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Abstract

In heterogeneous catalysis, catalytic properties of transition metal nanoparticles on oxide film
support have stimulated extensive research activities, and contribute to improving the rate of
catalytic reaction essentially. A catalyst system model in well arrangement, palladium metal
nanoparticles (NPs) supported on Al,O3/NiAl(110), is necessary for understanding the CO
oxidation catalytic mechanism, which had been test high catalytic activity. Non-reducible oxide-
support (Al,O3/NiAl(110)) affect electronic properties by altering the chemical state of the
adsorbed NPs. Dispersed NPs on support can provide or withdraw electrons from the reactant that
depend on the nature of the reaction. However, issues such as the how to extract the charge of Pd
NPs on Al,O3/NiAl(110), the role of Pd NPs size and morphology in deducing the charge state,
and charge transfer between reactants (CO, O) and Pd NPs remain fiercely debated, calling for a
deep understanding experimentally and theoretically.

In my research, I focused on investigating the charge state of Pd NPs on Al,O3/NiAl(110) on
catalyzed oxidation of CO by noncontact atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) at room temperature (RT). The KPFM detects electrostatic forces between
tip and surface and compensates them by applying a dc bias voltage that is adjusted by feedback
control. KPFM images could give the charge landscape of the Pd NPs on Al,O3/NiAl(110) with
high accuracy. The classical electrostatic theory is combined with KPFM to extract the charge
state of the Pd NPs in this catalytic system.

Firstly, we deduced the size dependence of charge state of the Pd NPs by measuring the local
contact potential difference (LCPD) of Pd NPs on the Al,O3 (alumina) surface thought KPFM and
classical electrostatic model for the spheres. The Pd NPs are negatively charged on the
ALOs/NiAl(110) surface, which is not attainable in previous study. The charge state of Pd NPs is
increased with increasing the size, and these charges are transferred from surface to Pd NPs.

Secondly, we deduced the size dependence of the charge state of the CO molecule on Pd NPs
by measuring the LCPD of Pd NPs on the alumina surface through KPFM with atomic resolution.

The general charge state of CO molecule on Pd NPs decreased compared with the charge state of



Pd NPs. In addition, we found that the charge state decreases on the Pd NPs site and it increases
on the CO site, which could be attributed to the CO bond with Pd NPs accompanying the electron
transfer from Pd NPs to the CO molecule, therefore reorganizing the local charge landscape.
Furthermore, by comparing with Pd nanocluster (NC) of the line defects, we found that CO
molecules are more stable on Pd NC of the terrace. And the size of Pd NCs becomes small with
CO adsorption, while it becomes large due to cohesion. Combining experimental results with DFT
calculations, we concluded that the adsorption sites of CO molecules on Pd NC of the terrace are
preferred on top, step 110, and step 111 sites. This result revealed that the electronic and
geometric properties of Pd NCs and CO molecules are expected to provide insight into the
mechanism of Pd-based heterogeneous catalysis.

Thirdly, we investigated that charge state evolution of the Pd NPs is studied during exposure
of molecular oxygen. We speculated that the Pd NPs could be oxidized by oxygen molecules,
leading to Pd,Oy, which shows a positive charge on the alumina surface.

Our results can provide a good starting point for understanding size sensitive for a catalytic
reaction by investigating size related electronic and geometric properties of the Pd NPs or Pd NPs

with CO and O in the nanoscale.
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Chapter 1 Introduction

1.1 Background

1.1.1 Catalysis

Catalysis is the process of modifying the rate of a chemical reaction by adding catalysts and have
been widely used in many fields such as chemical industry, global energy sources, and environmental
protection [1, 2]. The use of gasoline fueled vehicles leads to increased emissions of molecules that are
harmful to human health (e.g. CO, HC and NOy). Reducing toxic gas emissions requires replacing fossil
fuels with electric or solar energy, in combination with using energy storage devices, capturing and
sequestering CO», or both [3]. However, the electric and hybrid vehicles are not competitive because
their technology is still evolving when considering electric cars' pros and cons [4]. Therefore, efficiently
converting toxic emissions to benign molecules such as H>O, N> or CO» by catalysis is still central for
gasoline fueled vehicles industry.

A three-way catalyst (TWC) is used in the vehicles to oxidize the toxic exhaust gas pollutants both
hydrocarbons (HC) and carbon monoxide (CO) - and reduces nitrogen oxides (NOx) into the harmless
components water (H20), nitrogen (Nz) and carbon dioxide (CO). Depending on the operating
conditions of the engine and the exhaust gas composition, conversion rates upwards of 98% can be
achieved at close to stoichiometric conditions [5]. To further promote the conversion rate, the study of
the catalytic mechanism of nanoparticles still remains a challenge.

The supported commercial catalyst is very difficult to study because of its complexity, with a large
number of different components present in one catalyst, such as Pt, Rh, Al,Os3, CeO,, BaO, etc. [8-10].
It is therefore often simpler to study the model systems, such as Pt/Al,O3 or Rh/CeOs. If certain surface-
science techniques are to be used, the ‘catalyst’ under study has to be even simpler-a particular face of
a metal single crystal. The development in the catalyst model systems involves the combination of

materials science, computational science, and inorganic chemistry.

1.1.2 Modeling catalyst system

In the TWC, Pt/Pd or Pt/Rh oxidation catalysts were developed to limit hydrocarbon and carbon
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monoxide emissions and later developed into ternary catalysts (TWC) that also convert NOx emissions.
Pt or Pd is used as the active oxidation catalyst, which facilitates the conversion of CO to N.. Dispersed
Pt NPs on could provide larger reaction area and diversity of adsorption sites for reactants. However,
the catalytic properties of the Pd NPs are in lack. To model the reactivity of the Pd NPs, we evaporate
the Pd NPs on Al,O3/NiAl(110) support.

Since the formation of a well-ordered AL,Os over-layer (5.3 A) by oxidation of NiAl(110) was first
reported [11], the Al,O3/NiAl(110) system has been widely employed as a model catalyst support. The
reasons are described as follow. At first, we choose the NiAl(110) instead of NiAl(100) as a substrate
because the NiAl(110) exhibits unimpeded oxide film growth over substrate steps. Therefore, the
oxidation rate is not limited by the motion of surface steps, when we crystallize the NiAl(110). At
second, the well-ordered Al,Os is an insulating thin film that can avoid charging problems when using
electron spectroscopic methods. This alumina thin film also has advantages, such as high surface area
and good thermal stability. Compared with other phase (Y-Al>O3), alumina thin film has attracted much
more research interest because of their superior mechanical, chemical and electrical properties.

As reported, the reactivity of oxide-supported metal nanoparticle catalysts is traditionally understood
by using the d-band model. The metal nanoparticle catalysts were regarded as extended metal surfaces
[12]. However, such a picture of interpretation cannot depict the entire reactivity of oxide-supported
metal nanoparticle catalysts because the effect from the size related electronic properties, adsorption
sites dependence of the complexes and interface. In this regard, Pd NPs on A1,O3/NiAl(110) system still
remains issues such as the how to extract the charge of Pd NPs on Al,O3/NiAl(110), the role of Pd NPs
size and morphology in deducing the charge state, and charge transfer between reactants (CO, Oz) and
Pd NPs remain fiercely debated, calling for a deep understanding experimentally and theoretically,
which are vital for understanding of the catalytic mechanism at the ultimate spatial limit.We take a list
in below:

e  Characterization of electronic properties of Pd NPs.

Adsorption sites, size-dependent geometric and electronic effects of the metal NPs on the alumina
thin film support have a significant effect on the catalytic activity. So that, tremendous experimental
works have been performed.

In the study of gold supported on the oxide surface, it is reported that a higher chemical activity

2.



exhibits from single atom to nanoparticles. It is clarified that Au bond weakly to the top of Al sites in
the alumina/NiAl(110) [13]. STM (Scanning tunneling microscopy) and DFT (Density functional
theory) calculations show that the excess electrons are located in the Au adatom. In addition, it is also
clarified that Au aggregates to chains (1-10 atoms) on alumina films at 10 K. The direction of the Au
chains influenced by the substrate and the charge state are negatively charged as analyzed by STS
(Scanning tunneling spectroscopy) and DFT [14].

Pd-alumina catalysts have been studied experimentally and theoretically for decades since the
pioneering works about the CO adsorption on Pd aggregates of varying size and order by H.-J. Freund
[15]. The electronic properties of single Pd atom have been investigated on different sites of the alumina
surface at 10 K, which is demonstrated that line defects influence the bonding between metal and oxide
surface. In addition, whether it is desirable for the nucleation of Pd atoms on line defects of the alumina
surface, it is reported when the thermal energy is sufficiently high, the line defects dominate the
nucleation sites of Pd and Rh at 300 K [16]. Furthermore, it has been reported that alumina-supported
Pt clusters play an important role in the activation of the catalyst by affecting the charge state [17].

Regardless of the above interesting results, but optimal catalytic size of the Pd NPs in this system
have not attainable so far. So that, size sensitivity in the electronic properties at nanoscale are calling in
experiment.

e Characterization of CO molecule adsorption

The adsorption of a single CO molecule on transition metals clusters is characterized by a variety of
averaging techniques. It is demonstrated by infrared multiple photon dissociation (IR-MPD)
spectroscopy that CO molecule only show top binding of both nickel and platinum, while, palladium
clusters exhibit a variety of binding sites. By using STM technique, the adsorption sites and
manipulation processes can be investigated, which enables addressing of individual visualization CO
molecules [18,19]. Non-contact atomic force microscopy (NC-AFM) has been applied to quantify the
force performance required to move CO laterally, the interaction between CO molecule and adatom or
another CO molecule, and manipulation of its tilting [20-23].

Furthermore, some new insights have been illustrated the CO adsorption on the metal surface from
molecular orbital principles in the aspect of DFT or on a single Pd-Fe;O4 catalyst by STM in real-time

[24]. More recently, CO-terminated tips have been used to probe chemical binding forces on single Fe
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atoms to elucidate individual atoms' chemical reactivity within flat Fe clusters depends on the
coordination number of the investigated atom [25].

As the CO molecule could be activated at room temperature with the Pd NPs participation, up to now,
spatial visualization CO molecule adsorption on the NPs is a big challenge for AFM. The AFM imaging
difficulty comes from the complex short- and long-range interaction between tip apex and cluster on
the surface, let alone the dynamic behavior detection such as charge transfer. There are no experiments
to clarify the charge state of the CO molecule bond with Pd NPs at the nanoscale level, and as a function
of the size of the Pd NPs, which is important to understand the size sensitive catalytic mechanism.

e O activation by metal surfaces: implications for bonding and reactivity on heterogeneous
catalysts

The coarsen, structure evolution and reduction/oxidation of catalytically active metal clusters are
often accelerated by the presence of gases [26-28]. In a previous study, it was shown that the enhanced
sintering of alumina-supported Pt clusters in an oxidizing atmosphere could be explained by a
thermodynamic preference for the detachment of the PtO, volatile oxide instead of Pt atoms [29]. The
CO-induced coalescence of Pd adatom supported on the Fe304(001) surface at room temperature has
been fully investigated using a real-time-scale scanning tunnelling microscope, and Pd-carbonyl species
have been found to be responsible for mobility [24].

It is difficult to investigate the charge state evolution of the Pd NPs after exposure of the oxygen
molecule, because of the forming of the volatile oxide and coalescence property of the NPs. While, at
the nanoscale level, no experimental works have been performed to clarify the charge transfer behaviour,

which is important for understanding the CO oxidation reaction pathway.

1.1.3 Research by AFM/KPFM

Various technical methods have been adapted to investigate the catalytic reaction mechanism, such
as XPS, IR, STM, AFM, KPFM, SEM and TEM. Among them, the AFM and KPFM have leading
advantages for the characterizing catalytic mechanism due to its atomic resolution and high sensitivity.

Unlike STM, it can only be applied to conductive substrates, AFM can be applied to insulators and
semiconductors. It can detect the various interactions when the tip is brought into contact with the
sample down to 1 nm, including the van der Waals interaction (intermolecular force), the electrostatic

interaction, the chemical interaction force based on the Morse potential, and the interaction force

-4 -



between electric dipoles. With updating the operation mode, the non-contact AFM (NC-AFM) has been
widely used in many researches. As an important AFM based apparatus, KPFM can measure a contact
potential difference (CPD) between the tip and the sample. As the averaging effect, the CPD is strongly
affected by tip sample distance, especially, short-range forces between the tip and the sample. For the
high resolution KPFM, the local contact potential difference (LCPD) is introduced when the CPD
associated with short-range force. Therefore, it is important to know how CPD or LCPD correspond to
the physical properties of the surface. For example, for ionic solids, the atomic LCPD contrast originates
from the ionic bonding force (dipole interactions) between the surface atom and the tip apex atom [30].
If the semiconductor surfaces, the force is attributed to a covalent bonding interaction [31]. Therefore,
the origin of the LCPD contrast is dependent on the not only the sample but also tip apex.

For high-resolution KPFM, the preparation and selection of an atomically sharp and conducting AFM
tip is also important. Because it related to how to interpret the physical properties of the imaging surface.
The most commonly used AFM tip is the heavily doped Si cantilever, which should be heat treatment
followed by Ar ion sputtering to remove the oxide layer and other contamination [32]. This tip can
produce the high resolution KPFM images, but the tip is easier to pick up atom from surface or
rearrangement of the tip apex atoms. Additionally, the interpretation of the LCPD by Si tip apex is
difficult to exclude the Si induced dipole moment, which maybe the main force for the LCPD contrast
[33]. The second type of tip apex is made of, for example, Pt/Ir-coated Si cantilevers, Au or Cr coating
of Si cantilevers, which could also produce sub-nanometer resolution KPFM images [34]. This tip can
produce the high resolution KPFM images, and the tip apex is relatively stable. Obtaining the best
spatial resolution requires optimization of the tip coating film thickness. There are also other types of
the cantilever, which is prepared for different measurement requirement [35, 36].

An important application of KPFM is the to electrical property analysis of nanostructures. At first,
the KPFM provided the work function signal present more details about surface topography. For
example, the small features, difficult to observe in the topographic image due to a large topography, are
distinguishable by KPFM. From KPFM result, we could know the surface potential differences between
surface defects, step edge and terrace on various surface. The distinguished charged defects are
considered to be the preferable nucleation sites for the nanostructure. For example, Barth et al. have

investigated Au nanostructures on alkali halide (001) surfaces using KPFM to study whether metal

- 5.



nanostructures will screen defect charges or become charged [37]. The charge transfer will significantly
affect the surface and nanostructure properties, hence govern the catalyst system reactivity. Therefore,
KPFM is a powerful tool to investigate the charging factor for catalytic processes.

Besides the characterization of the charge transfer in the nano-catalyst system, AFM and KPFM also
an efficient tool to do the manipulation with single-atom or single-electron level precision. Both a g-
Plus non-contact AFM/KPFM system or OBD non-contact AFM/KPFM could probe single atoms on
the surface [38]. They got some great results, such as allowing single atoms to be imaged, detecting the
charge state of a single atom on thin insulating films. They explained the nanometer resolution of
nanostructure, molecules on the supporting insulating surface were a function of the local surface
potential and the local dipole moment. In a further extension, charges can be added or removed at
specific sites in molecules, adatoms. The entire molecule or molecular network can then be
characterized by KPFM or KPFS to study charge transport. KPFM has also enabled the experimental
determination of the effect of quantum size on the electronic properties of metallic nanostructures.

In total, the introduction of nc-AFM/KPFM has revolutionized the characterization and investigation
of catalytic reaction mechanism. Based on nc-AFM, new characterization and analysis methods such as
KPFM have been developed, and multi-channel imaging techniques based on nc-AFM can provide
additional more physical information about surface properties as well as atomic forces. The nc-AFM
and KPFM open up an unprecedented research area for surface science, especially for the investigation

of heterogeneous catalysis.

1.2 Purpose of this research

In this doctoral dissertation our fundamental concern is to investigated the size dependence of charge
state of Pd NPs on Al,O3/NiAl(110) on catalyzed oxidation of CO at room temperature (RT). First, we
investigate that how to deduce the charge state of Pd NPs by measuring the local contact potential
difference (LCPD) and classical electrostatic model for the Pd NPs. The size related electronic and
geometric properties will be presented. Second, we extract the charge state of the CO-Pd NPs to provide
access to discuss the charge transfer effect in the different size of Pd NPs. Finally, we give a starting
point to investigate the charge state of the Pd NPs after oxygen dissociation, which provide access to

discuss the catalytic reaction pathway in the different size of Pd NPs.



1.3 Thesis outline

The dissertation is organized as follows:

m In chapter 1, we firstly introduce the demand for the catalytic research in the vehicles to oxidize
the toxic gas, followed by the realistic and scientific reason to model the Pd nanoparticles
ALOs3/NiAI(110) catalytic system. In detail, the previous related researches are clarified, problems
present in the searching optical catalytic size for CO oxidation reaction and demand for size related
electronic and geometric properties are discussed in details. The purpose of the dissertation is
ambiguously described.

m In chapter 2, we discuss the principle of the nc-AFM. Firstly, the different interaction between tip
and sample. Secondly, the operation method of atomic force microscope and noise level. Thirdly, the
principle of KPFM measurements is introduced briefly.

m In chapter 3, the experimental setup of the home-built scanning probe microscopy system is
described in detail. Firstly, the UHV AFM equipment at room temperature. Then, sample and cantilever
stages, the deflection detection system, the tube scanner and feedback system are presented. The
electron beam evaporator principle and Pd NPs deposition method are described in the detail.

m In chapter 4, we systematically reviewed and discussed the past researches on Al,O3/NiAl(110)
surface, including the atomic structure of surface and line defects, which are necessary steps for catalytic
mechanism. Additionally, the physical property of the Pd NPs and CO molecule, especially the CO-
metal bonding mechanism. Finally, the adsorption of the oxygen and the theoretical works about the
charge states of the Pd nanoclusters.

m In chapter 5, we deduce the size dependence of charge state of the Pd NPs by measuring the local
contact potential difference (LCPD) of Pd NPs on the alumina surface thought KPFM and classical
electrostatic model for the spheres. The charge state of Pd NPs on the Al,O3/NiAl(110) surface will be
presented and discussed.

m In chapter 6, we present and discuss the size dependence of the charge state of the CO molecule on
Pd NPs by measuring the local contact potential difference (LCPD) of Pd NPs on the alumina surface
through KPFM and classical electrostatic model for the spheres. In addition, a complete atomic
understanding of variation in reactant molecule adsorption sites on metal nanoclusters (NCs) is

presented.



m In chapter 7, we present and discuss the charge state evolution of the Pd NPs is studied during
exposure of molecular oxygen.

m In chapter 8, we summarize the importance of research. Finally, we give a future work.



Chapter 2 Principles of non-contact
atomic force microscopy

2.1 Introduction

In this chapter, the principle of Atomic Force Microscopy (AFM) is described. In sections 2.2, the
interactions between the probe and the sample are described. In sections 2.3, the principle of AFM has
explained: the operating modes, the detection of the frequency shift of the cantilever, and the stability
conditions for the cantilever vibration. In sections 2.4, the principle of Kelvin probe force microscopy
(KPFM) is explained, stating from definition of work function and contact potential difference, followed
by describing KPFM with feedback and minimum detectable CPD. Furthermore, the origin of the local
contact potential difference is explained using examples from various previous studies. Finally, we

summarize this chapter.

2.2 The interaction force between tip and sample

AFM could detect the various interactions Fis when the tip is brought near to sample down to nano
scale. The main interactions between the tip and the sample includes the van der Waals interaction Fyaw
(intermolecular force), the electrostatic interaction Fee, the chemical interaction force based on the
Morse potential Fehem, and the interaction force between electric dipoles Fip. [1]

Fis = Fyqw + Fele + Fchem + Fdip (2.1)

In the above, the van der Waals interaction Fiqw and electrostatic interaction Fe are the dominant
long-range force, whereas the electrostatic interaction Fei. and electric dipoles Faip dominant short-range
force. The total interaction force can be characterized by the following model of the tip-sample

relationship, see the Figure 2.1.



Sample

Figure 2.1 Model diagram of a nanotip with a height /. d is the distance between the tip and the
sample, dir is the distance between the macroscopic cantilever and the sample, R, a is the radius and

angle of curvature of the tip, and # is the height of the conical part.

(1) Van der Waals interaction

Van der Waals force includes attraction and repulsion between atoms, molecules, and surfaces, as
well as other intermolecular forces. Van der Waals and electrostatic interaction forces are the dominant
forces when the tip and sample are separated more than 1 nm. Van der Waals forces can be interpreted
in terms of quantum mechanics as follows. If we have two positive charged atoms with negative electron
cloud surrounded, they are nonpolar at far distance. The atom, getting near to another atom, could be
polarized with the negative at the near site and positive at the opposite site, which could be called as
temporary dipole. The temporary dipole could induce the dipole of the nearby atom, therefore, the
interaction between the temp dipole and induced dipole is called Van der Waals force, see the Figure

2.2.

Nonpolar ~ Nonpolar

- - - -

Atom A — <+ Atom B
-

Polarized

o O+-9

Polarized

o o9t0 ¢

Temp Dipole Induced Dipole

Figure 2.2 Interpretation model of Van der Waals force.

- 10 -



The van der Waals interaction force between the tip and the sample, according to Argento's group [2],

can be expressed by the following equation:
e _ HR?*(1—sina) (Rsina — digsina — R — z,)
vaw = 6d?g(dir + R — Rsina)?
Htana (digsina + Rsina + R cos(2a))
6cosa (dig + R — Rsina)?

2.2)

(2 Electrostatic interaction

The electrostatic interaction force is the force of attraction or repulsion between two charged particles,
which like same charges repel and opposite charges attract. The electrostatic force between two charged
particles can be quantified by Coulomb’s law. In the AFM, the tip and the sample have different charges
and thus different potential energies. The contact potential difference of tip and sample originates from
local charges or multipoles. In addition, a bias voltage is introduced to apply and compensate the contact
potential difference between tip and sample. Various approximations have been introduced for the
electrostatic interaction force between the tip and the sample, here, we introduce an approximation by
Hudlet's group [3]. In the model shown in Figure 2.1, which assumes a hemispherical tip, the

electrostatic interaction force can be described by the following equation:

RZ
Fele = Mgy |———|V? (2.3)
cle ° [dLR(dLR + R)]
Taking into the sharpness of the tip apex, the equation is written as follow:
(1 —sina)

V2 (2.4)

Fele = R?
ele = 0 z[z + R(1 — sina)]

3) Chemical interaction
When tip approaches the sample, the distance of less than 1 nm, a short-range chemical interaction
is generated, which depends exponentially on the distance. The tip-sample chemical interaction bonds
can be explained by the quantum theory. In practice, a simplified description is used to predict the
bonding strength and polarity. This chemical interaction attributes to the atomic or subatomic resolution
of the surface in AFM. The chemical interaction is described by many different theoretical models. Here,

we describe the Morse potential [4].

d—d d—d
Uchem = Uy [exp (—2 p 0) — 2exp (— i 0)] (2.5)

dy is the position at the minimum of the potential, Uy is the minimum of the potential and A determines

the extent of the interaction force due to covalent bond.

Derivative from the Morse potential equation (2.5), the chemical force is shown as follow:
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2.3 Principle of operation of AFM

2.3.1 Operation modes

According to the operation mode, AFM can be divided into three types.

1. The contact mode, in which the cantilever is brought into contact with the sample and the surface
topography is measured from the displacement of the cantilever.

2. The tapping mode, in which the cantilever is periodically brought into contact with the sample and
the surface profile is measured from the displacement of the cantilever vibration amplitude.

3. The non-contact mode, where the cantilever is not in contact with the sample and the surface
topography is measured from the change in vibration frequency (or amplitude) of the cantilever.

In the previous AFM, the contact method is mainly used, but it is difficult to achieve high resolution
because the tip apex will be damaged by the constant contact of the tip apex with the sample. In the
tapping method, the cantilever is periodically brought into contact with the sample, so the tip apex is
also likely to be damaged. Therefore, the non-contact mode of AFM has been proposed. The non-contact
mode measures the surface by detecting the change in the mechanical resonance frequency of the
cantilever, and there are two methods of detecting the change: 1) amplitude modulation (AM-AFM),
where the cantilever ensemble is excited at a fixed frequency, usually near or at the free resonance
frequency. The oscillation amplitude is used as a feedback parameter to image the sample topography.
However, it is not possible to extend the amplitude modulation mode to UHV. Because the minimum
frequency shift detectable in slope detection due to thermal noise, which depends on the cantilever
parameters [4]. In slope detection, increasing the Q reduces the bandwidth of the system. This makes
slope detection unsuitable for most vacuum applications. Therefore, 2) frequency modulation (FM -
AFM) developed by Albrecht et al [1,5]. In FM-AFM, the direct measurement of the resonance
frequency of the cantilever, which modified by tip sample interaction, is used as a feedback parameter
to image the sample topography. In the following, the principle of FM-AFM adopted in the experiment
is described in detail below.

In Figure 2.3, the dashed blue line is the resonance characteristic when the cantilever is sufficiently

far from the sample. The mechanical resonance frequency of cantilever is
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£t |k 2.7

2 m
where k and m are the spring constant and the effective mass of the cantilever, respectively. As the
tip apex is brought closer to the sample, the effective spring constant of the cantilever changes from k
to k-OF/0z due to the force gradient inducing by tip sample interaction. Hence the mechanical resonant

frequency of the cantilever is given as
_1 k"5 (28)

If the change in resonant frequency (frequency shift) is Af=fo-f1, then k>>0F/0z, the force gradient of

the cantilever is approximated as follows
— =2k— (2.9)
Hence, the FM-AFM could be used to directly detect the force gradient or force with ultra-sensitivity,
so that, even the weakest attraction between the tip and the atoms on the sample surface could be

detected and measured without damage the surface. Therefore, atomic resolution of the surface can be

obtained in high vacuum.

Oscillation amplitude A

h h 2

Frequency of the cantilever

Figure 2.3 Principle of non-contact force measurement. The dashed blue line is when the tip is very

far away from the sample and the solid line is when the probe is close to the sample.

2.3.2 Detection of frequency shift

As mentioned in last section, the detection of frequency shift is essential in FM-AFM. The frequency

shift is obtained by solving the equation of motion of the cantilever, which is expressed by the following
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equation,

mawy,

mz(t) + Z(t) + kz(t) = kAeycCOswt + Fis[Zeonst. + 2(t)] (2.10)

where z(t), m, O, wo, k is the displacement, effective mass, quality factor, resonant frequency and
spring constant of the cantilever, respectively. A« is the amplitude of the excitation signal, Fis is the

interaction force, and z g 1s the distance between the tip and sample when the displacement of the

cantilever is zero. Substituting wy = +/(k/m) into equation (2.10), we could obtain
g

k

The solution of this equation of motion is assumed to be the following equation

w
#(0) + é’z'a) + w2z(t) = WEAexccOSW + — Fis[Zeonst + z(D)] (2.11)

z(t) = Acos (wt — ¢) (2.12)
A represents the amplitude of the cantilever. The schematic diagram of the vibration of the cantilever
under the above conditions is shown in Figure 2.4. Substituting equation (2.12) into equation (2.11), we

obtain
w3 — w? wA
———Acos(wt — ¢) — ——sin(wt — ¢) — AgxcCOSWE
@0 Qwo (2.13)

1
= EFts [Zconst. + Z(t)]

by multiplying cos(w?-¢) with equation (2.13) and integrating it in one cycle, then transforming the

variables to § = wt and rearranging the equation, we obtain the following equation
wi—w? A 1

- —
Wy Aexe ThAexc

21
cosgp = f Fis[Zconst. + z(t)]cos8dO (2.14)
0

Also, by multiplying equation (3.13) by sin(wt-¢) and integrating over one cycle, we obtain the

following equation

w A 1
Qwerxc T[kAexc

2m
sing = _[ Fis[Zconst. + Z(t)]sinfd6 (2.15)
0

If we substitute Fx—=0, when there is no interaction force between the tip and sample, then sing and

cos¢ are
2 2

wg—w® A

cos¢p = ——— (2.16)
wg Aexc
ing = 2 @2.17)
singg = — :
Qwo Aexc

Substituting equations (2.16) and (2.17) into cos*¢+sin’p=1, the amplitude 4 and phase ¢ are shown

as following:
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A =
2\2 2 (2.18)
[o-Fres
fof
= 2.19
= - e (219
Now, we rewrite wo= fo and w = f. When = fy, from equations (2.18) and (2.19)
A = AgcQ (2.20)
tang = —g (2.21)

It can be seen that the response signal of the cantilever is delayed in phase by 90° when the cantilever
is excited at its resonant frequency.
Next, we consider the case when there is an interaction force between the tip and sample, i.e. Fi#0.

In this case, we transform equation (2.13) as follows

w3 — w?  Agxt 1 [
02 = cos ¢ +m i Fis[Zconst. + z(t)]cos8dO (2.22)

Then, we substitute the following approximation into equation (2.22)

w3 — w? Af

~—-2— (2.23)
w§ fo
Then the frequency shift Afis expressed by the following equation
fo fo [
Af =— 24 cosg — ZﬂkA.fO Fis[Zconst. + z(t)]cos0dO (2.24)

The cantilever is excited at its resonant frequency and is therefore 90° out of phase. The first term in

equation (2.24) is zero and the frequency shift is

fo

A = =ouka

2m
f Fis[Zconst. + Z(t)]cosBdO (2.25)
0

From equation (2.25), it can be seen that the frequency shift of the cantilever is proportional to the
sum of the interaction forces between the tip and sample detected in one cycle by the cantilever excited
at the resonance frequency. As shown in Figure 2.1, if we set zconst. = d + 4 and transform the variables

as z(t) = cos(wt-¢) = cosf = u, the equation (2.25) is expressed as

_Jo
kA

1
Af = f Fgld + A(1 + w)] du (2.26)
-1

1—u?

- 15 -



Z(t) 4

Z constanttA Cantilever

A==t

Figure 2.4 Schematic diagram of cantilever vibrations.

2.3.3 Formalism of force

In general, if the vibration amplitude of cantilever is very large or small, so that the force gradient
cannot be considered as constant simply. Even the huge demand for force expression, a general
expression for arbitrary oscillation amplitudes was unknown. As proposed by Sadler Javis, a force
deconvolution method using Laplace transformation and a Bessel function which can be better fit for
the arbitrary oscillation amplitude [6].

The interaction F;s(z) between tip and sample can be written as an A(4), which is the inverse

Laplace transformation of F;4(z) as follow:
Fis(z) = f A(A) exp(—1z) dA (2.27)
0

substituting to expression (2.26), we could obtain frequency shift as follow:

Af = —I{—ZEL AQQ) exp(=Az — AA(1 +u))\/1L_L_uzdz du (2.28)
If we exchange the integration as follow:
Af = —f—"foofl AQQ) exp(=2z — AA(L + w)) ——— du dz (2.29)
kA, J_, V1—u2
Then, we use the transformed Bessel function, which defined as:
1 s
I,(z) = Efo e%¢%s0 cos (n6) do (2.30)
when n=1, the equation could be expressed as:
1 s
I(z) = Efo e%¢°s9c0s0 db (2.31)
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substituting u = cosf and I,(z) = —I;(—z), the above could be expressed as:

1
I,(z) = —%f_le_z“\/%du (2.32)
When T(x) = I;(x)e™, then the equation (2.29) could be expressed as:
7_1 mA(/l)T(/lA)e‘“d/l (2.33)
fo kA,
Using the inverse Laplace transformation (2.34) to both sides of (2.33)
LIYD)] = fOOY(/l) exp(—Az) dz (2.34)
0
substituting following
Ay = A [ﬁ (2.35)
T(24) fo
Fes(z) = LIA(D)] (2.36)

Substituting equation (2.35) to (2.36), then interaction between tip and sample could be expressed as

follow:

Fis(z) = (2.37)

|

The analytical approximation of T(x) is

-1
T(x) = —<1 + ;xz + JZ 3) (2.38)

Substituting equation (2.38) to (2.37), then interaction between tip and sample could be expressed as

follow:

Fis(2) = 2k{£ A1 [ff + = A L y zz: [j‘cf AZL ,121; [ f]” (2.39)

0 0

~1[4f /fo] is the function of A.
Now, substituting (2.40), (2.41), (2.42) and (2.43)
LIA2Y (V)] = 1%L[Y (D)] (2.40)
LAY (V)] = DAL[Y ()] (2.41)
1%p(4) = (e )f Y(4) (p;))l ————dt (2.42)
a D" d" (7 e®)

D%p() = T danL (t_l)a_nﬂdt (2.43)

to (2.39), we could get the expression as the follow:
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Az 4 dog)
S .Q(t) —
8ym(t —2) J2(t—2) dz

while Af/f, = Q(2). Here, we could analytically derive the tip sample interaction Fy5(z) using Af.

Fis(2) = 2k f B 1+ (2.44)

The first term includes the small amplitude contribution and the second term include the large amplitude
contribution. For the wide range of amplitude, the Sadler Javis method converge to the analytical
determinable exact solutions and gives an errorless than 5% in all cases. However, this formula is only
valid for the constant oscillation amplitude and experimental realization is important.

The interaction potential can be derived as follows

dt (2.45)

Ups(2) = 2k j a| ¢

2.3.4 Stability conditions for cantilever vibration

In FM-AFM, the cantilever must be excited stably at its resonant frequency. When the cantilever is
brought close to the sample to a certain distance, the interaction force increases and a phenomenon
called jump-to-contact occurs, where the probe is pulled into the sample.[2] In order to avoid jump-to-

contact, the spring constant of the cantilever must be as follows

k > max (— 6;;) — Jmax (2.46)
Furthermore, considering that the cantilever is periodically excited with amplitude 4, the following
conditions are also necessary
kA > max (—Fis) (2.47)
F satisfying these conditions will allow stable measurements without causing jump-to-contact.
When the cantilever is excited, non-conservative forces are generated between the tip and sample
due to thermal factors and surface interactions. In order to detect the interaction force Fis between the
tip while maintaining a constant vibration amplitude of the cantilever, energy must be applied to the
cantilever to compensate for the energy dissipation AE;s caused by these non-conservative forces. When
the energy dissipation exceeds the internal dissipation of the cantilever, the vibration amplitude of the
cantilever cannot be kept constant and the FM-AFM cannot keep stable measurements. Therefore, the

following conditions are required to keep the vibration amplitude of the cantilever constant.[2]
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—A? > AE,— (2.48)
s
2.4 Principle of KPFM

2.4.1 Work function

The work function is defined as the energy required to remove one electron from the surface of a
material into a vacuum. The energy required to remove one electron from a solid containing N electron

into an infinite distance (vacuum) is given by the base energy as En
J0EN
JON

where u is the chemical potential of the solid and E\q is the vacuum level. In the case of metals, this

® = —(EN = En-1 = Evad) = =+ + Evac = =i + Eyac (2.49)
corresponds to the Fermi level. This means that for metals, the work function is the difference between
the vacuum level and the Fermi level.

The work function is a value that is strongly influenced by the structure of the material at the atomic
level, its surface orientation and the adsorption of other atoms. This means that the work function is
determined by the electronic state of the valence electrons near the outermost surface layer. Therefore,
the electronic structure theory is necessary to discuss the work function value quantitatively. In this
paper, we present the results of the Jellium model of the work function [7]. The Jellium model is a
system in which the charge in the metal is assumed to be uniformly distributed. In other words, it
consists of a background positive charge p*, which is obtained by uniformly averaging the ionic centers,
and a density of free electrons p that neutralizes the background charge as a whole. The electron density

distribution of the Jelium model was calculated by Lang, Kohn et al. and is shown in Figure 2.5.

Solid Vacuum

+1  Positive
“7T ‘background

Relative electron density

Negative
background

Distance from surface

Figure 2.5 Electron density distribution on a Jellium surface [7].
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At the surface, the background positive charge is assumed to be a staircase function. However, they
are ejected from the surface to the vacuum side (z > 0) due to the kinetic energy of the electrons, while
inside the surface they oscillate and approach the mean value (bulk charge density) asymptotically. This
phenomenon causes the charge distribution on the surface to be negative at the outermost surface, but
positive at the very inner surface of the Jellium, forming an electric double layer. The electric double

layer deepens the potential of the electrons inside the surface. Its size is

+00
Agp = —471] Z(p(z) — p+9(—z))dz (2.50)
where 6(z) is a staircase function.
The electrons deep below the surface are affected by the exchange and correlation potential Vxc in

addition to this electrostatic potential, so that the total potential is

Ver(2) = Vegr(—0) = ¢p(—0) + Vxc(p+) (2.51)
the difference in depth of the potential well from the vacuum to the interior of the metal is
AVegr = Vegr(+00) — Vegr(—0) = A — Vxc(p4) (2.52)

The work function is the difference between the vacuum level and the Fermi level, as shown in Figure
2.6. Since the work function is the difference between the vacuum level and the Fermi level, it is equal
to AV minus the kinetic energy hA2kZ/2m corresponding to the Fermi level. Hence the work function
D is

h2
¢ =A4¢ + {Ich(m)l - %(3ﬂ2p+)2/3} (2.53)

The first term on the right-hand side of equation (2.53) is determined by the charge distribution near
the surface and is called the surface term @s. On the other hand, the second term on the right-hand side
is determined only by the bulk properties and is called the bulk term @®g. In the Jellium model, it is a

function of the background positive charge density only.
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Figure 2.6 Relationship between potential and work function at a surface [8].

2.4.2 Contact potential difference

The contact potential difference is the potential difference that occurs when two conductors with
different work functions are brought into electrical contact. The work functions of the two conductors
are @, and Pp respectively (Figure 2.7(a)). When these conductors are brought into contact with each
other electrically (Figure 2.7(b)) the electrons flow to the object with a lower chemical potential in order
to become energetically stable. As soon as the chemical potentials ua and us of the two electrons
coincide, a contact potential difference Vepp = Ad/e due to the work function difference A@=@,- Dy is

generated between the two conductors.

(a) s (b)
Erp

Conductor A Conductor B

Figure 2.7 Schematic diagram of contact potential difference (a) before contact (b) after contact,

when contact potential difference occurs.

2.4.3 KPFM with voltage feedback

KPFM with voltage feedback has been developed as an application of non-contact atomic force
microscopy. The principle of KPFM with voltage feedback is described in the following.

The electrostatic interaction force between the tip and the sample in non-contact atomic force
21 -



microscopy can be expressed by the following equation [9],

1dC
Fele = _EE (Vbias - VCPD)Z (2'54)1

where C is the capacitance between the tip and samples, Vi i the voltage applied between the tip
and samples and Vcpp is the contact potential difference between the tip and sample. When
Vbias=Vpct+Vac coswt, which is the DC voltage Vpc plus the AC voltage Vac coswt, is applied to the

sample, equation (2.54) becomes

dc

Fele = — EE (VDC + VAC cos wt — VCPD)Z (255)
Expanding equation (2.55), we obtain
1dC VKC
Fee = =5==1(Vpc — Vepp)* + ==
2dz 2
dc 1dC (2:56)
I (Vbc — Vepp)Vac cos wt + ZEVKC cos 2wt

The first term on the right-hand side of equation (2.56) is the electrostatic interaction force due to the
DC component, the second term is the electrostatic interaction force with a component of modulation
frequency , and the third term is the electrostatic interaction force with a component of modulation
frequency 2w. In KPFM with voltage feedback, the modulation frequency ® component of the
electrostatic interaction force is detected by a lock-in amplifier and the sample surface is scanned with
feedback applied so that this component is zero, i.e. the DC voltage Vpc is Vpc = Veep. By mapping the
Vbe, the contact potential difference image of the surface can be obtained. The interpretation model of

KPFM measurement is shown in the Figure 2.8.

@ 4.
) 7]

(b)ﬁhﬁf'

gésample o]

28

Er

Sample Tip

Tip

Figure 2.8 Energy levels of the AFM tip and sample: (a) tip and sample are separated by distance d
with no electrical contact, (b) tip and sample are in electrical contact, and (c) a bias voltage (Vpc) is
applied between tip and sample to compensate the CPD and the electrostatic force. Ey is the vacuum

energy level. Ers and Er: are Fermi energy levels of the sample and tip, respectively.
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2.4.4 Minimum detectable CPD by KPFM

In AFM measurement, a frequency shift (Af) and an amplitude variation (AA4) of the cantilever

vibration due to the energy dissipation are given by

foFc
= —— 2.57
af 2kA ( )
A = — Qlid’ (258)

where f;, k, O and A are the resonant frequency, the spring constant, the quality factor and the
oscillation amplitude of the cantilever, respectively. F. and Fy are the tip-sample conservative
interactions and dissipative interactions, respectively.

Therefore, the minimum detectable force for conservative interaction and that for dissipative

interaction are given by

SF, = _2kAdf (2.59)
fo
sF, =04 (2.60)
=07 .
Q

Here, Jf and JA4 are the minimum detectable frequency and amplitude, respectively.

For typical AFM measurements in UHV, the Jf and dA4 are given by [24]

| 12fmnasVB (2.61)

A
84 = nygsVB, (2.62)

of =

here the ngs, B, fm are the deflection sensor noise, bandwidth of the lock in amplifier and the

modulation frequency, respectively. Therefore, JF. and 6F; are obtained as:

_ 4‘\/§fmnds\/§

SF, (2.63)

SF, = (2.64)

§F, = (2.65)

— Vi, (2.66)

while the dissipative electrostatic force (Fesc) is zero.

The o component of the frequency shift (Afm) induced by the electrostatic interaction is given by
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Afm = MVACVDO (2.67)

kzZ,
from equation Af'= - foFes/(2kA), minimum detectable CPD in FM-KPFM can be described [10],

% = —Z\Eklzgo fﬁn
CPD~FM = 2 RAVac for

2.4.5 Origin of the LCPD

VB (2.68)

It has been a long time since KPFM made it possible to measure the contact potential difference
(CPD) between tip and sample so that to observe the potential of various surfaces. The CPD is a physical
quantity defined by the macroscopic work function, but in recent years, changes in the contact potential
difference at the atomic level (microscopic) have been observed and clarified on semiconductor surfaces
[11], insulator surfaces [12], metal atoms (clusters) [13-15], polar molecules [16,17] and charge transfer
complexes [18]. The origin of this local contact potential difference (LCPD) is still not well understood
and is being investigated by many researchers. In this section, we will introduce the mentioned origins
of LCPD.

1. Charge transfer effects

B Charge transfer from subsurface

When metal atoms (clusters) or molecules are adsorbed on a semiconductor or metal surface covered
with an insulating film, charge transfer occurs between the surface and the adsorbed material through
the insulating film. It is known that charge transfer could induce the change of work function of the
sample.

As shown in Figure 2.9, when the charge is transferred from the adsorbate to the surface (when the
charge in the adsorbate is insufficient), an electric dipole moment is generated in the direction from the
surface to the adsorbate. This dipole moment decreases the work function of the sample. On the other
hand, when the charge moves from the surface to the adsorbent (when there is excess charge in the
adsorbent), an electric dipole moment is generated in the direction from the adsorbent to the surface,
and the work function increases. Therefore, when the adsorbent is positively charged, the contact
potential difference decreases. On the other hand, when the adsorbate is negatively charged, the contact

potential difference increases.
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Adsorbates

Figure 2.9 Model of change in contact potential difference due to charge transfer between adsorbates

and surface.

B Charge transfer from tip apex

L.Gross and his group have distinguished positively charged, neutral, and negatively charged Au
atoms by LCPD shifted. The single electron charging or discharging of gold atom could be induced by
increasing the force on the AFM tip by few piconewtons. In addition, charging the oxygen adatom by
the single electron charge by applied electric filed on the TiO: surface.

2. The effect of charge redistribution caused by the approach of the tip

When an active tip apex is brought into contact with the surface, the strong overlap of the electron
wave function between the tip apex atom and the surface atoms results in the generation of polarization
charges. This charge redistribution on the surface side is induced by the tip apex and is treated as an
induced dipole moment. The presence of this polarization charge is thought to enhance the contrast in
LCPD. Meanwhile, the existence of the induced dipole moment has been reported by S. Sadewasser's
group as an example of a local chemical potential change observed as LCPD. [20] However, the LCPD
change of the surface could not be attributed to the dipole moment only, because the Si dangling bond
in the tip apex is active.

3. Effects of permanent dipole and multipole moments in molecules

Recently, charge transfer complexes and organometallic complexes have been investigated due to the
increasing demand for organic molecular electronics. Schuler et al. and Bing Kai et al. have reported
the observation of LCPD of these molecules by KPFM [16,18].

Schuler and co-workers have investigated the LCPD in an electron-donating and an electron-
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accepting molecule as shown in Figure 2.12. It has been reported that the LCPD has a distance
dependence. In the long range, the LCPD reflects the effect of the dipole moment between the donor
and acceptor in the molecule. However, at distances similar to the size of the molecule, the tip is
expected to reflect not only the rough charge distribution but also the three-dimensional charge
distribution in the molecule and the electric field influenced by higher-order multipoles due to the
charge in each atom of the molecule. At near distances, it could reflect the effect of Pauli's repulsion
(see below).

LCPD images of metal phthalocyanines (MPcs), which form a variety of organometallic complexes,
have also been observed by BingKai et al. MPcs is not a planar molecule, but has a structure in which
the metal and oxygen atoms are ejected, and therefore has a permanent dipole moment as shown in
Figure 2.12. This permanent dipole moment is thought to change the work function of the surface, which
is observed by LCPD contrast. When the permanent dipole moment is toward the surface, LCPD
increases (work function increases), while when the permanent dipole moment is toward the vacuum,
the LCPD decreases (work function decreases).

It can be noticed that the LCPD could reflect the charge distribution inside the molecule.

2.5 Conclusion

In this section, we describe the principle of AFM. Firstly, the various interaction forces between the
tip and the sample are described in section 2.2, the working principle of AFM is explained in section
2.3, and the principle of KPFM is described in section 2.4. Finally, the origin of the LCPD was clarified

by various previous studies.
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Chapter 3 Setup of room temperature
UHV AFM

3.1 Introduction

In this chapter, we introduce the equipment and circuit configuration of the room temperature AFM
used in this study. In section 3.2, the equipment of Ultra high vacuum (UHV) including the three
vacuum chambers and the vacuum pump will be described. In section 3.3, we describe the design and
mechanism of the AFM unit including stages and defection detection part. In section 3.4, we describe
the preparation method of sample and cantilever that need to be transferred into observation main
chamber. In section 3.5, the operation circuit for detection of frequcy shift are presented. In section 3.6,
we show principle of electron beam evaporator and process of evaporation. Finally, we summarized this

chapter.

3.2 Equipment of UHV nc-AFM
In the follow, we present our home-built construction of AFM. It mainly assembled by the three
vacuum chambers with gate break to separate the vacuum chamber from each other, which could be

seen picture in the Figure 3.1 and schematic diagram correspondingly in the Figure 3.2.

Figure 3.1 Room temperature UHV nc-AFM system.

Load-lock chamber
The load-lock chamber is used to install a new sample or cantilever into the ultra-high vacuum

preparation chamber and main observation chambers step further. The load-lock chamber is separated
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from the preparation chamber by a gate break, which allows the introduction of samples and cantilevers
without decreasing the vacuum level in the preparation chamber. After increasing vacuum level of the
load-lock chamber by turbo molecular pump, rotary pump combined with baking, we could transfer the
samples and cantilevers to the preparation chamber by the transfer rod under high vacuum. A high
vacuum of 107'° to 10! Torr can be maintained by combination of a rotary pump and a turbo molecular
pump.

Sample preparation chamber

The preparation chamber is equipped to clean the sample and the tip apex as required. An electric

current feeder is installed in chamber, which allows annealing, flashing and degassing for samples and
tip apex. An argon ion gun is installed, in which the argon ion is ionized by bombarding it with hot
electrons and then bombarded with a voltage to the target to remove the impurities from tip apex and
sample surface, such as oxide film. In order to oxidized the surface, especially alumina thin film in this
study, an oxygen gas cylinder is installed on the chamber. For the investigation of the nanoparticle
properties, the electron beam evaporator is also installed on the chamber, which designed for
evaporation from rods. Finally, the sample and tip processed in the preparation room can be transferred
to the observation main chamber in vacuum by the transfer rod. A combination ion pump and titanium
sublimation pump are installed at the bottom of the preparation chamber to maintain an ultra-high
vacuum in the 10" Torr level.

Observation main chamber

The main chamber is equipped with an AFM unit for measurements in the center. The unit is installed
by a two-stage spring-loaded vibration-isolation system with different spring constants and a magnetic
vibration-isolation system to reduce the noise caused by floor and acoustic vibrations during
measurements. In addition, a carbon monoxide gas cylinder is installed in the chamber, allowing free
exposure of CO gas during the measurement to elucidate the catalytic mechanism. A gate break between
the preparation chamber and the observation main chamber prevents the gas coming from sample and
tip preparations. Finally, the observation chamber could be maintained ultra-high vacuum in 10! Torr
level by equipped with ion pump and titanium sublimation pump. Because of the CO molecule exposure

during scanning, a turbo molecular pump combined with a rotary pump are also installed in the chamber.
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Figure 3.2 Schematic diagram of the room-temperature AFM (top view).

The UHV pumping system is described below. In order to observe the atomic structure of surface in
a stable manner, it is necessary to keep the sample surface and tip clean. Therefore, the pumping system
is very important. Firstly, a rotary pump and a turbo-molecular pump (pumping rate: 50 I/sec) in the
load lock chamber are used for roughing pumping. The evacuation to ultra-high vacuum is carried out
by baking for several days (120°C in the observation main chamber and 150-200°C in the other
chamber) to reach a high vacuum state of 10 to 107'° Torr. After that, the UHV is maintained by a
combination pump (ion pump with a displacement of 70 1/sec and a titanium sublimation pump with a
displacement of 1600 1/sec) that located under the observation main and preparation chamber. The UHV

achieved in this pumping system reaches less than 3x10!! Torr.

3.3 AFM unit

Top view of the picture and schematic diagram of the AFM unit in the Figure 3.3 used in this study.

The AFM unit consists of the sample stage, cantilever stage and the detection system.
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Figure 3.3 Top view of the AFM unit picture (a) and schematic diagram (b).

3.3.1 Sample stage and cantilever stage

©® Sample stage

The sample could be introduced stalely in the approaching stage by the magnitude. The approaching
stage motion are designed with stick-slip actuation technology [1]. The stage with a sapphire sticked is
mounted on top of the shear piezoelectric element with a ruby ball for isolation, as shown in the Figure
3.4 (a). When the voltage is gradually applied to the piezo, the static frictional force between the stage
and the piezo piezoelectric element is sufficiently high so that the piezo is distorted and the stage moves
accordingly. This is called stick. Then, when the voltage is decreased rapidly so that the piezo
piezoelectric element returns to its original shape, the stage comes to stay in the position it has moved
because of the slippage between the stage and the piezo piezoelectric element. This is called slip. By
repeating this stick-slip operation, it is possible to move the stage with high precision. The stage will

move forward or backward as the input of the saw tooth voltage.
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Figure 3.4 Operating mechanism of the stick-slip actuator. (a) The schematic of stick-slip setup. (b)

The stage displacement dependent on the applied voltage vs time.

Schematic structure of piezoelectric tube is shown in Figure 3.5(a) top view and (b) cutaway view.
The piezo (gray) are attached by the inner and outer electrodes (yellow), including +x, -x, +y, -y that
opposite to each other on the outer and inner -z and outer +z. The inner continuous electrode is connected
to the ground and the bias voltage is applied to the outside +z electrode, so that electric filed direction
goes from inside to outside, which could induce the polarization. The piezo in z direction extend,
therefore tube could be retracted or approached shown in Figure 3.5 (c). For the x-y direction motion,
one side of the tube expands, and the opposite side shrink, resulting in bending motion shown in Figure

3.5 (d). Because the outer electrodes are connected to bias voltages with opposite polarity.

(a) (b) Elegtrode Pigzo (0 )
+X +Y X +X -X
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Figure 3.5 Schematic of the tube scanner, (a) top view, (b) cutaway view. Actuation and sensing (c)

in the z and (d) in the x direction of the piezoelectric tube.

The laser module, photodiode and mirror used for optical alignment can be moved freely by means
of a piezoelectric sliding oscillator. The laser module and the photodiode are inertially driven, as is the

sample stage. The mirror has three sliding crystals in contact with the mirror ball, and the angle of the
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mirror can be freely adjusted by applying a voltage to the three crystals.
® Cantilever stage
The cantilever stage has a piezoelectric transducer to resonate the cantilever, as shown in Figure 3.6.
The piezoelectric transducer is fixed using an insolation epoxy adhesive. To fix the cantilever, a steel
plate is placed on top of the cantilever and fixed with screws, and also graphite paste is used. There is
also a terminal consisting of three wire electrodes, two of which are used to excite the cantilever and

the other for the voltage signal.

Figure 3.6 (a) Picture and (c) schematic diagram of the cantilever stage and cantilever holder (b)

and (d).

3.3.2 Deflection detection system

m Theory of optical beam deflection detection

A wide variety of deflection detection methods of the cantilever have been used, such as piezoelectric
force sensor [2,3], optical beam deflection detection (OBD) [4] and optical interferometer detection [5].
In the follow, we describe the theory of the optical beam deflection detection system as shown in the
Figure 3.7 [6,7]. The displacement of cantilever could be related with the cantilever deflection angle as

follow

AG = (3.1),

3 Az
2 1

where / is the length of the cantilever. The cantilever deflection angle gives rise to displacement of
laser spot on the photodiode, the equation is shown as follow

Aa = 2A0 * s (3.2),

substituting the equation 3.1 into 3.2, the expression is written as below

Aa = S;Az (3.3),
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here, parameter s is the distance from the laser point on the second mirror to the photodiode. The
laser point position on the photodiode induces different photocurrent, if the laser spot assumed as a

square, the difference of the photocurrents could be expressed as
. 2
Ai; = Pn—Aa (3.4),
a
here, , P, and a are efficiency of the light-to-current conversion for the photodiode, total power of

the laser beam irradiated onto the photodiode, and diameter of the laser spot on the photodiode,

respectively.
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Figure 3.7 Schematic diagram of the optical beam deflection detection method.

m Detection system circuit

The optical beam deflection detection system used in this study consists of laser beam with a
wavelength of 550 nm, a mirror to propagate the laser light, a quadruple photodiode for detection of the
light, and an I/V converter to convert the photodiode current into the voltage. The schematic diagram is
shown in Figure 3.8. The laser beam transferred though faber is reflected by the mirror on the laser side,
and reach to the back of the cantilever. The quadruple photodiode determines the amount of laser by
each photodiode (P1, P2, P3, P4). The amount of light detected at the upper photodiode is A(P1+P2)
and the amount of light detected at the lower photodiode is B(P3+P4), then, the deflection of the

cantilever is detected as a displacement signal A-B [4,8].
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Figure 3.8 Schematic diagram of the optical beam deflection detection method.

Cantilever

3.4 Sample and cantilever preparation method

3.4.1 Sample fix method

The sample fix method depends on the different heat treatment. Usually, the sample could be
sandwiched between a tantalum (Ta) plate on the lower side and a molybdenum (Mo) plate on the upper
side, such as the conductive Si specimens. However, the direct electric heating causes variation in the
current value when the sample is annealed at the same temperature. Therefore, we adapt indirect current
heating method, shown in the Figure 3.9. In this case, the tantalum foil covered with insulating sheet
(PBN) used as a heating part. Before installing the sample, another PBN is placed on the bottom to
isolate each other. In order to insulate the molybdenum plate and the sample, one PBN is placed on one
side of the sample surface, so that it is possible to measure the bias on the surface. According to the size
of sample holder, we use the size of the sample is 10.5 x 2.5 x 0.5 mm? and the total height of the holder
is around 0.5 mm.

()

Figure 3.9 (a) Photo and (b, ¢) schematic representation of the sample holder in top view and side

view. Blue: NiAl(110) sample.

3.4.2 Sample preparation method

We can obtain the alumina thin films by oxidizing the clean NiAl(110) surface. In the follow, the
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preparation procedures are presented.

Sample preparation
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Figure 3.10 Preparation method of alumina thin film on NiAl(110) surface.

1. Clean NiAl(110) surface
Since the NiAl(110) surface has been stored in air, impurities such as oxygen and nitrogen are

deposited on the surface, so it is necessary to do degas. The temperature is slowly raised to 1000°C,
keeping the vacuum does not exceed 1.0x10® torr and annealing for 2 hours after reaching 1000°C.
Then clean surface can be got by repeating the cycle of Ar* sputtering (2.0x10° torr) and annealing
respectively, the parameter is shown as follow:

Ar" sputtering: emission =20 mA, ion energy = 1.2 or 2.5 keV, time = 20 min

Annealing: temperature = 1000 °C, time = 20 min

The ion energy of Ar" sputtering is set to 2.5 keV for the first 5 cycles followed by 2 keV for 10
cycles.

Figure 3.11 shows the AFM images of NiAl(110) surface according to the number of cycles. In Figure
3.11(a), after 5 cycles, a flat NiAl(110) surface could not be obtained, and in Figure 3.11(b), after 8
cycles, the flat NiAl(110) surface and the step structure could be confirmed for the first time. Therefore,

a minimum of 15 cycles of Ar" sputtering and annealing is required for a new sample treatment.

=

[110]

[0o1]

Figure 3.11 AFM images of NiAl(110) surface. Images after (a) 5 cycles, (b) 8 cycles and (c) 12
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cycles. f, = 1.13 MHz, Q = 2900, A = 800 pm,V = 0V, size of 100 X 50 nm?.

Figure 3.12 (a) Photo of the surface when annealing. (b) Photo of the Ar* sputtering on the fluorescent

plate.

In our experiment, the Ar ion-sputtering system is used to prepare the clean tip and sample surface,

which is schematically presented in Figure 3.13.

(@
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Figure 3.13 (a) Sketch of sputtering ion gun. (b) Photo of ion gun with argon.

2. Grow alumina thin film on NiAl(110) surface

Once the cleaned NiAl(110) surface has been obtained, we have to deal with the surface before next
experiments. Usually, three cycles of Ar" sputtering and annealing are carried out again under the
conditions: ion energy = 2.5 keV for the first sputtering only, then ion energy = 2 keV. After the third
annealing cycle, the temperature is continuously lowered to 400°C and the sample is exposed to oxygen
gas. The oxygen gas exposure volume is 1200 L, Poxyeen = 2.0x10° Torr for 10 minutes. After the
exposure, the temperature of the sample is raised to 880 °C that sub-annealed for 4 minutes, and then
dropped to 0 °C to produce alumina thin film [9]. It is important that the temperature is changed at a
rate of 1°C/1sec. To get clean surface, sputter energy is very important in this study. The large area of
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alumina surface is shown in the Figure 3.14, including the various line defects.

Figure 3.14 Large area of AFM images of alumina (Al,O3) on NiAl(110) surface.

3.4.3 Cantilever preparation method

As an AFM sensor, a commercially available Ir-coated cantilever (Nano sensors SD-T10L100, fo
~800 kHz and 1.13 MHz) was used. The cantilever is fixed to a silicon support chip which can be seen
in the sketch of the AFM probe assembly shown in the Figure 3.15 (a). The support chip as an integral
part of the probe is designed for manipulating the probe and fixing it to the cantilever holder. Figure
3.15 (b) show the TEM images of the cantilever and tip apex. The diameter of the tip apex is about 5

nm.
@ U @)

1600pm

Figure 3.15 (a) The sketch of the AFM probe assembly and (b) the TEM image of the part of
cantilever and tip apex.

Before the AFM measurements, the Si cantilever is cleaned by annealing and Ar ion sputtering at
room temperature to remove the contaminants. For the metal coated cantilever, there is no need for the

above preparation, because the sharp tip apex could be got by the manipulations on the surface.
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3.5 Operation circuit

The circuit configuration of the FM-AFM/FM-KPFM with feedback used in this study is shown in
Figure 3.16. The displacement of the cantilever is detected by a photodiode, and the AGC (Auto Gain
Control) and PLL (Phase Locked Loop) circuits are used to control the excitation and detect the
frequency shift. In this study, OC4 is used by NANONIS for FM detection circuit. In the following, we

briefly describe the circuits used in this study.

AFM | prrereesesiscieanes FM-KPFM }eoveeveeeensseeeressnnsneny

Deflection

sensor

'-| Z feedback |~
L1

Scanner Voc

Af image Vepp image

Figure 3.16 Circuit configuration of FM-AFM and FM-KPFM with feedback.

3.5.1 AGC circuit

The AGC circuit is a feedback circuit which is necessary to keep the vibration amplitude of the
cantilever constant. The AC signal detected from the photodiode is input to the lock-in amplifier in the
PLL circuit, and the amplitude detected by the lock-in amplifier is used as the vibration amplitude signal
of the cantilever, and the feedback control is performed to make this signal equal to the amplitude (set

point) to be vibrated by PI control. The vibration amplitude of the cantilever is controlled by PI control.

3.5.2 PLL circuit

The PLL circuit detects the frequency shift from the AC signal output from the photodiode and
optimizes the vibration frequency of the cantilever to the resonance frequency. The signal from the
photodiode is used for two purposes by the lock-in amplifier in the PLL circuit. When the cantilever is
excited at its resonant frequency, one of the signal is input to the NCO (Numerical Controlled Oscillator)
to optimise the vibration frequency of the cantilever to its resonant frequency, as the vibration signal is
90° out of phase with the excitation signal. The resonant frequency is then optimised by making sure

that the difference between the phase of the cantilever vibration signal and the phase of the excitation
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signal is always -90°. The other signal matches the frequency shift, so it is output to the feedback

operation circuit and the FM-KPFM circuit.

3.5.3 FM-AFM/FM-KPFM circuit

The red line in Figure 3.16 shows the FM-KPFM circuit. As our KPFM setup applies an AC voltage
(Vac) at frequency w as well as a DC voltage (Vbc) to the sample, Vpc nullifies the fac component of
oscillating electrical forces, providing Vepp between the tip and the sample surface. In our case, the

local contact potential difference (LCPD) voltage can be determined with a feedback loop using KPFM.

3.6 Electron beam evaporator

3.6.1 Principle of the evaporator

The evaporation system used in this study is an EFM 3 manufactured by Omicron [10]. The principle
of operation of the vacuum deposition source is described below.

The schematic diagram of the evaporation source is shown in Figure 3.17. A high voltage (600 V in
this case) is applied to the evaporation material side, and the thermal electrons generated from the
filament body collide with the heated evaporation material. This causes the temperature of the
evaporation material to rise and evaporate. The evaporated material reaches the substrate and forms a
thin film. A part of the evaporated material is ionized and reaches the flux monitor shown in Figure 3.17.
The amount of evaporated material can be estimated from the value of the flux monitor because the
weak current flowing at this time is proportional to the amount of evaporated material. During the
evaporation process, the gas released from the wall is suppressed by water-cooling, which makes it
possible to evaporate in an ultra-high vacuum.

In this study, the crucible deposition method is used. The vacuum deposition theory of crucible
deposition is briefly explained below. We consider a model in which the evaporation source is made of
a cylindrical object such as a crucible, and evaporated molecules are ejected from a hole in the top of
the crucible. The total mass evaporated in a certain time is Me, and the evaporated mass contained in
the solid angle do in the direction of the angle ¢ with the plane normal of the hole is

dMe = Me cosp dw /T, (3.5)
where the evaporated mass attached per unit area of a surface at a distance » from the evaporation

source and with the direction of the evaporated molecules and the normal inclined by 0 is
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md = sMe cos ¢ cos 8 /mr? (3.6),
and is given by where s is the proportion of particles that adhere to the substrate out of the particles

evaporated and ejected, which is called the adhesion coefficient.

Crucible (S and L)

shroud Thermocouple

Filament ) Cooling
f + Slide bearing

Figure 3.17 Photo and schematic diagram of the deposition source (EFM 3).

3.6.2 Process of the evaporation

Degas with evaporant heating:

* Turn the high voltage to about 200 V.

* Gradually increase the current until emission starts typically at 1.8 A filament current). Set to an
emission current of about 5 mA (1 W heating power).

* The temperature of the cooling shroud will rise faster during degassing than without a crucible.

* Degas the evaporator until the desired shroud temperature is reached. The overheat protection of
the EVCs will switch of the heating power, when exceeding the over temperature (preset 300°C for all
EVC)

After sufficient degassing start with evaporation:

* Turn on the water cooling.

* Set the HV to about 600 V to 800 V and the filament current to about 1.5 A.

» Slowly increase the filament current until emission starts and the flux monitor indicates

an ion flux (positive polarity) in the 1 nA range.

The general parameters on the controller for the deposition source were:

emission = 40 mA, flux = 0.02 nA, voltage = 600 V, temperature = 20-50 °C, time = 1-3 min.

The large area of alumina surface with Pd nanoparticles is shown in the Figure 3.18. The Pd

nanocluster shown as the spherical in the AFM images.

- 40 -



Figure 3.18 The large area of AFM image of Pd nanoparticles on /Al,O3NiAl(110) surface.

3.7 Conclusion

In this chapter, we introduced the equipment of UHV nc-AFM in detail. Next, the presentation of the
AFM unit including sample and cantilever stage, and the defection system. Furthermore, the sample fix
method depending on sample type is explained, and the NiAl(110), alumina surface and cantilever
preparation method is also introduced. Followed by presentation of the operation circuit, especially the

FM-AFM and FM-KPFM circuit. Finally, the evaporation principle and process are clarified.
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Chapter 4 Research about Pd NPs on
alumina thin film

4.1 Introduction

In this chapter, we generally introduce the basic physical properties of the alumina thin films used in
this study, including the unit cell and line defect structure properties. In section 4.3, we clarify the
investigations about the charge state of metal atom and NPs on Al,O3/NiAl(110) surface. In section 4.4,
investigation of CO reactivity on the metal NPs is described, additionally, the correlation of the CO
Lewis structure and orbital interaction diagram. In section 4.4, we describe the structure of oxygen and
its complex formation with transition metals. In section 4.5, we introduce the investigations of oxygen

reactivity on Pd NPs. In the final, we give the summary.

4.2 Al,03/NiAI(110) surface

Alumina thin films are obtained by oxidation of NiAl(110) surfaces. In this section we describe in

detail the structure and properties of alumina thin films combined experiments and calculation.

4.2.1 Unit cell of alumina

The alumina film is formed on the NiAl(110) surface, where the NiAl single crystal has the body-
centered cubic type structure shown in Figure 4.1(a) and the NiAl(110) surface has the structure shown

in Figure 4.1(b).
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Figure 4.1 Body-centered cubic type structure shown in (a) and.the NiAl(110) surface in (b).

In the alumina crystal structure, O atoms are arranged in hexagonal close-packed planes, and the Al
atoms occupy two out of three octahedral interstitial sites between the oxygen planes, forming a buckled
honeycomb lattice.

In general alumina, the Al atom forms a hexagonal close-packed structure, but the Al; atom shares
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one electron with the Ni atom, so it loses one valence electron to bond with the O; atom, so the Al; atom
has two valence electrons (Al*?). This means that the Al; atom cannot form a hexagonal close-packed
structure and forms a pentagonal or heptagonal structure as shown above. This means that the chemical
formula of the alumina thin film is Al4OsAlsO7, as opposed to Al,Os, which is the usual formula for
alumina, and if the 16 unit cells on the NiAl(110) surface are covered and the number of valence
electrons of each atom in the alumina thin film is also described, the overall stoichiometry is 4(AlI"*O"
26A176027) [1].

Bulk alumina, which is an insulating material, cannot be used for experiments using electrons, such
as STM and TEM. However, the thickness of the alumina film is about 5 A [2], which can be used for
the above experiments because of electron tunneling properties.

The specific picked up of the tip apex affect the AFM image contrast, as reported in previous research.
In the oxygen mode, the oxygen atom of the alumina is bright in the case of a positive tip apex. As
shown in the AFM images, the red spot indicates the structure of the oxygen that consistent with the
model proposed by Kresse group [2]. In addition, in the aluminum mode, the aluminum atom of the
alumina is bright in the case of a negative tip apex used for scanning. As shown in the AFM images, the

green and blue spot indicate the structure of the aluminum atom that the model proposed by our group

[3].

. . i

Figure 4.2 NC-AFM image of alumina-NiAl(110) surface with two possible interpretations (I and II)
based on an atomic model [2] for more details see the text. The salient protrusions and depressions are
highlighted in white and yellow. Only oxygen and aluminum atoms are shown [3].

In our group, both oxygen and aluminum atoms as the protrusion contrast can be obtained in our
system. We clarify the atomic resolution of well-ordered alumina film with different tip apex as
following table. It is concluded that we can distinguish the surface and tip apex condition by the AFM
images.
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Table 4.1 AFM images contrast of the alumina thin film surface with different tip apex.

O:
bright
Al:

O: dark

bright

Li ¥ J Nanotechnology 2013, 26, 505704,

4.2.2 Structure of surface defect

Alumina thin films contain a very characteristic defect structure. It has been reported that metal
particles can be adsorbed on these defects and are thought to play an important role in catalytic reactions
[4]. In this section, we clarify and describe the defect structure of alumina thin film.

As shown in Figure 4.3, two domains are formed in the alumina thin film in the direction of +24°
inclined to [1-10] of NiAl(110) surface. Line defects are introduced to solve the mismatch between the
thin film and the substrate, which produced by the existence of two mirrored domains and the distortion
of the growth direction with NiAl(110). The line defects are named antiphase domain boundaries
(APDBs) and reflection domain boundaries (RDBs) [2,3]. One type of the APDBs is named as straight
line defect, which inserted parallel to the unit cell of the alumina thin film, another is named as zig-zag
line defect, which inserted against the diagonal of the unit cell. In the following, straight line defect

structure will be explained in detail.
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Figure 4.3 Growth direction of domains and APDB direction and structure in alumina thin films. [A

and IB are linear defects, while IIA and IIB are zigzag defects from [3].

Straight line defect can be recognized by a space of 3.0 A inserted in the middle of the original unit
cell of the alumina thin film, where the atoms forming the defect structure are inserted. This unit cell is
large enough to cover 23 NiAl unit cells. Since the valence numbers of Al; and Al are +2 and +3
respectively, the overall valence of the alumina film is 2x19+3x28-2x60 = +2. This means that one
oxygen atom is missing [1,5], which represents the oxygen-deficiency structure.

The two electrons produced by the oxygen-deficiency structure should be incorporated into the 3p
orbital (F center) of the Al atom, but in this case, they are transferred to the substrate, and the electron
defect remains on the alumina surface. It has been demonstrated by the PDOS on the domain obtained
by DFT calculations, and the PDOS on the alumina film containing APDB. Although the insertion of
the defect would normally result in a very large change in the PDOS, the PDOS of the thin film
containing the defect structure is only about 1 eV lower in the valence and conduction bands than the
PDOS on the domain. It is concluded that the two electrons are transferred into NiAl(110) [5].

The stoichiometry of the straight line defect is (NiAD)*substrate (Al1oO25Als032)*", which is able to
supply electrons from the NiAl(110) substrate, thus facilitating the adsorption of negatively charged
atoms and clusters. The removal of electrons from the NiAl(110) substrate facilitates the adsorption of
negatively charged atoms and clusters, and the adsorption of palladium particles on defects has been
observed by STM [5].

Another defect structures also fascinate lots of research group. The step structure with a height of 0.2
nm, which is also found in alumina thin films. In the following, the step structure of the alumina thin
film is described with reference by Heinke et al. [6]. The step structure of alumina thin films is formed
during the oxidation and annealing of the NiAl(110) surface. In the step structure, the NiAl(110) surface

is covered with a carpet-like oxide film as shown in reference [6]. Heinke group also show the contact
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potential difference on the step of the alumina film is little bit lower than that on the surface, which
suggests that electronic defects also exist on the step. Therefore, the adsorption of atoms and clusters is
likely to occur even on the step.

Although there are lots of interesting results has been obtained, we still have curiosity on the different

type of line defects, especially the various interaction with adsorbates.

4.3 Investigations of charge state of metal NPs on Al,Os/NiAI(110) surface

Metal oxide interfaces, dispersed metals on oxide supports play an essential part in many
technological areas. It is clarified that defects and steps in the alumina thin film facilitate the adsorption
of atoms and particles, which is active sites for the catalytic reaction. Nevertheless, there is still a lack
of fundamental knowledge about the crucial properties of thin metal and small metal particles on oxide
supports. However, a deeper understanding could help to improve the electronic, mechanical or catalytic
performance of such systems. In this section the investigations of the metal atoms and nanoparticles on

the insulating film are clarified.

4.3.1 Pd/Au atoms on Al,O3/NiAl(110) surface

Electronic properties of single Pd atoms, deposited on Al,O3NiAl(110), have been characterized by
scanning tunneling spectroscopy at 12 K and 50 K. Most of the Pd atoms adsorbed on the line defects
sites at deposition temperature 50 K than 12 K. The conductivity spectra signature obviously reflects
Pd atom binding properties at different adsorption sites on the thin film, correspondingly. According to
the conductivity resonances, Pd atoms on large oxide domains show the peak around 3.0 V mainly. For
the Pd atoms near domain boundaries, the spectra peak present around 2.5 V [4].

It is illustrated that defect sites provide higher binding energies, which modifies the Pd-oxide
interaction and affects the electronic signature of Pd atoms. To support this assumption, they found that
Pd atoms are prefer to trap on oxide defects at 50 K than at 12 K [4].

Even, they prefer to deduce defects effects on the adsorbed metal atom by comparing conductivity
resonances of the Pd atoms on the thin film with Pd atoms on oxide defects. However, the shortage
spectra of oxide defect are needed to compare with the spectra of Pd atoms on oxide defects.

The adsorption of Au on a thin alumina film on NiAlI(110) has also been investigated experimentally
and theoretically at 5-10 K. The Au monomers and dimers on alumina thin film are imaged as bright

and dark contrast by the scanning tunneling microscopy. From the frontier orbitals of the monomer and
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dimer, only the dimer LUMO shows up in the dI/dV spectra as a peak at 2.6 V. Although, the density-
functional theory (DFT) shows the one occupied state and two occupied states for monomer and dimer
Au, respectively. The occupied s-d,» state comprised by the Au monomers bound to special Al sites,
and s-d, orbitals of the two Au atoms hybridize to form the two occupied states dimer Au. The occupied
states derive from the Au 6s orbital that is half filled in gas-phase Au and becomes doubly occupied on
the oxide surface due to the charge transfer from the metal support. Therefore, it tends to conclude that
the Au monomer, dimer and chains are negatively charged by calculation and spectroscopy results [7].

The occupied gold states are not revealed in the experiments. Therefore, the shortage of the
spectroscopy is clear because the charging effects might induce an energy barrier that cannot be
overcome.

Gold atom adsorbed on Al,O3NiAl(110) has been investigated by FM-dynamic force microscopy
at low temperature. The Au atom preferable adsorption sites are present by the atomic resolution images,
which show that wave trough-like depressions are preferred locations. According to the frequency shift-
distance curves, the minimum value of frequency shift of Au atom and surface are different significantly,

therefore, the available imaging set points lie within the ellipses [8].

4.3.2 Metal NPs on Al,O3/NiAl(110) surface

The specific size of metal NPs show quantum effects and therefore can increase catalytic efficiency.
As reported, the catalytic activities for CO oxidation at 273 K is shown as a function of Au particle size.

The optimal catalytic size of Au particle on the alumina surface is around 1.5-5 nm in diameter [9].
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Figure 4.4 Reported catalytic activities (in mmol/gaus, left axis) for CO oxidation at 273 K as a
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function of Au particle size (d, in nanometers) for different support materials [9].

The charge state of metal adsorbates also has an important effect on their catalytic properties, which
is correlation with its size. In research on the CO oxidation activity by Infrared spectra combined with
STM and calculations, it was found that as the catalyst size decreases, the cationic Pt atoms at the edges
of a cluster become strongly correlated with the CO oxidation activity [10]. However, there are still a

lack of the sub-atomic resolution experiments and charge state of Pt cluster illustrations.

Figure 4.5 (a, b) Topographic image and Kelvin image of the Pd clusters on the MgO(001) surface

[11].

In addition to characterizing the electrostatic properties, KPFM is a powerful tool for measuring
charge state with atomic resolution as we discussed in the chapter 2. As shown in the Figure 5, the dark
contrast of the Pd nanoclusters on the MgO(001) surface indicate it is positive charge. It is shown that
the voltage difference equals the work function difference between MgO(001)/Mo and Pd. This result
consistent with the MIES and UPS measurements [11].

At present, the atomic resolution of three dimensional Pd nanocluster and its electronic properties
haven’t been resolved by AFM experiment and KPFM at room temperature, which is important for
understanding the size correlation with charge state in heterogeneous catalysis. In essence, theoretical
calculations have shown that Pd nanoparticles of ~4 nm, the amount of edge and corner sites is the
highest, resulting in a better activity. However, in the previous results, no direct experimental evidence
has been proposed for the size dependence of the charge state of the Pd NPs on Al,O3/NiAl(110).
Therefore, the discussion about the mechanism of size dependent of charge state of Pd NPs and how

line defects of alumina thin film affect the charge state are needed.
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4.4 Investigations of CO reactivity on the metal NPs

This section describes the basic physical and chemical properties of carbon monoxide, its molecular

orbitals and the characteristics of the complexes it forms with metals.

4.4.1 CO molecule Lewis structure and MO diagram

Carbon monoxide is known to have a triple bond in the Lewis structure [12]. Figure 4.6 shows the
carbon monoxide orbital interaction diagram correlation with the Lewis structure. Lowest orbital of CO
is the o5 where the electron comes from 2s orbital of C and O atom, the orbital photo pictures shown
in the left of diagram correspond to the each of the orbital energy levels, in which the ¥, indicate the
electron comes from O atom mainly. Therefore, the g, correspond to the lone pair of O atom in Lewis
structure. The energy level W, looks like the sp orbital, which is a covalent bond between C and O in
Lewis structure. The energy level W3, W4 correspond to the 7 orbital, which are covalent bond between
C and O in Lewis structure. The energy level ¥s looks like the sp orbital, but the contribution coms
from the C atom mainly, which indicate the lone pair of C atom in Lewis structure. The energy level W,

¥7 correspond to the 7* orbital, and ‘¥'s correspond to the o, [13].

CO Lewis structure Carbon monoxide orbital interaction diagram
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Figure 4.6 CO Lewis structure and carbon monoxide orbital interaction diagram.

4.4.2 CO bonding with transitions metals

=  Mechanism

- 49 -



tf_rz_yz dzz eg I
’ 3754, }
.=.:: ___________ A ety :
’ pS 2/58,4 ; {
; d,. d
S xy “xz Yvz N N O\ e

Metal d orbital

¢

Energy (eV)

i
i
i
i
i
|
i
i
i
tzg ' .
i
i
i
i
i
dyz_y2d s dyy dyy dyz !

Average energy of d Splitting of d orbital
Free metal ion  orbital in spherical  in octahedral erystal
crystal field field

Figure 4.7 Energy splitting of d orbitals in an octahedral ligand field.

We will discuss complexes, which are formed by the bonding of a transition metal with a ligand. The
crystal field theory has been introduced to explain the bonding states of complexes. The crystal field
theory is based on the idea of an electrostatic field and takes into account the interaction between the
point charge or point dipole of the ligand and the d electrons of the transition metal. If a negative charge
surrounds this metal ion in a spherically symmetrical manner, the interaction with the positive charge
of the metal ion greatly stabilizes the whole system. However, as a result of the repulsion between the
electrons in the orbitals of the metal ion and this non-electric field, the energy of all the orbitals slightly
increases. In metal complexes, the ligands are attached to the metal ion and the resulting field deviates
significantly from spherical symmetry. If the ligands are bound in the +x, +y, +z directions so as to form
an octahedron, then the ligands interact strongly with the d,2_,2,d,2 orbitals (e, orbitals)
overhanging the x, y, z directions, and the energy of these orbitals is raised due to repulsion. On the
contrary, the dyy,d,;, d,x (t2 orbitals) are located in the middle region of the bonded ligands, so the
repulsion between electrons is small and their energies are stabilized. As a result, the e, and tyg4
orbitals split, as shown in Figure 4.7. This split results in the existence of d orbitals with different
energies, which also leads to the donation and back donation of electrons [13].

The two split d orbitals, the e, orbital forms a o bond with the HOMO of carbon monoxide to form
a donation bond. On the other hand, the t,, orbital forms a z bond with the LUMO of carbon monoxide,

forming a back donation bond. The energy diagrams of the metal complexes formed by the bonding of

the d orbitals of the transition metals with the HOMO and LUMO of carbon monoxide are shown in
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Figure 4.8 below [13].
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Figure 4.8 Diagram of the coupling between the d orbitals of transition metals and the HOMO and

LUMO of CO molecules, and photo picture in the right correspond to diagram.
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center—rich. (B) Fourier-transform IR spectra measured for the same surfaces (defect-rich) and with the
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of Aug cluster anchored to a surface F center of MgO with O, and CO molecules adsorption [14].

Gold octamers (Aus) bound to oxygen-vacancy F-center defects on Mg(001) catalyze the low-
temperature oxidation of CO to CO,, which was investigated by the Infrared measurements and ab initio
calculations. In the Figure 4.9(a), CO does react with O, on the Au cluster on the F center of MgO(001)
surface. The stretch vibration of CO adsorbed Au cluster on the F center show a shift compared with

perfect surface, indicating that the partial charged Au cluster affect the oxidation reaction, as shown in
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the Figure 4.9(b). The configuration model was present in the Figure 4.9(c), in which the CO and O
orbitals are involved in the bond with cluster. This experiment agrees with quantum ab initio
calculations that CO bond with the Au though electron back-donation from Au to the CO antibonding

orbital [14].
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Figure 4.10 (a) Infrared reflection absorption spectroscopy (IRAS) spectra of 13CO adsorbed on

Ptn/Al1203. (b) Schematic diagram illustrating the adsorption of CO on a Pt cluster [10].

The CO oxidation activities of Pt nanocluster catalysts on alumina supports were investigated by
Infrared reflection absorption spectroscopy (IRAS) and DFT. It is clarified the CO adsorbed on both
neutral and cationic Pt atoms with the cationic Pt atoms contact with the support surface, as shown in
Figure 4.10 (a, b). It demonstrated that the ratio of neutral to cationic Pt atoms in the Pt nanocluster was
strongly correlated with the CO oxidation activity [10].

This research provides Infrared spectra for the CO adsorbed on the Pt clusters and reaction activity
relation with the ratio of neutral and cationic, however, they didn’t give the CO bonding mechanism
and a lack of experimental atomic resolution of CO adsorption mechanisms upon changing the

adsorption sites, which is enhance progress toward the design specific nanocatalytic systems.

4.5 Investigations of oxygen reactivity on Pd NPs

In this section, we describe the reactivity of O, on the Pd nanocluster at room temperature.
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Figure 4.11 (a) As-prepared Pd NPs imaged by KPFM during an exposure of O, at room temperature
(771 L). One KPFM experiment is represented by a vertically arranged topography (top) and WF image
(bottom), with a representative WF profile underneath taken from the gray dotted line in each WF
image. (c) Region of the dotted green square in the WF image in (b). (d) Atomic O with a coverage of

3/12 ML (0.25 ML) on O adsorbed on Pd(111) [15].

Oxygen adsorption and desorption on Pd NPs on highly oriented pyrolytic graphite experiments are
studied by Kelvin probe force microscopy under ultrahigh vacuum (UHV) conditions. In the Figure
4.11 (a, b), the topographic and KPFM images of Pd NPs before and after exposure of oxygen molecule.
It demonstrated that CPD increases 0.43 eV of Pd NPs because of work function increased. In addition,
the O adsorbed on Pd(111). The atomic O with a coverage of 3/12 ML (0.25 ML) on O adsorbed on
Pd(111) are calculated as shown in Figure 4.11 (¢) [15].

So far, partial of the Pd clusters are exposed to O, molecules and become able to activate O, and
catalyze the CO+O; reaction at 300K [16]. However, the experimental challenge of imaging 3D
nanocluster with atomic resolution makes the interpretation the oxygen reactivity on the metal cluster

difficult.

4.6 Conclusion

In summary, we generally clarified physical properties of the alumina thin films, charge state of metal
atom and NPs on Al,O3/NiAl(110) surface, CO reactivity on the metal NPs oxygen and reactivity on Pd
NPs for this study. Specifically, the unsolved physical knowledge in this catalytic system was pointed

out in details in each chapter.
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Chapter 5 Investigation of charge state
of Pd nanoparticles on Al,O3/NiAl(110)
surface by NC-AFM/KPFM

5.1 Introduction

Novel metal NPs are of great importance as catalysts in heterogeneous reactions such as CO oxidation
which is employed to reduce toxic emissions [ 1-3]. The specific size of metal NPs show quantum effects
and therefore can increase catalytic efficiency [4]. However, the support of the catalyst has a significant
effect on the physics and chemical properties of metal NPs. Two types of support material have become
of great interest: reducible oxides (e.g. TiO, and CeO>) and non-reducible oxides (e.g. Al,O3, CaO, and
Si0,) [5-8]. In particular, Al,O3 has received attention because of its large band gap, enabling the effects
of the underlying metal to be isolated, and its various surface structures [9-11]. To clarify the interaction
between metal catalyst and non-reducible oxide surface quantitatively, a simple model catalysis system
which palladium nanoclusters adsorbed on an alumina insulating film on NiAl(110), and micro-analytic
method are required [3, 12].

The charge state of metal adsorbates has an important effect on their catalytic properties [13].
Measuring and manipulating the charge state of novel metal adsorbates supported on an insulating film
substrate are of considerable fundamental interest and importance for redox reactions [14]. For instance,
the charge state of metal adatoms and quantum dots has been investigated by atomic force microscopy
(AFM), Kelvin probe force microscopy (KPFM) and Kelvin probe force spectroscopy (KPFS) [15,16].
In research on the CO oxidation activity, it was found that as the catalyst size decreases, the cationic Pt
atoms at the edges of a cluster become strongly correlated with the CO oxidation activity [2]. Discussion
about the mechanism of size dependent of charge state of Pd NPs and how line defects of alumina thin
film affect the charge state are needed.

In addition to characterizing the electrostatic properties, KPFM is a powerful tool for measuring and

manipulating charge state with atomic resolution [16-18]. As a complementary technique to noncontact
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atomic force microscopy (NC-AFM), KPFM allows the simultaneously measurements of the
topography and local contact potential difference (LCPD). KPFM has been used to measure the charge
or dipole on an insulating ionic film and charged metal adsorbates, such as F* or F2* color centers
in a MgO film on a silver surface [19, 20]. However, in the previous results, no direct experimental
evidence has been proposed for the size dependence of the charge state of the Pd NPs on
AlO3/NiAI(110).

Ideally, the charge state of a single Pd/Pt atom or nanocluster on the alumina films on NiAl(110) is
dependent on its size and adsorption sites. However, the interaction of the insulating ultra-thin film with
a substrate electrode due to the Schottky barrier makes the study of the electronic properties of
adsorbates on insulating thin film systems challenging. At present, physical fingerprint of the KPFM
DC bias voltage variation effect on the thin film depletion region as the tip polarity change remains
unknown. In addition, this depletion region could affect the KPFM image contrast of the adsorbates
with the surface, which is not desirable for correct interpretation.

Here, we use NC-AFM and KPFM to investigate the size dependence of the LCPD of Pd NPs on an
Al,O3/NiAl(110) surface. The work function change of Pd NPs, due to electron transport, is discussed
by classical electrostatic model. Specifically, different electrostatic property of different line defects is
demonstrated though the performance of LCPD distance-dependent intuitively. Finally, we demonstrate
the underlying mechanism of influence of line defects on the charge state variation of Pd NPs.

In contrast with previous results, we found a reversed KPFM contrast of the Pd NPs and we employed
a KPFM model that includes the analysis of the blocking contact between the alumina film and the
NiAl(110) substrate. This model could be used to explain how the KPFM DC bias voltage variation
affects the KPFM contrast of the Pd NPs on and insulating thin film. Even when the charge state of Pd

NPs was unchanged, the KPFM contrast reverse appeared as the tip polarity change.

5.2 Methods

5.2.1 AFM/KPFM method

The experiments were performed by ultrahigh vacuum NC-AFM at room temperature. The NC-
AFM system was operated in the frequency modulation detection method with the cantilever oscillation
amplitude kept constant [21]. All images were obtained in the constant-frequency mode. As our KPFM

setup applies an AC voltage (V) at frequency w plus a DC voltage (Vpc) to the sample, the CPD is
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consistent with the work function change. Electrostatic force (F,,) between the AFM tip and sample is

aC(z)

givenby F, = — py

(Vbc — Vepp)Vacsin (wt), where z is the direction normal to the sample surface,

Vepp IS the potential difference and C is the capacitance between tip and sample surface separately. Vp
nullifies the oscillating electrical forces that originated from CPD between tip and sample surface.
Detail information was described in our precious work [22].

The NiAI(110) surface was prepared by cycles of Ar ion sputtering (2.5 keV) for 20 min and
annealing for 30 mins at 1000 °C. The alumina thin film was obtained by exposing NiAl(110) to 1000
L O, followed by annealing at 380 °C [23, 24]. Palladium was evaporated onto the alumina thin film
surfaces of interest using an electron beam evaporator (Omicron) at room temperature. The Pd flux was
calibrated and verified by AFM measurements on the Pd exposed NiAl(110) crystal. The evaporator
deposition rate was 6.4x10Y" atoms/(cm?-s) (about 0.13 ML/min) [25]. An Ir-coated Si cantilever

(resonant frequency of 1.12 MHz) was used.

5.2.2 Charge state by classical electrostatic model

rthtip ¢ tip ¢'n‘p
‘P\l:d/bulk ¢1=\:1/Np \/
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Figure 5.1 KPFM measurement model of Pd NPs on the A[,O3/NiAl(110) surface.

We deduce the charge state of NP by a classical electrostatic model, which is shown in the Figure 5.1.
The work function ¢ difference (AW) between a metal NP and the corresponding bulk metal arises
from a difference in image force fields (AW;,,) and from the Coulomb field near the surface of the NP
due to the stored charges inside (AW(:) [26]. The WF difference between a metal NP and the

corresponding bulk metal (AW) is shown as follows:

AW = ¢pgnp — Pprd bulk

= ((.bsurface + e5VLCPD) _¢Pd bulk

= (4.28eV — 0.6eV + edVcpp) — 5.22€V (5.1)
2

1N\ 1 e
AW = AWy, + AW =(2N——> —
im + AW 4) Amey 2R
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The first term is the difference between the image potential energy at the surface of a sphere and that

1 1 e? . e . .
i yr— where g is the vacuum permittivity, and R is the radius of
0

of a flat metal plane. AW, =
the NP. The charges inside the metal NP, considered to reside at its center, induce a Coulomb potential
2
energy at the surface, AW = N ﬁe—, where N is the charge state of the NP, which can be either
0

R

positive or negative. Combining AW;,, and AW we get the relation as follows:

N =20 AW 42
=— 5
H 1
= 1.44nm-eV (edVicpp — 1.54€V) + 8 (5.2)

N is the charge state of Pd NP, and H is the height of the NP, the height of the NP is used because of

the vertical convolution is smaller than the lateral for AFM tip apex.

5.2.3 Strategies to control the size and adsorption site of Pd NPs

The first strategy is to change the Pd evaporator deposition rate by setting different flux.

Figure 5.2 The evaporator deposition rate about (a) 0.002 ML/min, (b) 0.043 ML/min, (c) 0.125

ML/min

The second strategy is to do sub-annealing after Pd deposition on the surface.
(@ 300K ®) 600K 900K

Figure 5.3 Sub-annealing after Pd deposition on the surface (a) 300 K, (b) 600 K, (c) 900 K.

The third strategy is to change the support temperature when deposition.
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Figure 5.4 Pd NPs deposition at support temperature (a) 278 K, (b) 500 K.

5.3 Experimental results and discussion

5.3.1 Clarification of size and adsorption sites of Pd NPs

At room temperature, we could increase the density and size of Pd by increasing evaporator
deposition rate, instead of adsorption sites, as shown in Figure 5.2. In addition, we could increase the
size by sub-annealing the catalytic surface, suggesting Pd NPs on the surface have the mobility due to
the weak binding with the domain surface. In the Figure 5.3, the size of Pd NPs increase after sub-
annealing, but decrease and desorb over 900 K. Furthermore, we could control the Pd NPs adsorption
on line defects by increasing the support temperature while Pd deposition, as shown in Figure 5.4, which
is further support the Pd NPs binding weakly with the alumina film. The higher temperature enables the
Pd NPs diffusion on the surface and are more likely trapped on the line defects.

We select the sizes of the Pd NPs in1-10 nm in diameter and mainly adsorbed on the line defect sites
by the method above.

The correlation between the adsorption sites and their size on the alumina film is further discussed

by analysis of hundred Pd NPs.
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Figure 5.5 (a) Histogram of adsorption sites for 101 Pd NPs. (b) The statistics of Pd NPs heights on

different adsorption sites, including terrace, APDBs, RDBs and step edge.

From the histogram in Figure 5.5 (a), it reveals the APDBs and RDBs are the preferable adsorption
site for Pd NPs than step edge and surface. It was demonstrated that line defect sites provide higher
binding energies, which modifies the Pd-alumina film interaction and may therefore affect the electronic
of Pd NPs.

The Pd NPs height were determined by the AFM at different adsorption sites, including APDBs,
RDBs, step edges and surface. The recorded height of Pd NPs at surface is largest, at step edges is
smallest. We also found that the average size of Pd NPs on the APDBs is larger than on the RDBs. The
variations of the heights exist because the measured signal is the real height convoluted with the tip
geometry. Rarely adsorption Pd NPs on surface has the larger size, which may therefore indicate Pd

NPs binding on the point defects of the surface and longer distance to migrate to the line defects.
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5.3.2 Characterization of charge state Pd NPs by AFM/KPFM
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Figure 5.6 (a, b) Topographic and Vicpp images of Al2O3/NiAl(110) surface. (c, d) Topographic image
and Vicep images of Pd NPs on Al,O3/NiAl(110) surface(step edges: pink dashed line; RDBs: gray
dashed line; TA: blue dashed line; ITA: light blue dashed line). (e, f) Line profiles of height and Vicep
on RDBs (gray) and IA (blue) in (a) and (b), respectively. (g, h) Line profiles of height and Vicpp of the
Pd NPs on RDBs and IA in (¢) and (d), respectively. Imaging parameters: Amp = 0.8 nm, size = 90x70

nm?, (a, b) Af=-69 Hz, and (c, d) Af=-40 Hz.

The correlation of the Pd NPs size and adsorption sites is further supported from analysis of electronic
properties. Figure 5.6 shows a set of NC-AFM and LCPD images and corresponding line profiles of
parts of an A1,O3/NiAl(110) surface without and with Pd NPs. In Figure 5.6 (a), the line defects consist
of antiphase domain boundaries (IA, IIA with different orientation), reflection domain boundaries
(RDBs) and step edges, which appear as dark or bright lines depending on the exact tip apex. Similar
dark-contrast line defects have been observed in atomic-resolution AFM images by the group of Simon
and Freund [27,28]. However, bright-contrast line defects have been imaged by our group as reported
in a previous paper [23]. We attribute the contrast reverse of the line defects to the tip apex picking up
a specific atom when the tip scans the surface. In Figure 5.6 (c), the bright spots are Pd NPs that
adsorbed on the line defects of the alumina surface after Pd atoms were evaporated in vacuum at room
temperature. Beniya’s group found that Pt; clusters with a planar structure are thermally immobile, and
adsorbed on line defects, which is consistent with our experimental results [29].

KPFM measurements were performed during AFM imaging in the constant frequency shift mode.
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The dark or bright contrast in the KPFM images was used to detect the local charge state of the surface
or adsorbed metal clusters. The two KPFM images in Figure 5.6 (b) and (d) were recorded
simultaneously with the images in Figure 5.6 (a) and (c). Line defects appear as dark lines in Figure 5.6
(b), indicating work function decrease. As theoretically discussed in a previous study, the absence of
oxygen in the unit of alumina results in the different properties of the line defects, which contributes to
a positive work function [11]. In Figure 5.6 (d), the Pd NPs appear as bright spots, indicating that they
are negatively charged on the surface. The electrons in the Pd NPs can be explained by the charge
transfer between the substrate and the Pd NPs as a result of the mismatch between their work functions.
The distance-dependence of the LCPD was also performed to verify the charge state of the line defects
and Pd NPs in case of the cross-talk and tip-apex-induced dipole moments as shown in Figure 5.7.
Actually, Pd atoms on an Al,O3/NiAl(110) surface were observed by scanning tunneling microscope
(STM) by Ho’s group, who suggested that the adsorption of Pd atoms on hollow sites of the surface was
accompanied by electron transfer from atoms to the metal oxide.[30] Beniya’s group identified neutral
Pd clusters on average less than 0.1 electron was transferred in each cluster. Furthermore, the neutral or
cationic Pd atoms at a cluster edge on a Al,O3/NiAl(110) surface have been deduced [29]. In the study,
we obtained the different result that Pd NPs presented as a negative charge state on a Al,O3/NiAl(110)

surface.
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Figure 5.7 (a, b) Distance-dependent variation of the frequency shift and Vicep on top of the IA and
RDBs and bare alumina surface (as shown in the inset in panel a). (c, d) Distance-dependent variation

of the frequency shift and Vicpp for Pd NPs and bare alumina surface.

The line profiles in Figure 5.6 (e), (f), (g) and (h) were taken through Pd NPs in Figure 5.6 (a), (b),
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(c) and (d), respectively. The heights of the different line defects are almost equal, the heights of the Pd
NPs vary from 1.29 to 1.79 nm and the Pd NPs on IA are larger than those on the RDBs. The Vjcpp of
IA is always smaller than that of the RDBs. The Vi cpp of IA is always smaller than that of the RDBs
and the change in the LCPD of the Pd NPs is related to the work function via the following equation:

6Vicep = Vpane — Vsurface

__ ¢pd NP—Psurface
- s
e

where ¢pgnp and @Pgyrrace are the work functions of the Pd NPs and alumina/NiAl(110),
respectively, and that e is the absolute value of the elementary charge. Details of the KPFM
measurement model of Pd NPs on the Al,O3/NiAl(110) is shown in the Figure 5.1. It was observed that
the work function NiAl(110) decreased by 0.6 eV after well-ordered Al,O3 formation on it [31]. The

larger the Pd NP is, the larger its Vi cpp has.

5.3.3 Size dependence of charge state of Pd NPs
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Figure 5.8 6V1cep of the Pd NPs on different line defects vs the Pd NPs height, where gray and blue

symbols represent Pd NPs on the RDBs and IA, respectively.

A plot of 6V cpp as a function of the Pd NPs height was carried out in Figure 5.8, which shows the
6Vicpp increases with the Pd NPs height. For the reason that size selected clusters containing a handful
of atoms may possess noble catalytic properties different from single layer or bulk catalysts, Pd NPs
heights smaller than 0.3 nm and larger than 3 nm are not included [32]. In addition, we clarify the
6Vicpp of all the Pd NPs on 1A and RDBs because 1A and IIA has similar adsorption behavior. The

6V cpp fluctuation of NPs of the same size may be due to the variation in particle geometry and the
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orientation of the exposed facets.
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Figure 5.9 Charge state of the Pd NPs on different line defects extracted from the measured Vicep,

where gray and blue symbols represent Pd NPs on the RDBs and IA, respectively.

The charge state as a function of the Pd NPs height was plotted in Figure 5.9. The Pd NPs are like
electron reservoir and the number of electrons increases with the Pd NPs size. In addition, the charge
inside the Pd NPs is determined by the capacitance between the NPs and substrate. The calculated
charge state of the NPs shows a linear relationship with the NPs size. In our experimental results, the
charge of Pd NPs is proportion to its height linearly, which is consistent to the theory. Besides, the local
charge storage also reflects the effect of the ionic alumina film, especially the positively charged line
defects. We found that the size and charge state variation for Pd NPs on IA is much larger than that for
Pd NPs on RDBs. Similar adsorption behaviors (different size of Pd NPs on different line defects) have
been observed by Freund’s group for the case of Pd was exposed to the alumina surface at room

temperature [33].
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Figure 5.10 Band diagram of Pd NPs with different sizes on Al,O3/NiAl(110) before (a, b) and after

(c, d) charge transfer.

To understand the mechanism of the size-dependent charge state and the effects of the different line
defects, we consider the band diagram shown in Figure 5.10. The electron tunneling is caused by the
different potentials of the substrate and Pd NPs. Note that initial image potential is different in different
size of Pd NPs as shown in Figure 5.10 (a, b). After the establishment of equilibrium of the
electrochemical potentials (Fermi levels) between substrate and adsorbed Pd NPs, the charge state
change of Pd NPs caused by Coulomb potential and image potential is in the linear relationship with
the height. Based on our experimental results, we found the work function of largest size Pd NPs is
equal to the work function of substrate, which is consistent to the model analysis. Although there are
lots of work focus on the quantum effects of the novel metal NPs on oxide surface, the electrostatic
property of Pd NPs is similar to Pd bulk [34, 35]. In addition to the different charge state variation on
the line defects, accordingly, we conclude that it caused by the size variation of the Pd NPs mainly. The
size variation of Pd NPs is relatively large when it adsorbed on the 1A line defects, it has the large charge
state variation. Note that the different domain boundaries (IA and RDBs) show different oxygen-
deficiency structure, which show the different work function as shown in the Figure 5.6 (f), hence
contribute to the different size range on different line defects. As for the decreased work function of the
line defects is considered to lower the effective tunneling barrier for the adsorption of Pd NPs, which
maybe contribute to different charging behaviors, while the topic on the static charge state of the Pd

NPs needs the further support in the future.

5.3.4 Effect of tip polarization on KPFM measurement

Kelvin probe force microscopy images contrast reverse occur on Pd NPs on ultra-thin insulating
alumina on NiAl(110), as tip polarity change. This can be attribute to the work function of alumina
increased in contrast to unchanged Pd NPs, because the depletion region created in alumina and
substrate has a bias voltage dependence.

KPFM image contrast having tip polarity dependence are the obstacle of interpreting the charge

landscape, however, this physical mechanism on the property of ultra-thin film has never been reported.
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Figure 5.11 Topographic images and local surface potential images of Pd nanoclusters on Al>,Oj3 thin
film with NiAl(110) substrate. (a, b) Images acquired using negatively and (d, e) positively terminated
tips. (¢) (f) Corresponding normalized histogram of KPFM images in panel b and e. Imaging parameters:

constant-Af mode, Vac = 500 mV, fac = 190 Hz, size of 66x50 nm?.

Figure 5.11 (a, b) shows typical topographic and KPFM images of Al,O3/NiAl(110) thin films
obtained simultaneously. Owing to the step edge of the alumina film in the Vcpp-compensated image
appearing as a theoretical value, we attribute that these images obtained with a neutrally terminated tip.
The observed LCPD images clearly exhibit distinct surface potentials and the charge state of Pd
NPs, which are reflected by the work function of the surfaces and local charge distributions over Pd
NPs sites. The work function of well-ordered Al,O3 formation on NiAl(110) decreased by 0.32 eV,
which can be distinguished from the normalized histogram shown in Figure 5.12 (¢). The adsorbed Pd
NPs show a bright contrast in the KPFM images, which is caused by the metallic electronic properties
as illustrated in our previous results.

After typical tip apex terminated with unknown atoms, the change-tip was moved to approach and
locate at different area of the sample. Figure 5.11(d, e) show a topographic and KPFM images of the
surface obtained simultaneously with this unknown terminated tip. Notably, this is an irreversible
change of the tip. The step edge of the alumina film imaged by the changed tip is relatively smaller than
the theoretical value. In contrast with the LCPD contrast of Pd NPs on alumina surface in Figure 5.11
(b), it is revealed that the LCPD contrast was reversed. Additionally, the CPD of the alumina thin film
increased as shown in Figure 5.11 (f), which paves the way to the investigation of the effect of the tip

polarity, indicating that the tip became positively charged. Note that the alumina thin film is a two-
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dimensional structure, and the thickness variability of the film inducing the LCPD contrast reversal of
the Pd NPs is not the case discussed here. Therefore, we focus on illustrating the dependence of the

CPD variability of alumina and LCPD contrast of Pd NPs on the film on the tip polarity.

Z (nm)

0 X (nm) 0 o0 X(nm) B

Figure 5.12 (a) U (x, z) map and (b) Vcrp (X, z) map of Ir-coated tip on top near one Pd NP adsorbed

on the line defects of the alumina thin film.

We performed systematic measurements of potential U and the KPFM signal Vepp with respect to the
lateral X and vertical Z coordinates with a changed tip (positively charged), yielding two-dimensional
Z-X slices of U and Vcpp data. U is the potential calculated from the frequency shift and Vepp is the raw
data of the compensating bias voltage. These data were recorded along a predefined line (see Figure
5.11 e) by an effective constant-height mode. Note that charge analysis is more complicated in the near
tip-sample distance owing to the chemical interaction or induced dipole moment. Here, we discussed
the electrostatic interaction in the larger tip sample distance (around 0.3 nm away from the surface). In
this long-range force range, no distance dependence of the KPFM signal is observed on the alumina
thin film, which means that the KPFM signal is determined solely by the CPD of the homogeneous tip
and surface. In this hypothetical case, the observed distance dependence on the top of the Pd NPs points
to the presence of additional charges in the tip sample system. To explain the additional charges, we can
attribute the positive charge to the Pd NPs commonly. Alternatively, we can attribute that electron
density of alumina film is increased because of the formation of a changeable interfacial dipole layer in

alumina film.
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Figure 5.13 (a) Set up of the tip-sample considered in the KPFM model, consisting of the tip, thin
film ALOs, and substrate NiAl(110). Charge can be present both in tip apex and adsorbed Pd
nanoparticles. Vy is depletion voltage induced by the interfacial dipole layer. (b) Energy diagram of the

tip-sample, illustrating the contact potential difference A¢ between the sample and the tip.

In the follow text, a KPFM model and corresponding energy diagram shown in Figure 5.13 are
employed to explain the above experimental results. In this model, it illustrates how does the depletion
voltage induced by the interfacial dipole layer of alumina film attributes to the KPFM contrast reverse
of the Pd NPs on alumina, as the tip apex polarity change. As shown in Figure 5.13 (a), the metal tip
and sample have different work functions ¢, and ¢y;a; leading to the contact potential difference
Vepp = Vpc typically measured with KPFM on conducting samples. While blocking contact, known
as Schottky barriers, formed depends on the relative work functions of the insulator ¢ and that of
the metal contact ¢yja;. In the case of ¢yia > @s, electrons flow from the insulator into the metal to
establish thermal equilibrium conditions. The work function of alumina film is derived as ¢g =
dnial — €Vy. Vy is the field induced by depletion region in the insulating film. In the condition that
depletion length larger than the film thickness, once the higher negative voltage applied to the substrate,
the work function of alumina film increased as ¢g'. In addition, assuming the work function of Pd
NPs is located at a certain value between the ¢g and ¢g’, the KPFM contrast inverse of the Pd NPs
could be presented.

It is proposed by this model that work function of the ultra-thin film increased by the bias dependence
of the depletion area created by blocking contact between film and substrate, thereby causing the KPFM
image contrast of Pd NPs on alumina film to be reversed. This work is important to elucidate the oxygen
molecule and carbon monoxide chemical and physical adsorption in the catalytic process, which reflects
the sequence and energy conversion of the reaction. Moreover, the change-tip apex may also be

accompanied by a change in the shape, which requires further clarification.
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5.5 Conclusion

In conclusion, we have clarified the size dependence of charge state of Pd NPs deposited on an
AlLOs3/NiAl(110) surface by NC-AFM and KPFM at room temperature. Negatively charged Pd NPs on
alumina thin film were clearly imaged by the KPFM, and the charge state extracted from the LCPD
increases with increasing Pd NPs size linearly. Charge state change of Pd NPs consist of the work
function difference between substrate and Pd NPs, Coulomb filed increased by the electron tunneling
and size-dependent image potential. The line defects are considered to affect the size of adsorbed Pd
NPs and induce increase the charge state variation of Pd NPs and enhancing the catalytic activity.
Additionally, KPFM images contrast reverse occur on Pd NPs on ultra-thin insulating alumina on
NiAl(110), as tip polarity change. This can be attribute to the work function of alumina increased in
contrast to unchanged Pd NPs, because the depletion region created in alumina and substrate has a bias
voltage dependence. Thus, this result implied that it is essential to determine the tip apex polarity to

correctly interpret LCPD signals on ultra-thin film acquired by KPFM.
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Chapter 6 Charge state of CO molecule
on Pd NPs/Al>0O3/ NiAI(110) by NC-AFM
IKPFM

6.1 Introduction

Heterogeneous catalysts are solids that are added into gas or liquid reaction mixtures, enabling faster,
large-scale production as well as effectively recovered, which is an essential consideration for industrial
manufacturing processes [1,2]. In heterogeneous catalysis, the reactants adsorb onto the surface of the
catalyst, and the availability of reaction active sites can limit the rate of heterogeneous reaction [3,4].
Heterogeneous catalysts are difficult to characterize precisely, and many studies have been conducted
to locate active sites on various catalytic materials. Observations of the adsorption sites of reactants
have shown that metal oxide interfaces are catalytically the most active, such as planar Au clusters on
MgO/Ag(001) thin films and Pt clusters on graphene/Rh(111)[5, 6]. Furthermore, catalytic activity is
related to the local charge state, and the catalytic activity of Au clusters on a MgO substrate can be
enhanced by locally charging the substrate [7]. The ratio of neutral to cationic Pt atoms in the Pt
nanocluster (NC) was found to be strongly correlated with the CO oxidation activity [8].

The Pd catalyzes to convert polluting hydrocarbons, carbon monoxide, and nitrogen oxide in the
exhaust to water, carbon dioxide, and nitrogen in automobile catalytic converters (often combined with
rhodium) [9]. Furthermore, Pd NP catalysts have high-performance for sustainable liquid-phase
reactions [10]. So far, part of the Pd clusters are exposed to O? molecules and can activate O and
catalyze the CO+O? reaction at 300 K [11]. In addition, theoretical calculations have shown that Pd
nanoparticles of ~4 nm, the highest amount of edge and corner sites, results in a good activity [12].
However, the atomic resolution of three dimensional Pd cluster hasn’t be resolved in the AFM
experiment at room temperature, which is vital for understanding the CO adsorption sites in
heterogeneous catalysis.

CO is usually used as a probe molecule to study the electronic and geometric properties of metal
catalysts [13]. A variety of averaging techniques had been used to study the CO adsorption behaviors
[14,15]. Scanning tunneling microscopy (STM) has been utilized to investigate adsorption sites and
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manipulation processes, which enables to address of individual molecules [16, 17]. Non-contact atomic
force microscopy (NC-AFM) has been applied to quantify the force performance required to move CO
laterally, the interaction between CO molecule and adatom or another CO molecule, and manipulation
of its tilting [18-21]. Furthermore, some new insights have been illustrated the CO adsorption on the
metal surface from molecular orbital principles in the aspect of DFT or on a single Pd-Fe;O4 catalyst
by STM in real-time. More recently, CO-terminated tips have been used to probe chemical binding
forces on single Fe atoms to elucidate individual atom chemical reactivity within flat Fe clusters
depends on the coordination number of the investigated atom [22]. However, CO adsorption properties
on nano-catalyst haven’t been investigated by atomic resolution. Additionally, the nano-catalyst of
adsorption sites effects on the charging mechanism of CO molecule are still lacking, which calls for the
high resolution of the KPFM method, even at cryogenic temperatures. Therefore, a complete atomic

understanding of local charge transfer in the catalyzed CO oxidation reaction remains elusive.

6.2 Methods

The experiments were performed using a home-built combined NC-AFM and KPFM under ultrahigh
vacuum at room temperature (RT). The NC-AFM system was operated in the frequency-modulation
detection method with constant oscillation amplitude (800 pm). All images were obtained in the
constant-frequency mode. As our KPFM setup applies an AC voltage (Vac) at frequency w as well as
a DC voltage (Vpc) to the sample, Vpc nullifies the fac component of oscillating electrical forces,
providing Vcpp between the tip and the sample surface. Detailed information was provided in our
previous work [23-25]. In our case, the local contact potential difference (LCPD) voltage can be
determined with a feedback loop using KPFM.

Sample preparation

The NiAI(110) surface was prepared with cycles of Ar ion sputtering and annealing at 1000 °C. The
alumina thin film was obtained by exposing NiAl(110) to 1000 L of O, followed by annealing at 380 °C
[26, 27]. Palladium was evaporated onto the alumina thin film surfaces using an electron beam
evaporator (Omicron EFM 3) at room temperature. The Pd flux was calibrated and verified by AFM
measurements on the Pd-exposed NiAl(110) crystal. The evaporator deposition rate was 6.4x10%’

atoms/cm?-s (about 0.13 ML/min) [28]. CO molecules (purity 99.9%) was exposed to the scanning
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chamber at different background pressure. An Ir-coated Si cantilever (NANOSENDORS) was excited
to vibration at its resonance frequency of 1.12 MHz.

Calculation

Our calculations were performed in slab geometry under 3D periodic boundary conditions. The
surface was modeled using a NiAl substrate with an Al,O3 monolayer. In the z direction, slabs were
separated from their periodic images by a 15 A vacuum gap. Wave functions were expanded in plane
waves with a kinetic energy cutoff of 400 eV as implemented in the VASP code. Ionic forces were

converged to an accuracy higher than 0.01 eV/A.

6.3 Results and discussion

6.3.1 Identification of CO molecule by force spectroscopy
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Figure 6.1 NC-AFM images of Pd NPs/Al,O3/NiAl(110) catalytic system following exposure to CO
gas at room temperature. (a) Pd NPs with bright contrast under high vacuum condition. (b) CO molecule
(blue arrow) adsorbed on one represent Pd NP (white dot circle) at CO pressure 3.8x10°® Torr, and
1.6x10°° Torr. (¢) Model of Pd NPs/AL,O3/NiAl(110) catalytic system performing the Z spectroscopy,
and experimental force versus tip-sample distance on top of Pd NP (orange) and CO molecule (green).
(d) The AFM contrast of CO on Pd NP at different tip-sample distance in the (¢) as blue and pink color.

Imaging parameters: constant-Af mode, fo = 1.12 MHz, O = 3304, Viias = 0 V, Amp = 800 pm.

To investigate the CO molecule reactivity on the catalytic system, the real time imaging was
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performed. In Figure 6.1(a) and (b) show the NC-AFM image of Pd NPs on the line defects and step of
Al,03/NiAlI(110) surface and after dosing 120 L CO molecule. The dark and bright spot could be
distinguished clearly on the Pd NPs by the AFM images, which attribute to the CO molecule adsorption
at RT. To support this assumption, the force curves versus tip-sample distance were obtained on top of
the CO molecule and surface and provided the interaction between tip and local surface, as shown in
Figure 6.1(c). The CO molecule force curve show two minimum at variation of tip-sample distance
compared with surface, which can be assigned to the physisorption minimum and chemisorption
minimum, characterized by previous results and theory. Thereby, this feather represents the interaction
between O-terminated CO and metal atoms and can be used to distinguished the CO molecule. The
force was derived by the method shown in chapter 2.3.3. The minimum force is 0.68 nN, which may be
related to the coordination number of the investigated CO molecule. Additionally, the protrusion and
dark contrast of CO on the Pd NP and surface can be imaged at different tip-sample distance as expected,
which shown in the Figure 6.1(d). The bond length of the CO on the Pd NPs is around 60 pm, which is
smaller than that 110 pm in gas phase [20]. This result may therefore indicate CO bond with Pd NPs on
defect sites. According to the theory, the CO molecule bond with metal with the C atom side. Therefore,

our results support the CO bond with Pd NPs at room temperature.

6.3.2 Investigations of charge transfer of CO molecule on Pd NPs by KPFM

| Before CO | After CO J

Figure 6.2 (a, b) Topographic and Vepp images of Pd NPs/Al,O3/NiAl(110) surface under high

vacuum. (c, d) Topographic image and Vepp images of Pd NPs/Al1,03/NiAl(110) surface after saturated
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120 L CO molecule. (e, f) Line profiles of height and Vcpp of Pd NPs on IA (blue) in (a) and (b),
respectively. (g, h) Line profiles of height and Vcpp of Pd NPs on surface in (c) and (d), respectively.

Imaging parameters: constant-Af mode, /o = 1.12 MHz, Q = 3304, Ammp = 800 pm, size = 30x60 nm?.

The electronic properties of CO on Pd NPs on the line defects of support were investigated by KPFM.
The AFM images shown in the Figure 6.2 (a) and (b) represent the Pd NPs on IA line defects and with
CO saturate, respectively. The corresponding line profiles across the Pd NPs and CO on Pd NPs were
shown in the Figure 6.2 (e) and (g). The height of the NPs decreased after CO exposure can be attribute
the CO adsorption, and maybe because the CO was dark contrast as shown in Figure 6.1 (b) and (d).
KPFM measurements were performed during AFM imaging in the constant frequency shift mode. The
dark or bright contrast in the KPFM images was used to detect the local charge state of the surface or
adsorbed metal clusters. The two KPFM images in Figure 6.2 (b) and (d) were recorded simultaneously
with the images in Figure 6.2 (a) and (c). The bright contrast of the Pd NPs in the CPD images indicating
work function increase and negative charge, which is consistent with our previous results in chapter 5
[29]. The work function of NPs decreased upon the CO exposure that can be distinguished by the small
CPD contrast and correspondingly line profiles Figure 6.2 (f) and (h). To test the correlation, we adapt
the concept that change of local contact potential difference dVicpp in the following in case of the tip

apex change.
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Figure 6.3 (a) Topographic, Vcep and excitation images of Pd NPs/Al,O3/NiAl(110) surface under
high vacuum. (b) Topographic image, Vcpp and excitation images of Pd NPs/Al,03/NiAl(110) surface

after saturated 120 L CO molecule. (¢, d) Line profiles of height and Vepp, Vex in (a) and (b), respectively.
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Imaging parameters: constant-Af mode, fo = 1.12 MHz, O = 3304, A, = 800 pm, size = 20x15 nm? (a)
Af=-46 Hz, (b) Af=-99 Hz.

In order to get insight of the electron transfer behaviors qualitatively and quantitatively, the KPFM
measurement with subatomic resolution was performed. As shown in the Figure 6.3 (a), the Pd adsorbed
on the IA and surface were negatively charged. After saturated 120 L CO molecule, the CO molecule
was detected as the dark contrast on the Pd NPs as indicated by the black arrow in the Figure 6.3 (d).
We also found that the most preferable adsorption site is on the Pd NP at the line defects. In addition,
the change of LCPD (&V1cpp) on top of NPs became small, comparing the Figure 6.3 (c¢) and (d), which
could be explained by the electron shared between Pd atom and CO molecule. The charge state of NP
on the surface even shows the positive charge obviously by the KPFM contrast, maybe indicating the

less electron storage or transfer that could be used for binding with CO molecule.
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Figure 6.4 (a, b) Distance-dependent variation of the frequency shift and Vicpp on top of Pd NP and
bare alumina surface. (a, d) Distance-dependent variation of the frequency shift and Vicpp on top of CO

molecule, Pd NP and bare alumina surface.

In order to understand the LCPD with tip-sample distance and charge transfer, we perform the z
spectroscopy with KPFM on Pd atom and alumina surface in Figure 6.4 (a). Meanwhile, we perform
the z spectroscopy with KPFM on CO molecule, Pd atom and alumina surface Figure 6.5 (b),

respectively. The zero point of the experimental Z axis defines the starting approach point of spectra
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measurements, Vicpp of Pd and surface slightly decreased with decreasing z, which attributed to
averaging effects. The black dot line in Figure 6.4 (a) and (c) indicate the imaging frequency shift
maintained for Figure 6.2 and Figure 6.3, respectively. Before CO molecule exposure, we obtained the
same LCPD contrast: Vicpp-pa >V1cpp-surface, While the LCPD contrast: Vicpp-surface > Vicpp-co > Vicpp-pd
after CO molecule. In addition, the bias spectroscopy is performed at this regime, which doesn’t show
the electron transfer between tip and the CO molecule. Therefore, an appropriate way to interpret
different LCPD contrast on CO molecule is that the charge redistribution.

To exclude the tip dipole moment effects, we consider mechanism of imaging. When forming the
chemical bond, the Pd was completely occupied state that increase the local work function. If it is
HOMO CO molecule, the local work function could be decreased, which is consistent with the
experimental results. Therefore, the LOMO CO molecule in this system is suitable, which increased the
local work function, to explain the higher LCPD of CO on Pd NPs.

It is difficult to interpret the KPFM measurement when it comes to the smaller tip sample distance,
because of the dipole moment or induced dipole moment. Therefore, we consider to support the KPFM
results from analysis of the dissipation energy of the NPs at the smaller imaging tip sample distance.

The dissipation energy was calculated by the following equation:

P 6.1

Q=2m AE, (6.1)
kA2

=2 6.2

Eo = — (6.2)

AE, = aV, (6.3)

Ey, AE, , Q, A, V, represent energy of cantilever, the dissipation energy of one cycle in free
vibration, quality factor, oscillation amplitude, dissipated voltage signal in free vibration (displayed on

the PLL). Then the a could be deduced by combining equation 6.1, 6.2 and 6.3, in the follow:

kA?
a= (6.4)
QVy
AEis = a(Vgis — Vo) (6-5)

Where V,;, is dissipated voltage signal obtained from the dissipated image. So that the dissipation
energy AE;; can be deduced.
Q value of the cantilever should not be much higher than the ratio 2mE,/AE; to maintain a constant

amplitude [30]. According to the dissipative image in the Figure 6.3 (b), O value is 3 times smaller than
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2nE,/AE,s. Additionally, we calculated the dissipation energy for the NP on IA defect equal to 0.2812
V, which were 2.4 time larger than the dissipated voltage signal in free vibration (0.115 V), and
dissipation energy variation is slight compared with the dissipation energy of surface (0.2775 V).
Therefore, it indicated the dissipation interaction between tip and sample is not that large.
Furthermore, we consider the Ir-coated Si tip apex is neutral or positive, and the line defects are
positive charged because the line defects always shown as the dark contrast in the KPFM images either
before or after CO expose. In this regard, we consider the tip apex polarity didn’t affect the KPFM
contrast. As the FM-KPFM was used in this research, the AC modulation voltage intrigue the cross-talk
especially in the atomic resolution KPFM images. The Sadewasser group compared the KPFM and
bias-spectroscopy imaging method to conclude the V. wouldn’t cause the artifact of atomic resolution,
but will diminish the KPFM contrast. People may consider that topographic cross-talk when the probe
moves in constant frequency-shift mode across the frontier atom of the CO and Pd. Lift-up KPFM
scanning is better choice, but we can get the contrast information from the Z spectroscopy, which show
the consistency at relatively large tip sample distance. Therefore, the KPFM contrast we measured could
provide the physical phenomena, such as electron transfer, in the catalyst system. In conclude, we
tentatively attribute the atomic KPFM contrast origin from the short-range electrostatic interaction

between the tip and local sample static charge.

6.3.3 CO molecules adsorption on Pd NCs with atomic resolution

Reactant adsorption sites of novel metal catalysts are difficult to characterize precisely, which is vital
for understanding heterogeneous reactions and designing efficient catalytic systems. However, even at
cryogenic temperatures, a complete atomic understanding of catalytic reaction sites remains elusive,
such as the variation in reactant molecule adsorption sites on metal nanoclusters (NCs). Here, we studied
CO adsorption on the Pd NC of an Al,O3/NiAl(110) surface with atomic resolution by noncontact
atomic force microscopy and Kelvin probe force microscopy at room temperature. We found that CO
molecules are preferentially adsorbed, saturated, and desorbed on the Pd NC on line defects compared
with that of terrace. We investigated the consecutive scanning topographic AFM images of CO
molecules on the Pd/Al,03/NiAl surface and found the adsorption sites of CO molecules, which are
supported by density functional theory (DFT) calculations. This result reveals that the electronic and

geometric properties of Pd NCs and CO molecules are expected to provide insight into the mechanism
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of Pd-based heterogeneous catalysis.

Figure 6.5 Topographic AFM image of Pd/Al,O3/NiAl surface at room temperature. Bright dot: Pd
nanoclusters. Dashed line: line defect. Parameters: constant-Af mode, fo = 1.12 MHz, Q = 3304, A =

800 pm, and size: 180 X 180 nm?

Figure 6.5 shows a large-area NC-AFM image of Pd NCs deposited on an Al,O3/NiAl surface, which
contains a series of line defects. The line defects are nucleation sites and act as the electron transfer
pathway of the Al,O3/NiAl(110) surface at RT [27,29]. Here, bright spots indicate Pd nanoclusters,
dashed lines indicate line defects, and the dark contrast indicates the NiAl substrate; the others are Al,O;

domains. Next, we exposed CO molecules and investigated their adsorption behavior at the same area.

After CO

Figure 6.6 Topographic AFM and CPD images of Pd/Al,O3/NiAl surface. Topographic AFM images
obtained (a) before and (b) after CO adsorption. CPD images obtained (c) before and (d) after CO
adsorption. (e) and (f) Enlarger images of rectangles in (b) and (d), respectively. Note that after CO
molecule adsorption, the Pd NCs become small as indicated by the white arrows in (a) and (b), and the

CPD contrast of the Pd NCs becomes dark in (c) and (d). On the other hand, the Pd NCs become large
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as indicated by the black arrow and the CPD contrast of the Pd NCs becomes bright. CO molecules as
dark spots indicate preferential adsorption on line defects rather than on terraces as shown in (e).
Parameters: constant-Af mode, fo = 1.12 MHz, Q = 3304. Size: 85 X 58 nm?. Enlarger size: 8.8 X 5

nm?

Figure 6.6 shows topographic AFM and CPD images simultaneously on Pd/Al,O3/NiAl surface.
Figure 6.6 (a) and 6.6(b) show before and after CO adsorption, and figures 6.6(c) and 6.6(d) show CPD
images corresponding to figure 6.6(a) and 6.6(b). After CO molecule adsorption, the Pd NCs become
small as indicated by white arrows in figure 6.6(a) and 6.6(b), and the CPD contrast of the Pd NCs
become dark in figure 6.6(c) and 6.6(d). On the other hand, the Pd NCs become large as indicated by
black arrow owing to cohesion at RT and the CPD contrast of the Pd NCs becomes bright. Pd NCs
adsorbed on the line defect and terrace are bright contrast in CPD images, which are negatively charged
consistent with precious results [29]. To obtain insight into the adsorption activity after CO exposure to
Pd/Al,O3/NiAl, the enlarger images were taken and are shown in figures 6.6(¢) and 6.6(f). We found
that more CO molecules adsorb on top of the Pd NC on line defects than on terraces, which are shown
as dark contrast on the topographic images and bright contrast on the CPD image. CO molecules are
preferentially adsorbed on line defects than on terraces. Moreover, the charge distribution on line defects

is more negative than that on terraces owing to the adsorbed CO molecules as shown in Figure 6.6(f).
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Figure 6.7 Topographic AFM images obtained before (a) and after (b) CO adsorption on
Pd/Al,03/NiAl surface. (¢) and (d) Line profiles corresponding to (a) and (b), respectively. (e¢) Force

curves on sites of CO and AL,Os.

Figure 6.7(a) and 6.7 (b) show the topographic AFM images of Pd NCs on the line defects of the
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ALO3/NiAlI(110) surface, obtained before and after CO molecule adsorption. The line profiles were
measured across the Pd NCs and CO molecule on Pd NCs as shown in Figure 6.7 (c) and 6.7 (d). It is
indicated that the height of the Pd NCs decreased after the CO adsorption marked by blue arrows. The
bond length of CO on the Pd NCs is around 60 pm, which is smaller than that in the gas phase [20]. In
addition, the force curves were obtained on top of the CO molecule and Al,Os surface as shown in
Figure 6.7 (e), the inset indicates the interaction model between the tip and the CO molecule according
to the previous theory [33]. The force curve of the CO molecule shows two minima at various tip sample
distance compared with surface, which can be assigned to the physisorption and chemisorption minima,
as shown by previous results and the theory [21]. Thus, this feature represents the interaction between
O-terminated CO and metal atoms, which can be used to distinguish the CO molecule. The force
deconvolution method was proposed by Sadler [34]. The minimum force is 0.68 nN, which related to
the coordination number of the investigated CO molecule. Additionally, the protrusion and dark contrast

of CO on the Pd NP and surface can be imaged at different tip sample distances.
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Figure 6.8 Topographic AFM images obtained after CO adsorption on Pd/Al,O3/NiAl surface at
different time. CO adsorption at (a) 30, (b) 60, and (c) 90 min. (d-f) Schematic images of (a-c). The

black and red dots represent the CO molecule. Parameter: 1800 L CO (1 X 107° torr).

The properties of CO molecule adsorption on the Pd/Al,O3/NiAl(110) surface were investigated and
the results are shown in Figures 4(a-c). The Pd NC on the line defect has a higher catalytic activity for
CO molecule adsorption, resulting in saturated adsorption for a certain number of CO molecules. After
CO saturated adsorption on the Pd NC of the line defect, CO gradually adsorbs on the Pd NC of the
terrace, as shown in Figure 6.8 (b) — 6.8(c). The number of adsorbed CO molecules affects the electronic

properties of the Pd NC, which can be interpreted from the CPD images in Figure 6.6 (f), leading to the
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geometry structure transformation of the Pd NC. Additionally, the Pd NC is oriented along the line
defect on the Al,O3/NiAl(110) surface. Since the adsorption of CO molecules is more stable on the Pd
NC of the terrace than on that of the line defect, we will investigate the adsorption of CO molecules on

the Pd NC of the terrace.

20 min

Boonn,

Figure 6.9 (a-e) Consecutive scanning topographic AFM images of CO molecules on Pd/Al,O3/NiAl
surface after the adsorption of 120 L CO molecule at RT. (f-j) Schematic models of CO adsorption on
two layers of Pd NC. (k-0) AFM images with models. Red ball: CO; gray ball: Pd atoms in the first
layer; yellow ball: Pd atoms in the second layer. Imaging parameters: constant-Af mode, fo = 1.12 MHz,

Q = 3304, and size: 4x4 nm?.

Figure 6.9(a-¢) are consecutive topographic images recorded every 20 min in the constant-frequency
mode. The adsorption and desorption of CO molecules on the Pd NC can be found with scanning times.
Here, CO molecules are imaged as a depression contrast on different sites of the Pd NC in the AFM
images, owing to the repulsive interaction with the tip apex. Figure 6.9(f-j) are schematic models of CO
adsorption on two layers of the Pd NC, according to experimental results. Figure 6.9(k-0) show the
AFM images with the models which match each other well. Furthermore, we calculate and assign the

adsorption sites of the CO molecule as shown below.
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Figure 6.10 Model of Pd NC on Al,Os surface. (a) Corresponding schematic model of top view of Pd
NPs on Al,Ojs surface. Side views of CO molecule on top site (b), bridge site (c), step 111 site (d), and

step 110 site (e).

The CO adsorption model of the Pd NC on the Al,O; surface was proposed on the basis of DFT
calculations in Figure 6.10. Figure 6.10 (a) is the top view of two layers of Pd NCs adsorbed on the
AlLOs surface. Figures 6.10(b-¢) are the side views of the CO molecule adsorbed on the top site, bridge
site, step 111 site, and step 110 site on the Pd NC, respectively, and the carbon atom attaches to the Pd
atom to form O termination [34,35]. In the calculation model, the O atoms and C atoms of CO molecules
are indicated in red and brown balls, the first and second-layer Pd atoms are indicated by grey and
yellow balls, and the Al and O atoms of Al;O3 the surface are indicated by green and black balls,
respectively. Combing with the experimental results shown in Figure 6.9, we concluded that the
adsorption of CO molecules is distributed on the top, step 110, and step 111 sites of the Pd NC. This

result indicated that the adsorption energy of CO molecules is the smallest at these sites.

6.4 Conclusion

In conclusion, we have investigated the variation of LCPD after CO molecules adsorbed on Pd NPs
by AFM and KPFM. We found that LCPD decreases on the Pd NPs site and it increases on CO site,
which could be attributed to the CO bond with Pd NPs accompany the electron transfer from Pd NPs to
the CO molecule, therefore reorganize the local charge landscape. Furthermore, compared with Pd NC
of the line defects, we found that CO molecules are more stable on Pd NC of the terrace. Moreover,
the Pd NCs become small with CO adsorption, whereas they become large owing to cohesion.

Furthermore, from the CPD result, we found that the Pd NC is more negatively charged after CO
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adsorption. Combing experimental results with the DFT calculations, we concluded that the adsorption
of CO molecules on the Pd NC of terraces is preferred on the top, step_110, and step_111 sites. This
result reveals that the electronic and geometric properties of Pd NCs and CO molecules are expected to

provide insight into the mechanism of Pd-based heterogeneous catalysis.
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Chapter 7 Oxygen-adsorption-induced
Charge State Change of Pd NCs on
Al203/NiAI(110) Surface

7.1 Introduction

It is generally accepted that metal nanoparticles supported on a nonreducible oxide surface catalyze
CO oxidation via Langmuir-Hinshelwood (L-H) mechanisms, where O, and CO coadsorb onto the
catalyst [1,2]. The coarsening, structure evolution and reduction/oxidation of catalytically active metal
clusters are often accelerated by the presence of gases [3-5]. In a previous study, it was shown that the
enhanced sintering of alumina-supported Pt clusters in an oxidizing atmosphere could be explained by
a thermodynamic preference for the detachment of the PtO; volatile oxide instead of Pt atoms [6]. The
CO-induced coalescence of Pd adatoms supported on the Fe304(001) surface at room temperature has
been fully investigated using a real-time-scale scanning tunneling microscope, and Pd-carbonyl species
have been found to be responsible for mobility [7]. Despite this early success, the electronic property
of the novel metal composition during an exposure of molecular oxygen has not been found on a time
scale that allows specific sintering and mobility processes to be followed. The charge state of the metal
nanocluster on the oxide surface during an exposure of molecular oxygen is unspecified in many studies,
which enables different species recognition and the modification of the electrostatic potential energy
landscape of the surface.

Kelvin probe force microscopy (KPFM) is a complementary technique of noncontact atomic force
microscopy (NC-AFM), in which the electrostatic interaction caused by an AC bias voltage is
compensated during topographic imaging [8-10]. This compensation voltage corresponds to the local
work function difference between the sample and the tip, whereas for insulating films, it gives
information about the local surface charge [11]. Therefore, KPFM is a powerful tool for investigating
catalyst activity and selectivity [12-15]. Compared with the averaging of chemical shifts over the
catalyst by X-ray photoelectron spectroscopy, KPFM allows us to follow the individual size and shape
of metal catalysts that are adsorbed at different sites of the support, for example, terraces, steps, or kinks,

and to distinguish the charge state and composition of adsorbed species [16]. When the charge transfer
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between Pd nanoclusters and the substrate can be determined on each nano-catalyst in a gas environment,

much progress can be made in catalyst characterization.

7.2 Methods

The experiments were performed using a home-built combined NC-AFM and KPFM under
ultrahigh vacuum (UHV) at room temperature (RT). The NC-AFM system was operated in the
frequency-modulation detection method with constant oscillation amplitude (800 pm). All images were
obtained in the constant-frequency mode. As our KPFM setup applies an AC voltage (V) at frequency
w as well as a DC voltage (¥pc) to the sample, Vpc nullifies the fac component of oscillating electrical
forces, providing Vepp between the tip and the sample surface. Detailed information was provided in
our previous work [17-19]. In our case, the local contact potential difference (LCPD) voltage can be
determined with a feedback loop using KPFM.

The NiAI(110) surface was prepared with repeated cycles of Ar ion sputtering and annealing at
1000 °C. The alumina thin film was obtained by exposing NiAl(110) to 1000 L of O, followed by
annealing at 380 °C [20, 21]. Palladium was evaporated onto the alumina thin film surfaces using an
electron beam evaporator (Omicron EFM 3) at room temperature. The Pd flux was calibrated and
verified by AFM measurements on the Pd-exposed NiAl(110) crystal. The evaporator deposition rate
was 6.4x10%" atoms/cm?s (about 0.13 ML/min) [22]. Molecular oxygen (purity 99.9%) was exposed to
the scanning chamber at different background pressures. An Ir-coated Si cantilever (NANOSENDORS)

was excited to vibrate at its resonance frequency of 1.12 MHz.

-84 -



7.3 Results

7.3.1 Investigation of oxygen-adsorption-induced sintering

Figure 7.1 Consecutive NC-AFM images of the Pd/Al,O; system acquired of the same surface region
at RT after exposure to 6 L of molecular oxygen. The time intervals following the introduction of the
molecular oxygen were (a) 0 min, (b) 28 min, (c) 72 min, (d) 116 min. Examples of Pd nanoclusters
that grow/decay are marked with dotted/solid circles, respectively. Sintering of Pd nanoclusters are
marked with rectangles. Imaging parameters: constant-Af mode, Vac=500 mV, fac=190 Hz, size

120x120 nm?.

The catalytic system Pd/A1,O3/NiAl(110) was studied at low O, exposure (6 Langmuir (L), / L=107°
Torr/s). The morphology of Pd nanoclusters (0.13 ML) on an Al,O3/NiAl(110) surface is shown in
Figure 1. Alumina thin film contains line defects such as antiphase domain boundaries (APDBs) on the
A/B domain and reflection domain boundaries (RDBs) (between A/A, B/B and A/B domains) that
appear as bright lines on AFM images [23, 24]. Atomic-scale AFM images of the APDBs show an
oxygen-deficient structure along the midline and diagonal of the minimum unit cell of the Al;¢O3 thin
film [24, 25]. This unusual structure favors the adsorption of metal and large molecules [26, 27]. As
shown in our results, the preferential adsorption sites are step edges and domain boundaries. Note that
the adsorption behavior of Pd nanoclusters to APDBs is driven by thermal kinetic energy, indicating
that nanoclusters can be thermally stable at 300 K [28]. Figure la shows that Pd nanoclusters were
immobile for more than 2 h under UHV conditions. Pd nanoclusters begin to grow, decay, and sintering

immediately upon the introduction of O,. Consecutive images were then acquired on the same surface
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area as a function of time, as shown in Figure 1b-d. As captured in the series of images, some Pd
nanoclusters (green circle) gradually decayed, whereas some nucleated and grew (dot circle). In one
example, the sintering process began at 72 min and hopping occurred at 116 min (see Figure 7.2). These
behaviors are consistent with particle migration, which is affected by temperature, and the detachment

of metal atoms (or metal complexes), and diffusion of these species over the support [29].

0 5 10 15 20 0 5 10 15 20
X (nm) X (nm)

Figure 7.2 O induced hopping of PdcOy nanocluster. (a, b) Time-labeled images depicted from same

sample area as Figure 2 and 3. (c, d) Corresponding line profiles of as indicated in panel (a) and (b).

These data show PdOy nanoclusters hopping from position 1 to 2, which supports the assumption

that Pd nanoclusters are activated by the oxygen.
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7.3.2 Oxygen-adsorption-induced charge state change
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Figure 7.3 O»-induced charge state change of Pd nanoclusters. Consecutive NC-AFM and KPFM
images of the Pd/ Al,Os system at RT after exposure to 6 L of molecular oxygen. Three images (a-c)
are selected from a longer AFM movie acquired over the same sample area at 0 min, 72 min and 94 min.

Imaging parameters: constant-Af mode, Vac = 500 mV, fac = 190 Hz, size of 30x30 nm?.

Figure 7.3(a-c) show small cutouts from the much larger area (50 x 50 nm?) in the AFM movie. The
corresponding LCPD images are presented in Figure 7.3(d-f). Figure 7.3(a) shows the as-prepared Pd
nanocluster before oxygen exposure. The image series in Figure 7.3(b, c) shows the same area
successively recorded after exposure to molecular oxygen at room temperature. After the time of the
image in Figure 7.3(a), the scanning UHV chamber is backfilled with molecular oxygen (oxygen
pressure Por = 1 x 10°° Torr, dosage ~6 L).

The diameter of Pd nanoclusters 1 and 2 are almost the same, subsequently, Pd nanoclusters 2 and 3
decreased in diameter with time. A negatively charge state can be found for three Pd nanoclusters,
caused by electron tunneling from the substrate. Note that the relatively charge state refers to the charge

state compared with alumina surface. A positively charged state can be found for the line defects, which
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is due to the oxygen-deficiency structure. A LCPD contrast reversal occurs for nanocluster 1, which
means that a negatively charged Pd nanocluster 1 becomes positively charged after 72 min of molecular
oxygen exposure. Pd nanocluster 3 changed its charge state after 22 min. As explained further below,
the charge state change can be assigned to a new species, PdOy. Note that the small height variation of

the cluster in Figure 7.3 (a, b) could be caused by a dull tip apex.

22 min 22 min

"‘:?

Figure 7.4 Os-induced sintering of Pd nanoclusters. The three images (a-c) are selected from a longer

AFM movie acquired over the same sample area at 28 min, 50 min, and 72 min after exposure to 6 L of
molecular oxygen. Corresponding line profiles of Z and Vicep are taken through the center of
nanocluster sites. Imaging parameters: constant-Af mode, Vac=500 mV, fac = 190 Hz, size of 120x90

nm?.

Because the oxidation reaction does not occur synchronously, despite the fast interaction process of
nanoclusters, some sintering with charge state change is observed at RT. The AFM and KPFM images
in Figure 3 show selected frames from a series of images of a different area from those in Figure 7.3.
Pd nanoclusters 1 and 2 adsorb on the alumina surface with a distance of 3.5 nm from each other, as
shown in Figure 7.4(a). Then, nanocluster 2 approaches nanocluster 1 in Figure 3(b), and in Figure 3(c),
nanocluster 1 is replaced by a bright feather with an apparently larger diameter. In the vicinity of
nanoclusters 1 and 2, this is the only change that indicates the process of O»-induced sintering of
nanoclusters.

The corresponding LCPD images are presented in Figure 3(d-f). Nanocluster 1 is negatively charged,

whereas nanocluster 2 is neutral. When nanocluster migration causes the two initially separated clusters
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to come into contact with each other, they lose the contrast of the LCPD, as shown in Figure 7.3(¢e). The
product of sintering has a positive charge and is inert to the further oxygen exposure. We propose that
sintering occurs by “easy’’ detachment and terrace diffusion of a Pd«Oy species, as discussed further
below.

The positively charged species are believed to be Pd«Oy species formed on the alumina surface during
molecular oxygen exposure. The oxygen-adsorption-induced charge state change of nanoclusters can
be observed on the line defects of the alumina surface. This is attributed to the possibility of transferring
the electron of the line defects. The sintering of nanoclusters is greatly influenced by the molecular

oxygen density.

1 -0.49V

Figure 7.5 (a) NC-AFM and (b) KPFM images of Al,O3/NiAl(110) surface following deposition of
0.13 ML Pd at RT after exposure to 360 L of molecular oxygen. (c) NC-AFM and (d) KPFM images
after sample annealing at 250 °C. Imaging parameters: constant-Af mode, Vac = 500 mV, fac = 190 Hz,

size of 120%90 nm?>.

After dosing a higher amount of O into the chamber (360 L), the majority of the species observed in
KPFM images are positively charged, as shown in Figure 7.5(b). The average diameter of nanoclusters

increased with increasing oxygen pressure, which can be attributed to the formation of metal complexes.
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The metal complex influences particle adsorption stability by reducing the complex detachment barrier
or via desorption of volatile metal complexes.

As shown in Figure 7.5(c), the apparent diameter and density of the Pd:Oy nanoclusters decrease after
heating the surface to 250 °C. Note that thermal energy helps the sintering of nanoclusters, but the
nanocluster diameter was reduced, suggesting desorption of the weakly binding oxygen or oxygen-
induced structural change of the PdxOy nanoclusters. In addition, the charge state of 18% of nanoclusters
adsorbed on the line defects and step edge of the surface becomes negative, as shown in Figure 7.5(d).
This opens up the possibility of the Pd nanocluster reappearing after the desorption of the weakly

binding oxygen of PdiOy nanoclusters.
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Figure 7.6 Oxidation mechanism of Pd nanoclusters on Al,O3/NiAl(110) in molecular oxygen.

The present Pd/Al>Os-catalyzed oxidation may thus proceed via the mechanism proposed above and
shown in Figure 7.6. The chemical adsorption of oxygen preferentially occurs on the negatively charged
nanocluster. At higher temperature and pressure (470 K and 10~ Pa), a surface oxide can form [30]. In
our results, the observation of the negligible change in the charge state suggests the experimental
scenario for the formation of oxidized Pd nanocluster catalyst (Pd<Oy). We found that the sintering of

nanoclusters occurs by the diffusion of a Pd.Oy species.
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7.4 Discussion
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Figure 7.7 Distance-dependent variation of the frequency shift and Vicep on top of the positively

charged Pd and bare alumina surface.

Tip-sample distance-dependent variation of the frequency shift and Vicep over positively charged
nanocluster and bare alumina surface by performing Z spectroscopy with KPFM on. We found that
Vicep of nanocluster is smaller than the alumina surface in all force range. There is no contrast reverse
for the Vicep at even short-range force range. All the images in the main text were taken at Af' =-52 Hz.

In our experiment, we performed KPFM measurement at the large tip-sample interaction regimes,
where the measurement of the local charge distribution without a tip induced dipole. As shown Figure
7.7, we observe a decrease in the LCPD of Pd Oy nanoclusters, which can be distinguished from the
substrate in a wide range of tip-sample distance. This reduction in the LCPD can be interpreted in terms
of charge transfer to the substrate. In standard topography model, the tip-surface convolution affects the
height and diameter measurement of the cluster, but especially the height. Therefore, we have performed
the detuning imaging method to measure the nanocluster, and the diameter was found to be around 2
nm with subatomic resolution, as shown in Figure 7.8. This value is almost equal to the diameter
measured in the constant frequency mode without high resolution, as shown in Figure 7.8. Therefore, a
sharp tip enabled the nanocluster diameter to be measured with less tip-sample convolution in our

experiment.
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Figure 7.8. (a) NC-AFM images in constant-Af mode, Af = -40 Hz, size 10x4.5 nm?. (b) Detuning

imaging at Af' = -48 Hz, size of 10x4.5 nm?,

In constant-Af mode, Af'is kept constant by the distance control loop. In the detuning imaging mode,
the scanning direction is changed until it is parallel to the surface, a less negative value is chosen for
the Af, which is far away from the surface and the tip is put at a safe distance [1]. The diameter was
defined from the full width at half maximum (FWHM) [2].

The LCPD acquired by KPFM show the same qualitative contrast for all functionalized tip
terminations. This contrast resembled the contrast of the electrostatic field of the sample [31]. Although
the surface potential is dependent on the electrostatic signature of neutral, charged, and polar tips, the
LCPD contrast can represent the charge distribution with less tip influence [32]. Thus, the tip apex may
influence the topographic images, especially at the atomic resolution, while the effects to LCPD contrast
can be neglected in the simple model. In addition, the change in the charge state of individual
nanoclusters (see Figure 7.3) and the partial change in the charge state of the nanocluster observed after
annealing (see Figure 7.5) also suggest that change of charge state of nanocluster is not tip-induced. It
is reasonable to conclude that the change in the LCPD contrast of nanoclusters is caused by the chemical
interactions.

O, dissociation on the Pd surface was extensively studied at different temperatures [33],
by temperature-programmed desorption (TPD), STM, and DFT as well as KPFM [14, 34-36]. Oxygen
adsorption accompanies significant electron transfer to O,, creating a surface dipole toward the surface
or the formation of superoxo species [ 14, 37]. However, in our results, we observed a positively charged
nanocluster, which does not fit either of the above case. Oxygen molecule bound to a Pd nanocluster
may exist, which occurs with a positive charge of the metal nanocluster or at low temperature, but we

measured a negatively charged Pd nanocluster and performed the experiment at room temperature. Thus,
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it can be assumed that the stability of the oxidized Pd,Oy nanocluster depends on its interaction with
the surface and the pressure of molecular oxygen. The oxidized PdiO, can be regarded as a
semiconductor particle that has a band gap rather than a metallic Pd nanocluster. We speculate that the
oxidized Pd nanoclusters participated in the CO oxidation through the L-H or Eley-Rideal mechanism,

which is being investigated in ongoing experiments [38, 39].
7.5 Conclusion

We investigated the change in the charge state of Pd nanocatalysts on a model system,
Pd/Al,03/NiAl(110), on a real-time scale during an exposure of molecular oxygen using NC-AFM and
KPFM. By following the evolution of individual species, we found that the Pd nanocluster can be
oxidized by O, at room temperature, leading to the formation of metal complex PdOy nanoclusters.
The Pd«Oy shows a positive charge in KPFM images, and its stability depends on the interaction with
surface and the pressure of molecular oxygen. It is the major sintering species in contrast with the stable
Pd nanocluster on the alumina surface. In addition, Pd«Oy contains weakly binding oxygen that can be
removed after annealing at a higher temperature. Hence, the change in the charge state of the oxidized
nanocluster can be reversed by annealing, providing a cyclic oxidation process and possible support for
the concept of conversion from carbon monoxide to carbon dioxide. However, a lack of atomic
resolution makes it difficult to demonstrate the structure of the oxidized nanocluster and the charge

redistribution within. Using KPFM to elucidate the chemical reaction is still challenging.
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Chapter 8 Summary and outlook

8.1 Summary

In my research, I focused on investigating the charge state of Pd NPs on Al,O3/NiAl(110) on
catalyzed oxidation of CO by noncontact atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) at room temperature (RT). The KPFM detects electrostatic forces between tip and
surface and compensates them by applying a dc bias voltage that is adjusted by feedback control. KPFM
images could give the charge landscape of the Pd NPs on Al,O3/NiAl(110) with high accuracy. The
classical electrostatic theory is combined with KPFM to extract the charge state of the Pd NPs in this
catalytic system.

Firstly, we deduced the size dependence of charge state of the Pd NPs by measuring the local contact
potential difference (LCPD) of Pd NPs on the alumina surface thought KPFM and classical electrostatic
model for the spheres. The Pd NPs are negatively charged on the Al,O3/NiAl(110) surface, which is not
attainable in previous study. The charge state of Pd NPs is increased with increasing the size. The
electron in the Pd NPs tunneling from the substrate.

Secondly, we deduced the size dependence of the charge state of the CO molecule on Pd NPs by
measuring the LCPD of Pd NPs on the alumina surface through KPFM. The general charge state of CO
molecule on Pd NPs decreased compared with the charge state of Pd NPs. In addition, we found that
the charge state decreases on the Pd NPs site and it increases on the CO site, which could be attributed
to the CO bond with Pd NPs accompanying the electron transfer from Pd NPs to the CO molecule,
therefore reorganizing the local charge landscape. Furthermore, comparing with Pd nanocluster (NC)
of the line defects, we found that CO molecules are more stable on Pd NC of the terrace. Moreover, the
Pd NCs becomes small with CO adsorption, whereas it becomes large due to cohesion. Combined
experimental results with DFT calculations, we concluded that the adsorption sites of CO molecules on
Pd NC of the terrace are preferred on top, step 110, and step_111 sites. This result reveals that the
electronic and geometric properties of Pd NCs and CO molecules are expected to provide insight into

the mechanism of Pd-based heterogeneous catalysis.
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Thirdly, we have investigated that charge state evolution of the Pd NPs is studied during exposure of
molecular oxygen. We speculated that the Pd NPs could be oxidized by oxygen molecules, leading to
Pd,Oy, which shows a positive charge on the alumina surface.

Our results can provide a good starting point for understanding size sensitive for a catalytic reaction
by investigating size related electronic and geometric properties of the Pd NPs or Pd NPs with CO and

O; in the nanoscale.

8.2 Outlook

It is significant to produce the optimal size distribution of particles instead of a wide range of sizes,
which could increase the active sites ratio, by analyzing the charge state and even introducing the
quantum size effect. Therefore, specialized size nanoparticles should be designed to catalyze a specific
reaction in the future. Based on our results and high-resolution nano-technique, we believe our final

goal could be realized.
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