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ABSTRACT 

 

Electronic structure study of 

CO adsorption on 

Pt-based catalyst systems 

 

Jongkeun Jung 

Department of Physics and Astronomy 

Graduate School, Seoul National University, Seoul, Korea 

 

Platinum catalyst is one of the best catalytic material which is currently 

commercially used in fuel cells. A lot of research has been done to find out why Pt 

is such a good catalyst. The d-band theory is the most widely known and still used 

theory to explain the bonding strength and reactivity. The d-band model explains 

that the reactivity is determined by the relative position of the center of the d-band 

and the Fermi level. Although this explanation of the reactivity through DOS 

shows a phenomenal tendency, more detailed explanation is required to fully 

understand chemical reaction. This thesis is focused on the electronic structure 

change due to the CO adsorption which has been intensively studied as a model 

reaction due to the simplicity. The thesis discovered the orbital dependent 

electronic band structure change due to the chemical bonding between Pt and CO 

molecules at near Fermi level using angle-resolved photoemission spectroscopy 
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(ARPES). 

 

In the field of chemistry, the study of the electronic structure was mainly 

focused on the density of state since it has been thought that chemical bonding on 

the surface of material is a local reaction and does not affect the momentum-

dependent electronic band structure. However, the change of momentum-

dependent band structure has not been observed not because the momentum-

dependent band structure is irrelevant to chemical bonding, but because the 

electronic structure changed by local chemical bonding is not periodically spread 

over a large area.  

 

Using ARPES, we show the direct evidence for charge transfer between 

adsorbed molecules and metal substrate, i.e. chemisorption of CO on Pt(111) and 

Pt-Sn/Pt(111) 2× 2 surfaces. The observed band structures show a unique 

signature of charge transfer as CO atoms are adsorbed, revealing the roles of 

specific orbital characters participating in the chemisorption process. As the 

coverage of CO increases, the degree of charge transfer between CO and Pt shows 

a clear difference to that of Pt-Sn. With comparison to DFT calculation results, the 

observed distinct features in the band structure are interpreted as back-donation 

bonding states formed between Pt molecular orbital and 2π orbital of CO. 

Furthermore, the change in the surface charge concentration, measured from the 

Fermi surface area, shows Pt surface has a larger charge concentration change 
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than Pt-Sn surface upon CO adsorption. The difference in the charge 

concentration change between Pt and Pt-Sn surfaces reflects the degree of 

electronic effects during CO adsorption on Pt-Sn. 

 

The change of surface charge concentration and the role of specific orbital 

characters during CO adsorption demonstrate the importance of electronic band 

structure in catalytic reaction studies and helps to better understand chemical 

bonding. The change of the band structure was well applied to the analysis of CO 

adsorption on the Pt, Pt-Sn surfaces, but it is necessary to verify whether it can be 

applied equally to other systems. Pt-Ni, Pt-Co surface alloys have unique structure 

called Pt-skin layer which is a surface covered by 100% composition of Pt. The 

electronic structures of Pt-skin layer of Pt-Co and Pt-Ni alloys with CO molecules 

adsorbed on the surfaces are investigated. Measured Fermi surface maps and band 

dispersions reflect the signature of chemical bonding between Pt-skin layer and 

CO molecules. Furthermore, the degree of chemical bonding strength of CO 

molecules, estimated from the energy shift of the participating bands, is found to 

be reduced on both Pt-Ni and Pt-Co alloys, which is consistent with Pt-Sn surface 

alloy. These results confirm the relationship between momentum dependent band 

structure and chemical reaction. 

 

The electronic structure studies on catalyst using ARPES is a new technique 

that has not been considered deeply. By making periodic arrays of chemical 
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bonding on the sample surface, the chemical bonding induced electronic structure 

changes have been well observed and the surface charge concentration change and 

orbital dependent band energy shift has been discovered. From these electronic 

structure changes, we could obtain new information on the catalytic reaction 

mechanism. 

 

Keywords: Electronic structure, Angle-resolved photoemission spectroscopy, Pt 

catalyst, chemical bonding, CO adsorption, π back-donation 
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Chapter 1.  Introduction 

  

  

1.1  Platinum 

  

Platinum is one of the representative noble metal materials along with gold 

and silver, and it has low reactivity and thus does not change easily. The 

immutable properties of these noble metals are closely related to catalytic 

reactions. Catalyst is a substance that participates in a reaction and changes the 

reaction energy and reaction rate, but is not consumed or changed by the reaction. 

Among noble metals, platinum, palladium, and rhodium have been studied a lot as 

catalyst materials, and platinum has been studied as the most efficient catalyst 

material for many catalytic reactions. Although gold and platinum are both noble 

metal and exists right next to it on the periodic table, unlike platinum, gold is 

rarely used as a catalytic material. The question of where this difference comes 

from has led to research into why platinum act as a good catalyst, and active 

research is being conducted on platinum as a catalyst material.[1] 
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Figure 1.1 Volcano curve which shows the relationship between adsorption energy 

and catalytic activity. From Ref. [3] 

 

Among many catalytic reactions to study the catalytic mechanism, carbon 

monoxide oxidation has been studied as a model reaction due to its importance 

and simplicity.[2] In the carbon monoxide oxidation reaction where carbon 

monoxide and oxygen molecules react to form carbon dioxide, the role of the 

catalyst is to split oxygen molecules into oxygen atoms, and to help oxygen atoms 

and carbon monoxide molecules react well on the surface of the catalyst material 

to become carbon dioxide. At this time, the binding energy between the surface of 

the catalyst and the molecule acts as an important factor in determining the 

reactivity. If the binding energy is high, the reactants cannot move well on the 



 

 

 

 

 

Chapter 1 

3 

 

 

 

 

 

surface, and if the binding energy is low, the reactants do not stick to the surface 

well. This relationship between binding energy and reactivity is called volcano 

curve. Figure 1.1 shows the volcano curve which shows the relationship between 

oxygen adsorption energy and catalytic activity of various materials.[3] In the 

case of platinum, it has a moderate strength of binding energy in many reactions, 

so it is widely used as a catalyst material. 

  

1.2 Polymer Electrolyte Membrane Fuel Cell 

 

As one of the best catalytic material, Pt is actually industrially used 

including fuel cell. Polymer electrolyte membrane fuel cell (PEMFC), a type of 

fuel cell, is a fuel cell that uses a polymer membrane that can permeate hydrogen 

ions as an electrolyte. Since the PEMFC works at a low temperature compare to 

other fuel cells, lots of research are being done as a power source of automobile. 

The operating principle of the polymer electrolyte fuel cell is as follows. First, at 

the anode, hydrogen gas is oxidized and decomposed into hydrogen ions and 

electrons, which is Hydrogen Evolution Reaction (HER). The decomposed 

hydrogen ions pass through the polymer electrolyte and move to the cathode, and 

the resulting voltage difference causes electrons to move through the circuit and 

current flows. At the cathode, an ORR reaction in which oxygen gas is 

decomposed occurs. The decomposed oxygen atoms combine with hydrogen ions 

that have passed through the electrolyte and electrons that have flowed through 
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the circuit to form water. The overall reaction that occurs in a fuel cell is 

summarized as follows.[4] 

 

 

Anode: 2H2 → 4H+ + 4e- 

Cathode: O2 + 4H+ + 4e- → 2H2O 

Overall reaction: 2H2 + O2 → 2H2O 

 

Figure 1.2 Schematic drawing of PEMFC with Pt catalyst. 
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The fuel cell generates electric power from the difference between the chemical 

energy of hydrogen gas and oxygen gas in the above reaction and the chemical 

energy of water molecules. In the both cathode and anode of the fuel cell, 

platinum is used as a catalyst showing good performance, and many studies on 

catalyst materials are being conducted to improve the performance of the fuel cell.  

 

Platinum is considered as the best catalyst material for PEMFC and is 

actually commercially used.[5,6] However, platinum catalysts also have various 

problems. First, platinum, along with gold and silver, is one of the representative 

precious metals and is very expensive. Platinum is a material that is thousand to 

ten thousand times more expensive than commonly used materials such as Ni, Cu, 

and Al. Reducing the cost by reducing use of the amount of Pt has always been 

considered for commercial reasons. Secondly, in the anode of the PEMFC, a 

phenomenon called CO poisoning occurs in which the activity of the catalyst is 

lowered by CO.[7,8] CO poisoning refers to a phenomenon in which CO is 

strongly attached to the platinum surface and prevents hydrogen gas to 

approaching the platinum surface, thereby lowering the activity of the catalyst. 

Hydrogen fuels are made from carbohydrates and it is almost impossible to 

remove all the carbon monoxide from the hydrogen fuel. To solve the CO 

poisoning issue from PEMFC, it is required to find a catalyst which is strong to 

CO poisoning. Finally, there is also a problem that the rate of the ORR reaction 

occurring in the cathode of the PEMFC is not fast enough.[9] The slow reaction 
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rate of the ORR reaction is an important problem that is directly related to the 

performance of the PEMFC, and many studies are being conducted to improve the 

performance of the ORR reaction. One of the solutions to these problems is to 

make an alloy by mixing Pt with other materials, which is not only a cost benefit 

obtained by making an alloy of platinum and a relatively cheap material, but also 

increases the CO oxidation performance depending on which material alloys are 

made. Many studies have been conducted to make alloys by mixing platinum with 

other materials since it is possible to make materials that are more resistant to CO 

poisoning or to obtain higher ORR performance. 

 

Figure 1.3 Comparing metal prices based on price on September 26 and 27, 2021. 

From Ref. [10,11] 
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1.3 Chemical way to explain CO adsorption 

 

1.3.2 Blyholder model 

 

The one of the most well-known models explaining the adsorption of CO is 

the Blyholder model.[12] The Blyholder model describes the bonding between 

CO and Pt as σ-bonding and π-bonding. Figure 1.4 shows the bonding of CO and 

Pt through the molecular orbital theory.[13] The occupied orbital of CO 5σ orbital 

and the unoccupied orbital of Pt 6sp orbital form σ-bonding called σ donation. 

The unoccupied orbital of CO 2π orbital and the occupied orbital of Pt 5d orbital 

Figure 1.4 Molecular orbital theory which shows the bonding between Pt and CO. 

From Ref. [13] 
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form π-bonding called π back donation. Bonding between occupied orbital and 

unoccupied orbital can be explained as a charge transfer from occupied orbital to 

unoccupied orbital. Blyholder model explains the bonding between metal and 

carbon monoxide as these two bondings and exchange of charges through these 

bonding states. 

 

Figure 1.5 Schematic drawing which shows the σ-bonding and π-bonding between 

Pt and carbon monoxide.  
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1.3.2 d-band theory 

 

While the Blyholder model explains how CO binds to metal, the most 

widely known and still used theory to explain the strength and reactivity of the 

bonding is the d-band theory.[1,14,15] Figure 1.6 is a diagram depicting the state 

change of electrons that occurs when materials combine with each other, and 

explains the basics of d-band center theory. When the two electronic states are 

interacting, a bonding state and an antibonding state are formed as shown in 

Figure 1.6 (a), which is also the case when adsorbate is adsorbed on the surface of 

the catalyst material. Figure 1.6 (b) is a figure explaining the reactivity of the 

material, and the positions of the transition metal and Fermi level of the noble 

metal are drawn relative to the position of the d-band of the material. The bonding 

state created by the interaction of electrons has a lower energy than the electrons 

before the interaction, and the antibonding state has a higher energy than the 

electrons before the interaction. Since the sum of chemical energies of all 

electronic states before interaction and the sum of energies of all electronic states 

after interaction are the same, there is no gain in energy obtained through 

interaction when the position of Fermi level is located above the antibonding state. 

However, if the position of the Fermi level is lower than the antibonding state, 

electrons fills only the bonding state where energy is lowered through the 
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interaction of electrons, so the energy is lowered through the bonding and the 

bonding occurs well.  

 

Figure 1.6 The relationship between d-band center and the reactivity of materials. 

From Ref. [1] 
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Figure 1.7 is a calculation of the change in density of state when hydrogen 

atoms are adsorbed on the (111) surface of Ni, Pt, Cu and Au. In the case of 

Ni(111) and Pt(111), the antibonding states are located above the Fermi level and 

can be easily combined with a hydrogen atom, but in the case of Cu(111) and 

Au(111), which are less reactive metals, the antibonding states are located below 

the Fermi level. This difference makes the hydrogen atoms cannot easily make 

chemical bonding states on the Cu(111) and Au(111). As such, the relative 

position of the d-band and the Fermi level greatly affects the reactivity of the 

material, and it is possible to explain the reactivity of the catalyst material. 

 

Considering both Blyholder model and d-band center theory, the strong 

bonding between Pt and CO can be explained. Both σ-bonding and π-bonding of 

Pt and CO have bonding states below Fermi level, and anti-bonding states above 

Fermi level, which gives energy gain through the bonding (Figure 1.4). This 

lowered total chemical energy by bonding states makes the bonding between Pt 

and CO strong. Although this explanation of the reactivity of chemical reactions 

through DOS shows a phenomenal tendency, it is lacking in microscopic theory. 

As can be seen from the Blyholder model alone, even the same d-band seems to 

have a different role in bonding depending on the orbital character. Therefore, 

observing the momentum dependent band structure with orbital characters can 

provide more information which can explain catalytic mechanism with more 

details.   
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Figure 1.7 The change in density of state when hydrogen atoms are adsorbed on 

the surface of Ni(111), Cu(111), Pt(111), and Au(111). The dotted line is the 

density of state of the surface d-band before hydrogen adsorption, and the solid 

line is the density of state changed by the interaction with hydrogen adsorption. 

The arrow indicates the bonding state and antibonding state generated through the 

interaction between the s-band of hydrogen and the d-band of the metal. From Ref. 

[1] 
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1.4 Pt-based alloy catalysts 

 

1.4.1 Pt-Sn alloy 

 

 Alloying of Pt with second metal is a one way to solve problems that Pt 

catalyst has. Alloying with second metal can change the properties of Pt and these 

new catalytic materials can have modified properties such as better ORR reactivity, 

and strong at CO poisoning. The presence of a second element has two main 

consequences on the chemisorption. The first effect, geometric effect can be 

defined as the effect induced by geometric change due to alloying with second 

metal. Such as site blocking, strain effect are the examples of geometric 

effect.[16,17] The second effect, electronic effect can be defined as electronic 

properties changed by the existence of second metal on the alloys. The electronic 

effect comes from the charge transfer between Pt and second metal, or orbital 

hybridization between Pt and second metal.[18-21] These effects can change the 

surface properties of Pt and modifies the catalytic properties of Pt. Figure 1.8 

illustrates the geometric effect and electronic effect of alloying with Pt-Sn alloy. 

In this thesis, we focused on Sn, Ni, Co as a alloying material, and make a surface 

alloy with Pt(111) bulk crystal which gives us better crystallinity compare to bulk 

alloy, to get a better electronic band structure. 
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Figure 1.8 Geometric effect and Electronic effect. 
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Pt-Sn alloy shows advanced CO oxidation performance compare to Pt; and 

has been studied a lot as a solution for CO poisoning.[22-24] The interesting thing 

about Pt-Sn alloy is that Pt-Sn alloy has two different surface structures, √3×√3 

and 2×2 surface superstructures. Figure 1.9 shows the two different surface super 

structure of Pt-Sn alloy. At the top most layer, Pt-Sn √3×√3 surface has 2:1 ratio 

of Pt and Sn, and Pt-Sn 2×2 surface has 3:1 ratio of Pt and Sn at the surface of the 

sample. Depending on the condition to make the Pt-Sn alloy two different surface 

super structures are made. Interestingly these two different surface structures 

show significant CO oxidation performance difference. Figure 1.10 shows the CO 

oxidation performance of pure Pt(111), and two different Pt-Sn alloys. These 

interesting properties of Pt-Sn alloy attract many researchers to reveal the CO 

oxidation performance different depending on the surface structure.[24] 

Figure 1.9 Two different surface structures of Pt-Sn alloys.  
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Figure 1.10 CO oxidation performance difference depending on the surface 

arrangement of Pt-Sn alloys. From Ref. [24] 

 

1.4.2 Pt-TM alloy 

 

Pt-TM alloy materials are being studied as novel catalyst materials with 

higher ORR reactivity than pure Pt. In the case of transition metals, unlike Pt, 

since they are highly reactive, they are not stabilized in acidic electrolytes. 

Therefore, a Pt layer should be formed on the surface of the Pt-TM alloy materials. 

The two different surface structures that a Pt-TM material can have is a Pt 
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skeleton surface and a Pt skin surface. Figure 1.11 is a schematic drawing of the 

Pt skeleton surface and the Pt skin surface. 

 

Figure 1.11 Two different Pt-TM structures, Pt skeleton, and Pt skin.[25] 

 

The Pt skeleton surface can be obtained by dissolving the transition metal 

material on the surface in an acidic electrolyte in a Pt-TM alloy material from 

which contaminants have been removed through sputtering, and a Pt layer with an 

unaligned surface is formed. The Pt skin surface can be obtained through heat 

treatment in an ultra-high vacuum environment after removing contaminants 

through sputtering. Through high-temperature heat treatment, atoms move easily 

inside the solid, and Pt in the subsurface layer is exchanged with transition metal 

atoms distributed on the surface, leaving only Pt on the surface. In this case, in the 

second layer, the composition of the transition metal increases due to the 

transition metal entering from the surface. Since the subsurface layer with high 

transition metal composition is surrounded by the Pt skin layer and bulk with high 

Pt composition, the structure is also called Pt/TM/Pt sandwich structure. Pt-TM 

alloys have been actively studied since they can reduce the amount of Pt used for 
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catalyst and the ORR performance is significantly improved compare to pure 

Pt.[26] Figure 1.12 the DOS calculation of the d-band can be confirmed that when 

the 3d transition metal material is added to Pt, the density near the Fermi level 

decreases, while the d-band center is pushed to the lower energy side. Figure 1.13 

shows the change in binding energy of H2 and O2 when platinum is alloyed with 

3d transition metals. The correlation between the d-band center and the binding 

energy can be seen that the H2 and O2 binding energies have a linear relationship 

with the d-band center.  
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Figure 1.12 DOS calculation on Pt/TM/Pt sandwich structure with various 

transition metals. From Ref. [26] 
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Figure 1.13 Relationship between H2, O2 adsorption energy and the location of d-

band center. From Ref. [26]  
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1.5 Chemical reaction and electronic structure 

 

In surface chemistry, the initial chemisorption of gas phase molecules onto metal 

surfaces is extremely important. Any chemical reactions that follow depend on the initial 

chemical bonds formed between the adsorbed molecules and the metal surface.[27-34] 

Two important phenomena occur during the initial stage of chemisorption: 1) the surface 

provides energetically suitable landing sites for the adsorbing gas molecules, and 2) 

charge redistribution takes place between the gas molecules and surface atoms at or near 

the surface. This latter phenomenon refers to the formation of bonding and antibonding 

orbitals in frontier molecular orbital (FMO) theory[27-34] and provides critical insight 

into how surface chemical reactions take place. The role of electronic structure in surface 

chemistry has been recognized for a long time. Hoffmann et al.[35,36] described how the 

delocalized electronic structure of a solid surface can be used to explain the localized 

chemical bonding of molecules via FMO theory. They pointed out how frontier orbitals 

orchestrate the reactivity of a metal, and its interactions with adsorbed molecules.  

 

As we introduced in previous chapters, a lot of research on the electronic 

structure of the surface has been done to understand chemical reactions with electronic 

properties. In surface chemistry, the study of the electronic structure was mainly 

conducted on the density of state because it was thought that chemical bonding on the 

material surface is a local reaction and does not affect the momentum-dependent band 
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structure.[35] However, the change of momentum-dependent band structure was not 

observed because the electronic structure changed by local chemical bonding is not 

periodically spread over a large area, and not because the momentum-dependent band 

structure is irrelevant to chemical bonding. ARPES can be very useful in the case of 

periodically arranged adsorbed molecules because in such case ARPES can provide a 

direct image of the band structure, revealing how the delocalized electronic band structure 

interacts with the localized orbitals of adsorbed molecules. That is, the interacting 

(occupied) bonding states between the molecular orbitals and surface band structure, i.e. 

the frontier-molecular orbitals in FMO theory, can be visualized with ARPES. In the 

thesis, we made a periodic array of chemical bonding on the sample surface and observed 

the momentum-dependent electronic structure change due to chemical bonding, and from 

this, we could obtain new information on the catalytic reaction mechanism. 

 

Figure 1.14 Periodic array of local chemical bondings. 
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Chapter 2.  Experiments  

 

 In this chapter, the experimental tools used for the research will be 

introduced. The way we prepared the clean Pt(111) single crystal surface and Pt-

Sn surface alloy, Pt/TM/Pt sandwich structure surfaces is introduced. The surface 

cleanness and arrangement are checked with Auger Electron Spectroscopy (AES) 

and Low Energy Electron Diffraction (LEED) and the electronic structure is 

measured using Angle Resolved Photoemission Spectroscopy (ARPES). 

 

2.1 Sample preparation 

 

The ARPES experiment is very sensitive to the surface cleanness, and it is 

very important to make a clean and well-ordered surface state inside the ultra-high 

vacuum chamber. Pt(111) single crystal that has entered to the ultra-high vacuum 

chamber from the outside have surface with a lot of contaminants attached to the 

surface. In order to remove these contaminants, the method of repeating Ar ion 

sputtering and annealing was used. Ar ion sputtering is a method which is 

accelerating Ar ions with electric field and making them incident on the surface of 

the sample to collide with the contaminants attached to the sample surface and 
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make the contaminants fall off. The arrangement of atoms on the surface is 

disturbed because Pt and transition metal atoms on the sample surface are also 

blown away from the surface of the sample from which contaminants are removed 

through Ar ion sputtering.[37,38] When a sample with a disordered surface 

arrangement is heated to a high temperature, the atoms on the surface are 

rearranged and an ordered surface state is created. Figure 2.1 is a schematic 

drawing of the Ar ion sputtering, and the surface state where the arrangement is 

disturbed after sputtering as described above and the surface state that is aligned 

by rearranging the positions of atoms through annealing.  

 

In this study, the process of Ar ion sputtering for 20 minutes and 

annealing at high temperature of 1000 K for 2 minutes was repeated 2-3 times for 

surface cleaning. Oxygen annealing was performed at a temperature of 800 K for 

5 minutes to remove carbons which exist deep in the sample. Pt-Sn, Pt-Ni, and Pt-

Co surface alloys are made by depositing Sn, Ni, and Co on the clean Pt(111) 

single crystal surface, and annealing at appropriate temperature depend on 

alloying materials. Figure 2.2 is a schematic drawing of the surface alloy 

formation. The alloying material is deposited using electron beam (e-beam) 

evaporator, and the amount of deposited alloying materials are checked with Low 

Energy Electron Diffraction (LEED) by comparing LEED patterns with previous 

studies. The detailed process for making surface alloy and surface arrangement 

study will be introduced in chapter 3 and 4. 
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 Figure 2.1 Schematic drawings of Ar ion sputtering and annealing.  
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Figure 2.2 Schematic drawings of surface alloy formation. 
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2.2 Sample characterization methods 

 

For the surface of the sample made by Ar ion sputtering, annealing, and e-

beam evaporation, the alignment of surface atoms and the presence of 

contaminant on the surface were confirmed using LEED and Auger Electron 

Spectroscopy (AES). 

 

2.2.1 Low Energy Electron Diffraction 

 

LEED is an experiment to check the surface atomic alignment by looking at 

the diffraction pattern generated by the reflected electrons from the electron beam 

with low energy incident on the surface of the sample. The low-energy electron 

beam hardly penetrates the sample and is reflected from the surface, and the 

electrons reflected by the atoms arranged with a certain regularity interfere with 

each other to create a diffraction pattern. By observing this diffraction pattern, it is 

possible to check how the atoms on the sample surface are arranged. Figure 2.3 

shows a schematic figure for LEED. The diffraction pattern of Pt (111) surface 

obtained through LEED is shown in Figure 2.4. The clean Pt(111) surface is 

prepared by the cleaning process introduced from previous chapter. The 

diffraction patterns measured on the (111) surface showed a diffraction pattern 

like a hexagonal structure, and it was confirmed that the surface of the sample was 

well aligned from the small and clearly visible diffraction patterns. 
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Figure 2.3 Schematic drawing of LEED equipment. From Ref. [39] 

Figure 2.4 Pt(111) LEED pattern with 70 eV electron beam energy. 
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2.2.2 Auger Electron Spectroscopy 

 

 AES is an experiment to investigate the atomic composition of the sample 

surface and can be used to confirm the presence of contaminants on the surface. 

When accelerated electron beam is incident on the sample surface, electrons 

existing inside the atom are scattered by the electron beam and come out of the 

atom. Electrons at the core level are scattered by this electron beam, and electrons 

that exist at a higher energy level fall to the empty core level. The energy lost by 

Figure 2.5 The process which makes the KLL Auger electron. From Ref. [40] 
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the electrons falling to the core level is received by the electrons in the valence 

band and released out of the atom. The electrons that come out of the atom are 

called Auger electrons.[41] Since the energy that electrons can have inside an 

atom is fixed, Auger electrons come out with a certain kinetic energy. Figure 2.5 

illustrates the process which makes Auger electron.  

 

Figure 2.6 AES spectrum of Pt(111) surface (a) before and (b) after cleaning.   
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The Auger electron peak is small compare to the continuous background 

of secondary and backscattered electrons from the incident electron beam. 

Therefore, the spectrums are plotted in derivative form to make the Auger electron 

peak visible. Since Auger electrons have element-specific kinetic energy, it is 

possible to check the element composition of the surface of sample. Figure 2.6 

shows the AES data for Pt(111) before (a) and after (b) cleaning process 

introduced from previous chapter. By comparing the AES data before and after 

clean process, it can be observed that the carbon contaminant is removed from the 

sample surface. Further AES surface composition study on Pt-Ni, Pt-Co surface 

alloy will be introduced later. 

 

2.3 Angle-resolved photoemission spectroscopy 

 

Photoemission spectroscopy is an experimental method based on 

Einstein's photoelectric effect.[42] Einstein's photoelectric effect refers to the 

phenomenon in which electrons inside a material absorb photons and come out of 

the material with kinetic energy. Electrons that absorb photons and come out of 

the material are called photoelectrons. The maximum energy of an electron 

ejecting out of the material by absorbing photon is limited by 𝐸𝑝ℎ − 𝜙. (𝐸𝑝ℎ 

refers to the energy of the photon incident on the material, and 𝜙 refers to the 

work function of the material, which is the minimum energy required for electrons 

to come out) Photoelectron spectroscopy is used as a very important and powerful 
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tool to study the electronic structure because photoelectrons have important 

information about the initial state such as binding energy and crystal momentum. 

 

When a photoelectron comes out of material with photon energy of 𝐸𝑝ℎ 

was bound with binding energy (𝐸𝐵) in a material, the kinetic energy (𝐸𝑘𝑖𝑛) of the 

photoelectron is expressed as 𝐸𝑘𝑖𝑛 = 𝐸𝑝ℎ − 𝜙 − 𝐸𝐵 . Here, 𝐸𝐵  means the 

relative binding energy from the Fermi level. Since the kinetic energy of 

photoelectrons can be measured using an electron analyzer, the binding energy 

can be obtained through the energy conservation law. The binding energy 

distribution of electrons in the material can be obtained from the kinetic energy 

distribution of photoelectrons measured by incident monochromatic photon 

(monochromatic light).[43] Figure 2.7 is a figure that explains the principle of 

photoelectron spectroscopy. On the left of Figure 2.7, the density of state of 

electrons inside a material is plotted with energy, and on the right is a figure 

showing the distribution of kinetic energy of photoelectrons that have absorbed 

photons and emitted from the material. 
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Figure 2.7 Diagram showing the basic principles of photoelectron spectroscopy. 

From Ref. [44] 
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Photoelectrons have not only binding energy but also information about 

the momentum of electrons in the material. The angle at which the photoelectrons 

are emitted from the material can be converted to the momentum of the 

photoelectrons. This emission angle and the momentum of electrons inside the 

material can be expressed by the law of conservation of energy and momentum, 

and the relation is as follows. 

 

𝒑∥ = ℏ𝒌∥ = √𝟐𝒎𝑬𝒌𝒊𝒏𝒔𝒊𝒏𝜽 

 

𝑘∥ means the in-plane component of the crystal momentum of an electron, and 𝜃 

means the polar angle. By measuring electrons with large 𝜃, electrons with high 

momentum in the in-plane direction can be measured, and it is also possible to 

measure electrons in the second and third Brillouin zones that exceed the first 

Brillouin zone. 

 

 Since translational symmetry is not observed on the surface of a material, 

a different approach is required to measure the crystal momentum (𝑘⊥) of the out 

of plane component of electrons. There are several experimental methods that can 

measure the three-dimensional electronic structure, but these methods are rather 

complicated and require additional experimental data. Instead, the 𝑘⊥ value can 

be obtained by making some assumptions about the final state in the 

photoemission process. Using the electron structure calculation result or applying 
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the nearly-free-electron distribution to the final bulk Bloch state, the following 

equation is obtained. 

 

𝑬𝒇(𝒌) =
ℏ𝟐𝒌𝟐

𝟐𝒎
− |𝑬𝟎| =

ℏ𝟐(𝒌∥
𝟐 + 𝒌⊥

𝟐)

𝟐𝒎
− |𝑬𝟎| 

 

Since 𝐸𝑓 = 𝐸𝑘𝑖𝑛 + 𝜙 and 
ℏ2𝑘∥

2

2𝑚
= 𝐸𝑘𝑖𝑛𝑠𝑖𝑛

2𝜃, the equation can be arranged as 

follows. 

 

𝒌⊥ =
𝟏

ℏ
√𝟐𝒎(𝑬𝒌𝒊𝒏𝒄𝒐𝒔

𝟐𝜽 + 𝑽𝟎) 

 

In the equation above, 𝑉0 = 𝐸0 + 𝜙 is the inner potential corresponding to the 

lowest energy of the valence band with reference to the vacuum level.[45] 

Therefore, in order to obtain an accurate total crystal wave vector including 𝑘⊥, a 

photon energy dependence experiment with different energy of incident photon is 

required. However, in a low-dimensional system such as thin film, the effect of 

𝑘⊥ is very small, so it has an electronic structure with negligible dependence in 

the 𝑘⊥ direction. 
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Chapter 3.  Pt-Sn alloy 

  

In this chapter, we analyze the experimental data of ARPES and explain 

the physical meaning of the results. By comparing the electronic structures of 

Pt(111) and Pt-Sn/Pt(111) 2x2 surface alloy and observing the changes in the 

electronic structure due to CO adsorption, the deeper understandings of the CO 

adsorption mechanism is provided. The observed band structure reveals a unique 

feature of charge transfer as CO atoms are adsorbed, and as the coverage of CO 

increases, the degree of charge transfer between CO and Pt is clearly different 

from that of Pt-Sn. In addition, the number of conduction electrons of the systems 

change measured from Fermi surface area, shows Pt surface has a larger electron 

number change than Pt-Sn surface due to the CO adsorption. We discuss the 

differences between Pt and Pt-Sn upon CO adsorption and revealed the effect of 

surface Sn atoms on CO adsorption. 

 

3.1 Previous results  

  

Polymer exchange membrane fuel cells (PEMFC) have been in the 

spotlight for their low operating temperature and eco-friendly energy sources. 
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PEMFC has several technical issues, one of them is the efficiency and stability of 

the hydrogen evolution reaction (HER) at the anode. Pt, which has the highest 

efficiency, is widely used as a catalyst for the anode of a fuel cell. However, the 

H2 gas used in fuel cells contains a small amount of CO gas during the 

manufacturing process, and this CO poisoning greatly reduces the catalytic 

efficiency of Pt. In order to solve the problem of CO poisoning in the anode, many 

studies have been conducted using an alloy of Pt with other metals. 

 

Figure 3.1 Cluster used to model Pt(111) and r3xr3 R30 - Sn/Pt(111) surfaces. From Ref. 

[49] 
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In heterogeneous catalysis, the knowledge of surface electronic structure 

provides critical insight for understanding fundamental surface chemical reactivity 

of a material.[46,47] Conversely, desired chemical properties could be realized via 

modifying electronic structures of materials. In surface catalysis, the latter 

approach has been the major driving force for finding ideal surface catalyst. In 

this regard, the frontier molecular orbital model has been intensively studied to 

explain the basic surface chemical reaction route.[48]  

 

As a representative study of bimetallic alloy catalyst, Pt-Sn alloy has been 

thoroughly studied. Using XPS and DFT calculation, Rodriguez et al. pointed out 

that the presence of charge transfer from Sn to Pt as well as subsequent re-

hybridization between Pt-Sn generate unique surface chemistry of SO2, 

suggesting that both ensemble and electronic effects are important in the 

reaction.[49] In an STM study, Koel et al. explored the sign of charge modulation 

near EF of Pt-Sn alloy surface, e.g., the reduction of electron density near EF at the 

Pt site, and interpreted the electronic structure modulation as a measure of 

chemical reactivity.[50] On the theoretical side, Sautet et al. calculated the amount 

of charge transfer from Sn to Pt depending on the surface structure of Sn.[19] It 

was pointed out in the work that the d-band center is shifted downward due to the 

charge rearrangement, highlighting the role of electronic structure due to the 

amount of neighbor Sn atoms.  
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Figure 3.2 STM image for Pt-Sn surface alloy. Both 2×2 and √3×√3 can be 

observed. From Ref. [50] 

  



 

 

 

 

 

Chapter 3 

40 

 

 

 

 

 

Figure 3.3 d-band center is shifted downward due to the Sn alloying. From Ref. 

[19] 



 

 

 

 

 

Chapter 3 

41 

 

 

 

 

 

While the major aspect of the electronic structure change has been 

discussed on Pt-Sn system, there is no decisive experimental evidence for the 

modified Pt electronic structure due to Sn alloying and its participation on surface 

chemical reactions. The detailed information on the orbital dependent electronic 

structure of Pt-Sn and charge transfer in the chemical reaction can provide 

significant insight into the nature of reactivity of Pt-Sn alloys. It in turn can be 

beneficial for the development of advanced alloy catalysts. Nonetheless, 

information on such orbital dependent electronic structure and its effect on the 

catalytic reaction has not been obtained due to the lack of a suitable tool to 

investigate the issue 

 

 We resolve the issue by studying ordered CO molecules on Pt(111) and 

Pt-Sn(111) surface alloys using angle-resolved photoemission spectroscopy 

(ARPES) and DFT calculation. CO adsorption on ordered surface enables us to 

monitor the band dispersion change due to the interaction between CO molecular 

orbitals and surface electronic structures of Pt-Sn alloys. In comparison with DFT 

calculation, the enhanced spectral features near EF are identified as dxz and dyz 

orbitals of the π-bonding. The charge transfer mechanism deduced from the band 

structure near EF is found to be described by a combination of the π- and σ-

bonding interactions in the Blyholder model.[12] Inspection of band structure 

during chemical reaction reveals the key role of electronic effects in Pt-Sn alloy. 

This method can be applied to studies of other metal-based catalyst systems. 
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3.2 Computational Details 

 

The DFT calculations were performed with the Vienna Ab initio 

Simulation Package (VASP).[51] Vdw-DF exchange−correlation functional was 

used to describe the electron−electron interaction.[52] This functional is known to 

correctly describe the order of adsorption energies of CO on Pt sites.[53] We also 

checked that the use of PBE functional with Hubbard U correction,[54,55] which 

could resolve the Pt puzzle,[56] leads to similar results. A 12 layers of Pt slab was 

used with ~10 Å of vacuum region. To calculate Pt/Sn structure, atomic structures 

were relaxed until atomic forces acting on each atom were reduced under 0.03 

eV/Å. For bare Pt slab, the structure geometry was fully optimized. On the other 

hand, for the structures of supercells (CO-adsorbed structures and Sn-doped 

structures), only top 4 layers were allowed to move while the bottom 8 layers 

were fixed. A 10×10×1 k-point mesh for Brillouin zone (BZ) sampling was used 

as a unit cell and, for supercells, the number of mesh was reduced in proportion to 

the surface area. The band unfolding is performed using BandUP code.[57,58] 

The atomic models used for DFT calculations are shown in Figure 3.4. 
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Figure 3.4 The atomic model of (a) 0.33 ML CO/Pt, (b) 0.5 ML CO/Pt, (c) Pt-

Sn/Pt, and (d) CO/Pt-Sn/Pt. The gray, purple, black, and red atoms represent Pt, 

Sn, C, and O, respectively. The CO distribution of 0.5 ML CO/Pt-Sn/Pt are 

employed from reference [59]. In actual comparison with the experimental data, 

the atomic model of 0.33 ML CO/Pt is compared with experimental 0.25 ML 

CO/Pt system since both show a √3×√3 LEED pattern while our 0.25 ML model 

has a different structure. 
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3.2 Surface arrangement study 

 

Pt-Sn/Pt(111) surface alloys are prepared by Sn deposition and annealing 

on a Pt single crystal surface. At low annealing temperature the Pt-Sn surface 

layer makes √3×√3 superstructure and it changes to 2×2 as the annealing 

temperature raises. Figure 3.5 shows the changing LEED pattern of Pt-Sn surface 

alloy due to the annealing temperature. Two different Pt-Sn/Pt(111) surface alloys, 

√3×√3 and 2×2, for ARPES experiments are prepared at annealing temperature 

of 800 and 1,100 K, respectively. The surface arrangements of Pt(111) and the Pt-

Sn/Pt(111) surface alloy are confirmed with LEED.[60,61]  

 

CO is dosed on the sample surface using gas pipe close from the sample 

to keep the base pressure low. While changes in LEED patterns are observed 

between Pt and the Pt-Sn/Pt(111) 2×2 surface alloy with CO adsorption no such 

changes are observed with the Pt-Sn/Pt(111) √3×√3 surface; this is because CO 

molecules do not form an well-ordered arrangement on the √3×√3 surface due to 

the increased proportion of Sn.[59] CO adsorbates form ordered adlayers on Pt 

and Pt-Sn/Pt(111) 2×2 surface alloy. Two different adlayer configurations for 

CO/Pt and CO/Pt-Sn/Pt(111) 2×2 surface alloy are confirmed by comparing 

LEED patterns.[62,63] 
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Figure 3.5 LEED pattern of Pt-Sn surface alloys with various annealing 

temperatures  
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Figure 3.6 LEED patterns of Pt(111), Pt-Sn/Pt(111) √3×√3 surface alloy, and Pt-

Sn/Pt(111) 2×2 surface alloy, and changes in the surface arrangement by CO 

adsorption: (a) Pt(111), (b) Pt-Sn/Pt(111) √3×√3, (c) Pt-Sn/Pt(111) 2×2, (d) 

~0.25 ML CO/Pt, (e) ~0.5 ML CO/Pt, and (f) ~0.5 ML CO/Pt-Sn/Pt(111) 2×2. 

Dotted lines indicate the Brillouin zone boundary.  
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At 0.25 ML coverage on Pt(111), CO sits on the top site and forms a 

√3×√3 superstructure. At 0.5 ML, CO sits on both top and bridge sites with 

c(4×2) structure. In the case of of Pt-Sn 2×2 surface alloy surface, no 

superstructure could be identified at 0.25 ML, consistent with a previous report, 

while 2√3×2√3 superstructure was observed at 0.5 ML coverage of CO without 

any mixed phase. The real space model for CO/Pt(111) and CO/Pt-Sn/Pt(111) 

2×2 surface alloy can be found in references.[59,63] During each measurement of 

ARPES, we checked the surface ordering with LEED, which exhibits the presence 

of single ordered phase.  

 

Previously, CO binding energies on Pt(111)[64] and Pt3Sn(111)[65] bulk 

alloy surfaces were calculated using DFT. At low coverage (1/9 ML), the most 

stable adsorption site of CO on Pt(111) was the top site with 1.52 eV binding 

energy. At 0.5 ML coverage, 2 top and 2 bridge site CO atoms on the c(4×2) unit 

cell are most stable with 1.44 eV binding energy. On Pt3Sn(111) bulk alloy 

surface, top site was the most stable site with 1.5 eV binding energy for 0.25 ML 

CO coverage. For 0.5 ML CO coverage, hollow site becomes more stable with 

1.27 eV binding energy. 
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3.4 Electronic structures of Pt and Pt-Sn 

 

We first use ARPES data to identify the band structures of clean Pt(111) 

and Pt-Sn/Pt(111) 2×2 surfaces, as shown in Figures 3.7 b and c. These high-

symmetry cut data show various dispersive bands with identified bands marked 

with black dotted lines. As mentioned above, band folding takes place due to the 

2×2 surface reconstruction of the Pt-Sn/Pt(111) surface. This explains the greater 

number of bands observed for the Pt-Sn/Pt(111) surface in Figure 3.7 c compared 

to the Pt(111) surface in Figure 3.7 b. To distinguish the original and folded bands, 

guide lines are superimposed onto the Pt-Sn/Pt(111) ARPES data in Figure 3.7 c. 

Black dotted lines indicate the original band structure, while red dotted lines 

indicate folded bands. It is important to note that the folded bands at the Γ point 

originate from unfolded bands at the Μ point. This band folding effect is even 

more evident in the Fermi surface map data and will be discussed later.  
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Figure 3.7 Brillouin zone of Pt(111) and 2×2 folded Brillouin zone of Pt-

Sn/Pt(111) 2×2 surface alloy. Electronic structure of Pt, and Pt-Sn surface alloy. 
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While the unfolded band structure of Pt-Sn/Pt(111) along the Γ-K 

direction in Figure 3.7 c is similar to that of Pt in Figure 3.7 b, significant 

differences exist between these two sets of data, indicated by blue, yellow, and red 

arrows. While apparent band splitting can be seen on the Pt surface near the M 

point, no such feature is discernable on the Pt-Sn/Pt(111) 2×2 surface (blue arrow). 

The band indicated by the red arrow is a new band that is not observed at the Pt 

surface. In addition, the shape of the band on the M-K line near EF (marked by the 

yellow arrow) differs between the two surfaces. These differences in the band 

structure are due to the surface alloying of Pt and Sn. 

 

3.4.1 Changes of Fermi surface and charge concentration 

 

Next, we investigate the effect of CO adsorption on the electronic 

structure of the metal surfaces. To better understand the correlation between band 

structure and adsorption, the transient surface electronic structures are monitored 

as CO is adsorbed onto the surfaces of Pt(111) and 2×2 Pt-Sn/Pt(111). Figure 3.8 

shows the Fermi surface evolution of these surfaces upon CO dosing. Distinct 

differences in the Fermi surface at the Γ and M points are observed when 

comparing clean Pt(111) (Figure 3.8 a) and Pt-Sn/Pt(111) 2×2 (Figure 3.8 d). The 

pocket at Γ on the Pt-Sn/Pt(111) surface is due to folded bands from the M point, 

i.e., the folded bands at Γ in Figure 3.7 c, and thus looks similar to the pocket near 

the M point. These folded bands around Γ testify to the presence of the 2×2 
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superstructure of the Pt-Sn/Pt(111) surface. On the other hand, the hole pocket 

(Fermi surface of a hole band) at the M point, which is also seen in Figure 3.7, is 

larger for the Pt-Sn/Pt(111) 2×2 surface compared to Pt. By comparing the 

experimental dispersion with Korringa–Kohn–Rostoker calculation results[66], 

we find that the enlargement of hole pocket at the M point is due to the 

hybridization between Sn and Pt. The presence of band folding is also reproduced 

in the calculation results and accounts for the multiple Fermi surfaces of the Pt-

Sn/Pt(111) 2 × 2 surface.  

 

The data in Figure 3.8 show that significant changes occur in the 

electronic structures of the Pt and Pt-Sn/Pt(111) surfaces as CO molecules are 

adsorbed. One particularly notable change upon CO adsorption is the splitting of 

the large hexagonal Fermi surface of Pt, centered at Γ. This Fermi surface splitting 

is attributed to the differential responses of surface and bulk bands of Pt to he 

adsorption of CO, resulting in the formation of bulk and surface states. The orbital 

character calculation of the hexagonal band (Figures 3.9) supports our intuition of 

surface-bulk splitting at CO/Pt(111). The Pt(111) hexagonal band is mostly made 

of in-plane orbital band. This in-plane orbitals have weak interaction between the 

layer; and cause surface-bulk splitting when CO is adsorbed on the surface. 

Interestingly, this splitting is not observed with Pt-Sn/Pt(111), indicating the 

modification of the surface band of Pt upon Sn alloying, which leads to an entirely 

different response to CO adsorption.  
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Figure 3.8 The pristine Fermi surfaces of Pt(111) and the Pt-Sn/Pt(111) 2×2 

surface alloy are shown along with changes in the Fermi surfaces caused by CO 

adsorption. Dashed lines indicate the BZ boundary. 
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Figure 3.9 Orbital character calculations of Pt(111). Orbital contributions of (a) s, 

p, d, (b) dx2-y2, (c) dxy, (d) dyz, (e) dzx, and (f) dz2 orbitals are indicated by circles 

proportional to the contribution.  
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More importantly, the Fermi surface pocket of Pt(111) centered at M 

becomes smaller as CO is adsorbed. The data in Figures 3.8 a-c show that the 

pocket at the M point of Pt almost disappears with adsorption of the ~0.5 

monolayer (ML) of CO. This reduction in pocket size is less dramatic for Pt-Sn/Pt, 

as shown in Figures 3.8 d-f, with a finite Fermi pocket remaining at ~0.5 ML 

coverage. Since changes to the hole bands at M occur on both the Pt and Pt-Sn/Pt 

surfaces with CO adsorption, we examine the associated changes in electronic 

structure near the Fermi surfaces of both systems more closely. 

 

First, we calculate the charge concentrations of each system. Previously, 

based on DFT calculation and within the Blyhoder model, Gunasooriya et al. 

found that the charge redistribution at Pt sites due to π- and σ-bonding affects the 

CO adsorption behavior as the coverage of CO increases.[67] In our ARPES study, 

the change in the surface charge carrier was monitored using the Luttinger 

theorem. According to the Luttinger theorem, the area enclosed by the Fermi 

surface is proportional to the carrier number.[68,69] Thus, the number of 

conduction electrons of a system changed by CO adsorption can be obtained from 

the change in the electron and hole pocket sizes on the Fermi surface (Figure 3.8) 

For Pt, the proportion of the large hexagonal pocket in the BZ is 45.7% and that of 

the M point hole pocket is 8.4%. At ~0.5 ML CO/Pt(111), the M point hole pocket 

vanishes and the surface hexagon pocket becomes 57% of the BZ. These changes 

indicate an increase in electron charge concentration of 0.394 electrons per unit 
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cell ((57-45.7+8.4)×2=39.4 (%)). For Pt-Sn/Pt(111), the size of the hexagonal 

band before and after CO adsorption remained unchanged with a reduction in the 

size of the hole band from 12.0% to 1.6%. This indicates an increase of 0.208 

electrons per 1×1 Pt unit cell due to CO adsorption ((12.0-1.6)×2=20.8 (%)). The 

change in the number of conduction electrons due to CO adsorption on Pt(111) is 

almost twice that of the Pt-Sn/Pt(111) surface alloy.  

 

3.4.2 Orbital selective energy shift and orbital character 

 

Next, we closely examined the band dispersion near M, which shows a 

significant change in the Fermi surface topology upon CO dosing. Figure 3.10 

shows the measured electronic structures of Pt(111) and Pt-Sn/Pt(111) 2 × 2 along 

the M-K high symmetry cut for CO coverages of 0, 0.25, and 0.5 ML. To identify 

the molecular orbitals participating in charge exchange between CO and Pt, the 

results of DFT calculation are shown in Figures 3.10 d-f. In DFT calculation, the 

contribution from only the top surface layer is shown and the red dotted lines are 

drawn to help the comparison with the experimental results. In addition, the 

simulated electronic structures of pristine Pt(111) and Pt-Sn/Pt(111) surfaces are 

shown in Figure 3.11. 
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Figure 3.10 CO-induced band shifts for Pt and the Pt-Sn/Pt(111) surface alloy. 

Yellow dotted lines are provided as the guide to the eye for significant shifts 

induced by CO adsorbate. Theoretical band structures are shown for comparison. 

Red dotted lines are duplicated from yellow dotted lines in Figures 3.9 (a)-(c).  
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In comparing the band features near M in Figures 3.10 a and g, we note 

that the bands of Pt-Sn/Pt(111) are generally broader than those of Pt. The broader 

bands of the Pt-Sn/Pt(111) alloy, which are consistent with theoretical results 

(Figures 3.11 a and b), arise from hybridization with Sn, and further indicate the 

modification of the electronic structure. Adsorption of CO results in a downward 

shift of the hole bands at the M point for both Pt and Pt-Sn/Pt(111) surfaces, as 

indicated by the yellow dotted lines. Note that this shift occurs only for the hole 

bands at the M point, indicating that only certain bands participate in bonding 

during adsorption. The band shows a rigid shift, with little or no broadening. This 

Figure 3.11 Pt, and Pt-Sn/Pt(111) 2×2 surface alloy band structures near the M 

point obtained with ARPES simulation. 
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downshifted band is also identified in the DFT results, marked as red dotted lines 

in Figures 3.10 d-f. We found that the orbital character of the band shows an 

increased contribution from out-of-plane orbitals, as listed in Table 3.1. This 

finding clearly supports the π-bonding characteristics of the back-donation which 

occurs near EF, i.e., dxz and dyz components from Pt to CO in the picture of the 

Blydolder model.[12] 

 

 

Material Binding 
energy[eV] 

dz2  
contribution 

dxz + dyz 
contribution 

dxy + dx2-y2 
contribution 

Pt 0.08 0.592 0.180 0.107 

0.33 ML CO/Pt 0.35 0.388 0.276 0.076 

0.5 ML CO/Pt 0.48 0.297 0.420 0.038 

Table 3.1 Orbital character change of energy shifting band. Calculated orbital 

contribution for energy shifting band of Pt during CO adsorption on Figures 3.9 

(a)-(c). Binding energy shows the binding energy of energy shifting band at the M 

point.  

 

Figure 3.12 shows the band structure of Pt(111) and CO adsorbed Pt 

surfaces along the ΓΚ direction and the DFT calculated band structure. Table 3.2 

shows the calculated orbital contribution for the hexagonal band, which is marked 

with arrows in Figure 3.12 a-c, of Pt during CO adsorption. From DFT calculation, 

the hexagonal bands become broader due to the CO adsorption, which is a sign of 
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band splitting observed from ARPES experiment. The out-of-plane orbital 

contribution, especially dyz + dxz contribution of Pt(111) hexagonal band increases 

as CO adsorb. This orbital contribution change shows similar trend with the 

orbital contribution change of M point band (Table 3.1) and shows the electronic 

band structure change near Fermi level during CO adsorption comes from the 

back-donation π-bonding states. 

 

Figure 3.12 Band structures of Pt(111), ~0.25 ML CO/Pt(111), and ~0.5 ML 

CO/Pt(111) and DFT calculations along the ΓΚ direction. The hexagonal bands 

are marked with blue arrows. 
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Material dz2  
contribution 

dxz + dyz 
contribution 

dxy + dx2-y2 
contribution 

Pt 0.111 0.086 0.668 

0.33 ML CO/Pt 0.159 0.114 0.612 

0.5 ML CO/Pt 0.145 0.236 0.524 

Table 3.2 Calculated orbital character change of hexagonal band. Calculated 

orbital contribution for the hexagonal band of Pt during CO adsorption on Figures 

3.12 (a)-(c). 

 

While the downward shift of hole bands is similar between Pt and Pt-

Sn/Pt(111), a close examination of the band behavior reveals several distinct 

differences. While the hole band of Pt shifts downward continuously with CO 

coverage, that of Pt-Sn/Pt(111) does not shift until the CO coverage reaches ~0.5 

ML. This suggests that CO molecules on Pt-Sn/Pt(111) form an ordered surface 

only above a certain coverage as only the ordered structure is expected to 

contribute to the dispersive bands. This observation agrees with the result of a 

previous report,[59] wherein the LEED pattern of a Pt-Sn/Pt(111) surface do not 

change with CO coverage below a certain level. In addition, the Pt hole band shift 

for 0.5 ML CO is about 500 meV (yellow line in Figure 3.10 c), while that for Pt-

Sn/Pt(111) is only 200 meV (Figure 3.10 i); that is, at 0.5 ML of CO, the hole 

band shift of the Pt surface is 2.5 times larger than that of the Pt-Sn/Pt(111) 

surface alloy, which again reflects the difference in chemical bonding state 
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between the two surfaces. In fact, DFT calculations show that the adsorption 

energy of CO on Pt(111) (1.38 eV) is larger than that of CO on Pt-Sn alloy surface 

(0.93) by 0.45 eV on average. This value is comparable to that of Dupont et al. 

which varies from 0.16 to 0.33 eV depending on the CO coverage, adsorption site, 

and calculation method.[65] 

 

 

Figure 3.13 Schematic illustration of the role of Sn on CO adsorption mechanism 

in Pt and Pt-Sn alloy 
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Here we wish to discuss the implication of our observations. The most 

significant change due to the Sn alloying is observed at the M point in Figure 3.10. 

The M point band shows significant energy shift upon CO adsorption on both Pt 

and Pt-Sn surface alloy. Considering the dominant contribution of d-band orbitals 

to the near EF electronic structure (Figure 3.9) and the increasing contribution 

from out-of-plane orbitals to the downward shifting hole band at M, shown in 

Figure 3.10, the observed band downshift is a clear indicator of a π-bonding 

between d-orbitals of the metal and the 2π orbitals of CO during chemisorption of 

CO on the metal surface.  

 

Furthermore, the different amount of downshift of the hole band between 

Pt and Pt-Sn surface clearly shows that the degree of participating back-donation 

charge is different, i.e., weaker bonding of Pt-Sn surface, as schematically shown 

in Figure 3.13. In fact, this is indicated in the different changes in the number of 

conduction electrons calculated based on the Luttinger theorem in Figure 3.8. It is 

also to note that the increase in the conduction electron does not necessarily mean 

charge transfer from CO to Pt, since what we observe in ARPES on CO adsorbed 

Pt surface are hybridized states between CO and Pt orbitals. In published DFT 

calculations, σ-bonding states are identified at high binding energies (5~9 eV) 

while π-back-donation states exist near the Fermi level.[65,70] Considering the 

energy positions of the states, the modification of band structure we observed at 

near Fermi surface should mostly originate π bonding states which consist of Pt d-
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band and CO 2π states. The lesser change in the number of conduction electrons 

in Pt-Sn than Pt near the Fermi surface indicates a weaker charge interaction in 

the case of the Pt-Sn surface, consistent with the above picture of the smaller 

back-donation of d-bands in Pt-Sn. In addition, a theoretical study of CO on Pt 

clusters predicted that the downward shift of Pt d-bands participating in the back-

donation is a few hundred meV, which is consistent with our experimental 

observations.[70] Overall, these observations indicate that Sn plays an important 

role in the determination of CO adsorption properties by modifying electronic 

structure of Pt.  

 

3.4 Summary 

 

In this section, high resolution ARPES measurements are used to directly 

observe transient bonding states of CO molecules on Pt and Pt-Sn/Pt(111) alloy 

surfaces. Energy shifts of hole bands and changes in the Fermi pocket size near 

the M point of both Pt and Pt-Sn/Pt(111) show the band structure with specific 

orbital characters participating in the bonding process. The observed electronic 

band structure change indicates the role of Sn as a modifier of the Pt electronic 

band structure. Moreover, the amount of charge transferred from adsorbed CO is 

measured from the Fermi surface pockets sizes, which can be related to the 

different CO bonding strength between Pt and Pt-Sn surface alloy. Our ARPES 

results reveal the mechanism on how Sn affects the CO adsorption process on Pt, 
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and show the important role of the surface electronic structure in molecular 

adsorption reactions.  

 

Our results show how the d-bands with specific orbital characters 

participate in chemical bonding with CO molecules on surfaces, which is highly 

valuable information for understanding catalytic reaction at the molecular level. 

Furthermore, our methodology, i.e. ARPES on surface reactivity of Pt-Sn surface 

alloys, can be systematically expanded to other Pt-based bimetallic alloys, which 

then can unveil the nature of modified catalytic activity of alloy catalysts. 
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Chapter 4.  Pt/TM/PT sandwich structure 

  

In this chapter, we investigate the electronic structure of Pt-skin layer of 

Pt-Ni and Pt-Co surface alloys with CO adsorbed surfaces. Measured Fermi 

surface maps and band dispersion reflect the signature of chemical bonding 

between Pt-skin layer and CO molecules. Furthermore, the degree of chemical 

bonding strength of CO molecules, estimated from the energy shift of the 

participating bands, is found to be reduced on both Pt bimetallic alloys. The 

modified surface band structure of Pt bimetallic alloys due to CO adsorption 

reveals the important role of the electronic structure in the determination of 

chemical properties of bimetallic alloys. 

 

4.1 Previous results 

  

As any variation in the surface electronic structure inevitably has 

substantially affects the chemical reactivity on a surface, modification of surface 

geometries and/or compositions can lead to significant changes in the surface 

chemical properties.[14,15,47] In 2007, Stamenkovic et al. demonstrated that 

Pt3Ni(111) alloys with Pt-skin layer show significant enhancement in the oxygen 
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reduction reaction (ORR) and pointed out the unique electronic structure of Pt-

skin surface layers as the driving force for the enhanced ORR.[71] They showed 

that the Pt-skin layer, prepared by high temperature annealing process under ultra-

high vacuum (UHV) environment, has a distinct electronic structure due to the 

interaction with the Ni enriched subsurface layer. Later, the same group reported a 

similar enhancement of ORR in a series of Pt-transition metal (TM) alloys 

(TM=Co, Fe, Ni).[25] Considering the possibility for partial replacement of the 

expensive Pt with viable TMs, Pt-TM alloys showed an immense potential as 

future catalyst in proton-exchange membrane fuel cells (PEMFC). As a result, 

many catalyst research groups began participating in developing nanoscale ORR 

catalysts that imitate the structures of Pt-TM alloys, i.e. Pt-skin bimetallic 

nanoparticles.[72-74] 

Figure 4.1 ORR activity enhancement by Ni alloying on various surfaces of Pt 

single crystal. d-band center is obtained from UPS spectrum. From Ref. [71] 
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Figure 4.2 Volcano curve which shows enhanced ORR activity in various Pt 

transition metal alloys. From Ref. [25] 

Figure 4.3 Binding energies of various adsorbates and O2 activation energy on Pt, 

strained Pt, Pt skin Pt3Co, and Pt3Co surfaces. From Ref. [16] 
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In early studies of Pt-skin layer as an ORR catalyst, the primary interest 

of many research groups was to identify the origin of the modified electronic 

structure of the Pt-skin layer and its relation to the adsorption behavior of oxygen 

gas molecules.[75,76] Using the so-called d-band model, Stamenkovic et al. 

showed that the oxygen adsorption energy of ORR is closely related to the 

position of the d-band center, i.e. DOS near the Fermi level,[25] emphasizing the 

important role of the electronic structure in Pt-TM alloy systems. In the meantime, 

Xu et al. pointed out the presence of stain effect between Pt-skin and TM 

subsurface layer, which was ultimately responsible for the modified oxygen 

adsorption/dissociation behavior of Pt-skin surface.[16] Later, with angle resolved 

photoemission spectroscopy (ARPES), Kim et al. showed that the origin of the 

weakened Pt-O bonding is related to the change in the charge polarization 

between Pt-skin layer and TM-subsurface layer.[77] Furthermore, the group 

showed the presence of a strong hybridization between Pt s- and dz2-orbitals in the 

Pt-skin layer of Pt3Ni(111).  
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Figure 4.4 Charge polarization between Pt skin layer and TM subsurface layer and 

the adsorption energy difference between Pt and Pt-TM alloys. From Ref. [77]  
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Figure 4.5 Hybridization between Pt s-orbital and dz2-orbital due to the Ni 

alloying on Pt(111) single crystal.[77]  
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In the meantime, the adsorption behavior of CO on Pt-skin layer has been 

also actively investigated since the bonding strength of CO on Pt-skin layer is 

found to be weaker than that on pure Pt. The reduced CO bonding strength on Pt-

skin surface can help minimizing the CO poisoning effect on anode of PEMFC. 

DFT calculation and electrochemical measurements performed by van der Vliet et 

al. show a reduction in the CO adsorption energy on Pt-skin layer of Pt3Ni and 

Pt3Co alloys.[78] More recently, Panahi et al., using TPD, examined the trend of 

the CO binding strength on Pt-skin layer of Pt-TM alloys. They suggested the 

modified backdonation from the Pt-skin to adsorbed CO as the derivation of the 

altered CO bonding strength.[79] 

 

In spite of previous studies, it is still unclear how Ni and Co reduce the 

CO adsorption energy of the Pt skin layer. In order to address the issue, we 

investigate the formation of Pt-skin layers on Pt-Co and Pt-Ni alloys using low 

energy electron diffraction (LEED) and ARPES. While CO molecules are 

adsorbed on the surface, the change in the chemical bonding between the Pt-skin 

layer and CO molecules is monitored through the change in the electronic 

structure, i.e. variations in Fermi surfaces and band dispersions. The comparison 

of measured band dispersion with DFT calculation results reveals that only 

specific orbitals of Pt-surface layer participate in the chemical bonding between 

Pt-skin layer and CO molecule. Furthermore, the degree of the chemical bonding 

strength is estimated via the energy shift of the participating bands. Our results 
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reveal that the surface chemical reactivity of the Pt-skin layer is strongly 

correlated with the modified electronic band structure of the surface, 

demonstrating the important role of the electronic structure in the reactivity of 

bimetallic catalysts. 

 

4.2 Experimental details  

 

Pt-skin layer on Pt-TM alloys is prepared via the so-called “deposit-and-

anneal” method. First, a clean Pt(111) single crystal surface is prepared by 

repeated cycles of Ar sputtering and annealing at 1,100 K. The duration of the Ar 

sputtering time was 15 min. The voltage setting for the sputter gun was 1.5 kV 

and the emission current was 10 mA. The Ar pressure was 3.0×10-6 Torr. After the 

cleaning, TM (Ni or Co) was deposited on clean Pt surface by molecular beam 

evaporation method at room temperature. The increase of Ni, Co peak due to the 

deposition is checked with AES spectrum. Figure 4.6 shows the AES spectra of Ni 

deposited Pt(111) surfaces depend on deposition time. During the metal deposition 

and heating processes, LEED analysis was conducted to confirm the coverage of 

TM and formation of the Pt-skin layer. Figure 4.7 shows the schematic drawing 

for LEED pattern depend on Ni coverage on Pt(111),[80] and measured LEED 

pattern during Ni deposition. The deposition rate of TM was 1 ML per 3~4 

minutes. After deposition of 1 ML of TM on Pt(111), the surface was heated to 

750 K for 5 min. This made the TM defuse into inside of Pt surface, creating the 
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Pt/TM/Pt structures. The formation of Pt/TM/Pt has been well-characterized in 

previous studies.[80,81]  

 

Figure 4.6 AES spectra of Ni deposited Pt(111) surfaces. Blue arrow shows the Ni 

AES peak at 102 eV.  
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Figure 4.7 Schematic drawing for LEED pattern depend on Ni coverage on Pt(111) 

[80], and measured LEED pattern during Ni deposition.  

 

Once the Pt-skin layer is prepared, ARPES measurements were performed 

in a UHV system, equipped with a Scienta DA30 analyzer. The photon energy and 

energy resolution were 21.2 eV (Helium lamp) and 8 meV, respectively. CO gas 

was dosed at 100 K with a homemade stainless-steel dosing tube. The dosing tube 

was located close to the sample surface and the dosing rate of CO was 1ML/60 

min. ARPES measurements were performed at 100 K, for both pristine and CO-

adsorbed surfaces. All measurements were performed in a base pressure less than 

4 × 10-11 Torr. For DFT calculation, Pt and Pt/TM (Ni and Co) slab consisting of 

15 atomic layers are used after allowing relaxation until the force becomes less 
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than 0.03 eV/Å. We used Vienna ab initio simulation package (VASP) base on 

frozen-core full-potential projector augmented-wave (PAW) method [51,82] under 

the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 

[54] as exchange correlation functional and the spin-orbit interaction was included. 

 

4.3 Surface characterization 

 

Prior to the ARPES measurement, the surface arrangement of the Pt-TM 

surface alloy was checked with LEED. Figure 4.8 (a)~(f) shows series of LEED 

patterns from Pt(111) surfaces with various thicknesses of Ni layers and 0.5 ML of 

CO adsorption. The red dotted lines are drawn to help to identify LEED patterns. 

Figure 4.8 a shows a well-defined three-fold symmetry pattern of clean Pt(111) 

surface. As the coverage of Ni increases, the six-fold satellites around each Pt 

feature start to appear. These satellite features correspond to the formation of Ni 

islands on the Pt lattice. The coverage of Ni film is estimated based on the 

deposition time as well as LEED satellite features in comparison with previously 

reported results.[80,81] The very weak LEED satellite peaks start to appear at 

around 1 ML of Ni. The satellite feature becomes sharper at around 2 ML of Ni 

but starts to becomes weaker at higher coverage of Ni as seen in Figure 4.8 d. 

Beyond the coverage of 3~5 ML, the three-fold symmetry pattern of Pt disappears 

and the pseudo six-fold symmetry is seen with a slightly larger hexagon, 

indicating that the contribution to the LEED pattern comes only from Ni. 
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Figure 4.8 LEED study during Pt/Ni/Pt surface alloy formation process. 

Figure 4.9 LEED study during Pt/Co/Pt surface alloy formation process. 
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We annealed the 1 ML Ni on Pt(111) surface and obtained the Pt/Ni/Pt 

surface alloy with Pt skin surface structure. In Figure 4.8 e, LEED pattern of 

Pt/Ni/Pt skin surface shows a 1×1 pattern with a slightly bigger hexagon 

compared to Pt(111). In addition, the satellite peaks almost disappear, indicating 

the formation of pure Pt skin layer. On the Pt/Ni/Pt skin surface, we dose CO. 

When CO coverage reaches 0.5 ML, a 4×2 LEED pattern is observed, which is 

also consistent with results of previous studies.[62,63] Similar LEED patterns are 

also observed for Co deposited Pt(111), Pt/Co/Pt alloy, and CO adsorbed Pt/Co/Pt 

alloy surfaces (Figure 4.9). At slightly high TM coverage, annealed surface shows 

satellite peak, which is assumed to come from residual TM atom on the surface 

layer Figure 4.10. The similar satellite peak is observed on Pt-Co surface alloy at 

Co rich surface on previous research.[81] ARPES is performed at Pt/TM/Pt 

surface alloy and ~0.5 ML CO deposited Pt/TM/Pt surface alloy surfaces to see 

the electronic band structure change by CO adsorption. ARPES measurements 

were performed on pristine Pt surface (Figure 4.8 a), Pt/TM/Pt surface alloy 

(Figure 4.8 e, 4.9 e), and ~0.5 ML CO deposited Pt/TM/Pt alloy surface (Figure 

4.8 f, 4.9 f) to monitor changes in the electronic band structure for a given surface 

condition.  
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Figure 4.10 LEED satellite peak observed from annealed Pt-Ni surface alloy due 

to the residual Ni atoms on the surface. 
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4.4 Electronic structure of Pt/TM/PT 

 

Figure 4.11 shows the high symmetry cut ARPES data of Pt and Pt/TM/Pt 

alloys. In comparison to the Pt data, Pt/TM/Pt surface alloys display less 

pronounced dispersive features due to alloying. The bands near the M point and 

midsection of Γ and K points show clear differences between Pt and two Pt/TM/Pt 

alloys, marked with red arrows. In addition to these differences, alloying with TM 

creates new broad bands centered at the Γ point while the band structure around 

the K point almost disappears in Pt/Co/Pt. In fact, Pt/Co/Pt data around the Γ 

point show higher spectral intensity at the Fermi level. These features are 

predicted in the DFT calculation results in Figure 4.12. On the other hand, 

comparison of Pt/Ni/Pt and Pt/Co/Pt data show that Pt/Ni/Pt has more distinct 

dispersive features than Pt/Co/Pt, which could come from better ordering in the 

Pt/Ni/Pt surface alloy. It is also to note that Pt/Ni/Pt surface alloy bands show a 

kink feature at around 200 meV binding energy as marked by the yellow dotted 

line in Figure 4.11 b. This kink feature may be regarded as a sign of an interaction 

between Pt hexagonal band and Ni electron pocket. 
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Figure 4.11 High symmetry cut ARPES data of Pt(111) and Pt/TM/Pt alloy 

surfaces.  
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Figure 4.12 DFT calculated electronic band structure of (a) Pt/Ni/Pt and (b) 

Pt/Co/Pt. The size of green circles represent the contribution from TM orbitals.  
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4.4.1 Fermi surface maps with CO adsorption 

 

Figure 4.13 shows Fermi surface maps of clean and CO adsorbed 

Pt/TM/Pt alloy surfaces. In comparison to previously reported results from Pt 

(Figure 4.13 a), [83,84] Pt/TM/Pt surface alloys display a few distinct Fermi 

surface features due to the alloying process. First, a circular pocket (indicated by 

red dotted line in Figure 4.13 c) appears around the Γ point in the Pt/Co/Pt Fermi 

surface, which is also observed in the Γ to K high symmetry cut depicted in Figure 

4.11 c (this feature in Pt-Co alloy may be seen more clearly in Figure 4.14). This 

electron pocket appears to be from only Co states since it is not observed in Pt(111) 

or Pt-Ni alloy surface data in Figure 4.11. In fact, the existence of the TM 

subsurface band at the Γ point is predicted in the DFT calculation results in Figure 

4.12. This observation demonstrates that the subsurface TM layer is well 

established in Pt-TM alloys. One important aspect of the Fermi surface map is that 

Ni and Co subsurface layers not only form their own band structures, but also 

modify the electronic band structure of the surface Pt layer. The most significant 

change in the Fermi surface map in Fig. 4.13 is found in the hole pocket at the M 

point. As Pt alloys with Ni and Co, the size of the hole pocket at the M point 

decreases. Further discussion on the band structure near the M point will be given 

later when CO adsorption is discussed.  

  



 

 

 

 

 

Chapter 4 

83 

 

 

 

 

 

Figure 4.13 Fermi surface maps of pristine Pt(111) and Pt/TM/Pt surface alloys. 

Dashed lines mark the Brillouin zone boundaries and high symmetry cuts as well 

as part of hexagonal electron and hole pockets for estimation of the pocket size. 
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Figure 4.14 Pt(111), Pt/Ni/Pt, Pt/Co/Pt cut data which clearly show the Ni and Co 

subsurface layer bands. Yellow dotted line indicates the electron pocket from the 

Co subsurface layer.  
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As CO molecules are adsorbed on the surface, the Fermi surface starts to 

change significantly. Figure 4.13 d-f show Fermi surface maps of CO adsorbed Pt, 

Pt-Ni, and Pt-Co alloys. The amount of CO adsorbed on the surface is estimated 

to be 0.5 ML, which is based on LEED pattern and the deposition time. In the 

case of Pt(111) single crystal, the most significant change due to CO adsorption is 

expansion of the hexagonal pocket and reduction of the M point hole band. 

Similar changes can be also observed for both Pt/TM/Pt surface alloys. The 

increase of hexagonal electron pocket is shown with MDCs in Figure 4.15. Due to 

the change in the Fermi surface pocket with CO adsorption, the charge carrier 

number at surface is also expected. The number of charge carriers can be 

estimated using the Luttinger theorem [67,68]. The proportion of the hexagonal 

electron pocket is 44.8% of the Brillouin zone for pristine Pt/Ni/Pt surface but it 

expands to 54.3% with the adsorption of ~0.5 ML CO. For Pt/Co/Pt surface, the 

same electron pocket increases from 45.6% to 53.5% with ~0.5 ML CO 

adsorption. In the case of hole pocket at the M point, the sizes are 6.6% and 4.4% 

for pristine Pt/Ni/Pt and Pt/Co/Pt surfaces, respectively. Then, these hole pockets 

shrink to a point as adsorbed CO reach ~0.5ML coverage. The opposite behaviors 

of electron (increasing) and hole (decreasing) pockets with CO adsorption 

indicates an increase in the total electron number during the adsorption process. 

The amount of increased electron number can be calculated to be 0.322, and 0.246 

electrons per unit cell for Pt/Ni/Pt and Pt/Co/Pt surfaces, respectively ((54.3-

44.8+6.6)×2=32.2(%), (53.5-45.6+4.4)x2=24.6(%)).  
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Figure 4.15 The increase of hexagonal pocket induced by CO adsorption on 

Pt/TM/Pt alloy surfaces. 
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4.4.2 Change of energy shift due to TM alloying 

 

In order to further investigate the modified Fermi surface features near the 

M point in Figure 4.13, the band dispersion near the M point is studied with CO 

dosing. Figure 4.16 shows MK cut ARPES data from clean, ~0.25 ML CO 

covered, and ~0.5 ML CO covered Pt, Pt/Ni/Pt, and Pt/Co/Pt surfaces. In the case 

of Pt surface, the hole band at the M point shifts ~465 meV downward with 0.5 

ML of CO adsorption. On the other hand, for the case of Pt-TM alloys, the 

downward shift of the hole band at the M point is ~460 meV (~355 meV) for 

Pt/Ni/Pt (Pt/Co/Pt) surface with 0.5 ML of CO adsorption. This downward shift of 

the band at M (marked with yellow dotted lines) indicates the presence and its 

degree of interaction between surface band with CO atomic orbitals. It is also to 

note that bands at the K point hardly move while bands at M shift downward with 

CO dosing. To distinguish the band structure more clearly, second derivative of 

the data in Figure 4.16 is shown in Figure 4.17. 
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Figure 4.16 Band shifts in Pt(111) and Pt/TM/Pt surface alloys upon CO 

adsorption. Yellow dotted guide lines mark the hole band at the M point, showing 

the CO adsorption induced energy shift of the band.  
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Figure 4.17 Second derivative of the data in Figure 4.16 is used to obtain accurate 

band positions.  
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This band selective shift displays that only certain bands of Pt surface 

layer are participating in the CO chemical bonding. From the previous report of 

Jung et al., the observed downward shift in Figure 4.16 is identified as the 

bonding state between Pt d band and CO 2π state, i.e. the backdonation state of Pt 

to CO molecules [83]. According to the report, the amount of downward shift at 

the M point is proportional to the bonding strength of adsorbed CO molecules on 

surface. In the case of Fig. 4.16, the amount of energy downshift at the M point 

during CO adsorption on Pt/Co/Pt surface alloy is smaller than that of Pt, 

indicating a smaller adsorption energy of CO on Pt/Co/Pt surface. In the case of 

Pt/Ni/Pt surface, little change can be found in the energy shift, which requires 

further investigation. Previously, van der Vliet et al., showed that Pt-TM alloys 

with Pt skin surfaces have weaker CO binding energy compared to pure Pt(111) 

by a few hundred meV [78]. The results of Figure 4.16 show that the band 

structure change is closely related to the electronic effect of the catalyst, and that 

specific bands participate in bonding process and determine the adsorption 

strength of CO. Figure 4.18 shows the proportional relationship between the 

quantitative values obtained from the ARPES experiments (The amount of energy 

shift and surface charge concentration increase) and the CO adsorption 

energies.[78] This proportional relationship shows the possibility that the 

electronic structure analysis can be systematically applied to many catalyst 

systems. 
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Figure 4.18 The relationship between quantitative values obtained from ARPES 

experiments and CO adsorption energy from Ref [78] 

 

4.5 Summary 

 

In summary, ARPES study on the electronic structure of Pt/TM/Pt surface 

alloys helps us have deeper understanding on the electronic effect on catalytic 

reactions. The process of Pt/TM/Pt surface alloy formation is monitored with 

LEED measurements, and the resulting electronic structure confirmed the 

presence of TM subsurface layer. Observed changes in the Fermi surface topology 

indicates an increase in conduction electrons on the surface of sample due to the 

CO adsorption. The magnitude of downward energy shift of a band caused by CO 

adsorption on Pt/TM/Pt surface alloys is smaller than that of Pt(111) single crystal, 
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displaying the weakened chemical bonding strength of CO adsorption on surface 

alloys. Our results show not only how electronic structures are modified with a 

change in the surface geometry but also how the chemical bonding strength can be 

studied based on changes in the electronic structure.  
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Chapter 5 Summary & Remarks 

  

  

In this thesis, electronic structure of Pt catalyst one of the best catalytic 

material is studied to reveal the microscopic theory of catalytic reaction 

mechanism. The electronic structure of Pt(111) and various Pt surface alloys are 

compared to see the role of alloying materials on catalytic reaction, and the 

electronic structure change due to the CO adsorption has been observed.  

 

High resolution ARPES measurements are used to directly observe transient 

bonding states of CO molecules on Pt and Pt-Sn/Pt(111) alloy surfaces. Energy 

shifts of hole bands and changes in the Fermi pocket size near the M point of both 

Pt and Pt-Sn/Pt(111) show the band structure with specific orbital characters 

participating in the bonding process. The observed electronic band structure 

change indicates the role of Sn as a modifier of the Pt electronic band structure. 

Moreover, the amount of charge transferred from adsorbed CO is measured from 

the Fermi surface pockets sizes, which can be related to the different CO bonding 

strength between Pt and Pt-Sn surface alloy. Our ARPES results reveal the 

mechanism on how Sn affects the CO adsorption process on Pt, and show the 
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important role of the surface electronic structure in molecular adsorption reactions. 

Our results show how the d-bands with specific orbital characters participate in 

chemical bonding with CO molecules on surfaces, which is highly valuable 

information for understanding catalytic reaction at the molecular level.  

 

The electronic structure study on Pt/TM/Pt surface alloys helps us have 

deeper understanding on the electronic effect on catalytic reactions. The process 

of Pt/TM/Pt surface alloy formation is monitored with LEED measurements, and 

the resulting electronic structure confirmed the presence of TM subsurface layer. 

Observed changes in the Fermi surface topology indicates an increase in 

conduction electrons on the surface of sample due to the CO adsorption. The 

magnitude of downward energy shift of a band caused by CO adsorption on 

Pt/TM/Pt surface alloys is smaller than that of Pt(111) single crystal, displaying 

the weakened chemical bonding strength of CO adsorption on surface alloys.  

 

With high resolution angle resolved photoemission (ARPES) on ordered 

molecules of CO on Pt and Pt based alloy surfaces, the nature of atomic molecular 

orbitals that participate in chemical bonding, i.e. the specific molecular orbitals 

that participate in the donation and back-donation between CO and surfaces, is 

precisely identified. The observed band structure shift near the M symmetry point 

shows a linear relationship with the bonding strength of CO on surfaces, 

indicating the degree of charge transfer between CO and alloy surfaces. This 
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finding provides critical insights on how the alloying component contributes to 

the surface reaction, which has been continuously debated in the community of 

catalyst. Our results show not only how electronic structures are modified due to 

alloying but also how the chemical bonding strength can be studied based on 

changes in the electronic structure. Furthermore, our methodology, i.e. ARPES on 

surface reactivity of Pt-based catalyst systems can unveil the nature of modified 

catalytic activity of alloy catalysts.  
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국문 초록 
 

백금기반 촉매 물질의 

CO 흡착에 의한 전자구조 변화 연구 

 

정종근 

서울대학교 대학원 

물리학과 

 

백금 촉매는 현재 연료 전지에서 상업적으로 사용되는 최고의 촉매 

물질 중 하나로 백금이 어떻게 좋은 촉매로 작용하는지 알아내기 위한 

많은 연구가 수행되었다. d-band 이론은 촉매와 흡착물의 결합 강도와 

반응성을 설명하기 위해 가장 널리 알려져 있는 이론이다. d-band 모델은 

반응성이 d-band의 중심과 페르미 준위의 상대적인 위치에 의해 

결정된다고 설명한다. 이러한 DOS를 통한 반응성 설명은 현상적으로 

경향성을 잘 설명할 수 있으나, 화학반응의 메커니즘을 이해하기 

위해서는 보다 근본적인 설명이 필요하다. 본 논문은 모델 반응으로써 

많은 연구가 이루어진 CO 흡착 반응에 의한 촉매물질의 전자 구조 

변화에 대하여 이루어 졌다. 각도 분해 광전자 방출 분광법(ARPES)을 

사용하여 페르미 준위 근처에서 Pt와 CO 분자 사이의 화학 결합으로 

인한 궤도 의존 전자 밴드 구조 변화를 관측했다. 
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화학 분야에서 전자 구조 연구는 주로 상태 밀도에만 초점을 

맞추어진 채로 이루어져 왔다. 이는 물질 표면의 화학 결합이 국부적인 

반응이며 운동량 의존적 전자 밴드 구조에 영향을 미치지 않는다고 

생각되었기 때문이다. 그러나 화학 반응의 전자 구조 연구에서 운동량 

의존적 전자 밴드 구조의 변화가 관측이 되지 않은 것은 화학 결합과 

전자 밴드 구조가 무관하기 때문이 아니라 국부적 화학 결합에 의해 

변화된 전자 구조가 주기적으로 넓은 면적에 퍼지지 않았기 때문에 

운동량 의존적 전자 밴드 구조의 변화로써 관측되지 않았던 것이다. 본 

논문에서는 촉매 물질 표면에 화학결합을 넓은 면적에 주기적으로 

배열하여 운동량 의존적 전자 밴드 구조의 변화를 관측함으로써 

연구하였다. 

 

본 연구에서는 ARPES를 사용하여 흡착된 분자와 금속 기판 사이의 

전하 이동, 즉 Pt(111) 및 Pt-Sn/Pt(111) 2×2 표면에서 CO의 화학 흡착에 

대한 직접적인 증거를 보였다. 관찰된 밴드 구조는 CO 원자가 흡착됨에 

따라 전하 이동의 독특한 특징을 보여주며, 화학 흡착 과정에 참여하는 

특정 궤도 특성의 역할을 보여준다. CO의 흡착량이 증가함에 따라 CO와 

Pt 사이의 전하 이동 정도는 Pt-Sn과 확연한 차이를 보였으며, DFT 계산 

결과와 비교하여 밴드 구조에서 관찰된 뚜렷한 특징은 Pt 분자 궤도와 

CO의 2π 궤도 사이에 형성된 back-donation 결합 상태로 해석된다. 또한 

페르미 표면적에서 측정된 표면 전하 농도의 변화는 CO 흡착 시 Pt 

표면이 Pt-Sn 표면보다 전하 농도 변화가 더 크다는 것을 보여준다. Pt와 
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Pt-Sn 표면 사이의 CO 흡착에 따른 전하 농도 변화의 차이는 Pt-Sn에서 

Sn이 Pt에 미친 electronic effect에 의해 CO 흡착 반응이 변화한 것을 

보여준다. 

 

CO 흡착 중 표면 전하 농도의 변화와 특정 궤도 특성의 역할은 

촉매 반응 연구에서 전자 밴드 구조의 중요성을 보여주고 화학 결합을 더 

잘 이해하는 데 도움이 되었다. 전자 구조의 변화를 통한 Pt, Pt-Sn 표면의 

CO 흡착 분석은 화학반응 메커니즘을 해석에 성공적으로 적용되었지만, 

다른 시스템에도 동일하게 적용될 수 있는지는 검증이 필요하다. Pt-Ni, Pt-

Co 표면 합금은 Pt의 100% 조성으로 표면이 덮인 Pt-skin 층이라는 

독특한 구조를 가지고 있다. 본 논문에서는 표면에 CO 분자가 흡착된 Pt-

Co 및 Pt-Ni 합금의 Pt-skin층의 전자 구조를 조사하였다. 측정된 페르미 

표면과 전자 구조는 Pt-skin층과 CO 분자 사이의 화학적 결합의 특징을 

반영하며, CO 흡착에 따른 밴드의 에너지 이동으로부터 추정되는 CO 

분자의 화학 결합 강도는 Pt-Ni 및 Pt-Co 합금 모두에서 Pt와 비교해 

감소하는 것으로 나타났다. 이러한 결과는 앞서 Pt-Sn을 통해 확인한 

운동량 의존적 밴드 구조와 화학 반응 사이의 관계를 다른 시스템에서도 

확인한 결과이며, 이를 통해 전자 구조 연구가 여러 화학 반응들을 

분석하는데 효과적으로 쓰일 수 있음을 확인하였다. 

 

ARPES를 이용한 촉매의 전자 구조 연구는 그동안 깊이 고려되지 

않았던 새로운 기술이다. 샘플 표면에 화학 결합의 주기적인 배열을 
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만들어 화학 결합에 의한 전자 구조 변화가 잘 관찰되었으며, 특히 표면 

전하 농도 변화와 특정 궤도 밴드의 에너지 이동이 관측되었다. 이러한 

전자 구조 변화로부터 촉매 반응 메커니즘에 대한 새로운 정보를 얻을 수 

있었다. 

 

주요어: 전자 구조, 각분해 광전자 분광, 백금 촉매, 화학 결합, CO 흡착, 

π 결합 
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