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Abstract

Surface catalytic reactions based on metal oxide semiconductors have been widely
researched for environmental remediation and energy conversion due to their unique
properties of selectivity, stability, and high activity. In the TiO> catalytic system, surface
defects, such as oxygen vacancy, Ti interstitial, and polarons, play a crucial role in its
catalytic activity. Furthermore, Au nanocluster-mediated catalytic reactions exhibit
high activity. We chose a relatively active crystal face (110) for our research. Based on
the TiO2(110) surface, the adsorption characteristics of reactants and the charge states
of Au nanoclusters are strongly influenced by these surface defects. However, the
charge state of Au and its application for CO oxidation on the TiO2(110) surface remain
unclear in experiments. A lot of research on the charge state and manipulation of
adsorbates on rutile TiO2(110) has been investigated by theoretical calculations and
experimental works. There is a lack of systematic experimental studies about surface
and subsurface defects of TiO>(110) for surface adsorptions, and the catalytic oxidation
mechanism of carbon monoxide has not been fully understood. Therefore, it is
important to clarify the surface and subsurface defects of TiO2(110) for the adsorption
of reactant molecules, the adsorption properties of catalytic reactions, and the overall
performance of the charge states of Au nanoclusters for catalyst.

In this doctoral thesis, the charge states of Au nanoclusters on the TiO2(110) surface
were investigated by atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) with nanoscale resolution in ultra-high vacuum at 78 K. To
investigate the charge states of Au nanoclusters for the oxidation catalysis of carbon
monoxide, my first step is identification of the surface adsorptions and defects. This
identification is based on the analysis of the charge states of Au nanoclusters, which
can be influenced by the presence of surface defects. Adsorptions and defects on the
TiO2(110) surface, such as H>O, hydroxyl, and oxygen vacancy defect, are still not
systematic identified by experimental condition. the water molecule, hydroxyl, and
oxygen vacancy have successfully identified by KPFM at different tip modes. The
identification process was carried out by correlating the charge states of these species
with the corresponding tip modes during the KPFM measurements. Furthermore, we
have successfully operated with important adsorbates such as water and hydroxyl,
enabling us to design the catalytic reaction pathway. And then, the adsorption and
motion of carbon monoxide (CO) have been investigated at 78 K. CO molecules are
unstable on the TiO2(110) surface at 78 K, to research its reaction mechanism, oxygen
molecules are exposed to the surface. And it is found that oxygen adatoms (Oa.q) can
enhance the adsorption of CO molecules. Furthermore, the moving of CO molecules in
two-dimensional was realized, which can be used for designing CO to the active

catalytic reaction sites. Finally, the Au nanoclusters were adsorbed on the TiO2(110)



surface, and the charge states of Au nanoclusters were identified. This is essential for
understanding the Au effect of the CO catalytic reaction. By applying a bias voltage to
the CO-Au-O.q complexes, CO was oxidized and desorbed from the surface.

This thesis can gain insights into the catalytic mechanisms and develop strategies to
enhance catalytic activity, selectivity, and stability by researching the surface and
subsurface defects, reactants adsorption, and Au charge states on TiO2(110) surface.
This study is not only a fundamental insight, but also an important issue for the
application of catalysis and a significant contribution to the development of applied

physics, surface science and especially nanocatalysis science.
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Chapter 1 Introduction

1.1 Background

1.1.1 Surface catalysts

To improve the chemical reaction rate by lowering the activation energy required for
the reaction to occur, catalysis has been invented and produced [1-6]. Catalysis is a
concrete manifestation of the complexity and controllability of reactions, which is a
typical representative of intersection of physical chemistry with related disciplines.
Catalysts work by providing an alternative pathway for the reaction that has a lower
activation energy than the uncatalyzed reaction, allowing the reaction to occur more
quickly and with less energy input. By researching the interaction between molecule
and surface, lots of materials are produced and used to many reaction fields. Some
common examples of catalysts include enzymes in biological systems, transition metal
complexes in industrial chemical reactions, and acids and bases in organic chemistry.
In 1909, a German chemist Fritz Haber discovered an effective method to synthesis
NH; by N2 and H». He also produced a lot of cheap fertilizers to promote agricultural
production [7,8]. And farmers have got a higher harvest than before, which increased
the global food supply. After that, catalysis mediated chemical reactions were put
forward, such as the air purification, wastewater treatment, and conversion of noxious
gas. Catalysis plays a crucial role in many areas of chemistry and industry, including
the production of fuels, plastics, and pharmaceuticals. It also has important
environmental applications, such as in the catalytic converters used in automobiles to
reduce emissions of harmful pollutants [9-11]. Surface catalysis refers to the process by
which a catalyst promotes a chemical reaction by providing a surface on which reactant
molecules can come together and react, which is the basic science to study the
adsorption, diffusion, reaction, and desorption of reaction molecule on the catalyst
surface. Therefore, surface catalysis becomes the scientific basics of catalytic science
and technology [12-14]. This surface can be a solid, liquid, or gas and is often made up
of atoms or molecules that are arranged in a specific way to allow for efficient and
effective catalysis [15-18]. Generally, surface science is a technique that mainly
research on the chemical and physical reactions with relevant characteristics on the
interface of two phases, such as the liquid-gas, liquid-liquid and liquid-solid interfaces.
At present, surface catalysis and heterogeneous catalysis have become one of the most

active frontier research fields in physical chemical science. In the past twenty years,
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surface catalytic has been developed as a branch of science.

Up to now, catalysis is used in many areas, such as crude oil refining and petro-
chemistry, organic and inorganic chemicals, energy-conversion production, and
environmental protection. Most of the catalysts are solid phase catalysts, which rely on
the participation of atoms or ions on the solid surface to reduce the activation energy of
the reaction and increase the reaction rate. Solid catalytic reaction, also known as
heterogeneous catalytic reaction, includes the main processes of reactant surface
adsorption, surface diffusion, chemical bonding and bond breaking, intramolecular
rearrangement, and product desorption. In catalytic research, solid catalysts have
advantages of long service life, easy activation, regeneration and recycle, and can be
operated automatically during operation. Surface catalysis based solid catalysts is
mainly studying the surface structure and mechanism of catalysis [19-21].

Usually, noble metals, such as palladium (Pd), platinum (Pt), and gold (Au), are
deposited on the catalytic reaction system in the catalytic process [22-24]. Molecules
have a discrete electronic structure, the quantum effect (called quantum confinement)
will appear when the size of nanoparticles (NPs) is less than 2 nm. And adsorbed noble
metals in large NPs are capable of surface plasmon resonance effect. The trapped free
electrons on the noble metals makes band structure split into highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) level,
respectively. In this way, the noble metals provide exciting opportunities for the
application of highly efficient catalytic reactions.

In the surface catalytic reactions research based on TiO2(110), comparing to other
noble metals, Au nanoclusters exhibits a milder adsorption effect on the surface and
higher activity for catalyst. A considerable amount of research has been dedicated to
discovering the chemical properties or characteristics responsible for the outstanding
activity of gold in a particular activity at nanoscale. According to the calculations,
different sizes and locations of Au possess different charge states. Furthermore, charge
state of the Au species has been proposed to play a crucial role for the enhancement of
its catalytic activity. Until now, charge states and its application for waste gas treatment

of Au nanoclusters still lack sufficient verification in the experiment.

1.1.2 Mechanism of surface catalytic processes

Reaction kinetics refers to the study of how chemical reactions proceed over time,
including the rates at which reactants are consumed and products are formed. Reaction
kinetics can be influenced by a variety of factors, including temperature, pressure,
concentration, and the presence of a catalyst. The reactants adsorb onto the surface of

the catalyst, where they undergo chemical reactions with each other or with other
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molecules in the environment. The study of surface catalysis and reaction kinetics is
important in a wide range of fields, including materials science, chemical engineering,
and catalysis research. By understanding the mechanisms of surface catalysis and
reaction kinetics, researchers can develop new and more efficient catalysts for use in

industrial processes, as well as gain insight into the fundamental chemistry of complex

reactions.
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Figure 1.1 The effect of catalyst on the activation energy of a reaction.

Catalysis can be classified into two types, the one is homogeneous, the other is
heterogeneous, and main catalytic processes are heterogeneous catalysis in nature
[25,26]. In the heterogeneous reactions, solid catalysts are most widely used. The
catalysis of solid catalysts is derived from the unsaturation of the coordination of atoms
on the solid surface, so that the solid surface can adsorb and activate molecules in the
surrounding environment [27]. At least one reactant molecule is adsorbed on the surface
of the solid catalyst and activated in the catalytic reaction processes. Subsequently,
these reactant molecules conduct physical chemical reactions on the surface of the solid
catalyst, generating adsorption products through intermediate species [28]. The final
adsorbed product desorbs from the solid surface to generate products, and the solid
catalyst surface recovers to the initial state, thus, completing the solid surface reaction
cycle. The surface of the catalysts provides a unique environment that can alter the
chemical properties of the reactants and lower the activation energy required for a
reaction to occur. Catalysts can be heterogeneous, meaning they are present in a
different phase than the reactants (e.g., a solid catalyst in a gas-phase reaction), or they
can be homogeneous, meaning they are present in the same phase as the reactants (e.g.,
a dissolved catalyst in a liquid-phase reaction).



1.1.3 Research of surface catalysts

Surface catalysis is a process in which a catalyst interacts with reactants at the surface
of a solid material, accelerating a chemical reaction. Examples of surface catalytic
reactions include the oxidation of carbon monoxide (CO) on platinum surfaces, the
hydrogenation of vegetable oils on nickel (Ni) surfaces, and the conversion of nitrogen
oxides (NOx) in vehicle exhaust on cerium oxide (CeO2) surfaces [29-31]. Surface
catalysis is a complex phenomenon that depends on factors such as the nature of the
catalyst, the properties of the reactants, and the reaction conditions. As for the
transmission of CO and CO;, reaction systems closely related to energy and
environmental issues, such as catalytic conversion of low-carbon alkanes, catalytic
selective oxidation, catalytic hydrogenation, and field coupled energy conversion.
Furthermore, the solid surface and interface studies can be cooperated experiment with
theoretical calculation, combining with the development and application of new in-situ
dynamic research methods, understand the catalytic basis of the target reaction system,
reveal the relationship between catalyst structure and performance, and optimize the
catalyst structure. At the same time, with the development of measurement techniques,
such as nano-scale synthesis methods, atomic layer deposition synthesis methods with
controllable catalyst structures, researchers can control the synthesis of catalysts with
designed structures and apply them to target catalytic reactions to achieve the research
and development of efficient catalytic reactions with corresponding catalytic processes.
In gas purification processes, catalysts play a vital role in speeding up chemical
reactions and controlling the reaction process. They facilitate the conversion of gaseous
pollutants in the gas mixture into harmless substances or useful by-products, making
them easier to remove from the gas stream. Catalysis mediated reactions have been
successfully applied to purification of sulfur dioxide, nitrogen oxides, automobile
exhaust, organic gases, and malodorous substances. And many solid catalytic, such as
GaAs, CdS, ZnO, AbOs3, and TiO,, were put forward due to high stability and reactivity
[32-34]. To reduce the activation energy of reaction molecules, noble metals
participated catalytic reaction have been introduced, such as Ag, Pt, Pd, and Au
combined with semiconductor solid catalytic.

In surface catalysis, the reactant molecules adsorb onto the surface of the catalyst,
where they are held in place by weak attractive forces such as Van der Waals forces,
electrostatic interactions, or hydrogen bonding. Once adsorbed, the reactant molecules
can interact with each other in ways that promote the desired chemical reaction. With
the development of measurement techniques, researchers observe catalytic reactions in
the atomic scale, in other word, interaction of atom with atom can be found. In order to

observe reaction processes, X-ray photoelectron spectroscopy (XPS), high resolution
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electron energy loss spectroscopy (HREELS) and scanning probe microscopy (SPM)
were proposed. XPS was first proposed in 1960s, enabling researchers to measure the
energy of strongly bound electrons in molecules. X-rays irradiate the sample, thus
stripping the electrons bound by the surface atoms. Because the energies of these
electrons are sensitive to local chemical environment, optoelectronic technology can
obtain the information of bonding [35]. HREEL was invented in 1970s, which detects
the force between atoms in molecules by measuring the energy of molecular vibrations
[36]. To further study the detailed surface structure and surface reaction, SPM can be
used to measure the surface topography, molecular structures and chemical bonds in
atomic or subatomic resolution. Scanning tunneling microscope (STM) technique was
invented, which is sensitive to the local electron densities of states closed to the Fermi
level. And surface atomic scale information can be obtained by STM. The inventors
Gerd K. Bining and Heinrich Rohrer were awarded the Nobel Prize [37, 38].
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Figure 1.2 Diagram for (a) STM and (b) manipulation of single xenon atoms on nickel

surface.

To avoid the tunneling current effect of STM for surface atoms, atomic force
microscopy (AFM) was proposed [39]. By detecting the frequency shift of cantilever,
the physical properties of surface structure and atoms can be measured. With the further
development of instrument technique, the non-contact mode of AFM (NC-AFM)
becomes the most widely used method to investigate the nature of surface science [40].
It is a type of AFM that operates in the non-contact mode, where the tip of the AFM
probe is brought close to the sample surface without actually making contact with it.
Therefore, NC-AFM is a powerful technique for studying the properties of surfaces and
interfaces, and has applications in a wide range of fields, including materials science,
nanotechnology, and biophysics. It can be used to study the electronic, magnetic, and
mechanical properties of surfaces, and can be provided insights into the behavior of

atoms and molecules at the nanoscale.
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Figure 1.3 Diagram for NC-AFM and observation of the p(2 x 1) reconstruction of the
Si(001) surface [41].

By using the chemical force microscope mode of NC-AFM, local chemical
composition analysis of the sample surface can be performed. By scanning the probe
on the sample surface and monitoring the charge exchange between the probe and the
sample during the scanning process, the surface electrical properties such as charge
distribution and electric field distribution can be measured. Observing the arrangement
of atoms and molecules, obtaining information about the morphology of the sample
surface, investigating the adsorption and movement properties of surface adatoms or
molecules are essential for acknowledge the surface catalytic mechanism. Therefore,
NC-AFM is used to not only imaging the topography, but also operating adsorptions

and chemical interaction bonds.

1.2 Purpose of this research

In this doctoral dissertation, surface adatoms and molecules investigation and
operation of the configuration and electronic characteristics in the oxidized TiO2(110)
surface were studied. In detail, surface defect, water, hydroxyl, carbon monoxide and
Au properties were investigated by NC-AFM and Kelvin probe force microscopy
(KPFM) at 78 K in the home-build ultra-high vacuum condition. The geometric and
electronic properties research of surface adsorptions provides effective method to find
the mechanism and process of surface catalytic. In homogeneous catalysis, e.g., CO
oxidation in catalytic converters, the reactants are adsorbed on the surface of the
catalyst and desorbed after reaction from the surface. To reveal the solid surface
catalytic characteristic and interaction between adsorbed molecules and surface, we
studied the adsorption properties of different molecules on semiconductor catalytic
TiO2(110) surface. Firstly, I introduce the surface defects on the TiO2(110) surface,
which are crucial to the surface state of surface adsorptions. Excess electrons generated

from defects migrate on the surface, which can be trapped by surface adsorbates and
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lattice atoms. And the active site of surface reactions mainly happens at these locations.
Furthermore, the surface defect; oxygen vacancy (Oy) is identified from hydroxyl (OH)
by KPFM for the first time. Secondly, I operate the OH and water (H>O) molecule on
the TiO2(110) surface by applying bias voltage, the adsorption and motion properties of
CO molecules are investigated, which can be used to study the catalytic reaction of CO.
CO molecules are not stable on the TiO2(110) surface, and how to move it to an
appropriate reaction position is still a challenge. I found that oxygen adatoms (Oa.q) play
an important role for CO adsorption at 78 K. And the unstable state CO can be pinned
at the Oaq site. Moreover, I was able to move the CO molecules in two-dimensional by
using an oxygen modified tip apex. The result of CO motion in two-dimensions on
TiO2(110) surface will be of interest for the CO catalytic reaction at a precise site.
Finally, the charge states of Au nanoclusters are clearly identified, which is important
to understand the positively charged or negatively charged Au participating the reaction
processes of CO oxidation. By using KPFM measurement, I verified that surface and
subsurface defects induced polarons and charge redistribution, which makes Au
negatively charged. And the diploe moment from Au to the oxygen induces positively
charged Au. I found that the negative charged Au nanoclusters are easily desorbed from
the surface by operating technique, which indicates negatively charged Au does not
stable for catalytic reactions at 78 K. Furthermore, I have successfully performed CO
oxidation with oxygen, involving the participation of positively charged Au
nanoparticles, for the first time at atomic resolution at 78 K. After reaction, positively

charged Au obtain the electrons change into negatively charged.

1.3 Thesis outline

The organization of the dissertation as follows:

m In chapter 1, research background and importance of surface catalytic in industrial
and agricultural life are introduced. Catalytic reaction based on solid semiconductor
catalyst is a widely used method to reduce the reaction activation energy. And the
adsorbed adatoms properties research on the typical semiconductor catalytic rutile
TiO2(110) surface are still incomplete. The purpose of the dissertation is briefly
discussed.

m In chapter 2, the theory of experimental machine is introduced. Development of
SPM techniques has been summarized. 1 have introduced the emergence and
development of STM and the origin of AFM, as well as their current technological
applications.

m In chapter 3, sample preparation and home-build ultrahigh vacuum NC-AFM are

proposed. The new sample is fixed with a sandwich structure and is prepared in the
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vacuum chamber by sputtering with annealing. Finally, the experimental (110) surface
can be obtained.

®m In chapter 4, I talked about the surface defects, such as oxygen vacancy, Ti
interstitial, and polarons, which play a crucial role in adsorption properties of the
surface reactants. Furthermore, the charge states of Au nanoclusters are influenced by
surface and subsurface defects. One of the existing challenges in previous research is
the confusion between the surface adsorption of water, hydroxyl, and the presence of
surface defects such as oxygen vacancies. This confusion arises because the
topographic images of OH and O, exhibit similar contrast, making it difficult to
distinguish between them. To resolve this problem, I combined the AFM with KPFM
techniques to systematically identify the difference between H,O, OH and Oy for the
first time. Besides, the operation of H>O and OH can be realized.

m In chapter 5, the adsorption and movement properties of CO molecules are
investigated, which can be used to study the catalytic reaction of CO. CO molecules are
not stable on the TiO2(110) surface, how to move it to an appropriate reaction position
is still a challenge. I found that Oaq play important role for CO adsorption at 78 K. And
the unstable state CO can be sticked at the Oaq site. Moreover, I have achieved the
movement operation of CO molecules in two-dimensional by oxygen modified tip apex.
The result of CO movement in two-dimensions on TiO2(110) surface will be of interest
for the CO catalytic reaction at a precise site.

m In chapter 6, the charge states of Au nanoclusters are clearly identified, which is
important to understand the positively charged or negatively charged Au participating
the reaction processes of CO oxidation. By using KPFM measurement, I verified that
surface and subsurface defects induced polarons and charge redistribution, which
makes Au negatively charged. And the diploe moment from Au to the oxygen induces
positively charged Au. I found that the negatively charged Au nanoclusters are easily
desorbed from the surface by operating technique, which indicates negatively charged
Au is not stable for catalytic reactions at 78 K. Furthermore, I have successfully
performed CO oxidation with oxygen, involving the participation of positively charged
Au nanoparticles, for the first time at atomic resolution at 78 K. After reaction,
positively charged Au obtain the electrons change into negatively charged.

m In chapter 7 is the conclusion and outlook for the future research of Au

participated reactions based on surface catalysis.



Chapter 2 Theory of scanning probe microscopy

2.1 Introduction

In chapter 2, we present a brief introduction about the theory of SPM. By using SPM
technique to image single crystal surfaces and nanoscale systems showing great
potential for new scientific progress. The main techniques of SPM include STM, atomic
force AFM and KPFM. Three methods can be used to reveal the nature of the surface
and the subsurface with atomic resolution. Furthermore, all of these techniques have
different advantages. Firstly, I will briefly introduce the STM technique, which is the
first testing technology in SPM history. In our experiment, the NC-AFM and KPFM

are used to characterize the surface properties.

2.2 Scanning tunneling microscopy

Nanotechnology is truly becoming a scientific field striving to understand,
characterize, and control the physical and chemical world in today’s surface science.
And the detailed atomic resolution to understand physical and chemical processes
become more and more important [1-3]. Manipulating and engineering materials at the
atomic and molecular level to create new materials and devices with unique properties
and functions in surface science research. This has many potential applications in fields
such as medicine, electronics, energy, and materials science [4,5]. To reveal the atoms
and molecules on the surface, STM has been invented in 1982. In the past decades, the
development of STM made great breakthroughs in the field of surface science. And the
Nobel Prize was awarded for the surface science analysis and basic physics and
chemistry research application of STM technique.

In STM measurement, a small gap exists between the tip and the surface, a sharp
metallic tip over the surface and bias voltage is applied between tip and sample, and
then electrons tunneling transformation induces current, which is sensitive to the local
electron density of state. The Fermi level close to the density of states, so the electrons
tunneling current can be used to characterize the surface properties.
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Figure 2.1 Schematic block diagram of scanning tunneling microscopy. The bias

voltage is applied to the sample, and tunneling current generates between tip and sample.

The STM tip is made of conducting materials, such as platinum-iridium or tungsten,
and tip apex is very sharp with a radius of few atoms. Thus, the STM is able to measure
the properties of the surface in atomic resolution. And the basic experimental
component is shown in Figure 2.1. STM tip is set close to the sample surface and bias
voltage Ve is applied to sample. The electrons get through the vacuum energy state and
generate current flow. In this way, by collecting a large tunneling current, the high
resolution of surface topography and electronic images can be obtained [6,7].
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Figure 2.2 Quantum-mechanical of wave function. The tunneling barrier of width d.

The arrows indicate the reflective, transmission and incident wave direction.

Electron tunneling of two metals depends on the size of the potential barrier between
them. Therefore, electrons transfer from one side to another side are considered to be
tunneled between these two metal materials. And the potential barrier of electron
transmission can be expressed by the Schrodinger equation, as shown below

[_i 9 U(z)] W = E, (2.2.1)

2m 0z2
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where m is the electron mass, z is the distance between two metal materials, U(z) is the
potential barrier, ¥ is the wave function and £ is the electron energy. When E > U(z),
the electrons can overcome the energy barrier and penetrate through the barrier potential
generating electron tunneling current. On the contrary, when E < U(z), electrons stay at
each side. In the quantum-mechanical of electron tunneling current through a dielectric

barrier between two materials that are not in contact. We consider the potential barrier
V(E<V)as

(0 (z<0,z>4d)
U = {V 0<z<d)’ (22.2)
taking it into Schrodinger equation, we can get the general solution,
Ae*Z 4 Ce % (z <0,z >d)
= ’ , 223
Yo(2) {BleKZ + Bye ¥2 (0<z<d) 2.2.3)
where k and K are the wave factors and can be expressed as
k= = (2.2.4)

2m(V—-E)
K = /"‘h— (2.2.5)

which describe the state of electron decaying in the z-direction.

In typical experiments, the sample is biased by positive voltage, and elastic electron
tunneling happens from all occupied states of the tip to unoccupied electronic states of
the sample. Therefore, the tunneling current depends on the overlap at the same energy
between all the electronic wave functions at the tip and all the electronic wave functions

of the sample. The tunneling current among all states can be described as

I g, —pp-ev|Pn(0)[2e™2W, (2.2.6)
the local density of states (LDOS) is defined at a location z and energy E as
1
pL(2,E) = <Xk —pp-ev[¥n (D17, 2.2.7)

inserting it to equation (2.2.6), the tunneling current can be written in the manner of
LDOS of sample as
[ < Vps(0,Ep)e %KW, (2.2.8)
From the tunneling current by applying bias voltage to the sample, the empty and
filled states can be obtained by STM image.
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Figure 2.3 Sketch of the tunneling current between electronic states of the sample and

the tip. Measurement of (a) empty states and (b) filled states of the sample.

The empty and filled states are displayed with positively and negatively bias voltage.
When a positive bias voltage Vi is applied to the sample, the electrons can be
transmitted from the filled states of the tip to the empty states in the valance band of
the sample. And the tunneling current flows from tip to sample, thus the empty states
are imaged. When a negative bias voltage -V is applied to the sample, the electrons
can be transmitted from the filled states of the sample to the empty states of the tip. In
this process, the tunneling current flows from sample to tip, and the integrated density

of filled states of below the Fermi level of the sample can be imaged.

2.3 Atomic force microscopy

AFM is a type of scanning probe microscopy that allows imaging and measurement
of the topography and physical properties of surfaces at the nanoscale level, which was
invented by G. Binning in 1986 (cited in Chapter 1). AFM works by scanning a tiny tip
over the surface of a sample, while monitoring the deflection of a cantilever that
supports the tip. As the tip scans the surface, it interacts with the atoms and molecules
of the sample, causing the cantilever to bend or deflect. This deflection is measured and
used to create a three-dimensional map of the surface topography, with high resolution
and sensitivity [8-10]. In addition to surface topography, AFM can also measure various
physical properties of the sample, such as stiffness, adhesion, electrical conductivity,
and magnetic properties. AFM can be operated in air, liquid, or vacuum, and can be
used to image both conductive and non-conductive samples [11-14]. It has become an
important tool in the field of nanotechnology, enabling researchers to study and
manipulate materials at the atomic and molecular scale. This makes AFM a powerful
tool for a wide range of applications in materials science, biology, and nanotechnology,
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including the study of biomolecules, DNA, and semiconductor devices.

2.3.1 Schematic of atomic force microscopy

In the AFM measurement, the interaction forces between tip of the cantilever and

surface of the sample are used, which is reflected from the change of tip oscillation.

: A
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Figure 2.4 Measurement schematic of the atomic force microscopy.

The forces between tip and sample present the key effect. And the forces contributed
several factors, long-range van der Waals (vdW) force and electrostatic force, short-
range chemical force, which are depended on the range and the strength of the
interaction [15]. Based on the operation method, there are three measurement modes,
contact mode, tapping mode and noncontact mode. Following is the introduction of

these three measurement modes [16].

2.3.2 Scanning modes of atomic force microscopy

There are three types of scanning modes in AFM measurement method.

Since the tip contacts with the surface, namely contact mode. In the contact mode,
repulsive force is the main force. The contact mode has the advantage of being
relatively simple and fast, making it useful for imaging a wide range of samples.
Contact mode is particularly useful for imaging hard or stiff samples, as the tip can
penetrate the surface and provide high-resolution images. It is also commonly used in
force spectroscopy experiments, which involve measuring the interaction forces
between the tip and the sample surface. However, it can also be more destructive than
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noncontact mode, as the tip can damage or scratch the sample surface if too much force
is applied [17].

In tapping mode, tip taps the surface of the sample at its resonant frequency, and this
tapping motion causes the tip to intermittently come into contact with the surface. The
amplitude of this tapping motion is kept small to minimize the force between the tip
and the sample, which reduces the potential for damage to the sample surface. The
interaction forces between the tip and the sample surface cause a change in the
frequency and amplitude of the tip's oscillation, and this information is used to create a
topographic image of the surface. Tapping mode is particularly useful for imaging soft
or delicate samples, as it minimizes the force applied to the surface, reducing the
potential for damage. It also provides higher resolution and better contrast than contact
mode, making it useful for a wide range of applications, from material science to
biology and beyond. Tapping mode is now one of the most commonly used mode in
AFM [18].

In noncontact mode, the tip is oscillated, the attractive and repulsive forces between
the tip and the sample surface cause a change in the frequency of the tip's oscillation.
By measuring this frequency shift, the AFM can create a topographic image of the
surface. Noncontact mode is the most commonly used imaging mode in AFM, which is
a technique that allows for high-resolution imaging of surfaces at the nanoscale level.
In noncontact mode, the AFM tip is oscillated above the surface of the sample, with the
tip and the surface separated by a small gap (typically a few nanometers). Noncontact
mode is particularly useful for imaging soft or delicate samples that may be damaged
by the more forceful contact mode. Noncontact mode also has the advantage of
providing information about the chemical composition of the surface, as the frequency
shift can be affected by the chemical properties of the sample. This makes noncontact
mode useful for a wide range of applications, from material science to biology and

beyond. Therefore, the noncontact mode of AFM is used in our experiment [19,20].

2.3.3 Interaction force between tip and sample

The force in noncontact mode is mainly composed of three types of forces. As listed
before, van der Waals force, electrostatic force, and chemical force. The total force
depends on the oscillation separation between the cantilever and the sample surface. At
a separation of z between the cantilever and the surface, the total force acting on the tip

apex can be described as:
Fis(2) = Fyaw(2) + Fos(2) + Fepem(2)

= =2 [Uyaw (@) + Ues@ + Uhem @] (23.1)

The individual contribution of each force is significant, and experiments have shown
14



that each of them is responsible for the comparison of forces at different positions on
the surface. And figure 2.5 shows the deconvolution of the total force between the tip

and the surface.

o v e
-1 total force
a 2= van der Waals force
b 3L --—-=electrostatic force
= .
o -=-==chemical force
~ 4
S I
I
] ] 11 ] ]

L1 1 L1
0 1 2 3 4 5 6 7 8 910 11
Distance (A)
Figure 2.5 Distance dependance of the van der Waals force (yellow), electrostatic force
(blue), chemical force (red), and the total force (black).

The van der Waals force is the Coulomb interaction of the atoms, which are induced
by electric dipole moment of atoms and the polarization of two matters. We use a
sphere-plane model to explain the van der Waals force between the atom of probe and
the surface of sample [21].

2AgR3
3z2(z+2R)?’

Foqw = 2.3.1)

where z is the separation distance between the sphere of the probe and the half-space of
the surface, R is the radius of the probe, and Ay 1s the Hamaker constant. We consider
z << R, and get the equation:

AyR
6z2°

Foqw = — (2.3.2)

Besides, electrostatic force acts as one of a significant component, owing to the surface
charge, should be introduced. Electrostatic forces are attractive or repulsive forces
between particles that are caused by their electric charges. This force is also called the
Coulomb force or Coulomb interaction and is so named for French physicist Charles-
Augustin de Coulomb, who described the force in 1785. The electrostatic force acts
over a distance of about one-tenth the diameter of an atomic nucleus or 107! m. Like
charges repel one another, while unlike charges attract one another. For example, two
positively charged protons repel each other as do two cations, two negatively charged
electrons, or two anions.

In the two-metal surface system, the sum of the difference in work function and
applied voltage of the total potential difference within the tip-sample junction as:

ViVt A4, (2.3.3)
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where ¢ is the work function at 0 K, and different crystal facets have different values.

Considering the potential in the vertical dimension,
b=Er+Epn,, (2.3.4)
€o

where, EF is the Fermi level, ge is the elementary charge, ps is the surface dipole, and n,
is the cover a surface with an areal density. We consider a geometrically simple
arrangement in both tip and surface, which can be regarded as two parallel plates with
area A. Here, the electric field between tip and surface is:

|E| = E =V)/z, (2.3.95)
then, the potential energy U, stored in the electric field, can be calculated in the form

of total work W, as following:
—w = & 20 — & (V1) 4 _E0y24
_U_W_?IV IEI dV—?(;) ZA = > VI ;, (236)

the interaction force between tip and surface would gives the negative gradient of the
energy when a purely conservation is considered. Finally, the electrostatic force can be
rewritten in z-component [22]:

du _ & 2 A
i (2.3.7)

Fos =

When the force with a range is less than 1 nm, short-range forces are defined. Then
chemical force is generated between tip and surface. And the chemical force includes
both attractive force and repulsive force. These are originated from the formation and
breaking of the chemical bonds between the atom in tip apex and the surface. Namely,
the confinedness of the electronic orbitals limit the interaction range, including the
outermost atom of tip-apex and the nearest surface atoms. A simple schematic of
chemical force can be described as: in the condition that two atoms are far from each
other, the electronic orbitals do not overlap, and chemical force cannot be interacted.
With the tip-sample distance decreasing, the valence orbitals are overlapped between
the atom from tip and the atom from surface. The molecular bonding and anti-bonding
orbital are formed at the same time. And the energy is generated from filling valence
electrons into molecular bonding orbitals. This creates an attractive force that drives
atoms closer together to a point where the overlap of the valence orbitals, pushing the
energy of the bonded molecular orbitals to their lowest energy level, after which the
attractive force disappears. The separation distance at which this occurs is also known
as the chemical bond length. If the atoms are pushed even closer, repulsive forces
between the atoms occur, due to the Pauli Exclusion Principle. The exact strength of
the interaction, or the equivalent interaction energy, is difficult to predict as it naturally
depends on the chemical properties of the two interacting atoms closely examined.
Several approximate methods have been proposed to simulate the distance dependence

of chemical interactions as described by Morse potential [23],
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Unorse = Ebond(_ze_(z_o)//1 + e—z(z—o)//l), (2.3.8)
Fchem = _EEbond (e—z(z—a)//’l - e—k(z—o)//l), (2-3-9)

where Evond, 0, A and z are the chemical bond energy, equilibrium distance, decay length
and the distance between two atoms, respectively. When z >> ¢, the initial attractive
behavior between the atoms appears. While z = ¢, the interaction force vanishes, and
energy reaches a minimum. The second exponential term takes over at z << ¢ and the
interaction energy increases resulting in a repulsive force.

Furthermore, we give the minimum AFM detectable force as [24]:

A3/2

o (2.3.10)

6Fmin = \/Ek —SA;min
0

where k is the spring constant, fy is the resonant frequency of cantilever, 4 is the
oscillation amplitude of cantilever, and A is the decay length of tip-sample. The dAfmin
is the minimum detectable frequency shift. Therefore, the force interaction between
cantilever and surface is extracted by frequency shift. And the relationship between the

oscillation amplitude and frequency shift can be described as:

Af = L 2 oz — @) |42 - q'dq., (2.3.11)

kA2
where the ki is the force gradient of tip-sample, ¢’ is the deflection of the cantilever,
and z is the tip-sample distance. The integrated section is the weighted average of ks at
one oscillation cycle under the amplitude of 4. And the weight w(q’, A) is a semicircle
with radius divided by the semicircle T = mA?/2.

From the weight function of tip-sample distance with oscillation amplitude, we can
get that relatively small oscillation amplitude with small radius induces the interaction
force between the tip and the surface in the short-range dominated force. While the
weight function increases by increasing the oscillation amplitude, which induces the
tip-sample interaction in the long-rang dominated forces. In AFM experiment
conditions, the short-range force is used to get atomic resolution imaging. Therefore,

the small oscillation amplitude is a preferable choice for nanoscale research.

2.3.4 Working principle of AFM

AFM is a high-resolution scanning probe microscopy technique used to observe the
morphology and structure of surfaces. The working principle of AFM is based on the
interaction of forces at the nanoscale. AFM utilizes an extremely fine probe, typically
a sharp tip, which is connected to a force sensor through a cantilever or spring. The
force sensor measures the interaction forces between the probe and the sample. The
probe is brought close to the surface of the sample, ensuring a very small distance
between the tip of the probe and the sample surface. Typically, this distance is on the
order of a few nanometers to allow for the occurrence of interaction forces. As the probe

approaches the sample surface, there are interactions between the atoms or molecules
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on the sample surface and the tip of the probe. These interactions include adhesive
forces, repulsive forces, elastic forces, etc., depending on the properties of the sample
surface. The cantilever or spring of the AFM's probe undergoes slight bending or
oscillation based on the topographic structure of the sample surface. These variations
are transmitted to the control system of the probe through the force sensor. Based on
the degree of bending or oscillation of the probe, the control system of the probe can
reconstruct the topographic structure of the sample surface and generate an image. By
scanning the sample surface, AFM can obtain high-resolution information about the
morphology and structure of the sample surface.

It's worth noting that AFM can be operated in air, liquid, or vacuum environments.
Additionally, AFM can perform other measurement modes, such as force-distance
curve measurement, magnetic measurements, conductivity measurements, etc., to
gather more information about the properties of the sample.

As for the formalism of frequency shift Af'and tip-sample interaction force, we need
deduce the relationship between oscillation of cantilever and the amplitude with force.

Cantilever oscillation can be expressed as:

mzy MO0 1 kz(t) = kAggecoswt + Fislze + 2(8)], (23.12)
where m and Q are the effective mass and Q value of the cantilever, £ is the spring
constant, wo is the intrinsic resonant frequency, o is the excitation frequency, 4exc is the
excitation amplitude of cantilever, and z. is the initial z position of the cantilever. Here,
m = k/wo?, substituting into the equation (2.3.12)

d?z | wqdz wo?
F + ?OE + wozz(t) = wOZAexccoswt + TOFtS [Zc + Z(t)]a (2'3'13)

the oscillation of the cantilever can be seen as cosine wave, as z(f) = Acos(w?-¢). Then,
the above equation can be written as:
wi-w?

——Acos(wt — ¢) — j—ZSin(wt —¢)
0

0

= AgxcCOSWE + %Fts [z, + Acos(wt — ¢)], (2.3.14)

to use the orthogonality of the trigonometric function, multiplying cos(wt-¢) and
integrating with one period T = 27/c, we will get

2 2 2n+d " 2n+¢
Wg — W w w w .
OTA J¢ cos?(wt — ¢p)dt — w_Qjcﬁ sin(wt — ¢) cos(wt — ¢) dt
2+
= Apxc J¢> ® cos wt cos(wt — ¢) dt
w
1 21T+
+Ef2 @ Fi[z. + Acos(wt — ¢)]cos (wt — ¢p)dt. (2.3.15)

w
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By replacing and integrating with 8 = wt — ¢ and solving for cos¢,

2_,.2
cos¢p = w"wgw A:cc — nk-:exc fozn Fis[z. + Acos@]cos6de. (2.3.16)

In same way, by multiplying sin(w? - ¢) to equation (2.3.14), and running integrate

with one period T = 27/w, we can also obtain

sing = ———"—+ —— [*" F, [z, + Acos0]sinfd6. (2.3.17)

WoQ Aexc TtkAexc

when force interaction is non-functional, singp and cos¢ can be expressed:

2_,.2
cosp = 220 5“’ AA (2.3.18)
sing = wLOQAAx (2.3.19)

according to the characteristics of trigonometric function sing? + cos¢p? = 1, and

replacing with w to f, wo to fy we can get oscillation amplitude 4 ad tang as:

A= —fex® (2.3.20)
%202, 12
(=2 ¢t
fof
tanq.’) = (foz_ow. (2321)

When the exited cantilever oscillation frequency equals to the initial resonant frequency
f=/
A= Aexc O, (2.3.22)

T

p== (2.3.23)

29
which indicates that the response signal with 90° phase delay. When Fis7 0, the
equation (2.3.16) can be described as

2_,.2
S = 2 cosp + —— [ Fes[ze + Acos6]costdo, (2.3.24)

wy

here, we can deduce that

wi—w? _ _ Aw WY o B0 _ LA
= (1+ wo) ~—25%= 22, (2.3.25)
while the Af can be expressed as
fAexc f 2
Af = =2 cosp — 2 [ Fy[ze + Acos6]cos0de, (2.3.26)

due to the oscillation of cantilever is equal to initial resonant frequency fo, the cos¢=0,
then

f 2
Af = =2 " Fys[z. + AcosB]cos0do, (2.3.27)

by permutation integral with u= cos¢p and z. = z + A4, the final relationship between
frequency shift of cantilever and interaction force of tip-sample can be derived

i 1
Af = =2 [ Frslze + A1+ w)] ﬁdu. (2.3.28)
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The conversion of frequency shift and interaction force also can be obtained.

Considering the force gradient is not constant due to the dependent of tip-sample

distance, regardless the distance dependence of amplitude, Sader-Jarvis put forward a

force deconvolution method [25]. The interaction between tip and sample Fis(z) can be

obtained. First, Fis(z) is written as an 4(A) by Laplace transformation

Fes(2) = [ A(A)exp (—Az)dA,

substituted to equation (2.3.28)

1 [ee]
Af = =L 00 (7 Aexp (12 - 1A(1 +w)) == dzdu,

exchange integral order,

Af = =22 1 A)exp (—Az — 1AL +u)) == dudz,

kA

Next, we use the Bessel function defined as
L,(2) = %fone”"secos (n)de,
when n=1, the equation is
L(2) = %f;ezwsecos 0do,

where u = cosf and /[1(z) = - [i(-2),

u

1,01 _
Il(Z)=—;f_1e Z”ﬁdu,
set T(x) = L1i(x)e™,

Af 1 o _
= Jy ATAA)e M dz.

using inverse Laplace transformation, we can get
LIYD] = [[7Y (Dexp (—Az)dz,
Then, given the A(4) as

_ KA _qpbf
AW = s £,

the interaction between tip and sample can be deduced as
Fes(2) = LIA(A)],
substituting equation (2.3.37) to equation (2.3.38)

kKA ._4Af
Fis(2) = Ll LU,

and the analytical approximation of 7(x) is
1 1 3._
T(x) = g(l +oxz 4+ \/%xZ) 1
substitution equation (2.3.40) to (2.3.39)
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(2.3.35)

(2.3.36)

(2.3.37)
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F () = 2k {L [/’l‘lﬁ‘l [% l + %AiL [;r%z:—l [%]l + \/gx%[l[ﬂéﬁ_l [%]]},(2.3.41)

where the L™1[Af/f,] is a function of /, and the using next equations

LAY (D] = IL[Y ()], (2.3.42)
LAY ()] = DALY (D], (2.343)
1) = = ) w5 dt, (2.3.44)

-1 d o @(t)
r(1-a) dA’A (t-)¢

D%p() = dt, (2.3.45)

substituting equations (2.3.42), (2.3.43), (2.3.44) and (2.3.45) to (2.3.41)

3
Az dQ(b)

1

o) A2
Fis(z) = 2k fz [(1 + 8m> Qt) — TCORT dt, (2.3.46)
here, Af/f, = Q(t). In this way, the interaction force F.;(z) between tip and sample
can be derived by frequency shift Af with feature of FM-AFM mode. The small

amplitude approximation is contributed at the first term of the equation, and the large

amplitude approximation is contributed at the second term of the equation. Then, the

interaction potential U,s(z) is described as

1 3
0 Az [t— A2
Uis(2) = 2k fz Q)| (t—2) + " /TZ-'-E dt, (2.3.47)
Finally, equation (2.3.47) satisfying
dUs
Fio(z) = -2 (2.3.48)

2.3.5 Noise in the AFM system

In the measurement of Non-contact FM-AFM, to realize the stable super-high
resolution, noise coming from system, electric circuits and environment needs to be
resolved. Following, we will analyze the noise in the AFM system.

The frequency shift noise coming from the variation of the vertical oscillation, which
is given by the radio from the noise in imaging signal and the slope with respect to the
tip-sample distance z [20]

SAf

62}‘ = |6f/—6d|’ (2349)

here, to decrease the oscillation amplitude and spring constant of cantilever to increase
signal-to-noise ratio. Thermal noise is effect on the cantilever oscillation and frequency
shift. We can directly measure the thermal noise from frequency shift

, fokpTB
6 fthermar = T[k((,)‘a:tAZQ, (2.3.50)

21



where fy is the resonance frequency, kg is Boltzmann constant, 7 is the temperature, B
is the detection bandwidth, kcant is the spring constant, A is the oscillation amplitude,
and Q is the Q-value [26-28]. Besides, the frequency shift noise coming from detection
noise can be described as

Afyoree = 2 B2; n = SZeant. (2.3.51)
TA VB

where n and 6z are the noise density and the noise in the cantilever oscillation signal,
respectively. The difference between equation (2.3.51) and equation (2.3.51) is the
dependence on B. For the detection noise, the frequency noise is scaled by B>2, and the
detection noise is the main contributing factor. This makes B a critical parameter in NC-
AFM measurements.

Oscillator noise is another measurement noise induced by a driving of the cantilever
[29]. This noise is proportional to finite nq and inversely proportional to Q:

Sfosc _ anl/z

fo v24Q’
similar with thermal noise, oscillator noise is dependence on the square root of the

(2.3.52)

detection bandwidth B, and inversely to oscillation amplitude.
Besides, frequency drifts noise caused by thermal effect need also considering. The
noise parameters dependent on the drift rate of the frequency » and measurement period
7. The force gradient measurement bases on this noise is given:
2krT

fo”fmod,

Ni—arif (fmoa) = (2.3.53)

as we can see, frequency drift rate if proportional to fo, and the thermal drift is
proportional to the stiffness k. The absolute force gradient noise can be deduced by

transformed in density representation:

06k?
Ne—arif (fmoa) = 4/6—3 |B=fmoa (2.3.54)

The total noise of force gradient is

nl%(fmod) = nlzc—det(fmod) + nlzc—th + nlzc—osc + nlzc—drif(fmod)a (2-3-55)

When the stiffness of cantilever is less than a specific value, tip is easily jumped to
contact to the surface during approaching. Therefore, stable oscillation condition is
necessary to be find. We use the larger spring constant k£ of cantilever to avoid the
jumping of the tip, and the &k needs to be met [30,31]:

k > max (=2 = max, 2.3.56
0z ts

for the tip oscillating in large enough amplitude A, the jump-to-contact of the tip can
be avoided:
kA > —F[}%*. (2.3.57)
In this condition, the restoring force is larger than the maximum attractive force. And
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the damping of cantilever of internal dissipation and energy loss per cycle is:

AE, e = 21 g (2.3.58)

where E is the energy of oscillated cantilever with k4%/2. Usually, the phase difference
of cantilever and driving signal have delaying with /2, then from Ay, = Ae™™/Q,
we can get that

AE 0SS
|Agrivel = |A|#, (2.3.59)

When tip approaches to the surface, the interaction force between the tip and the
sample is generated. An additional damping force is considered into equation (2.3.58)

AE¢s

I AEjpsst+AE¢s
2nE

2nE

IAldriveI = IA

= IAI(% + 25y, (2.3.60)

to keep a constant value of oscillator circuit, QO value need much larger than 2zE/AFEj.
Therefore, the relationship of 4 and £ is given by [32]

kA2 Q
- > AE; p (2.3.61)

Hence, a large oscillation amplitude or a high spring constant of cantilever should be

used to achieve the stable oscillation condition.

2.4 Kelvin probe force microscopy

KPFM is a technique used in nanoscale imaging and characterization of surfaces.
KPFM combines AFM with Kelvin probe measurements to study the local surface
potential and work function of materials. In KPFM, a conductive probe with a sharp tip
is scanned across the sample surface, while a small AC voltage is applied between the
tip and the sample. The resulting electrostatic force between the tip and the sample
modulates the amplitude of the AC voltage. By measuring this modulation, the local
surface potential or work function variations can be mapped. KPFM is widely used in
various fields such as materials science, semiconductor research, and surface analysis.
It provides valuable information about the electrical properties and surface potential
distribution of materials at the nanoscale [33].

2.4.1 Principle of KPFM

To understand the principle of KPFM, let's first introduce the work function [34-39].
The work function is the minimum energy required to remove an electron from the
Fermi level of a material to a point just outside the material's surface. It represents the
energy barrier for electron emission and is a fundamental property of a material's

surface.
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Figure 2.6 A schematic energy diagram of the relationship between the metallic tip and
a metallic sample in terms of their work functions and Fermi levels. (a) In the case of
two isolated metals with work functions ¢ and ¢s, the vacuum level Ey is the same for
both, while their Fermi levels are different. (b) Two materials come into electrical
contact, the Fermi levels align through the exchange of electric charge. Alignment
results in the accumulation of surface charges, creating an electric field and leading to
a voltage drop of Vcpp = Agh/e across the vacuum gap. (c) By applying a bias voltage
of V' =Vcpp, it is possible to compensate for the contact potential difference and achieve

a balance between the tip and sample.

As briefly described in Figure 2.6, when two bodies with different Fermi energies
come into contact, the electrons redistribute to establish a new joint Fermi level.
Electrons from the material with the higher Fermi energy tend to flow towards the
material with the lower Fermi energy. This redistribution of electrons enables the
establishment of equilibrium and the alignment of Fermi levels between the two bodies.
Since the nuclei are fixed, the interaction between two bodies with different Fermi
energies leads to the emergence of a contact potential difference (CPD) in electron volts
(eV), which in turn contributes attractively to the overall force. In the context of NC-
AFM, this additional contribution to the measured frequency shift is generally
undesired as it can strongly affect topographic imaging. The CPD contribution to the

measured frequency shift can be obtained from the force expression:
fo @ (10
Afepp = — i& (EE (Ucpp — Ubias)z)

= - I_;% (Ucpp = Upias)?, (24.1)

where fo and £ are the free resonance frequency and spring constant of cantilever, C is
the capacitance between the cantilever and the surface, Ucpp is the contact potential
difference, and Ubias 1s the applied bias voltage. As indicated by Equation (4.20), the
additional frequency shift resulting from the CPD is directly related to the square of the

difference between the applied bias voltage (Ubias) and the CPD value. When Ubias = -
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Ucrp, the additional frequency shift becomes zero, while for other applied bias voltages,
it is negative. This characteristic is utilized to determine the magnitude of -Ucpp by
sweeping the applied Ubias and measuring the resulting frequency shift at a fixed point
above the surface. Figure 2.7 presents data obtained from such a measurement, where
Ubias was swept from -2 to 3 V.
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Figure 2.7 The experimentally recorded spectroscopy curve exhibits a parabolic
relationship between the frequency shift and the bias voltage. The voltage at the peak
of the parabola is recognized as the contact potential difference.

The recorded frequency shift curve exhibits a parabolic shape, reflecting the squared
dependence on Ubias. The vertex of the parabola corresponds to -Ucpp. This allows the
determination of the specific Upias value that cancels out the effect of the CPD before
acquiring topographic images of the surface. It is important to note that this approach
is applicable only to electrically homogeneous metallic and semiconducting surfaces.
In the case of insulators, where electrons are not free to move, the concept of Fermi
energy is not well-defined, and this method cannot be employed. However, there still
be a non-zero bias voltage at the electrostatic forces are cancelled out from surface
charging effects. Complex and electrically inhomogeneous systems, such as metal
nanoparticles deposited on a single crystal surface, may exhibit additional local
contributions to the intrinsic potential difference between the tip and the surface. This
contribution can be represented by introducing a term known as the local contact
potential difference (LCPD) in units of electron volts,

Afcpp € —(Upcpp — Ubias)z’ (2.4.2)
Urcep = Ucpp + Ugaa (X, Y, Z). (2.4.3)

here, all additional contributions to the intrinsic CPD between the tip and the sample
are accounted for by the term Uadd. Uadd can be a non-local function of the (X, y) position
of the tip over the surface, as well as the tip-sample separation height (z). The z
dependence arises from the fact that U.dq represents a local electrostatic effect that
becomes noticeable only at small separation distances, as it gets averaged out at larger

distances. The specific composition of Urcpp, which includes Uadd, needs to be
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evaluated for each individual system. It is important to note that Urcpp is generally not
a constant value across the entire surface. This means that the conventional method of
determining the required bias voltage (Ubias) to cancel out Urcpp is no longer applicable.
Instead, a new technique called KPFM must be employed. The KPFM method, derived
from Lord Kelvin's original experimental technique introduced in 1897, allows for the
detection of electrostatic forces on a microscopic scale [40]. Lord Kelvin observed the
deflection of a Volta condenser, consisting of two different metals (copper and zinc),
caused by the formation and breaking of electrical contact between them. The modern
version of this setup, the Kelvin Probe Force Microscope, is more advanced but
operates based on the same fundamental principles. It utilizes the intrinsic CPD between
materials with different work functions when they are in electrical contact.

The modern KPFM technique involves the application of a modulating AC bias
voltage (Umod = Uac % sin(27fmodt)) in addition to the DC bias voltage (Upc) between
the surface and the oscillating tip-cantilever system. When only the capacitance has a
non-zero gradient, the resulting electrostatic force between the tip and the sample can

be expressed as follows:

19C
Fer = >, (Urepp — Upe = Uac (2Tt finoat))?, (2.4.4)
Fer = Fpc + Fr oy + Far o0 (2.4.5)
where
10C 1
Fpc =35, ((ULCPD —Upc)? + Ech), (2.4.6)
ac _
Ftoa = =35, Wicpp = Upc)Uacsin (27 finoqt), (2.4.7)
Fofmoa = o= Ugcsin (4 2.4.8
2fmod — 295 ACSI (47 frnoat). (2.4.8)

There are three distinctive contributions to the electrostatic force between the tip and
the surface: Fpc (a constant DC term), Fnod (2 term oscillating at frequency fmod), and
Famod (a term oscillating at frequency 2fmod). Based on equations (2.4.6)-(2.4.8), there
are two approaches to adjusting the Upc (applied DC bias voltage) to precisely cancel
out Urcpp. In both methods, the Upc applied to the surface can be measured, allowing
for a local contact potential measurement (Upc = -ULcpp). Additionally, it enables the
acquisition of accurate topographical images of the surface, which find applications in

various fields such as semiconductor physics, photocatalysis, and more.

2.4.2 Minimum detectable CPD of KPFM

Due to the AFM is mainly used in FM-AFM mode, our KPFM also use frequency

modulation mode (FM-KPFM). The KPFM frequency modulation mode is based on
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detecting the electrostatic force gradient. The expression for the electrostatic force in
equations (2.4.6) to (2.4.8) has an impact on the frequency shift of the tip-cantilever
system, introducing modulation at frequencies fmod and 2fmod. By employing the small
amplitude approximation, the frequency shift resulting from the electrostatic forces can
be expressed as follows:

1fo 0
AfEL = E%E (FDC + Ffmod + szmod) = AfDC + Affmod + Afzfmod’ (249)

and
1 f, 9%C 1
Afpc = _Zfﬁ((ULCPD — Upc)* + EUEC)’ (2.4.10)
1 fo 82C
Affmoa = 3% 352 (Urerp = Upc)UacC0s (27 fmoat), (2.4.11)
1 fo 92C
Afafmod = ~ 37 352 UacCOS (4T frmoat), (2.4.12)

The contributions of Affnod and Af2mod to the overall frequency shift manifest as
sidebands at f £ fmod and f = 2fmod, respectively. In the frequency spectrum of the
cantilever oscillation signal, using a lock-in amplifier (LIA), it is possible to measure
the signal at /£ fmod, Which can be nullified by adjusting Upc. At Upc = -ULcpp, there
remains a DC contribution from the electrostatic forces, which is undesirable for the
reasons explained in the previous section. The KPFM FM-mode offers several
advantages compared to the KPFM AM-mode. In the FM-mode, the measurement of
UvLcep is proportional to d%C/dz?, whereas in the AM-mode it is proportional to
0C/0z. This theoretically gives the FM-mode higher spatial resolution. Additionally,
since the FM-mode operates with significantly smaller fmod (typically ~300 Hz), high
resonance frequency cantilevers can be used without exceeding the bandwidth of the
detection electronics, resulting in improved topography resolution. However, there are
also disadvantages to using the FM-mode. Unlike the AM-mode, which benefits from
resonance enhancement at overtone frequencies, the FM-mode does not rely on
detecting oscillation amplitude. As a result, the signal-to-noise ratio (S/N) is reduced
by a factor of approximately QO (~10000). This means that a larger modulation
frequency amplitude (Uac) needs to be applied to achieve an adequate S/N, which can
potentially lead to undesired effects.
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Chapter 3 Sample and equipment of low temperature

ultrahigh vacuum AFM/KPFM

3.1 Introduction

In chapter 3, we will introduce the sample with its preparation method in this study.
Arutile TiO2(110)-1x1 (provided by Crystal Base Corporation) crystal was used. Firstly,
we illustrate the fixation of the sample, and then, we introduce the sample preparation
in ultrahigh vacuum condition. Finally, the experimental instrument and methods are

introduced.

3.2 TiO; crystal

Titanium dioxide (TiO>) is a naturally occurring oxide of titanium. It is a widely used
material due to its various properties and applications [1]. TiO; is commonly found in
the form of a white pigment and is extensively utilized in industries such as paints,
coatings, plastics, ceramics, and cosmetics. It is also employed in photovoltaic cells,
catalysts, sensors, and medical implants, among other fields. TiO> is known for its high
refractive index, UV-blocking capabilities, photocatalytic properties, and stability,
making it a versatile and valuable material in numerous industries. The crystal

configuration of TiO2 is shown in below.

A '\
D

Figure 3.1 Ball-and-stick model of rutile TiOx.

The structure of rutile TiOz is shown in Figure 3.1. In rutile TiO., the titanium dioxide
crystal adopts a tetragonal crystal structure. Each titanium atom is surrounded by six
oxygen atoms, forming an octahedral coordination. The oxygen atoms are positioned at
the corners of the octahedron, while the titanium atom resides at the center. The bond

lengths between the titanium and oxygen atoms in rutile TiO are relatively equal [2].
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Rutile TiO2(110) is one of the most important materials in the catalytic studies.
Because the polished single-crystal sample of high quality are widely available and not
expensive, besides, the preparation of sample in ultra-high vacuum (UHV) can be easily
achieved by gas sputtering in situ cycles and following annealing. Titanium dioxide has
three forms of allotropy in nature, brookite, anatase, and rutile. In order to obtain the
energy for free radical activation, the band gap of catalysis needs larger than 2.8 eV.
Furthermore, considering the catalytic activity and stability, the most investigated
crystal phase is rutile TiO> due to the band gap of 3.02 eV, which is beneficial for
reducing the recombination of electrons and holes and increasing reaction activity [3].

(a) (b)

Figure 3.2 Ball model of rutile TiO2(110)-1x1 surface. (a) Top and (b) side view of

single layer.

Figure 3.1 shows the unit structure of the rutile titanium dioxide. In the configuration
of TiO2(110)-1x1 surface. The structure of the prepared surface is accurately known
from the quantitative techniques investigation, and the results are well agreed with the
discrete Fourier transform (DFT) calculations [4-6]. The titanium atom is surrounded
by six oxygen atoms in an octahedral configuration. And the bond between titanium
and oxygen atoms at the planer of the octahedron are a little shorter. At TiO2(110)
surface, it is mainly composed by three-fold coordinated oxygen atoms (O3, dark blue
balls), two-fold coordinated oxygen atoms (Oaz, bright blue balls) and five-fold
coordinated titanium atoms (Tisc, red balls).

The crystal structure exhibits a close-packed arrangement of oxygen atoms in the
(001) planes, with the titanium atoms occupying the spaces between them. This results
in a layered structure with alternating layers of titanium and oxygen atoms. The rutile
configuration is characterized by its distinct lattice parameters and atomic arrangement,
giving rise to its unique properties and applications. Researchers Ramamoorthy and
Vanderbilt conducted calculations using an ab initio method to determine the total
energy of a periodic TiO> slab. They discovered that the (110) surface has the lowest
surface energy, while the (001) surface has the highest energy [7,8]. Notably, the rutile
phase is the most abundant form.

Furthermore, at lower temperatures, TiO> exists in the anatase phase, which has a

tetragonal crystal structure. In the anatase structure, the titanium atoms are surrounded
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by six oxygen atoms, forming octahedral coordination. However, the arrangement of
atoms in the crystal lattice is different, resulting in distinct properties. Upon heating to
temperatures typically between 600°C-800°C, an irreversible phase transition occurs,
and anatase transforms into rutile [9,10]. Rutile has a different crystal structure,
belonging to the tetragonal crystal system. In rutile, the titanium atoms are still
coordinated with six oxygen atoms in an octahedral configuration, but the atomic
arrangement and lattice parameters differ from anatase. The transformation from
anatase to rutile is accompanied by changes in crystal symmetry, lattice parameters, and
other physical properties [11,12]. It is influenced by factors such as temperature,
pressure, and doping. The transformation process is of interest due to the different
properties exhibited by anatase and rutile phases, which can impact their various

applications in fields such as catalysis, solar cells, and photocatalysis.

3.3 Point defects in the rutile TiO; crystal

Figure 3.3 The ball model of the rutile TiO2(110)-(1x1) surface with the surface and
subsurface defects. Bright blue balls, Oxc; blue balls, Osc; red balls, Ti; white balls, H

of hydroxyl, orange ball, Ti interstitial atom.

Defects play a crucial role in transforming rutile TiO> from an insulator to a n-type
semiconductor. Surface defects, such as oxygen vacancies and hydroxyl groups, can be
introduced on the rutile TiO2(110)-(1x1) surface [13-15]. The formation of oxygen
vacancies involves removing an oxygen atom from the bridging two-fold coordinated
oxygen rows, while hydroxyl groups are formed by the dissociation of water molecules
on the five-fold coordinated Ti rows. Interstitial defects in rutile TiO2 can occur due to
the presence of Ti interstitial atoms. These defects involve the insertion of additional Ti
atoms into the crystal lattice at sites between the regular Ti atoms. Ti interstitial atoms
can have a significant impact on the material's properties. They can introduce extra
electrons into the system, making the material more conductive and altering its
electronic behavior. The presence of Ti interstitials can also affect the material's optical

and catalytic properties. The formation of Ti interstitial defects can be influenced by
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various factors, such as temperature, pressure, and growth conditions. The exact
distribution and behavior of these defects depend on the specific crystal structure and
the presence of other defects or impurities in the material. Experimental and theoretical
studies are conducted to investigate the role of Ti interstitial defects in rutile TiO2,
aiming to understand their impact on the material's properties and their potential
applications in various fields, including catalysis and electronic devices.

These defects serve as excess electron reservoirs for catalytic reactions. One
hydroxyl defect provides one excess electron, one oxygen vacancy provides two
electrons, and one Ti interstitial atom provides four excess electrons [16,17]. Numerous
experimental studies, combined with theoretical calculations, have been conducted to
investigate the morphological and electronic properties of these defects, as well as the
distribution of electrons around them. These investigations help understand the role of
defects in the electronic behavior and catalytic activity of rutile TiO».

Besides, the excess electrons in the TiO> bonding with surrounding lattice lead to
polarons to the surface defects. When a bridging oxygen vacancy is created by
removing a neutral oxygen atom from the rutile TiO> surface, two electrons are left
behind due to the breaking of two Ti-Ti bonds. The preferred arrangement of the
resulting polaron is known based on the specific location of the vacancies. The
consensus from theoretical calculations suggests that the polaron localizes on the
second layer of Ti atoms near the oxygen vacancies. Additionally, the relatively positive
oxygen vacancy acts as a bonding site for the two polarons. Experimental observations
using SPM technique have revealed that the polaron not only bonds to the oxygen
vacancy but also exhibits mobility across four specific sites. This mobility is more
pronounced at higher temperatures, with complete stabilization occurring around 5K
and increased movement beyond 78 K. Similar models can be applied to hydroxyl
vacancies, although the presence of a singly positively charged hydrogen atom reduces
the number of polarons to one. These polarons play a role in inducing specific local
chemical interactions on the surface. For example, adsorbed CO molecules exhibit
attractive coupling with polarons in the surface layer and repulsive interactions with

polarons in the subsurface layer of the rutile TiO> surface.

3.4 Sample preparation

3.4.1 Fixation of sample

First, we will introduce the sample fixing, which is important for sample annealing.
In our experiment, we use the Crystal Base Corporation provided rutile TiO2(110)
sample with a rectangle of 10 nm x 2.5 nm and a width of 0.5 nm. The sample is fixed

31



in sandwich structure, as shown in below:
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Figure 3.4 Schematic diagram of sample fixation method in sandwich structure.

The physical material property of bulk rutile TiO> can be considered as wide band-
gap semiconductor with a resistance dependence on the surface oxygen defects. Thus,
it is difficult to directly use electric annealing, and the oxygen defects on the surface
can lead to fluctuations in the current owing to the oxygen vacancies can introduce
localized states within the material's bandgap. These localized states can act as traps for
charge carriers, affecting the flow of current. We use the indirect method to heat and
annealing to make surface generated atomic structure. To apply a bias voltage to the
sample, two electrodes are connected to the bottom of the sample holder. These
electrodes serve as the electrical contacts for the sample. They enable the application
of a voltage across the sample, which can influence its electrical properties. In addition,
a metal tantalum (Ta) foil with a thickness of 0.1 mm is employed as a heater in the
setup. The Ta foil is responsible for generating heat and controlling the temperature of
the sample. By supplying electrical current to the tantalum foil, it heats up and transfers
thermal energy to the sample, allowing for precise temperature control during the
experiment. Besides, the insulator pyrolytic boron nitride (PBN) is sandwiched by Ta
foil to avoid the deformation of Ta foil. PBN is covered on the sandwich structure to
make temperature changes gradually. To establish electrical contact between the tip and
the TiO2 sample, a small cut PBN sheet and a Ta film are placed between the metal plate
and the TiO; sample. In general, The PBN sheet acts as an insulating layer to prevent
electrical contact between the metal plate and the TiO> sample, except through the
designated area where the cut is made. This ensures that the current flow is directed

through the desired pathway. The Ta film, on the other hand, facilitates electrical contact
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between the metal plate and the TiO> sample. It acts as a conductive bridge, allowing
the current to flow from the tip to the TiO, sample and then to the backside metal plate.

3.4.2 Sample preparation

A rutile TiO2(110)-1x1 sample is transferred to ultrahigh vacuum chamber to clean
and generate atomic structure. Usually, repeated Ar (argon) ion sputtering and high
temperature annealing are operated on the surface. The schematic of sample preparation

is shown in Figure 3.5.
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Figure 3.5 Schematic processes of sample preparation.

The new rutile TiO2(110)-(1x1) surface (shown in white color) is initially treated by
Ar ion sputtering using an ion gun. During the sputtering process, an emission current
of approximately 20 pA and an ion energy of about 1 keV are used. The vacuum
condition is maintained at a pressure of 5.0 x 10”7 Torr with a duration of 15 minutes.
After the Ar ion sputtering, the rutile TiO2(110)-(1x1) surface becomes rough due to
the bombardment of energetic ions. To smoothen and flatten the rough substrate surface
at the atomic scale, a thermal annealing step is carried out. The sample is heated to a
temperature of approximately 960 K (Kelvin) for a duration of 30 minutes. At this
temperature, the surface atoms have sufficient thermal energy to diffuse and rearrange,
resulting in a more uniform and stable surface. The thermal annealing process helps to
restore the surface morphology and remove any defects or roughness caused by the Ar
ion sputtering. It promotes the formation of a well-defined and smooth surface suitable
for subsequent experiments or characterizations. After more than 20 cycles sputtering
and annealing, clean and (oxygen vacancy dominated) reduced surface is generated

(shown in black color). And the ion-sputtering system is shown in below:
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Figure 3.6 Ion gun sputtering device.

3.4.2 Cantilever preparation

The force sensor was an iridium-coated on top of the silicon cantilever (Nano Sensors
SD-T10L100, fo ~ 1.08 MHz, and force constant ~ 900-4000 N/m). Oscillation
amplitude was 500 pm. The tip apex was cleaned at 600 K and Ar ions sputtered to
remove the contaminants. Cantilever is shown in Figure 3.7.

(@ gy (b)

- -
w9 |
.| \

™\
)
= wrigy
. e
101

.
v/ il \
e
i\ U=/
.

3400pm

A

“
»

T
3

Figure 3.7 (a) Diagram of cantilever. (b) TEM image of the cantilever.

Cantilever is fixed on the cantilever holder by graphene, as shown in Figure 3.8.

(@ ) ©

Figure 3.8 (a) Cantilever, (b) cantilever holder and (c) a fixed cantilever to the holder.
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To enhance the conductivity and improve the electrical properties of the silicon
cantilever, an iridium coating is applied on top of it. The iridium coating is a thin layer
of iridium material that is deposited onto the surface of the silicon cantilever using a
suitable deposition technique such as physical vapor deposition (PVD) or sputtering.
The iridium coating serves multiple purposes. Iridium is chosen as the coating material
due to its excellent electrical conductivity, chemical stability, and compatibility with
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silicon-based systems. It forms a durable and low-resistance interface with the silicon
cantilever, ensuring reliable electrical connections and minimizing signal loss. Firstly,
it acts as a protective layer, preventing the silicon cantilever from being damaged or
contaminated during experiments or handling. Secondly, it provides a conductive
pathway, allowing electrical signals to be transmitted between the cantilever and the
external circuitry. This is particularly important in techniques such as KPFM where

electrical measurements are performed using the cantilever.

3.5 AFM unit and operation system
In this section, we briefly introduce the experimental system and unit, including
preparation chamber, main chamber, operation unit, and detection system.

Observation ¥
chamber

TG Nt St s
Load-lock =€ Prcparation

chamber S chamber

Figure 3.9 Ultra-high vacuum NC-AFM system.

Ours machine mainly contains three parts, load-lock chamber, preparation chamber,
and main chamber. The vacuum of load-lock chamber is 1.0 x 1071° Torr evacuated by
rotary pump with turbo molecular pump, and new sample and cantilever are exchanged
from this part. The vacuum of preparation chamber is 2.5 x 107! Torr, which part is
pumped by sputter ion pump. And the sample and cantilever preparations are operated
in the preparation chamber. As for the main chamber, the temperature is kept by liquid
nitrogen at 78 K, and the vacuum below 2.5 x 107! Torr is evacuated by ion pump. All
the experiment studies are operated in the main chamber. The schematic of the
fabricated machine is shown in Figure 3.9. Observation chamber includes an inner tank
and an outer tank filled with liquid nitrogen. To minimize external heat radiation, a
triple shield is employed. By placing the measurement unit in contact with the bottom
of the dewar and immersing it in liquid nitrogen for a duration of at least two days, and
the temperature can be kept at 78 K.
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To keep measurement system stable when scanning the atomic image, external
vibration and coil spring of operation unit are used. External vibration is an active
vibration isolation platform manufactured by HERZ Company of Japan, which consists
of sensors, feedback circuit controllers, and actuators that are highly sensitive to the
external weight. The whole system is placed on the active vibration isolation platform.
During the experiment, measurements of displacement, velocity, or acceleration are
captured by the sensors. The actuator then converts the electrical voltage into a
mechanical force. Compared to passive vibration isolation systems, the active damping
system does not exhibit resonance or amplify vibrations at any frequency, making it
highly advantageous for achieving precise and stable measurements. At the unit of
operation, coil spring and magnet are used to suspend the sample stage and isolate
vibration. The magnetic damper operates by generating a magnetic field that interacts
with a magnet attached to the unit cell. This interaction creates a damping effect,
reducing the oscillations and vibrations of the unit cell. By implementing the magnetic
damper, the stability and sensitivity of the NC-AFM measurements are enhanced,
allowing for more accurate and precise imaging and analysis.

The AFM unit mainly consists of a sample stage, cantilever stage, piezo tube,
reflection mirror, and laser focusing mirror. The sample stage is connected to
piezoelectric actuator, which can allow the sample to move approaching the cantilever
and scan in three dimensions. Cantilever holder supports the cantilever and causes it to
oscillate by applying drive voltage. The signal transition is consisted by laser loop.
Namely, laser is exported from fiber transmitted to the first mirror, then reflected by
cantilever, and transmitted to the second mirror, finally collected by photodetector (PD).
And the cantilever oscillation can be reflected by the electric signal of PD.

The precise alignment of the sample stage is achieved using the stick-slip
approaching mechanism. This mechanism utilizes an approaching piezoelectric
actuator, specifically an inertial-driven shear piezoelectric element stack, which
generates stick-slip motion through stick-slip actuation technology. To reduce friction,
a sapphire plate is attached to the bottom of the stage, and a hemispherical ruby ball is
fixed on top of the actuator. The piezoelectric elements are stacked on top of each other,
and when an external electric field is applied to both sides of the stack, it induces shear
deformation of the elements. A triangular pulse wave voltage is applied to the shearing
piezoelectric elements to induce the stick-slip motion of the sample stage [18,19]. This
motion is achieved through a cyclic process consisting of stick and slip modes. During
the stick mode, the applied bias voltage gradually increases, causing the shearing
piezoelectric actuators to deform. As a result, the sample stage experiences movement
due to the friction between the ruby ball and the sapphire plate. This gradual increase
in voltage allows the sample stage to approach the desired position. Once the bias

voltage reaches its maximum value, it suddenly drops. However, due to the inertia of
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the sample stage, it cannot immediately follow the retraction of the shearing
piezoelectric actuators. By repeating this cyclic process of stick and slip modes, the
sample stage can gradually approach the tip or target position.

Next, we talk about the signal detection system. The force interaction between tip
and surface can be detected from frequency shift of oscillated cantilever, which reflects
the laser signal to the photodetector analyzed by phase-lock loop (PLL). Various
techniques have been employed to detect deflection in cantilevers, encompassing a
diverse range of methods. These include the utilization of piezoelectric force sensors,
optical beam deflection detection (OBD), and optical interferometer detection [20]. In
our system, we use OBD method, a focused laser beam is directed onto the cantilever,
and the deflection of the cantilever alters the trajectory of the laser beam. This change
in the beam's path is detected and measured using optical sensors, allowing for precise
quantification of the cantilever deflection.

Mirrorl

laser -b\ Mirror 2
/

Figure 3.10 Schematic diagram of OBD method.
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The laser beam is generated by a laser diode located outside of the chamber. To
transmit the laser into the chamber, an optical fiber is employed. And the laser beam is
directed onto the backside of the cantilever by mirror 1. A position sensitive
photodetector (PSPD) is employed to detect the laser beam reflected by mirror 2. By
adjusting the positions of the two mirrors, the laser beam can be aligned, and its spot
can be positioned precisely on the center of the PSPD. The position of the laser spot on
the PSPD can be altered due to the deflection of the cantilever, resulting in a change in
the photocurrent detected by the PSPD. The detected photocurrent is then amplified
using a voltage amplifier, typically through an I/V converter. Consequently, the
amplified voltage signal serves as the detection signal for further analysis and

measurement.
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Figure 3.11 Schematic of optical beam deflection working process.

During the scanning process, the deflection angle of both the cantilever and the laser
beam can vary in accordance with the displacement of the cantilever. These changes in
deflection angle are detected and captured as the measuring signal by the measuring
system. The displacement of the cantilever induces the deflection of angle, the
relationship can be descripted as [21]:

0o =22, (3.1)
where [/ is the length of cantilever, Az is the displacement of cantilever, and Af is the
deflection angle. The deflection of the cantilever leads to the detection signal shift of
PSPD at 2A6. And the spot signal shift Aa as shown in Figure 3.18 can be deduced:

Aa = 2A0 - s, (3.2)
here, s is the distance between PSPD and the quadripartite photodiode. Combining
equation (3.1) with (3.2), we can get the signal shift value

Aa = 3§ - Az. (3.3)

The amplification factor Aa/Az is the deflection sensitivity. In this way, oscillation
amplitude of cantilever is measured by PSPD. The laser strength is conversed by
photoelectric circuit, and then electrical signal is sent to the processor [22].
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Figure 3.12 Schematic of FM-AFM control circuit.

FM-AFM circuit is shown in Figure 3.12. Laser signal detected by PD is transmitted
to the PLL circuit, which consists of lock-in amplifier (LIA), PI controller and
numerically controlled oscillator (NCO) reflection regulator. The phase signal is
obtained and fed into the Pl-controller system. It has been observed that when the
cantilever is excited at its resonance frequency, the actual vibration phase is delayed by
90 degrees. To address this phase difference, the vibration phase signal is input to the
NCO, and then fed back to the cantilever. This feedback loop ensures that the phase
difference between the vibration signal of the cantilever and the excitation signal is
consistently maintained at -90 degrees. Furthermore, the amplitude of the detected
signal is input into an automatic gain control (AGC) circuit. From the AGC circuit, a
PI-control mechanism is employed to adjust the amplitude, aiming to match the
oscillated amplitude when it is fed back to the cantilever. This feedback loop helps
maintain a desired and consistent amplitude for accurate measurements and control of
the cantilever's vibration. Meantime, topographic image can be obtained from z
feedback signal. To measure the surface potential information, we added the KPFM

circuit in parallel to this circuit, as shown in Figure 3.13.
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Figure 3.13 Schematic FM-AFM/KPFM simultaneous measurement.

In the FM-AFM with FM-KPFM circuit, frequency shift of oscillated cantilever is
generated from AGC while keeping the constant oscillation amplitude. And the
frequency shift signal is detected by PD and split into two paths through a PLL circuit.
One path is used to measure the oscillation difference while tip-sample interaction, and
the other path is used to lock-in amplifier for KPFM circuit. The DC bias voltage (Vbc)
controller works by nullifying this signal through adjustment of its output, which is
added to the modulated AC signal from signal generator. The AC voltage as a reference
signal is demodulated by lock-in amplifier, then local surface contact potential
difference information can be obtained from applied bias voltage, showing as CPD

image.
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Chapter 4 Investigating the adsorption characteristics

of atoms/molecules on the TiO2(110) surface

4.1 Introduction

In this chapter, we first introduce the surface and subsurface defects, which are
important for surface properties, such as surface charge accumulation, the polaron
effect, and surface adsorption. And then, we show the properties of surface adsorbate
affected by surface defects. Finally, the surface adsorbates identification and operation
are achieved using AFM and KPFM techniques, which can be used to investigate the

nature of surface adsorption.

4.2 Surface and subsurface defects of TiO2(110)

Surface and subsurface defects occur on the surface structural imperfections of TiO».
These defects include vacancies, interstitials, impurities, dislocations, and other
irregularities in the crystal lattice of the bulk TiO> sample. Surface defects plays a
significant role in shaping the properties and behaviors of TiO2, particularly with
respect to surface reactions and interactions with adsorbed species. These defects can
affect surface charge accumulation, catalytic activity, and surface reactivity. For
example, surface defects can create localized electronic states that facilitate or suppress
the adsorption of molecules or atoms onto the TiO> surface. Similarly, subsurface
defects can also influence the properties of TiO» by altering its bulk structure and
surface properties. They can affect diffusion rates, charge transfer, and the stability of
adsorbates on the TiO> surface. Understanding the nature and behavior of surface and
subsurface defects is crucial for optimizing the performance of TiO>-based
semiconductor catalysis.

Oxygen vacancy is one of the most common surface defects. An oxygen vacancy is
the absence of an oxygen atom in the crystal lattice of TiO, specifically on its 2-
coordinated oxygen rows. The oxygen vacancy occurs when one or more oxygen atoms
are missing from their regular positions within the lattice structure due to ion sputtering.
Oxygen vacancies can significantly influence the surface properties and reactivity of
TiO>. On the (110) surface of TiO2, oxygen vacancies can lead to several effects. Firstly,
they create localized electronic states within the bandgap, which can affect the
electronic structure and optical properties. These states can trap charge carriers and

influence the conductivity and catalytic activity. Secondly, oxygen vacancies can alter
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the surface chemistry of TiO». They provide active sites for adsorptions.

Besides, lattice interstitial Ti atom is also a kind of defect. Ti interstitial in TiO; refers
to a titanium atom that occupies an interstitial position within the crystal lattice. It
occurs when a titanium atom is located in an interstitial site instead of its regular
position within the lattice structure. The presence of Ti interstitials can have various
effects on the properties of TiO,. They can affect the optical and catalytic properties,
alter the electronic structure and influence the diffusion and mobility of charge carriers
within the sample. Interstitial Ti atom can also influence the surface reactivity and
adsorption behaviors. They can act as active sites for adsorption and participate in
surface reactions. Therefore, the presence of Ti interstitials can modify the surface
charge distribution and influence the interaction between TiO2 and adsorbed species.

The oxygen vacancy and Ti interstitial will induce polarons on the surface. Usually,
the presence of point defects on transition-metal oxide surfaces can result in the
generation of excess electrons. These excess electrons have the ability to locally couple
with ionic vibrations, leading to the formation of small polarons. And polarons also
influence the surface adsorptions and reactions.

There is another condition that is the dynamic adsorption of water molecule on the
TiO2(110) surface. The water molecule adsorbs at a 5-fold coordinated titanium (Tisc)
site and then spontaneously dissociates at an Oy site [1, 2]. Water dissociation produces
hydrogen and hydroxyl species, whereas hydroxyl is adsorbed at titanium rows (Ti rows)
to form OH; and hydrogen bonds to oxygen rows (O rows) to form OHy. Therefore,

hydrogen-containing defects affect the characteristics of the surface [3-7].

4.3 Surface adsorption properties influenced by

surface and subsurface defects

To verify the reaction processes of molecules on TiO2(110) surface, the adsorption
mechanism needs to be found. In our research, carbon monoxide, oxygen and gold (Au)
are deposited to the surface. The reduced surface without adsorbates is shown in Figure
4.1. Oxygen vacancy is generated during sample preparation, and near the Oy is the site
0, following site 1, site 2 and site 3, which are used to statistic the adsorption sites of

molecules affected by this defect.
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Figure 4.1 Reduced TiO>(110) surface dominated by oxygen vacancy (Oy).

The reduced sample is transferred into main chamber (2.5 x 107! Torr), waiting for
the molecule adsorption (oxygen remained in the chamber). Two hours later, we can

find that some adatoms appeared on the surface, as shown in Figure 4.2.
___

[ 1 i 0] O row Ti row

Figure 4.2 Molecule adsorption on the reduced TiO2(110) surface. Different adsorption
sites are marked by colored circles.

In the topographic image, Oy shows black line at O rows. The adsorption sites of
molecules are distributed around the Oy defects. We take statistic of these atoms’
adsorption site, as shown in Table 4.1. Site 0 is black column, sitel is red column, site
2 is blue column, site 3 is light blue column, and site 4 is yellow column. From the
result of adsorption sites calculation, we can get the conclusion that site 1 is the most
preferred position for atoms adsorption.

Table 4.1 Distribution of adsorption sites of adatoms.

M Site 0
H Site 1
N Site 2
u Site 3

I Site 4
| 0

Site 0 Site1 Site2 Site3 Site4
Site

Count
S =N W R TN ®

Surface defect influences the adsorption properties can be briefly described as the
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site 1 is the stable position for atoms adsorption. The charge distribution or energy
barrier near the surface defects can be explained by polaron effect. Next ,we will show
the experimental results about surface adsorption: water molecules and hydroxyl, which
is the surface adsorption properties study.

4.4 Surface adsorbates identification and operation by

AFM/KPFM

The following section is based on the publication:
Qiang Zhu, Yuuki Adachi, Yasuhiro Sugawara, Yanjun Li*, Tip-Induced Dynamic
Behaviors of a Water Molecule and Hydroxyl on the Rutile TiO2(110) Surface.
J. Phys. Chem. C 2022, 126, 31, 13062—13068.

4.4.1 Background

The adsorption and bonding properties of hydroxyl species on metal oxide
semiconductor surfaces and interfaces are important for the understanding of catalytic
reactions. Surface charge distribution and polaron formation are also affected by
hydroxyl species. In this section, we combined atomic force microscopy and Kelvin
probe force microscopy techniques to distinguish H>O and hydroxyl (OH; at titanium
rows and OHp at bridging oxygen rows) on the rutile TiO2(110) surface at 78 K. We
achieved the manipulation of water molecules and hydroxyl groups to hop across
different rows, which is important for understanding the adsorption mechanisms of
hydroxyl and further reaction research based on semiconductor catalysis.

In this study, we identified the hydroxyl species on the TiO2(110) surface by NC-
AFM and KPFM at 78 K. We controlled the diffusion and desorption of water molecules
and OH; on the surface. Our results of the precise assignment and manipulation of
hydroxyl species would have wide interest in the applications of catalyst- and

electrochemistry-based metal oxide semiconductors.

4.4.2 Method

The experiment was performed by using a home-built NC-AFM apparatus equipped
with an OBD system under ultrahigh vacuum (2 x 10! Torr) at 78 K. The force sensor
of the NC-AFM was a commercial Ir-coated silicon cantilever (Nano Sensors SD-
T10L100, £ = 1500 N/m, fo = 1.08 MHz). The NC-AFM was operated in the frequency

modulation mode with a constant oscillation amplitude of 500 pm. A small oscillation
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amplitude increases the spatial resolution. To minimize the thermal drift, atomic
tracking and feed-forward methods were used to position the tip on top of the target

atoms.

4.4.3 Results and Discussion

The morphological features of the TiO2(110)-(1 x 1) surface were observed by NC-
AFM. The surface consists of two-fold-coordinated bridging oxygen rows (bright rows)
and five-fold-coordinated titanium rows (dark rows), as shown in Figure 1. Water exists
in the main chamber even under ultra-high vacuum conditions [8]. Some water
molecules are dissociated into OH groups, whereas others remain on the surface. In this
experiment, we obtained the morphological and CPD properties of OH; (hydroxyl
adsorbed at titanium rows), OHy (hydrogen bonds to oxygen rows), Oy, and H>O on
TiO2(110) surface by AFM and KPFM.

In AFM imaging modes, hole and neutral modes can be determined from the contrast
of OHy [9]. The contrast of OHy, appears dark in the hole mode and bright in the neutral
mode. However, it is difficult to judge Oy, Orow, and hydrogen-included species from
the topographic image. In the hole mode, the contrast of Oy is the same as that of OHy,
which is observed as a dark hole in Figure 1a. In the neutral mode, OHp is difficult to
distinguish from the oxygen row as shown in Figure 1d. Combining with the CPD
images, the contrast of Oy and OHy appears as a dark hole, and that of OH; appears as
a bright spot in Figures Ic, f, so we can distinguish these species as shown in Table S1.
The negatively charged Oa.q appears bright in topographic image 1a and CPD image Ic.
We marked double charged Oaq as O* and single charged Oaq as O™ [10, 11]. Here, Oad
was used as the reference species.
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Figure 4.3 AFM and KPFM images ((hole mode (a-c) and neutral mode (d-f)) of half-
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oxidized rutile TiO2(110)-(1 % 1) surface. (a) Topographic AFM image in hole mode.
(b, ¢) Simultaneous nc-AFM and KPFM measurements in the same area. The contrast
of OHy in (b) is the same as that of Orw shown bright, whereas OHy, shows dark spot in
(a). The CPD contrast of OH shows darker than that of Oy in (c). (d) Topographic AFM
image in neutral mode. (e, f) Simultaneous nc-AFM and KPFM measurements in the
same area. Imaging parameters: fo = 1.081 MHz, 4 = 500 pm, Q = 21,707, and T =78
K.

It is noted that for Figure 4.3(a), only AFM was carried out, and for Figures 4.3 (b,
c), AFM and KPFM measurements were simultaneously carried out. The contrast of
OHp in Figure 1b is different from that in Figure 4.3(a), because the bias of KPFM
automatically compensates the surface constant potential, inducing an electrostatic
interaction between the tip apex and OHp. In KPFM images, the positively charged Oy
and H of OHy appear as a dark contrast, whereas OHy is darker than Oy. The
configuration of water molecule consists of a dark spot combined with a bright spot
enclosed by rectangles, whereas that of OH; consists of one bright spot enclosed by

rhombus, as shown in Figure 4.3(f).
Identification of OH species
The contrast of topographic and Vcpp images with all species in Figure 1 are shown

in Table 4.2.

Table 4.2 List all types of species and appearances by two different tip apexes (Si or

OH and positive charge)
Hole mode in (a)-(c) Neutral mode in (d)-(f)
AFM KPFM AFM KPFM
0/0* Bright Bright Bright Bright
Oy Dark Dark
OH, Dark Dark Bright Dark
OH; Bright Bright
H>O Bright with dark | Bright with dark

To confirm the species of adsorbates, the manipulations of the hydrogen and oxygen
were performed. Firstly, we applied a pulse to the sample at the site indicated by black
arrow as shown in Figure 4.4. After the manipulating, we found that the black line
disappears, which indicates the hydrogen desorption from the surface as shown in
Figure 4.4(b). Then, we applied a positive bias from 0 V to 1.5 V on top of oxygen atom
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for further manipulation. After the manipulating, the oxygen became brighter, which
indicates the oxygen charged as shown in Figure 4.4(c). The operated OH; is enlarged
in the black rectangle. From the manipulation results, it can be confirmed that the
adsorbed specie is OH [12,13].

Figure 4.4 OH; manipulation. (a) Voltage pulse at the site indicated by black arrow. (b)
and (c) are manipulation processes of hydrogen desorption and oxygen charged. The
first process from (a) to (b) is hydrogen desorption from surface as shown in the
enlarged black rectangle. And the second process from (b) to (c) is oxygen charging
process. Size: 11 x 1.5 nm?.

From the manipulation results of hydrogen desorption and oxygen charged, we can
deduce two possible structures of the adsorbed species as shown in Figure 4.5. One
structure is OHp with Oaq, and the other structure is OH:.

H

o) OH,

Figure 4.5 Ball model of adsorption structure on TiO2(110) surface. Bright blue balls:
Oxc; dark blue balls: Osc; red balls: Ti.

To confirm the adsorption configuration of OH, the bias voltage of 1 V was applied
to the sample during scanning in constant height mode. Figure 4.6 shows the forward
and backward topographic images, respectively. We found that the difference of AFM
images between forward and backward processes, which indicates hydrogen swing

from left side to right side (see block arrow) as shown in black circles.
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Figure 4.6 Electric field induced hydrogen swing at each side. AFM images of (a)
forward and (b) backward. The bias voltage of 1 V on the sample. Size: 10 x 4 nm?,

Next, we investigated the effect of hydrogen swing by the force. In detail, the
adsorption structure of OH depends on the tip-sample distance. When the tip-sample
distance decreased, we found that hydrogen swing at two different sides from right in
Figure 4.7(a) to left in Figure 4.7(b) (see black arrows).

-

Figure 4.7 Force induced hydrogen swing at each side. AFM images of (a) forward and
(b) backward (bias voltage 0 V). Size: 13 x 6 nm>.

Based on the induced hydrogen swing resulting from bias and force, we can ascertain
that the structure is OH;. Conversely, achieving hydrogen swing over the O.q in OHy

solely through force interaction without external energy (bias voltage) proves
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challenging [14,15].

Figure 4.8 shows the topographic images of O* and OHy on TiO2(110) surface in
neutral and hole modes, respectively. From the line profiles in Figure 4.8 (b)(e), we find
that the height difference between OHy, and the oxygen row is 36 pm. We also carried
out frequency shift spectroscopy, and the results are shown in Figure 4.8(c)(f). With the
decrease in tip-sample distance, the frequency shift at the OHy site first decreases, then
increases, and finally decreases, whereas the frequency shift at the O site always
decreases. These results are in good agreement with the calculations and experiments
[16-18]. Therefore, the identification of OHy can be preliminarily distinguished by the
height difference and the frequency shift spectroscopy.
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Figure 4.8 AFM images in neutral and hole modes (10 x 6 nm?). (a) Topographic image,
(b) line profiles, and (c) frequency shift spectroscopies in neutral mode. (d) Topographic
image, (e) line profiles, and (f) frequency shift spectroscopies in hole mode. O*, black
line; OHy, red line; and oxygen row, blue line. The height difference of OHy was
measured from the oxygen row to OHy. Imaging parameters: fo = 1.081 MHz, 4 = 500
pm, O =21,707,and T =78 K.

Next, we discuss the presence of a double peak in the frequency shift spectroscopy.
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We consider that the tip was terminated by an OH group [19]. The interaction between
the tip apex and OH can be speculated such that the hydrogen on the tip apex repelled
the hydrogen of OHy, with decreasing the tip-sample distance. Hence, attractive
interaction between the tip apex and OHy, increased and then decreased, and hence, the
first minimum of frequency shift appeared, and the hydrogen of the tip apex moved
away. Then, attractive interaction between the oxygen of the apex and the hydrogen of
OHp increased with further decreasing the tip-sample distance, and the frequency shift
decreased again as shown in the red curve in Figure 4.8(c)(f). As for the bridging O site,
the attractive interaction between OH on the tip apex and O increased, so the frequency
shift shows a parabolic shape.

In the hole mode, we manipulated the OHy species many times. Here, we present the
results of two consecutive manipulations, as shown in Figure 4.9. The tip was moved
to the position marked by the blue arrow, and the bias voltage was applied to the sample
[20, 21]. The voltage was gradually increased until a jump of the frequency shift
occurred, as shown in black curves in Figure 4.9(d)(z). After applying the sample bias,
the dark holes disappeared, as shown in Figure 4.9(b)(c). The jump of the frequency
shift in the black curve indicates that the hydrogen desorbed from OHy. The black and
red arrows between the topographic images and frequency shift spectroscopies indicate

the manipulation cycles in the order of Figure a —d —b —e —c.
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Figure 4.9 OHp manipulation in hole mode. Topographic images (a) before and (b, c)
after manipulation. (d, e) Frequency shift spectroscopies during (black curves) and after
(red curves) manipulation. The positive bias sweep was applied from the sample to the
tip. The black and red arrows indicate the forward and backward bias sweeps,
respectively. Imaging parameters: Af=320 Hz, fo=1.081 MHz, 4 =500 pm, 0 =21,707,
and T= 78 K. Size: 10 x 1.5 nm?.
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The tip-induced reaction in hole and neutral modes are different, although similar
bias voltages are applied to OHp. In the hole mode, the hydrogen desorbs from OHp
after manipulation. In the neutral mode, the hydrogen atoms of OHp hop along the
oxygen row, as shown in Figure 4.10. The manipulation cycles can also be performed

in the order of Figureb - f —-c — g —d.
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Figure 4.10 OHp manipulation in neutral mode. AFM images (a) before and (e) after
manipulation. (b-d) OHy manipulation processes. (f, g) Frequency shift spectroscopies.
The positive bias sweep was applied from the sample to the tip. Black and red arrows
indicate the forward and backward bias sweeps, respectively. Imaging parameters: Af =
320 Hz, fo = 1.081 MHz, 4 = 500 pm, Q = 21,707, and T = 78 K. (size in (a) and (e):
5.5 x 1.5 nm?; size in (b)-(d): 3.5 x 1 nm?).

In the neutral mode, we operated hydrogen atoms by consecutive manipulations, as
shown from Figure 4.10(b-d). Figure 4.10(f, g) shows the frequency shift
spectroscopies. The white dashed circles indicate the initial hydrogen position. After
manipulation, the hydrogen of OHy hopped to the upper oxygen site and did not desorb
from the surface, as shown in Figure 4.10(c, d). It has been pointed out that the
manipulation of OHp in the neutral mode is different from that in the hole mode. In
detail, the bias voltage was gradually increased until the manipulation event was found,
and then the bias was decreased to 0 V. When the bias voltage was applied to the sample,
a local electric field between the tip and the hydrogen atom was generated. The time of
application of the bias was 3 ms in both modes. In the neutral mode, the tip apex is not
active. The local electric field enabled the hydrogen atom to overcome the energy
barrier and diffuse on the surface without desorption. In the hole mode, the tip apex is
positively charged and active. The combination of the local electric field and the tip-
atom interaction deformed the potential energy of the hydrogen atom, enabling the
hydrogen atom to overcome the energy barrier and desorb from the surface.

Before demonstrating the manipulation of water molecule and OH; in the hole mode,

we first confirm the configuration of OHy, which is shown in Figure 4.4. The results of
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two consecutive manipulations show that the configuration of the adsorbate is a
combination of hydrogen and oxygen, and its model is shown in Figure 4.5. From the
results of the hydrogen shift upon applying a weak bias voltage (Figure 4.6) and the
force interaction between the tip and the atom (Figure 4.7), we can confirm that the
adsorbed specie is OHy.

To understand the chemisorption property of hydrogen-containing species for the
study of catalytic reactions, we manipulated a water molecule and hydroxyl on the
surface. We chose the target area to operate the water molecule enclosed in the black
rectangle in Figure 4.11. Before manipulating, we turned on the atomic tracking
function to decrease the thermal drift of the relative positions. The tip was moved to the
left of the water molecule marked by the blue arrow. A bias voltage was gradually
increased until the manipulation event was found and then returned to zero. The current
signal was monitored during the manipulation, as shown in Figure 4.11(f, g). After the
bias voltage was returned to zero, an AFM image of the same area was obtained
immediately, as shown in Figure 4.11(c). We found that the water molecule hopped to
the adjacent Ti row: the manipulation sequence is in the order of Figure 4.11(b) —
4.11(f) — 4.11(c). Then, we moved the tip on top of the water molecule and applied the
same bias voltage to the sample, and the water molecule desorbed from the surface as
shown in the order of Figure 4.11(c) — 4.11(g) — 4.11(d). The manipulation of the
water molecule is more difficult than that of OHy, so we extended the integration time

of bias sweep to 10 s to improve the success rate.
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Figure 4.11 Manipulation of water molecule on the TiO>(110) surface. (a) Initial and (e)
final AFM images. (b-d) AFM images of consecutive manipulations. /- curves in (f)
and (g) during manipulation. The bias voltage ranged from 0 to 1.6 V. The black and
red arrows indicate the forward and backward bias sweeps, respectively. Imaging
parameters: Af =320 Hz, fo = 1.081 MHz, 4 = 500 pm, O = 21,707, and T =78 K. (size
in (a) and (e): 7 x 7 nm?; size in (b-d): 8 x 3.5 nm?).
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The entire manipulation cycles can be performed in the order of Figure b — f — ¢
— g — d. The manipulation of the water molecule is based on the local electric field
and tip-atom interactions. When the bias voltage was larger than 0.96 V, the current
decreased, which can be regarded as an event that happened. The current flow was also
disturbed by the hopping of the water molecule, as shown in Figure 4.11(f, g). We
manipulated OH; in the same way, as shown in Figure 4.12.
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Figure 4.12. Manipulation of OH; on TiO2(110) surface. AFM images (a) before and (b)
after manipulation. (c¢) I-V curve during manipulation. The bias voltage ranged from 0
to 1.6 V. The black and red arrow indicates the forward and backward bias sweep,
respectively. Imaging parameters: Af = 320 Hz, fo = 1.081 MHz, 4 = 500 pm, O =
21,707, and T =78 K. (size in (a) and (b): 8 x 2 nm?).

The OH; can be manipulated in the order of Figure a — ¢ — b. The tip was moved
near the OH: site indicated by the blue arrow in Figure 6a, and the bias was gradually
increased until a current was formed, and then returned back to zero (Figure 4.12(c)).
Then, the AFM image in Figure 4.12(b) was immediately obtained after the forward
and backward bias-current sweep in Figure 6¢. After the bias sweep, OH¢ hopped to the
adjacent Ti row. The small scratch of the manipulated OH: in Figure 4.12(b) indicates
the dynamic adjustment of H atom. After that, the OH: cannot be manipulated even
when a larger bias voltage was applied to the sample, owing to the enhancement of the
adsorption energy of OH; by the adjacent Oaq.
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Figure 4.13 Ball model and corresponding manipulation mechanism of (a) the water
molecule and (b) hydroxyl (OHy). The black arrows indicate the direction of movement
of the water molecule and hydroxyl. The blue arrows indicate the perturbation of the
potential. The ball surrounded by dashed lines indicates the position of the water
molecule and hydroxyl after manipulation. The solid and dash curves indicate the
potential energy depending on the position of adsorbates and the bias between the tip
and the sample. Bright blue balls, Oxc; blue balls, Osc; red balls, Ti; dark balls, O of
H>O; white balls, H of H>O.

The ball model is introduced to illustrate the manipulation mechanism of the water
molecule and hydroxyl, as shown in Figure 4.13. In the first step, the tip was placed
close to the water molecule, and then a bias voltage was applied to the sample,
generating a local electric field from the sample to the tip. In this manner, the water
molecule overcame the diffusion energy barrier and jumped to the adjacent Ti row
under the effects of the local electric field and tip-molecule interactions. When the
second bias was applied on top of the water molecule with a longer integration time,
the vertical electric field provides energy that, when combined with tip-molecule
interaction, induces the water molecule to desorb from the surface. The same process
for OH: is shown in Figure 7b. The longer integration time increases the success rate of

operation.

4.5 Conclusions

In this chapter, we clarified the OH species in the neutral and hole modes and
demonstrated the manipulation of a water molecule and OH; on the TiO2(110) surface
by AFM and KPFM at 78 K. The manipulation was induced by applying a positive
sample bias, which generates a local electric field. The combination of short-range force
and a local electric field stimulates species to overcome the energy barrier and hop on

the surface. We hope that the manipulation of water molecules and hydroxyl groups
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with an atomic resolution can be used for understanding the mechanisms of reactions
based on semiconductor catalysis. The identification of adsorptions is essential for

researching the surface and surface adsorption property.
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Chapter 5 Investigating the adsorption properties of

CO molecules on the TiO2(110) surface

5.1 Introduction

In this chapter, we first introduce the adsorption of CO molecules on the TiO2(110)
surface at 78 K. CO adsorption characteristic is important for the studying of CO
oxidation. We discuss the CO movement properties in one- and two-dimensional. The
study and operation of CO movement can be used to find the suitable site for the

catalytic reaction of CO molecule with O,.

5.2 The adsorption of CO molecules on the TiO»(110)

surface

To find the mechanism of CO oxidation process, the adsorption property research of
CO molecule on the TiO2(110) surface is important. Studying the fundamental steps of
catalytic reactions on metal oxide surfaces yields valuable insights in various
technological fields, including heterogeneous catalysis, gas sensors, photo-catalysis,
and the photooxidation of organic pollutants. Rutile TiO,, a wide band gap
semiconductor with a band gap of 3.0 eV, particularly its (110) surface, has emerged as
a model system for investigating reactions on metal oxide surfaces. The interaction of
molecular oxygen with TiO> surfaces has gained significant attention due to its
involvement in photooxidation and water splitting reactions as talked in chapter 4.
Temperature programmed desorption (TPD), electron stimulated desorption (ESD), and
STM have been employed to investigate different aspects of oxygen chemistry on
TiO2(110). At low temperatures and high O> coverage surface, physisorption of O; has
been observed. Chemisorption of more than one O, molecule at an oxygen vacancy site
has been reported in previous chapters, and two distinct channels of O» dissociation
have been identified. To gain a deeper understanding of catalytic reactions involving
oxygen on TiO; surfaces, studies of adsorbed species with oxygen are necessary.
Despite notable advancements in this field, there has been only one reported STM
investigation on the interaction between an oxygen adatom and CO adsorbed on
TiO2(110). Furthermore, there has been limited correlation between results obtained
from atomic-scale techniques and ensemble-averaged techniques.

Some researchers have investigated the interaction between molecular CO and
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atomic O adsorbed on a reduced TiO2(110) single crystal surface. To explore the
interaction, they employ various techniques including STM, ESD, TPD, and DFT
calculation. Findings reveal the presence of an attractive interaction between the two
adsorbates, as evidenced by the formation of surface CO-O and CO-O-CO complexes.
To complement the atomic-scale results, they also present results from ensemble-
averaged techniques such as ESD and TPD, which further support the observed

interactions. The adsorption model is shown in below.
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Figure 5.1 Adsorption model of CO molecule influenced by surface defects: Oy, Ti

interstitial, and oxygen adatom.

Because of the surface and subsurface defects, adsorption property of CO molecules
is strongly influenced by these defects. In the further research, the detailed CO
adsorption properties are verified.

5.3 CO molecules motion in one- and two-dimensional

The following section is based on the publication:

Qiang Zhu, Yasuhiro Sugawara, Yanjun Li*, Exploration of CO Movement
Characteristics on Rutile TiO2(110) Surface.
Colloid Surface A 2023, 656, 130402.

The interaction of adsorption molecules with surface active sites of catalysts is the
basis of understanding catalytic reactions, which requires knowledge of adsorption
energy, thermal stability, and charge distribution. The investigation of adsorption
properties of surface adsorbates, such as surface molecular adhesion, charge transfer
induced conversion of the chemical state, and molecular dynamic behaviors, is also
essential for characterizing the catalytic reactions based surface catalysis [1-9]. The
most important application of the CO oxidation reaction on metal oxide surface has
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attracted considerable interest for a long time [10-16]. The investigation of CO
adsorption properties on different surfaces by SPM is the initial step towards
understanding the fundamental mechanism of CO oxidation [17-21]. Studies as that of
CO molecule manipulation have been proposed to examine the vibrational excitation
molecular dynamic behavior in various surfaces [22-24]. The adsorption configuration
of CO molecules on a metal surface was explained by multistep excitation, which is
used for clarifying the equivalent molecular orientations: metal-carbon stretching v (M-
C) and C-C stretching v (C-C). Komeda et al. demonstrated the electron-stimulated
migration of CO molecules adsorbed on a Pt(110) surface with the C-O stretching mode
by STM [25]. Morgenstern et al. also confirmed the three-body interaction between
diffusing CO molecules by an experimental method [26]. Long et al. proposed that CO
adsorbates promote polaron photoactivity on reduced rutile TiO2(110) surface [27].
They found that the adsorbed CO attracts polarons to the surface, allowing them to
participate in catalytic processes with CO. The adsorption property of CO molecules
on TiO; surface was measured to understand the elementary processes of CO activation
on a catalyst surface [28,29]. NC-AFM is an excellent tool not only for characterizing
the atomic structure but also for detecting the force interactions between the NC-AFM
tip and the surface. The lateral force induced one-dimensional CO movement along Ti
row at the TiO; surface by AFM has been proposed, and the force component between
the tip and the adsorbate can be directly measured without electronic influence.

In this chapter, we will show two adsorption (stable and movement) states of CO
molecules on rutile TiO2(110) at 78 K. The effect of oxygen adatoms on CO adsorption
is verified by force interaction between CO and the tip apex, and the two-dimensional
movement state can be achieved with short-range force. The characteristic of CO
movement on TiO2(110) surface is detected by NC-AFM with the lateral drag mode of

the oscillation cantilever.

5.3.1 Experimental conditions

The experiment was measured with an OBD unit UHV (5.0x10!! Torr) at 78 K. The
NC-AFM was operated in the frequency modulation detection mode. To compensate
the thermal drift, atomic tracking method was used, and the sample bias Vs was applied
at 0 V to prevent the tunneling current effect. The force sensor was an iridium-coated
silicon cantilever (Nano Sensors SD-T10L100, fo = 1.08 MHz, and spring constant k =
1500 N/m). Oscillation amplitude 4 was 500 pm. The tip apex was cleaned by annealing

at 600 K and Ar ions sputtering to remove the contaminants.
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5.3.2 Results and Discussion

A rutile TiO2(110)-(1x1) surface contains two-fold coordinated oxygen atoms rows
with bright contrast and five-fold coordinated titanium atoms with dark contrast.
Usually, the oxygen of the oxidized surface participates in catalytic reactions; therefore,
oxygen molecules were exposed to the surface to heal the Oy and to trap free electrons.
In addition, the dissociation of oxygen molecules on the rutile TiO2(110) surface also
generates Oad, Which affect surface properties [30-32]. The study of CO adsorption
characteristics was carried out on the oxidized TiO2(110) surface. All AFM images are

obtained in neutral mode [33,34].
(a)'I : l (C) -I

Figure 5.2 CO molecule adsorption and movement at 78 K on the TiO2(110) surface.

CO was exposed to the surface while obtaining the stable topographical image; then,
dark spots appeared, as shown in Figure 5.3. There were two states (stable state and
movement state) of CO molecules in the experiment because CO diffusion and
desorption easily occur on the TiO2(110) surface at 78 K [35]. The contrast of CO in
movement state shows a triangle shape compared with the stable state that shows a dark
spot, as shown in Figure 5.3 [36].
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Figure 5.3 Stable state CO molecules on the TiO2(110) surface. (a) Topographic image
of the stable CO molecules on TiO: surface at far tip-sample distance. (b) Frequency

shift spectroscopy measured on top of CO molecule marked by white arrow. (c) Bias
Vs Z spectroscopy.
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The dark spots observed in Figure 5.3(a) correspond to the CO molecules on the Ti
rows in the stable state. How to judge the CO molecules? We measured the frequency
spectroscopy on top of dark spot as shown in Figure 5.3(b). According to existing

results, two minimum value of the spectroscopy indicates the interaction between CO
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with tip. Besides, as shown in bias spectroscopy of Figure 5.3(c), the increasing LCPD
value from constant value, coupled with the decreasing tip-sample distance, indicates
the presence of a dipole moment within the CO molecule, where the electron of the
covalent bond shifts from the carbon atom to the oxygen atom.

The conversion state of CO from the stable state to the movement state can be
achieved by decreasing the tip-sample distance approximately 10 A in the experiment.
By decreasing tip-sample distance, the CO movement direction was consistent with the
scanning direction, and finally stopped near the Oqq site. In the NC-AFM manipulation
mode, one-dimensional movement of CO molecules on the surface is induced by the
repulsive lateral force in the “pushing” mode, which is considered to be due to the
potential between the surface and the CO molecules being perturbed by the tip, namely,
the tip-induced potential reorganization [37-40]. The tip-induced potential contains
chemical, van der Waals, and electrostatic force. In atomic experimental measurements,
the tip-induced potential is dominant in the on-surface molecular lateral manipulation.
When the tip approaches the CO molecules, the lateral force breaks the potential
landscape of CO on top of the Ti atom and pushes it to hop along the Ti row. Moreover,
the adsorbed oxygen atoms also have a strong effect on the CO adsorption and
movement properties even the tip interacts with CO. Three consecutive scanning results
regarding the CO movement affected by the Oaqg are shown in Figures 5.4(a) to (c).

(a) : )m

[110]

[To0]

Figure 5.4 Topographic images under consecutive scanning of the same area on rutile
oxidized TiO2(110) surface with CO molecules (0.05 L). (a) Many unstable CO
molecules are shown as dark spots. (b) Few stable and unstable CO molecules. (c)
Stable CO molecules near Oaq. Desorption of some unstable CO molecules indicated
by white arrows. (Imaging parameters: Af = 380 Hz, f. = 1.08 MHz, A =500 pm, Q =
18707, T =78 K, size: 6.5x6 nm?)

The surface CO molecules may exhibit small thermal vibration because of the finite
temperature ~78 K. Therefore, the number of CO molecules decreased after scanning
many cycles, and the desorbed CO molecules were marked by white arrows, as shown
in Figures 5.4(a) to (c). Finally, CO stopped near the Oaq sites, as shown in Figure 5.4(c).

Here, the atomic defects on the surface and at the subsurface introduce excess electrons
60



to the surrounding lattice, leading to polarons bound to the defects and local chemistry
on the TiOz surface. Thus, CO molecules will choose a suitable site for their adsorption,
such as Oy sites, and next-nearest-neighbor Tisc sites (NNN-Tisc). On the oxidized
surface, negatively charged oxygen atoms act as non-equilibrium sites, breaking the
potential landscape, thus attracting CO molecules that become stable at oxygen sites
[41-43]. While OHt is not activity site, which does not enhance the CO adsorption [44].
Therefore, CO at OH; site always desorbs. Furthermore, we measured the force
spectroscopy on top of the CO molecule to identify the Oaq effect on the CO adsorption
property, as shown in Figure 5.5.

Force (nN)
. =)
o

3.2

'} 1 L 1 1
-0.26 0.13 0.00 0.13 0.26
Z (nm)

Figure 5.5 Oaq effect on CO adsorption. (a) Topographic image of CO adsorption at
different Oqq sites with relative ball models. (b) Force spectroscopy of CO at different
Oad sites. Z is the relative tip-sample distance. Bright blue balls, Oxc; blue balls, Osc; red
balls, Ti; gray balls, C of CO; white balls, Oag and O of CO. (Imaging parameters: Af =
127 Hz, f;= 1.08 MHz, A = 500 pm, Q = 18707, T =78 K, size: 8.5x3.5 nm?)

Figure 5.5 shows three different CO adsorption sites. The stable state was measured
while CO was adsorbed near the Oqq Site, as shown in Figure 5.5(a). The force curve
shows two minima value of CO in the Tisc site in the supplementary information,
corresponding to the weak physical and strong chemical interactions between the tip
and the CO molecule. In Figure 5.5(b), the force curves show the parabolic shape. This
indicates that CO undergoes a chemical interaction with the tip under the effect of
adjacent adsorbed oxygen. When CO is near two Oaq Sites marked by the number 1, the
force is larger than that located near one Ogq site, marked by number 2. The force is the
largest when CO is surrounded by Oaq, marked by number 3. This result demonstrates

that the potential landscape is disturbed by Oad, Which strongly affects the CO
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adsorption property. Therefore, we can conclude that CO adsorption at the oxygen site
induces a stronger interaction with the surface. And the related model is shown in
Figure 5.6.

Figure 5.6 CO adsorption model enhanced by Oqg.

Because of the interaction of electron gas, positively charged CO molecule can be
enhanced by negatively charged oxygen adatoms. The effect of Oag on CO adsorption
can be considered a topic of future CO oxidation catalytic research. Thus, the
manipulation of CO at a suitable adsorption site is a crucial point in its oxidation
reaction. Next, we will discuss a new phenomenon, two-dimensional CO movement on
the TiO2(110) surface at 78 K.

We herein focus on the dynamic behavior of the observed CO movement in two
dimensions. The common tip apex usually induces CO movement in one dimension
because the lateral component of repulsive force between the tip and the atoms is
dominant. Here, we modified the tip apex to operate the CO molecules hopping over
the Ti row and moving in two dimensions. The functionalized tip apex was terminated
by oxygen atom, which is active for CO molecules not only in one-dimensional
repulsive interaction but also in a lateral drag interaction. We applied the voltage bias
on top of the oxygen atom at the TiO2(110) surface. In this way, the oxygen atom can
be picked up by the tip. The detailed description was given in a previous paper [45].
Next, we will show the two-dimensional transmission of CO molecules on the TiO2(110)
surface.
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Transfer state

(@)

Figure 5.7. Two-dimensional movement of CO molecules on TiO2(110) surface,
operated using oxygen-terminated tip apex. (a) Topographic image of CO movement
in two-dimensional. Upward and downward shapes of CO molecules are indicated by
black and gray triangles, respectively. (b) Enlargement of black dashed rectangle area
in (a). CO skips over the Ti row indicated by cross arrows. A single CO molecule
movement along the Ti row on the right side is indicated by the longer gray arrow.
(Imaging parameters: Af = 125 Hz, f.= 1.08 MHz, size a: 6x7 nm?; size b: 3x4 nm?.)

Two-dimensional movement of CO molecules are shown in Figure 5.7. The scanning
direction was from down to up. Compared with the previous contrast of CO movement
in one dimension, we found that the contrast of CO movement showed two structural
shapes simultaneously, namely upward (black) and downward (gray) triangles, as
shown in Figure 5.7(a). As we can see, in the transfer state marked by black and gray
arrows, the bottom of upward triangles and that of downward triangles are at the same
level. The two structural shapes reflect CO molecules in different states, corresponding
to the two-dimensional movement of CO molecules movement with the scanning
direction simultaneously [25]. CO on the right side hopped in one dimension, marked
by the gray arrow shown in Figure 5.7(b). The transfer state in the middle part marked
by the black dash rectangle shows CO skipping over the Ti row and moving in two-
dimension on the surface. The two-dimensional manipulation of CO molecules can be
regarded as a strong chemical interaction between the functionalized tip apex and the
CO molecules, inducing the CO molecules to overcome the energy landscape and move
around the surface. Compared with the vibrational excitation of CO molecules on metal
surface, NC-AFM avoids the desorption of CO molecules on the TiO> surface at 78 K,
making it effective for the manipulation of CO molecules moving to active sites to react
with oxygen. The related mechanism is described below.
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Figure 5.8 Mechanism of two-dimensional movement of CO molecules on TiO2(110)
surface. (a) Topographic image of CO movement. (b) One-dimensional and (c) two-
dimensional movement models of CO molecule. (d) Force maps of CO molecule in
three different states at different tip-sample distances, from up to down indicates stable
(Af = 100 Hz), one-dimensional (Af = 115 Hz) and two-dimensional movement (Af =
125 Hz) of CO molecule. (e) And (f) Line profiles of CO movement in one-dimensional
and two-dimensional, respectively. Marked by red and black dash lines in (a). The
height difference of one-dimensional movement is not obvious, while the height
difference of two-dimensional is obvious in adjacent hopping. Bright blue balls, Ox;
blue balls, Ozc; red balls, Ti; gray balls, C of CO; white balls, O of CO. (Imaging
parameters: Af = 125 Hz, f; = 1.08 MHz, size a: 3x4 nm?)

The one-dimensional and two-dimensional movements of CO molecules on the
TiO2(110) surface are shown in Figure 5.8(a). Tip-induced CO movement vibration
interaction is displayed in Figure 5.8(d), which reveals the force field of CO molecules
under three different states. We tried to measure the Af as a function of both the vertical
and lateral tip position for the force-induced two-dimensional movement of CO
molecules. However, the gradient of force spectroscopy measurements of two
dimensional were difficult to obtain due to instability of CO molecules at 78 K. Figures
5.8(b) and 5.8(c) show the one-dimensional and two-dimensional movement models,
respectively. The lateral force induced tip pushing mechanism for adsorbates moving
on the surface has been reported, such as the movement of molecular CO on Cu(211)
and Ag atoms on an Ag(110) surface [46,47]. The repulsive interaction between the tip
and CO induces the pushing mode of CO movement. Furthermore, oxygen on the tip
apex also interacts with CO and the force cause CO to overcome the energy barrier and
hop to the adjacent Ti row. The contrast of CO molecules hopping in two states is
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different, and we measured the line profiles of one-dimensional and two-dimensional
movement states marked by red and black lines in Figure 5.8(a), as shown in Figures
5.8(e) and 5.8(f), respectively. The height difference of CO hopping across Ti row in
[110] direction is ~10 pm smaller than that of CO hopping along Ti row in [001]
direction.

The vector force F(X, y, z) is deduced from the cantilever frequency shift Af(z) [48,49].
Using the Sader-Jarvis formula, Af(z) can be converted to F;(2).

_ o Al? A2 aaf/fy)
F(2) = 2k J; (1+—8 n(t_z)>Af/f0 AT e (1)

here, z, k, and A are the oscillation amplitude of the cantilever, the spring constant, and

the vertical position. Then, potential U(z) is obtained by the integration of F;(z) as
U(z) = — [ZFz(t) dt, (2)

then, vertical and lateral forces are calculated by deducing the derivative of the U(z) in

three directions:

Fv(x,z) = —%, (3)

FL(x,z) = —%, 4)
ou(y,

FL(y,2) = =222, (5)

By keeping a certain interaction setpoint of the oscillation tip and CO molecule, the
vertical force F, causes the CO molecule to overcome the energy potential and the
lateral force parallel to the Ti row, F7., causes the CO molecule to hop in the scanning
direction. Moreover, the lateral force perpendicular to the Ti row, Fy,, causes the CO
molecule to hop to the adjacent row.

5.4 Conclusion

We reported the adsorption and motion of CO molecules on a rutile TiO2(110)-(1x1)
surface at 78 K. We found that oxygen adatoms strongly influence the CO adsorption
and mobility properties. Furthermore, the oxygen-terminated tip apex was used to probe
the CO movement and enable the CO molecule to hop to the adjacent Ti row, achieving
the two-dimensional manipulation of CO molecules. The result of CO movement in
two-dimensions on TiO»(110) surface will be of interest for the CO catalytic reaction at

a precise site.
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Chapter 6 Investigation of Au nanoclusters on the
Ti102(110) surface

6.1 Introduction

In this chapter, we first introduce the Au mediated catalytic reactions, which is an
important topic for surface catalysis. And then, the charge states of Au nanoclusters
were identified, which is essential to confirm the processes of CO oxidation with
positively charged or negatively charged Au participating reaction. Finally, the CO
oxidation was obtained on the TiO>(110) surface by applying bias voltage at 78 K.

6.2 Au mediated surface catalytic reactions

Understanding the mechanism of the superior catalytic power of heterogenous
catalysts is an important topic in surface chemistry [1-4]. Single- or few-atom catalysts
have gained attentions due to their high efficiency, activity, and stability. Noble metals,
such as Pt, Pb, Co and Au have been introduced to the metal/semiconductor surfaces to
investigate the high efficiency of surface catalytic reactions [5-8]. The principal role of
the supported metal was initially recognized the increase in the metal dispersion and
surface area, and the stabilization of the active component. At subsequent research, the
physicochemical interactions between the metal and the substrate had been discovered,
which strongly influence the catalytic performance through carrier effects [9-11]. The
specific carrier effect was firstly observed between the platinum metals and TiO.. Based
on this catalytic system, the classical strong metal-support interaction was put forward.
Recently, single-atom catalysts have become a novel research topic of catalysts,
suggesting that smaller nanoclusters could play an important role.

Therefore, the catalytic activities of supported noble metals strongly depend on size-
and configuration [12-16]. In heterogenous catalysts, this is a particularly the case for
gold nanoclusters on rutile TiO2, which is an efficient catalytic system. Rutile TiO; is
an active semiconductor material in industrial applications due to its excellent optical,
electrical, and catalytic properties. The electron transfer from TiO> to gold nanoclusters
leads to markedly improved stability and activity in catalytic reactions. Recent studies
have revealed the factors of structure, size, facets, and charge state of nanoclusters [17-
20]. The charge state of Au atoms and nanoclusters has been a subject of considerable
debate in catalytic studies, particularly in the oxidation of CO molecules. Verifying the

detailed charge participation in the binding process of CO oxidation remains a
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challenge. Tremendous progress has been made in SPM. Probing the charge state of
adatoms on supported surface has been demonstrated by scanning tunneling microscopy.
However, this technique requires a conducting tunneling junction, which is
incompatible with any material. Here, the charge properties of Au on TiO; surface can
be demonstrated by measuring LCPD maps, which can directly reflect the charge states
of Au without considering the conductivity characteristics of substrate.

In this chapter, we present the measurement of charge states of Au particles on the
rutile TiO2(110) surface with atomic resolution by NC-AFM and KPFM. Different
adsorption sites and configurations induced differently charged properties of Au are
identified.

6.3 Charge states identification of Au nanoclusters

All processes of sample preparation were operated in a vacuum chamber. First, the
sample was sputtered with Ar ions of energy 1 keV for 15 min and annealed at 950 K
for 30 min. After 20 cycles, a reduced TiO2(110)-(1x1) surface can be obtained. Next,
oxygen was exposed to the surface in the preparation chamber under a pressure of
5.0x10” Torr and the oxidized TiO2(110)-(1x1) surface was obtained. And then, the
sample was transferred to the observation chamber at 78 K. After the temperature of
the sample decreased to 78 K, Au was deposited on the surface by an evaporator (EFM3

Omicron).

6.3.1 Experimental methods

The experiment was performed at a home-build ultrahigh vacuum (5.0x10!! Torr)
NC-AFM system under 78 K. The NC-AFM system was operated in the frequency-
modulation mode, which is sensitive to the force gradient and obtains high
measurement precision. In the experiment, an iridium-coated silicon cantilever with a
spring constant of 1500 N/m was used as the force sensor, and the oscillation amplitude
A was set to 500 pm. A laser beam was utilized to measure the deviation of the cantilever
oscillation caused by the interaction between the cantilever and the sample, specifically
employing the OBD method. KPFM images were obtained with the bias voltage
feedback in constant-height mode. To compensate for thermal drift, an atomic tracking
method was employed, and a sample bias (Vi) of 0 V was applied to mitigate the

tunneling current effect.
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6.3.2 Results and discussion

A rutile TiO2(110)-(1x1) surface contains O rows in bright contrast and Ti rows in
dark contrast [21]. The clean surface is shown in Figure 6.1(a), which is reduced surface
after preparation in ultrahigh vacuum chamber. We can find surface O, defect and
bridge hydroxyl on O rows, showing short black lines on the bright rows. The
identification between Oy and OHp, is easily distinguishable by the CPD image due to
different charge characteristics [22]. Usually, Oy acts as the most dominant surface
defect. The Oy induces excess electrons on the surface and subsurface. After oxygen
molecules were exposed to the surface, Oy was filled, generating oxygen adatoms. And
O.d obtains excess elections to form Oaq-Oad” and Oad®-Oad®” as shown in Figure 6.1(b)
[23, 24]. Therefore, in the topographic image of Figure 6.1(b), different contrasts of Oaq
on the surface indicate different charge states. After the Au was evaporated on the
chamber, much larger-sized adatoms can be observed on the surface as shown in Figure
6.1(c). In our sample preparation, deposition of Au atoms was controlled in low-rate
flux (about 20 nA-s™) using an electron beam heating evaporator. And the adsorption
geometries of Oa¢ and Au are quite different, which can be clearly distinguished by

height and size. Au displays brighter and bigger contrast than Oaq.

Figure 6.1 Topographic images of rutile TiO>(110) surface at 78 K. (a) Before, (b) after
oxygen adsorption at room temperature and (c) Au atoms deposition on the surface at
80 K. Oxygen vacancies on oxygen rows in (a), and oxygen adatoms with different
charge states as bright spots at Ti rows. Au nanoclusters as brighter spots at around
oxygen rows. Scale bar indicates relative tip height. Scanning parameters: fc = 1.12
MHz, A =500 pm, Q = 14360, T =78 K. Size: 8.0 x 6.0 nm>.

As we know, surface defects cause the redistribution of surface charge states, so the
charge states of adsorbed species such as Au, CO, and Oaq on TiO2(110) are determined
by these surface defects. The experimental and theoretical calculations have confirmed
that Oy is the most abundant surface electron donor and the most favorable adsorption

site for the oxygen [25-27]. The different charge states of Oy and Oaq have already been
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studied by KPFM [28]. The obvious charge properties of Oy and Oa.q can be identified,
namely, Oy shows a positive charge, while the adsorbed oxygen captures electrons and
shows a negative charge. Consequently, upon the deposition of Au onto the surface, the
charge state of Au is depended on its adsorption position. The CPD images in Figure

6.2 illustrate the different charge states of Au at various adsorption locations.

Figure 6.2 Charge state of single Au atom on different locations. (a) Topographic image
and corresponding CPD image (c) of Au on the right of O.q site. (b) Topographic image
and corresponding CPD image (d) of Au on Oy site. Au: white arrow, Oagq: blue arrow,
Oy: green arrow. Ball model with Au on difterent locations (white ball: O.q, yellow balls:
Au, light blue balls: Oz, blue balls: Osc, red balls: Ti). Scanning parameters: fc = 1.12
MHz, 4 =500 pm, Q = 14360, T=78 K. Size: 4.3 x 1.8 nm?.

In Figure 6.2(a), a single Au atom (marked by white arrow) adsorbs at the right of
O.a site (marked by blue arrow) and is positively charged. In this state, the strong non-
metallic properties of oxygen lead to the electron shift within Au, which is typically
expressed in Debye units. The electron distribution in Au is tilted towards the oxygen
atom. Additionally, the redistribution of the electron cloud result in the formation of a
dipole moment [29-31]. Therefore, Au is positively charged, as shown in dark circle,
while the underlying O.q is negatively charged, as shown in white spot in the CPD
image of Figure 6.2(c).

In addition to the common result of positively charged Au on the rutile TiO, surface,
we also observed negatively charged Au in the experiment. In the CPD image of Figure
6.2(d), a single Au atom adsorbs at Oy site and is negatively charged, as shown in bright
circle. On the other hand, the positively charged Oy shows a dark hole. In this state, the
formation of O, introduces excess electrons into surrounding lattice, generating
polarons bound to the around of Oy [32]. These polarons are responsible for the
localized states within the band gap, showing prominent in-gap states below the Er.

And the polaron hopping is constrained around Oy due to its electrostatic attraction with
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the positively charged Oy and the stronger el-ph coupling near the Oy [33,34]. The
calculation showing that polarons strongly enhance the adsorption of CO, and the
adsorbed CO attracts polarons, allowing them to participate in catalytic processes [35].
In the experimental results, the interplay between polaron and adatoms depends on their
distance. After adsorption of Au near the Oy site, a strong electronic charge transfer
occurred from polarons to Au atoms. Besides, excess electrons generated by additional
surface and subsurface defects can also contribute to the negative charge of Au. The
number of negatively charged Au cannot be abundant, which should be consistent with
the existence of defects. Furthermore, we measured the charge state of Au nanoclusters

on the surface.
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Figure 6.3 Charge states of single, dimer Au and Au nanoclusters on rutile TiO2(110)
surface. (a, b) Topographic images and corresponding CPD images (c, d). Ball model
with Au nanoclusters (write ball: O.q, yellow balls: Au, light blue balls: Oy, blue balls:
Osc, red balls: Ti). Scanning parameters: fc = 1.12 MHz, 4 = 500 pm, O = 13020, 7 =78
K. Size: 4.0 x 2.0 nm?.

Au nanoclusters and single Au atom are shown in Figure 6.3(a), and dimer Au atoms
are shown in Figure 6.3(b). In this case, the single Au atom is negatively charged due
to the surrounding Oy, while the Au nanoclusters carry positive charges, as shown in
CPD image of Figure 6.3(c). At the same time, we found that dimer Au atoms carry
negative charges, as shown in CPD image of Figure 6.3(d). Because the charge state of
Au nanoclusters depends on the local electronic environment, Zhang, and Salmeron et
al. have found the method to reflect local chemical changes by work function [36]. They
calculated the Coulomb potential, extracted the charge state using Wood’s formula to
modify isolated metal nanosphere and derived the work function change of grounded
charged metal nanosphere. In this result, we consider the spatial distribution of the
metal-induced gap states generated after Au nanoclusters adsorb at the oxygen vacancy
and oxygen sites (O.q and bridge O). And the localized metal-induced gap state below

the Fermi level provides a channel for the charge transfer from the TiO» substrate to the
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adsorbed Au nanoclusters. Dimer Au atoms carry electrons from subsurface, showing
negatively charged. As for Au nanoclusters, electrons are accumulated at interface
between Au nanoclusters and surface, which is the active site for catalytic reaction [37].
Thus, Au nanoclusters carry the positive charge. The related model of surface

adsorptions configuration and charge distribution is shown in Figure 6.4.
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Figure 6.4 Ball model of Au charge states on the rutile TiO2(110)-1x1 surface. Au:
yellow balls, O.q (oxygen adatom): white balls, Oz (2-fold coordinated bridging

oxygen atoms): light blue balls, O3 (in-plane 3-fold coordinated oxygen atoms): blue
balls, Tisc (5-fold coordinated Ti atoms): red balls.

According to experimental results, we put forward that negatively charged Au atoms
are induced by Oy and subsurface defects, while positively charge Au atoms are induced
by oxygen. Charge properties of surface adsorptions on rutile TiO» surface are complex
due to surface/subsurface defects, polarons, diploe moment and so on. Identification of
the charge properties of Au nanoclusters using KPFM method provides a research basis
for understanding the principle of single atom catalytic reactions.

We have achieved the charge distinguishment of Au nanoclusters on TiO2(110)
surface by KPFM. The charge properties of Au nanoclusters can be recognized as Oy
and subsurface interstitial electrons induced negatively charged Au, while oxygen
induced positively charge Au. The result of negatively charged Au proves that the
existence of polaron and charge transfer effect, which influences the state of surface
adsorbates. The result of positively charged Au demonstrates that the dipole moment
between Au atoms and oxygen. The experimental study on the charge states of Au
nanoclusters provides an insight for further understanding the participation of noble

metals in surface catalysis.

6.4 CO oxidation research

The charge properties of Au can be clearly identified by KPFM. Then, the CO
oxidation reaction on TiO2(110) surface is investigated. In this section, the effectiveness
of positively or negatively charged Au in CO oxidation has been verified. To better

understand the mechanism of charge influence of Au nanoparticles for CO reaction.
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Here, we show the different charge states of Au nanoparticles in different conditions.
As shown in Figure 6.5, single Au atom can exist two kinds of charges. Negatively
charge Au located at Oy site, while positively charged Au located at oxygen site. The
charge accumulation or depletion of Au is determined by surrounding environment. We
have analyzed the Oy, polaron, subsurface Ti interstitial effect for negatively charged
Au nanoclusters, and the main state of positively charged Au affected by oxygen
induced dipole moment.

Figure 6.5 Topographic and CPD image of single Au atom on the TiO2(110) surface.

The surface catalytic reaction can possess a specific charge distribution, which comes
from the arrangement of adsorptions and surfaces. Charge transfer between Au and
substrate is a premise for surface catalysis due to the distribution of charges affecting
the adsorption and binding of reactant molecules. Hence, the charge distribution can
significantly determine the active reaction site and selectivity. On the other hand,
electric potential different between surface and Au can induce the combination of
reactants, affecting catalytic activity. Here, we also display the charge state of trimer
Au nanoclusters in Figure 6.6.

Figure 6.6 Topographic and CPD image of trimer Au on the TiO2(110) surface.

Comparing with single or dimer Au atoms, the charge states of Au nanoclusters are
primarily determined by their metal properties, which make them prone to losing
electrons and exhibiting a positively charged state. The active charge state and site for
catalytic reaction need to be verified. On the one hand, catalysts often have specific

active sites on their surfaces where chemical reactions take place. These sites can have
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different charge distributions, making them more or less favorable for particular
reaction steps. For example, positively charged sites may enhance the adsorption of
negatively charged reactants, while negatively charged sites may favor the adsorption
of positively charged species. On the other hand, the charge distribution on the catalyst
surface can generate electric fields in the vicinity of the surface. These electric fields
can influence the orientation and movement of reactant molecules, promoting specific
reaction pathways or affecting the energy barrier for a particular step. We have operated
the Au atom by KPFS method to confirm the bonding energy between Au and oxygen,

as shown in Figure 6.7.
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Figure 6.7 Au operation by KPFS method. (a) Before and (c) after applying bias voltage,
single Au atom desorbed from the surface. The operated Au is marked by black arrow.
And the operation event can be described from bias vs frequency shift curve (b). The
jump of the frequency shift represents the process of gold desorption. Size: 6.5 x 1.5

Ill’l’l2 .

We have chosen the dimer Au atoms in Figure 6.7, which obtain electrons from the
subsurface, to explore the interaction between negatively charged Au and surface. By
applying a bias voltage above the Au atom marked by black arrow, we found that the
Au atom can be easily desorbed from the surface. The desorption event of Au can be
described from KPFS curve in Figure 6.7(b), and the frequency shift jump at 1.3 V
indicates the desorption of Au atom. We have operated many times, negatively charged
Au always desorbs form the surface. The desorption of negatively charged Au implies
that the Au atoms occupied by electrons are unstable on the TiO2 surface. Therefore,
this kind of sites is not suitable for surface catalytic reaction. And then, we expose CO
on the chamber, detailed process is talked in chapter 5. In this system, CO, O> and Au
are occupied on the surface. To find the CO oxidation processes, we have operated the
CO and O, CO and lattice O involving Au, and CO with O; involving Au. There are
several steps in the CO oxidation reaction. Firstly, CO molecules adsorb onto the TiO:
surface, forming bonds with the Au atoms. This adsorption is often facilitated by weak
interactions, such as van der Waals forces or charge transfer. Then, the adsorbed CO
molecules undergo activation, typically by interacting with oxygen species adsorbed on

the TiO; surface. This interaction can lead to the formation of an intermediate, such as
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a surface-bound CO; species. The activated CO species reacts with additional oxygen
species to form carbon dioxide (CO»). This reaction may occur through a variety of
mechanisms, such as the Langmuir-Hinshelwood mechanism, where two adsorbed
species react directly on the catalyst surface. Finally, the produced CO> molecules
desorb from the TiO; surface, releasing the reaction products.

To find the oxidation reaction conditions of CO with oxygen, the experiments are
operated at 78 K and the reaction processes can be observed. Because the reaction is
not easily to proceed at room temperature, therefore, we observe the reaction at 78 K.
Firstly, we choose a single CO with Oaq to find the reaction condition on the TiO2(110)

surface as shown in Figure 6.8.

) -150

-180 |-

=210 -

240 F

Frequency shift (Hz)

=270

-300

Figure 6.8 Operation of CO with O.q on the TiO2(110) surface at 78 K.

As shown in Figure 6.8, CO adsorbs on the Oaq, and the contrast of CO is dark spot,
what have been talked in chapter 5. The topographic image of CO existed with Oaq
indicates that it is difficult to react between oxygen and CO on the TiO2(110) surface at
78 K. Then, we apply the bias voltage from 0 - 1 V on top of CO molecule, CO desorbs
from the surface, leaving oxygen adatom on the surface. The black curve of bias
spectroscopy indicates the bias sweep increases from 0 to 1 V, and jumps around 0.84
V. The desorption event of CO molecule can be described from the jumping of forward
bias spectroscopy. In this way, it’s difficult to make CO react with oxygen adatom. To
avoid the CO desorption, we set the bias sweep point near the CO and oxygen marked
by black cross and apply the bias sweep ranging from -0.4 —2 V to the sample as shown
in Figure 6.9(a). After bias sweeping, we can find that oxygen is charged, namely
electrons transfer from tip to sample and obtained by oxygen adatoms. After that, we
apply second bias sweep at another point as shown in Figure 6.9(c), and the bias voltage
is from -0.3 — 1.8 V. The second operation also appears the charging of Oa.g, which
indicates that the reaction of CO and O.gq is not feasible at 78 K even applying external

energy.
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Figure 6.9 Bias voltage sweep operation near the CO and Oaq sites.

In the condition of CO with Oaq on the TiO2(110) surface at 78 K, even with the
application of external energy, the CO cannot react with oxygen. From the above results,
we can conclude that it is difficult for CO and O,q to react at 78 K on TiO»(110) surface.
Therefore, Au is necessary to be introduced for the catalytic system. The Au is deposited
on the surface after oxygen exposing, and then CO is exposed to the system at 78 K.
CO molecules will dynamically adsorb at the surface as described in chapter 5. The
Topographic and CPD images are shown in Figure 6.10.
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Figure 6.10 The operation of CO molecules and O.¢ with Au participating in the
catalytic system on the TiO2(110) surface.

8
3

5

Frequency shift (Hz)
&

£

Figure 6.10(a) and (c) are topographic and CPD images before operation. CO
molecule (shown in dark spot) sticks into a positively charged Au atom. By applying a
bias voltage range from 0 — 1.52 V on top of CO molecule, CO reacts with interface

oxygen and desorbs from the surface. After reaction, positively charged Au obtain the
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electrons change into negatively charged as shown in Figure 6.10(d). And the electron
transfer can be described from the jumping of bias spectroscopy in Figure 6.10(e).

6.5 Conclusion

In this chapter, we have achieved the identification of the charge states of Au
nanoclusters, which is important for the catalytic reactions of surface reactants. We
confirmed that the negatively charged Au nanoclusters are determined by the surface
defect Oy and subsurface defect polarons, while positively charged Au nanoclusters are
determined by the dipole moment from Au to the oxygen. The charge states
identification of the Au nanoclusters can be used for understanding the catalytic
reaction processes under which kind of charge transfer. Negatively charged Au
nanoclusters were operated; they are easily desorbed from the surface. We conclude
that negatively charged Au nanoclusters is unstable for catalytic reactions. Then,
comparing with the operation of CO with Oaq4, operation of CO oxidation under
positively charged Au on the TiO2(110) surface was realized in atomic resolution at 78
K.
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Chapter 7 Summary and outlook

7.1 Summary

In this doctoral thesis, I systematically investigated electronic properties of the
surface defects and adsorptions, such as oxygen vacancy, hydroxyl, carbon monoxide,
and Au nanoclusters on the rutile TiO2(110) surface by noncontact atomic force
microscopy and Kelvin probe force microscopy techniques under ultra-high vacuum
condition at 78 K. Because surface defects influence distribution of surface charge, |
first systematically identified the surface defects and adsorbates. It is difficult to
distinguish oxygen vacancy and hydroxyl species only by topographic image, which
induces mistakes for understanding surface reactants adsorption properties. I
systematically point out the distinction between oxygen and hydroxyl by combining
NC-AFM with KPFM methods, the local contact potential difference of these species
can be clear imaged. Besides, I have confirmed that surface defect oxygen vacancy
makes surface adsorbates preferred to locate occupy, which indicates defect has strong
effect for reactants adsorption. Because CO adsorption is unstable at 78 K, according
to our confirmed first result, here, oxygen gas was exposed to the surface for CO
adsorption and oxidation reaction. Namely, after oxygen adsorption, CO was exposed
to the surface. And CO adsorption properties are further investigated. I found that CO
can be pinned at oxygen adatoms sites, and the force measurement on top of CO
molecules also indicate strong chemical interaction. Furthermore, to move CO
molecules to the active reaction site, [ have used oxygen modified tip apex realize two-
dimensional movement control of CO molecules. Since CO cannot react with oxygen
at 78 K, even when a bias voltage is applied, Au nanoparticles are deposited onto the
surface. Au nanoparticles were deposited at low temperature, hence Au nanoparticles
with size around 1-3 nm can be obtained. I found that charge states of Au nanoparticles
are different due to adsorption environment. The charge states of Au nanoclusters are
clearly identified, which is important for understanding the participation of positively
or negatively charged Au in the reaction processes of CO oxidation. Through KPFM
measurements, [ deduce that the negative charge on Au is induced by the charge
redistribution of surface and subsurface defects. Additionally, the dipole moment from
Au to oxygen induces a positive charge on Au. I observed that the negatively charged
Au nanoclusters are easily desorbed from the surface through operating techniques,
indicating their instability for catalytic reactions at 78 K. Furthermore, I successfully
conducted CO oxidation with oxygen at atomic resolution for the first time at 78 K,

involving the participation of positively charged Au nanoparticles. After the reaction,
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the positively charged Au obtains electrons and undergoes a change into a negative
charge.

7.2 Outlook

This doctoral work provides fundamental research for understanding the properties
of surface defects and adsorptions, and operating the catalytic reactions based on the
surface catalytic. The future works should be performed in the size effect investigation
of Au nanoclusters for charge states and catalytic activity in atomic resolution. And then,
designing the reaction sites by operating reactant molecules to suitable active reaction

sites.
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Appendix

List of main abbreviations

TiO;

CcO

Au

Ti row

O row
OH:

OHp

Oad

Oy

SPM
ST™M
NC-AFM
KPFM
LCPD
CPD
LDOS
NPs

FM mode
AM mode

titanium dioxide

carbon monoxide

gold

titanium row

oxygen row

hydroxyl adsorbed at Ti row
hydrogen bonded to bridge oxygen
oxygen adatom

oxygen vacancy

scanning probe microscopy
scanning tunneling microscopy
noncontact atomic force microscopy
Kelvin probe force microscopy
local contact potential difference
contact potential difference

local density of state

nanoparticles

frequency modulation mode

amplitude modulation mode
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