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ABSTRACT OF THE DISSERTATION 

 
Scanning Tunneling Investigation of Olefin Dehydrogenation on Platinum Single Crystal and 

Pt/Al2O3/NiAl(110) Model Catalysts 
 

By 
 

Safa S-S Khan 
 

Doctor of Philosophy in Chemistry 
 

 University of California, Irvine, 2014 
 

Professor John C. Hemminger, Chair 
 

 
 

Propylene and butylene thermal dehydrogenation have been studied on Pt(111) single 

crystal using Scanning Tunneling Microscopy (STM). Propylene and butylene were heated to 

1000 K on the Pt single crystal. Both olefins formed uniform sized carbon clusters, with less than 

a monolayer coverage on the Pt surface. With cycles of continued dosing and heating, particles 

grew in number but not size. The catalytic activity stopped by the third saturation dose, leaving 

areas of bare Pt. Carbon clusters generated from the dehydrogenated propylene and butylene 

were approximately 1 Å in height and 12 Å in diameter. Propylene and butylene clusters 

contained an average of 44 and 51 carbon atoms per cluster respectively.  

The reactions of Pt nanoparticles on Al2O3/NiAl(110) were compared with those on the 

Pt single crystal. An Al2O3 thin film was formed with similar properties to previous alumina 

reported in literature. The Pt nanoparticles formed were circular, flat, and uniform in size (13 Å) 

and shape, corresponding to approximately 20 atoms. The Pt nanoparticles deposited only onto 

crystalline Al2O3 surfaces. Ethylene was then dosed onto the Pt. At 1000 K, ethylene deposited 

only onto the Pt nanoparticles and not onto the oxide layer. The thermally dehydrogenated 
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ethylene covered the Pt nanoparticles and particles grew to a maximum of 20 Å. Particle density 

did not increase at an annealing temperature of 1000 K. At 1100 K the density of particles 

increased and decorated the step edges.  

Another set of experiments examined the dehydrogenation of ethylenediamine at 300-500 

K on Ni(111). The goal of this study was to form cyanogen. The end result was unidentifiable 

via imaging by STM and cyanogen formation was not observed. 
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CHAPTER 1 
 

Introduction  
 
 
1.1 Background and Overview of the Thesis 

 
To date, no accurate models predict reactions at the atomic surface interface. Predicative 

capabilities for surface reactions are not yet understood and the rules of surface science are 

mainly limited to empirical work. Surface properties are important factors in a large variety of 

fields including generating materials that have desired electronic properties and in generating 

materials with a high degree of stability. Understanding the fundamentals of surface molecular 

interactions allows for the design of new nanoscale materials. One of the main goals of this 

project is to study model heterogeneous catalyst systems in order to provide fundamental 

knowledge that can be applied towards theoretical studies and technological applications. 

Catalysts are highly important to industry as they reduce the energy requirement for a reaction to 

occur.1 Thus lower temperatures and pressures are required for chemical processes.2  

This project takes advantage of the superior atomic resolution imaging ability of scanning 

tunneling microscopy (STM) to reveal the surface morphology of reactions over model catalysts 

at the atomic level. All experiments are held under ultra high vacuum (UHV) in order to provide 

for a controlled environment. Chapter 2 discusses the experimental techniques used in the thesis 

as well as the general theory and experimental setup for UHV, auger electron spectroscopy 

(AES), and STM. Chapter 2 also gives a brief description and cleaning method for the model 

catalyst single crystal samples: Platinum(111), Nickel(111) and Nickel Aluminum(110). 

Chapters 3 and 4 describe the formation of platinum over aluminum oxide on nickel 

aluminum (Pt/Al2O3/NiAl(110)). Pt is one of the most used and important heterogeneous 

catalysts in industry from chemical refinery to fuel cell storage.3-7 The Pt particles are deposited 
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over an oxide support, as this provides stability to the adsorbed nanoparticles.3,4 Ultrathin oxide 

supports are used in research as they have similar properties to the bulk oxide, yet they are not 

electronically insulating allowing for electron dependent techniques such as STM.8,9 Chapter 3 

provides a detailed literature background for Al2O3 thin films. The literature results are compared 

to our thin films. The morphology, structure, and defects of the thin film are discussed in detail. 

Chapter 4 discusses the evaporation of Pt and the formation of Pt nanoparticles onto 

Al2O3/NiAl(110). The size, structure and binding preference of our Pt nanoparticles are 

compared to literature. 

 Hydrocarbon chemistry over Pt  surfaces are important to industry and science and are 

being utilized for a number of projects, such as pollution  control, biodegradable detergents and 

chemical synthesis.10,11 One of the main goals of this project is to study the morphology of the Pt 

surface before and after dehydrogenation at various temperatures. By understanding the surface 

better, we hope to be able to control it better during reactions. Chapters 5 and 6 describe various 

olefin reactions. Olefins are dosed and thermally dehydrogenated on both Pt nanoparticles and a 

Pt single crystal. Specifically, Chapter 5 gives an analysis of propylene and butylene dosed onto 

Pt(111). This chapter compares these results to previous studies with ethylene on Pt(111). In 

Chapter 6, we compare our study of ethylene dehydrogenation on Pt nanoparticles to the olefin 

studies on the Pt single crystal. It is important to compare both the bulk Pt and Pt nanoparticles, 

as catalytic nanoparticles have different activity compared to their bulk counterparts due to their 

varying size, structure and shape.2 Nanoparticles can lower the cost of production in industry as 

less expensive catalyst material is required.2 

Chapter 7 briefly discusses an experiment of ethylenediamine dosed onto Ni(111). The 

goal of this study was to determine if cyanogen can be formed from the dehydrogenation of 
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ethylenediamine on a Ni crystal. Cyanogen is theorized to act as an air filter to capture various 

hydrocarbons.12  

Finally, Chapter 8 concludes the thesis with a summary and future outlook.  
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CHAPTER 2 

Introduction to Instrumentation and Experimentation: 
Theory and Background 

 
 

2.1 Introduction to Instrumentation 

Surface science refers to the study of the physical and chemical properties at the interface 

of two different phases.1 Specifically, we study the heterogenic catalytic reactions which occur 

between solid and gas phase. The term surface science is fairly recent in history and came only 

into prevalence in the 1960s.1 Groundbreaking surface science work on adsorption by Langmuir 

and on low energy electron diffraction by Davisson and Germer occurred in the 1920s.1 

However, the field of surface science did not become prominent until the 1960’s with the 

introduction and development of ultra high vacuum (UHV) technology.1 UHV provides a 

controlled environment, which allows for a variety of new techniques to be created and old 

techniques to be advanced. Most importantly to our project, scanning tunneling microscopy 

(STM), a technique that images atoms, performs best when held under UHV conditions.2 STM 

was introduced to the world by IBM in 1982 and revolutionized the understanding and control of 

science at the nano-scale, thereby winning its inventors Binning and Rohrer the Nobel Prize in 

1986.2 

Our experiments were performed in a homebuilt instrument maintained at UHV with a 

base pressure of less than 1 × 10-10 Torr. There are three chambers: fast entry load lock, 

preparation chamber and STM chamber as shown in Figures 2.1 and 2.2. To acquire UHV 

pressures, a well sealed chamber connected to a network of pumps is required. As shown in 

Figure 2.3 our chamber utilizes two ion pumps with titanium sublimation pumps, two turbo 

molecular pumps and two rotary mechanical pumps. The majority of the time, the chamber is 



 

6 
 

held in vacuum solely with the ion pumps. Furthermore, it is necessary to heat the chamber to 

temperatures of 150oC to remove water and other gases from the interior chamber walls.3,4  

We have gas dosers in both the preparation and STM chambers. The majority of gas 

dosing is performed in the preparation chamber to maintain a clean STM chamber. A clean STM 

chamber is crucial, as we store up to three tips and three samples in our STM chamber at a time. 

The Pt evaporation and argon bombardment occurs in the preparation chamber as well. A quartz 

crystal microbalance (QCM) and deposition flux monitor are utilized in the preparation chamber 

to monitor the evaporation from the Pt rod. This chapter provides a brief summary with the most 

vital experimental information and background. Topics covered in this chapter include: sample 

and sample holder information, UHV, STM and AES theory and experimental conditions. 

Chapters 3 and 4 provide a detailed description for the making of Pt nanoparticles and Al2O3 thin 

films.  
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Figure 2.1 A photograph of the instrument used for the experiments. Three chambers consisting 

of the preparation chamber, load lock and STM were utilized. 
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Figure 2.2 Schematic of the chamber showing the essential parts used herein: load lock, AES, 

gas dosers, evaporator, deposition monitor, STM and heating.  
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Figure 2.3 Schematic showing the connections, gate valves and vacuum pumps used to maintain 

UHV in our instrument. The load lock, STM and preparation chambers are separated via gate 

valves. The preparation and STM chambers each have an ion pump with a titanium sublimation 

pump (TSP). Both the preparation and STM chambers share one turbomolecular pump (or turbo 

pump) and the load lock has its own turbo pump. All three chambers share one rotary mechanical 

pump (or rough pump). Finally, the gas dosing lines are pumped using a separate rough pump. 

2.2 Ultra High Vacuum and Surface Science Theory 

 The most important and critical technique used in the experiments described herein is 

UHV. UHV refers to pressures of 10-9 to 10-12 Torr, typically found in specially designed 

chambers. UHV is important for maintaining a clean sample, preventing contamination and 

providing a clear path for electrons to flow relatively unhindered.5,6 A clear path for electrons is 

crucial for surface science techniques such as Auger Electron Spectroscopy and ion 
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bombardment. The mean free path, λ, describes the average distance that a particle, electron, 

atom or molecule can travel in the gas phase before it collides with a molecule. UHV increases 

the mean free path length.  

The molecule-molecule mean free path, λmolecule, is derived from the ideal gas law and a 

hard sphere collision model in a cylindrical volume and is calculated using the r, molecular 

radius (m), k, Boltzmann constant, and T, temperature (K) and P, pressure (N m-2).  

λmolecule=
��

�√�����
     (2.1) 

The mean free path for electrons is slightly different as the radius of the cylinder is reduced to r 

instead of 2r, since the electrons take up less space. Furthermore, we disregard the relative 

molecular velocity of √2. Taking into account these two differences the mean free path of the 

electrons, λelectron, can be approximated from the molecule-molecule mean free path by 

multiplying Equation 2.1 by 4√2.7 Therefore the λelectron is longer compared to the λmolecule. The 

mean free path equations show that pressures less than 10-4 Torr are required for collision free 

conditions. This is a pressure far greater than 10-9 Torr and does not justify the effort required to 

maintain UHV.  Therefore, the primary purpose of UHV is in maintaining a clean sample and 

preventing contamination.5,6  

A sample sitting under atmospheric pressure will form a monolayer of gases within 10-9 

seconds. A monolayer is the maximum attainable surface coverage that is a single molecule thick 

on a surface. This monolayer of gases or contamination prevents a controlled, consistent 

adsorption of the molecule being studied. Langmuir, who won the Nobel prize in 1932 for his 

work in surface science,8 is now associated with a unit to describe gas exposure – such that a 

Langmuir, L, is the product of  pressure and time that a surface is covered with 1 monolayer.   

  1 L = 1 × 10-6 Torr s  (2.2) 
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Langmuir is important in order to identify the pressures required for a clean surface and 

the pressures required for dosing a sample. If pressures are 1 × 10-6 Torr the surface of a sample 

will be contaminated by 1 monolayer within 1 second. Therefore, every order of magnitude drop 

in pressure will produce an increase in an order of magnitude for the amount of time of 

contamination. Specifically, at 10-10 Torr, it is expected that 104 seconds are needed for a 

monolayer coverage to occur. This concept is derived by the incident molecular flux, F and the 

sticking coefficient.  F is the flux of molecules sticking to a surface. The incident molecular flux 

is calculated based on the gas density, 

      F = ¼ n �̅�                     (2.3) 

where, n is the molecular gas density and �̅� is the average molecular velocity as shown in 

Equations 2.4 and 2.5, 

n = �
�

= �
��

      (2.4) 

�̅� = ����
��

      (2.5) 

where N is the number of molecules, V is the volume and k is Boltzmann’s constant, P is 

pressure in Pascals, m is gas mass. Therefore, F can be rewritten as Equation 2.6, with M as the 

molecular weight in kg. 

F = 2.63 × 1024 �
√��

 = ������ �� ��������� ��������� ��� �������
���

                   (2.6) 

 Flux simply describes the number of gas molecules hitting the surface per unit time. 

However, the sticking coefficient, Ө, describes the ratio of the number that adsorb to the surface 

versus the number of molecules that hit the surface. Ө is dependent on a multitude of factors, 

including temperature, coverage, and inherent properties of the sample. At Ө=1 every molecule 

adsorbs; at Ө=0 there is no adsorption. The typical number of atoms on the surface is 1015 
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atoms/cm2. With this value and by assuming the sticking coefficient is 1, Langmuir’s equation 

can be calculated. 

2.2 Single Crystal Samples: Pt(111), NiAl(110), Ni(111) 
 
 All single crystal samples were processed and held under UHV conditions. Pt (111), 

NiAl(110) and Ni (111) single crystals are well studied model catalysts and are used in this 

project. Pt(111) served as a comparative model to Pt/Al2O3/NiAl(110), which is also studied in 

this project. In basic terms, a catalyst is a material that increases the rate of reaction.4 A 

heterogeneous catalyst is a catalyst that is in a different phase than the reactants.4 Using 

heterogeneous catalysts is advantageous for certain reactions as it is easier to separate a solid 

catalyst from a liquid or gas.4  

Before each experiment the Pt, Ni and NiAl crystals were cleaned. The NiAl single 

crystal sample was cleaned by cycles of oxygen dosing (P = 2 × 10-6 Torr, Tsample = 540 K, for 10 

minutes), followed by annealing (Tsample = 1320 K for 15 minutes). Ni and Pt were cleaned by 

multiple cycles of argon bombardment (Table 1). Ion bombardment (ISE-10, Omicron) is used to 

clean the surface from elements that cannot be removed by oxygen cleaning, such as sulfur. Pt 

cleaning cycles included an oxygen treatment for 30 min at 700 K with oxygen partial pressure 

of 5.0 × 10-6 Torr. Oxygen cleaning was not performed on Ni since oxidation of the surface 

occurs at room temperature, but this does not occur on Pt until 800 K.9-11 Oxygen cleaning 

removes carbon species from the surface by pumping it away as CO2 (g).12 Each cycle is 

completed by the annealing of the sample which produces a smooth surface with sharp step 

edges.  The samples were heated and annealed by using electron bombardment (e-beam) heating 

by a tungsten filament approximately 2 mm below the sample. The temperature was monitored 
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using a chromel-alumel thermocouple sitting on the sample. AES and STM confirmed clean 

surfaces with flat terraces and sharp step edges. 

Table 2.1 Argon bombardment parameters for each respective experiment. 
Single 
Crystal 

Beam 
Energy 

Ion Beam 
current 

Bombardment 
Time/Cycle 

Bombardment 
Temperature 

Anneal 
Time/Cycle 

Annealing 
Temperature  

Pt 0.600 kV 
 

5 𝜇𝐴 30 min 300 K 10 min 1100 K 

Ni 1 kV 10 𝜇𝐴 15 min 300 K 15 min 1000 K 
 

Pt(111) took several months and hundreds of cycles to obtain a clean sample. Ni(111) 

and NiAl(110) were comparatively easy to clean and required only a month of cleaning. Once 

clean, NiAl(110) is easily maintained in a UHV chamber. Every so often, simply heating to 1320 

K for 15 minutes can remove any oxidation. Due to the ease of cleaning NiAl(110), we used a 

second NiAl(110) as a backup sample in the STM chamber for cleaning or calibrating tips.  

2.3 Sample Holder Design 

 In order to complete experiments, the NiAl sample was required to be heated at 1320 K 

for multiple 15 minute cycles while held under UHV conditions. Unfortunately, the stock STM 

sample holder purchased through RHK (Beetle, UHV 300 VT-STM) could not maintain this 

temperature. We redesigned the sample holder by incorporating a filament ~2 mm below the 

sample into the sample holder. The design is based on electron beam heating and is shown in 

Figures 2.4a and b. The sample and the connections are isolated from the chamber and each other 

by sapphire washers and ceramic holders respectively to maintain electron bombardment. The 

final filament is made with relatively thick W wire of 0.5 mm in diameter. The filament loop is ~ 

3 mm in diameter and is shown in Figure 2.4a. A thermocouple is attached to the sample to 

monitor temperatures. This setup required a few months of time to perfect the heating to handle 

high voltages of 1000 V and high temperatures for lengths of time.  
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Figure 2.4 (a) The electron beam heating setup that runs currents of 3-3.5 A through the 

filament. A voltage is held between the filament and the sample of ~800-1000 V. The filament is 

made of W wire and the loop is ~3 mm in diameter. (b) The sample stage with the sample holder 

is shown to exemplify the connections for electron beam heating. 

2.4 Scanning Tunneling Microscopy (STM) Theory 

STM in essence provides a topographical image of a surface at an atomic scale. STM has 

resolutions reaching 0.01 nm vertically and 0.1 nm laterally.13 STM can also be used for 

chemical spectroscopy at very low temperatures: 10 K or less.13 Furthermore, with STM, atoms 

can be manipulated on a surface to create various structures. The STM has forever changed 

experimental and theoretical science and thereby won its creators Binning and Rohrer the Nobel 

Prize in 1986.14  

The basic experimental setup of the STM is a mono-atomically sharp metal tip held less 

than 1 nm from a conductive surface held in liquid, vacuum or air (Figure 2.5). The tip scans 

along the surface and is sensitive to the density of states.13 STM is a sum of three main concepts: 

1) tunneling effect, 2) piezoelectric effect and 3) feedback loop. 
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Figure 2.5 Basic setup of STM, including the feedback control system.  

In classical mechanics, an electron cannot pass through an energy barrier, however in 

quantum mechanics an electron can “tunnel” through the barrier.15 Specifically with UHV and 

STM, the barrier is the vacuum between the tip and the surface. An example of tunneling with 

STM and UHV is shown in Figure 2.6. The minimum energy required to remove an electron 

from the tip or the surface and tunnel through the vacuum is referred to as work function, Ф. 

When the bias between the tip and the sample are zero, their Fermi levels are equal and therefore 

tunneling will not occur.16 When a bias voltage, V is applied, electrons can travel either from the 

tip to the sample or sample to the tip, depending on the polarity of the bias voltage.13 By 

applying a positive bias voltage to the sample (tip grounded), the Fermi level of the sample is 

elevated by EF + eV in comparison to the tip.16 This provides empty states in the tip now 
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available for tunneling into. The electrons at top of the elevated Fermi level will contribute to the 

majority of the tunneling.16  

 

Figure 2.6 The basic principle of Scanning Tunneling Microscopy.  

The tunneling current, I falls exponentially as the barrier thickness increases (see Equation 

2.11).17  

I ~ Vbexp(-KФ1/2d)     (2.11) 

Where Vb is the bias voltage, K is a constant, Ф is the work function with a typical value of 4 eV, 

and d is the distance between the sample and tip. This has important implications, in that very 

small changes in the distance between the tip and the sample produce large changes in the 

tunneling current. This allows the distance to be controlled minutely.  

Therefore it is important to control the distance between the tip and the sample, which 

thereby controls the tunneling current. Piezoelectric actuator (or piezos) are the key to finely 

tuning the distance at values less than a nanometer.15 Piezos are solids that take advantage of the 

piezoelectric effect where when compressed or elongated a current is created.15 Conversely, 

when a current is applied to a piezoelectric solid they will deform.15 This allows for the tip to be 

controlled on x, y and z axes with fine tuning.   

The STM tip is connected to a piezo that is sensitive to the feedback loop. The feedback 

loop is designed to maintain a constant current between the tip and the sample. The feedback 
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loop monitors the tunneling current and makes adjustments to the tip via applied voltage to the 

piezos to maintain a constant current value.15 This applied voltage provides data that can be 

plotted to give a 2D representation of the surface. In our experiments, we use the constant current 

mode, as it provides much more sensitive information. This approach prevents crashing to the 

surface when the height changes are large on a rough surface. However, this method is slow, so 

many opt to use the constant height mode. Constant height mode inhibits the feedback loop and 

keeps the distance between the tip and the sample constant while the current adjusts. The two 

modes are illustrated in Figure 2.7. The electronic structure of the surface affects the tunneling 

current, which then provides the topographical output of the surface.  
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Figure 2.7 Comparison of constant current and constant height tip modes. (a) With the constant 

current mode the tip follows the path of the sample as the current is adjusted. (b) With the 

constant height mode, the path of the tip stays constant and the feedback loop is dismantled. (c)  

The output of both modes should be very similar. 

2.6 Imaging Conditions  

The STM used for experimentation herein, is the UHV 300 VT-STM from RHK 

Technology, Inc. This STM can run experiments in the range of 10 K to 1273 K. Imaging can be 

performed up to temperatures of 500 K. The range available for tunneling current is between 

0.01-10 nA, however typically the tunneling current is held at ~1 nA. The bias voltage can be 
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held between ±0-10V. When choosing a bias voltage, the value is not critical for conductive 

surfaces like Pt or NiAl. Typically, we image at a range of 2 mV to 2 V bias. However, when 

working with semiconductive materials like the Al2O3/NiAl surface it is critical to choose a 

proper bias voltage. In particular, in bulk Al2O3 the band gap is 8 eV,18 however with the thin 

film the band gap is slightly reduced to 6.7 eV.19 The Fermi Level is about the middle of the 

band gap, and therefore a bias voltage minimum of U ± 3.4 V is needed for tunneling to occur 

from the oxide layer.18 However, at high bias voltages (U > 2 V) the STM tips are not very stable 

and imaging is very difficult. The high bias voltage produces a field evaporation on the tip, 

causing the tip to restructure.20 This instability of the tip can be seen in Figure 2.8a which is 

Al2O3 imaged at 4.13 V. We found that when the oxide layer is made very thin, imaging can be 

performed at lower bias voltages of  ≤ 2 V, as shown in Figure 2.8b. Due to the comparable ease 

of imaging the oxide support with lower biases it has become common.21-24 However, when 

imaging at a lower bias voltage electrons are tunneling between the tip and the metal support.25 

The oxide layer only serves to influence the potential barrier.25 As a result, we found that 

adsorbed particles on the oxide layer appear taller by nearly 3 Å. This is due to the tip tunneling 

from the Pt nanoparticles to the metal support and not from the Pt to the oxide layer. 

Furthermore, we found that if we did not image at a minimum of 4 V we could not resolve the 

grain boundaries.  

This became problematic for our data analysis. Therefore, we found that if we made the 

oxide layer thinner, where we annealed at 1200 K for 10 minutes, to the extent where the oxide 

layer was beginning to desorb we could image at higher bias voltages with a stable tip. Typically 

our imaging conditions for Al2O3/NiAl were held at a bias range between 4-6 V, as shown in 

Figure 2.8c. 
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Figure 2.8 500 × 500 nm images that portray Pt/Al2O3/NiAl(110). Figure (a) and (b) are at the 

same location with the first imaged at 4.13 V and the second imaged at 2.5 V. Image (c) is the 

ultra-thin oxide layer imaged at 4.63 V. The ultra-thin oxide layer is patchy and has many areas 

that are not crystallized.    

 

 



 

21 
 

2.7 STM Tips 

We make our STM tips with a wire of Platinum Iridium (Pt-Ir) mix of 80-90% and 10-

20% respectively with 0.25 mm in diameter. Pt-Ir is preferred for use in air because platinum 

does not easily oxidize. The Ir in the alloy makes the tip much harder. A tip made with pure 

platinum would become blunt in a short time. The tip is made by clamping down on the wire at a 

25̊ angle with wire cutters and then pulling the wire cutters free (Figure 2.9). This theoretically 

creates a monatomically sharp tip. Our chamber does not have the capability to heat tips, so we 

cannot use etched tips as they require heating to remove the oxide layer. After cutting, the tip is 

processed by approaching the tip to a sample until it is in tunneling conditions. Then the bias 

voltage is changed rapidly between the tip and the sample until contaminates drop off. 

Occasionally, a controlled crash of the tip to the sample is required to change the shape of the tip. 

Processing a tip can take up to 2-3 weeks for a new tip and a few hours for a tip that has been in 

use and held in UHV. Tips periodically need to be replaced as they become unusable with time. 

Tip convolution is an important concept when analyzing STM data. Convolution occurs 

when the image shows features from the tip and the sample – the image is a convolution of the 

tip and surface.26 For example, a double tip can produce double features on the sample. A broad 

tip can produce broad features. When a tip is well processed these types of issues do not occur. 

We retain a clean NiAl(110) in the chamber at all times, to periodically clean the tip during 

experimentation. By measuring a monatomic step on a clean Pt or NiAl surface, convolution 

associated from the tip can be approximated. Images were calibrated in the z-dimension using 

the NiAl crystal step height of 2.0 Å6  and the Pt crystal step height of 2.3 Å.27   
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Figure 2.9 Schematic of how to cut STM tips. Wire cutters clamp down at a 25o on the Pt/Ir wire 

without cutting all the way through. The wire is then torn by pulling the wire cutters free by 

moving the hands in two different directions.  

2.8 Auger Electron Spectroscopy Theory 

Auger electron spectroscopy (AES) is an important technique for surface science for a 

multitude of reasons. AES can identify most atoms (excluding helium and hydrogen).15,28 Most 

importantly, AES has one of the highest resolutions for surface spectroscopy.29 Due to a focused 

electron beam, our AES (PHI model 10-155, single pass cylindrical mirror analyzer (CMA)) has 

a high-spatial resolution of less than 25 µm and an effective probe depth of 1 nm.29,30 Also, this 

technique is highly advantageous since its procedure takes only a few minutes, while other 

surface science techniques can be extremely time consuming. The individual elemental 

components do not interfere with one another, therefore the spectra can be made into compiled 
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books and can be directly referred to.6 AES is mainly used for identifying species present at the 

surface and for providing their relative amounts.    

The AES system begins with the electron gun control, which provides beam voltage, 

filament current and emission voltage to the electron gun in the CMA. From the filament, 

electrons are emitted, focused and accelerated to form a beam.  The electron beam (2-10 keV) 

hits the sample surface and is scattered, both elastically and in-elastically until it either escapes 

back through the surface or reaches thermal energies.31  In this process the primary electrons 

from the electron beam ionize inner core electrons, creating vacancies in the inner level. An 

example of an electron created at the K level is shown in Figure 2.10 and Equation 2.12.6,32  

C + e- (2kV) → C+ + 2e-              (2.12)  

This vacancy is filled by another electron from a higher level, such as one of the L levels.6  To 

note, hydrogen does not have outer electrons and helium has an insufficient amount and 

therefore neither can be detected by AES.33  From there two processes are possible. One, from 

the transition (L→ K), energy can be released in the form of radiation.  If the energy difference 

EK-EL is large enough, x-rays are emitted, providing the basis for x-ray fluorescence.6  However, 

the energy can be transferred to another electron in the same level or a level close to it, as shown 

in Equation 2.13 and Figure 2.10.6,32 

          C+   →  C2+  +  e-                (2.13) 

The second ionized electron can gain enough energy to escape from the atom if the difference 

EK-EL is sufficiently large.6  This escaping electron is called an Auger electron.   

This process is usually written in terms of three levels involved, ABC.  A is the level in 

which the vacancy is created by the electron beam; B is the level from which the electron which 
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filled the vacancy originates; and C, the level from which the Auger electron is emitted (E.g. 

KL1L2).  

 

Figure 2.10 Auger electron emission for KL1L2.  

The Auger electron energies are characteristic of the sample material and the ionization 

energy from C+  to C2+, consequentially the energy is independent of the incident electron 

energy.6,32  The Auger electron’s kinetic energy can be approximated based on the binding 

energies of the core electron (E1), the relaxed electron (E2) and the electron that the receives the 

released energy (E3).31,34   Finally, the kinetic energy is dependent on the work function, Ф of the 

analyzed material (Equation 2.14).31,34 The work function’s typical value is 4 eV, which is the 

amount of minimum energy required to remove an electron from the sample.31  

    KEAuger= E1 - E2 - E3 – Ф           (2.14) 

For lower energy events leading to a photon or electron with energy less than 2 keV the Auger 

process is dominant with more than 95% of ionizations leading to the ejection of the Auger 

electron.31  The kinetic energy of the electrons must be greater than the kinetic energy of the 

resulting Auger electrons that are to be analyzed, while not being so great that these electrons 

damage the spectrum.35          

The spectrum can shift based on the surrounding chemical environment.  However, each 

of the three electrons involved can be associated with multiple final states making it difficult to 
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determine the chemical environment.35  A similar technique, x-ray photoelectron spectroscopy 

(XPS), reads the first electron emitted and therefore it is easier to identify the chemical 

environment.  

Once the Auger electron is formed it moves through the solid and loses its energy 

through inelastic collisions with bound electrons (Figure 2.11).  However, if the Auger electron 

is released close enough to the surface (5 to 25Å thick), it may escape from the surface with little 

to no energy loss.31,33  This probing depth of approximately 1 nm is dependent on the ability of 

auger electrons to come off the surface with its kinetic energy intact.32   Thus, the density of 

emitted Auger electrons depends on the mean free path (Equation 2.15).6   

    N(z) = Noexp(-z/ λ)          (2.15) 

N(z) is the density of auger electrons originating at a depth z, and No is the electron surface 

density. 6  For electrons with energy of 100 eV, the inelastic mean free path of electrons (λ) is 

approximately 2 monolayers thick and therefore the outer surface dominates the Auger signal.31  

For electrons with energy above 100 eV, λ is greater and the signal is not as surface specific, 

however ten monolayers is usually the limit for AES.31  Unexpectedly, due to quantum 

mechanics the escape depth increases with decreasing auger energy in the region below 100 eV 

(Figure 2.11).6    
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Figure 2.11 Auger electron production.  

 The escaped electrons are multiplied through a cylindrical mirror analyzer. Auger 

electrons are not the only electrons to escape the sample, backscattered primary electrons also 

can escape when the incident beam energy is substantially greater than the binding energy of the 

core level involved.28  Also, many inelastic collisions produce low energy secondary electrons. 

These back scattered electrons and secondary electrons contribute to the spectrum.  This makes it 

very difficult to read the peaks.   

The total distribution function, N(E) versus E is differentiated to obtain a distribution 

function, dN(E)/dE versus E. Either of these representation provides identification “fingerprints” 

of the composition of the sample being investigated.6  However, the derivative is more useful 

since the high, slowly varying background is removed . Because the background is usually 

sloping, even increasing the gain of the electron detection system and applying a zero offset is 

often not a great advantage.28  



 

27 
 

 

Figure 2.12 Auger spectra converted into differentiated form. AES of Al2O3/NiAl(110) after 

oxygen dosing of 1200 L at 550 K (1 Langmuir = 10-6 Torr s) for 10 min and annealing at 1200 

K for 10 minutes. 

2.9 Analyzing AES Data 

An example of an Auger electron spectrum of Al2O3/NiAl(110) after oxygen dosing of 

1200 L at 550 K (1 Langmuir = 10-6 Torr s) is given in Figure 2.12. Peak at 500 eV is 

representative of oxygen, peaks at 61 and 848 eV are representative of Ni, and peaks at 68 and 

1396 eV are representative of Al. 

AES is used primarily for elemental identification. However, it can give quantitative 

results. For example by performing peak intensity comparisons, we can determine relatively how 

much of a chemical is dosed. This is performed by taking the difference between the smallest 
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and the largest part of the peak, such as for oxygen. This difference is compared to another 

element’s peak, such as for Ni.   
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CHAPTER 3 

Formation of Al2O3 Thin Films 
 
 
3.1 Abstract 
 

Al2O3/NiAl(110) was created and studied using scanning tunneling microscopy (STM) 

held under ultra-high vacuum (UHV) conditions. Alumina formation was a critical step for 

creating nanoparticles in later experiments. The NiAl(110) was oxidized at 550 K and then 

subsequently annealed to 1200 K. The resulting oxide layer was patchy with areas of both 

amorphous and crystalline Al2O3. The oxide layer that is formed was easily imaged. Domain 

boundaries were observed at bias voltages above 4 V and are 0.08 Å in height and 10 Å in width. 

The average distance between the boundaries was 60 Å. The step height between crystallized 

oxide layers was observed at 2.5 Å. 

3.2 Introduction 
 

Prior to the discovery of alumina (Al2O3) thin films, it was difficult to study bulk Al2O3 

with techniques that require electrons and ions as alumina is an insulator.
1 In the early 1990s thin 

films formed by oxidizing NiAl(110) were discovered to be well ordered and were thin enough 

to avoid charge accumulation.1,2 Alumina thin films grown on NiAl(110) have been imaged 

extensively1,3-10 and studied with other experimental techniques such as electron energy loss 

spectroscopy (EELS), low energy electron diffraction (LEED) and x-ray photoelectron 

spectroscopy (XPS).2,11-13 Experimental studies have indicated that the surface properties 

between bulk and thin film alumina are very similar, especially under UHV conditions.13 This 

chapter provides a brief review of our thin film alumina and the current knowledge about thin 

films.  
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The thin films are believed to be formed in two Al-O layers about 5 Å thick, with the O 

terminated to the vacuum.1,2,4,10,11,14,15 It has been shown by ion scattering spectroscopy and 

photo emission that the alumina film does not contain Ni.16 The crystalline thin film alumina has 

been shown to have a longer unit cell than bulk alumina, with the film’s rectangular unit cell 

dimensions of 10.6Å × 17.9 Å over the NiAl(110) unit cell of 2.89 Å x 4.08 Å.4,15,17 The domain 

boundaries or a network of line defects are a common feature for crystallized alumina thin films 

and have been observed in the literature.14,18,19 The domain boundaries are an irregular overlayer 

caused by a lattice mismatch between the NiAl and the oxide film, possibly caused by either an 

insertion of a row of oxygen or oxygen deficiencies.14,18,19 These local areas or line defects are 

not charge neutral which causes band gap states and band bending.18 The domain boundaries can 

be either straight or zigzag.14,15 

Alumina bulk can exit in several different crystalline phases: α, γ, κ, χ, η, φ and δ.20 Each 

phase has unique structure and properties.20 The phase of thin film alumina is inconclusive and 

this can be in part due to the differing methods in forming the thin films. It has been difficult for 

researchers to determine the structure of thin film alumina since its unit cell is quite large for  

definitive labeling by LEED.4 Furthermore, the large bias voltage required for imaging with 

STM has made it incredibly challenging to obtain high atomic resolution of the geometric 

positions of the atoms.4 Some studies have shown that the properties of thin film alumina are 

similar to properties of transitional phase bulk oxides, such that the Al cations are tetrahedrally 

and octahedrally coordinated.21,22 Other experimental studies indicate that the properties of the 

alumina thin film are structurally similar to those of bulk γ-alumina.2,4,6,23 An XRD study has 

indicated that the thin film might be more κ-like.12 A DFT and STM study, indicated that the 

alumina thin film is more α-like after annealing and that the film’s stoichiometry differs greatly 
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from the bulk.1  In the bulk alumina the charge is Al3+ and the oxygen is octahedrally and 

tetrahedrally coordinated with an Al2O3 stoichiometry.1 This DFT and STM study found that 

with the thin films, the Al is bound to the NiAl metal, thus their charge is Al2+.1 Therefore, more 

Al atoms are required to keep the oxide charge neutral.  In addition, they found that the actual 

stoichiometry of the film is 4(Al4O6Al6O7) or overall Al10O13.1 This has not been verified by 

other studies and thin film alumina are still referred to as Al2O3. For brevity and simplicity, in 

this paper Al2O3 is used to refer to the thin film alumina. 

The main goal for this project is to create a well ordered Al2O3 thin film that can be easily 

imaged with STM. The thin film should match the literature data in terms of its structure. In 

future projects the Al2O3 will be utilized as a support for Pt nanoparticles for thermal 

dehydrogenation of olefins, therefore the method in creating the thin film should be as simple as 

possible and reproducible. 

3.3 Experimental Section 

Growing thin film alumina has been the most challenging part of our experiment. Other 

published experimental parameters for making thin films did not work with our experimental 

setup for a variety of possible reasons. The exact temperature, type of heating and cooling 

system, distance of doser to sample, and other confounders may have played a role in this 

discrepancy. It took several months of trial and error to find the ideal parameters for our chamber 

to form well crystallized alumina that is easily imaged.  

A NiAl(110) single crystal (MaTeck, 99.999% purity, ~9 mm in diameter by 1.5 mm 

thick) was continuously held in an Ultra High Vacuum (UHV) chamber. The NiAl single crystal 

sample was cleaned by cycles of oxygen dosing (P = 2 × 10-6 Torr, Tsample = 550 K, for 10 

minutes), followed by annealing (Tsample = 1320 K for 15 minutes). Cleaning cycles were 
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repeated until Auger Electron Spectroscopy (AES, PHI model 10-155, single pass CMA) and 

STM (UHV 300 VT-STM, RHK Technology, Inc) confirmed a surface free of contaminants. 

STM images of the NiAl surface were obtained in constant current mode with tunneling currents 

of 1-2 nA and typical bias voltage of 0.5 V applied to the tip. Images were calibrated in the z-

dimension using the NiAl crystal step height of 2.0 Å.6   

We exposed the NiAl(110) surface to a saturation exposure of 1200 Langmuir of oxygen 

at 550 K (1 Langmuir = 10-6 Torr s) for 10 min. The sample was then annealed at 1200 K for 10 

minutes. At lower annealing temperatures and shorter annealing times, we found that little to 

none of the surface was crystallized. However, if we annealed at temperatures higher than 1200 

K the crystallized oxide layer began to desorb. The surface was imaged directly after forming the 

oxide layer using STM (UHV 300 VT-STM, RHK Technology, Inc).  Typically our imaging 

conditions for Al2O3/NiAl were held at a bias range between 4-6 V and 1 nA tunneling current.   

3.4 Results and Discussion 

The morphology of the Al2O3 thin film is shown in Figure 3.2. Domain boundaries were 

only observed when we imaged above 4 V, indicating that they are due to the electronic 

properties between the metal substrate and the oxide layer. The domain boundaries are labeled in 

Figure 3.2a. The oxide layer typically runs ± 24o to the [001] direction of the NiAl(110) 

substrate.7,15 This difference of + or - 24 o is shown in Figure 3.1 and Figures 3.2c and d where 

the straight domain boundary lines run in two different directions. These bi-directional shifts are 

often referred to as two different domains, A and B. Domain A is labeled on Figure 3.2c and the 

domain boundaries run in the same direction as the step edges. Domain B is labeled on Figure 3c 

and the domain boundaries run perpendicular to the step edges. Approximately, 70% of the 

crystallized layer is domain A and the other 30% is domain B.  Our crystallized oxide layer is 
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patchy. This can be seen in Figures 3.2a-d. Some areas show domain boundaries and are 

considered the crystallized oxide, while areas that do not have domain boundaries are considered 

amorphous. The two different areas were found to react differently within our experiment. The 

domain boundaries are 0.08 Å in height and 10 Å in width. The average distance between the 

boundaries is 60 Å. The step height between crystallized oxide layers was observed at 2.5 Å. 

 

Figure 3.1 Orientation and unit cell size of the Al2O3 in relation to the substrate NiAl(110). 

Domains A and B are represented in both the schematic and the STM image. 
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Figure 3.2 STM images of alumina thin layer formed by exposing NiAl(110) to 1200 Langmuir 

at 550 K for 10 min and then annealing to 1200 K for 10 min. (a) 50 × 50 nm image showing 

both zigzag (Z) and straight (S) domain boundaries in the crystallized oxide, (b) 100 × 100 nm 

image showing the straight domain boundaries next to areas that are amorphous, (c) 200 × 200 

nm and (d) 500 × 500 nm images show how the crystalline oxide layer is patchy with domains A 

and B. 
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3.5 Conclusions 
 
 We were able to form a well ordered crystalline oxide layer with parameters somewhat 

similar to the well studied thin film alumina in literature. Our STM imaging observations closely 

matched what has already been observed in literature. Therefore, our Al2O3 thin film is adequate 

for further studies using platinum and olefin. 
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CHAPTER 4 

Formation of Pt/Al2O3/NiAl(110) 
 
 

4.1 Abstract 
 

Platinum (Pt) nanoparticles formed on Al2O3/NiAl(110) were studied using scanning 

tunneling microscopy (STM) held under ultra-high vacuum (UHV) conditions. Pt nanoparticles 

were deposited onto the sample at room temperature for 1 minute at a deposition flux of 1200 

nA. Pressures were maintained in low 10-10
 Torr with no significant change in pressure during Pt 

evaporation. The sample was then flash annealed at 770 K for 5 minutes. The Pt nanoparticles 

were on average 13 ± 3.1 Å in width and 2.1 ± 0.64 Å in height, corresponding to approximately 

20 atoms per cluster. Pt nanoparticles deposited only on the crystalline alumina. The 

nanoparticles did not selectively deposit onto domain boundaries. 

4.2 Introduction 
 
 Catalytic nanoparticles have high catalyst activity and provide a larger surface area to 

volume ratio than bulk catalysts.1  Nanoparticles tend to have different and often higher catalytic 

activity compared to their bulk counterparts due to their varying size, structure and shape.1 

Nanoparticles are very important to industry in that they can reduce the cost of production as less 

expensive catalyst material is needed.1 With higher catalytic activity lower temperatures are 

needed for reactions to occur.1 Pt nanoparticles are used in a wide variety of fields such as in fuel 

cells and automotive exhaust gas cleanup.1 Oxide supports can help stabilize nanoparticles 

thermodynamically, prevent agglomeration or movement, and prevent catalyst poisoning during 

reaction.2,3 Not all supports are created equal. Many support materials such as SiO2 and TiO2 are 

either too soft or highly temperature sensitive.4,5 Al2O3 on the other hand, is stable and a 

comparatively strong surface making it an ideal catalyst support.3  
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Al2O3 is one of the most used supports in industry, such as fuel cell and oil refining.6-8 It 

was found in the late 1990’s that Pt particles can stick to Al2O3 via evaporation as the Pt was 

found not to be elastically scattered with a sticking probability slightly less than 1 due to some 

re-evaporation.9,10 The deposited particles then diffuse on the surface, which is dependent on a 

variety of factors. The defects on the support can play a role in the nanoparticle properties.11 

Nanoparticles act differently depending on their support, as the support can change the particles 

electronic properties, shape and structure.12 For example, in previous LEED studies it was found 

that annealing Pt nanoparticles to temperatures of 500 K produces crystalline Pt(111).2,13 

However, in a TEM study the crystallinity of Pt(111) nanoparticles were observed to be size 

dependent and do not appear until the particles are at least 2-5 nm.14,15  

The goal of this project is to deposit Pt nanoparticles onto Al2O3. The Pt nanoparticles are 

to be fully analyzed via STM and compared to previous Pt/Al2O3 studies. The main goal is to 

develop a method for forming Pt nanoparticles in a standardized way that can allow for utility in 

future projects. In future projects, thermal dehydrogenation of olefins on Pt/Al2O3 will be 

performed and compared to bulk Pt and discussed in further detail in Chapter 5 and 6. 

4.3 Experimental Section 

In literature, little information is given on how much Pt is dosed onto the thin film 

alumina. This is in part due to the fact that very small amounts of Pt are evaporated. The Pt 

evaporation occurs under ultra high vacuum (UHV) conditions. The pressures in UHV are on the 

order of 10-10 Torr. The amount of Pt evaporated is so little that the UHV pressures do not rise. 

Therefore, monolayer information in terms of Lagmuirs cannot be derived from the pressure.  

Instead, measurements are often given by QCM and deposition flux values. Unfortunately, often 

these techniques are more qualitative than quantitative and cannot be repeated in another 
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experimental setup. For our experimental setup we monitored the deposition of Pt using a flux 

monitor (EBE-FC, SPECS).  

The Al2O3/NiAl(110) sample was held 2-3 mm from the evaporator’s (EBE-1, SPECS) 

shutter in Ultra High Vacuum (UHV) conditions.  Pt nanoparticles were deposited onto the 

sample at room temperature for 1 minute at a deposition flux of 1200 nA. Pressures were 

maintained in low 10-10
 Torr with no significant change in pressure during Pt evaporation. The 

sample was then flash annealed at 770 K for 5 minutes. The sample was then imaged using 

Scanning Tunneling Microscopy (STM, UHV 300 VT-STM, RHK Technology, Inc). Without 

flash annealing the Pt particles, we found that the sample was difficult to image. Furthermore, 

dosing ethylene onto the Pt without annealing did not produce any new particle formation. 

Figure 4.1 exemplifies the differing Pt evaporation parameters. Figure 4.1c shows that when 

dosing at 800 nA flux, not enough Pt nanoparticles were deposited and it was quite difficult to 

find particles when imaging. Dosing at 5 min and 2.5 min at 1500 nA as shown in Figures 4.1a 

and 4.1b, produced a large quantity of particles. We desired a surface with fewer particles for an 

easier analysis. We finally settled on a 1 min dosing as shown in Figure 4.1d. To note, the 

amount of Pt deposited on the surface was too low to resolve with AES. 
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Figure 4.1 500 × 500 nm STM images of differing evaporating Pt conditions on 

Al2O3/NiAl(110). After evaporation, all samples were annealed to 770 K for 5 minutes before 

imaging. The evaporation conditions are as follows: (a) 5 minute evaporation with 1500 nA flux, 

(b) 2.5 minute evaporation with 1500 nA flux, (c) 1 minute evaporation with 1200 nA flux and 

(d) 1 minute evaporation with 1500 nA flux. The size differences between nanoparticles are due 

to tip differences and not actual particle size difference. 
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4.4 Results and Discussion 

The evaporated Pt nanoparticles on Al2O3/NiAl(110) were analyzed using STM. It was 

observed that regardless of dosing time or quantity, the Pt nanoparticles remained constant in 

height and width. This is contradictory to a previous TEM study that found that with increased 

dosing, the Pt particles grew in size.16 Interestingly, our study matched STM results of Pt on 

different alumina setup: Al2O3/NiAl(100).17 With TEM the electron beam can modify the 

surface, including moving clusters around on the surface and changing their structure or shape – 

it was found with another study using higher current densities with TEM induced the Pt particles 

to coalesce.18 Our Pt nanoparticles were on average 13 ± 3.1 Å in width and 2.1 ± 0.64 Å in 

height, as seen in Figures 4.2a-c. Based on this size parameter and using the estimation in a 

previous study, these Pt clusters contain approximately 20 atoms.19  

Previously, it was reported in LEED studies that upon heating to temperatures up to 800 

K2,19 or even as low as 165 K20 Pt diffused into the bulk or possibly moved along the surface. 

With continued annealing cycles, we did not observe a difference in height for the Pt 

nanoparticles, nor did it appear that the Pt particles reduced in number. Possibly, more annealing 

time is required for the Pt to diffuse into the bulk. Also, the Pt may have already diffused as we 

anneal at nearly 800 K before imaging. The Pt may not diffuse further after a certain point. It has 

been observed that high temperatures and/or pressures can affect the formation of Pt 

nanoparticles.15 However, we found that our Pt nanoparticles are thermally stable up to 

temperatures of 1100 K. 

In previous studies, at room temperature deposition with Ag19, Pd21, Pt22 and Rh21 on 

Al2O3/NiAl(110) the varying metals mainly deposited to the domain boundaries.  This is 

believed to be the case as the evaporated metal binds strongly to the excess O at the defect 
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sites.11 To the contrary, we observed that the Pt clusters deposited uniformly throughout the 

crystalline layer and have no preferential binding to step edges or grain boundaries, as can be 

seen in Figures 4.2a-c. This was observed in STM studies by Klimenkov, et al. and Bertrams, et 

al. and was explained as a possibility of a small diffusion length and a strong binding of the Pt to 

the Al2O3 surface.16,23 This phenomena can be explained by a recent  paper published in Science 

using ultrahigh magnetic field, solid-state magic-angle spinning nuclear magnetic resonance 

spectroscopy, and high-angle annular dark-field scanning transmission electron microscopy with 

density functional theory calculations. 24 This paper elucidates that the Al3+ pentahedral 

coordination sites on the Al2O3 are anchoring sites of the catalytically active Pt.24 Similarly, in γ-

Al2O3 bulk studies the Pt was found to be bound to the oxygen vacancy sites.25,26 

Finally, we also observed that the Pt deposits only on the crystalline layer and not the 

amorphous layer, as shown in Figure 4.2b. This finding is consistent with a previous STM study 

with Pt on Al2O3/NiAl(100)17 and a few studies of Co on Al2O3/NiAl(100).27,28   
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Figure 4.2 STM images of Pt evaporated onto Al2O3/NiAl(110). a) 100 × 100 nm image 

showing only crystalline Al2O3, b) 100 × 100 nm image showing two distinct regions of 

amorphous and crystalline Al2O3, c) 50 × 50 nm image exemplifying how Pt deposits only onto 

the crystalline Al2O3. 
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4.5 Conclusions 

We studied Pt nanoparticles on Al2O3/NiAl(110) using STM. We found that the Pt 

nanoparticles were on average 13 ± 3.1 Å in width and 2.1 ± 0.64 Å in height.  The Pt 

nanoparticles deposited uniformly throughout the crystalline alumina. It may be desirable in 

future studies to grow larger Pt nanoparticles, using varying deposition temperatures17 to study 

size effects on dehydrogenation hydrocarbon chemistry.   
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CHAPTER 5 
 

The Conversion of Small Hydrocarbons to 
Carbon Clusters on Platinum 

 
 

5.1 Abstract 

 Thermal dehydrogenation of propylene and butylene adsorbed on Pt(111) has been 

studied under ultra-high vacuum (UHV) conditions using scanning tunneling microscopy (STM).  

After heating to 700 K the alkenes dehydrogenated to form flat, uniformly sized circular carbon 

clusters with less than a monolayer coverage.  With cycles of continued adsorption and heating, 

particles grew in number but not in size.  The catalytic activity stopped by the third saturation 

dose, leaving areas of bare Pt.  Clusters of propylene and butylene were 12 ± 1.2 Å and 13 ± 1.0 

Å in diameter, respectively.  Propylene and butylene clusters contained an average of 44 and 51 

carbon atoms per cluster, respectively.   

5.2 Introduction 

 Metal-hydrocarbon complexes are important precursors or intermediates to a multitude of 

catalysis reactions1 and they have a variety of applications including the manufacturing of 

microelectronic components via organometallic chemical vapor deposition (OMCVD).1  Noble 

and transition metals, such as Pt(111) have been studied as catalysts for a variety of reactions;1-4 

including adsorbed olefins, such as ethylene, propylene and butylene for hydrogenation-

dehydrogenation reactions in catalysis studies.5  This report provides morphological information 

about the thermal interaction of propylene and butylene with Pt(111) by implementing a variable 

temperature scanning tunneling microscope (STM) under ultra-high vacuum (UHV) to reveal the 

surface morphology of the dehydrogenated olefins.  STM is an ideal tool to study the reactivity, 

stability and catalytic site on the model surface.6  
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  Most studies of olefins on Pt have used techniques that focus on chemical identity7-22 

and/or the reaction kinetics.12,15-20,23-25  Previous studies of the small olefins: ethylene, propylene 

and butylene have shown to be converted to alkylidyne at room temperature.7-10,12,16,17,19,20,25-29  

The dehydrogenation pathway for ethylene is shown in Figure 5.1. At temperatures around 320 

K the alkylidyne species begins to break down into numerous CxHy fragments, in the range of 

400-450 K all of the alkylidyne species are completely decomposed.12,15,20,26  

 

Figure 5.1 The temperature dependent pathway for ethylene adsorption and dehydrogenation on 

Pt(111).  

Only a few STM studies of olefins on Pt have been performed.30-32  Previous STM studies 

with ethylene and propylene have shown that the dehydrogenated fragments aggregate into well-

defined clusters on open Pt areas when annealed above 400 K.30-33  With additional adsorption 

and annealing cycles of ethylene, more clusters of the same size were formed; however, by the 

fourth cycle new cluster formation was negligible.30  With continued annealing to higher 

temperatures, the olefins continued to dehydrogenate until only surface carbon remains at a 

temperature above 700 K.12,15,27,33  At temperatures above 700-800 K graphite was formed from 

ethylene and propylene.16,26,30-33  Previous studies have not determined if the adsorption and 

dehydrogenation of propylene and butylene will produce larger clusters or more clusters of the 



55 
 

same size in comparison to ethylene.  Furthermore, no STM studies have been conducted to 

analyze the behavior of butylene during dehydrogenation, nor have there been any studies on the 

cluster growth with multiple cycles of adsorption/annealing with propylene and butylene.   

In this work, the morphology of the dehydrogenation reactions of propylene and butylene 

occurring over Pt(111) is elucidated via STM imaging. Propylene and butylene gases were dosed 

onto Pt(111) at room temperature and subsequently annealed to 700 K.  This process was 

repeated four times and the morphology was recorded by STM after each adsorption/annealing 

cycle.  Annealing produced similar behavior as was previously seen with the smaller olefin, 

ethylene.30  Flat circular cluster of uniform size were produced.  The clusters do not change in 

size with subsequent dosing; however, the cluster density increases instead.  

5.3 Experimental Section 

 A Pt(111) single crystal (MaTeck, 99.999% purity, ~9 mm in diameter by 1.5 mm thick) 

with average terrace widths of 100 nm was transferred into a UHV dual-chamber system with 

base pressure of less than 1 × 10-10 Torr.  The size and morphology of molecular species 

adsorbed to the Pt single crystal were studied in a single chamber using a variable temperature 

STM (UHV 300 VT-STM, RHK Technology, Inc).  A second chamber is equipped with both ion 

bombardment (ISE-10, Omicron) and Auger Electron Spectroscopy (AES, PHI model 10-155, 

single pass CMA) were used for sample cleaning and characterization.     

The Pt single crystal sample was heated by electron beam via a tungsten wire ~2 mm 

beneath the sample in order to create a smooth surface.  Surface temperatures were monitored 

using a chromel-alumel thermocouple attached to the sample.  The Pt single crystal sample was 

cleaned by cycles of Ar+ bombardment (IAr+ = 5 µA at 600 eV, Tsample = 300 K, for 30 minutes), 

followed by oxygen treatment (P = 5.0 × 10-6 Torr, Tsample = 700 K for 30 minutes) and then 
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annealed (Tsample = 1100 K for 10 minutes).  Cleaning cycles were repeated until AES confirmed 

a surface free of containments.  STM images were obtained in constant current mode with 

tunneling currents of 1-2 nA and typical bias voltage of 500 mV applied to the tip.  Images were 

calibrated in the z-dimension using the Pt crystal step height of 2.3 Å.34   

  Butylene (99.9% purity, Airgas) and propylene (99.95% purity, Matheson Tri-Gas) gas 

adsorbates were studied separately.  The STM chamber was backfilled with the individual olefin 

gas through a leak valve, exposing the sample to a saturation exposure of 18 Langmuir10 at 300 

K (1 Langmuir = 10-6 Torr s).  One cycle was completed by annealing to 700 K for 5 minutes, 

followed by STM imaging.  Previous studies have indicated that by about 700 K complete 

dehydrogenation occurs for ethylene,12,27 propylene,15,26,27 and butylene.20  This dosing/annealing 

cycle was repeated five times.  

5.4 Results and Discussion   

The terrace and morphology of a Pt(111) single crystal surface after cycles of cleaning is 

shown in Figure 5.2a.  Straight steps with single atomic step height run across the surface, and 

the resulting terraces on Pt(111) are flat with an average width of ~100 nm.  Olefin molecules are 

then introduced for adsorption onto the Pt(111) surface.  Propylene and butylene dehydrogenate 

to propylidyne9,10,16,17,26,28 and butylidyne7,10,19,20 at room temperature.  The adsorption and 

annealing of propylene and butylene in UHV on Pt(111) were examined using STM. STM 

images of a Pt(111) surface after saturation exposure of propylene at 300 K reveal a (2 × 2) 

structure of propylidyne (Figure 5.2). This is the first time that propylidyne has been imaged by 

STM.         
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Figure 5.2 First dosing of propylene on Pt(111) before annealing.  (2 × 2) structure is shown.  

(a) 100 nm × 100 nm (b) 20 nm × 20 nm (c) 3D view at 20 nm × 20 nm. STM images of a 

Pt(111) surface after saturation exposure of propylene at 300 K reveal a (2 × 2) structure of 

propylidyne. 
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STM images of butylene at 300 K did not resolve any discernible structures, which may 

be due to low frequency vibrations or high surface mobility.32 Annealing to 700 K allows for the 

complete dehydrogenation of propylene12,22 and butylene.18 Figure 5.3b shows the morphology 

after one cycle of adsorption/annealing of propylene. We can see that carbon clusters form across 

the Pt(111) surface with no indication of step decorations. 

 

Figure 5.3 STM image of (a) clean Pt(111) surface with an average terrace width of ~100 nm 

(500 nm × 500 nm), and (b) Pt(111) surface covered with carbon clusters (200 nm × 200 nm) 

produced by adsorption of 20 Langmuir propylene at room temperature and subsequently flash-

annealed at 700 K.  

 Figures 5.4a-d present higher resolution STM images of cycles of adsorption/annealing 

of propylene/butylene.  After the first cycle, the dehydrogenation particles for both propylene 

and butylene appear to be flat, circular clusters, in a single atomic layer and uniform in size.  

With continued adsorption/annealing cycles, particle clusters continued to form on the empty Pt 

spaces.   
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Figure 5.4 50 nm × 50 nm STM images of Pt(111) surface covered with carbon clusters after (a) 

1 cycle of adsorption/annealing of propylene, (b) 4 cycles of adsorption/annealing of propylene, 

(c) 1 cycle of adsorption/annealing of butylene and (d) 4 cycles of adsorption/annealing of 

butylene. A cycle of adsorption/annealing is defined as adsorption of 20 Langmuir olefin at room 

temperature and subsequently flash-annealed to 700 K.  
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The evolution of the surface area coverage and particle density with the number of 

adsorption/annealing cycles is presented in Figure 5.5.  The particle surface area coverage on Pt 

from the STM images was analyzed by using the ImageJ free software35 to distinguish the 

background Pt from the particles.  The program converts the images to a binary black/white 

format with pixels being grouped based on their grayscale.35  In this manner, the Pt surface is 

distinguished from the particles and the program can then provide coverage data.  Analysis of the 

images showed that the percent area coverage increased with dosing as seen in Figure 5.6.  After 

the first cycle, over 40% of the Pt had non-bonded regions which could potentially be 

catalytically active.  This data indicates that Pt catalytic activity is not quenched with the first 

saturation dosages of alkylidyne.  By the third cycle the Pt surface was no longer catalytically 

active as the percent coverage leveled off.  There was no new particle formation during the 

fourth cycle, even though only 80% of the Pt was covered.  Similar results were previously seen 

with ethylene, where by the fourth adsorption/annealing cycle new cluster formation ceased.30  

The parameters of the ethylene study were essentially the same as this study.30  It is interesting to 

note that the particle formation from ethylene ceased one cycle before propylene and butylene.30  

There may be a correlation between linear chain length and maximum surface coverage; 

whereby the formation of particles from larger reactants ceases earlier.  Larger olefins may stop 

reacting sooner due to the greater amount of carbon presented to the surface at each saturation 

dose.  By counting the number of particles manually in an area we estimated the density of the 

dehydrogenated particles (Figure 5.5).  The carbon particle density from butylene is lower when 

compared with propylene, suggesting that the particle size for the longer olefin is larger.   
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Figure 5.5 Evolution of surface coverage and density of carbon particles on Pt(111) surface. 

 

Figure 5.6 Size distribution of carbon particles on Pt(111) surface after several 

adsorption/annealing cycles of propylene/butylene. 
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The particle sizes were then analyzed using surface cross section analysis per standard 

STM methods.  There was no significant change in particle size between the five dosings 

indicating that clusters did not act as nucleation sites.  Instead of particles increasing in size, they 

increased in quantity.  Johanek et al.30 observed this same behavior with ethylene and postulated 

that this phenomenon is either due to: a) a space requirement for the hydrocarbon to undergo 

dehydrogenation; or b) that the catalytic properties of Pt are altered by carbon adsorption.30    

Figure 5.6 shows the distribution of particle sizes for cycles 1 and 4.  The average widths of the 

propylene and butylene particles are 12 ± 1.2 Å and 13 ± 1.0 Å, respectively. This size difference 

may be due to tip-sample convolution. As the size difference between the dehydrogenated 

propylene and butylene particles is small, it is possible that the particles are in actuality the same 

size. Previous work on dehydrogenating ethylene over Pt(111) in our lab has shown that the 

dehydrogenated ethylene clusters have an average diameter of 15 ± 2 Å.30 Another 

dehydrogenation study of ethylene in our lab gave the range for the clusters at 7-13 Å.36 

Previously, it was thought that particles formed from olefin dehydrogenation would create 

individual carbon atoms on the surface.32  Other work has shown that particles formed from 

propylene and ethylene were actually much larger than individual carbon atoms.30-33 Our results 

support the latter – that is, particles formed from propylene and butylene are larger than 

individual carbon atoms.   

STM images are a convolution of sample, tip, and electron structure effects37 – therefore 

an alternative method to estimate particle size is preferred.32  Size can be estimated by 

determining the carbon atoms per particle from the surface density.  The surface densities from 

the first adsorption/annealing cycle are 2.0 × 1013 particles cm-2 and 2.25 × 1013 particles cm-2 for 

butylene and propylene, respectively.  Assuming that by annealing to 700 K all adsorbed 
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alkylidyne converted to carbon without desorption or dissolving, the number of carbon atoms in 

each particle can be estimated.  With this in mind, the saturation surface coverage of propylidyne 

and butylidyne on Pt have been previously experimentally determined to be 0.22 ML10,15 and 

0.17 ML7 respectively (ML = monolayer and is referred to here as a coverage of one molecule 

per surface Pt atom).  Using the ratio of the known Pt surface atom density of 1.505 × 1015 atoms 

cm-2 (equivalent to 1.0 ML)7 and the particle density, multiplied by the surface coverage and the 

number of carbon atoms per molecule we are able to deduce the number of carbon atoms.  The 

carbon particles consist of an average of 51 carbon atoms for butylene and 44 carbon atoms for 

propylene.  The previous study under the same conditions determined 34 ± 9 carbon atoms per 

cluster were formed from ethylene.30  Particle size information shows a correlation of the particle 

size with the hydrocarbon’s chain length.  More detailed structure of the clusters is not resolved 

by STM.   

To better determine the structure, an alternative method was used to determine the 

number of carbon atoms.  In previous ethylene dehydrogenation studies graphite was formed.30-32  

Although STM images in this study did not reveal the atomic structure of the carbon particles, it 

is assumed these particles may have graphite-like structures with a round shape since they are all 

about 2 Å high with a flat top.  Based on the diameter of the particles and the hexagonal structure 

of graphite, the areas of the individual dehydrogenated particles from propylene and butylene 

were determined respectively.  By equating the quotient of the rhombus area and the 2 carbons of 

the graphite unit cell to that of the area of particles we are able to determine the carbon number 

per cluster.  From this method we find that the carbon number per cluster is 43 ± 7 and 51 ± 8 C-

atoms for propylene and butylene respectively.  These numbers correspond well with our 

previous method, indicating that these particles are consistent with graphite. It is not understood 
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how graphite is created on Pt surfaces with olefins. From the above results, it is possible that 

graphite is formed from carbon clusters which were created from olefins reacting on Pt surfaces.   

5.5 Conclusion 

STM experiments in UHV have led to an understanding of olefin dehydrogenation on 

single crystals of Pt(111).  Propylidyne was formed by dosing propylene onto Pt(111) at room 

temperature.  Propylene and butylene behave in a similar manner to ethylene in that upon 

heating, they form flat circular and uniform particle clusters without preference for step edges or 

terraces. Heating the sample to 700 K may not have fully dehydrogenated propylene and 

butylene. Particle density increased with dosing - indicating that catalytic activity was not 

suppressed until the third cycle.  With the third 18 Langmuir dosing cycle, the catalytic activity 

appeared to halt. The particles are consistent with graphite’s structure.  

It is difficult to make a definitive conclusion about the actual size of the individual 

particles. From two separate STM studies performed in our lab, clusters formed from ethylene 

were measured at either a range of 7-13 Å36 or an average of 15 ± 2 Å.30 The clusters formed 

from propylene and butylene were 12 ± 1.2 Å and 13 ± 1.0 Å in diameter respectively. By 

comparing the size of the clusters formed from the various olefins, there is no apparent size 

dependent value between the chain lengths. There may be a set size that the carbon clusters grow 

to on Pt(111) regardless of the initial molecules chain length. Based on their densities, saturation 

dosing, and initial particle size the carbon number in each cluster can be inferred. At 700 K 

propylene and butylene formed 44 and 51 carbon atom clusters respectively. Previously, it was 

inferred that ethylene formed 34 carbon atom clusters.30 From this calculation, the carbon 

number in each cluster was linear with respect to chain length (e.g. C4> C3> C2). The only true 
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conclusion that can be made from the size analysis is that the size of clusters remained constant 

and larger clusters were not formed from continuous dosing and annealing cycles for each olefin.  
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CHAPTER 6 
 

The Dehydrogenation of Ethylene on Pt/Al2O3/NiAl(110) 
 
 

6.1 Abstract 

 A model catalyst system, Pt/Al2O3/NiAl(110), was created to study ethylene 

dehydrogenation using scanning tunneling microscopy (STM) held under ultra-high vacuum 

(UHV) conditions. The sample was dosed at room temperature and then subsequently annealed 

to 700 K. It appeared that the ethylene only deposited onto the Pt nanoparticles, rather than the 

oxide layer. The Pt nanoparticles did not grow beyond the second dosing, as their catalytic 

capability was quenched. However, when the sample was dosed at high temperatures of 1100 K, 

the Pt acted as a nucleation site and carbon clusters were formed along the step edges. With 

cycles of continued adsorption and heating, more particles were formed on the oxide layer until it 

was completely covered. The Pt nanoparticles were 13 ± 3.1 Å in diameter before dosing. With 

the first dosing and annealing to 700 K, 40% of the Pt particles grew in size to 20 ± 1.8 Å in 

diameter. By the final dosing 70% grew to 20 Å ± 2.3 Å. New particle formation was not 

observed. At temperatures of 1100 K, particles of 20 ± 2.0 Å are formed, mostly along the 

crystalline and amorphous boundary. The particles did not change in height.  

6.2 Introduction 

 Hydrocarbon chemistry over Platinum (Pt)  surfaces are important to industry and science 

and are being utilized for a number of projects, such as pollution  control, biodegradable 

detergents and chemical synthesis.1,2 The Pt catalyst is deactivated during the dehydrogenation 

reaction and little is actually known about the byproducts left after dehydrogenation.1 Therefore, 

studying the morphology of the Pt surface before and after dehydrogenation at various 

temperatures can help lead to better control of the surface. Pt is one of the most used and 
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important heterogeneous catalysts in industry. Pt has applications in a variety of settings from 

fuel cells and food storage to chemical refinery.3-5 Pt nanoparticles deposited over a support 

material such as alumina to stabilize the particles can reduce the cost by using less precious 

metals.6,7 Ultrathin oxide layers are ideal as they have similar physical properties to the bulk 

oxide, while the bulk oxide  is problematic as it is insular and cannot used with techniques such 

as STM.6,8 Nanoparticles have a higher surface area than single crystals, providing for more 

catalytic capability.7 However, nanoparticles are known to often have completely different 

catalytic properties than its single crystal counterparts due to many factors, including metal-

oxide interactions.6 Therefore, reactions are in part dependent upon the support chosen. Al2O3 is 

an ideal support as it known to maintain a wide dispersion of Pt nanoparticles.1 This paper 

analyzes the morphology of ethylene as it is dehydrogenated on Pt nanoparticles supported on 

Al2O3/NiAl(110). This dehydrogenation mechanism is compared to previous studies on Pt(111) 

single crystal with the same experimental conditions. A variable temperature STM is utilized in 

the experiments as it is held under ultra-high vacuum (UHV) to reveal the surface morphology of 

the dehydrogenated ethylene.  

Previous research on ethylene on Pt nanoparticles have covered topics of adsorption,9-12 

oxidation,3 and hydrogenation.11,13-19 Few studies have used Pt/Al2O3
9,10,14,16,17,20 and none used 

imaging techniques. Previous studies of ethylene on Pt nanoparticles have shown that at room 

temperature, the ethylene absorbs onto the Pt surface and converts by a single dehydrogenation 

to ethylidene,10 which is in contrast to the occurrence on Pt(111) where ethylene converts to 

ethylidyne instead as shown in Figure 6.1.21-34 There have been no studies investigating the 

decomposition of ethylene at higher temperatures on Pt nanoparticles. For the Pt(111) single 
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crystal, the alkylidyne species is completely decomposed at 400-450 K21,23,30,35 and only surface 

carbon remains at a temperature above 700 K.22,23,35,36 

 

Figure 6.1 The difference in ethylene adsorption at room temperature between Pt bulk and Pt 

nanoparticles. 

In our previous work, dehydrogenation studies of olefins on Pt(111) have been performed 

only on single crystals. Our STM studies with ethylene, propylene and butylene show that with 

annealing to 700 K, flat, uniform carbon clusters are formed.37,38 Graphite begins to form at 

temperatures above 700-800 K.21,26,36,38-40  One purpose of this study is to determine if a similar 

size carbon cluster forms on the oxide layer and if graphite can be created.  

In this experiment, Al2O3 was formed on NiAl(110). Pt nanoparticles were deposited and 

then ethylene gas was dosed onto the sample at room temperature. The sample was subsequently 

annealed to 700 K. This dosing and heating cycle was performed a total of five times and the 

morphology was recorded by STM after each cycle. It was observed that the Pt nanoparticles 

grew slightly in size with the first dosing and then leveled off with no further size change with 

subsequent dosing. With dosings of ethylene, no additional particles were formed on the sample. 

The sample was then annealed to a higher temperature of 1100 K, where the particles moved to 

the step edges. With the same setup of Pt/Al2O3/NiAl(110), ethylene was dosed at temperatures 

of 1100 K. Flat, circular clusters were formed at mostly the step edges, and as dosings increased 

more particles were formed until the entire Al2O3 layer was covered.  
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6.3 Experimental Section 

The experiments have been performed in a UHV system equipped with two chambers. 

One chamber is kept relatively clean and is used only for imaging with a variable temperature 

STM (UHV 300 VT-STM, RHK Technology, Inc). A second chamber is used to prepare the 

sample and contains an Auger Electron Spectroscopy (AES, PHI model 10-155, single pass 

CMA), a platinum evaporator (EBE-1, SPECS) and a flux monitor (EBE-FC, SPECS). A 

NiAl(110) single crystal (MaTeck, 99.999% purity, ~9 mm in diameter by 1.5 mm thick) with 

average terrace widths of 100 nm was heated by electron beam via a tungsten wire ~2 mm 

beneath the sample in order to create a smooth surface. Surface temperatures were monitored 

using a chromel-alumel thermocouple attached to the sample. The NiAl single crystal sample 

was cleaned by cycles of oxygen dosing (P = 2 × 10-6 Torr, Tsample = 540 K, for 10 minutes), 

followed by annealing (Tsample = 1320 K for 15 minutes). Cleaning cycles were repeated until 

AES and STM confirmed a surface free of containments. STM images of the NiAl surface were 

obtained in constant current mode with tunneling currents of 1-2 nA and typical bias voltage of 

0.5 V applied to the tip. Images were calibrated in the z-dimension using the NiAl crystal step 

height of 2.0 Å.6   

A well ordered, thin film of Al2O3 was formed on the NiAl surface by backfilling the 

chamber with oxygen (99.9% purity, Airgas) through a leak valve, exposing the sample to a 

saturation exposure of 1200 Langmuir at 550 K (1 Langmuir = 10-6 Torr s) for 10 minutes. The 

sample was then annealed at 1200 K for 10 minutes. Due to Al2O3 having a wide band gap of 8 

eV,41 images were obtained with a bias voltage in the range of 4-6 V.  

Pt nanoparticles were deposited onto the sample at room temperature, for 1 minute at a 

flux of 1200 nA. The sample was then flashed annealed at 770 K for 5 minutes and then imaged 
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before ethylene dosing. Ethylene gas was dosed with a directional doser, exposing the sample to 

20 Langmuir at 300 K for 400 seconds. One cycle was completed by annealing to 700 K for 5 

minutes, followed by STM imaging. Previous studies have indicated that by about 700 K 

complete dehydrogenation occurs for ethylene on a single Pt crystal.22,23 A total of five cycles 

were completed per sample. After dosing a total of 100 L, the sample was then annealed to 1000 

K. Previous studies on a Pt single crystal, showed that at 1000 K graphite was formed.38-40 

A second series of experiments was performed on clean Pt nanoparticles by dosing 

ethylene gas with a directional doser, exposing the sample to 50 L at 1000 K for 500 seconds. 

The sample was then annealed to 1100 K. This dosing/annealing cycle was repeated a total of six 

times.  

Furthermore, two blank samples were built. An oxide layer without Pt nanoparticles was 

dosed with ethylene at room temperature, 700 K, 1000 K and 1100 K. Another sample with Pt 

nanoparticles, without ethylene was annealed to 1100 K. 

6.4 Results and Discussion   

The terrace and morphology of a NiAl(110) single crystal surface after cycles of cleaning 

is shown in Figure 6.2a. Straight steps with single atomic step height run along the surface. The 

terraces on NiAl(110) are flat with an average width of ~200 nm. Oxygen is then introduced for 

adsorption onto the NiAl(110) surface, creating a thin crystalline Al2O3 layer approximately 5 Å 

thick (which corresponds to 2 layers).41 The oxide layer was examined using STM and is shown 

in Figures 6.2b and 3.2b. The crystalline Al2O3 displays the characteristic grain boundaries over 

50-60% of the surface. The remaining NiAl surface is covered with an unordered oxide layer. 

The step heights were approximately 2 Å and terrace widths ranged from 25-80 nm. 
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Figure 6.2 STM image of (a) clean NiAl(110) surface with an average terrace width of ~200 nm 

(500 nm × 500 nm), (b) Al2O3 produced by adsorption of 1200 Langmuir oxygen at 550 K and 

subsequently annealed at 1200 K (50 nm × 50 nm), (c) Pt nanoparticles adsorbed onto the Al2O3 

layer (100 nm × 100 nm). 
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Pt is then deposited onto the oxide surface and is shown in Figures 6.2c and 4.2a. The Pt 

deposited onto the crystalline oxide layer and not on the unordered layer. The Pt deposited 

evenly throughout the crystalline layer and not preferentially to the step edges. The Pt 

nanoparticles were on average 13 ± 3.1 Å in width and 2.1 ± 0.64 Å in height.  

We then dosed 20 Langmuir of ethylene onto the oxide layer. It is important to note that 

when ethylene is dosed without the Pt nanoparticles, they do not attach to the surface and it 

appears as if there is only Al2O3 on the surface. STM images of ethylene at 300 K did not resolve 

any discernible structures, which may be due to low frequency vibrations or high surface 

mobility.40 Annealing to 1000 K completes one dosing/annealing cycle. Figure 6.2 shows the 

morphology after one cycle of adsorption/annealing. The unordered oxide is covered in a carbon 

layer and the crystalline layer contains clusters. 

 

Figure 6.3 100 nm × 100 nm STM image of Pt/Al2O3 after a single cycle of adsorption of 20 

Langmuir ethylene at room temperature and subsequently flash-annealed to 1000 K. The 

crystalline and unordered oxide reacted differently to the ethylene.  
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Figure 6.4 Each STM image (100 nm × 100 nm) is of Pt/Al2O3 after a cycle of adsorption of 20 

Langmuir ethylene at room temperature and subsequently flash-annealed to 1000 K. (a) Total 40 

Langmuir of ethylene dosed, (b) Total 60 Langmuir of ethylene dosed, (c) Total 80 Langmuir of 

ethylene dosed, (d) Total 100 Langmuir of ethylene dosed. The density of particles did not 

significantly change. 
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The particle sizes were analyzed using surface cross section analysis per standard STM 

methods. The heights of the particles do not change with dosing and remain the same as the un-

dosed Pt nanoparticles. Approximately 60% of the particles are averaged to be 13 ± 3.0 Å, which 

is the same width as clean Pt nanoparticles. The other 40% are averaged at a larger width of 20 ± 

2.6 Å. It is possible that we observed the above findings because ethylene only deposited onto 

40% of the particles. With continued cycles of dosing/annealing, the 13 Å sized particles 

decrease in amount and the larger particles increase as shown in Table 6.1. By the third cycle, 

most particles are 20 Å in diameter and the amount of 13 Å particles leveled off to ~7%. We 

hypothesize that the Pt nanoparticles became encapsulated in carbon. Based on previous Pt(111) 

single crystal data for the ethylene saturation coverage and the density of Pt atoms and by 

assuming that the Pt nanoparticles are flat and circular, the amount of carbon atoms adsorbed 

onto the Pt surface can be estimated to be 8 carbon atoms. 8 carbon atoms is significantly smaller 

than the amount of carbon (~40 carbon atoms) in the clusters formed on Pt(111) single crystal. 

Figures 6.4(a-d) are of STM images after continued cycles of adsorption/annealing. There was 

no significant change in the density of particles on the crystalline layer from one cycle to the 

next. The average widths of particles for all other cycles (excluding the first) were 20.0 ± 2.0 Å. 
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Table 6.1 A histogram of the ethylene dosing/annealing cycles. The percent frequency of 

particles falls in to three ranges: 1-1.8, 1.9-2.5 and above 2.5. The Pt sized particles decrease 

with each dosing until 60 Langmuir where it levels off. 

 

 
For the second set of experiments, 50 Langmuir of ethylene was dosed at 1000 K. At 

1000 K large clusters are deposited to the surface. These large clusters were too large for high 

resolution imaging, as shown in Figure 6.5 with a 150 Langmuir sample. The surface was then 

annealed to 1100 K, which completes one cycle as shown in 250 nm × 250 nm STM images in 

Figures 6.6(a-d). After annealing to 1100 K, all of these large clusters on the oxide surface 

disappeared. Particles are deposited to the boundary between the crystalline and amorphous 

oxide layer. As the dosing/annealing cycles increase the quantity of particles increase along the 

boundary, until the entire crystalline oxide layer is completely covered. This process is further 

exemplified with STM images at 100 nm × 100 nm shown in Figures 6.7(a-d). Interestingly, 

when annealing at 1100 K, clean Pt nanoparticles without ethylene dosing gave a different result. 
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The clean Pt nanoparticles did not move to the step edges and appeared to have been unchanged. 

For the 50 Langmuir dosing, 63% of the particles were at the step edges and 38% were at the 

terraces. By the 250 Langmuir dosing, 76% of the particles were at the step edges and 23% were 

at the terraces. By the 450 Langmuir dosing, nearly the entire crystallized oxide layer was 

covered in particles. At 1100 K the surface began to lose the crystallized oxide layer. These 

small islands were fully covered with particles. The density of particles increased with each 

dosing until the crystallized Al2O3 was fully covered.  

 

Figure 6.5 An STM image of Pt/Al2O3 after a two cycles of adsorption of 50 Langmuir ethylene 

at 1000 K and subsequently flash-annealed to 1100 K (250 nm × 250 nm). An additional 50 

Langmuir has been deposited at 1000 K but has not been annealed. The top left corner is covered 

in larger clusters. These large clusters disappear after annealing to 1100 K.  
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Figure 6.6 250 nm × 250 nm STM images of Pt/Al2O3 after cycles of adsorption of 50 L 

ethylene at 1000 K and subsequently flash-annealed to 1100 K. (a) Total 50 Langmuir of 

ethylene dosed, (b) Total 100 Langmuir of ethylene dosed, (c) Total 250 Langmuir of ethylene 

dosed, and (d) Total 450 Langmuir of ethylene dosed. Particles adsorb to the step edges of the 

crystalline oxide and increase in quantity until the entire crystalline oxide is covered. 
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Figure 6.7 100 nm × 100 nm STM images of Pt/Al2O3 after cycles of adsorption of 50 Langmuir 

ethylene at 1000 K and subsequently flash-annealed to 1100 K. (a) Total 50 Langmuir of 

ethylene dosed, (b) Total 100 Langmuir of ethylene dosed, (c) Total 150 Langmuir of ethylene 

dosed, and (d) Total 450 Langmuir of ethylene dosed. Particles adsorb to the step edges of the 

crystalline oxide and increase in quantity until the entire crystalline oxide is covered. 
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There was no significant change in particle size between all dosings - indicating that 

clusters did not act as nucleation sites. The particles were 20 ± 1.8 Å wide and 2.1 ± 1.1 Å high. 

These sizes were the same for cycles performed at room temperature and annealed at 1000 K. 

The particles were wider than the Pt particles of 13 ± 3.0 Å, however their heights were similar. 

A similar behavior was seen with ethylene thermal dehydrogenation on Pt single crystal with a 

similar experimental setup of 20 Langmuir dosing at room temperature and flash annealing.37-40 

Instead of particles increasing in size, they increased in quantity.37-40 It is observed that 

regardless of the size of the Pt catalyst (i.e. single crystal vs nanoparticle) the dehydrogenated 

ethylene particles have a set cluster size. The possible pathway that we hypothesize is occurring 

is shown in Figure 6.8. At room temperature ethylene adsorbs onto the supported Pt particles 

with a single dehydrogenation to ethylidene (as was previously seen in literature).10 When the 

sample is annealed to 1000 K, the Pt activates the decomposition of ethylene and only carbon is 

left adsorbed to the Pt particle. When ethylene is dosed onto the Pt particles at 1000 K, ethylene 

is continuously dehydrogenated and carbon begins to spill over onto the alumina. When the 

sample is then annealed to 1100 K the carbon becomes mobile and clusters along the boundary 

between the crystalline and amorphous oxide layer. This process continues until the entire 

crystalline oxide layer is covered with 20 Å particles. The Pt particles remain immobile 

throughout the process. 
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Figure 6.8 The hypothetical pathway for adsorption and dehydrogenation of ethylene on 

Pt/Al2O3/NiAl(110) for two different conditions. 

6.5 Conclusion 

 STM experiments in UHV have led to insights into ethylene dehydrogenation on Pt 

nanoparticles. The Pt nanoparticles formed herein were circular, flat and uniform in size (13 Å) 

and shape. Ethylene was dosed onto the Pt. The thermally dehydrogenated ethylene generated 

carbon covered the Pt nanoparticles and until the particles grew to a maximum of 20 Å. Particle 

density did not increase at the annealing temperature of 1000 K. When raising the dosing 

temperature to 1000 K and the annealing temperature to 1100 K, the density of particles 

increased. The particles formed at 1100 K decorated the boundary between the crystalline and 

amorphous oxide layer. Unlike, with single crystal Pt(111), graphite was never produced. In 
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future studies, larger Pt particles may provide for a better catalytic activity. It was found that 

when Pt nanoparticles are less than 18 Å their catalytic capability is lowered when oxidizing 

methanol and formic acid.42 Specifically, this study found that in terms of catalytic activity 

Pt(111) was more active than Pt nanoparticles of any size.42 Possibly larger Pt nanoparticles may 

help produce graphite with olefin dehydrogenation. 
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CHAPTER 7 

The Investigation of Ethylenediamine  
Conversion to Cyanogen on Nickel 

 
 
7.1 Abstract 

Thermal dehydrogenation of ethylenediamine on Ni(111) at 300-500 K to possibly form 

cyanogen has been studied under ultra-high vacuum (UHV) conditions and using scanning 

tunneling microscopy (STM). Unfortunately, cyanogen formation was not observed by STM and 

the end result was not discernible.   

7.2 Introduction 

Nano-filters are important for the elimination of contaminants in the air and water.1 

Cyanogen is theorized to form mesh-like structures that can act as an air filter to catch various 

hydrocarbons and other toxic gases.2 In this study, imaging was used to investigate if cyanogen 

can be formed from the dehydrogenation of ethylenediamine on a Ni crystal.  This is the first 

time that we know of that this hypothetical reaction on Ni has been studied.  Previously, 

Kingsley et al demonstrated that cyanogen was formed with ethylenediamine on a Pt single 

crystal with x-ray photoelectron spectroscopy (XPS).2  Assuming the structure of 

ethylenediamine on fcc(111) metals should be similar (such as Pt(111)), this experiment will use 

the Pt reaction as a model for the expected reaction using Ni as a catalyst.  By imaging the end 

product of cyanogen using STM, the fundamental atomic reaction can be better understood.     

The Ni surface was promptly imaged after dosing of ethylenediamine at room 

temperature.  Previous studies have shown that at room temperature ethylenediamine adsorbs 

without dissociation on Ni.3-6  Between the temperature range of 80-300 K, it is postulated that 

ethylenediamine is bound to the surface by the lone pair electrons on nitrogen and is not 
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dehydrogenated.4,5 No experimental studies that we know of have been carried out on the 

ordered overlayer of ethylenediamine on Ni or other fcc(111) surfaces.  The goal of this 

experiment was to investigate if an ordered overlayer was formed by imaging.   

After imaging at room temperature the sample was annealed.  Previous experimental 

studies have shown that heating ethylenediamine on Pt to temperatures above 445 K result in its 

complete dehydrogenation to cyanogen.4,5 STM images were taken to verify the expected 

ordered overlayer of cyanogen. Cyanogen has a (6 × 6) ordered overlayer on Ni.7 

7.3 Experimental Section 

Ethylenediamine (99.5%, Sigma-Aldrich), a liquid at room temperature, was subjected to 

several “freeze-pump-thaw” cycles to purify the chemical. The crystal was approximately 9 mm 

in diameter and 1.5 mm thick.  The size and morphology of molecular species were studied using 

a variable temperature STM (UHV 300 VT-STM, RHK Technology, Inc).   Auger Electron 

Spectroscopy (AES, PHI model 10-155, single pass CMA) was used to identify and quantify 

surface atoms.  STM imaging was used to observe atomic morphology of the reactants on the 

surface.  All STM images were obtained in constant current mode with tunneling currents of 1-2 

nA and a typical bias voltage of 0.5 V applied to the tip.   

Before each experiment the Ni crystal was cleaned by multiple cycles of Argon 

bombardment (Table 1).  Ion bombardment (ISE-10, Omicron) was used to clean the surface 

from elements that cannot be removed by oxygen cleaning, such as sulfur.  Each cycle was 

marked by the annealing of the sample which produces a smooth surface with sharp step edges.  

The samples were heated and annealed by using electron bombardment (e-beam) heating by a 

tungsten filament approximately 2 mm below the sample.  The temperature was monitored using 

a chromel-alumel thermocouple sitting on the sample.   



94 
 

The chamber was backfilled with ethylenediamine vapor exposing the sample to 3 

Langmuir (1 Langmuir = 1 × 10-6 Torr s).  3 L was chosen as previous studies have indicated that 

high doses are not required to form cyanogen on Pt(111).5  The sample was imaged at room 

temperature.  The sample was exposed to the following temperatures: 400K, 450K and 500K. A 

previous study found that cyanogen was formed by 445 K.5 At each temperature stage, STM 

imaging was completed. The z-dimension of the STM images were recalibrated using the step 

height on the Ni crystal at 2.3 Å.8-11   

7.4 Results and Discussion 

AES and STM confirmed a clean surface with flat terraces and sharp step edges as 

illustrated in Figure 7.1. The average terrace width was 100 nm. Ethylenediamine was then 

introduced for adsorption onto the Ni(111) surface at room temperature. The resultant surface 

was analyzed using STM. 

 

Figure 7.1 STM images of clean Ni(111) a) 1 µm × 1 µm and b) 500 nm × 500 nm. 

No ordered structure or repeating pattern was observed, as seen in Figure 7.2.  It is 

possible that other parameters (e.g. lower gas exposure) or other chemicals such as silver cyanide 

are needed to create a cyanogen. It is also possible that Ni itself is not a good catalyst for this 
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specific reaction. Other studies that have successfully made cyanogen have indeed used silver 

cyanide as a reactant, albeit on different catalysts.7,8 This experiment was unsuccessful in 

creating cyanogen. This may be due to numerous factors explained herein.  Imaging was difficult 

and thus the end product was all together not discernible.   

 

Figure 7.2 STM images of ethylenediamine on Ni(111) increasing in temperature.  a) is a 500 

nm × 500 nm image and b) is a 100 nm × 100 nm image. 

7.5 Conclusion 

The ethylenediamine experiment was unsuccessful in creating cyanogen.  This may be 

due to numerous factors explained herein.  Imaging was difficult and thus the end product was 

all together unidentifiable.   
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CHAPTER 8 

Conclusion 
 
 
8.1 Summary of the Thesis 
 
 This thesis has provided a morphological analysis of the formation of the model catalyst 

system Pt/Al2O3/NiAl(110). A fundamental understanding about the interaction of various 

olefins on Pt/Al2O3/NiAl(110) has been elucidated. These results have been compared to thermal 

dehydrogenation studies of olefins on a Pt(111) single crystal. The morphology of the sample 

surfaces were studied using scanning tunneling microscopy (STM). 

We formed Al2O3 thin films which stabilize and support Pt nanoparticles. Al2O3 thin 

films were created by dosing a clean NiAl(110) single crystal with 1200 Langmuir of oxygen at 

550 K (1 Langmuir = 10-6 Torr s) for 10 minutes. The sample was then annealed at 1200 K for 

10 minutes. STM imaging revealed a patchy oxide film that contained areas of both amorphous 

and crystalline Al2O3. The annealing temperature was critical to forming a crystalline thin film. 

Higher annealing temperatures resulted in loss of the oxide layer, while lower temperatures 

resulted in an amorphous oxide surface. Imaging of the crystalline layer inferred two directional 

domain boundaries running 24o from each other. The average terrace width for the domain 

boundaries was 60 Å. The step height between crystallized oxide layers was observed at 2.5 Å. 

Dosing olefins at various temperatures to the bare alumina did not result in any change to the 

surface. 

A model catalyst system of Pt/Al2O3 was created by evaporating Pt onto the Al2O3 thin 

film at room temperature for 1 minute with a deposition flux of 1200 nA. The sample was then 

annealed to 770 K for 5 minutes. STM studies elucidated the size, shape, and binding pattern of 

the Pt nanoparticles. The Pt nanoparticles selectively bind to the crystalline Al2O3. The Pt 
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particles were evenly spread, without any binding preference to surface defects such as step 

edges or domain boundaries. We found that the Pt nanoparticles were flat and circular with an 

average width of 13 ± 3.1 Å and an average height of 2.1 ± 0.64 Å. Annealing up to 1100 K did 

not change the binding arrangement, size, or shape of the Pt particles. 

Olefins dosed onto the model catalysts Pt/Al2O3/NiAl(110) and Pt(111) were studied and 

compared using STM imaging. In previous research in our lab, it was found that ethylene heated 

to 700 K on Pt(111) produces flat, circular carbon clusters that were 7-13 Å in range of width.1 

The clusters formed without preference for step edges or terraces.1,2 Further dosing/annealing 

cycles did not produce larger particles.1,2 Heating the clusters to 1000 K on Pt(111) produces 

graphite.1,2 We found that propylene and butylene behave in a similar manner to ethylene in that 

upon heating, they form flat, circular, and uniform particle clusters that were 12 ± 1.2 Å and 13 ± 

1.0 Å in diameter, respectively. The size difference between the dehydrogenated ethylene, 

propylene, and butylene clusters is not significant and may only correspond to tip-sample 

convolution. The carbon particles are very similar in size, indicating that there is a preferential 

formation size for carbon particles on Pt. The carbon particles are consistent with graphite. 

The Pt(111) results were compared to Pt nanoparticles on Al2O3. Ethylene was dosed at 

room temperature over the Pt/Al2O3/NiAl(110) and then annealed to 1000 K. The thermally 

dehydrogenated ethylene covered the Pt nanoparticles and grew from a pre-dosing value of 13 ± 

3.1 Å to a maximum of 20 Å. Particle density did not increase at annealing temperature of 1000 

K. By increasing the ethylene dosing temperature to 1000 K and annealing to 1100 K, the density 

of particles increased. The particle diameter on average was 20 ± 2.0 Å. These particles are 

similar in shape and size to the particles formed on the Pt single crystal. The new particles 

formed along the boundary between the crystalline and amorphous oxide layer. This behavior is 
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similar to what was previously seen in our lab with ethylene dehydrogenation on Pt single 

crystal, where with temperatures above 1100 K the carbon clusters and graphite moved to the 

step edges.1 We found that with continued ethylene dosing/annealing cycles on Pt/Al2O3 the 

crystalline oxide layer became fully covered with very little spacing between particles. Unlike 

with the Pt single crystal, graphite is never formed on the Al2O3. We hypothesize that the 

interaction between the C-C bond may be stronger than the C-alumina bond, preventing the 

carbon particles from separating into graphite on Al2O3. While with the Pt single crystal the C-Pt 

bond is stronger, allowing for the carbon cluster to essentially fall apart and wet the metallic Pt 

surface as graphene. Furthermore, we hypothesize that the following pathway occurs. Ethylene 

binds to the Pt particles at room temperature and upon heating to 1100 K the Pt nanoparticles 

activate the decomposition of the ethylene and cause a spill-over of carbon onto the alumina 

surface. The carbon is then mobile enough to aggregate to the step edges.  

8.2 Future Work  

 The experiments described within this thesis have led to many exciting fundamental 

property questions. Studying the model catalysts Pt(111) and Pt/Al2O3/NiAl(110) can provide 

elemental knowledge that may help improve theoretical studies and the formation of 

nanotechnology. A wise proverb states that hindsight vision is always 20/20. In hindsight the 

experiments described herein can be enhanced and expanded as described below: 

1) It is advantageous to improve the Al2O3 support by trying to create a surface free of the 

patchy, amorphous oxide. This will allow for more surface area to study. Furthermore, the 

carbon particle binding to step edges between the crystalline and amorphous layers may be due 

to some inherent property between the two. Kulawik, et al. found that by performing a second 

cycle of oxidation, all of the patchy areas were filled with crystalline Al2O3.3 
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2) In future studies, larger Pt particles may provide for a better catalytic activity. It was 

found that when Pt nanoparticles are less than 18 Å, their catalytic capability is lowered when 

oxidizing methanol and formic acid.4 Specifically, this study found that in terms of catalytic 

activity, Pt(111) was more active than Pt nanoparticles of any size.4 Possibly larger Pt 

nanoparticles may help produce graphite with olefin dehydrogenation. It would be interesting to 

determine size dependency of olefin reaction on Pt nanoparticles. 

3) We could utilize other techniques available in our lab and collaborate with a theoretical 

group to simulate anticipated reactions. Low-energy electron diffraction (LEED) coupled with 

theoretical simulations can elucidate the structure of the Pt nanoparticles and their bonding to the 

Al2O3 surface. 

4) We could consider continued dosing of olefins onto the Pt nanoparticles to provide for a 

more comprehensive comparison to our previous studies on Pt(111). 

5) Finally, other metal catalysts should also be studied in a similar manner as performed 

herein to determine a pattern for olefin thermal dehydrogenation over both nanoparticles and 

single crystals. 
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