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Abstract 
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University of California, Berkeley 
 

Professor Miquel Salmeron, Co-Chair 
Professor Andrew Minor, Co-Chair 

 
 

Fundamental studies of surface chemistry processes on metals may lead to breakthroughs 
in many fields including heterogeneous catalysis, corrosion, and electrochemistry. We are 
motivated to study the surface chemistry of Ruthenium (Ru), which is a versatile catalyst. 
In this dissertation, I present our studies of surface chemistry phenomena occurring on Ru 
and graphene/Ru at the molecular level using scanning tunneling microscopy (STM). The 
results are divided into two parts. The first part is the adsorption and interactions of small 
molecules on Ru(0001) surface, including the adsorption of CO2 and the coadsorption of 
CO and H2, towards a better understanding of the fundamental steps in catalytic reactions 
such as Fischer-Tropsch synthesis (FTS). The second part is about water adsorption and 
reactions on graphene/Ru(0001) surface and resulting graphene flakes. 
 
First, the adsorption and interaction of CO2 molecules on Ru(0001) surface was studied. 
The CO2 molecules adsorbed on Ru(0001) at 77 K form primarily an unordered structure 
with a few small 2×2 domains. The desorption of CO2 molecules occurs after annealing to 
250 K, while the CO2 molecules remaining on the Ru surface form trimers, probably with 
a cyclic structure. The trimers present alternating orientations on neighboring Ru terraces, 
due to the three-fold hollow adsorption site of CO2 molecules, which determines the sites 
for three interacting molecules. The intermolecular interaction between CO2 molecules is 
facilitated and mediated by the Ru substrate. 
 
Second, the coadsorption and interaction of CO and H on Ru(0001) surface were studied, 
towards an understanding of the precursor state in FTS. The coadsorbed CO and H form 
an unordered structure on Ru upon adsorption at 77 K, which segregate to triangular CO 
islands that are separated by H domains after annealing to 150~200 K. In the islands, CO 
molecules are compressed to a nearly (1×1) pattern due to the strong repulsion of H. They 
finally evolve to a homogeneously mixed structure after annealing to 300~350 K. This 
mixed structure can be derived from other samples with different initial CO/H ratios or 
coverages after annealing, indicating that the CO–H mixing is energetically favorable and 
might be the precursor state for CO–H reaction. 
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In addition, we are very interested in surface chemistry of epitaxial graphene, specifically 
the adsorption and reaction of small molecules on graphene films, as the environmentally 
abundant molecules, such as water and oxygen, can adsorb and influence their properties. 
We investigated the adsorption and reactions of water, oxygen, hydrogen and ammonia on 
epitaxial graphene grown on Ru and Cu substrates, and found that on Ru(0001) graphene 
line defects are extremely fragile towards chemical attack by water, which could split the 
graphene film into numerous fragments at temperatures as low as 90 K, followed by the 
intercalation of water under the graphene. On Cu(111), water can also split graphene but 
far less effectively, indicating that the chemical nature of the substrate strongly affects the 
reactivity of C-C bonds in epitaxial graphene. Interestingly, no such effects were observed 
with other molecules, including oxygen, hydrogen and ammonia also studied here, which 
indicates the unique reactivity of water with graphene line defects. 
 
The water-induced splitting of graphene on Ru resulted in numerous graphene flakes that 
were displaced onto other graphene areas. We found that the flakes exhibit a facile sliding 
behavior on the graphene substrate even at a low temperature of 5 K, a phenomenon that 
is at the heart of superlubricity inherent in incommensurate interfaces. The flakes are only 
stable when sitting commensurately on the underlying graphene layer. Once switched to 
an incommensurate state, the flakes can diffuse over distances of tens of nanometers until 
another commensurate state is reached finally. Our observations of the superlubric sliding 
behavior of graphene flakes can benefit the understanding of nanotribological phenomena 
and their applications in nanomechanical systems. 
 
Finally, we also studied the electronic screening effect in stacked graphene flakes on Ru 
and Cu substrates using STM. The apparent height of a graphene layer reflects its density 
of states near the Fermi level and then the doping level, which provides a simple method 
to study the electronic screening effect in multilayer graphene films. It was thus revealed 
that the strong doping effect in the first graphene layer on Ru is weakened by 15 times in 
the second one, and almost eliminated in the third and fourth layer. In contrast, the charge 
transfer from Ru can be blocked effectively by a water layer intercalated underneath the 
graphene, indicating that water or other molecules might be a potential dielectric material 
for graphene devices. 
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Chapter 1.  Introduction 
 
 
1.1  Introduction to Surface Chemistry 
 
Surfaces and interfaces of a material define the boundary between it and its surrounding 
environment. Surface is a two-dimensional (2D) defect in a material, which gives rise to a 
variety of properties that do not exist in the bulk. Surface atoms have a different chemical 
environment from bulk atoms, that is, fewer nearest neighbors and interatomic bonds. As 
a result, the different atomic and electronic structures make surface atoms more reactive, 
so numerous chemical processes occur on the surfaces of materials, leading to one of the 
most important applications of surface science – catalysis [1, 2]. 
 
Surface science is the study of physical and chemical phenomena that occur at surfaces, 
interfaces and nanostructures. Due to the remarkable chemical, mechanical and electronic 
properties of surface, surface science has been attracting the attention of scientists for the 
past several decades. The study of surface science contributes to a better understanding of 
basic phenomena occurring on surfaces, and applications in fields such as heterogeneous 
catalysis, fuel cells, friction, lubrication, adhesion, wetting, corrosion and semiconductor 
device fabrication [3]. 
 
The field of surface chemistry started with heterogeneous catalysis that was pioneered by 
Paul Sabatier on hydrogenation and Fritz Haber on the Haber process. Another founder of 
this field is Irving Langmuir, who developed Langmuir equation to study the adsorption 
of molecules on a solid surface as a function of gas pressure at a defined temperature [4]. 
In 1974, Gerhard Ertl described the adsorption of hydrogen on a palladium surface using 
a novel technique called low energy electron diffraction (LEED) [5]. Similar studies were 
then performed on platinum [6], nickel and iron. Recent developments in surface sciences 
include the 2007 Nobel Prize of chemistry winner Gerhard Ertl’s achievements in surface 
chemistry [7], specifically his study of the adsorption and interaction of carbon monoxide 
molecules on platinum surfaces. 
 
Modern surface chemistry is mainly about the molecular-level understanding and control 
of chemical reactions on surfaces. Recently rapid progress of nanoscience and technology 
further promoted the development and applications of surface chemistry, as the surface to 
volume ratio increases significantly when the dimensions of materials reach nanoscale, so 
surface atoms play a more critical role in determining their properties. As a consequence, 
nanoparticles have been widely used as heterogeneous catalysts in many processes due to 
their higher surface areas and increased catalytic activity. 
 
Various surface science techniques have been developed and a vast amount of knowledge 
about surface chemistry has been accumulated over the past decades. Here I would like to 
divide the surface science experimental techniques into three categories depending on the 
information we can obtain using them: 
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(1) Diffraction techniques for surface structure: 
       Low energy electron diffraction (LEED) 
       Surface X-ray diffraction (SXRD) 
 
(2) Microscopic techniques for surface morphology: 
       Scanning tunneling microscopy (STM) 
       Atomic force microscopy (AFM) 
       Transmission electron microscopy (TEM) 
       Low-energy electron microscopy (LEEM) 
 
(3) Spectroscopic techniques for surface chemical information: 
       Auger electron spectroscopy (AES) 
       X-ray photoelectron spectroscopy (XPS) 
       X-ray absorption spectroscopy (XAS) 
        Thermal desorption spectroscopy (TDS) 
       Ion scattering spectroscopy (ISS) 
       Sum frequency generation spectroscopy (SFG) 
       Reflection absorption infra-red spectroscopy (RAIRS) 
 
These techniques are made surface-sensitive, as the collected information is from the first 
few atomic layers at the surface of a material. Diffraction techniques can only resolve the 
ordered surface structures. Microscopic techniques such as STM, may reach a high lateral 
resolution as the measurements are very local. For spectroscopic techniques, however, the 
lateral resolution is limited because the signal is averaged over the area illuminated by the 
probe media, such as electrons and X-rays. 
 
Most surface chemistry experiments are performed in ultra-high vacuum (UHV) for two 
principal reasons: (1) to enable and maintain an atomically clean and contamination-free 
surface for study, (2) to permit the use of low energy electron and ion-based experimental 
techniques without undue interference from gas phase scattering. Although the reactions 
in chemical plants are under high pressures and temperatures, the studies on clean surface 
of catalyst metals in UHV can provide fundamental information for the understanding of 
reaction pathways. In addition, some improved techniques have been developed and used 
very recently, such as ambient pressure X-ray photoelectron spectroscopy (AP-XPS) [8, 9] 
and high pressure scanning tunneling microscopy (HP-STM) [10, 11]. The new techniques 
enable the study of catalyst materials in high pressure environments [12] and thus bridge 
the pressure gap in surface science. 
 
In this dissertation, I will present our studies of surface chemistry phenomena using STM, 
AES, and LEED. STM can provide information on surface morphology, local electronic 
density of states, and vibrational spectra, making it a powerful tool to study chemical and 
physical properties at the surfaces of materials. Thus, STM is the primary technique used 
for surface chemistry study in this dissertation. The basic principle and instrumentation of 
the STM technique will be introduced in Chapter 2. 
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1.2  Why are we interested in Ruthenium? 
 
Transition metals have played a critical role in the field of surface chemistry and catalysis. 
They and their compounds are known for their homogeneous and heterogeneous catalytic 
activity. The catalytic process at a metal surface involves the formation of bonds between 
reactant molecules and surface atoms of catalyst. For example, first row transition metals 
use 3d and 4s electrons for bonding, which has the effect of increasing the concentrations 
of the reactants at the catalyst surface and weakening of the bonds in the reacting species, 
so the activation energy for the reaction can be lowered. 
 
Among these transition metals, Ruthenium together with Rhodium, Palladium, Osmium, 
Iridium, and Platinum form a group of elements referred to as the platinum group metals, 
as pointed out in the Periodic Table of Elements in Figure 1.1. They have similar physical 
and chemical properties. 
 

 
Figure 1.1 Periodic table of elements showing the Pt group metals and Ru. 
 
The element Ruthenium (Ru) has an atomic number 44, and its electronic configuration is 
[Kr] 4d7 5s1. Ru is a hard white metal. It is used as a hardener for Palladium and Platinum, 
and adding a small amount of Ru can improve the corrosion resistance of Titanium. Here 
we are motivated to study the surface chemistry properties of Ru because it is a versatile 
catalyst. Ru metals have been recognized as an efficient catalyst for many reactions that 
are very important in industrial applications, such as the following: 

(1) The Fischer-Tropsch synthesis, which converts syngas (a mixture of carbon monoxide 
and hydrogen) into liquid hydrocarbons of various forms and water. 

(2) The Sabatier reaction, which involves the reaction of hydrogen with carbon dioxide at 
elevated temperatures and pressures to produce methane and water. 

(3) The Haber process, the production of ammonia from a reaction between nitrogen and 
hydrogen. 
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These catalytic reactions are very important in industries for fuel upgrading, fuel refining 
and ammonia production. Ru is an active catalyst for the reactions, but it is not often used 
in large scale because of the high cost. Nevertheless, Ru has been extensively studied as a 
catalyst in academic society to understand the reaction mechanisms. Further fundamental 
understanding of the basics of the reaction steps is necessary to improve the technologies 
for future use. Therefore, we study the adsorption and interactions of reactant and product 
molecules on Ru surface, including carbon dioxide, carbon monoxide, hydrogen, water, 
and ammonia. The basic knowledge of physics and chemistry underlying the molecular 
interactions on surfaces is essential for developing more efficient catalytic technologies. 
 
In our group, my colleagues have already spent a lot of efforts to study the adsorption and 
reactions of hydrogen [13, 14], water [15, 16], and ammonia [17] on Ru. I will continue to 
study two surface chemistry topics of Ru: one is the adsorption and interaction of carbon 
dioxide on Ru(0001), and the other is the coadsorption of carbon monoxide and hydrogen 
on Ru(0001) for a fundamental understanding of the Fischer-Tropsch synthesis. 
 
 
 
1.3  Introduction to Epitaxial Graphene 
 
Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, has recently 
attracted intense scientific interest due to its unique two-dimensional (2D) structure and 
remarkable electronic properties, making it a promising material for various applications 
such as nanoelectronics. Graphene can also be described as a single layer of graphite, but 
its properties are different from that of graphite when it is isolated. Ideal graphene films 
are strong, light, almost transparent and an excellent conductor of heat and electricity. 
 
Graphene was first discovered and reported by Andre Geim and Konstantin Novoselov at 
the University of Manchester in 2004 [18], although the synthesis and characterization of 
single layer graphite on Pt(111) surface by STM had been reported before [19, 20]. They 
first isolated individual graphene planes using adhesive tapes and measured the electronic 
properties of the obtained flake. In 2005, the Manchester Geim group together with Philip 
Kim group from Columbia University demonstrated that quasiparticles in graphene were 
massless Dirac fermions [21, 22]. These discoveries have motivated many researchers to 
enter this research field. Meanwhile, some researchers studying carbon nanotubes were 
already familiar with the structure and properties of graphene, which had been calculated 
earlier [23]. The combination of familiarity, extraordinary properties and surprising ease 
of isolation led to an explosion in graphene research. Consequently, Geim and Novoselov 
won the Nobel Prize in Physics in 2010 “for groundbreaking experiments regarding the 
two-dimensional material graphene” [24]. 
 
The atomic structure of graphene is illustrated in Figure 1.2a. In such a honeycomb lattice, 
each carbon atom has three nearest neighboring atoms. This structure gives rise to a conic 
electronic band structure as shown in Figure 1.2b [25], which results in a very high Fermi 
velocity for free electrons in graphene. Thus the high mobility of carriers makes graphene 
a potential material for high-speed nanoelectronics. 
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Figure 1.2 Atomic structure and electronic structure of graphene. (a) Schematic showing 
the atomic lattice of graphene, in which the area enclosed by red line indicates a unit cell. 
(b) (Top) Conic energy bands near the Fermi level in the vicinity of the K and K' points 
of graphene, and (bottom) density of states near the Fermi level. Adapted by permission 
from Macmillan Publishers Ltd: NPG Asia Mater. 1, 17–21, copyright 2009. 
 
To realize the potential applications, controllable synthesis of large-area and high-quality 
graphene is prerequisite. Several methods have been developed for graphene production, 
including mechanical exfoliation [18], epitaxial growth on silicon carbide [26], epitaxial 
growth on metal substrates [27–31] and graphite oxide reduction [32, 33]. Among them, 
epitaxial graphene on metal substrates has received much attention and was demonstrated 
to be a rational route for producing macroscopic graphene films. 
 

 
Figure 1.3 TEM images showing the structure of polycrystalline epitaxial graphene films. 
(a) TEM mapping of graphene grains with different orientations. Adapted with permission 
from ref 34. Copyright 2011 American Chemical Society. (b) Atomic lattice structure of a 
grain boundary. Adapted by permission from Macmillan Publishers Ltd: Nature 469, 389 
–392, copyright 2011. 
 
However, it is very important to point out that the produced graphene films are typically 
polycrystalline, with line defects such as dislocations and grain boundaries. Examples are 
presented in Figure 1.3, which shows TEM characterization of grain and grain boundaries 
in epitaxial graphene grown on Cu [34, 35]. These line defects can affect the properties of 
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graphene films, such as weakening their mechanical strength [35], impeding the electrical 
transport [36], and enhancing their chemical reactivity [37]. Therefore, it is important to 
study their impact on the structural and chemical properties of epitaxial graphene. 
 
Another concern is that graphene devices are normally operated in ambient environments, 
where the gas molecules such as water and oxygen, may react with graphene and degrade 
the performance and reliability [18, 38, 39]. For example, exposure of annealed graphene 
films to water vapor or ammonia can lead to their p-type or n-type doping [18], while the 
controlled adsorption of water molecules was used to tune the bandgap in graphene [38]. 
In addition, atmospheric oxygen can also produce hole-doping in deformed graphene [39]. 
Thus, it is of great importance to study the surface chemistry of epitaxial graphene with 
respect to the adsorption of environmentally abundant molecules, especially at the defects. 
Elucidating the impact of line defects towards gas adsorption and reactions is crucial for 
making reliable graphene-based devices that are operated at ambient conditions. 
 
 
 
1.4  Organization of Dissertation 
 
This dissertation will focus on the study of surface chemistry processes occurring on Ru 
and epitaxial graphene surfaces using STM. There are seven chapters in total, which are 
organized in the following manner. 
 
In the first chapter, I have introduced the general background of surface chemistry and 
the two materials for our study (Ru and epitaxial graphene). 
 
In Chapter 2, I will introduce the primary technique used for the study – STM, including 
the basic principles, instrumentation and tip/sample preparation. 
 
In Chapter 3 and 4, I will present the studies of surface chemistry phenomena occurring 
on Ru(0001), including the adsorption of CO2 on Ru(0001) in Chapter 3 and the structure 
and interaction of coadsorbed CO and H on Ru in Chapter 4. The two studies are towards 
a fundamental understanding for some catalytic reactions on Ru surfaces. 
 
In Chapter 5–7, I will discuss the surface chemistry of epitaxial graphene grown on Ru. 
We will study the water adsorption and interaction with epitaxial graphene on Ru(0001) 
in Chapter 5 and show that water can split the graphene on Ru along line defects and then 
intercalates under it. This process produced numerous graphene flakes, and we will study 
their mechanical motions and electronic properties in Chapter 6 and 7, respectively. 
 
Finally in Chapter 8, I will summarize all the contents of the dissertation and present my 
outlook for the research field of surface chemistry. 
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Chapter 2.  Scanning Tunneling Microscopy 
 
 
2.1  Principles of Scanning Tunneling Microscopy 
 
A scanning tunneling microscope (STM) is an instrument that uses the quantum tunneling 
current between an atomically sharp tip and sample to image a surface at the atomic scale. 
STM was first developed by Gerd Binnig and Heinrich Rohrer at IBM Zürich in 1982 [40, 
41], which earned them the Nobel Prize in Physics in 1986 [42]. With STM, we can reach 
a good resolution of a surface, typically 1 Å lateral resolution and 0.1 Å depth resolution. 
With this resolution, individual atoms on a surface can be easily imaged and manipulated. 
In addition, STM can be operated in ultra-high vacuum (UHV), air, water and other liquid 
or gas environments. It may work at a wide range of temperatures from near 0 K to a few 
hundred degrees Celsius, enabling STM as a powerful tool to study surface chemistry. 
 
The STM is based on the concept of quantum tunneling. When a conductive tip is brought 
very close to the sample (about a few Å), a bias voltage difference applied between them 
can allow electrons to tunnel through the vacuum gap. The resulting tunneling current (I) 
is a function of the applied bias voltage (V), tip-sample distance (d) and the local density 
of states (LDOS) of the sample (ρs). At small bias voltages, the tunneling current can be 
approximated by: 

                                                   𝐼 ∝ 𝑉 ∙ 𝜌𝑠(𝐸𝐹) ∙ 𝑒−𝐴�𝜙𝑑                                          (2.1) 

In which ρs(EF) is the LDOS close to the Fermi level of the sample, 𝜙 is the height of the 
tunneling barrier, and A is a constant (~1.025 for 𝜙 in eV and d in Å) [43]. Information is 
acquired by monitoring the current as the tip’s position scans across the surface, which is 
usually displayed in the form of image. STM can be a challenging technique as it requires 
extremely clean and stable surfaces, atomically sharp tips, excellent vibration control, and 
sophisticated electronics. 
 

 
Figure 2.1 Schematic illustration showing the principles of STM. (a) The basic setup and 
feedback loop for an STM. (b) Energy band diagram where sample is positively biased. 
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As shown in Figure 2.1, the basic setup of an STM includes scanning tip, sample, scanner 
piezo to control the X, Y, Z position of the sample, a preamp to amplify tunneling current, 
and an electronic feedback controller. To investigate a surface using STM, a bias voltage 
is first applied to the sample, and then a tip is brought close to the sample through coarse 
approach. When the tip-sample distance is within the range of the z-scanner piezo, we can 
turn off the coarse approach and start to image the surface using scanner piezo. 
 
Piezoelectric material is used for fine control of the tip in all three dimensions when near 
the sample. The tip-sample distance is typically maintained in the range of several Å, and 
then the bias voltage will cause electrons to tunnel between the tip and sample, creating a 
current (ranging from pA to nA) that will be amplified and measured. Once tunneling is 
established, data can be collected in the form of images, with respect to the bias, current, 
tip position and surface state of the sample. There are two imaging modes, called constant 
height and constant current mode, respectively. In the first mode, the bias and Z-position 
are both held constant while the current may change as the tip is moved across the sample 
in the X-Y plane, which results in a map of current changes over the surface. In the latter 
one, the bias is held constant, and the tip is vertically adjusted through a feedback loop in 
such a way that the current always stays constant. This leads to a height variation and the 
image comes from the tip topography over the sample. The constant current mode is more 
commonly used to acquire STM images. 
 
It is important to notice that an STM image doesn’t measure the height of surface features 
only; it also contains information on the electronic structure of the sample. From equation 
2.1, we can find that the tunneling current is determined by both tip-sample distance and 
LDOS, so for constant current mode when there is a variation in LDOS, the tip will adjust 
its position to accommodate such a change. When we interpret an STM image, we have 
to take the information as a combination of surface morphology and LDOS. For example, 
carbon atoms chemisorbed on Ru(0001) surface appears as a depression in STM images, 
not because it is lower than the surrounding atoms, but due to a smaller density of states 
near Fermi level for the carbon atoms, so the tip reduces the distance to the sample thus 
to reach the same tunneling current. 
 
In addition, STM can be utilized to study the local electronic structure of a surface. Figure 
2.1b shows the energy band diagram of a tip and sample when sample is positively biased. 
In this case, electrons will tunnel from the tip to the sample, and the tunneling current can 
be approximated by the following equation: 

                                      𝐼 ∝ ∫ 𝜌𝑠(𝐸𝐹 − 𝑒𝑉 + 𝜖) ∙ 𝜌𝑇(𝐸𝐹 + 𝜖)𝑒𝑉
0 𝑑𝜖                           (2.2) 

which is a convolution of the DOS of the tip and the sample. Let us do a derivative on the 
equation regarding bias voltage V, and then it will give rise to: 

                                                          𝑑𝐼
𝑑𝑉
∝ 𝜌𝑠(𝐸𝐹 − 𝑒𝑉)                                             (2.3) 

under the assumption that the tip DOS is constant. Based on these ideal assumptions, the 
tunneling conductance (dI/dV) is directly proportional to the sample LDOS. This method 
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to probe the LDOS and band gap of surfaces at the atomic scale by measuring dI/dV as a 
function of energy is called scanning tunneling spectroscopy (STS) [44]. 
 
STS measurements can be performed in two ways. First, record I-V curves and then make 
a numerical derivative of the data to obtain the dI/dV curve as a function of energy. Due 
to the possible noise, sometimes it is necessary to collect the data several times and make 
an average to reduce the influence of noise level. Second, we can use lock-in amplifier to 
do this measurement and improve the signal to noise ratio. A lock-in amplifier can detect 
the response from the measured signal at a reference frequency. If we add a small voltage 
modulation (Vl with frequency f) to the bias, the measured current can be expanded as: 

                            𝐼[𝑉0 + 𝑉𝑙 sin(2𝜋𝑓𝑡)] = 𝐼(𝑉0) + 𝑉𝑙 sin(2𝜋𝑓𝑡) 𝑑𝐼
𝑑𝑉

+ ⋯                   (2.4) 

which indicates the amplitude at frequency f is proportional to the first derivative of I-V 
curve. This is the STS signal that we want to record from lock-in amplifier. 
 
Finally, I would like to mention another technique recently combined with STM - inelastic 
electron tunneling spectroscopy (IETS). When the energy of tunneling electrons matches 
the vibrational modes of surface species, the excitation of vibrations can result in a small 
increase in the tunneling conductance (dI/dV) due to the inelastic channel. Thus, a peak at 
each vibrational energy can be observed in the second derivative curve d2I/dV2. By using 
lock-in amplifier, Stipe et al. employed the technique to study vibrational spectroscopy of 
single molecules adsorbed on a surface [45]. However, it is experimentally challenging to 
realize this technique due to the extreme requirements of mechanical stability, that is, the 
mechanical vibrations of the tip over the adsorbate must be minimized. 
 
 
 
2.2  Instrumentation of Low-Temperature Scanning Tunneling 
Microscopy 
 
In order to study surface chemistry at the atomic scale, a low-temperature UHV STM was 
designed and constructed by Tomoko Shimizu and Aitor Mugarza in our group [15]. And 
I continued to operate and maintain this instrument to do experiments during the last four 
years. Since it is a home-built instrument, there are no commercial manuals or customer 
services available. A major task for me is to understand the detailed configuration of the 
instrument and fix the problems. Here I would like to introduce the instrumentation of the 
low-temperature UHV STM. 
 
As illustrated in Figure 2.2, the instrument is composed of two vacuum chambers that are 
connected. One chamber is called preparation chamber, used for sample preparation and 
characterization; the other one is called microscope chamber, where the bath cryostat and 
the microscope body are located. The preparation chamber is used for sample preparation 
and characterization. It is equipped with Argon ion sputtering to clean the sample, AES to 
identify surface composition, LEED to study surface structure, and mass spectroscopy to 
analyze the species in gas environments. When the sample is ready, we will transfer it to 
the microscope chamber with a transfer rod. A wobble stick in the microscope chamber is 
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then used to grasp the sample and put it onto the sample stage inside the microscope body. 
These two chambers are firmly fixed on a frame made of steel bars, which can be floated 
with damping airlegs to isolate mechanical vibrations from environment. 
 

 
Figure 2.2 Instrumentation of the low-temperature UHV STM. (a) Schematic diagram of 
the STM system. (b) Photograph of the instrument, where the surrounding heating tapes 
are used for baking. The right side is a rack mounted with electronic controllers. 
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Both chambers are equipped with pumps to maintain the UHV, including turbomolecular 
pump, ion getter pump and titanium sublimation pump (TSP). Turbo pump will be turned 
on for initial pumping and sample preparation, but turned off during STM measurements. 
Ion pumps are always kept on to maintain the UHV, unless we shut down the instrument. 
TSP is only used to quickly reduce the background pressure occasionally. In addition, we 
have to bake the instrument at ~120 °C for at least 36 hours to reach a good vacuum after 
we expose the chambers to air for maintenance. 
 
Figure 2.3 shows a photograph of the preparation chamber taken through a glass window. 
Most facilities inside the chamber are marked with numbers. The Ru single crystal sits on 
a round sample stage (1), which is located at the end of the transfer rod. The sample stage 
can be transferred to the heater (2), which can heat a sample to ~1500 °C through electron 
bombardment. The manipulator above the heater can be used to lift the sample and turn it 
to other directions for characterization. For example, if we turn the sample to the electron 
gun (3) and analyzer (4) of the AES, we can obtain the Auger spectra of the sample. If the 
sample is turned back towards the LEED screen (5), we can get the diffraction pattern of 
the sample. The mass spectrometer (6) is used to analyze the residual gas in the chamber. 
There are also two tungsten filaments (7) for dissociating molecules. With these facilities, 
we can prepare a sample and characterize it using LEED and AES first, and then transfer 
it to the microscope chamber for further experiments. 
 

 
Figure 2.3 Photograph showing the components in the preparation chamber of the STM: 
(1) the Ru sample sitting in a round sample stage for transfer and heating; (2) the electron 
bombardment heater for sample heating; (3) the electron gun for the AES; (4) the electron 
collector and analyzer of the AES; (5) the screen of the LEED; (6) the mass spectrometer; 
(7) two filaments used for molecular dissociation. 
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Figure 2.4 shows photographs of the cryostat and STM station in the microscope chamber. 
To access the STM station, we have to lift the cryostat using crane/hoist and then remove 
the copper shields around the STM head, as shown in Figure 2.4a. The STM body is hung 
to the bottom of the cryostat with three springs (Figure 2.4b). The springs combined with 
eddy current damping are used to isolate the mechanical vibrations. An extended view of 
the STM body is shown in Figure 2.4c, where the tip is stationary and pointing down, and 
the sample sitting on the scanner piezo can move up/down through six shear piezos. This 
coarse approach mechanism follows the Pan design [46]. Both the tip and the sample can 
be exchanged without breaking the UHV and low temperature using a wobble stick. 
 

 
Figure 2.4 Photographs of the STM station in the microscope chamber. (a) The cryostat is 
lifted using crane/hoist so that we have access to the STM station for repair. (b) The STM 
body is hung to the bottom of the cryostat by three springs. (c) Extended view of the STM 
body, in which the tip, sample and scanner piezo are indicated by arrows. 
 
In addition, there are many connection wires from the STM body to the top of the cryostat, 
where the vacuum feedthrough cables are located. The wires for electrical conduction are 
covered by insulating coatings, and they are thin and delicate. After mechanical shakings 
and many baking/cooling cycles, some of the connection spots might not work properly 
anymore. For example, the two major repairs I experienced during the last four years both 
arose from broken wires and bad connections. Therefore, if there are any problems in the 
STM station, these electrical connections should be diagnosed first. 
 
 
 
2.3  Tip Etching and Assembly 
 
The quality of an STM tip is crucial for STM experiment, as it determines the spatial and 
spectroscopic resolution. An ideal tip should be atomically sharp and stable. The common 
materials for making STM tips are tungsten (W) and alloyed platinum (Pt). They must be 
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mechanically stiff and ideally have a flat electron density of states (DOS) near the Fermi 
level for an easy interpretation of STM images and spectra. We used Pt70/Rh30 filaments 
(Goodfellow, diameter~0.25 mm) to make tips with electrochemical etching approach. W 
filaments are not used in our study, as it might be oxidized after interaction with water or 
oxygen molecules, making the topmost of the tip nonconductive. 
 
Figure 2.5a shows a schematic illustration of the setup used for tip etching. First we need 
to prepare a molten solution of NaCl and NaNO3 (volume ratio~1:4), which is placed in a 
glass Petri dish and heated up to 540 °C slowly using a hot plate. Usually the temperature 
increment rate should be less than 50 °C per 15 min; otherwise the glass dish might break. 
Then we connect the electrical circuit for tip etching, including a DC power supply, two 
multimeters to monitor the voltage output and current, a Pt ring located inside the solution, 
and a magnet piece to fix the Pt/Rh filament on a vertical manipulator. 
 

 
Figure 2.5 (a) Schematic illustration of the setup for electrochemical etching of STM tips. 
(b-d) Optical microscopy images of three electrochemically-etched Pt/Rh tips, which are 
considered to be good STM tips. The diameter of the Pt/Rh filament is ~0.25 mm. 
 
When the setup is ready, we can start the tip etching. Position the Pt/Rh wire at the center 
of the Pt ring above the solution, and then dip it into the solution by about half turn on the 
vertical manipulator. Switch on the power supply to produce a voltage output of ~2 V and 
the Amperemeter should read ~30 mA when the etching starts. Meanwhile, bubbles and 
brown precipitate appear around the tip in the solution. It usually takes about one minute 
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to finish the etching process. When the current drops to zero, switch off the power supply 
immediately and lift the wire out of the solution with the vertical manipulator. Then clean 
the tip with water to dissolve residual salt, and characterize it under optical microscope. If 
the quality of the tip is good enough, then we cut it to 1 cm long and store it carefully in a 
box. Figure 2.5b-d show several optical microscopy images of the tips that are considered 
“good” according to my experience. 
 
After the tip etching, we need to assemble the tip into a tip holder, so that we can transfer 
it into the STM body. First, insert a stainless steel tube into the cylinder hole in the center 
of the tip plate, and then put the tip wire into the tube (bend the wire slightly so that it can 
hold inside the tube). Finally, squeeze the tube to firmly fix the wire. Figure 2.6a shows a 
photograph of an assembled tip holder, in which the tip and the steel tube are indicated by 
arrows. The tip holder is then put on the transfer stage (Figure 2.6b,c) and transferred into 
the preparation chamber through load-lock. In addition, the tip may be heated by electron 
bombardment to desorb the adsorbed molecules. Afterward, the tip can be transferred into 
the microscope body and used for STM imaging. 
 

 
Figure 2.6 (a) Photograph of an assembled tip holder, where the tip and the steel tube are 
indicated by arrows. The three springs are used to fix the tip holder inside the STM body. 
(b,c) Side view and top view of the tip holder located on the round transfer stage. 
 
 
 
2.4  Sample Preparation and Characterization 
 
An important step prior to the STM imaging is the preparation and characterization of the 
sample in the preparation chamber. It is required to have an atomically flat substrate with 
known chemical composition to achieve atomic scale STM studies. Therefore, we need to 
clean a sample and confirm the surface structure and composition prior to STM imaging. 
In the following, I will present the cleaning procedure of a Ru(0001) single crystal, which 
is the primary sample for our experiments. 
 
Figure 2.7a shows a photograph of the Ru(0001) sample located on the manipulator in the 
preparation chamber. It can be rotated to other directions for cleaning or characterization. 
We first clean it by Argon ion sputtering at 1 kV, which can remove the top several layers 
of the surface. The sample will then be annealed to 1400 °C to make it flat. Subsequently, 
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carbon impurities segregated from the bulk of the Ru crystal will be removed by heating 
and cooling cycles between 500 °C and 1500 °C in oxygen (pressure ~ 4×10–8 Torr). The 
remaining oxygen on the surface can be removed by a final annealing to 1400 °C in UHV. 
After such a cleaning cycle, the surface quality can be checked by LEED and AES. Most 
of the time, LEED showed distinct 1×1 spots with very low background after cleaning, as 
shown in Figure 2.7b. However, AES might occasionally indicate the presence of a small 
amount of carbon or oxygen. In this case, we should repeat the cleaning cycles again until 
AES confirms the cleanness of the sample. 
 

 
Figure 2.7 (a) Photograph of the Ru(0001) single crystal located at the manipulator in the 
preparation chamber. (b) A typical LEED pattern of the Ru sample, which appears as blue 
spots on the display screen. 
 
AES is sensitive to surface chemical composition, so it is helpful for us to prepare various 
samples. For example, we would like to study the adsorption of water on oxygen-covered 
Ru surface [47], and we need to prepare an O(2×1)/Ru(0001) sample. AES is used in this 
case to analyze the surface coverage of oxygen. Figure 2.8a,b shows an STM image and a 
typical Auger spectrum of a clean Ru sample, where the peak ratio (lower half/upper half) 
of the 273 eV peak is about 1.20 ± 0.05. When oxygen chemisorbed on the surface, there 
is a peak growing at around 512 eV attributed to oxygen, as shown in Figure 2.8c,d. From 
the relative amplitude of the oxygen peak, we could estimate the amount of chemisorbed 
oxygen and determine whether the sample is ready for further STM experiments. Another 
example is that AES is employed to analyze the coverage of graphene on the Ru surface. 
When there is carbon on a Ru surface, the Auger peak at 273 eV will become asymmetric 
due to the overlap of Ru and carbon peaks. Therefore, we can tell the carbon coverage on 
the Ru surface from the peak ratio at 273 eV in Auger spectra. This method will be 
demonstrated later in the study of epitaxial graphene on Ru in chapter 5.3. 
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Figure 2.8 Auger electron spectroscopy is used to characterize the Ru sample. (a,b) STM 
image and Auger spectra of clean Ru(0001) surface. The peak ratio (lower half/upper half) 
of the 273 eV peak can be used to tell the amount of carbon on Ru. For clean Ru surface, 
the ratio is ~1.20 ± 0.05. (c,d) STM image and Auger spectra of O(2×1)-covered Ru(0001) 
surface, in which the oxygen peak at around 512 eV is indicated. 
 
Once we get a clean sample, we will then transfer it into the STM station. Gas molecules 
can be dosed to the Ru sample through a leak valve and a dosing tube pointing toward the 
sample at defined sample temperatures. Afterwards, the sample can be annealed to higher 
temperatures up to 350 K to further enhance the mobility and reactivity. All STM images 
presented in this dissertation were acquired at either 5 K or 77 K, depending on whether 
the inner cryostat was filled with liquid helium or liquid nitrogen. 
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Chapter 3. CO2 Adsorption and Trimer Formation on Ru(0001) 
 
 
3.1  Introduction: Surface Chemistry of CO2 
 
Carbon dioxide (CO2), one of the most abundant gases in the atmosphere, has attracted a 
lot of attention recently due to the environmental concerns of global warming. CO2 is the 
primary greenhouse gas emitted through human activities. The major human activity for 
CO2 emission is the combustion of fossil fuels (coal, oil, and natural gas) for energy and 
transportation. There are two options to solve the problem, one is to reduce CO2 emission 
into the atmosphere and the other is to transfer CO2 into useful chemical products. 
 
Although CO2 can be a cheap carbon feedstock, it is not used in many chemical industries. 
The main reason for the limited use of CO2 as a chemical reactant is its rather low energy 
content as compared with carbon monoxide. Catalytic processes such as Sabatier reaction 
have been developed to transform CO2 into other useful chemical compounds. Transition 
metals have been considered as important catalysts for CO2 reactions [48]. Consequently, 
the adsorption, interaction and reaction of CO2 molecules on transition metal surfaces are 
being extensively studied recently [49, 50, 51]. 
 
Despite the experimental efforts, the fundamental understanding regarding the interaction 
of CO2 molecules on some metal surfaces remains unclear. Ru can be an efficient catalyst 
for CO2 conversion, while very few literatures can be found regarding CO2 adsorption on 
Ru [52]. Here, we used STM to study the adsorption and interaction of CO2 molecules on 
a Ru(0001) surface. In addition, CO2 molecules are linear and centrosymmetric and have 
no electrical dipole, so the interaction between CO2 molecules is very weak. Nevertheless, 
the formation of CO2 timer and other clusters through van der Waals interaction has been 
reported [53, 54, 55, 56]. Thus, it is also of our interest to see whether the metal substrate 
can affect the CO2 intermolecular interaction. 
 
 
 
3.2  CO2 Adsorption and Desorption on Ru(0001) 
 
The experiments were performed in our home-built low-temperature STM. The Ru(0001) 
sample was cleaned first and transferred into the STM station. CO2 molecules were dosed 
to the surface at 77 K and then annealed to higher temperatures to enhance the reactivity. 
 
Figure 3.1a shows a typical STM image of the Ru surface after CO2 adsorption at 77 K. It 
has a high coverage of CO2 molecules, and each molecule appears as a bright protrusion 
with an apparent height of about 20 pm. The molecules cannot form a long-range ordered 
structure upon adsorption at 77 K. Nevertheless, we could find a few small ordered (2×2) 
domains of CO2 molecules, such as the areas marked out by cycles. In these domains, the 
nearest distance between CO2 molecules is double the Ru lattice parameter (~0.54 nm). 
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Figure 3.1 CO2 adsorption and desorption on Ru(0001). (a) A typical STM image of the 
Ru surface after the adsorption of submonolayer CO2 molecules at 77 K. (b) Annealing to 
200 K did not cause big change to the surface. (c) Annealing to 250 K for 20 min resulted 
in the desorption of CO2 molecules. (d) The CO2 coverage was substantially smaller after 
annealing to 250 K for 40 min. Imaging parameters: Vs = 200 mV, It = 10 pA. 
 
The sample was then annealed to higher temperatures to enhance the mobility. Annealing 
the sample to 200 K or lower temperatures cannot induce much change, such as the STM 
image shown in Figure 3.1b. This indicates that CO2 molecules could not form an ordered 
structure with a long-range order on Ru(0001) after annealing, probably due to the lack of 
a strong dipole interaction between CO2 molecules. In addition, almost no desorption has 
occurred after the annealing to 200 K, indicating that CO2 has a strong bonding to the Ru 
substrate. Subsequent annealing to 250 K induced the desorption of CO2 molecules, such 
as the STM image in Figure 3.1c. After annealing to 250 K for 40 min, the CO2 coverage 
has decreased substantially (Figure 3.1d), and the remaining CO2 molecules form a trimer 
structure, indicative of CO2 intermolecular interaction on Ru. In contrast, our results are 
different from that in ref 52, which reported the physisorption of CO2 on clean Ru(001) at 
85 K and the undissociated desorption at 100 K. 
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3.3  Determination of CO2 Adsorption Site on Ru(0001) 
 
The adsorption site of CO2 molecules on Ru(0001) is critical to understand the interaction 
between CO2 and Ru substrate. Therefore, we try to obtain the adsorption site information 
through STM imaging. Figure 3.2a shows an STM image of the CO2 adsorbed Ru surface, 
which resolves both the adsorbed molecules and the atomic lattice of the Ru substrate. In 
this image, plot of lines along the Ru lattice can help us easily find out the location of the 
adsorbates, as shown in Figure 3.2b, which indicates that CO2 occupies the 3-fold hollow 
site on the Ru(0001) surface. Similar analysis on a neighboring Ru terrace (Figure 3.2c) 
gives rise to a consistent result (the orientation of the 3-fold hollow site switches on two 
neighboring terraces for the hcp Ru metal). However, whether CO2 adsorbs at the hcp site 
or the fcc site cannot be determined yet. 
 

 
Figure 3.2 Determination of the adsorption site of CO2 molecules on Ru(0001). (a) STM 
image showing both the adsorbed CO2 molecules and the atomic lattice of Ru. (b) Plot of 
lines along the Ru lattice orientation indicates that CO2 occupies the 3-fold hollow site. (c) 
Similar analysis on a neighboring Ru terrace gives rise to the same adsorption site, either 
the hcp site or the fcc site. Imaging parameters: Vs = 100 mV, It = 9 pA. 
 
In addition, the adsorption geometry of CO2 molecules, that is, how does the molecule lie 
on the Ru surface, cannot be revealed from STM imaging either. STM imaging combined 
with DFT calculations in ref 57 suggested that CO2 sits in a V-shaped fashion on Ni(110). 
So I propose that in our case, CO2 adsorbs with carbon atom binding to Ru atom and two 
oxygen atoms tilted toward the vacuum, in a similar V-shape configuration. The proposed 
geometry needs to be verified by theoretical calculations. 
 
 
 
3.4  CO2 Trimer Formation: Substrate-Mediated Intermolecular 
Interaction 
 
An interesting result we observed for the CO2 adsorption is the formation of CO2 trimers, 
as briefly shown in Figure 3.1d. Here we will discuss in more details regarding the trimer 
formation and the underlying mechanism. Figure 3.3a shows STM image of a Ru surface 
formed by CO2 adsorption at 77 K and annealing to 250 K, in which the CO2 trimers are 
pointed out by arrows. Almost half of the remaining adsorbates has transformed into such 
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a trimer structure. Actually three neighboring CO2 molecules do not always form a trimer. 
There are three typical configurations of them, as indicated by the blue rectangle in Figure 
3.3b. The trimer in Figure 3.3c may have a strong intermolecular interaction, as revealed 
by the electron density between the molecules and a smaller molecular distance (~4.9 Å). 
The interaction in the trimer in Figure 3.3d might be weaker, while the three molecules in 
Figure 3.3e sitting with a distance of double Ru lattice parameter (~5.4 Å) do not interact 
with each other. The different configurations should be due to the relative orientations of 
the three CO2 molecules. The strong-interacting trimers might have a cyclic structure [53], 
while the exact configuration remains to be resolved. There might be a barrier to form 
trimers from isolated molecules, which was overcomed by thermal annealing in our case. 
 

 
Figure 3.3 Formation of CO2 trimers on Ru(0001) substrate. (a) After annealing to 250 K, 
the remaining molecules form CO2 trimers such as those pointed out by arrows. (b) Three 
neighboring CO2 molecules have different configurations (such as the typical examples in 
the blue rectangle) and do not always form trimers, which may depend on their molecular 
orientations. (c-e) Expanded views of the three typical configurations, which correspond 
to strong-interacting trimer (c), weak-interacting trimer (d) and non-interacting molecules 
(e). Imaging parameters: Vs = 200 mV, It = 10 pA. 
 
Interestingly, we found that the CO2 trimers have alternating orientations on neighboring 
Ru terraces. For example, Figure 3.4 shows two STM images of the CO2 trimer structures 
on two neighboring Ru terraces. As can be seen, the orientation of the trimers rotates 60° 
from one terrace to the other. This should originate from the adsorption site of CO2 on 
Ru(0001), since three nearest hollow sites (either hcp or fcc) separated by double the Ru 
lattice parameter will form a triangular pattern, of which the orientation switches between 
neighboring terraces. This substrate-dependent configuration has been observed before in 
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the formation of triangular hydrogen vacancy patterns on Ru(0001) [13]. Therefore, we 
may conclude that the CO2 molecules adsorbed at hollow sites of Ru(0001) surface can 
interact with each other to form timers, which may depend on the relative orientations of 
the three molecules. This intermolecular interaction of CO2 molecules is mediated by the 
underlying Ru substrate, which determines the orientation of the trimers. 
 

 
Figure 3.4 Alternating orientations of the CO2 trimers on two neighboring Ru terraces. 
The orientation of the CO2 trimers rotates 60° from one Ru terrace to the other, due to the 
three-fold hollow adsorption site of CO2. Imaging parameters: Vs = 100 mV, It = 9 pA. 
 
 
 
3.5  Conclusions 
 
To summarize, we have studied the adsorption and interaction of CO2 molecules on Ru in 
this chapter. The CO2 molecules adsorbed on a Ru(0001) surface at 77 K form mainly an 
unordered structure with only a few small 2×2 patterns. The desorption of CO2 molecules 
occurs after annealing to 250 K and the remaining molecules on the Ru surface form CO2 
trimers, which show an alternating orientation on neighboring Ru terraces. This is due to 
the 3-fold hollow adsorption site of CO2 molecules, which results in the triangular pattern 
for CO2 trimers with alternating orientations. The intermolecular interaction between CO2 
molecules on Ru(0001) is enabled and mediated by the Ru substrate. This study is helpful 
for the understanding of CO2-metal interaction and CO2 intermolecular interaction, which   
may benefit the chemical conversion of CO2 using metal catalysts. 
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Chapter 4.  Coadsorption of CO and H on Ru(0001): Structure 
and Lateral Interaction 
 
 
4.1  Introduction: CO Dissociation in Fischer-Tropsch Synthesis 
 
Fischer–Tropsch synthesis (FTS) is an important reaction to produce liquid hydrocarbons 
from syngas (a mixture of carbon monoxide and hydrogen) in the industry. Transition 
metals such as Ru and Co have been proved to be efficient catalysts for this reaction. Due 
to the numerous efforts in last several decades, a general consensus has been reached that 
the FTS can be categorized into three elementary steps: (1) initiation, which evolves the 
CO dissociation and CHx formation, (2) propagation via the CHx–CHx coupling reactions, 
(3) the termination and desorption of hydrocarbons [58]. This process involves different 
reactions of bond breaking and formation on metal surfaces, and some of the detailed 
atomic-scale mechanisms are still discussed extensively in the literature [59–62]. A major 
controversy regarding the initial step of FTS is that whether CO dissociates into C and O 
directly or assisted by coadsorbed H to form HCO or COH intermediates [63–65]. One of 
the main reasons for this enduring controversy is that the possible intermediate species 
are very difficult to detect experimentally due to the short lifetime and low concentrations 
[66, 67]. Alternatively, we may study the coadsorption and interaction of CO and H, thus 
to understand the role of H in CO dissociation through the precursor state. 
 
Many experimental and theoretical efforts have been made to understand the interaction 
between CO and H on Ru surfaces. For example, using TDS and XPS, Peebles et al. have 
revealed the strong long-range CO-H repulsive interactions, resulting in the segregation 
of CO and H on Ru(0001) [68]. Later Riedmuller et al. have reported the formation of CO 
islands when coadsorbed with H on Ru(0001) and an average size of seven molecules for 
small islands [69]. Theoretical calculations by van Santen et al. confirmed the repulsive 
CO–H lateral interaction and also the formation of segregated islands rather than mixed 
structure [70]. On the contrary, Ueta et al. reported the formation of complexes involving 
attractive interactions between CO and D on Ru(0001) [71]. Such a controversy regarding 
the CO–H coadsorbed structure and interaction needs to be elucidated, and a consistent 
picture is thus required for a better understanding of FTS. 
 
In this chapter, we studied the coadsorption and interaction of CO and H on Ru(0001) 
surface using STM. We observed the segregated structure of CO and H on Ru after their 
coadsorption at 77 K and subsequent annealing to 150 K. After the annealing to 300 K, 
however, the surface evolves to a homogeneously mixed structure, which can be reached 
from other samples with different initial CO/H ratios or coverages. We propose that this 
stable mixed structure might be a precursor state for the CO–H reaction on Ru(0001). We 
also studied the adsorption of CO on hydrogen-precovered Ru(0001) surface. This study 
is helpful for the understanding of the atomic-scale mechanisms in the FTS. 
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4.2  Individual Adsorption of CO and H on Ru(0001) 
 
The experiments were performed in our home-built low-temperature STM. The Ru(0001) 
sample was cleaned and transferred into the STM station. Then pure CO (99.99%) and H2 
(99.99%) molecules can be dosed to the Ru sample at defined sample temperatures. We 
would like to study the individual adsorption of CO and H2 on Ru(0001) first. However, 
after dosing CO alone to a clean Ru sample in a 77 K cryostat, we found the coexistence 
of H atoms on the Ru surface. Mass spectroscopy revealed the release of background H2 
molecules accompanying the CO dosing (Figure 4.1), which should be replaced from the 
cryostat by CO molecules due to their stronger binding. But when we cooled the cryostat 
down to 5 K, we managed to have pure CO dosing onto the sample as H was bound more 
strongly to the cryostat walls. After the molecular adsorption, the sample was annealed to 
temperatures ranging from 150 K to 350 K to further enhance the mobility and reactivity. 
The STM images shown in this chapter were acquired at 5 K or 77 K, as specified below. 
 

 
Figure 4.1 (a) Mass spectroscopy revealed the release of background H2 molecules from 
the cryostat during the dosing of CO in the microscope chamber. The atomic mass units 2, 
12, 14, 16, 28 correspond to H2

+, C+, CO2+ (doubly ionized), O+ and CO+, respectively. (b) 
In contrast, CO dosing in the preparation chamber at room temperature did not induce H2 
molecules, indicating that it is the cryostat that releases H2 during CO dosing. 
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The individual adsorption of CO and H2 on Ru(0001) was then studied first. CO adsorbs 
molecularly on top sites of Ru bonding through the carbon atom [72]. Figure 1a shows an 
STM image of the CO molecules adsorbed at 5 K and annealed to 150 K, which form an 
ordered �√3 × √3� 𝑅30° pattern on the Ru(0001) surface. Each CO molecule appears as 
a bright protrusion in the image. Figure 1b shows an STM image of the surface after the 
adsorption of H2 at 77K, which dissociated into H atoms sitting in fcc-hollow sites and 
forming a (1×1)-H pattern [13]. H atom displays as a depression, leaving the H vacancies 
appearing as bright protrusions [14]. Knowing their individual adsorption behavior, then 
we can study how CO and H coadsorb and interact with each other on Ru(0001). 
 

 
Figure 4.2 Individual adsorption of CO and H2 on Ru(0001). (a) An STM image showing 
a �√3 × √3�𝑅30° structure of CO molecules, formed by adsorption at 5 K and annealing 
to 150 K. (b) A (1×1)-H pattern on Ru(0001) formed by the dissociative adsorption of H2 
molecules on Ru(0001) at 77 K, with vacancies appearing as bright protrusions. Imaging 
parameters: (a) Vs = 33 mV, It = 15 pA; (b) Vs = 100 mV, It = 12 pA. 
 
 
 
4.3  Coadsorption of CO and H on Ru(0001): From Segregation to 
Mixing 
 
In this section, we will study the coadsorption and interaction of CO and H on Ru(0001) 
surface. Figure 4.3a shows an STM image of the Ru surface after simultaneous dosing of 
CO and H2 at 77 K (as revealed by the mass spectrum in Figure 4.1). The surface looks 
unordered, with CO imaged as brightest features and hydrogen as a dark background with 
occasional dim vacancies. The coexistence of CO and H on the surface will be 
demonstrated by more evidences that will be shown later. We then annealed the sample 
to 150 K for 20 min, which induced an apparent change to the surface structure, as shown 
in the STM image in Figure 4.3b. The surface species rearranged and segregated to 
triangular islands (attributed to CO) separated by dark regions (attributed to H). In these 
islands, CO molecules are compressed into a dense (1×1) structure despite the repulsive 
CO–CO interactions [73], due to the stronger repulsion from the surrounding H atoms. 
Thus, we propose that the dark regions are composed of a dense arrangement of H atoms 
in a (1×1) H pattern. The proposed model structure is shown in Figure 4.3c. 
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Figure 4.3 STM images showing the segregation of CO and H on Ru(0001). (a) After the 
coadsorption of CO and H2 at 77 K, the Ru surface looks unordered, where the bright 
species are attributed to CO and H atoms may sit among them. (b) After annealing to 150 
K, they segregated to triangular CO islands that are separated by dark H background. The 
CO islands are composed of a dense (1×1) pattern, due to the strong CO–H repulsion. (c) 
Proposed model for the segregated CO–H structure. Imaging parameters: (a) Vs = 100 
mV, It = 12 pA; (b) Vs = 50 mV, It = 50 pA. Scale bar = 0.5 nm. 
 
Another evidence for the coexistence and repulsion effect of H atoms comes from the 
orientation of the triangular CO islands. Figure 4.4 shows STM images of the segregated 
structure on two neighboring terraces of Ru(0001), where the orientation of CO islands 
rotates 60° from one terrace to the other. As CO molecules preferentially occupy the top 
sites, there should not be any restrictions for the shape and orientations of CO islands. 
We therefore suggest that the H atoms adsorbed on threefold fcc-hollow sites compress 
the CO molecules into triangular islands to minimize the total surface energy. This 
observed segregation behavior is in good agreement with previous studies [68–70], and 
confirms the strong repulsive interactions between CO and H. 
 

 
Figure 4.4 The triangular CO islands in the segregated structure exhibit an alternating 
orientation on the two neighboring Ru terraces, as marked by the blue triangles. Imaging 
parameters: Vs = 50 mV, It = 50 pA. Scale bar = 0.5 nm. 
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It is noticed that the triangular CO islands have limited sizes, composed of 3, 6, 10 or 15 
molecules. These island sizes are comparable to the observation of an average size of 
seven molecules for small CO islands [69]. In our study, the CO islands cannot grow 
larger even after annealing, indicating that the CO–CO repulsion is playing a critical role 
in limiting the island sizes. We measured the distance between two nearest CO molecules 
in the islands and found that it is about 25% larger than the Ru–Ru distance. This means 
that not all the CO molecules are sitting exactly on top of Ru atoms, implying that the CO 
molecules near the edge might be tilted due to the CO–CO repulsion. The mismatched 
position between CO and Ru near the edges of the islands may prevent the CO islands 
from growing larger, as it will cost more energy for additional CO molecules to attach to 
the islands while adsorbing offset the Ru atoms. Therefore, we suggest that it is the 
competition and balance between CO–H and CO–CO repulsions that determine the sizes 
of the segregated CO islands. 
 
We then annealed the sample to higher temperatures to further understand their structural 
evolution. Figure 4.5a shows an STM image of the surface after annealing to 300 K, 
which is completely different from the segregated structure. In contrast to the triangular 
islands, we observed an almost homogeneously mixed structure composed of rings that 
are surrounded by six depression features. According to the temperature-programmed 
desorption spectra for CO and D coadsorbed on Ru(0001) surface [66], annealing to 300 
K will result in the desorption of D2. So for our sample, some of the H atoms should have 
desorbed during the annealing. As this structure is very different from that formed by CO 
molecules only (Figure 4.2a), we suggest that some H atoms remain on the surface, going 
from the dense (1×1)-H background to a less densely packed structure. Looking carefully 
into the surface, we consider the area enclosed by the blue hexagon as a unit cell (Figure 
4.5a), where six dark dots may correspond to a (2×2)-H pattern and the bright ring inside 
the hexagon is attributed to CO molecules. We thus propose that this structure is formed 
by a mixture of CO and H. The unit cell of the structure is �2√3 × 2√3�𝑅30°, rather than 
2×2, as the CO molecules may sit offset the top site and break the symmetry. 
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Figure 4.5 The surface evolved to a homogeneously mixed structure of CO and H after 
annealing to 300 K. (a) STM image obtained with Vs = 100 mV, It = 14 pA showing the 
mixed structure. The hexagon represents the unit cell for such a mixed structure. (b) With 
a decorated tip, we can resolve the detailed structure inside a unit cell, showing that they 
are composed of three CO molecules. (c) Proposed model for the mixed CO–H structure. 
The hexagonal rings point out the unit cell of the mixed structure, which is proposed to 
be six H atoms surrounding three CO molecules with another H atom in the center. The 
symbols are the same as those shown in Figure 4.3c. 
 
During the imaging process, a molecule-decorated tip can give rise to a better resolution 
for some features. Figure 4.5b demonstrates such an image of the CO–H mixed structure, 
and shows that there are three bright protrusions inside a ring, which are interpreted as 
three CO molecules. In addition, this CO trimer structure shows alternating orientations 
on neighboring Ru terraces, which is similar to the case of triangular CO islands and 
indicates that H atoms might play a role in mediating the CO arrangements. Therefore, 
we propose a model for this mixed structure, as shown in Figure 4.5c, where H atoms at 
fcc-hollow sites are surrounded by three CO molecules adsorbed off the top of Ru atoms, 
which are further enclosed by six H atoms to form a unit cell. In this case, the alternating 
positions of fcc sites on neighboring Ru terraces determine the orientation of CO trimers 
in such a mixed structure. 
 
According to the model we proposed, there is a 25% coverage of CO and 25% coverage 
of H on the Ru(0001) surface, respectively, which gives rise to a CO/H ratio of ~1:1. The 
coverage is smaller than that in the segregated structure (Figure 4.3), indicating that some 
of the surface species have desorbed during the annealing process, while the remaining 
species rearranged to form a relatively stable mixed structure. In addition, we studied Ru 
samples with different starting CO/H ratios or coverages, which surprisingly all give rise 
to the same CO–H mixed structure after annealing to 300~350 K. Figure 4.6 presents one 
of the samples, with a lower CO coverage and consequently a higher H coverage after 
their adsorption at 77 K (Figure 4.6a). Then the sample forms the segregated CO–H 
structure after annealing to 200 K (Figure 4.6b). Annealing to 300 K did not produce the 
mixed structure yet, but rather an intermediate structure similar to the segregated phase, 
with smaller CO islands that were arranged orderly (Figure 4.6c). Finally, we reached the 
mixed structure after annealing to 350 K, as shown in Figure 4.6d. 
 
These studies suggest a general evolution pathway for the CO–H coadsorbed system on 
Ru(0001) surface: they will first evolve from an unordered structure (formed at 77 K) to a 
segregated phase after annealing to 150~200 K because of the CO–H repulsion, and then 
form a mixed structure of CO and H after annealing to 300~350 K. The required 
annealing temperatures may depend on the initial CO/H ratios or coverages, which can 
result in different lateral pressures on the surface. The evolution for segregation to mixing 
is accompanied by partial desorption of CO/H and rearrangement of remaining species. 
The CO/H ratio in the final mixed structures tends towards 1:1, indicating that the CO–H 
mixing is energetically favorable and relatively stable at higher temperatures (around 350 
K) and might be the precursor state for the CO–H reaction on Ru(0001). 
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Figure 4.6 STM images showing another example of the structural evolution of CO and 
H on Ru(0001). (a) Unordered structure formed by coadsorption of CO and H2 at 77 K, 
with a lower CO coverage than the previous sample. (b) Segregated structure was formed 
after annealing to 200 K. (c) An intermediate structure between segregation and mixing 
obtained after annealing to 300 K. (d) The mixed structure was reached after annealing to 
350 K, indicating the stability of this CO–H mixed phase. Imaging parameters: (a) Vs = 
25 mV, It = 20 pA; (b) Vs = 65 mV, It = 17 pA; (c,d) Vs = 100 mV, It = 15 pA. 
 
 
 
4.4  CO Adsorption on H-Precovered Ru Surface 
 
For the CO–H reactions on Ru, sometimes the two species may not adsorb simultanously. 
In this case, one species needs to adsorb on a Ru surface that is occupied first by the other 
species. Such an adsorption order migh change the surface structure and reaction pathway 
completely, due to the occupation of adsorption sites. Here we would like to investigate 
the adsorption of CO molecules on a H-precovered Ru surface [74]. 
 
Figure 4.7a shows an STM image of a H-covered Ru(0001) surface, which forms a (1×1) 
pattern with the vacancies appearing as bright protusions (~ 20 pm high). The fuzzy areas 
are due to the fast diffusion of H atoms on the surface, which has been previsouly studied 
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by our group [13]. Annealing to the sample to higher temperaturs such as 300 K led to the 
adsorption of backgound CO molecules onto the vacancies, as shown in Figure 4.7b. The 
CO molecules show an apparent height of about 50 pm, appearing more bright than the H 
vacancies. Then we dosed CO at 77 K (2×10–8 Torr, 20 s), and found that all H vacancies 
were occupied by newly adsorbed CO molecules, foring small CO–H mixtures. However, 
CO molecules cannot replace the adsorbed H atoms at this temperature yet. 
 

 
Figure 4.7 CO adsorption on H-precovered Ru surface at 77 K. (a) Ru surface covered by 
a (1×1)-H pattern with a few vacancies. (b) Annealing to 300 K led to the adsorption of 
background CO molecules onto the H vacancies. (c) After CO dosing at 77 K, H vacancies 
were occupied by CO molecules. Imaging parameters: Vs = 100 mV, It = 10 pA. 
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Figure 4.8 CO adsorption on H-precovered Ru surface at elevated temperatures. (a) The 
Ru surface covered by (1×1)-H pattern with vacancies. (b) Dosing CO at 77 K resulted in 
the adsorption of CO onto the H vacancies only. (c) Dosing CO at 300 K did not increase 
much the CO coverage, but arranged the CO molecules into triangular islands. (d) Dosing 
CO at 350 K finally led to a high CO coverage, which formed a densely packed structure. 
Imaging parameters: (a) Vs = 100 mV, It = 12 pA; (b) Vs = 170 mV, It = 14 pA; (c) Vs = 
160 mV, It = 18 pA; (d) Vs = 200 mV, It = 12 pA. 
 
It was found that dosing CO molecules onto a H-precovered Ru surface at 77 K could not 
result in a high coverage of CO molecules, but only their filling into the H vacancy spots. 
So this process might need to be activated. So we tried to dose CO onto the H-precovered 
Ru surface at elevated temperatures (up to 350 K), as presented in Figure 4.8. The surface 
after CO dosing at 77 K (Figure 4.8b) is similar as last sample. Then we dosed CO at 300 
K, but did not find a big increase in the CO coverage, while the small amount of CO were 
arranged to form small triangular islands (Figure 4.8c). Finally dosing CO at 350 K led to 
a high CO coverage, which was compacted to a very dense structure, as shown in Figure 
4.8d. Therefore, we clearly demonstrated that CO adsorption on H-precovered Ru surface 
is a process that needs to be activated and can occur at around 350 K. 
 
 
 
4.5  Conclusions 
 
In this chapter, we have studied the coadsorption and interaction of CO and H on Ru(0001) 
using STM. The simultaneously adsorbed CO and H form an unordered structure on Ru 
surface at 77 K, which will then segregate to triangular CO islands that are separated by 
H atoms after annealing to 150 K to 200 K. CO molecules in the islands are compressed 
to a dense (1×1) pattern due to the strong repulsion of H. The surface finally evolves to a 
mixed structure after annealing to 300 K to 350 K. This evolution pathway is observed 
for samples with different starting CO/H ratios or coverages, and they all finally reached 
the same mixed structure, indicating that the CO–H mixing is energetically favorable and 
might be the precursor state for CO–H reaction. The adsorption of CO molecules on H-
covered Ru surface was also investigated. At low temperatures (< 300 K), CO molecules 
can only fill in the H-vacancies on the Ru surface. At 350 K, however, CO can replace the 
H atoms adsorbed on Ru and form a densely packed structure, which indicates that the 
CO adsorption on H-precovered Ru surface is a process that needs to be activated. These 
results can contribute to a better understanding of the fundamental processes in FTS. 
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Chapter 5.  Water Adsorption on Graphene/Ru(0001): Strong 
Reactivity of Line Defects 
 
 
5.1  Introduction 
 
Starting in this chapter, we will switch to another topic - surface chemistry phenomena on 
epitaxial graphene. As we discussed in chapter 1.3, epitaxial growth of graphene on metal 
substrates such as Ru, Cu, Ni, is one of the most promising routes for graphene synthesis. 
Perfect graphene films have extraordinary properties and are chemically stable. However, 
the produced graphene films are typically polycrystalline with various point defects (such 
as vacancies, non-hexagonal rings) and line defects (dislocations and grain boundaries) 
[75]. The defects can markedly affect the properties of graphene films, such as weakening 
their mechanical strength [35], enhancing their chemical reactivity [76], and impeding the 
electrical transport through them [36]. It is thus of great importance to study the impact of 
defects on the structural and chemical properties of epitaxial graphene. 
 
One important concern about graphene device applications is that the devices are usually 
operated in air, where the environmentally abundant molecules (such as water and oxygen) 
may adsorb and react with the graphene, and thus degrade the performance and reliability. 
For example, it was reported that exposure of annealed graphene films to water vapor or 
ammonia leads to their p-type or n-type doping [18], while atmospheric oxygen can also 
produce p-doping in deformed graphene [39]. Moreover, controlled adsorption of water 
molecules can be used to tune the bandgap in graphene [38]. The gas molecules adsorbed 
on graphene act as donors or acceptors, and cause changes in their electrical conductivity, 
giving rise to such applications as gas sensors with high sensitivity [77]. The influence of 
gas adsorption on graphene becomes more severe when there are defects, because of their 
enhanced reactivity [76, 78]. For example, water molecules can dissociate over defective 
sites in graphene, forming C−H and C−OH bonds, which has been verified by theoretical 
calculations [79] and vibrational spectroscopy [80]. Therefore, elucidating the impact of 
defects with respect to the adsorption and reaction of ambient gas molecules is crucial for 
making reliable graphene-based devices that are operated at ambient conditions. 
 
Here, we study the surface chemistry of epitaxial graphene, specifically the adsorption of 
small molecules (such as water, oxygen, hydrogen, ammonia) and their interactions with 
epitaxial graphene grown on Ru and Cu substrates. These two metal substrates have been 
intensely explored for epitaxial graphene due to their potential for producing macroscopic 
graphene films [28, 30]. Using STM, we found that water is surprisingly reactive with 
epitaxial graphene on Ru(0001), which can split the graphene along line defects and then 
intercalates under the graphene even at low temperatures (~90 K). On Cu(111) however, 
the water-induced splitting of graphene is far less effective, indicating the critical role of 
the metal substrate in modifying the properties of epitaxial graphene. This study has been 
published in the Journal of the American Chemical Society [81]. 
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5.2  Graphene on Ru(0001): Structure and Defects 
 
The experiments were performed in our low-temperature UHV STM. Epitaxial graphene 
on Ru was prepared by exposing the Ru sample to ethylene at 960°C (2×10−7 Torr, 2 min). 
The sample was then slowly cooled down and transferred to the STM body. Water (Sigma 
Aldrich, deuterium depleted, 99.99995%) was purified through freeze-pump-thaw cycles, 
and dosed to the sample at defined sample temperature. After water exposure, the sample 
could be annealed to higher temperatures to enhance the mobility and reactivity. All STM 
images presented in this chapter were acquired at 77 K. 
 

 
Figure 5.1 STM images of the as-grown graphene films on Ru(0001). (a) The graphene 
film shows a Moiré pattern with a periodicity of about 3 nm, and the atomically resolved 
image in the inset reveals the Moiré superstructure. (b) The quality of the graphene in not 
homogeneous over the surface, some areas containing numerous line defects, as indicated 
by the arrows. (c) STM image showing a dislocation in the graphene, as indicated by the 
arrow. (d) Expanded view of the area enclosed by square in (c), showing the discontinuity 
of the graphene lattice at the defect, where dangling and stretched bonds are expected to 
occur. Imaging parameters: (a) Vs = 27 mV, It = 12 pA; (b) Vs = 150 mV, It = 15 pA; (c,d) 
Vs = 15 mV, It = 0.29 nA. Reprinted with permission from ref 81. Copyright 2012 American 
Chemical Society. 
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Figure 5.1a shows an STM image of the graphene film grown on the Ru(0001) substrate. 
It exhibits a hexagonal lattice with a periodicity of around 3 nm, which is a Moiré pattern 
due to the lattice mismatch between the graphene and the Ru substrate [27]. An expanded 
STM image in the inset shows the atomically resolved superstructure, which corresponds 
to (12×12) graphene unit cells sitting on (11×11) Ru unit cells [27]. Nevertheless, another 
superstructure model has been suggested later, which is a C(25×25)−Ru(23×23) structure. 
This observed corrugation originates mainly from a geometric buckling of the graphene 
film [83], caused by the strong interaction between the graphene and the underlying Ru 
substrate. Most areas of the graphene film are almost defect-free, as shown in Figure 5.1a. 
However, some graphene areas contain defects, such as dislocations and grain boundaries, 
as pointed out by arrows in Figure 5.1b. Thus, the quality of the produced graphene film 
varies from area to area. Since these defects might be the interesting points, we look into 
the detailed structure at the defects. Figure 5.1c shows an STM image of a dislocation, 
where an additional arrow of Moiré pattern is inserted at the location indicated by arrow. 
The atomic-scale details in the expanded image in Figure 5.1d reveal the discontinuity of 
the graphene lattice at the line defect, suggesting that broken and stretched C-C bonds are 
present there. In addition, the graphene domains on the two sides of a line defect usually 
show different orientations in the Moiré pattern, which indicates their different lattice 
orientations relative to the Ru substrate and is used to identify line defects in our study. 
 
 
 
5.3  Water Splits Epitaxial Graphene on Ru(0001) and Intercalates 
 
After the characterization of the as-grown graphene film on Ru(0001), water molecules 
were then dosed to the graphene surface to study water-graphene interaction. For instance, 
Figure 5.2a shows an STM image of the surface after exposure to submonolayer amounts 
of water (2×10−10 Torr, 1 min) at 77 K. The adsorbed water formed clusters, indicative of 
poor wetting. These clusters are visible as bright clumps with an apparent height of about 
1~5 nm, and may be easily scraped away by the STM tip while imaging at low tunneling 
resistance, as shown in Figure 5.2 [84]. 
 

 
Figure 5.2 Water clusters adsorbed on graphene and their manipulation by the STM tip at 
low tunneling resistance. The three consecutive images of the same area were acquired 
with Vs = −15 mV and It = 0.4 nA, showing a water cluster being scraped away by the tip, 
due to the tip-sample interaction at a short tip-sample distance. 
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Since the STM imaging at low tunneling resistance (thus a short tip-sample distance) may 
produce fuzzy images, indicating the strong tip interaction with the weakly-bound water 
molecules on graphene, it is necessary to optimize the image parameters to minimize the 
tip-sample interaction. Finally, we found that imaging conditions with a negative sample 
bias voltage (|Vs| ≥ 1.5 V) and a low tunneling current (5 pA) can give rise to more stable 
imaging of the adsorbed water structures [84]. Also, negative sample bias was chosen to 
minimize changes by inelastic electron tunneling in the water clusters [85]. The acquired 
STM images over the whole sample indicate that water is distributed inhomogenously, 
accumulating preferentially in defective areas. 
 

 
Figure 5.3 STM images showing the water-induced splitting of graphene on Ru(0001). (a) 
Water form clusters on the graphene surface upon adsorption at 77 K. (b) After annealing 
to 90 K for 5 min, water stripes were observed attaching to those line defects. The Moiré 
patterns on each side show different orientations (as indicated by the arrows), indicating a 
dislocation there. (c) Water splits the graphene into fragments along line defects, opening 
gaps between them, as indicated by arrows. (d) Graphene flakes were detached from the 
Ru substrate and displaced, leaving the exposed area of Ru substrate decorated with water 
stripes. Along the cutting edges, graphene was decoupled from Ru (no Moiré pattern) due 
to water intercalation, as indicated by yellow arrows. (e) Expanded view image showing 
the atomic-scale structure of water intercalated graphene at the edge. Imaging parameters: 
(a−d) Vs = −1.5 V, It = 4 pA; (e) Vs = −16 mV, It = 0.5 nA. Reprinted with permission from 
ref 81. Copyright 2012 American Chemical Society. 
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Annealing the sample to 90 K for 5 min resulted in notable changes to the graphene film, 
as shown in Figure 5.3. For example, water form clusters on the surface upon adsorption 
at 77 K (Figure 5.3a), and diffuse on the surface and bind to line defects after annealing 
to 90 K, such as the image in Figure 5.3b, showing a dislocation line decorated by water 
stripes. Furthermore, in many areas, the graphene film appears split into fragments that 
are separated by gaps (Figure 5.3c). The different orientations of the Moiré patterns in the 
fragments on each side of the gaps indicate that there was a dislocation or grain boundary 
previously. In addition to the splitting, graphene fragments were found detached and 
displaced away from the Ru substrate, resulting in flakes on top of other graphene areas, 
as shown in Figure 5.3d. The facile displacement of the flakes on the surface is indicative 
of a weak interaction with the graphene substrate [86]. This topic will be discussed in the 
next chapter, so we will not talk about it here. The displaced flakes show a Moiré pattern 
identical to that of the first graphene layer underneath, indicating that the corrugation and 
orientation of the second graphene layer should be similar to that of the first layer [87]. In 
addition, when some areas of the Ru substrate are exposed due to graphene displacement, 
water is found to adsorb preferentially on the Ru as it is hydrophilic. 
 
The detachment of graphene fragments is attributed to water intercalation underneath the 
graphene, which weakens the interaction between the carbon atoms and the Ru substrate. 
Intercalation should be facilitated by the gaps opened by the splitting of the graphene at 
line defects. It propagates from the edges to the interior, as indicated in Figure 5.3d. The 
intercalated water decouples graphene from the Ru substrate, causing the disappearance 
of the Moiré pattern, as shown in Figure 5.3e. Similar effects have been observed for the 
intercalation of other species like oxygen [88, 89]. Also, intercalation of water has been 
observed between graphene and mica under humid environments [90], indicating that 
water intercalated between graphene and a hydrophilic substrate (such as mica and Ru) is 
energetically favorable. The structure of the intercalated water is of great interest, but 
unfortunately cannot be revealed by the STM images, which show mostly a superposition 
of the atomic structure of the graphene and the intercalated water layer. Confinement due 
to the intercalation might lead to different molecular orientations and hydrogen bonding 
geometries, as predicted theoretically for water confined between graphene sheets [91]. 
The confinement may change the activation barrier for reactions, such as the dissociation 
of water [92], which is an interesting topic that deserves further investigation. 
 
Additional water adsorption at higher temperatures accelerates the process of graphene 
fragmentation, flake displacement and water intercalation. Figure 5.4 shows STM images 
acquired after another submonolayer water exposure (2×10−10 Torr, ~1 min) at 110 K. 
More gaps are opened along line defects, as indicated by yellow arrows in Figure 5.4a, 
and more water is observed on the exposed Ru substrates. Meanwhile, the extent of water 
intercalation under the graphene has also increased, as shown in Figure 5.4b. Some of the 
intercalated graphene regions are relatively smooth, such as the example shown in Figure 
5.4c, in which the STM profile indicates that the apparent height of the intercalated area 
is about 0.6~0.8 Å. In other intercalated regions, the surface topography is uneven with 
apparent heights varying from 1 Å to 5 Å, as shown in Figure 5.4d, suggesting that the 
spatial distribution and thickness of the water layer under the graphene is not uniform. 
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Figure 5.4 More graphene spitting and detachment after additional water exposure at 110 
K. (a) STM image showing the graphene splitting and flake detachment after additional 
adsorption of submonolayer amount of water at 110 K. More cracks are opened along line 
defects (as indicated by arrows), and water adsorbs on exposed areas of the Ru substrate. 
(b) A close-up view showing water clusters on exposed Ru areas and decoupled graphene 
due to the intercalation of water. (c,d) Atomically resolved images of graphene fragments 
partially intercalated with water, which decouples them from the Ru substrate (showing 
no Moiré pattern). Atomic structure of the graphene in the intercalated region is resolved. 
The uneven distribution of intercalated water is responsible for the variations in contrast. 
A height profile along the red line is plotted in (c), with a schematic illustration showing 
the profile configuration. Imaging parameters: (a,b) Vs = −1.5 V, It = 5 pA; (c) Vs = −16 
mV, It = 0.2 nA; (d) Vs = −16 mV, It = 0.5 nA. Reprinted with permission from ref 81. 
Copyright 2012 American Chemical Society. 
 
After annealing to 200 K for 30 min, the water adsorbed on the exposed Ru substrate has 
completely dissociated forming a (2×1) structure (see the inset in Figure 5.5a), which is 
known to be formed by adsorbed oxygen atoms [93]. Many more fragments of the initial 
graphene film have been split and displaced to other areas (about 50% for the example in 
Figure 5.5a). Because the water-induced rupture of the graphene occurs at line defects, 
the resulting graphene flakes are defect-free. It is important to point out that similar water 
exposure and annealing experiments on almost defect-free graphene areas did not result 
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in the splitting of graphene (Figure 5.5b). The rupture of the strained C-C bonds at line 
defects should be facilitated by a catalytic interaction with the Ru substrate, as there are 
no reports of similar graphene splitting effects so far in the literatures about graphene on 
various substrates in humid environments. In contrast with other substrates, the epitaxial 
graphene on Ru(0001) is strongly corrugated by 1.5 Å, which may increase the stress and 
weaken the C-C bonds [82, 83], thus enhancing their reactivity, especially at the defects. 
The water dissociation at strained C-C bonds leading to their rupture is the key reaction 
that propagates and splits the graphene along line defects [79, 94, 95]. It is similar to the 
oxygen-driven unzipping of graphene [94] and carbon nanotubes [96], and the difference 
is that here it occurs at much lower temperatures with water as oxidant. The adsorption 
energy of water, ~0.40 eV on the Ru(0001) surface [97], is comparable to the activation 
energy for oxygen intercalation between graphene and Ru (~0.38 eV) [89], and thus may 
provide enough energy to facilitate the water intercalation. 
 

 
Figure 5.5 STM images of the water-exposed graphene film after annealing to 200 K for 
30 min. (a) For defective areas, almost half of the graphene layer was split and displaced. 
Water was dissociated on the exposed Ru substrate, forming a (2×1) structure, which are 
attributed to oxygen atoms (inset).  (b) Almost defect-free graphene areas remained intact 
after water exposure and annealing. Those graphene flakes sitting on them were displaced 
here from other areas outside of the image frame. Adapted with permission from ref 81. 
Copyright 2012 American Chemical Society. 
 
As discussed in chapter 2.4, Auger electron spectroscopy (AES) can be used to reveal the 
chemical composition of a surface. Here, the Auger spectra collected at room temperature 
shows an apparent decrease in the carbon coverage of the Ru surface, as revealed by the 
decreased ratio between the intensities of the lower and upper half of the Ru 273 eV peak 
in the differential Auger spectra [27]. In the as-grown graphene film, this average ratio is 
3.62 ± 0.13 (Figure 5.6a), corresponding to a high carbon coverage. The ratio decreased 
to 2.73 ± 0.16 after water exposure and annealing to 298 K (Figure 5.6b), indicating a 
reduced carbon coverage. This is due to the displacement of graphene fragments forming 
multilayer stackings and exposing bare Ru metal, so that the carbon peak is attenuated. In 
addition, oxygen peak at ~512 eV becomes visible due to water dissociation products. 
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Figure 5.6 Auger spectra of the as-grown graphene (a) and water-exposed graphene (b), 
both taken at 298 K. The average peak ratio at 273 eV (lower half/upper half) decreased 
from 3.62 to 2.73, indicating a decrease in the carbon coverage due to the displacement of 
graphene fragments. At the same time, the oxygen peak at 512 eV becomes visible due to 
the dissociation of water on the exposed areas of Ru. Adapted with permission from ref 81. 
Copyright 2012 American Chemical Society. 
 
Finally we also performed experiments with other molecules including oxygen, hydrogen, 
and ammonia, which did not produce apparent changes to the graphene on Ru(0001) with 
gas partial pressures of up to 10−7 Torr and sample temperature ranging from 77 to 298 K. 
This indicates a much lower reactivity of the gases molecules with the graphene [88, 89], 
compared with water. Recently, Nair et al. reported that submicrometer-thick membranes 
made from graphene oxide can be completely impermeable to liquids and gases including 
helium, but allow an unimpeded permeation of water [98]. The unique reactivity of water 
with graphene is very intriguing and calls for more studies to understand the phenomena. 
 
 
 
5.4  Water Adsorption on Graphene/Cu(111) 
 
To further elucidate the role of the Ru substrate in the water-induced splitting of graphene, 
we performed comparative experiment on epitaxial graphene grown on Cu(111) substrate, 
which is chosen because it interacts more weakly with graphene and does not dissociate 
water. Epitaxial graphene on Cu(111) was prepared through exposure to ethylene (4×10−4 
Torr, 15 min) at 1000 °C. The water dosing and annealing procedures are the same as that 
on graphene/Ru(0001). Figure 5.7a shows an STM image of the graphene film on Cu(111) 
substrate, with an expanded image in the inset showing the atomically resolved structure. 
The dark lines pointed out by arrows are grain boundaries. An expanded view of a grain 
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boundary is shown in Figure 5.7b, where the graphene lattice orientations are different in 
each grain. Water clusters were observed on the surface after water exposure at 77 K, as 
shown in Figure 5.7c, similar to the case of graphene on Ru. Annealing to temperatures 
below 150 K did not produce much difference. However, after annealing to 150 K for 15 
min, graphene fragments were found split from the film and displaced to other locations, 
as shown in Figure 5.7d. In contrast to the Ru case, the graphene splitting was found only 
occasionally on the Cu surface (about 1% area of the graphene film), indicating that the 
chemical nature of the substrate strongly affects the reactivity of C-C bonds in epitaxial 
graphene [99]. The occasional splitting of graphene on Cu substrate is attributed to those 
more weakly interconnected domains, with a much higher density of dangling C bonds at 
the boundary, where water dissociation is facilitated [79, 80]. 
 

 
Figure 5.7 Water adsorption on graphene/Cu(111) surface. (a) An STM image of graphene 
grown on Cu(111). The inset is an expanded view (3.4×3.4 nm2) showing the atomically 
resolved graphene lattice. The dark lines are the grain boundaries, as indicated by arrows. 
(b) Expanded view of grain boundaries in the graphene area enclosed by the red square in 
(a), where the lattice orientations (arrows) are different in each domain. (c) Water clusters 
on the graphene surface after submonolayer water adsorption at 77 K. (d) After annealing 
to 150 K for 15 min, displaced graphene fragments were found occasionally, leaving the 
Cu substrate exposed. Imaging parameters: (a) Vs = 200 mV, It = 15 pA; (b) Vs = 14 mV, It 
= 0.5 nA; (c,d) Vs = −380 mV, It = 15 pA. Reprinted with permission from ref 81. Copyright 
2012 American Chemical Society. 
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5.5  Conclusions 
 
In this chapter, we have studied the adsorption and interactions of small molecules (water, 
oxygen, hydrogen, ammonia) on epitaxial graphene grown on Ru and Cu substrates. We 
found that water is uniquely reactive towards epitaxial graphene, which can efficiently 
split epitaxial graphene on Ru(0001) at temperatures as low as 90 K, forming numerous 
graphene fragments. The graphene splitting initiates at line defects and is catalyzed by the 
underlying Ru substrate through weakening the C-C bonds at the defects. This process is 
followed by the intercalation of water under the graphene, leading to the detachment and 
displacement of graphene flakes. Water can also induce the graphene splitting on Cu(111) 
but far less effectively, indicating that the chemical nature of the underlying substrate can 
strongly affects the reactivity of epitaxial graphene. 
 
Our studies shed light on the impact of ambient gas adsorption on graphene, which might 
severely affect the quality of graphene and thus be an important factor in mass production 
and large-scale applications in electronics. From another perspective, the water-induced 
splitting of graphene can eliminate grain boundaries and provide a method for tailoring 
graphene along line defects, with potential applications in the production of single-crystal 
nanosized graphene, where the line defects can be planted first using a variety of methods 
such as seeded growth [36], electron-beam and photo-lithography. Also, the detachment 
of graphene films from metal substrates by molecular intercalation is an attractive method 
worth exploring for graphene exfoliation, which may simplify the procedure and reduce 
contaminations. Recently, this proposal has been realized by Ma et al. [100], who utilized 
the intercalation of carbon monoxide under the graphene on Pt to weaken the graphene-
metal interaction and facilitate the transfer of graphene. 
 
Another implication of our study is regarding the use of graphene as coatings. It has been 
reported that graphene coatings can protect metals from air oxidation [101] and corrosion 
[102] due to its inert chemical nature. However, our studies suggest that graphene coating 
may not be efficient for some metals such as Ru, as the inevitable line defects are reactive 
and may be cracked by environmental molecules. The effectiveness of graphene coating 
thus depends on the chemical nature of the underlying metal. Furthermore, I propose that 
multilayer graphene may protect metals from reactive environments more efficiently, as 
the second layer recovers its inert nature due a weak influence by metal substrate, and the 
interlayer overlapping can reduce the exposure of line defects. 
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Chapter 6.  Superlubric Sliding of Graphene Flakes on 
Graphene 
 
 
6.1  Introduction: Superlubricity of Graphite 
 
In chapter 5, we presented the water-induced splitting of graphene on Ru(0001) and then 
water intercalation under the graphene. This process produced numerous graphene flakes 
that were displaced onto other graphene areas. The flakes sitting on a graphene substrate 
show a surprisingly facile sliding behavior during STM imaging, which will be discussed 
in this chapter. This study has been published in the journal ACS Nano [103]. 
 
The relative motions between two contacting surfaces are an old topic, which is important 
for the understanding and controlling of friction and lubrication in mechanical systems 
[104]. The study of nanotribology is mainly performed using a technique called frictional 
force microscopy (FFM), which can measure the lateral friction force between a sharp tip 
and a flat surface [105, 106]. One of the most intriguing materials for tribology is graphite, 
which has been widely used as solid lubricants in mechanical devices due to its lamellar 
structure and weak bonding between atomic layers. The low-friction properties originate 
from the facile shearing between adjacent layers. Therefore, the relative motions between 
neighboring graphene layers are of great interest, not only toward a deeper understanding 
of nanotribological phenomena, but also for potential applications of graphene flakes in 
nanolubrication, nanomotors, and nanoelectromechanical systems (NEMS) [106–108]. 
 
Most experimental studies of the frictional properties of graphite were carried out using a 
slider (the tip of a FFM) [108, 110], sometimes with a graphene flake purposely attached 
to it [111], against a graphite or graphene surface. For example, Dienwiebel et al. studied 
the friction between a microscope tip with an attached flake and a graphite substrate, and 
observed the phenomenon of extremely low friction or “superlubricity” [111–113], when 
two contacting graphite layers formed an incommensurate stacking with each other. The 
concept of superlubricity was first proposed and investigated by Shinjo and Hirano [114, 
115]. Ultralow friction was also observed between two neighboring layers in multiwalled 
carbon nanotubes [116]. Along the same lines, it has been reported that micrometer size 
graphite flakes can retract back to their initial positions after the displacements from their 
equilibrium configuration [117, 118]. 
 
Recently, several theoretical studies have discussed the sliding of free graphene layers on 
graphite or graphene substrates, that is, without being attached to a slider [86, 119–121]. 
To date however, very few experimental results have been reported about the dynamics 
of free graphene flakes and their motions when displaced out of equilibrium configuration. 
Here we take the advantage of the formation of graphene flakes through water-graphene 
interaction on Ru, and study the dynamic motions of the flakes sitting a graphene surface. 
Our STM experiments can provide new data for a more direct comparison with theory. 
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6.2  Graphene Flakes Formed by Water-Induced Splitting 
 
In last chapter, we demonstrated the water-induced splitting of graphene on Ru(0001) and 
water intercalation under the graphene. Here we introduce more to the resulting graphene 
flakes formed by water reactions on defective graphene film on Ru. Figure 6.1a shows an 
STM image of the graphene layer grown on Ru(0001) substrate, which presents a Moiré 
pattern with a periodicity of about 3 nm due to the lattice mismatch between the graphene 
and Ru substrate [27]. Some areas of the graphene are almost defect-free, while defects 
such as dislocations [75] and grain boundaries [122] are found in several areas of the film, 
as shown in Figure 6.1a, where broken and stretched bonds are expected to occur. After 
the water adsorption at 110 K, the defective graphene area was found split into fragments 
along those line defects [81], as shown in Figure 6.1b. Some flakes were detached from 
the Ru substrate due to water intercalation and displaced to other areas, resulting in flakes 
sitting on top of the first graphene overlayer. The splitting of graphene is facilitated by 
the strong bonding between graphene and Ru, which expands and weakens the C-C bonds, 
enhancing their chemical reactivity [82, 123]. Line defects are the most fragile part in the 
film due to the increased strain [76]. 
 

 
Figure 6.1 Graphene flakes formed by water-induced splitting of an epitaxial graphene 
layer on Ru(0001). (a) An STM image of the as-grown graphene film on Ru before water 
adsorption. A few line defects are indicated by red circles. (b) Water adsorption at 110 K 
causes the graphene film to split into numerous flakes, and some of them were displaced 
onto other graphene areas, as indicated by the arrows. (c–e) Expanded STM images of the 
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first graphene layer with a flake on it, showing similar Moiré patterns. The atomic lattice 
structures of the two layers are shown in (d) and (e), indicating a commensurate stacking 
between them. (f) Statistical size distribution of the flakes. Imaging parameters: (a) Vs = 
150 mV, It = 15 pA; (b) Vs = –2.5 V, It = 5 pA; (c–e) Vs = –15 mV, It = 500 pA. Reprinted 
with permission from ref 103. Copyright 2013 American Chemical Society. 
 
Figure 6.1c presents an STM image of a flake sitting on the graphene substrate, with an 
expanded view of their lattice structures in Figure 6.1d and 6.1e, respectively. As can be 
seen, the flake shows the same lattice orientation as that of the underlying graphene layer, 
indicative of commensurate stacking, which is the most stable configuration [124]. The 
flake shows the same Moiré pattern as the first layer, as it follows the corrugation of the 
underlying graphene [125]. The STM apparent height of the second-layer graphene flake 
is about 1.8 Å at negative sample bias voltages [126], smaller than the interlayer distance 
(~3.2 Å) [125]. This is because the second layer is less doped than the first layer and has 
smaller density of states near the Fermi level [127], giving rise to the measured apparent 
height. This electronic screening effect in stacked graphene flakes will be discussed later 
in next chapter [126]. The size distribution of the flakes is shown in Figure 6.1f, with an 
average dimension of 12.5 nm and a standard deviation of 2.6 nm, as determined by the 
density of line defects in the as-grown graphene film. 
 
 
6.3  Superlubric Sliding of Graphene Flakes on Graphene 
 
Figure 6.2 shows two successive STM scans of an area with a time interval of ~20 min. 
As can be seen, the distributions of the overlying flakes have changed substantially: some 
flakes moved out of the area, as pointed out by red arrows in Figure 6.2a, while others 
diffused into the area, as indicated by green arrows in Figure 6.2b. In other cases, shorter 
displacements within the area were observed, as pointed out by the circles in two images. 
For example, the green circles mark two flakes that were sitting next to each other in (a) 
but were separated in (b) as one of the flakes was displaced. So do the red circles. From 
the two images, the sliding directions of the flakes are random and are not correlated with 
the scanning direction. 
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Figure 6.2 Successive STM images at 77 K of the same area obtained with a time interval 
of ~20 min, showing the displacements of graphene flakes. Some flakes moved out of the 
area, as indicated by red arrows in (a), while others diffused into the area, as pointed out 
by green arrows in (b). Displacements within the area are observed, such as the examples 
marked by circles. Imaging parameters: Vs = –2.5 V, It = 5 pA. Reprinted with permission 
from ref 103. Copyright 2013 American Chemical Society. 
 
To understand the details for the displacements of flakes, we acquired successive images 
of a specific area and tracked the movements to determine the perturbation that causes it. 
Figure 6.3 shows two series of successive images of an area. In the first series (a–d), the 
images were acquired with a sample bias voltage Vs = –2.5 V and tunneling current It = 5 
pA, corresponding to a gap resistance R = 500 GΩ. Three flakes were present initially in 
the area, two of them partially overlapping in the upper part (a); in the next image a 
fourth flake diffused into the area, as indicated by the arrow in (b); this flake slid first to 
the left (c), and then downward ending up in a position rotated by 60° (d). The second 
series of images (e–h), were acquired with Vs = –15 mV and It = 500 pA (R = 30 MΩ). 
The first shows three flakes marked 1, 2, and 3, with flake 1 overlapping flake 3 (e). In 
the next image (f), flakes 1 and 2 slid to the right and end up overlapping, while flake 3 
moved out of the area. Then flake 1 slid leftward by about 3 nm (g), and finally moved 
out of the area with flake 2 displaced to the left (h). In all these images, the flakes always 
sit commensurately on the graphene layer, either maintaining the same lattice orientation 
or rotating by 60°, conforming to the energetically most stable stacking. 
 

 
Figure 6.3 STM images showing the sliding behavior of flakes on the graphene substrate 
at 77 K. (a–d) Successive STM images of an area with Vs = –2.5 V and It = 5 pA. Three 
flakes were initially observed in the area (a); a fourth flake diffused into the area (b); this 
flake moved to the left (c), and displaced downward and rotated by 60° (d). (e–h) Another 
series of images acquired with Vs = –15 mV and It = 500 pA. Initially three flakes marked 
‘1’, ‘2’ and ‘3’ are present with 1 and 3 partially overlapping (e). In the second image (f), 
flake 1 and 2 slid to the right and overlapped, with flake 3 displaced out of the area. Then 
flake 1 slid to the left side (g) and moved out of the area, with flake 2 displaced to the left 
(h). Reprinted with permission from ref 103. Copyright 2013 American Chemical Society. 
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To investigate the temperature effect on the dynamic motions of the flakes, we performed 
experiments at 5 K, which gives rise to similar sliding behavior, such as in the examples 
shown in Figure 6.4. The flakes show facile translational and rotational motions between 
commensurate initial and final states. The average sliding distance of the flakes at 5 K is 
counted to be 95 nm, larger than that at 77 K (33 nm), a very interesting phenomenon that 
will be discussed later in this chapter. 
 

 
Figure 6.4 STM images showing the sliding behavior of graphene flakes on graphene at 
5 K. (a–c) Three images, obtained with Vs = –37 mV and It = 15 pA, showing that Flake 1 
rotated by 180° and then displaced to the right side by about 42 nm. (d,e) Two successive 
scans of an area, obtained with Vs = –2 V and It = 18 pA, showing that Flake 2 slid to the 
left side over a distance of ~128 nm and Flake 3 moved out of the area. The flakes exhibit 
translational and rotational motions between commensurate initial and final states. 
 
To elucidate the mechanism for the flake motions, we must consider the interlayer energy 
landscape of the graphene flakes as they move on the graphene layer. The easiest sliding 
path should follow the lowest corrugation path in the energy landscape, which necessarily 
involves incommensurate states. Theoretical studies have been reported on the interlayer 
potential landscape between graphene layers [86, 124, 128, 129]. While various calculation 
methods give rise to different energy values, the interaction energy profiles are primarily 
consistent, enabling the analysis of the easiest sliding path. For example, the calculations 
by Shibuta et al. using a Lennard-Jones potential led to energy profiles for displacements 
along various directions between two graphene layers [124] and obtained a barrier of 0.15 
meV/atom for translations between commensurate states along the zigzag direction, while 



46 
 

between incommensurate states (with rotational angle 10° < θ < 50°), the corrugation of 
the energy landscape is less than 0.02 meV/atom. So, it is clear that the motion of a flake 
between commensurate states is hindered by numerous energy hills, and it is much easier 
along a path connecting incommensurate states. Therefore we propose that the flakes first 
switch from a commensurate to an incommensurate registry with the underlying graphene 
layer (the superlubric state), followed by rapid sliding until another commensurate state is 
reached, as schematically illustrated in Figure 6.5a. The rate-limiting step in the diffusion 
process is the transition to an incommensurate state, holding a barrier of 0.13 meV/atom 
(Figure 6.5b) based on the calculations in ref 124 or 0.37 meV/atom in ref 86. 
 

 
Figure 6.5 Proposed mechanism for the sliding process of graphene flakes. (a) Schematic 
illustration showing that a flake rotates out of registry reaching an incommensurate state, 
where it can slide easily until another commensurate position is reached with either the 
same orientation or rotated by multiple 60°. The transition to an incommensurate state is 
driven by van der Waals interaction with the tip, and the return to commensurate state is 
triggered by thermal fluctuations. (b) Plot of the interaction energy between a flake and a 
graphene surface as a function of the rotation angle. The rotation axis penetrates through 
the atom in the top layer marked by blue circle in (a). The four states of the flake marked 
in (a) are indicated in the potential energy profile. (c) The average sliding distances of the 
flakes at 5 K and 77 K, respectively. Reprinted with permission from ref 103. Copyright 
2013 American Chemical Society. 
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The next question is that whether the transition is activated by thermal fluctuations or by 
interaction with the tip. Our first experiments were performed at T = 77 K, corresponding 
to a thermal energy of kBT = 6.6 meV, much lower than the transition barrier for a flake 
containing ~4000 atoms as in our study, so thermal excitation is unlikely to activate the 
transition. The comparative experiments at 5 K further exclude thermal agitation, leaving 
the tip-sample interactions as the only possible source of dragging force [130]. 
 
The major interactions between the tip and sample are electrostatic and van der Waals 
forces, which will be considered here. The electrostatic force ( ) 22VzCFelec ∆∂∂= , with 
C and ΔV being the capacitance and voltage difference between the tip and sample, is 
parabolic with respect to the voltage. The van der Waals force on the other hand depends 
only on the tip-sample distance. We performed experiments by changing the imaging 
parameters from (–25 mV, 5 pA) to (–2.5 V, 500 pA), which maintains the same tunneling 
resistance (R = 5 GΩ) and a very similar tip-sample distance. Nevertheless, we found that 
there was no apparent difference on the flake displacements, so the electrostatic force was 
excluded. Instead, we found that the flake displacements depend primarily on the tip-
sample distance, the smaller the distance, the easier the flake displacements, such as the 
examples in Figure 6.3. Thus, we may conclude that the van der Waals force must be the 
driving force for the initial motions. This interaction may result in vertical displacement 
of the flakes [130] and weakening the interlayer binding [128, 129], thus facilitating the 
transition to incommensurate states. 
 
To estimate the magnitude of the van der Waals interaction between the tip and graphene 
flakes, we use the simple geometry in Figure 6.6 with R being the STM tip radius and D 
the tip-sample distance. The van der Waals force is calculated by 26DARFvdW = , where 
A is the Hamaker constant, assumed to be 1×10–19 J [131]. With R = 30 nm and D = 1nm, 
we obtained a value for FvdW of around 500 pN. So when the tip moves past a flake, the 
projection of the van der Waals force can pull the flake and cause a small rotation or a 
displacement of 2 Å (~ graphene unit cell dimension), corresponding to an energy of the 
order of 1 eV, which is sufficient to overcome the activation barrier (~0.52 eV for a flake 
containing 4000 atoms). 
 

 
Figure 6.6 Tip-sample geometry used for the estimation of the contribution from van der 
Waals forces, where R is the radius of a spherical tip and D is the tip-sample distance. 
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Once activated to an incommensurate state, the flakes can diffuse over a certain distance 
before they are finally locked in the equilibrium configuration [132]. The random sliding 
directions indicate that their motions are not dominated by the STM tip anymore, but 
statistical fluctuations. A measurement of the stability of the superlubric state is obtained 
by measuring the average sliding distance of the flakes. The average displacements after 
sliding are 33 nm and 95 nm for the flakes at 77 K and 5 K, respectively (Figure 6.5c). 
Counter-intuitively, the flakes exhibit a longer sliding distance at a lower temperature. 
The lifetime of the superlubric state, and thus the sliding distance is determined by the 
rate of transitions back to the commensurate ground states [133]. Theoretical studies by 
de Wijn et al. indicate that the stability of superlubric sliding depends on parameters such 
as temperature and flake size [134, 135], with lower temperature and larger flake size 
being favorable for superlubric sliding. This is consistent with our observation of longer 
sliding distance at lower temperature, because it is thermal fluctuations that destroy the 
superlubric sliding and cause them to return to ground states. However, the effect of flake 
size on the stability of superlubric sliding could not be verified here, as the flakes in our 
study have a narrow size distribution (12.5 ± 2.6 nm). 
 
Our study is significantly different from that in ref 111, in which a graphite flake is fixed 
to the FFM tip and forced to slide on the surface by the tip, so the trajectory of the flake 
is restricted. In contrast, our study deals with free flakes sitting on a graphene surface that 
are only disturbed by the tip in the initial stage, following afterwards a free motion along 
pathways of minimum energy. It is also interesting to compare our results with a previous 
study of the sliding and rolling of carbon nanotubes on graphite surface using AFM [136]. 
Despite the similar systems (both carbon nanostructures on a graphite/graphene surface), 
they show distinct sliding behavior on the graphene/graphite substrate, the flakes moving 
much more easily over longer distances. 
 
Our findings provide helpful insights for the rational design and use of graphene flakes in 
nano-mechanical applications, such as nanolubricants [106], nanomotors [137–139], and 
movable components in NEMS devices [107]. The translational and rotational motions of 
graphene flakes can be used for the design of nanoscale engines [137]. It is also suggested 
from our study that few-layer graphene intercalated with nanoscale flakes may be a more 
effective nanolubricant than monolayer graphene [110], as nanoflakes can switch more 
easily to incommensurate positions, in which their superlubric sliding can greatly reduce 
the friction and wear, thus contributing more to lubrication. 
 
 
 
6.4  Conclusions 
 
This chapter is a follow-up study after the water adsorption on graphene, dealing with the 
mechanical movements of the resulting graphene flakes. The flakes sitting on a graphene 
substrate exhibit a surprisingly facile sliding behavior even at a low temperature of 5 K, a 
phenomenon that is at the heart of superlubricity inherent in incommensurate interfaces. 
The flakes are stable only when sitting commensurately on the underlying graphene layer. 
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Once switched to an incommensurate position (the superlubric state) by the tip, the flakes 
can diffuse over distances of tens of nanometers because of the ultralow low friction state, 
until another commensurate position is reached finally. 
 
Even though the superlubricity of graphite has been investigated using FFM several years 
ago, that study [111] deals with static friction between two fixed graphene surfaces, while 
our study reveals the dynamic motions of the flakes, that is, how do the flakes move when 
excited out of equilibrium configuration. Our direct observation of the superlubric sliding 
of graphene flakes can help the understanding of nanotribological phenomena and their 
applications in nanomechanical systems. This facile sliding behavior might be a general 
phenomenon for lamellar materials with a weak layer interaction, such as molybdenum 
disulfide (MoS2) [140] and hexagonal boron nitride (h-BN) [141], because they all have 
similar interlayer energy landscapes [142], which should be the origin of their low-friction 
characteristics. 
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Chapter 7.  Electronic Screening Effect in Stacked Graphene 
Flakes 
 
 
7.1  Introduction 
 
In this chapter, we continue to investigate the electronic properties of the graphene flakes 
formed by water-induced splitting of an epitaxial graphene layer on Ru. Some graphene 
flakes were displaced from their original positions, resulting in graphene flake stackings 
sitting on the graphene substrate. Here we develop a simple method to study the electronic 
screening effect in multilayer graphene through the STM apparent height measurements. 
This work has been published in the journal Applied Physics Letters [126]. 
 
For epitaxial graphene on metal substrates, the role of the underlying metal should not be 
ignored. The metal substrates interact with epitaxial graphene to various degrees, leading 
to electronic doping in the graphene [143, 144]. In addition, metal contacts are normally 
involved in graphene-based devices, which will affect the electrostatic potential and thus 
electrical transport in the graphene [145, 146]. Therefore, understanding the influence of 
metal contacts is very crucial for tuning graphene-metal interaction and graphene device 
engineering. 
 
The screening in multilayer graphene has been employed to suppress the impact of metal 
substrate [127]. Several techniques have been used to investigate the interlayer screening 
effect in graphene, including angle-resolved photoelectron spectroscopy (ARPES) [147], 
scanning probe microscopy (SPM) [148–152], optical pump-probe spectroscopy [153], 
and theoretical calculations [154–156]. The screening length has been measured ranging 
from less than a single layer to several layers, depending on the experimental conditions 
and methods [156], which calls for more research. Since STM probes directly the LDOS 
of a surface, it can provide precise information correlating the topography and electronic 
structure. Here we employ STM to study the electronic doping of graphene by Ru and Cu 
substrates that were used to grow graphene, and its screening as a function of the number 
of graphene layers. These two metal substrates, which have been extensively explored for 
the epitaxial growth of graphene [28, 30], have distinct interactions with the first graphene 
overlayer, strong in Ru and weak in Cu. 
 
 
 
7.2  Electronic Screening Effect Revealed by Apparent STM Height 
 
The experiments were performed in our low-temperature STM. The sample preparation is 
the same as that in chapter 5 and 6. Basically, epitaxial graphene was grown by exposing 
the Ru(0001) and Cu(111) sample to ethylene at 960 °C and 1000 °C, respectively. Water 
was then dosed to the graphene samples, which can split the graphene along line defects 
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and intercalate, resulting in the detachment and displacement of graphene fragments. As 
shown in chapter 6, the graphene flakes that moved onto the graphene substrate can slide 
easily during STM imaging, leading to the formation of graphene flake stacks on the first 
graphene layer. Similar phenomenon occurs on Cu(111), but much less commonly [81]. 
Here we investigate the electronic properties of the stacked graphene flakes on Ru and Cu 
substrates. All STM images presented in this chapter were acquired at 77 K. 
 

 
Figure 7.1 STM images and apparent height of stacked graphene flakes on graphene/Ru 
substrate. (a) A flake sitting on top of the first graphene layer shows an STM apparent 
height of 1.8 Å, obtained with Vs = −15 mV and It = 0.5 nA. (b) Similar result is observed 
for another flake with Vs = −1.5 V and It = 5 pA, which shows the same apparent height. 
(c) A bilayer stacking of flakes shows a total height of 4.5 Å, the third layer flake adding 
2.7 Å. (d) A trilayer stacking of flakes shows a total height of 7.8 Å, indicating the fourth 
layer adds another 3.3 Å. Reprinted with permission from ref 126. Copyright 2013, AIP 
Publishing LLC. 
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Figure 7.1 shows a series of STM images of different graphene flake stackings on top of 
a graphene/Ru(0001) substrate. The graphene exhibits a Moiré pattern with a periodicity 
of around 3 nm due to the lattice mismatch between the graphene and Ru substrate [27]. 
The atomically resolved image in the inset of Figure 7.1a shows the superstructure. The 
observed corrugation originates mainly from a geometric buckling of the graphene layer 
[83]. Figure 7.1a shows an STM image of a flake sitting on top of the first graphene layer, 
in perfect registry with it, as indicated by their atomic lattice orientations [103]. This 
conformation is the most energetically favorable. A height profile along the traced line 
indicates an apparent height of 1.8 ± 0.1 Å for the flake. Interestingly, this height is much 
smaller than the graphite interlayer distance (~ 3.34 Å). Images obtained with different 
negative sample bias voltages show similar heights for the second-layer flake, such as the 
one presented in Figure 7.1b. At positive sample bias voltages, however, the measured 
apparent height changes with bias (to be discussed later), so all the images presented here 
were acquired with negative sample bias. A bilayer stacking of flakes is also observed, 
which shows a total apparent height of 4.5 Å (Figure 7.1c), giving rise to a height of 2.7 ± 
0.1 Å for the third layer alone. A total height of 7.8 Å is measured for a trilayer stacking 
(Figure 7.1d), thus a height of 3.3 ± 0.1 Å for the fourth layer, which is very close to the 
interlayer distance in bulk graphite. 
 
Figure 7.2a is a summary of the results for the varying apparent height of each successive 
graphene layer. To understand the apparent height, we must take into account the STM 
imaging mechanism (see chapter 2.1 for details). The tunneling current (I) is a function of 
applied sample bias voltage (V), tip-sample distance (d) and the LDOS of the sample (ρs). 
At small bias voltage the tunneling current can be approximated by: 

                                                    𝐼 ∝ 𝑉 ∙ 𝜌𝑠(𝐸𝐹) ∙ 𝑒−𝐴�𝜙𝑑                                         (7.1) 

where ρs(EF) is the LDOS close to the Fermi level of the sample, 𝜙 is the height of the 
tunneling barrier, and A is a constant (~1.025 for 𝜙 in eV and d in Å) [43]. For constant 
current mode, given the same bias voltage and tunneling current, the tip will adjust the 
tip-sample distance to accommodate the variation of LDOS in the sample. Thus, the STM 
height reflects the LDOS of the surface. Considering two areas with different LDOS near 
the Fermi level (ρ1 and ρ2) and tip-sample distances (d1 and d2 respectively), we will have 
the following equation: 

                                          𝜌1(𝐸𝐹) ∙ 𝑒−𝐴�𝜙𝑑1 = 𝜌2(𝐸𝐹) ∙ 𝑒−𝐴�𝜙𝑑2                            (7.2) 
Thus, the ratio of the LDOS between two areas can be derived as follows: 

                                               𝜌1(𝐸𝐹)
𝜌2(𝐸𝐹)

= 𝑒𝐴�𝜙∙(𝑑1−𝑑2) = 𝑒𝐴�𝜙∙∆𝑑                                (7.3) 

where we assume a similar tunneling barrier height for two areas. 
 
As theoretical calculations found an interlayer distance of 3.2 Å for bilayer graphene on 
Ru(0001) [125], our observation of an apparent height of ~1.8 Å indicates that the tip is 
closer to the second layer by around 1.4 Å. The tunneling barrier between the tip and the 
graphene sample can be determined by measuring the I−z characteristics of the junction, 
which according to eq 7.1 gives [43]: 
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                                (7.4) 

where ћ, m, and z are reduced Plank’s constant, electron mass and the tip position. We 
obtained a barrier of 3.6 eV from our I–z measurements, consistent with a previous study 
[157]. Using this value, the ratio of the LDOS between the first and second graphene 
layers is estimated to be ~15 using eq 7.3. Similarly, the third layer presents an apparent 
height of 2.7 ± 0.1 Å, about 0.6 Å smaller than the graphite interlayer distance, giving 
rise to a ratio of ~3 between the LDOS of the second and the third layer. The apparent 
height of the fourth layer is almost equal to the graphite interlayer distance (~3.3 Å), 
indicating that the LDOS of the third and fourth layer are almost the same. Thus, the ratio 
of the LDOS near the Fermi level for four successive graphene layers is estimated to be 
𝜌1:𝜌2:𝜌3:𝜌4 = 45: 3: 1: 1. 
 

 
Figure 7.2 (a) Schematic illustration showing the apparent height measurements of each 
successive layer in stacked graphene flakes. (b) Schematic plot of the derived doping level 
in the stacked graphene flakes, where EF is the Fermi level and ED is the Dirac point. The 
strong doping effect in the first graphene layer by Ru is weakened in the second one, and 
almost eliminated in the third and fourth layer. Reprinted with permission from ref 126. 
Copyright 2013, AIP Publishing LLC. 
 
The density of states near the Dirac point in graphene can be approximated by 𝜌(𝐸) ∝
|𝐸 − 𝐸𝐷| [158], where ED is the energy level of the Dirac point. Thus, we can deduce the 
doping level of each graphene layer (the shift of the Fermi level relative to the Dirac 
point) from the LDOS ratios. Given that the electronic states of the first graphene layer 
on Ru are shifted down by around 1 eV [159], we can thereby calculate the doping levels 
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of other layers, which are schematically plotted in Figure 7.2b. It is also found that the 
interlayer screening of graphene is nonlinear [156]. While the first layer is strongly doped 
by the Ru substrate, the second layer suppresses the doping by a factor of 15, the third 
layer screens it by another 3 times, and by the fourth layer the screening effect is already 
saturated. It is important to point out that we investigated the electronic screening with 
negative sample bias voltages, as in this case the apparent height is determined by ratio of 
LDOS near the Fermi level between two graphene layers (see eq 7.3), thus reflecting the 
doping level and interlayer screening effect. At positive sample bias, however, electrons 
tunnel from the Fermi level of the tip to empty states of the sample, so the measured 
height is determined by the ratio of LDOS at that empty level of two graphene layers, 
which changes with bias. For that reason, positive sample bias was not used to study the 
electronic screening effect. 
 
It is interesting to discuss on the results of previous STM studies of bilayer graphene on 
Ru(0001), which demonstrated an apparent height of 3.2 Å for the second layer [87, 160], 
different from our measurements here. In those studies, the bilayer graphene was grown 
by carbon segregation and the newly formed graphene layer grew buried underneath the 
previously formed one. In this manner the top layer remains continuous. Consequently 
when the tip scans over the monolayer and bilayer regions, the probed LDOS is always 
that of the top layer. As a result, the observed 3.2 Å height suggests that the LDOS is 
uniform in the continuous top layer, no matter whether there is one layer buried below it 
or not. Distinct from such configuration, in our study the graphene flakes are independent 
from each other and reflect the electronic screening effect directly through the STM image 
contrast changes. 
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Figure 7.3 Graphene flakes on a graphene/Cu(111) substrate. (a) STM image, obtained 
with Vs = –380 mV and It = 15 pA, showing flakes sitting on the first graphene layer on 
Cu. (b) Expanded view of the area enclosed by a red rectangle in (a), showing the atomic 
structure of the graphene layer. (c) Height profile through the line in (a), giving rise to an 
apparent height of ~1.9 Å for the second-layer flake. Reprinted with permission from ref 
126. Copyright 2013, AIP Publishing LLC. 
 
We also observed a similar doping and screening effect in graphene flakes on Cu. Figure 
7.3a shows several flakes sitting on the first graphene layer on Cu(111) surface [81], and 
the height profile along the traced line indicates an apparent height of 1.9 ± 0.1 Å for the 
second layer (Figure 7.3c). Using similar analysis approach, we find that the LDOS of the 
first layer is about 15 times higher than in the second layer, assuming again a geometric 
spacing of 3.3 Å. Given that the first graphene layer on Cu(111) is n-doped with Dirac 
point 0.3 eV shifted below the Fermi level [161], the doping level of the second layer is 
estimated to correspond to ED  ≈ −20 meV (with the Fermi level defined as zero). The 
screening effect in the graphene flakes on Cu substrate is similar to that on Ru, indicating 
a common screening strength in graphene. 
 
 
 
7.3  Decoupling of Graphene from Ru by Water intercalation 
 
For the strong doping effect of metal substrates on graphene, the screening in multilayer 
graphene is used to suppress the doping. As shown in our studies, however, the interlayer 
screening in graphene has limited efficiency so that it may take several layers to eliminate 
the doping effect. Therefore, an effective dielectric material is necessary for tuning the 
graphene-metal interaction and graphene device engineering. The intercalation of species 
between graphene and metal substrate suggests a possible route. For the graphene on Ru, 
the intercalation of oxygen and silicon has been demonstrated [88, 89, 162, 163], which 
can modify the electronic interaction between graphene and Ru. 
 
Our study revealed the facile intercalation of water under the graphene on Ru(0001) [81], 
and the water film may decouple the first layer from the Ru substrate. This is presented in 
Figure 7.4a, where part of the graphene area displays no Moiré pattern due to the water 
layer intercalated underneath. When a second flake sits on top of this decoupled graphene 
area, it shows an apparent height of 3.3 ± 0.1 Å (Figure 7.4b), which is very close to its 
geometric spacing, indicating that the two graphene layers have a very similar LDOS 
near the Fermi level and approach charge neutrality. Consequently, the intercalated water 
layer can effectively block the charge transfer from Ru and eliminate the doping effect 
immediately. This result is consistent with some other studies of water films intercalated 
between graphene and mica [90, 164], which suppresses effectively the interfacial charge 
transfer as well. 
 
Therefore, we demonstrated that a water layer intercalated between graphene and Ru can 
decouple the graphene from Ru and block charge transfer immediately. The intercalation 
of water or other molecules can be used as dielectric material for graphene devices. 
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Figure 7.4 A water layer intercalated between the graphene and Ru effectively blocks the 
charge transfer from Ru. (a) STM image showing a flake sitting on the water-intercalated 
graphene area (the smooth region without Moiré pattern). (b) Height profile through the 
traced line in (a), indicating an apparent height of ~3.3 Å for the second-layer flake. (c) A 
schematic illustration for the profile of the water-intercalated graphene region. Reprinted 
with permission from ref 126. Copyright 2013, AIP Publishing LLC. 
 
 
7.4  Conclusions 
 
We have studied the electronic screening effect in stacked graphene flakes on Ru and Cu 
substrates using STM in this chapter. The apparent height of a graphene layer reflects its 
density of states near the Fermi level and the doping level, providing a simple method for 
studying the electronic screening in multilayer graphene system. In this way we showed 
that the strong doping effect in the first graphene layer on Ru is weakened by 15 times in 
the second one, and almost eliminated in the third and fourth one. In contrast, the strong 
doping can be suppressed effectively by a water layer intercalated between the graphene 
and Ru, indicating that water or other molecules can be a potential dielectric material for 
graphene devices. 
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Chapter 8.  Summary and Outlook 
 
 
8.1  Summary 
 
The goal of this dissertation is to obtain fundamental understandings of surface chemistry 
processes on metals and related materials such as epitaxial graphene on metals. We chose 
Ruthenium (Ru) as our studying material, because it is active and an effective catalyst for 
various catalytic processes, such as FTS. We employed STM as the primary technique for 
our studies, due to the advantages of atomic-resolution imaging, tip-induced manipulation, 
and probing of electronic density of states. Other surface science techniques such as AES 
and LEED were also used to assist the study, providing complementary information such 
as the chemical composition of a surface. Using these techniques we have studied several 
surface chemistry processes on Ru and graphene/Ru, as summarized below. 
 
Specifically, we studied the adsorption and interactions of small molecules (such as water, 
carbon dioxide, carbon monoxide, hydrogen, oxygen) on Ru(0001) and graphene-covered 
Ru(0001) surfaces, using our home-built low-temperature UHV STM. These results are 
naturally divided into two parts based on the sample, one is the adsorption and interaction 
of small molecules on Ru(0001), including CO2 adsorption and CO–H coadsorption, and 
the other one is about water adsorption and reactions on graphene/Ru(0001) and resulting 
graphene flakes. 
 
We first studied the adsorption and interaction of CO2 molecules on Ru(0001). The CO2 
molecules adsorbed on Ru(0001) at 77 K form mainly an unordered structure with a few 
small 2×2 domains. The adsorbed CO2 molecules start to desorb after annealing to 250 K, 
while the molecules remaining on the Ru surface form trimers, which may have a cyclic 
structure. The trimers present alternating orientations on neighboring Ru terraces, which 
is due to the three-fold hollow adsorption site of CO2 molecules. The interaction between 
CO2 molecules is mediated by the Ru substrate. This study provides helpful information 
on CO2-metal interaction, which may benefit the catalytic conversion of CO2. 
 
Coadsorption and interaction of CO and H on Ru(0001) surface were then studied toward 
a better understanding of the precursor state in FTS. The coadsorbed CO and H form an 
unordered structure on Ru upon adsorption at 77 K, and then segregate into triangular CO 
islands that are separated by H atoms after annealing to 150~200 K. CO molecules in the 
islands are compressed to a dense (1×1) pattern due to the strong repulsion from H. They 
finally evolve to a mixed structure after annealing to 300~350 K. This evolution pathway 
is general for other samples with different starting CO/H ratios or coverages, and they all 
reach the same mixed structure after thermal annealing, indicating that the CO–H mixing 
is energetically favorable and might be the precursor state for CO–H reaction. Adsorption 
of CO molecules on H-covered Ru surface was also investigated. At temperatures below 
300 K, CO molecules can only occupy the H-vacancies on the surface. At 350 K, CO can 
replace the H atoms and form a densely packed structure on the Ru surface. 
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We are also interested in the surface chemistry of epitaxial graphene, which is a material 
with remarkable properties and many potential applications. The adsorption and reactions 
of small molecules on graphene draw our attention, as the adsorption of environmentally 
abundant molecules such as water and oxygen, can affect the performance and reliability 
of graphene devices that are operated in air. We investigated the adsorption and reaction 
of water, oxygen, hydrogen and ammonia on epitaxial graphene on Ru and Cu substrates. 
Surprisingly, we found that water can split an epitaxial graphene monolayer on Ru(0001) 
along line defects at temperatures as low as 90 K, forming numerous graphene fragments. 
This process is followed by water intercalation of under the graphene. On Cu(111), water 
can also split graphene but far less effectively, indicating that the chemical nature of the 
substrate strongly affects the reactivity of C-C bonds in epitaxial graphene. Interestingly, 
no such phenomena were observed with other molecules including oxygen, hydrogen and 
ammonia, implying the unique reactivity of water with graphene defects. 
 
This water-induced splitting of graphene on Ru produced numerous graphene flakes that 
were displaced onto other graphene areas. This platform provides us a good opportunity 
to explore the intriguing properties of graphene flakes, such as their mechanical motions 
and electronic screening. Specifically, we found that the flakes exhibit facile translational 
and rotational motions between commensurate initial and final states at temperatures as 
low as 5 K. Our proposed mechanism is that the flakes first switch from a commensurate 
to an incommensurate registry with the underlying graphene layer (the superlubric state), 
followed by rapid sliding until another commensurate state is reached finally. This facile 
sliding behavior lies in the superlubricity of graphite that is inherent in incommensurate 
interfaces. Our results can help the understanding of nanotribological phenomena and the 
applications of graphene flakes in nanomechanical systems. 
 
Another interesting story we dug out about the graphene flakes is the electronic screening 
effect in stacked graphene flakes. Since STM probes the LDOS of a surface, the apparent 
STM height of a graphene layer reflects its density of states near the Fermi level and then 
the doping level, which provides a simple method to study the electronic screening effect 
in multilayer graphene films. It was thus revealed that the strong doping effect in the first 
graphene layer on Ru is weakened by 15 times in the second layer, and almost eliminated 
in the third and fourth one. In contrast, the strong doping can be eliminated immediately 
by a water layer intercalated between the graphene and Ru, indicating that water or other 
molecules can be employed as a dielectric material for graphene devices. 
 
In summary, I have presented my PhD research of surface chemistry on five subtopics in 
this dissertation. The first two subtopics focus on the molecular adsorption on Ru surface, 
which may contribute to a deeper understanding of the basics of the catalytic reactions on 
Ru and developing more efficient catalytic technologies. The latter three subtopics focus 
on the properties of epitaxial graphene on metals, a novel material with various potential 
applications. Our results on the chemical properties of the epitaxial graphene with respect 
to molecular adsorption, the mechanical motions and the electronic screening of graphene 
flakes give rise to some new understandings of this material and contribute to this rapidly 
developing research field. 
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8.2  Outlook 
 
Even though I have already spent a lot of time on the experiments, there are still research 
topics that were proposed but cannot be completed due to the limited time. One important 
proposal is the solvation effect of water molecules when coadsorbed with other molecules 
or ions on metal surfaces. Water is known as a universal solvent, which forms a solvation 
shell in a solution, that is, a few water molecules surrounding the solute species. When the 
solute species come to a metal surface, such as metal electrode in an electrochemical cell, 
how do the solute species get rid of the solvation shell and react with the metal substrate? 
With such a motivation, we propose to study how water interacts with coadsorbed species 
and whether water surrounds the species to form a surface solvation shell. 
 
The coadsorption of water with other molecules is an important topic, also because water 
participates in numerous reactions as reactant, product or bystander. So how water affects 
the pathway of some catalytic reactions on metals will be an essential question to answer. 
Experiments can be performed using our STM to learn about these fundamental processes. 
However, the complexity of the question will increase a lot when there are more than one 
species on a surface. So we may have to start with a good understanding of the individual 
adsorption of each species before putting them together onto a metal surface. 
 
Studies of surface chemistry at low temperature in UHV can help us understand the basic 
processes in catalytic reactions. But the studies performed in an ideal environment are not 
enough to understand practical reactions, which occur in complex reactive environments. 
There are two gaps between our model study and the practical reactions, the pressure gap 
(vacuum vs. high pressure) and the material gap (atomically flat single-crystal surface vs. 
nanoparticles). Correspondingly, AP-XPS and HP-STM has been developed in our group 
to bridge the pressure gap [8, 10]. In addition, stepped single-crystal surfaces were used as 
model catalysts for surface chemistry studies to bridge the material gap [11]. Such studies 
may lead to surprising results that change our previous understandings sometimes [9, 11]. 
Therefore, I think that the future research directions of surface chemistry should be at the 
studies in reactive environments [12], which can be facilitated by the development of new 
research techniques. 
 
 
  



60 
 

 

References 
 
[1] Ertl, G.; Knözinger, H.; Schüth, F.; Weitkamp, J. Handbook of Heterogeneous 

Catalysis, 2nd ed.; Wiley-VCH: Weinheim, 2008. 

[2] Somorjai, G. A.; Li, Y. Introduction to Surface Chemistry and Catalysis, 2nd ed.; 
Johns Wiley & Sons, Inc.: Hoboken, NJ, 2010. 

[3] Somorjai, G. A.; Li, Y. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 917–924. 

[4] Langmuir, I. J. Am. Chem. Soc. 1916, 38, 2221–2295. 

[5] Conrad, H.; Ertl, G.; Latta, E. E. Surf. Sci. 1974, 41, 435–446. 

[6] Christmann, K.; Ertl, G.; Pignet, T. Surf. Sci. 1976, 54, 365–392. 

[7] http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2007/. 

[8] Salmeron, M.; Schlogl, R. Surf. Sci. Rep. 2008, 63, 169–199. 

[9] Tao, F.; Grass, M. E.; Zhang, Y.; Butcher, D. R.; Renzas, J. R.; Liu, Z.; Chung, J. 
Y.; Mun, B. S.; Salmeron, M.; Somorjai1, G. A. Science 2008, 322, 932–934. 

[10] Tao, F.; Tang, D.; Salmeron, M.; Somorjai1, G. A. Rev. Sci. Instrum. 2008, 79, 
084101. 

[11] Tao, F.; Dag, S.; Wang, L. W.; Liu, Z.; Butcher, D. R.; Bluhm, H.; Salmeron, M.; 
Somorjai1, G. A. Science 2010, 327, 850–853. 

[12] Tao, F.; Salmeron, M. Science 2011, 331, 174–174. 

[13] Rose, F.; Tatarkhanov, M.; Fomin, E.; Salmeron, M. J. Phys. Chem. C 2007, 111, 
19052–19057. 

[14] Tatarkhanov, M.; Rose, F.; Fomin, E.; Ogletree, D. F.; Salmeron, M. Surf. Sci. 
2008, 602, 487–492. 

[15] Shimizu, T. K.; Mugarza, A.; Cerda, J. I.; Heyde, M.; Qi, Y. B.; Schwarz, U. D.; 
Ogletree, D. F.; Salmeron, M. J. Phys. Chem. C 2008, 112, 7445–7454. 

[16] Tatarkhanov, M.; Ogletree, D. F.; Rose, F.; Mitsui, T.; Fomin, E.; Maier, S.; Rose, 
M.; Cerda, J. I.; Salmeron, M. J. Am. Chem. Soc. 2009, 131, 18425–18434. 

[17] Maier, S.; Stass, I.; Cerda, J. I.; Salmeron, M. J. Phys. Chem. C 2012, 116, 
25395−25400. 

[18] Novoselov, K. S.; Geim, A. K.; Morozov, S. V., Jiang, D.; Zhang, Y.; Dubonos, S. 
V.; Grigorieva, I. V.; Firsov, A. A. Science 2004, 306, 666–669. 

[19] Land, T. A.; Michely, T.; Behm, R. J.; Hemminger, J. C.; Comsa, G. Surf. Sci. 1992, 
264, 261–270. 

[20] Enachescu, M.; Schleef, D.; Ogletree, D. F.; Salmeron, M. Phys. Rev. B 1999, 60, 
16913–16919. 

[21] Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Katsnelson, M. I.; 
Grigorieva, I. V.; Dubonos, S. V.; Firsov, A. A. Nature 2005, 438, 197–200. 

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2007/


61 
 

[22] Zhang, Y.; Tan, Y. W.; Stormer, H. L.; Kim, P. Nature 2005, 438, 201–204. 

[23] Dresselhaus, M. S.; Dresselhaus, G.; Avouris, Ph. Carbon Nanotubes: Synthesis, 
Structure, Properties, and Applications, Springer: Heidelberg, 2001. 

[24] http://www.nobelprize.org/nobel_prizes/physics/laureates/2010/. 

[25] Ando, T. NPG Asia Mater. 2009, 1, 17–21. 

[26] Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A. Y.; Feng, R.; Dai, Z.; 
Marchenkov, A. N.; Conrad, E. H.; First, P. N.; de Heer, W. A. J. Phys. Chem. B 
2004, 108, 19912–19916. 

[27] Marchini, S.; Günther, S.; Wintterlin, J. Phys. Rev. B 2007, 76, 075429. 

[28] Sutter, P. W.; Flege, J. I.; Sutter, E. A. Nat. Mater. 2008, 7, 406–411. 

[29] Coraux, J.; N′Diaye, A. T.; Busse, C.; Michely, T. Nano Lett. 2008, 8, 565–570. 

[30] Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.; 
Jung, I.; Tutuc, E.; Banerjee, S. K.; Colombo, L.; Ruoff, R. S. Science 2009, 324, 
1312–1314. 

[31] Gao, L.; Guest, J. R.; Guisinger, N. P. Nano Lett. 2010, 10, 3512–3516. 

[32] Schniepp, H. C.; Li, J. L.; McAllister, M. J.; Sai, H.; Herrera-Alonso, M.; Adamson, 
D. H.; Prud’homme, R. K.; Car, R.; Saville, D. A.; Aksay, I. A. J. Phys. Chem. B 
2006, 110, 8535–8539. 

[33] Stankovich, S.; Dikin, D. A.; Piner, R. D.; Kohlhaas, K. A.; Kleinhammes, A.; Jia, 
Y.; Wu, Y.; Nguyen, S. T.; Ruoff, R. S. Carbon 2007, 45, 1558–1565. 

[34] Kim, K.; Lee, Z.; Regan, W.; Kisielowski, C.; Crommie, M. F.; Zettl, A. ACS Nano 
2011, 5, 2142–2146. 

[35] Huang, P. Y.; Ruiz-Vargas, C. S.; van der Zande, A. M.; Whitney, W. S.; 
Levendorf, M. P.; Kevek, J. W.; Garg, S.; Alden, J. S.; Hustedt, C. J.; Zhu, Y.; Park, 
J.; McEuen, P. L.; Muller, D. A. Nature 2011, 469, 389–392. 

[36] Yu, Q.; Jauregui, L. A.; Wu, W.; Colby, R.; Tian, J.; Su, Z.; Cao, H.; Liu Z.; 
Pandey, D.; Wei, D.; Chung, T. F.; Peng, P.; Guisinger, N. P.; Stach, E. A.; Bao, J.; 
Pei, S. S.; Chen, Y. P. Nat. Mater. 2011, 10, 443–449. 

[37] Wang, B.; Puzyrev, Y.; Pantelides, S. T. Carbon 2011, 49, 3983–3988. 

[38] Yavari, F.; Kritzinger, C.; Gaire, C.; Song, L.; Gullapalli, H.; Borca-Tasciuc, T.; 
Ajayan, P. M.; Koratkar, N. Small 2010, 6, 2535–2538. 

[39] Ryu, S.; Liu, L.; Berciaud, S.; Yu, Y. J.; Liu, H.; Kim, P.; Flynn, G. W.; Brus, L. E. 
Nano Lett. 2010, 10, 4944–4951. 

[40] Binnig, G.; Rohrer, H.; Gerber, Ch.; Weibel, E. Appl. Phys. Lett. 1982, 40, 178–180. 

[41] Binnig, G.; Rohrer, H.; Gerber, Ch.; Weibel, E. Phys. Rev. Lett. 1982, 49, 57–61. 

[42] http://www.nobelprize.org/nobel_prizes/physics/laureates/1986/. 

[43] Chen, C. J. Introduction to Scanning Tunneling Microscopy, Oxford University 

http://www.nobelprize.org/nobel_prizes/physics/laureates/2010/
http://www.nobelprize.org/nobel_prizes/physics/laureates/1986/


62 
 

Press: New York, 1993. 

[44] Feenstra, R. M.; Stroscio, J. A.; Fein, A. P. Surf. Sci. 1987, 181, 295–306. 

[45] Stipe, B. C.; Rezaei, M. A.; Ho, W. Science 1998, 280, 1732–1735. 

[46] Pan, S. H.; Hudson, E. W.; Davis, J. C. Rev. Sci. Instrum. 1999, 70, 1459–1463. 

[47] Maier, S.; Cabrera-Sanfelix, P.; Stass, I.; Sánchez-Portal, D.; Arnau, A.; Salmeron, 
M. Phys. Rev. B 2010, 82, 075421. 

[48] Centi, G.; Quadrelli, E. A.; Perathoner, S. Energy Environ. Sci. 2013, 6, 1711–1731. 

[49] Freund, H. J.; Messmer, R. P. Surf. Sci. 1986, 172, 1–30. 

[50] Freund, H. J.; Roberts, M. W. Surf. Sci. Rep. 1996, 25, 225–273. 

[51] Wang, S. G.; Liao, X. Y.; Cao, D. B.; Huo, C. F.; Li, Y. W.; Wang, J. G.; Jiao, H. J. 
J. Phys. Chem. C 2007, 111, 16934–16940. 

[52] Hoffmann, F. M.; Weisel, M. D.; Paul, J. Surf. Sci. 1994, 316, 277–293. 

[53] Fraser, G. T.; Pine, A. S.; Lafferty, W. J.; Miller, R. E. J. Chem. Phys. 1987, 87, 
1502–1508. 

[54] Cardini, G.; Schettino, V.; Klein, M. L. J. Chem. Phys. 1989, 90, 4441–4449. 

[55] Weida, M. J.; Sperhac, J. M.; Nesbitt, D. J. J. Chem. Phys. 1995, 103, 7685–7699. 

[56] Oliaee, J. N.; Dehghany, M.; Moazzen-Ahmadi, N.; McKellar, A. R. W. Phys. 
Chem. Chem. Phys. 2011, 13, 1297–1300. 

[57] Dri, C.; Peronio, A.; Vesselli, E.; Africh, C.; Rizzi, M.; Baldereschi, A.; Peressi, M.; 
Comelli, G. Phys. Rev. B 2010, 82, 165403. 

[58] Shetty, S.; van Santen, R. A. Catal. Today 2011, 171, 168–173. 

[59] Rofer-DePoorter, C. K. Chem. Rev. 1981, 81, 447–474. 

[60] Schulz, H. Appl. Catal., A 1999, 186, 3–12. 

[61] Ojeda, M.; Nabar, R.; Nilekar, A. U.; Ishikawa, A.; Mavrikakis, M.; Iglesia, E. J. 
Catal. 2010, 272, 287–297. 

[62] Tuxen, A.; Carenco, S.; Chintapalli, M.; Chuang, C. H.; Escudero, C.; Pach, E.; 
Jiang, P.; Borondics, F.; Beberwyck, B.; Alivisatos, A. P.; Thornton, G.; Pong, W. 
F.; Guo, J.; Perez, R.; Besenbacher, F.; Salmeron, M. J. Am. Chem. Soc. 2013, 135, 
2273−2278. 

[63] Ciobica, I. M.; van Santen, R. A. J. Phys. Chem. B 2003, 107, 3808−3812. 

[64] Shetty, S.; Jansen, A. P. J.; van Santen, R. A. J. Am. Chem. Soc. 2009, 131, 12874–
12875. 

[65] Tison, Y.; Nielsen, K.; Mowbray, D. J.; Bech, L.; Holse, C.; Calle-Vallejo, F.; 
Andersen, K.; Mortensen, J. J.; Jacobsen, K. W.; Nielsen, J. H. J. Phys. Chem. C 
2012, 116, 14350−14359. 



63 
 

[66] Mitchell, W. J.; Xie, J.; Jachimowski, T. A.; Weinberg, W. H. J. Am. Chem. Soc. 
1995, 117, 2606–2617. 

[67] Morgan, G. A.; Sorescu, D. C.; Zubkov, T.; Yates, J. T. J. Phys. Chem. B 2004, 108, 
3614–3624. 

[68] Peebles, D. E.; Schreifels, J. A.; White, J. M. Surf. Sci. 1982, 116, 117–134. 

[69] Riedmuller, B.; Papageorgopoulos, D. C.; Berenbak, B.; van Santen, R. A.; Kleyn, 
A. W. Surf. Sci. 2002, 515, 323–336. 

[70] Ciobica, I. M.; Kleyn, A. W.; van Santen, R. A. J. Phys. Chem. B 2003, 107, 164–
172. 

[71] Ueta, H.; Groot, I. M. N.; Juurlink, L. B. F.; Kleyn, A. W.; Gleeson, M. A. J. Chem. 
Phys. 2012, 136, 114710. 

[72] Thomas, G. E.; Weinberg, W. H. J. Chem. Phys. 1979, 70, 1437–1439. 

[73] Williams, E. D.; Weinberg, W. H. Surf. Sci. 1979, 82, 93–101. 

[74] Riedmuller, B.; Ciobica, I. M.; Papageorgopoulos, D. C.; Frechard, F.; Berenbak, 
B.; Kleyn, A. W.; van Santen, R. A. J. Chem. Phys. 2001, 115, 5244–5251. 

[75] Banhart, F.; Kotakoski, J.; Krasheninnikov, A. V. ACS Nano 2011, 5, 26–41. 

[76] Tan, C.; Rodriguez-Lopez, J.; Parks, J. J.; Ritzert, N. L.; Ralph, D. C.; Abruna, H. 
D. ACS Nano 2012, 6, 3070–3079. 

[77] Schedin, F.; Geim, A. K.; Morozov, S. V.; Hill, E. W.; Blake, P.; Katsnelson, M. I.; 
Novoselov, K. S. Nat. Mater. 2007, 6, 652–655. 

[78] Jung, I.; Dikin, D.; Park, S.; Cai, W.; Mielke, S. L.; Ruoff, R. S. J. Phys. Chem. C 
2008, 112, 20264–20268. 

[79] Kostov, M. K.; Santiso, E. E.; George, A. M.; Gubbins, K. E.; Nardelli, M. B. Phys. 
Rev. Lett. 2005, 95, 136105. 

[80] Politano, A.; Marino, A. R.; Formoso, V.; Chiarello, G. AIP Advances 2011, 1, 
042130. 

[81] Feng, X.; Maier, S.; Salmeron, M. J. Am. Chem. Soc. 2012, 134, 5662–5668. 

[82] Martoccia, D.; Willmott, P. R.; Brugger, T.; Björck, M.; Günther, S.; Schlepütz, C. 
M.; Cervellino, A.; Pauli, S. A.; Patterson, B. D.; Marchini, S.; Wintterlin, J.; 
Moritz, W.; Greber, T. Phys. Rev. Lett. 2008, 101, 126102. 

[83] Moritz, W.; Wang, B.; Bocquet, M. L.; Brugger, T.; Greber, T.; Wintterlin, J.; 
Günther, S. Phys. Rev. Lett. 2010, 104, 136102. 

[84] Thürmer, K.; Bartelt, N. C. Phys. Rev. Lett. 2008, 100, 186101. 

[85] Mehlhorn, M.; Gawronski, H.; Morgenstern, K. Phys. Rev. Lett. 2008, 101, 196101. 

[86] Lebedeva, I. V.; Knizhnik, A. A.; Popov, A. M.; Ershova, O. V.; Lozovik, Y. E.; 
Potapkin, B. V. Phys. Rev. B 2010, 82, 155460. 

[87] Cui, Y.; Fu, Q.; Bao, X. Phys. Chem. Chem. Phys. 2010, 12, 5053–5057. 



64 
 

[88] Zhang, H.; Fu, Q.; Cui, Y.; Tan, D.; Bao, X. J. Phys. Chem. C 2009, 113, 8296–
8301. 

[89] Sutter, P.; Sadowski, J. T.; Sutter, E. A. J. Am. Chem. Soc. 2010, 132, 8175–8179. 

[90] Xu, K.; Cao, P.; Heath, J. R. Science 2010, 329, 1188–1191. 

[91] Cicero, G.; Grossman, J. C.; Schwegler, E.; Gygi, F.; Galli, G. J. Am. Chem. Soc. 
2008, 130, 1871–1878. 

[92] Feibelman, P. J. Science 2002, 295, 99–102. 

[93] Corriol, C. Calleja, F.; Arnau, A.; Hinarejos, J. J.; Vázquez de Parga, A. L.; Hofer, 
W. A.; Miranda, R. Chem. Phys. Lett. 2005, 405, 131–135. 

[94] Li, J. L.; Kudin, K. N.; McAllister, M. J.; Prud’homme, R. K.; Aksay, I. A.; Car, R. 
Phys. Rev. Lett. 2006, 96, 176101. 

[95] Xu, S. C.; Irle, S.; Musaev, D. G.; Lin, M. C. J. Phys. Chem. C 2007, 111, 1355–
1365. 

[96] Jiao, L.; Wang, X.; Diankov, G.; Wang, H.; Dai, H. Nat. Nanotech. 2010, 5, 321–
325. 

[97] Michaelides, A.; Alavi, A.; King, D. A. J. Am. Chem. Soc. 2003, 125, 2746–2755. 

[98] Nair, R. R.; Wu, H. A.; Jayaram, P. N.; Grigorieva, I. V.; Geim, A. K. Science 2012, 
335, 442–444. 

[99] Wehling, T. O., Lichtenstein, A. I.; Katsnelson, M. I. Appl. Phys. Lett. 2008, 93, 
202110. 

[100] Ma, D.; Zhang, Y.; Liu, M.; Ji, Q.; Gao, T.; Zhang, Y.; Liu, Z. Nano Res. 2013, 6, 
671–678. 

[101] Chen, S.; Brown, L.; Levendorf, M.; Cai, W.; Ju, S. Y.; Edgeworth, J.; Li, X.; 
Magnuson, C. W.; Velamakanni, A.; Piner, R. D.; Kang, J.; Park, J.; Ruoff, R. S. 
ACS Nano 2011, 5, 1321–1327. 

[102] Prasai, D.; Tuberquia, J. C.; Harl, R. R.; Jennings, G. K.; Bolotin, K. I. ACS Nano 
2012, 6, 1102–1108. 

[103] Feng, X.; Kwon, S.; Park, J. Y.; Salmeron, M. ACS Nano 2013, 7, 1718−1724. 

[104] Carpick, R. W.; Salmeron, M. Chem. Rev. 1997, 97, 1163−1194. 

[105] Mate, C. M.; McClelland, G. M.; Erlandsson, R.; Chiang, S. Phys. Rev. Lett. 
1987, 59, 1942−1945. 

[106] Kim, K. S.; Lee, H. J.; Lee, C.; Lee, S. K.; Jang, H.; Ahn, J. H.; Kim, J. H.; Lee, 
H. J. ACS Nano 2011, 5, 5107–5114. 

[107] Bunch, J. S.; van der Zande, A. M.; Verbridge, S. S.; Frank, I. W.; Tanenbaum, D. 
M.; Parpia, J. M.; Craighead, H. G.; McEuen, P. L. Science 2007, 315, 490–493. 

[108] Zheng, J.; Guo, P.; Ren, Z.; Jiang, Z.; Bai, J.; Zhang, Z. Appl. Phys. Lett. 2012, 
101, 083101. 



65 
 

[109] Filleter, T.; McChesney, J. L.; Bostwick, A.; Rotenberg, E.; Emtsev, K. V.; 
Seyller, Th.; Horn, K.; Bennewitz, R. Phys. Rev. Lett. 2009, 102, 086102. 

[110] Lee, C.; Li, Q.; Kalb, W.; Liu, X. Z.; Berger, H.; Carpick, R. W.; Hone, J. Science 
2010, 328, 76–80. 

[111] Dienwiebel, M.; Verhoeven, G. S.; Pradeep, N.; Frenken, J. W. M.; Heimberg, J. 
A.; Zandbergen, H. W. Phys. Rev. Lett. 2004, 92, 126101. 

[112] Verhoeven, G. S.; Dienwiebel, M.; Frenken, J. W. M. Phys. Rev. B 2004, 70, 
165418. 

[113] Dienwiebel, M.; Pradeep, N.; Verhoeven, G. S.; Zandbergen, H. W.; Frenken, J. 
W. M. Surf. Sci. 2005, 576, 197–211. 

[114] Shinjo, K.; Hirano, M. Surf. Sci. 1993, 283, 473–478. 

[115] Hirano, M.; Shinjo, K.; Kaneko, R.; Murata, Y. Phys. Rev. Lett. 1997, 78, 1448–
1451. 

[116] Cumings, J.; Zettl, A. Science 2000, 289, 602–604. 

[117] Zheng, Q. S.; Jiang, B.; Liu, S. P.; Weng, Y. X.; Lu, L.; Xue, Q. K.; Zhu, J.; Jiang 
Q.; Wang, S.; Peng, L. M. Phys. Rev. Lett. 2008, 100, 067205. 

[118] Liu, Z.; Yang, J. R.; Grey, F.; Liu, J. Z.; Liu, Y. L.; Wang, Y. B.; Yang, Y. L.; 
Cheng, Y.; Zheng, Q. S. Phys. Rev. Lett. 2012, 108, 205503. 

[119] Popov, A. M.; Lebedeva, I. V.; Knizhnik, A. A.; Lozovik, Y. E.; Potapkin, B. V. 
Phys. Rev. B 2011, 84, 045404. 

[120] Popov, A. M.; Lebedeva, I. V.; Knizhnik, A. A.; Lozovik, Y. E.; Potapkin, B. V. 
Chem. Phys. Lett. 2012, 536, 82–86. 

[121] Xu, L.; Ma, T. B.; Hu, Y. Z.; Wang, H. Carbon 2012, 50, 1025–1032. 

[122] Man, K. L.; Altman, M. S. Phys. Rev. B 2011, 84, 235415. 

[123] Zhou, M.; Lu, Y. H.; Cai, Y. Q.; Zhang, C.; Feng, Y. P. Nanotechnology 2011, 
22, 385502. 

[124] Shibuta, Y.; Elliott, J. A. Chem. Phys. Lett. 2011, 512, 146–150. 

[125] Wang, B.; Bocquet, M. L. Nanoscale 2012, 4, 4687–4693. 

[126] Feng, X.; Salmeron, M. Appl. Phys. Lett. 2013, 102, 053116. 

[127] Sutter, P.; Hybertsen, M. S.; Sadowski, J. T.; Sutter, E. Nano Lett. 2009, 9, 2654–
2660. 

[128] Kolmogorov, A. N.; Crespi, V. H. Phys. Rev. B 2005, 71, 235415. 

[129] Spanu, L.; Sorella, S.; Galli, G. Phys. Rev. Lett. 2009, 103, 196401. 

[130] Wong, H. S.; Durkan, C.; Chandrasekhar, N. ACS Nano 2009, 3, 3455–3462. 

[131] Woodward, J. T.; Zasadzinski, J. A. Langmuir 1994, 10, 1340–1344. 

[132] Depondt, Ph.; Ghazali, A.; Lévy, J. C. S. Surf. Sci. 1998, 419, 29–37. 



66 
 

[133] Filippov, A. E.; Dienwiebel, M.; Frenken, J. W. M.; Klafter, J.; Urbakh, M. Phys. 
Rev. Lett. 2008, 100, 046102. 

[134] de Wijn, A. S.; Fusco, C.; Fasolino, A. Phys. Rev. E 2010, 81, 046105. 

[135] de Wijn, A. S.; Fasolino, A.; Filippov, A. E.; Urbakh, M. Europhys. Lett. 2011, 
95, 66002. 

[136] Falvo, M. R.; Taylor, R. M.; Helser, A.; Chi, V.; Brooks, F. P.; Washburn, S.; 
Superfine, R. Nature 1999, 397, 236–238. 

[137] Fleishman, D.; Klafter, J.; Porto, M.; Urbakh, M. Nano Lett. 2007, 7, 837–842. 

[138] Kay, E. R.; Leigh, D. A.; Zerbetto, F. Angew. Chem. Int. Ed. 2007, 46, 72–191. 

[139] Marago, O. M.; Bonaccorso, F.; Saija, R.; Privitera, G.; Gucciardi, P. G.; Iati, M. 
A.; Calogero, G.; Jones, P. H.; Borghese, F.; Denti, P.; et al. ACS Nano 2010, 4, 
7515–7523. 

[140] Martin, J. M.; Donnet, C.; Le Mogne, Th.; Epicier, Th. Phys. Rev. B 1993, 48, 
10583–10586. 

[141] Marom, N.; Bernstein, J.; Garel, J.; Tkatchenko, A.; Joselevich, E.; Kronik, L.; 
Hod, O. Phys. Rev. Lett. 2010, 105, 046801. 

[142] Hod, O. Phys. Rev. B 2012, 86, 075444. 

[143] Giovannetti, G.; Khomyakov, P. A.; Brocks, G.; Karpan, V. M.; van den Brink, J.; 
Kelly, P. J. Phys. Rev. Lett. 2008, 101, 026803. 

[144] Gao, M.; Pan, Y.; Zhang, C.; Hu, H.; Yang, R.; Lu, H.; Cai, J.; Du, S.; Liu, F.; 
Gao, H. J. Appl. Phys. Lett. 2010, 96, 053109. 

[145] Lee, E. J. H.; Balasubramanian, K.; Weitz, R. T.; Burghard, M.;  Kern, K. Nat. 
Nanotechnol. 2008, 3, 486–490. 

[146] Khomyakov, P. A.; Starikov, A. A.; Brocks, G.; Kelly, P. J. Phys. Rev. B 2010, 
82, 115437. 

[147] Ohta, T.; Bostwick, A.; McChesney, J. L.; Seyller, T.; Horn, K.; Rotenberg, E. 
Phys. Rev. Lett. 2007, 98, 206802. 

[148] Datta, S. S.; Strachan, D. R.; Mele, E. J.; Johnson, A. T. C. Nano Lett. 2009, 9, 7–
11. 

[149] Giannazzo, F.; Sonde, S.; Raineri, V.; Rimini, E. Nano Lett. 2009, 9, 23–29. 

[150] Lee, N. J.; Yoo, J. W.; Choi, Y. J.; Kang, C. J.; Jeon, D. Y.; Kim, D. C.; Seo, S.; 
Chung, H. J. Appl. Phys. Lett. 2009, 95, 222107. 

[151] Sandin, A.; Pronschinske, A.; Rowe, J. E.; Dougherty, D. B. Appl. Phys. Lett. 
2010, 97, 113104. 

[152] Andrei, E. Y.; Li, G.; Du, X. Rep. Prog. Phys. 2012, 75, 056501. 

[153] Sun, D.; Divin, C.; Berger, C.; de Heer, W. A.; First, P. N.; Norris, T. B. Phys. 
Rev. Lett. 2010, 104, 136802. 



67 
 

[154] Guinea, F. Phys. Rev. B 2007, 75, 235433. 

[155] Koshino, M. Phys. Rev. B 2010, 81, 125304. 

[156] Kuroda, M. A.; Tersoff, J.; Martyna, G. J. Phys. Rev. Lett. 2011, 106, 116804. 

[157] Feng, W.; Lei, S.; Li, Q.; Zhao, A. J. Phys. Chem. C 2011, 115, 24858–24864. 

[158] Castro Neto, A. H.; Guinea, F.; Peres, N. M. R.; Novoselov, K. S.; Geim, A. K. 
Rev. Mod. Phys. 2009, 81, 109–162. 

[159] Peng X.; Ahuja, R. Phys. Rev. B 2010, 82, 045425. 

[160] Sutter, E.; Acharya, D. P.; Sadowski, J. T.; Sutter, P. Appl. Phys. Lett. 2009, 94, 
133101. 

[161] Walter, A. L.; Nie, S.; Bostwick, A.; Kim, K. S.; Moreschini, L.; Chang, Y. J.; 
Innocenti, D.; Horn, K.; McCarty, K. F.; Rotenberg, E. Phys. Rev. B 2011, 84, 
195443. 

[162] Mao, J.; Huang, L.; Pan, Y.; Gao, M.; He, J.; Zhou, H.; Guo, H.; Tian, Y.; Zou, 
Q.; Zhang, L.; et al. Appl. Phys. Lett. 2012, 100, 093101. 

[163] Cui, Y.; Gao, J.; Jin, L.; Zhao, J.; Tan, D.; Fu, Q.; Bao, X. Nano Res. 2012, 5, 
352–360. 

[164] Shim, J.; Lui, C. H.; Ko, T. Y.; Yu, Y. J.; Kim, P.; Heinz, T. F.; Ryu, S. Nano 
Lett. 2012, 12, 648–654. 




