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ABSTRACT  

Theoretical Studies of Adsorption on Reactive Ionic Surfaces 

Xiaoyan Ma 

Metal oxide surfaces are generally recognized as active substrates for many catalytic reactions. 

Density Functional Theory (DFT) has been found as a useful computational tool to investigate 

the geometry, energy, and electronic structure of reactive oxide surfaces and their interaction 

with small molecules and fragments. In this thesis, primary efforts have been made on studying 

adsorptions of some adsorbates, such as CH3  H2O and Vanadium, on Hematite, -Fe2O3, (0001) 

surfaces.  

Methyl radical, CH3 , is a critical molecular fragment among the intermediates often 

encountered in hydrocarbon reactions. Knowledge of the detailed mechanism of methyl radical 

interaction with metal oxides will be very helpful in understanding the initial stages of similar 

reactions of hydrocarbon compounds with metal oxide catalysts. In this study, first principles 

band structure and embedded-cluster methods are applied to analyze the relevant geometries, 

energetics, adsorption sites and electronic structure on various Hematite (0001) terminations, 

finding that the partially oxidized “ferryl structure” has largest adsorption energy, and that 

regular surface sites can also adsorb methyl radicals. The results obtained from theoretical work 

then will be discussed in comparison with the experimental results. Although these two 

approaches produce large discrepancies, the systematic errors in DFT methodology and 

drawbacks in experimental techniques keep the window open for future improvements. 

The adsorption of H2O on a Fe-terminated Hematite (0001) surface is the second hematite 
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research topic presented here. Molecular adsorption and dissociative adsorption in monolayer 

H2O coverage are considered as the initial stages of interaction. Molecular adsorption is found to 

have small effects on the underlying surface structure, while dissociative adsorption, especially, 

heterolytic dissociation, which produces two types of surface hydroxyls, shows a relatively 

stronger effect. Although the ferryl site has a remarkable affinity to free radicals, it is found to be 

fairly weak toward H2O adsorption, and shows little local reactivity enhancement. 

The adsorptions of sub-monolayer/monolayer Vanadium on idealized Hematite (0001) surfaces 

and subsequent oxidation are also studied by DFT. It is found that in most cases, Vanadium 

forms three-fold bonds with surface O atoms, inducing a large geometry change at the hematite 

surface and near surface region. The adsorption geometry and energy are mainly decided by 

interplay between adsorbed metal atom and subsurface metal interaction. V generally functions 

as an electron donor, causing nearby Fe to be partially reduced; the Fe and V oxidization state 

depends very much on the coverage and detailed adsorption configuration.  

Hydroxyapatite (HAP) is the second reactive ionic surface studied here. The initial stages of the 

hydration process are simulated on a single-Ca(I) terminated HAP (0001) surface using DFT. 

Water adsorption configuration and energetic properties are detected at different H2O coverage. 

At low H2O coverage, surface Ca-Oad bonds are found to form, but as coverage increases, H2O

tends to loosely float on the already-formed water layer. The hydration process does not cause 

the decomposition of surface phosphate groups and hydroxyl channel, but does affect the 

energetics of subsequent Zn substitution and occupation on two metal sites. The Ca(II) vacancy 

site is found to be energetically more favorable for occupation due to less spatial constraint. This 
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suggested mechanism of preferential occupation is different from previous attempts to explain 

the site preference in bulk by ionic radius and electronegativity differences.   



vi

ACKNOWLEDGEMENTS 

First of all, I would like to thank Professor Donald E. Ellis for his instruction and encouragement. 

Don opened the door of theoretical chemistry for me and guided me through the period of Ph.D. 

research. His continuous contribution to this work through the stimulating discussions not only 

helped me solve specific problems, but also lead me to learn how to conduct research in general. 

Without him, this work would have not been finished.  

I would like to thank Dr. Bin Deng for helping me at the beginning of my graduate study and life 

in Northwestern University. As a good friend, he generously shared many valuable experiences 

with me so that I could have a soft landing in the US and NU. I would like to give my thanks to 

Jianjian Jin, Shuxia Yin, Li Liu, and Ljubomir Miljacic for many academic and interesting 

conversations, which expedited my research and made my life happier. I am grateful to Mr. 

Lewis Gebhardt. I enjoyed the tutorial hours we spent each Wednesday afternoon, which 

extended our topics to many fields. I benefited a lot from these thought-provoking conversations 

and his help in improving the English of this thesis. My committee members, Professors Stair 

and Poeppelmeier gave me valuable advice during discussions. Many thanks to them. 

I would also like to acknowledge the Department of Energy and Institute of Environmental 

Catalysis in Northwestern University for financial support.  

I am blessed to have a great family. My Mom and Dad always trust me and give me the ultimate 

support all the time. Peng, as my husband, accompanied me throughout this period. I would like 

to give my wholehearted thanks to them and share this unforgettable moment in my life with 

them.  



vii

TABLE OF CONTENTS 

ABSTRACT.................................................................................................................................. iii

ACKNOWLEDGEMENTS ........................................................................................................ vi

LIST OF TABLES ........................................................................................................................ x

LIST OF FIGURES .................................................................................................................... xii

CHAPTER 1

INTRODUCTION AND BACKGROUND................................................................................. 1

1.1 Overview of research on metal oxide surfaces ........................................................... 2

1.2 Introduction to Density Functional Theory (DFT) ..................................................... 6

1.2.1 General background .......................................................................................... 6

1.2.2 Periodic slab band structure calculation tool .................................................. 11

1.2.3 Embedded cluster calculation tool .................................................................. 12

1.3 Development in iron oxide surface studies............................................................... 13

1.5 The objective and outline of the thesis ..................................................................... 17

CHAPTER 2

THEORETICAL STUDIES OF METHYL RADICAL ADSORPTION ON IRON OXIDE 

SURFACES.................................................................................................................................. 19

2.1 Introduction............................................................................................................... 20

2.2 Settings in periodic slab band structure program...................................................... 21

2.3 Settings in cluster calculation program..................................................................... 25

2.4 Relaxed geometry and adsorption energy................................................................. 27

2.4.1 Bulk Hematite ................................................................................................. 27

2.4.2 Relaxation of clean surface............................................................................. 29

2.4.3 CH3  preferential adsorption on Hematite (0001) surface .............................. 30



viii

2.4.3.1 Fe-terminated surface............................................................................ 30

2.4.3.2 O3-terminated surface........................................................................... 31

2.4.3.3 O2- terminated surface.......................................................................... 34

2.4.3.4 O=Fe-terminated surface ...................................................................... 36

2.4.3.5 Fe3O4 (111) and FeO (111) surfaces ..................................................... 37

2.5 Electronic structure by embedded cluster studies..................................................... 38

2.6 Discussion and conclusions ...................................................................................... 45

CHAPTER 3

ADSORPTION OF OTHER MOLECULES/ATOMS ON HEMATITE SURFACES ........ 51

Part I. Initial Stages of H2O Adsorption and Hydroxylation on Fe-terminated Hematite (0001) 

Surface ................................................................................................................................... 52

3.1 Introduction............................................................................................................... 53

3.2 Computational Methods and Models ........................................................................ 54

3.2.1 Periodic slab plane wave band structure calculations..................................... 54

3.2.2 Cluster calculation .......................................................................................... 55

3.3 Results and discussion .............................................................................................. 56

3.3.1 Molecular adsorption on a regular Fe-terminated surface .............................. 56

3.3.2 Dissociative adsorption on a regular Fe-terminated surface........................... 58

3.3.3 Adsorption on a ferryl-terminated surface [16] .............................................. 60

3.4 Electronic structure of adsorption systems ............................................................... 62

3.5 Conclusions............................................................................................................... 65

Part II. Adsorption of Vanadium on a Hematite (0001) Surface: submonolayer and monolayer 

coverage ................................................................................................................................. 68

3.6 Introduction............................................................................................................... 69

3.7 Computational Methods and Models ........................................................................ 70

3.8 Results....................................................................................................................... 73

3.8.1 0.5 ML V/Fe-terminated interface .................................................................. 73

3.8.2 0.5 ML V/O3-terminated interface ................................................................. 75

3.8.3 1ML V/Fe-terminated interface ...................................................................... 77



ix

3.8.4 1 ML V/O3-terminated interface .................................................................... 80

3.8.5 Core level shifts .............................................................................................. 83

3.9 Discussion and conclusions ...................................................................................... 85

CHAPTER 4

INITIAL STAGES OF HYDRATION AND ZN OCCUPATION ON HYDROXYAPATITE 

(0001) SURFACES ...................................................................................................................... 88

4.1 Introduction............................................................................................................... 89

4.2 Theoretical approach................................................................................................. 91

4.2.1 Computational methodology........................................................................... 91

4.2.2 Unit cell geometry........................................................................................... 92

4.3 Results and discussion .............................................................................................. 95

4.3.1 Clean dry surfaces........................................................................................... 95

4.3.2 Adsorption of water molecules ....................................................................... 97

4.3.2.1 Geometry............................................................................................... 99

4.3.2.2 Adsorption energy............................................................................... 102

4.3.3 Substitution and occupation of Zn on metal sites ......................................... 104

4.3.3.1 Zn on Ca sites...................................................................................... 104

4.3.3.2 Energetics and site-preferential occupancy ........................................ 107

4.4 Conclusions............................................................................................................. 110

REFERENCES...........................................................................................................................112

PUBLICATIONS ...................................................................................................................... 126



x

LIST OF TABLES 

Table 2.1 List of all studied adsorption cases ........................................................................ 23

Table 2.2 Surface relaxation results on clean -Fe2O3 (0001) surfaces................................. 30

Table 2.3 CH3 adsorption on different terminations of -Fe2O3 (0001) surface................... 37

Table 2.4 CH3 adsorption on Fe3O4 (111) and FeO (111) surfaces ....................................... 37

Table 2.5 Electronic structure of selected CH3• adsorption cases ......................................... 40

Table 2.6 Bonding analysis on Hematite (0001) surface ....................................................... 44

Table 3.1 Bond lengths and adsorption energies for H2O molecular adsorption on a 

Fe-terminated surface..................................................................................................... 56

Table 3.2 Bond lengths and adsorption energies for H2O dissociative adsorptions on 

Fe-terminated surface..................................................................................................... 58

Table 3.3 Bond lengths and adsorption energies for H2O adsorption on ferryl site .............. 60

Table 3.4 Electronic structure data of H2O dissociation on a Fe-terminated surface. ........... 63

Table 3.5 Electronic structure and bonding information for 0.5 ML V/Fe-terminated interface

........................................................................................................................................ 73

Table 3.6 Electronic structure and bonding information for 0.5 ML V/O3-terminated interface

........................................................................................................................................ 77

Table 3.7 Electronic structure and bonding information for 1ML VBC/Fe-terminated interface

........................................................................................................................................ 79

Table 3.8 Electronic structure and bonding information for 1ML VAB,VAC/O3-terminated 

interface.......................................................................................................................... 82

Table 3.9 Adsorption energy summary of V on Hematite (0001) surface ............................. 83

Table 3.10 Fermi energy, E2p eigenvalues and total energy of ground state, transition state and 

excited state model of VB adsorbed on Fe-terminated surface, with and without oxygen 

co-adsorption.................................................................................................................. 84

Table 4.1 The calculated adsorption energies of H2O on a HAP (0001) surface................. 102

Table 4.2 Bond lengths and percentage for Zn substitution on a Ca(I) surface site ............ 104

Table 4.3 Bond lengths and percentage changes for Zn on a Ca(II) surface site................. 106

Table 4.4 Charges and Mulliken populations for metal ions at Ca sites I and II ................. 107

Table 4.5 Total, substitution and adsorption energies for Zn on Ca ion sites (unhydrated 

surface)......................................................................................................................... 107



xi

Table 4.6 Total, substitution and adsorption energies for Zn on Ca ion sites (hydrated surface)

...................................................................................................................................... 108

Table 4.7 Preferential occupancy site for some divalent cations ......................................... 109



xii

LIST OF FIGURES 

Figure 1.1 A scheme of often used surface techniques in environmental interface studies [31].

.......................................................................................................................................... 5

Figure 2.1 Some non-hematite iron oxide terminations......................................................... 24

Figure 2.2 CH3  adsorption on Fe-terminated Hematite (0001) surface................................ 26

Figure 2.3 18-layer Fe-terminated -Fe2O3 (0001) surface structure (side view). ................ 28

Figure 2.4 CH3  adsorption on O3-terminated Hematite (0001) surface. .............................. 33

Figure 2.5 CH3  molecular adsorption on O2-terminated and O=Fe- terminated surfaces. .. 35

Figure 2.6 LDOS spectra for CH3  on-top Fe (Fe-termination) configuration. ..................... 39

Figure 2.7 LDOS spectra for CH3  on-top O (O=Fe-termination) configuration. ................. 41

Figure 2.8 Charge density contour maps (in a plane defined by 3 non-linear atoms). .......... 43

Figure 2.9 CH3  binding to Fe3O4 (111) surface sites with dangling bonds proposed by Liu 

[20]................................................................................................................................. 47

Figure 2.10 TPD spectra of CH3· on iron oxide surfaces [32]. .............................................. 48

Figure 3.1 H2O molecular adsorption on Fe-terminated Hematite (0001) surface................ 57

Figure 3.2 H2O dissociative adsorption on a Fe-terminated Hematite (0001) surface. ......... 59

Figure 3.3 H2O adsorption on ferryl-terminated Hematite (0001) surface. ........................... 61

Figure 3.4 Charge density contour maps (x-y plane defined by 3 atoms). ............................ 64

Figure 3.5 Side view of Fe-terminated Hematite (0001) surface........................................... 71

Figure 3.6a One V (VB) adsorbed on Fe-terminated Hematite (0001) surface. ..................... 74

Figure 3.6b Charge density contour (VB, Os, Fes-1,A) of 0.5 ML V/Fe-terminated interface.. 74

Figure 3.7a One V (VA) adsorbed on O3-terminated Hematite (0001) surface. .................... 76

Figure 3.7b Charge density contour (VA, Os) of 0.5 ML V/O3-terminated interface. ........... 76

Figure 3.8 Two V (VBC) atoms adsorbed on a Fe-terminated Hematite (0001) surface. ....... 78

Figure 3.9 Two V (a) VAB, (b) VAC atoms adsorbed on O3-terminated Hematite (0001) surfaces.

........................................................................................................................................ 81

Figure 4.1 Hydroxyapatite (1x1) unit cell.............................................................................. 93

Figure 4.2 HAP molecular structure in detail. ....................................................................... 94

Figure 4.3 HAP typical terminations on (0001) surface. ....................................................... 96

Figure 4.4 Surface relaxation of a single-Ca(I) terminated HAP........................................... 98



xiii

Figure 4.5 Hydration of (2x2x1) HAP single-Ca(I) (0001) surface. ................................... 101

Figure 4.6 Water on the (0001) surface (six H2O per unit cell); side view. ......................... 103

Figure 4.7 Adsorption energy per H2O, on single-Ca(I) terminated HAP. .......................... 103

Figure 4.8 Zn substitution on Ca sites I and II of HAP (0001)............................................ 105


