1991; Inn et al.
2004; Chan et al. 1993; McGlynn et al. 1971; Hubin-Franskin et al. 1988; Stark
et al. 2007).

3.3. Data treatment: VMI images

The VMI ion optics map the velocity of the ions at the ionization region to a
two-dimensional imaging sensor, which corresponds to their “velocity” before
they were ionized. The center of the velocity map image represents ions have
zero velocity in the x–y plane. The velocity map image includes speed (distance
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Figure 3.12: Schematic diagram of a 2+1 REMPI process.

from the center) and angular (direction from the center) information. We used
several Python packages (Numpy, Scipy, and PyAbel) to analyze the images.

3.3.1. Photodissociation

Photodissociation experiments are used to test the performance of NAP-VMI
and speed calibration. Photodissociation of N2O around 203 nm produces
rotationally excited N2 fragments (Hanisco & Kummel 1993; Suzuki et al. 1996;
Neyer et al. 1999; Nishide & Suzuki 2004; Kawamata et al. 2006) that can be
rotational state selectively detected using 2+1 REMPI through the two-photon
electronic transition a

′′ 1Σ+
g ← X 1Σ+

g (Lykke & Kay 1991). The N2 ion
cloud in the shape of a sphere is projected onto the detector. Abel transform
is an integral transform used in the analysis of axially symmetric functions.
It takes a slice of a cylindrically symmetric 3D object and provides the 2D
projection of that object. The inverse Abel transform takes a 2D projection
and reconstructs a slice of the cylindrically symmetric 3D distribution. In
analyzing the VMI of the N2O photodissociation (Section 4.1.3), we did not
use the inverse Abel transformation to reconstruct a slice of the spherically
symmetric 3D distribution ion cloud. Using the 2–stage acceleration, the ion
optics spread the arrival time of the ions at the detector depending on the
particle motion in the z-axis. We applied a short high voltage gate pulse to the
MCP detector (Section 3.1.3) and only selected the center part of the ion cloud
(DC slice), from which we then acquired the speed and angular information
directly without any mathematical treatment. The slicing technique also works
without the need for cylindrically symmetry for inverse Abel transform. Figure
3.13 compares the VMIs of N2 fragments (J=74) from N2O photodissociation
with different image treatments, Left: full ion cloud projection; Middle: inverse
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Abel transformation image from the full ion cloud projection; Right: DC sliced
image.

Full ion cloud Inverse Abel transformation DC slice

Figure 3.13: VMIs of N2 fragments (J=74) from N2O photodissociation. Left:
full ion cloud projection; Middle: inverse Abel transformation image from the
full ion cloud projection; Right: DC sliced image.

3.3.2. Surface scattering

Figure 3.14 shows a VMI of N2 scattering on the Pd(110) surface at T s = 300 K.
The image consists of three parts: the incident beam, scattered molecules,
and background molecules. The green cross in the image center represents
the thermal background of N2 molecules, which we also use to identify the
zero-velocity point; the upper signal (Vx > 0) is the incident beam, which
is traveling upward (approaching the surface), and the lower signal (Vx <
0) belongs to scattered molecules, which are traveling downward (leaving the
surface) after scattering.

Some issues need to be considered when doing surface scattering experiments.
(1) Angular distribution: Due to the compact design of the VMI optics, only
scattered molecules in close proximity to the surface normal reach the ionization
center. In Paper 1 (Chien et al. 2022), we determined an angular acceptance
of ± 25 degrees for surface scattering. The angular acceptance might be smaller
according to results of the CO scattering on the Pd(110) surface. The angular
detection for scatter molecules are limited by the geometric configuration of the
molecular beam, the surface, and VMI ionization center. The surface to the
ionization point is typically 15 mm and hole for the E1 electrode 10 mm. The
in-plane (x–y plane) angular acceptance is mainly determined by the size of the
molecular beam radius, laser ionization volume, and the VMI region, shows in
figure 3.15. We estimate that only molecules within ±15° of the scattering plane
parallel to the electrodes and detector will be ionized, which prevents us from
measuring angular distributions for the scattering products. Detecting scattered
molecules with full angular distribution is important for the kinetic models.
Enhancing the angular acceptance will be a key focus for future improvements.
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Figure 3.14: VMI of N2 scattering on the Pd(110) surface at T s = 300 K.
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Figure 3.15: The geometric configuration of the molecular beam, the surface,
and VMI ionization center.

(2) Flux correction: The signal is dependent on the gas density, which is
inversely proportion to their speed. Therefore, a density to flux transformation
is applied by multiplying the signal intensity by their speed accordingly.

The speed distribution can be described as a Maxwell-Boltzmann distribu-
tion of the surface temperature or as a flowing Maxwell-Boltzmann distribution
(Hurst et al. 1979; Janda et al. 1980).

Maxwell-Boltzmann distribution: Flux(v) ∝ v3 (
m

kT s
)

3
2 exp(− mv2

2kT s
)

Flowing Maxwell-Boltzmann distribution: Flux(v) ∝ v3 exp(− (v − v0)
2

α2
)
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Flux(v) is the flux as a function of velocity; m is the molecular mass of the
target molecule; k is the Boltzmann constant; T s is the surface temperature; v0
is the flow velocity; and α2 = 2kTH/m (TH is the characteristic temperature in
the frame of reference moving with velocity V 0). For a better comparison to the
previous reports (Wako et al. 2000; Moula et al. 2001), the average energy of the
flowing Maxwell-Boltzmann distribution can be expressed in the temperature
unit as T fmb = ⟨E⟩/2k, where ⟨E⟩ is the mean energy.

3.3.3. Time-resolved measurement

Time-resolved experiments use a delay generator (Berkeley Nucleonics Corpora-
tion, Model 577) to synchronize the delay time of the laser pulse, molecular beam
valve, MCP detector, and camera. Figure 3.16 shows the time-synchronization
scheme for the time-resolved measurement. The laser pulse is set as t0. The
pulsed valve is set at a negative time, td, ahead of the laser due to the travel
time of the gas pulse to reach the ionization center. The laser pulse and the
molecular pulse meet at t0, and molecules are ionized. The MCP gate pulse is
set at tg which is the flight time of the target ions. The camera trigger is also
set ahead of t0, due to the delay in computer communication with the camera.
In a time-resolved measurement, images are obtained by scanning td.

t0 t0td2 td2td1 td1tc tctg tg

Ionization Ionization

Laser

Valve open

Valve open

Molecular beam

Molecular beam

Ions

MCP gating

Camera exposure

Molecular beam pulse travel time

Ions flight time Ions flight time

Electronics delay

Figure 3.16: Time delay scheme for the time-resolved measurement.

Figure 3.17 shows how we convert a series of single-delay images (Figure
3.17(a)) to a kinetic trace. We recorded images while varying the delay between
the pulsed molecular beam and the pulsed laser. Figure 3.17(b) shows the
time-resolved measurement of CO scattering on Pd(110) (Paper 2), with each
data point collected from an individual molecular-beam delay image, as shown
in figure 3.17(a). For the CO scattering signals, we selected a region spanning
40–60 pixels and a 20–degree sector below the center (indicated by a green box).
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(a)

(b)

Figure 3.17: Time-resolved measurement from (a) a series of VMIs to (b) a
kinetic trace.

3.4. Data treatment: Kinetic models

Kinetic models are used to describe the time-resolved measurement for different
chemical processes. The methods we use to determine the time-dependent
kinetics of surface reactions are based on the Velocity Resolved Kinetics (VRK)
method developed in Alec Wodtke’s group in Göttingen (Golibrzuch et al. 2015;
Harding et al. 2017). Velocity resolved detection allows the time-dependent flux
of desorbing molecules with a certain velocity to be determined by physically
deconvoluting the surface residence time from the spread in flight time from
the surface to the ionization region.

In this section, we describe general kinetic models for CO scattering and
CO oxidation. The complex kinetic models for each surface, which are modified
based on our experimental results and previous reports, will be provided in
Section 4.2 and 4.3.

3.4.1. CO scattering

There are two types of scattering on the gas–solid interaction (Rettner et al.
1996). (1) direct scattering: the incoming molecules directly reflect in an
inelastic single collision; (2) trapping desorption: the incoming molecules trap
on the surface, followed by a complete equilibration at the surface, and later
desorb. The speed distribution of trapping desorption is a Maxwell-Boltzmann
distribution characterized by the surface temperature.

Both processes occur for CO scattering on Pd surfaces, and the CO scat-
tering flux, ϕd(t, T s) comprises two components: the first is direct scattering,
and the second is trapping desorption (Rettner et al. 1996; Golibrzuch et al.
2015; Harding et al. 2017). The kinetic model of the CO scattering flux can be
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described with equation (3.1).

ϕd(t, T s) = ADS ϕi(t)︸ ︷︷ ︸
direct scattering

+ATD kd(T s) [CO(a)]t︸ ︷︷ ︸
trapping desorption

(3.1)

ADS and ATD represent the branching factors for direct scattering and trapping
desorption, respectively. ϕi(t) is the time-dependent dosing function for the
molecular beam, which is modeled by two Gaussian functions:

ϕi(t) = A1e
−(t−t1)2

w1
2 +A2e

−(t−t2)2

w2
2 (3.2)

t1, t2, w1, and w2 are parameters define the Gaussian functions. kd(T s) is the
temperature-dependent desorption rate constant, and [CO(a)]t is the number of
adsorbed CO molecules. [CO(a)]t can be solved by the time-dependent flux of
incident CO and desorbing molecules below:

d[CO(a)]

dt
= ϕi(t)− kd(T s) [CO(a)] (3.3)

which can be integrated to give:∗
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(3.4)

3.4.2. CO oxidation

The simplest kinetic model for CO oxidation via Langmuir-Hinshelwood (L-H)
mechanism as follows:

CO
adsorption−−−−−−−⇀↽−−−−−−

kd

CO(a)

O2
adsorption−−−−−−−⇀↽−−−−−−−
desorption

2O(a)

CO(a) +O(a)
kr−−→ CO2(a)

CO2(a)
desorption−−−−−−→ CO2

With the following assumptions: (1) no oxygen desorption under CO oxidation
reaction temperature; (2) CO2 immediately desorbs from the surface after
reaction. The CO2 production rate is:

d[CO2]

dt
= kr[O(a)][CO(a)]t (3.5)

∗This equation is solved using Mathematica with the initial condition [CO(a)](t = 0) = 0.
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Where kr is the reaction rate constant, and [O(a)] is the number of adsorbed
O–atoms.

Since the oxygen flux to the surface is much larger than the CO flux,
we assumed that the number of O–atoms on the surface, [O(a)], remained
constant throughout the reaction, giving pseudo first-order kinetics: kpf(T s) =
kr(T s) [O(a)]. The CO2 flux is then described in the following equation:

flux(CO2)(t, T s) = kpf(T s) [CO(a)]t (3.6)

kpf(T s) is the pseudo first-order reaction rate coefficients, and the adsorb CO,
[CO(a)]t can be solved by the time-dependent flux of incident CO, desorbing
CO and CO consumption from oxidation, as describes below:

d[CO(a)]

dt
= ϕi(t)− [kd(T s) + kpf(T s)] [CO(a)]t

= ϕi(t)− k(T s) [CO(a)]t (3.7)
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√
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(3.8)



Chapter 4

Results and Discussion

This chapter summarizes the results presented in PART II. For a detailed
account of the results, the reader is referred to Papers 1–3. Alternatively,
a summary of the key results from these investigations will be presented in
Chapter 5.

4.1. NAP-VMI calibration and performance under NAP

4.1.1. VMI simulation

Figure 4.1 shows the electric field and ion trajectory simulation with COMSOL
Multiphysics. The ions with a mass-to-charge ratio, m/z=28 and kinetic energy,
Ek=0.03, 0.27, 0.75 eV are released from the midpoint of the R and E1 electrodes
and 0.5 and 1 mm along the laser propagation direction. Eight equal spaced
directions parallel to the detector are considered. Due to the elevated gas
pressure in the scattering chamber, the applied voltages in this chamber are set
low (< 500 V) to avoid an electrical breakdown. The simulated voltages are:
R=500 V, E1=480 V, E2=400 V, G=0 V, F1=-3000 V, F2=-1500 V, F3=0 V,
F4=-1500 V. The ion optics can operate using only R, E1, and G electrodes, like
the traditional VMI setting (Eppink & Parker 1997) with (R=1000 V, E1=720
V, E2=0 V, G=0 V, F1=0 V, F2=0 V, F3=0 V, and F4 = 0 V). The ions can
pass through the 3 mm aperture due to the compact design. Similar to the
design presented by Long et al. for liquid microjet photoelectron imaging (Long
et al. 2021).

4.1.2. VMI calibration and performance

For testing the VMI and speed calibration, we used N2O photodissociation (the
details are described in Section 3.3.1). The speed calibration of VMI was done
using the DC sliced image of N2 fragments (J=74) from N2O photodissociation,
since we know the N2 recoil speed, yielding a value of 11.5 m/s per pixel.
Figure 4.2 shows (a) the VMIs of N2 fragments from N2O photodissociation
at various J states along with (b) a plot comparing the experimental values
and the calculated values (Nishide & Suzuki 2004; Kawamata et al. 2006). Our
measured values agree with the previous work. These images show that the ion
optics can properly map the full velocity distribution, as long as the particles
get to the center.

33
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Figure 4.1: Simulation of (a) the electric field and (b) ion trajectories.

J=66 J=70 J=74 J=80

Figure 4.2: Comparison of VMIs of N2 fragments (J=66, 70, 74, and 80) from
N2O photodissociation and a plot comparing the experimental values and the
calculated values.

4.1.3. VMI performance under NAP

NAP-VMI can operate at pressure in the scattering chamber up to 10−3 mbar.
Figure 4.3 shows the DC sliced velocity map images of N2 (J = 74) fragments
from N2O dissociation under high vacuum (left panel: 5 × 10−9 mbar) and
near-ambient pressure (right panel: 1× 10−3 mbar of Argon) with their speed
and angular distribution. Collisions with the background Ar reduced the total
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signal and broadened the speed distribution (by factors around 3 in this case)
at near-ambient pressure, which is normal for (N)AP experiments, but the
dynamical information is still visible.

Figure 4.3: VMIs of N2 (J = 74) fragments from N2O dissociation (left panel:
5× 10−9 mbar; right panel: 1× 10−3 mbar of Argon) and their corresponding
speed and angular distribution.

Figure 4.4 shows the velocity map images of N2 scattering on Pd(110)
under high vacuum (left panel: 5× 10−3 mbar) and near-ambient pressure (ight
panel: 1× 10−3 mbar in Argon) with their speed and angular distribution. No
significant difference is found, comparing the speed distribution between high
vacuum and near-ambient environment. There is some broadening in angular
distribution for scattered N2 in the near-ambient pressure argon environment,
which we attribute to collisions with Ar atoms.

Figure 4.4: VMIs of N2 scattering on Pd(110) (left panel: 5× 10−9 mbar; right
panel: 1 × 10−3 mbar in Argon) and their corresponding speed and angular
distribution.
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4.2. CO scattering and oxidation on Pd(110)

CO oxidation on metal catalysts is a simple model system to study catalytic
reaction mechanism. In this section, we study the CO oxidation on the Pd(110)
surface with NAP-VMI.

4.2.1. CO scattering

Figure 4.5(a) shows the typical CO scattering VMI on the clean Pd(110) surface
at surface temperature, T s = 650 K. Figure 4.5(b) shows the corresponding
speed distribution of the CO scattered molecules. Figure 4.5(c) shows the
time-resolved measurement (blue dots) of CO scattering on Pd(110) at various
surface temperatures (T s = 610–670 K); data are selected in the area below
the center of a 20–degree sector spanning 40–60 pixels. The CO scattering
flux can be described with the kinetic model equation (3.1). We fit this
kinetic model (red curves) to the experimental kinetic traces to determine the
desorption rate constants of CO on Pd(110) for the known surface temperatures.
Figure 4.5(d) shows the Arrhenius plot of the rate constants for CO trapping
desorption. From this, we determine a desorption activation energy of (1.17±
0.03) (eV) and a prefactor of (0.43 ± 0.41) × 1013 s−1. Jones et al. report a
desorption activation energy of 1.27–1.37 eV (Jones et al. 1999). In their study,
the desorption activation energy was acquired by the TPD method, and the
activation energy was calculated from Readhead analysis (Redhead 1962) with
an assumed prefactor of 5×1013 s−1. In our experiment, we also measured
a lower desorption activation energy and prefactor, suggesting that the TPD
method with the assumed prefactor overestimates the activation energy.

4.2.2. CO oxidation

Figure 4.6 (a) shows a typical VMI of CO2 from CO oxidation on Pd(110) surface
at pO2

= 8×10−8 mbar and T s = 650 K. Figure 4.6(b) shows the corresponding
speed distribution of the CO2 products. The speed distribution consists of
two components, one slow and one fast. Figure 4.6(c) shows the time-resolved
measurement of CO2 from CO oxidation on Pd(110) surface at pO2 = 8× 10−8

mbar and T s = 550–625 k for both slow (blue dots, data are selected in the
area below the center of a 20–degree sector spanning 20–50 pixels) and fast
(red dots, data are selected in the area below the center of a 20–degree sector
spanning 120–180 pixels) components. The kinetic traces for both components
are almost identical. The individual kinetic model of the CO2 flux for both
components can be described with the equation (3.6). We fit this kinetic model
(red curves for the fast component and blue curves for the slow component)
to the experimental kinetic traces to determine the pseudo first-order reaction
coefficient of CO oxidation on Pd(110). Figure 4.6(d) shows the Arrhenius plot
of the pseudo first-order reaction rate coefficients for CO oxidation on Pd(110).
The oxidation activation energies for both components are around (1.0± 0.13)
eV. Based on our experimental data, kinetic modeling, and previous studies on
Pd(110) (Section 2.5), we propose a mechanism for CO oxidation on Pd(110).



4.2. CO scattering and oxidation on Pd(110) 37

(c)

(a)

(d)

(b)

Figure 4.5: (a) VMI of CO scattering on Pd(110) at T s = 650 K; (b) correspond-
ing scattered CO speed distribution in (a); (c) kinetic trace of CO scattering
at T s = 610–670 K; (d) Arrhenius plot of the rate constants for CO trapping
desorption derived in (c).

The mechanism involves two types of fast and interchangeable CO adsorption
sites (ridge and trough sites) that react with a single type of oxygen adatom.
CO from two different adsorption sites approaches the oxygen adatom, leading
to two reaction channels, and results in two CO2 products: thermal (slow in
speed) and hyperthermal (fast in speed), as shown in figure 4.7.

The reaction mechanism is described as follow:

CO
adsorption

kd
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COβ
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The time dependence of the two channels is mixed if the CO can interchange
quickly on the experimental time scale. Therefore, what we derive are the
effective pseudo first-order oxidation rate coefficients, kpf

eff(T s) = kpf
α + kpf

β .
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Figure 4.6: (a) VMI of CO2 production of CO on Pd(110) at T s = 650 K and
pO2 = 7.5× 10−8 mbar; (b) corresponding CO2 speed distribution in (a); (c)
kinetic trace of CO2 production at at T s = 550–625 K and pO2 = 7.5× 10−8

mbar; (d) Arrhenius plot of the pseudo first-order reaction rate coefficients for
CO oxidation on Pd(100) derived in (c).
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Figure 4.7: Schematic diagram of the CO oxidation on Pd(110)–missing row
structure.

4.2.3. CO oxidation under oxygen rich environments

Figure 4.8(a) shows the CO2 apparent reaction coefficient (left) and related total
CO2 signals (right) under pO2

= 2.5×10−8 mbar to 1×10−6 mbar. On the top of
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the panel, the corresponding surface structure from ref. (Westerström et al. 2009)
are labeled. The apparent reaction coefficients combine the CO2 signals from
both fast and slow channels. It increases with pO2

until pO2
= 5×10−7 mbar, at

which point the reaction happens so fast and reaches the time resolution limit
of our current setup. The CO2 signal increases with pO2

until pO2
= 5× 10−8

mbar and decreases with further increase of pO2 . At pO2 > 5× 10−7, almost no
CO2 production happens. Figure 4.8(b) shows the speed distribution of CO2

at T s = 650 K and pO2
= 5× 10−6 mbar, where the CO2 production is highly

suppressed. It shows that the slow component almost disappears under this
reaction condition. According to ref. (Westerström et al. 2009), the trough
sites also disappear at 1× 10−6 mbar due to the surface reconstruction from
the c(2×4)–O missing row structure to the complex surface oxide structures.
Therefore, we assign the slow component to the CO adsorption on the troughs of
the Pd(110)–(1×2) missing row structure, and the fast channel can result from
CO adsorption on the ridges of the Pd(110)–(1×2) missing row structure or the
defect sites on the complex surface oxide, both on the top layer of O/Pd(110).
Figure 4.8(c) and (d) show the VMIs and the kinetic traces of CO scattering
on the clean Pd(110) and at pO2 = 5 × 10−6 mbar, which correspond to the
surface oxide structure. The VMIs show that the CO scattering signal is far
stronger on the surface oxide than on the clean surface. The kinetic traces show
that the resident time of the CO is shorter on the oxide surface than on the
clean surface. The results of CO scattering imply that CO molecules do not
stick to or adsorb well on the oxide surface, leading to low CO2 production.



40 4. Results and Discussion

c(2x4)-O anti-phase surface
oxide

(c)

(a)

(d)

(b)

Figure 4.8: (a) Plots of the apparent CO reaction rate and total CO2 signals
with various pO2 ; (b) CO2 speed distribution of CO oxidation on Pd(100) at
T s = 650 K and pO2 = 5× 10−6 mbar; (c) VMIs of CO scattering on Pd(110)
on the clean Pd(110) and at pO2

= 5× 10−6 mbar in the scattering chamber;
(d) corresponding kinetic traces from (c).
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4.3. CO scattering and oxidation on Pd(100)

CO oxidation on Pd(100) draws more attention than on Pd(110) due to the
formation of multiple oxide structures, which can function as active phases for
CO oxidation. Despite extensive research, there are still questions about surface
structures and active phases. In this section, we study the CO oxidation on the
Pd(100) surface with NAP-VMI.

4.3.1. CO scattering

CO scattering is studied to derive the desorption coefficients, kd, which is
essential for the kinetic modeling of CO oxidation. Figure 4.9(a) shows the
comparison of the CO desorption kinetic traces of CO scattering on Pd(100)
surface with no oxygen (clean surface) and with pO2

= 5× 10−8 mbar in the
scattering chamber (we estimate a O2/CO = 5/1 from their flux). The residence
time of CO on the partially oxidized surface is much longer than on the clean
surface, suggesting that the CO desorption activation energy increases. Due
to the lack of details of the surface under reaction conditions, such as the
surface structures, CO adsorption sites, and reaction mechanisms, we cannot
derive the desorption rate coefficients from the kinetic traces; instead, the
apparent desorption rate coefficients are derived from the kinetic model of the
CO scattering flux with the equation (3.1).

(a) (b)

Figure 4.9: (a) Comparison of the kinetic traces (data are selected in the area
below the center of a 20–degree sector spanning 50–70 pixels) of CO scattering
on clean Pd(100) and with pO2

= 5×10−8 mbar in scattering chamber (blue/red
curves show the fit of the scattering model; black dash curve represent the
direct scattering component); (b) Arrhenius plot of the apparent desorption rate
coefficients for CO trapping desorption derived in (a) and at pO2

= 1× 10−8

mbar.

Figure 4.9(b) shows the Arrhenius plot of the apparent desorption rate
coefficients for CO trapping desorption on Pd(100) with various pO2 in the
scattering chamber. We determine a desorption activation energy of (1.05±0.01)
eV and a prefactor of (0.13±0.12)×1013 s−1 on the clean Pd(100). We introduced
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oxygen to pO2 = 1× 10−8 and 5× 10−8 mbar in the scattering chamber, and we
derived a higher apparent desorption activation energy around 1.42 eV; however,
the cause of this observation remains to be explained. Gao et al. observed new
CO vibration modes (2142 and 2087 cm−1) on the Pd(100) surface by PM-
IRAS under an oxygen rich environment (O2/CO > 5/1), which they ascribe
to the adsorption associated with oxygen species (Gao et al. 2009a). Mehar
et al. studied CO adsorption on multilayer and single layer PdO with RAIRS,
suggesting an atop–CO adsorption (2144 cm−1) on these oxide surfaces (Mehar
et al. 2018). The change in apparent desorption activation energy may be due
to the formation of oxide surfaces and CO molecules preferentially desorb from
these sites.

4.3.2. CO oxidation

Figure 4.10(a) shows the CO2 production VMI at T s = 510 K and pO2
= 1×10−6

mbar in the scattering chamber. Figure 4.10(b) shows the corresponding speed
distribution, and the mean energy of the CO2 was expressed in temperature,
T fmb = 1638 K. The speed distribution shows a single peak for all the pressure
and temperature ranges in our experiments, unlike Pd(110), which shows two
speed distributions (see Section 4.2.2). Moula et al. (Moula et al. 2000) reported
the velocity distribution of the desorbing product CO2 in CO oxidation on
Pd(100), with T = 1600 K, which is in agreement with our VMI experiment.

(a) (b)

Figure 4.10: (a) Velocity map image of product CO2. Image was acquired at
surface temperature of 510 K and PO2

= 1× 10−6 mbar (scanning molecular
beam–laser delay from 200–3200 µs). (b) The speed distribution of CO2 products
in (a). Signal was corrected by removing the background build up CO2 signal
and integrated 20–degree sector below the center of image (greed dot). The red
dashed curve is the fitting from flowing Maxwell-boltzmann distribution.

Figure 4.11(a) shows the plot of total CO2 production signals to oxygen
pressure in the scattering chamber at different surface temperatures (data
are collected from scanning molecular beam–laser delay from 200–3200 µs,
which includes the the entire oxidation process). At high surface temperatures
(T s > 600 K), the CO2 production first increases with oxygen pressure and
reaches a maximum around pO2 = 2× 10−7 mbar, and with further increase in
oxygen pressure the CO2 production decreases. At low temperatures (T s < 600
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K), the CO2 production exhibit two local maxima around pO2 = 1× 10−7 and
pO2

= 1 × 10−6 mbar. In a recent report (Mehar et al. 2023), Mehar et al.
observed the temperature dependent growth of PdO during the oxidation of
Pd(100). At low temperatures, Pd(100) forms a thin multilayer PdO(101)
structure; at high temperatures, Pd(100) forms a mixture of a thin multilayer
PdO(101) and a thicker multilayer PdO(100). The multilayer PdO(100) has
low activity toward CO oxidation due to the lack of coordinatively unsaturated
Pd sites for CO adsorption. Figure 4.11(a) shows that at pO2

= 1 × 10−6

mbar, higher surface temperatures reduce the CO2 production. Therefore we
suggest that the surface forms the multilayer PdO(101) and PdO(100) at this
pressure. At a lower oxygen pressure, pO2

= 1× 10−7 mbar, we suggest that

the surface forms a (
√
5×
√
5)–O single layer surface oxide, which is the most

common structure during CO oxidation. The CO2 production decreases from
pO2

= 1 × 10−7 mbar to pO2
= 1 × 10−6 mbar, which might be due to the

growth of the (
√
5×
√
5)–O single layer surface oxide, which is less active for

CO oxidation compared to the multilayer PdO(101) based on the TPD/TPRS
study by Mehar et al. (Mehar et al. 2018).

(a)

(b)

Figure 4.11: (a) Plots of the normalized total CO2 production signals and (b)
normalized total CO scattering signals with various pO2 .

Figure 4.11(b) shows the plot of total CO scattering signals to oxygen
pressure in the scattering chamber at various surface temperatures. The results
show that once pO2

≥ 1× 10−6 mbar, the sticking of CO on Pd(100) decreases,
leading to low CO2 production. It also implies that CO oxidation follows the
L-H mechanism instead of the MvK mechanism (Mars & van Krevelen 1954),
which involves oxygen atoms in the surface oxide lattice for CO oxidation.
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In the following sections, we focus on CO oxidation at pO2 = 1× 10−6 and
pO2

= 1× 10−7 mbar in the scattering chamber, which represent CO oxidation
on different O/Pd(100) metastable structures.

4.3.3. CO oxidation: pO2
= 1× 10−6 mbar

CO oxidation on Pd(100) is sensitive to the history of surface preparation (Zheng
& Altman 2002b). In our experiment, the CO2 kinetic traces vary depending
on whether the experiment starts at (1) a high temperature (560 K) or (2) a
low temperature (460 K). The data was taken 10 minutes after the surface
reached the set temperature, with the molecular beam running to make sure
the surface reached its steady state. Figure 4.12(a) shows the kinetic traces
of CO oxidation on Pd(100) at pO2

= 1 × 10−6 mbar and at the same three
temperatures but with different treatment histories. The left panels show the
one that started at the high temperature; the right panels show the one that
started at the low temperature. The surface with the high temperature history
shows single exponential decay. The surface with the low temperature history
is not well described with a single exponential decay; instead, it shows, at least,
a biexponential decay. The biexponential kinetic trace implies two channel
reaction. The two reaction channels may be due to the fact that reactions
happen on two different metastable structures. A previous report (Goodwin
et al. 2021) showed that the oxide layer and Pd metal coexist even under oxygen
rich environment (O2/CO = 50/4).

(a) (b)

Figure 4.12: (a) Comparison of the kinetic traces of CO oxidation on Pd(100)
and with pO2

= 1× 10−6 mbar in scattering chamber; (b) Arrhenius plot of the
rate coefficients for CO2 production derived in (a).

The kinetic model of the CO2 flux for single exponential decay can be
described with the equation (3.6). We fit this kinetic model to the experimental
kinetic traces to determine the pseudo first-order reaction coefficients of CO
oxidation on Pd(100). For the biexponential decay, we assume two active phases
(metal and oxide) coexist and both reaction channels follow L-H mechanism,
giving the modified equation by adding a second reaction component as in the
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equation below:

flux(CO2)(t, T s) =Ametal · kmetal
pf (T s) [CO

metal
(a) ]t

+Aoxide · koxidepf (T s) [CO
oxide
(a) ]t (4.1)

where

[COi
(a)]t ∝ e(k

i
d+ki

pf )t (4.2)

The factors Ametal and Aoxide are used to scale the model to the signal in the
experiment. Under reaction temperatures, the desorption rate coefficients (k i

d)
determined in the previous section (Section 4.3.1) are so small compared to
the reaction rate coefficients, that we assume we can neglect them. Hence the
reaction coefficients, k = k i

d + k i
pf, determined from the kinetic traces can be

represented as reaction rate, k i
pf. The second rate constant was obtained by

fitting with a known first rate coefficient from the single exponential experiments.
We refer to the rate coefficient in the single exponential decay as the fast channel
(red curve) and the second rate coefficient in the biexponential decay as the
slow channel (blue curve).

Figure 4.12(b) shows the Arrhenius plot of the pseudo first-order reaction
rate coefficients for CO oxidation on Pd(100). The oxidation activation energies
for the fast and slow channels are Ea = (0.86 ± 0.05) and (1.55 ± 0.21) eV,
respectively. In our experiments, we observe increases in CO2 production at
high temperatures, which seems to contradict the results we show in figure
4.11, since high temperatures reduce the CO2 production due to the growth
of Pd(100) multilayer oxide. However, the reaction temperature is still too
low (< 600 K) for the formation of PdO(100) multilayer oxide. Therefore, we
attribute the fast channel to CO oxidation on the Pd (100) metal surface and
the slow channel to multilayer PdO(101), since surface oxide cannot develop
at high temperatures due to prompt O consumption from rapid CO oxidation.
Additionally, the apparent desorption activation energy derived from O/Pd(100)
kapp
d is within the range of reaction activation energy of the slow channel, also

suggesting that this reaction channel is associated with O/Pd(100).

4.3.4. CO oxidation: pO2 = 1× 10−7 mbar

The kinetic traces of CO oxidation on Pd(100) at pO2
= 1× 10−7 mbar show

similar behavior to pO2
= 1 × 10−6 mbar. We expected the surface to be

(
√
5 ×
√
5)–O single layer surface oxide. We could fit the kinetic traces with

equation (4.1), assuming the single layer oxide as another active phase for CO

oxidation. Although previous reports have shown that (
√
5 ×
√
5)–O single

layer surface oxide is inactive to CO oxidation due to its inability to adsorb CO
molecules (Gao et al. 2008; Mehar et al. 2018). We propose a different reaction
model inspired by the reduction of Pd surface oxide by CO (Fernandes et al.
2014; Hoffmann et al. 2015). CO molecules diffuse to the domain boundary
of the surface oxide and react with the surface oxide to produce CO2. The
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reaction mechanism is described as follow:

CO
adsorption

CO(a)

CO

CO2

COb
(a)

kb
pf

CO2

kmetal
d

kmetal
pf

k eff
diff

The CO molecules adsorb on the Pd(100) surface, CO(a), can desorb into the
gas phase, react to surface O–atoms, and diffuse to the domain boundary of
the (

√
5 ×
√
5)–O single layer surface oxide and later react. The CO2 flux is

then described as follow:

flux(CO2) ∝ kmetal
pf [CO(a)]0 · e−(kmetal

d +kmetal
pf +keff

diff )t

︸ ︷︷ ︸
fast

+ keffdiffk
b
pf [CO

b
(a)]0 · e−kb

pf t

︸ ︷︷ ︸
slow

(4.3)

Where k eff
diff is the effect diffusion rate coefficient, which includes the diffusion

rate and the number of adsorption sites at the boundary; kb
pf is the CO pseudo

first-order oxidation rate at the boundary; and COb
(a) is the number of CO

molecules that adsorb at the boundary.

4.13(a) show the kinetic traces of CO oxidatin on Pd(100) at pO2 = 1 ×
10−7 mbar in the scattering chamber and with same temperatures but with
different treatment histories, same as before. We expect the surface with the
high temperature history to be a metal surface and the surface with the low
temperature history to be partially metal and partially single layer surface
oxide, for the same reason as we mentioned in Section 4.3.3, that surface oxide
cannot develop at high temperatures due to rapid O consumption from fast
CO oxidation. We fitted the kinetic traces with equation (4.3) and determined

kmetal
pf and kb

pf.

(a) (b)

Figure 4.13: (a) Comparison of the kinetic traces of CO oxidation on Pd(100)
and with pO2 = 1× 10−7 mbar in scattering chamber; (b) Arrhenius plot of the
rate coefficients for CO2 production derived in (a).
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Figure 4.13(b) shows the Arrhenius plot of the pseudo first-order reaction
rate coefficients for CO oxidation on Pd(100). The oxidation activation energies
on the metal and at the boundary are Ea = (0.90± 0.04) and (0.81± 0.11) eV,
respectively. Additionally, the oxidation activation energies for the fast channel
in figure 4.12(b) and figure 4.13(b) are very similar, which also suggests that it
is a reaction on a common surface, which we attribute to the Pd(100) metal
surface.

For a better understanding of the results, the following chart summarizes
the reaction scheme in this section.

CO

No adsorption

COmetal
(a)

COoxide
(a)

No adsorption

CO2

CO

COb
(a)

CO

CO2

CO2

[figure 4.9]

[figure 4.12 and 4.13]

[figure 4.13]

[figure 4.9]

[figure 4.12]

metal

PdO-SL

PdO(101)

PdO(100)

kmetal
d

kmetal
pf

kdiff

koxide
d

koxide
pf

kb
pf

Pd(100) exhibits four surface structures (Pd(100) metal phase, PdO(101)
single layer, PdO(101) multilayer, and PdO(100) multilayer) during CO oxida-
tion. Among them, the Pd(100) metal phase and the PdO(101) multilayer are
active to CO oxidation. In addition, CO2 can be produced through reduction of
Pd(100) single layer oxide at the domain boundary. At pO2

= 1×10−6 mbar, the
surface is dominated by the Pd(100) metal phase and the PdO(101) multilayer.

Two pseudo first-order reaction rate coefficients, kmetal
pf and koxide

pf , are obtained

from the time-resolved experiments (figure 4.12). At pO2
= 1× 10−7 mbar, the

surface is dominated by the Pd(100) metal phase and the PdO(101) single layer;

as a result, kmetal
pf and kb

pf are obtained (figure 4.13).



Chapter 5

Conclusions and outlook

5.1. Summary and conclusions

The present work demonstrates the design and construction of near-ambient
pressure velocity map imaging and its application in catalysis studies. The first
section of the thesis focuses on the construction of NAP-VMI and the in depth
experimental methodologies. The second section focuses on the study of CO
scattering and oxidation reactions on the palladium model surface under oxygen
rich environment. We examined two kinds of palladium surfaces: Pd(110) and
Pd(100). The main conclusions for this initial part are as follows:

Paper 1 (Chien et al. 2022):

• We demonstrated a new VMI setup. With the combination of deferential
pumping and molecular beam, we are able to study the surface reaction
at elevated pressure that drives the surface reconstruction and have a
time resolution in µs scale.

• With the current ion optics setting, we are able to reach pressures up to
1× 10−3 mbar.
• In addition, the concept of NAP-VMI can also be applied to other

studies, such as liquid jet photoelectron spectroscopy or molecular beam
scattering from liquid surfaces (gas–liquid interaction).

Paper 2 (Submitted to Faraday Discuss.):

• CO2 VMI shows that there are two reaction channels to CO oxidation
on Pd(110) surface: thermal and hyperthermal channels.

• We propose a reaction scheme in which CO reacts to O-adatom from
two quickly interchangeable CO adsorption sites: one on the troughs of
the Pd(110)–(1×2) missing row structure and one on the ridges of the
Pd(110)–(1×2) missing row structure or the defect sites on the complex
surface oxide, both on the.

• CO2 production decreases at oxygen rich Pd(110) due to the decrease of
CO sticking or adsorption on O/Pd(110), leading to low CO oxidation
activity on Pd(110)–surface oxide.

Paper 3 (Manuscript under preparation):

48



5.2. Future work 49

• The CO residence time is longer on the O/Pd(110) surface than on
the clean Pd(100) surface. This might be due to the increase in CO
desorption and/or CO oxidation activation energy on O/Pd(100).

• We attribute the surface structure during CO oxidation to partially
metal and (

√
5 ×
√
5)–O single layer surface oxide at pO2

= 1 × 10−7

mbar in the scattering chamber; partially metal, multilayer PdO(101)
and, PdO(100) at pO2

= 1× 10−6 mbar in the scattering chamber.
• The time-resolved experiments show, at least, biexponential feature
implying that the coexistence of multiple active phases on Pd(100)
during CO oxidation. We developed two reaction models to describe the
bimodel activity.

• CO2 production is suppressed on the highly oxidized PdO surface.

5.2. Future work

Despite the contributions made throughout this thesis, further research is needed
to advance knowledge of surface science.
Some ideas for upgrading the machine:

• Increase the angular distribution for the scattering experiment: In Section
3.3.2, we estimate that only molecules within ±15° of the scattering plane
parallel to the electrodes will be ionized. One possibility for increasing
the angular distribution is to optimize the size of the ion optics to
maximize the angular acceptance, but this would not be a significant
increase. Another approach is to rotate the VMI optics along with the
sample surface normal, which increases a lot in the angular acceptance
but loses the key feature of VMI, which can acquire the entire angular
distribution in a single measurement.

• Increase the sample heating limitation: In Section 3.1.6, the sample
holder heating limit is 1000 K due to the working temperature of the
sample plate receiver, and we have reached the maximum output of the
power supply. It restricts the kind of surfaces we can anneal, such as a
platinum surface. We can raise the sample heating limit by changing
the power supply and the sample plate receiver material to tantalum or
titanium.

• An isolated sample temperature measurement: In Section 3.1.6, the
sample holder can apply a potential of up to 500 V to reduce the
influence of the electric field from the surface, which is insignificant if the
distance between the surface and the ionization center is far (> 15 mm).
It can be useful if we need a shorter surface to ionization center distance,
which can also increase the angular acceptance. However, due to safety
issues, the sample potential and thermocouple should not be used at the
same time. An isolated sample temperature measurement can solve this
problem.

• A “seal” between the scattering chamber and the preparation chamber:
In the initial design, a special seal was designed between the scattering
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chamber and the preparation chamber to separate the two chambers
during scattering experiments while the sample manipulator could move
freely around the VMI ion optics. The parts were made but never
installed. It was designed to decrease volume in high pressure experiments
and reduce gas consumption.

• A load lock chamber for quick sample exchange.

Research work in the context of this thesis that is possible for future studies is
detailed in the following:

• CO scattering on O/Pd(110): In Paper 2, we perform CO scattering on
the clean Pd(110) surface. CO scattering on O/Pd(110) was examined
only to compare the total CO scattering signals with clean surface. The
result shows that CO scatter more on the O/Pd(110) surface than the
Pd(110) and the CO resident time on O/Pd(110) is shorter than the
time resolution of our current setup. Further studies are need to to
determine if this is due to a reduction in the CO sticking probability,
leading to direct scattering, or due to a reduction in the CO binding
energy, leading to faster desorption.

• CO scattering on O/Pd(100): In Paper 3, we perform CO scattering on
the clean Pd(100) surface. CO scattering on O/Pd(110) was examined
only under low oxygen pressure ( up to 5× 10−8 mbar). Further increase
in pressure in mid range (1× 10−7–1× 10−6 mbar), the CO scattering
signals are suppressed due to CO oxidation reaction. At higher oxygen
pressure (> 1 × 10−5 mbar), the CO scattering signal increases again.
CO oxydation on Pd(100) is more complicated due to the growth of
PdO, which have multiple structures. Further studies are needed to to
determine the sticking probability and binding energy to different PdO
structures.

• NAP-VMI is only able to detect molecules leaving the surface, we are
lacking the information of the surface structure and the adsorption of
reactants. In this thesis, that information relies on many results in the
literature. A reactor STM is installed to study the surface structures.
Several assumptions in the present kinetic models need to be verified,
such as the interchangeable CO adsorption sites on Pd(110)-missing
row structure, CO adsorption and diffusion on Pd(100) and O/Pd(100)
surface. A time-resolved NAP-XPS or time-resolved infrared study will
be good to test these assumptions.

Some experiments were done but not present in this thesis:

• Comparison of VMI speed distribution and REMPI spectroscopy of
CO scattering on Pd(110) and O/Pd(110). These experiments were
designed to study the desorption mechanism of CO on O/Pd(110). Due
to the lack of angular information and geometric configuration of the
surface. The CO direct scattering direction and CO trapping desorption
overlap, which makes the analysis of the speed distribution and REMPI
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spectroscopy very difficult. We lack data of sufficient quality to have
solid evidence and a conclusion.

• H2 associative desorption on Pd(110) and S-poisoned pd(110). The
purpose of these experiments are testing ability of detecting the desorbing
hydrogen molecules. We are able to ionize hydrogen molecules by 2+1
REMPI through E,F 1 1Σ+

g ← X 1Σ+
g transition at wavelengths around

203 nm (Rinnen et al. 1991).

5.3. Outlook

For an outlook, I want to emphasize that chemical reactions often present
distinct characteristics when observed at the atomic scale. This thesis has
demonstrated that, intriguingly, even when using the same Pd catalyst, the
reaction mechanisms and surface structures can vary significantly depending
on the facets involved. This raises a crucial question: to what extent do these
detailed variations contribute to our understanding of reaction behaviors and,
more importantly, enhance performance in practical applications? Investigating
such details is more than just a theoretical endeavor; this information has the
potential to completely change the way we think about catalysis and open
the door to more effective and sustainable chemical processes. By gaining an
understanding of these variations at the atomic level, we can create catalytic
processes that are more effective and efficient, which will progress a range of
industrial and environmental applications.
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Summary of the papers

Paper 1

Near-ambient pressure velocity map imaging

In this study, we’ve developed an innovative instrument for studying molecular
beam surface scattering under near-ambient pressure conditions, bridging the
“pressure gap” in catalytic reaction research. Our setup employs velocity-map
imaging with electrodes to focus ions and map their velocities at the detector.
By placing an aperture between the scattering and detector chambers, we’ve
created a differential pumping stage, enabling near-ambient pressure in the
scattering chamber without detector damage. Speed resolution is somewhat
limited due to electrode compactness but reduces background collisions and
retains crucial scattering data. This technique has potential applications in
various areas requiring higher pressures, like liquid jets and gas-liquid interfaces.

Paper 2

Time-Resolved Surface Reaction Kinetics in the Pressure Gap

In the present study, we extend the use of our recently developed Near-Ambient
Pressure Velocity Map Imaging (NAP-VMI) technique in Paper 1 to study the
kinetics and dynamics of catalytic reactions in the pressure gap. CO scattering
and oxidation on the Pd(110) surface with oxygen pressures at the surface up to
1× 10−5 mbar is investigated, where different metastable surface structures form.
We show that NAP-VMI combined with molecular beam and surface scattering
techniques allow the direct measurement of time- and velocity-resolved kinetic.
The results show that the c(2×4)–O missing row structure formed at low O2

pressure is highly active for CO oxidation. The CO2 production is suppressed
at higher O2 pressure due to the number of anti-phase domain boundaries
increases, and the missing row sites are filled by O–atoms at O2 pressures
approaching 1× 10−6 mbar. Filling of these sites by O–atoms reduces the CO
surface lifetime, meaning the surface oxide is inactive for CO oxidation. The
velocity distribution of the CO2 products shows the presence of two reaction
channels; the time-resolved kinetic measurements show identical reaction time
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dependent for the two reaction channels, which we attribute to reactions starting
from two distinct but rapidly interconverting CO binding sites.

Paper 3

Bimodel Activity on Heterogeneous Catalysts: CO oxidation on Pd(100)

This work aims to study the CO scattering and oxidation on the Pd(100) surface
with NAP-VMI under oxygen pressures at the surface up to 1× 10−5 mbar,
where different metastable surface structures form. Several surfaces (Pd(100)
metal phase, PdO(101) single layer, PdO(101) multilayer, and PdO(100) mul-
tilayer) are identified during CO oxidation. Among them, the Pd(100) metal
phase and the PdO(101) multilayer are active to CO oxidation. Time-resolved
kinetic experiments show bimodel activity in surface that have undergone low
temperature treatments. To explain this behavior, we have developed two
kinetic models to different surface configurations: (1) In the case of the Pd(100)
metal phase and the PdO(101) multilayer, these two phases are modeled as
distinct active phase for CO adsorption and oxidation. (2) For the Pd(100)
metal phase and the PdO(101) single layer, we suggest a adsorption site on the
PdO(101) single layer domain boundary for CO oxidation.


