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ABSTRACT 
 

Atomic-Scale Studies of Oxides Supported Catalysts by X-ray and Imaging Methods 

 
Zhenxing Feng 

 
 Oxide supported metal and metal oxide catalysts have been synthesized by molecular 

beam epitaxy (MBE) and atomic-layer deposition (ALD). To obtain a general idea of how a 

catalyst behaves chemically and structurally during reduction-oxidization (redox) reaction at 

atomic-scale, oxide single crystals with well-defined surfaces are used as supports to grow 

monolayer (ML) and sub-ML catalysts. Several model catalysis systems are investigated: 

Pt/SrTiO3(001), WOX/α-Fe2O3(0001), VOX/α-TiO2(110) and mixed VOX/WOX/α-TiO2(110). 

For purposes of comparison the catalysts include a noble metal (Pt), inert oxide (WOX) and 

active oxide (VOX). The oxide supports are categorized as a reducible substrate, α-Fe2O3(0001), 

and non-reducible substrates, α-TiO2(110) and SrTiO3(001). To obtain in situ information, a 

variety of X-ray and scanning imaging methods have been applied together to study the atomic-

scale surface morphology, structure and cation dynamics during chemical reactions. These 

characterization techniques are: X-ray standing wave (XSW), grazing-incident small angle X-ray 

scattering (GISAXS), X-ray absorption fine structure (XAFS), X-ray reflectivity (XRR), X-ray 

fluorescence (XRF), X-ray photoelectron spectroscopy (XPS), atomic-force microscopy (AFM) 

and scanning electron microscopy (SEM). Our studies show that different combinations of 

catalysts and substrates give distinct structural and chemical state changes in redox reactions. 

 For MBE deposited sub-monolayer (sub-ML) Pt on the 2 × 1 SrTiO3(001) surface, AFM 

shows the formation of nanoparticles and XSW atomic imaging shows that these nanoparticles 
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are composed of Pt face-centered-cubic nanocrystals with cube-on-cube epitaxy coherent to the 

substrate unit cell. Different Pt coverages lead to differences in the observed XSW image of the 

interfacial structure, which is explained by the Pt-Pt interaction becoming stronger than the Pt-

substrate interaction as the coverage is increased from 0.2 to 0.6 ML. For ALD grown Pt on 

SrTiO3(001) surface, AFM combined with SEM, XRR, reciprocal space mapping and GISAXS 

together show the dramatic surface morphology changes before and after UHV annealing. These 

thermally induced structural changes are explained by surface diffusion, and the surface/interface 

energies for noble metals on oxides.  

 For ALD deposited sub-ML WOX/α-Fe2O3(0001) and VOX/α-TiO2(110), redox-induced 

surface cation dynamics were observed by a combination of in situ XSW, ex situ XPS and AFM. 

Direct atomic-scale images created from XSW show how W or V cation responds to redox 

reactions, which are further compared and explained with density functional theory calculations. 

Extended work on mixed catalysts VOX/WOX/α-TiO2(110) demonstrates that a synergistic effort 

is developed when a proper amount of WOX is mixed with VOX. This effect is further explained 

by the W-introduced surface density of Brønsted acid sites.  

 

 

Approved: 

 

Professor Michael J. Bedzyk  

Department of Materials Science and Engineering  

Northwestern University 

Evanston, Illinois 



	
  
5 

ACKNOWLEDGEMENT 
 

I would like to thank my supervisor Prof. Michael Bedzyk for his support and guidance 

during my work at Northwestern University and Argonne National Laboratory. He taught me 

various X-ray techniques, generously answered my questions, and gave me great freedom on my 

research.  I am indebted to him for his innumerable discussions on projects and his patience to 

edit my papers.  

 I thank Dr. Jeffrey Elam, Prof. Peter Stair, Prof. Mark Hersam and Prof. Chris Wolverton 

for serving on my thesis committee. The high quality films grown by Dr. Jeff Elam were 

essential for my research project. Prof. Peter Stair provided great insight into catalysis. I thank 

Prof. Mark Hersam and Prof. Chris Wolverton for many valuable discussions. 

 I thank Drs. Chang-Yong Kim, Zhan Zhang and Steven Christensen for helping me 

getting started with my research. I thank Drs. Jui-Ching Lin, Qing Ma, Byeongdu Lee, Xianghui 

Xiao, John Okasinski, and Steven Weigand for many useful instructions on my experiments and 

research. I especially thank Dr. Denis Keane at the DND-CAT for helping me on EPICS systems 

development.  

 I am also thankful to many past and present members of the Bedzyk research group: Dr. 

Alexander Kazimirov, Dr. Yuan-Chieh Tseng, Dr. Jeff Klug, Dr. Vaibhav Kohli, Curtis Leung, 

Jon Emery, Martin McBriarty, I-Cheng Tung, Dr. Sumit Kewalramani, Dr. Sven Stoltz and Dr. 

Sudeshana Chattopadhyay. I am especially grateful to those discussions about life and research 

with Curtis Leung and my roommate Zhaoyang Fan. I appreciate the encouragements given by 

my friends who also enrich my graduate life. 



	
  
6 

 Finally, I would like to dedicate this dissertation to my dear parents in China. It is their 

encouragements and long-lasting support that helped me conquer many difficulties in life and 

work. 

 

 
 
  



	
  
7 

 

Table of Contents 

ABSTRACT .................................................................................................................................... 3	
  

ACKNOWLEDGEMENT .............................................................................................................. 5	
  

Table of Contents ............................................................................................................................ 7	
  

LIST OF FIGURES ...................................................................................................................... 11	
  

LIST OF TABLES ........................................................................................................................ 21	
  

Introduction ................................................................................................................................... 24	
  

Chapter 1: Background ................................................................................................................. 27	
  

1.1 Substrate: Rutile (α-TiO2) .................................................................................................. 27	
  

1.2 Substrate: Hematite (α-Fe2O3) ............................................................................................ 32	
  

1.3 Substrate: Strontium Titanate (SrTiO3) .............................................................................. 42	
  

1.4 Preparation of the Atomic Flat Oxide Surfaces .................................................................. 45	
  

1.5 Supported Metal and Metal Oxides Catalysts ..................................................................... 52	
  

1.5.1 Platinum ....................................................................................................................... 53	
  

1.5.2 Vanadium Oxides ......................................................................................................... 57	
  

1.5.3 Tungsten Oxides ........................................................................................................... 62	
  

1.6 Atomic Layer Deposition (ALD) ........................................................................................ 67	
  

Chapter 2: Experimental Method and Setup ................................................................................. 71	
  

2.1 Why X-ray and Synchrotron? ............................................................................................. 71	
  

2.2 X-ray Standing Wave Method ............................................................................................ 72	
  



	
  
8 

2.2.1 Basic Concepts ............................................................................................................. 72	
  

2.2.2 XSW Direct-Space Imaging ......................................................................................... 77	
  

2.2.3 Creating Atomic Density Maps and Global Fitting Analysis ...................................... 80	
  

2.3 X-ray Photoelectron Spectroscopy ..................................................................................... 84	
  

2.4 X-ray Absorption Fine Structure Method ........................................................................... 86	
  

2.5 Experimental Setup ............................................................................................................. 90	
  

2.5.1 X-ray Surface UHV Multi-Chamber ............................................................................ 90	
  

2.5.2 Ex Situ XSW Setup ....................................................................................................... 92	
  

2.5.3 Be-Dome Reaction Cell for In Situ Measurements ...................................................... 93	
  

Chapter 3: Pt / SrTiO3(001) .......................................................................................................... 96	
  

3.1 Pt Grown by Molecular Beam Epitaxy ............................................................................... 96	
  

3.1.1 Introduction .................................................................................................................. 96	
  

3.1.2 Experimental Results and Discussions ........................................................................ 97	
  

3.1.3 Summary .................................................................................................................... 121	
  

3.2 Pt Grown by Atomic Layer Deposition ............................................................................ 122	
  

3.2.1 Introduction ................................................................................................................ 122	
  

3.2.2 Experimental Results and Discussions ...................................................................... 124	
  

3.2.3 Summary .................................................................................................................... 144	
  

Chapter 4: ALD Grown WOX / α-Fe2O3 (0001) ......................................................................... 145	
  

4.1 Introduction ....................................................................................................................... 145	
  

4.2 Experimental Results and Discussions ............................................................................. 146	
  

4.3 Summary ........................................................................................................................... 160	
  



	
  
9 

Chapter 5: ALD Grown VOX / α-TiO2 (110) ............................................................................. 161	
  

5.1 Introduction ....................................................................................................................... 161	
  

5.2 Experimental Results and Discussions ............................................................................. 163	
  

5.3 Summary ........................................................................................................................... 184	
  

Chapter 6: ALD Grown WOX / α-TiO2(110) ............................................................................. 185	
  

6.1 Introduction ....................................................................................................................... 185	
  

6.2 Experimental Results and Discussions ............................................................................. 186	
  

6.3 Summary ........................................................................................................................... 192	
  

Chapter 7: ALD Grown VOX / WOX / α-TiO2 (110) .................................................................. 193	
  

7.1 Introduction ....................................................................................................................... 193	
  

7.2 Experimental Results and Discussions ............................................................................. 194	
  

7.3 Summary ........................................................................................................................... 212	
  

Chapter 8: Correlating Single-Crystal Surface Studies to Catalysis Properties Studies of Powders

..................................................................................................................................................... 214	
  

8.1 Introduction ....................................................................................................................... 214	
  

8.2 Cyclohexane ODH on Rutile Supported Vanadia ............................................................ 215	
  

8.3 Summary ........................................................................................................................... 224	
  

Chapter 9: Summary and Outlook .............................................................................................. 225	
  

9.1 Thesis Summary ................................................................................................................ 225	
  

9.2 Outlook ............................................................................................................................. 228	
  

9.2.1 Chemical- and Element-Specific in situ Methods for Oxides Supported Catalysts 

Studies ................................................................................................................................. 228	
  



	
  
10 

9.2.2 Chemical- and Element-Specific in situ Studies for Powder Supported Catalysts .... 229	
  

Reference: ................................................................................................................................... 230	
  

Appendix A: Programs for XSW Data Analysis ........................................................................ 248	
  

A.1 Developments in XSW Analysis Program: SWAM ........................................................ 248	
  

A.1.1 Guides to Some Important Routines .......................................................................... 249	
  

A.1.2 Flowchart of the Developed SWAM Program ........................................................... 250	
  

A.2 Using SUGOMAT for XSW Data Processing ................................................................. 252	
  

Appendix B: Global Fit of XSW Data Using Igor Pro ............................................................... 259	
  

B.1 Global Fit Procedures ....................................................................................................... 259	
  

B.2 Igor Pro Function for XSW Global Fit............................................................................. 266	
  

	
  
  



	
  
11 

LIST OF FIGURES 
Figure 1.1 Chemical-intuition inspired schematic of three possible V–O bonds involved in the 

selective oxidation of methanol to formaldehyde: (a) monomeric VO4 species and (b) 
polymeric VO4 species characterized by V=O, V–O–V and V–O–support bonds. This figure 
is reproduced from Ref. [1]. .................................................................................................. 24	
  

Figure 1.2 Combinations of catalysts and substrates used in this thesis ....................................... 26	
  

Figure 2.1 Ball-and-stick model of the rutile TiO2 (110)-(1×1) surface. Large light balls, oxygen; 
small black balls, titanium. The two types of bulk defects that are prevalent in reduced TiO2 
crystals, i.e. oxygen vacancies and titanium interstitials, are also indicated. Such bulk 
defects can often affect surface chemistry. This figure is reproduced from Ref. [9]. .......... 28	
  

Figure 2.2 A ball-and-stick model of the (110)  terminated TiO2 structure: (a) perspective-view; 
(b) top-view. Oxygen atoms are in red and titanium atoms are in cyan. For convenience the 
non-primitive unit cell (outlined with black lines) with a c-axis along the [110] will be used 
as the reference to locate vanadium cation positions in XSW 3D atomic density maps. The 
model shows one of the possible surface terminations in which two types of oxygen atoms 
bind to Ti cations [bridging oxygen (BO) and terminal oxygen (TO)]. This model also 
represents the hydroxylated surface if the surface oxygen atoms are replaced by the 
hydroxyl group. Solid circles denote possible adsorption sites: atop (AT), bridge (BR), 
tetradentate (TD). .................................................................................................................. 29	
  

Figure 2.3 Top and side views of the α-Fe2O3 hexagonal unit cell. The top view represents the 
structure of the (0001) hematite surface terminated with a complete layer of Fe cations. The 
side view shows the crystal structure as seen along the <1 1 2 0> direction. The octahedral 
formed by the arrangement of Fe and O ions are also emphasized. This figure is reproduced 
from Ref. [35] ....................................................................................................................... 33	
  

Figure 2.4 Schematic drawing of the α-Fe2O3 (0001) structure. Large (small) circles stand for O 
(Fe) atoms. Top (left) and side (right) views with symmetry elements and allowed 
relaxations. Radial relaxations of the O atoms are labeled δi and relaxations of layer I along 
the [0001] axis by zi. This figure is reproduced from Ref. [42]. ........................................... 35	
  

Figure 2.5 A 200 Å x 200 Å constant current (sample bias -2 V, tunneling current 1 nA) STM 
image of an α-Fe2O3 (0001) surface which shows a biphase ordering, namely α and β types 
of islands with holes at positions label γ. This figure is reproduced from Ref. [49]. ........... 37	
  

Figure 2.6 Surface energies of different Fe2O3 (0001) surface terminations as a function of the 
chemical potential per oxygen atom of molecular O2, calculated from DFT. Solid lines show 
results for relaxed geometries, and dashed lines represent unrelaxed surfaces. This figure is 
reproduced from Ref. [36] .................................................................................................... 38	
  



	
  
12 

Figure 2.7 Free energy of α-Fe2O3 (0001) surface as a function of oxygen chemical potential. 
The thermodynamically stable structures are Fe-O3-Fe, O-Fe-O3-Fe, and O3-Fe-Fe. This 
figure is reproduced from Ref. [43] ...................................................................................... 40	
  

Figure 2.8 The cubic-P unit cell for SrTiO3(001) with a Sr cation at the origin, O anions at the 
face-centered positions and Ti cation at the body-centered position. ................................... 43	
  

Figure 2.9 (a) Ball-and-stick model of the rutile crystal structure. The dashed line enclose a 
charge-neutral repeat unit without a dipole moment perpendicular to the [110]-direction, 
which is called a ‘type 1’ crystal plane according to literature [75]. (b) The truncated crystal 
is stable due to auto-compensation.[76] This figure is reproduced from Ref. [11]. ............. 45	
  

Figure 2.10 STM image of a TiO2(110) surface, which was sputtered and annealed at 920 K in 
ultrahigh vacuum. This figure is reproduced from Ref. [79] ................................................ 47	
  

Figure 2.11 Atomically-flat terraces on α-TiO2 (110) examined by atomic-force microscopy. The 
step height between terraces is ~3.3 Å, which corresponds to the (110) d-spacing. ............ 48	
  

Figure 2.12 AFM image of the α-Fe2O3(0001) substrate surface after the two step annealing 
process shows the clean atomically flat terraces with 0.2 nm high steps. ............................ 49	
  

Figure 2.13 AFM image of a SrTiO3(001) substrate surface after the two step annealing process 
shows the clean atomically flat terraces with 0.3 nm high steps. ......................................... 50	
  

Figure 2.14 Metal and metal oxides as catalysts discussed in open literature in the period of 
1967-2000. This figure is reproduced from Ref. [1] ............................................................. 53	
  

Figure 2.15 Crystal structure for Pt with lattice constant 3.922 Å and space group Fm3m. ........ 54	
  

Figure 2.16 Experimental results on an SMSI model system, Pt / TiO2(110). (A) Low-energy He 
ion scattering (LEIS) spectra of (bottom) the clean TiO2(110) surface, (center) after 
evaporation of 25 ML Pt at room temperature, and (top) after high- temperature treatment 
caused encapsulation. (B)-(F) STM and STS results after the high-temperature treatment. 
(B) Overview (2000 Å × 2000 Å). Clusters are approximately 200 Å wide and 40 Å high. 
Most clusters show hexagonal shape elongated along the substrate [001] direction (type A). 
A few square clusters (type B) are seen. (C) Small-scale image (500 Å × 500 Å), filtered to 
show the structure of the encapsulation layer and the substrate. (D) Atomic-resolution 
image of an encapsulated hexagonal ‘type A’ cluster. (E) Atomic-resolution image of a 
square `type B' cluster, showing an amorphous overlayer. (F) STS of the different surfaces. 
This figure is reproduced from Ref. [88]. ............................................................................. 55	
  

Figure 2.17 Molecular structure of V5+ in V2O5 crystals indicating three different V-O distances. 
This figure is reproduced from Ref. [1]. ............................................................................... 58	
  

Figure 2.18 Possible molecular configurations for supported vanadium oxides (with S the 
support cation): (a) isolated vanadium oxide species; (b) dimeric vanadium oxide species; 
(c) two-dimensional vanadium oxide chains. This figure is reproduced from Ref. [1]. ....... 60	
  



	
  
13 

Figure 2.19 Reaction mechanism for the selective oxidation of methanol to formaldehyde over 
supported vanadium oxide catalysts. This figure is reproduced from Ref. [1]. .................... 61	
  

Figure 2.20 NO conversion versus temperature over: (a) WO3 (9)/TiO2; (b) V2O5 (0.78)/TiO2; (c) 
V2O5 (1.4)/TiO2; (d) V2O5 (0.78) ±WO3 (9)/TiO2; (e) V2O5 (1.4) ±WO3 (9)/TiO2. 
Experimental conditions: catalyst weight, 160 mg (60±100 mesh); P.1 atm; flow rate.60 
Ncc/min; feed: He.800 ppm NH3.800 ppm NO .1% O2. This figure is reproduced from Ref. 
[125]. ..................................................................................................................................... 64	
  

Figure 2.21 Tungsten oxides after atomic layer deposition show ordered structure by occupying 
the surface bulk-like Ti sites. As a point of reference open circles denoting the ideal bulk-
like Ti sites are shown at heights of 0 and 3.25 Å. The hot spots are tungsten density 
maxima. This figure is reproduced from Ref. [21]. .............................................................. 65	
  

Figure 2.22 STM image exhibits strong trigonal intensity contrast, which implies the formation 
of  (WO3)3 clusters on TiO2(110). This figure is reproduced from Ref. [126]. .................... 66	
  

Figure 2.23 The A+B sequence required for Atomic Layer Deposition of one monolayer. The 
notches in the starting substrate for reaction A represent discrete reactive sites.  Exposing 
this surface to reactant A results in the self-limiting chemisorption of a monolayer of A 
species. The resulting surface becomes the starting substrate for reaction B. Subsequent 
exposure to molecule B will cover the surface with a monolayer of B species. Consequently, 
one AB cycle deposits one monolayer of the compound AB and regenerates the initial 
substrate. By repeating the binary reaction sequence in an ABAB… fashion, films up to 
micrometer thickness can be deposited with atomic layer precision. ................................... 67	
  

Figure 2.24 Synthesis methods for the preparation of supported vanadium oxide catalysts: (a) 
impregnation with an aqueous solution of NH4VO3, followed by calcination in oxygen and 
(b) impregnation with VO(OC3H7)3 in methanol, followed by calcination in oxygen or air 
and release of propanol. This figure is reproduced from Ref. [1]. ........................................ 70	
  

Figure 3.1 XSW generated by two coherently interacted parallel X-ray beams. The XSW period 
is D, the wavelength is λ and two beam traveling with angle 2θ. The phases between the 
two plane waves, ν, are (A) 0 and (B) π, respectively. This figure is reproduced from Ref. 
[153]. ..................................................................................................................................... 73	
  

Figure 3.2 X-ray standing wave field generated at the strong Bragg condition. This figure is 
reproduced from Ref. [153]. ................................................................................................. 74	
  

Figure 3.3 Illustration of single height adsorbed atoms (left) and double-height adsorbed atoms 
(right) on single crystal surface with respect to diffraction plane spacing dH. The dark circles 
are adsorbed atoms. In both cases the atomic distribution has the same coherent position 
with respect to dH; but different coherent fractions. This figure is reproduced from Ref. 
[153]. ..................................................................................................................................... 76	
  



	
  
14 

Figure 3.4 X-ray standing wave direct-space imaging by projecting the vanadium atomic density 
map onto the α-TiO2 (110) surface unit cell described in Figure 2.3. The open and solid 
circles denote two different symmetry inequivalent bulk-like Ti sites. In this case, it is ¾ 
ML vanadia deposited onto rutile surface by ALD method. ................................................ 79	
  

Figure 3.5 (a) The (110) stereographic projection for α-TiO2. The hkl poles are referenced to the 
standard tetragonal-P unit cell. (b) The (110) projection of the α-TiO2 reciprocal space 
lattice, only showing hkl’s that were used in the Fourier summation. An hkl point listed in 
parenthesis is located directly above the hkl not in parenthesis. The set of symmetry 
inequivalent hkl’s are contained in the lower-left octant. ..................................................... 81	
  

Figure 3.6 (a) The (00l) stereographic projection for α-Fe2O3. The hkl poles are referenced to the 
standard hexagonal unit cell. (b) The (00l) projection of the α-Fe2O3 reciprocal space lattice, 
only showing symmetry inequivalent hkl’s that were used in the Fourier summation. ........ 82	
  

Figure 3.7 (a) The (001) stereographic projection for SrTiO3. (b) The (001) projection of the 
SrTiO3(001).reciprocal space lattice, only showing symmetry inequivalent hkl’s that were 
used in the Fourier summation. ............................................................................................. 82	
  

Figure 3.8 Simple illustration of monochromatic XPS system, which includes the X-ray source, 
electron detector and readout system (computer). This figure is reproduced from Wikipedia 
webpage: http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy ........................ 85	
  

Figure 3.9 A typical X-ray absorption fine structure spectrums, in which the absorption 
coefficient changes as a function of incident photon energy. This figure is reproduced from 
Ref.[164]. .............................................................................................................................. 87	
  

Figure 3.10 “Top-view” schematic diagram of UHV multi-chamber used at APS station 12ID-D. 
The Pt e-beam evaporator (not shown in this view) is below the two Knudsen cells. ......... 91	
  

Figure 3.11 Experimental setup used for X-ray standing wave (and XRF) measurements at the 
APS-DND-5ID-C station. This setup is similar to the XSW setup at APS Sector 12 and 
Sector 33. The monochromatic beam that enters the experimental hutch is conditioned by a 
Si(111) or Si(220) channel cut post monochromator. Ion chambers are used to monitor the 
X-ray flux. The sample stage is mounted on a diffractometer. An energy-dispersive solid-
state detector collects X-ray fluorescence emitted from the sample in a direction that is 
perpendicular to the incident beam. See Ref. [167] for further details. ................................ 92	
  

Figure 3.12 (a) A photograph showing the top view of the beryllium dome reaction chamber. The 
0.25 mm thick Be hemisphere has a 25.4 mm radius, a boron-nitride interior and exterior 
surface coating, and is brazed to a water-cooled stainless-steal flange. Also shown in the 
lower-half of the picture is the XRF detector snout. (b) Inside the beryllium dome, the 5 × 5 
× 1 mm3 hematite sample is held by two stainless steel clips to a pyrolytic boron nitride 
heating plate (Momentive Performance Materials Quartz, Strongsville, Ohio, part no 
HTR1001). ............................................................................................................................ 94	
  



	
  
15 

Figure 4.1 Low-energy electron diffraction (LEED) patterns for (a) clean SrTiO3 (001) after 
UHV annealing treatment to obtain the 2-domain 2 x 1 surface reconstruction, (b) 0.60 ML 
Pt/ SrTiO3 (001) as-deposited surface and (c) 0.60 ML Pt/ SrTiO3 (001) surface after 910 °C 
anneal. The electron beam voltage was set at 65 V for each collected LEED pattern. ........ 98	
  

Figure 4.2 An XRF spectrum of 0.60 ML Pt/SrTiO3(001) that was collected at an incident photon 
energy of 12.50 keV. ............................................................................................................. 99	
  

Figure 4.3 X-ray standing wave (XSW) data (markers) and fits (lines) at (002) SrTiO3 Bragg 
reflection for 0.60 ML Pt measured at room temperature in (a) UHV after 910 °C annealing 
and (b) open air. Within the measured error, the measured values for the coherent fraction 
and position agree; indicating the stability of this surface against oxidation. .................... 101	
  

Figure 4.4 The ex situ XSW measurements for the 0.60 ML Pt / SrTiO3(001) surface from 6 
different hkl SrTiO3 Bragg reflections: (a) (001), (b) (002), (c) (011), (d) (022), (e) (111) 
and (f) (222). Each frame shows the relative incident-angle dependence of the experimental 
X-ray reflectivity (open circles) and Pt Lα XRF yield (filled symbols). The solid lines 
correspond to dynamical diffraction theory based fits to the data. (See Refs. [152, 153, 173]) 
Table 4.1 shows the results of the fit of Eq. 4.1 to the yield data. ...................................... 102	
  

Figure 4.5 For the 0.60 ML Pt / SrTiO3(001) interface: (a) the XSW measured model-
independent 3D Pt atomic map. The outlined green cubes are the SrTiO3 unit cell with Sr at 
the corners (origin). (b) Projection of the 3D density along the c-axis to produce a 1D Pt 
atomic density as a function of the fractional c-axis coordinate, z, for the SrTiO3 unit cell. 
(c) The 3D Ti atomic density map. The contour plots in (a) and (c) are at 80%. (d) Pt fcc 
atomic model on double-layer TiO2 terminated SrTiO3(001) surface, where A, B and C refer 
to the three symmetry-inequivalent Pt sites. The striped light blue spheres in the extra TiO2 
layer represent Ti sites that are on average 50% occupied due to the 2-domain 2 × 1 
reconstruction of the surface. .............................................................................................. 106	
  

Figure 4.6 The ex situ XSW data (symbols) and fits (lines) for the 0.17 ML Pt / SrTiO3(001) 
surface from 4 different hkl SrTiO3 Bragg reflections: (a) (001), (b) (002), (c) (011), (d) 
(111). Table 4.2 shows the results of the fit of Eq. 4.1 to the yield data. ........................... 108	
  

Figure 4.7 For the 0.17 ML Pt/SrTiO3(001) interface: (a) 3D XSW measured Pt atomic density 
map. The outlined cube is the SrTiO3 unit cell with Sr positions at the corners (origin).  (b) 
Projection of 3D Pt density along c-axis.  (c) Proposed atomic interface model. .............. 109	
  

Figure 4.8 0.60 ML platinum model-independent analysis around an A site: (a-c) 1D line cuts 
through 3D atomic density map at (a) y=0, z=-0.083; (b) x=0, z=-0.083; (c) x=y=0; (d) 
orthogonal 2D plane-cuts in density map through the A site. The 3 planes are x=0, y=0 and 
z=-0.083. ............................................................................................................................. 112	
  

Figure 4.9 Ex situ XSW results of bulk Ti Kα signal for diffraction planes: (a) (001), (b) (002), 
(c) (011), (d) (022), (e) (111), and (f) (222) for 0.60 ML Pt/SrTiO3(001). Table 4.4 shows 
the results from the fit of Eq. 4.1 to the yield data. ............................................................. 115	
  



	
  
16 

Figure 4.10 3D titanium atomic density map, (a) surface and (b) 2D plane-cuts, generated by the 
summation of XSW measured (hkl) Fourier components listed in Table 4.4 plus their 
symmetry equivalents. Ti atomic density maps are superimposed on the SrTiO3(001) unit 
cell with Sr at the origin. ..................................................................................................... 118	
  

Figure 4.11 AFM images of (a) 0.60 ML and (b) 0.17 ML Pt / SrTiO3 (001) surfaces show 
atomically flat terraces supporting nanoclusters. ................................................................ 119	
  

Figure 4.12 Pairs of 1 × 1 µm2 AFM images for ALD Pt on SrTiO3(001). The left-hand column 
shows the images for the as-deposited (AD) surfaces. The right-hand column shows the 
same surfaces after annealing (AN) to 800 °C in UHV.  The number of ALD cycles for each 
pair of images is: (a) 10, (b) 20, (c) 30, (d) 40, and (e) 80. The 0.4 nm atomic steps of the 
underlying SrTiO3 (001) substrate are clearly seen for all AD surfaces and for the 10-cycle 
AN surface. ......................................................................................................................... 129	
  

Figure 4.13 High-resolution SEM images for ALD Pt/SrTiO3(001) after annealing: (a) 20 cycle, 
(b) 40 cycle, and (c) 80 cycle. Aggregation is greatly enhanced for the 80-cycle sample, in 
which faceting can be seen. ................................................................................................ 130	
  

Figure 4.14 (a) X-ray reflectivity data and analyses for as-deposited (AD) ALD Pt/SrTiO3(001) 
thin film samples. (b) The electron density profiles that were determined by the best fit of a 
model to each set of XRR data. Curves are offset vertically for purposes of clarity. The 
number next to each curve represents the number of ALD cycles. See Table 4.6 for the 
values of the fit determined parameters. ............................................................................. 131	
  

Figure 4.15 For 80-cycles ALD Pt/SrTiO3(001) sample: (a) Low-Q and (b) high-Q XRR data for 
AD (black circles) and AN (blue square) conditions. Reciprocal space maps and contour 
plots using SrTiO3 (STO) reciprocal lattice units (r.l.u.) in the vicinity of (c) (111) and (d) 
(002). Note that in (a) the critical angle for bulk-like SrTiO3 and Pt correspond to QC = 
0.032 and 0.084 Å-1, respectively. ...................................................................................... 133	
  

Figure 4.16 GISAXS data for (a) blank atomically-flat SrTiO3 (001) surface, (b) 10 ALD cycles 
Pt as-deposited and (c) 10 ALD cycles Pt after 800 °C UHV annealing. ........................... 136	
  

Figure 4.17 GISAXS horizontal line cut data and fits for blank (BL) SrTiO3, Pt 10 cycles ALD 
as deposited (AD), and after annealing (AN). The individual curves are vertically offset for 
clarity. The line cuts are taken at QZ = 0.04 Å-1. The values of the fit determined parameters 
are listed in Table 4.7. ......................................................................................................... 137	
  

Figure 4.18 GISAXS data showing faceting and long-range orientational ordering of the Pt 
nanocrystals for the annealed 80 ALD cycle case. The data is given as a function of 
scattering angles αF and 2θF for simplicity.  Pattern (a) was collected with the incident beam 
approximately along the SrTiO3 [100] direction; while (b) was taken along the [110] 
direction. The intensity lobe in (b) is indicative of scattering off the {111} facet for a Pt 
nanocrystal with cube-on-cube epitaxy. ............................................................................. 140	
  



	
  
17 

Figure 5.1 AFM images of the α-Fe2O3 (0001) substrate surface: (a) substrate after the two step 
annealing process shows the clean atomically flat terraces with 0.2 nm tall steps. (b) after 
ALD deposition and redox reaction, terraces are still clearly observed, indicating that the 
ALD process is conformal to the surface. ........................................................................... 147	
  

Figure 5.2 X-ray photoelectron spectra of the 1/3 ML WOX / α-Fe2O3 (0001) interfacial 
structure at the AD, Ox and Re states with an electron takeoff angle of 45° (AD) and 10° 
(Ox and Re) from the sample surface: (a) W 4f doublet peaks. The black dashed-line is the 
best fit to the data based on weighted contributions from the W6+ (red line) and W5+ (blue 
line). AD is 70% W6+ and 30% W5+, Ox is 100% W6+, and Re is 10% W6+ and 90% W5+. 
(b) Fe 2p peaks and (c) survey scan across F 1s region. The XP spectra are displaced 
vertically in the order of processing. ................................................................................... 149	
  

Figure 5.3 XSW results for the (0006) normal reflection, (1014) off-normal reflection and (0112) 
off-normal reflection of hematite for the as-deposited (AD), oxidized (Ox) and reduced (Re) 
ALD tungsten oxides. In the lower section of each frame is shown the measured and 
dynamical diffraction theory fitted reflectivity cures for each reflection. The upper section 
of each frame shows the W Lβ XRF data and theory (Eq. 4.1) fitted yields for each state. 
The XRF yields are given vertical offsets for clarity. ......................................................... 151	
  

Figure 5.4 (1120) 2D cuts through the XSW measured 3D tungsten atomic density maps for the 
AD, Ox and Re WOX / α-Fe2O3 (0001) interface and projections of the α-Fe2O3 ball-and-
stick model. The small white balls represent Fe cations and the larger brown balls are O-
anions. The map for the Ox surface is recovered after a second oxidization. .................... 153	
  

Figure 5.5 X-ray absorption near edge spectra from the Ox sample, and powder samples of 
polycrystalline WO2 and WO3. (a) Normalized µ(E) versus incident photon energy and (b) 
the first derivative of the normalized µ(E) versus energy. ................................................. 155	
  

Figure 5.6 (a) Extended X-ray absorption fine structure (EXAFS) spectra of the Ox sample, 
powder samples of polycrystalline WO2 and WO3, and (b) the Fourier transform of the 
EXAFS spectra over the k range indicated at the bottom of (a). ........................................ 155	
  

Figure 5.7 Proposed models for the fully reduced (Re) and oxidized (Ox) WOX / α-Fe2O3(0001) 
interfaces that are consistent with the XSW measured W atomic maps and the 5+ and 6+ 
oxidation states found by XPS. ........................................................................................... 156	
  

Figure 6.1 Rutile TiO2(110) primitive unit cell (blue dashed lines) and non-primitive surface unit 
cell (dark black lines). Oxygen atoms are in red and Ti atoms in light blue. ..................... 164	
  

Figure 6.2 XP spectra of the as-deposited (AD), oxidized (Ox) and reduced (Re) 3/4 ML VOX / 
α-TiO2 (110) surfaces with a 45o electron emission angle. The V 2p3/2 peak fitting indicates 
that V is totally converted to the V5+ oxidation state for the AD and Ox surfaces, but split 
25% V3+ : 75% V5+  for the Re surface. Re-oxidization (Ox2) returned all vanadium cations 
back to V5+ (not shown). Also shown are the O 1s and chemically shifted OH peaks for the 
AD, Ox and Re surfaces. The measured chemical shifts for the 3+, 4+ and 5+ V peaks (see 



	
  
18 

vertical dashed lines) are improved in reliability by referencing the respective binding 
energy differences (BED) relative to the O 1s peak. .......................................................... 166	
  

Figure 6.3 AFM images of the α-TiO2 (110) substrate surface: (a) after the two-step annealing 
process AFM shows clean atomically flat terraces with 0.3 nm steps; (b) after ALD 
deposition (AD), (c) After Oxidization (Ox) and (d) reduction (Re), clear terraces were still 
found, indicating no significant change of the rutile surface. ............................................. 167	
  

Figure 6.4 An XRF spectrum of 1.5 ML VOX / α-TiO2 (110) that was collected at an incident 
photon energy of 7.00 keV and filtered by a 200 mm thick Al attenuator. ........................ 169	
  

Figure 6.5 XSW results of (a) (110) normal direction, (b) (200), (c) (101), (d) (111) and (e) (211) 
off-normal directions of α-TiO2(110) for as-deposited (AD), oxidized (Ox) and reduced 
(Re) ALD vanadium oxides. The fluorescence spectra are displaced vertically in the order 
of processing AD, Ox and Re. The left-side axis is the reflectivity and the right-side axis is 
normalized vanadium Kβ yield. Table 6.1 shows the results of the fit of Eq. 4.1 to the yield 
data. ..................................................................................................................................... 170	
  

Figure 6.6 3D vanadium atomic density maps generated by the summation of several XSW 
measured (hkl)  Fourier components for the oxidized (Ox) and reduced (Re) surfaces. These 
model-independent V atomic density maps are superimposed on the same rutile (110) 
surface unit cell illustrated in Fig. 2.2. As a point of reference open and filled circles denote 
the two Ti symmetry inequivalent sites in the ideal bulk-like  structure with (110) Ti planes 
at heights of 0, 3.25 and 6.50 Å. ......................................................................................... 172	
  

Figure 6.7 Vanadium model-independent analysis around an AT site: (a-c) 1D line cuts through 
3D atomic density map in (a) YZ plane at Y=0, Z=0.54; (b) XZ plane at X=0, Z=0.54; (c) 
XY plane at X=Z=0; (d) orthogonal 2D plane-cuts through density map around AT site for 
planes of X=0, Y=0 and Z=0.54. ........................................................................................ 173	
  

Figure 6.8 XSW results of bulk Ti Kα signal for diffraction planes (110) normal direction, (101), 
(200), (111), and (211) off-normal directions for sample at oxidized state. Table 6.3 shows 
the results from the fit of Eq. 4.1 to the yield data. ............................................................. 175	
  

Figure 6.9 3D titanium atomic density map generated by the summation of XSW measured (hkl)  
Fourier components listed in Table 6.3 plus their symmetry equivalents. Ti atomic density 
maps are superimposed on the same rutile (110) surface unit cell illustrated in Fig. 2.2. As a 
point of reference open and filled circles denote the two Ti symmetry inequivalent sites in 
the ideal bulk-like structure with (110) Ti planes at heights of 0, 3.25 and 6.50 Å. .......... 177	
  

Figure 6.10 Structures of stoichiometric and stable vanadia submonolayer. The corresponding 
binding energies calculated using Eq. 6.2 are also reported along with each structure. Color 
code: gray and pink: titanium and oxygen atoms, respectively of rutile support; blue and 
red: vanadium and oxygen atoms, respectively, of the supported submonolayer. ............. 180	
  



	
  
19 

Figure 6.11 Top and side views of the proposed DFT-optimized oxidized and reduced models on 
rutile (110) surface. The green circle highlighted part in the oxidized state is “mobile” and is 
not detected by XSW in the reduced state. ......................................................................... 183	
  

Figure 7.1 W 4f XP spectra of 1.0 ML WOX / α-TiO2 (110) in as-deposited (AD), oxidized (Ox), 
and reduced (Re) states with a 45° electron emission angle. No chemical state change of W 
is observed. This is also what was observed for the 0.38 ML case,[21] ............................. 186	
  

Figure 7.2 AFM images of the TiO2 (110) substrate surface. (a) The blank substrate surface after 
2-step annealing shows atomically flat terraces. (b) After ALD growth of 1.0 ML tungsten 
oxide, the flat atomic terraces can still be observed clearly. (c) The same surface after two 
redox reaction cycles shows the formation of nanoparticles. ............................................. 187	
  

Figure 7.3 The in situ XSW measurements for the 1.0 ML WOX / α-TiO2(110) surface in the 
reduced (Re) condition from 7 different hkl TiO2 Bragg reflections: (110), (101), (111), 
(220), (200), (211) and (210).  Each frame shows the relative incident-angle dependence of 
the experimental X-ray reflectivity (open circles) and W Lβ.  XRF yield (open squares). 
The solid lines correspond to dynamical diffraction theory-based fits to the data. (See Refs. 
[152, 153, 173]) ................................................................................................................... 189	
  

Figure 7.4 W atomic density maps of 1.0 ML WOX/α-TiO2(110). The rectangular outline is that 
of an α-TiO2(110) surface unit cell, for reference. As a point of reference blue circles 
denoting the ideal bulk-like Ti sites are also shown at heights of 0, 3.25 and 6.50 Å. ....... 190	
  

Figure 8.1 Atomic-force microscopy images of the TiO2 (110) substrate surface. (a) The blank 
substrate surface after 2-step annealing shows atomically flat terraces with a 3.3 Å vertical 
step size. (b) After ALD growth of 0.7 ML vanadia on top of 1.2 ML tungsten oxide, the 
flat atomic terraces can still be observed clearly. (c) The same surface after two redox 
reaction cycles shows the formation of nanoparticles. ....................................................... 197	
  

Figure 8.2 Atomic-force microscopy images of the surface of 1.1 ML vanadia on top of 0.6 ML 
tungsten oxide on α-TiO2(110) after redox reaction. ......................................................... 197	
  

Figure 8.3 XP spectra of VOX / WOX / α-TiO2 (110) mixed catalysts in oxidized (Ox) and 
reduced (Re) states. Regions of XP spectra showing (a and b) V 2p3/2 and O 1s peaks, (c and 
d) W 4f7/2 and 4f5/2 doublet peaks and Ti 3p peak, (a and c) sub-VW case of 0.7 ML VOX / 
1.2 ML WOX / α-TiO2 (110), and (b and d) ML-VW case of 1.1 ML VOX / 0.6 ML WOX / 
α-TiO2 (110). XPS was collected at a 45° electron emission angle. The peak fit results are 
listed in Table 7.1. ............................................................................................................... 199	
  

Figure 8.4 XSW data of two mixed catalyst samples for the (110) surface normal and (200) off-
normal directions showing vanadium and tungsten structural changes for the oxidized (Ox), 
reduced (Re), and re-oxidized (Ox2) stages of a redox reaction cycle. Results for Ox2 match 
well with those for Ox, indicating that structural changes are reversible. Sub-VW denotes 
the sample with 0.7 ML vanadia on top of 1.2 ML tungsten oxide, and ML-VW denotes the 
sample with 1.1 ML vanadia on top of 0.6 ML tungsten oxide. V structural changes for (a) 



	
  
20 

Sub-VW sample; (b) ML-VW sample; W structural changes for (c) Sub-VW sample; (d) 
ML sample. ......................................................................................................................... 201	
  

Figure 8.5 Atomic density maps of 1.1 ML vanadia on top of 0.6 ML tungsten oxide deposited 
on α-TiO2 (110). Each map is projected onto the α-TiO2 unit cell, where symmetry-
inequivalent AT (filled blue circles) and BR (open blue circles) bulk-like Ti sites are shown. 
(a) - (b) the vanadium cations’ density maps plotted in the surface unit cell reference; (c) is 
the tungsten cations’ density map. ...................................................................................... 203	
  

Figure 8.6 Atomic density maps of 0.7 ML vanadia on top of 1.2 ML tungsten oxide deposited 
on α-TiO2 (110). (a) – (b) the vanadium cations’ density maps plotted in the surface unit 
cell reference; (c) – (d) the tungsten cations’ density maps. Bulk-like Ti sites are shown as 
blue circles, in the same scheme as used in Figure 7.5. ...................................................... 204	
  

Figure 9.1 (a) XPS and (b) XSW (110) surface normal direction data analysis of 1.5 ML VOX/α-
TiO2(110), showing vanadium structural and chemical state changes for the oxidized (Ox), 
reduced (Re), and re-oxidized (Ox2) stages of a redox reaction cycle. .............................. 217	
  

Figure 9.2 XSW data analysis for reduced 1.5 ML VOX/α-TiO2(110) at (110), (101), (200) and 
(211) diffraction planes. The asymmetric shape of V fluorescence indicates that V is 
correlated to substrate lattice. ............................................................................................. 218	
  

Figure 9.3 V atomic-density map at reduced condition. The open and solid circle denote two 
symmetry inequivalent sites, AT and BR sites, on α-TiO2(110) surface. .......................... 219	
  

Figure 9.4 Atomic-force microscopy images of the TiO2 (110) substrate surface. (a) The blank 
substrate surface after 2-step annealing with atomically flat terraces. (b) After ALD growth 
of 1.5 ML vanadia, the flat atomic terraces can still be observed clearly. (c) The same 
surface after two redox reaction cycles shows the formation of nanoparticles. ................. 220	
  

Figure 9.5 SEM images of 1.5 ML VOX/α-TiO2(110) after redox reactions. Nanoparticles are 
clearly seen. ......................................................................................................................... 220	
  

Figure 9.6 XPS of (a) single crystal a-TiO2(110) supported 1.5 ML vanadia, and (b) powder 
rutile supported 3 ALD cycle (30 s) vanadia at oxidized (Ox) and reduced (Re) condition. 
The Re surface is obtained by cyclohexane reduction. ....................................................... 221	
  

Figure 9.7 Cyclohexene selectivity as a function of reaction temperature of 3-ALD-cycle coated 
vanadia on rutile powder. .................................................................................................... 222	
  

Figure 10.1 Predictions for several combinations between the catalyst and the substrate from 
works in this thesis. ............................................................................................................. 225	
  

 
	
    



	
  
21 

LIST OF TABLES 
 
Table 4.1 For 0.60 ML Pt/SrTiO3(001) case: XSW measured hkl Fourier amplitudes, fH, and 

phases, PH, for Pt and Ti. The calculated values for Pt are determined from the best-fit of the 
model described in Eq. 4.3. ................................................................................................. 103	
  

Table 4.2 Summary of the XSW experimental analysis and best-fit parameters for 0.17 ML Pt / 
SrTiO3 (001). Model independent parameters, fH and PH, are the measured H = hkl Fourier 
amplitude and phase for the Pt distribution. These can be compared to the calculated fH

C and 
PH

C values determined from the best-fit of the model that is described by Eq. 4.3. Table 4.1 
holds the same type of information for the 0.60 ML case. ................................................. 110	
  

Table 4.3 Numerical analysis of model-independent Pt atomic distribution ρ(x,y,z) around A, B 
and C sites for the 0.60 ML and 0.17 ML Pt/SrTiO3(001) surfaces. The x, y and z ranges 
refer to the range of the tetragonal box chosen for the atomic density integration. The 
FWHMi refers to the FWHM in i (i=x, y or z) direction. h denotes the height of the three 
symmetry inequivalent sites to the SrO origin plan.  Inorm is the volume normalized atomic 
density sum in this tetragonal box. ..................................................................................... 113	
  

Table 4.4 XSW analysis of the bulk Ti sublattice of SrTiO3(001). The coherent fractions (f ) and 
coherent positions (P) are experimentally determined from the modulations in Ti Kα XRF 
yields shown in Fig. S8. The takeoff angle (α) of the detected XRF emission relative to the 
surface are also listed. The P values are referenced to the Sr atom at the origin. exp(-M) = 
exp(-2(πσ/dH)2) is the temperature Debye-Waller factor, where σ = 0.12 Å. .................... 116	
  

Table 4.5 XRF determined Pt coverage (ΘXRF) and AFM measured RMS roughness for the set of 
ALD Pt / SrTiO3(001) surfaces. AD = as-deposited surface. AN = annealed surface. Prior to 
ALD the AFM surface RMS roughness was 0.1 nm. ......................................................... 127	
  

Table 4.6 Summary of XRR data analyses shown in Fig. 4.15 for the as-deposited ALD Pt / 
SrTiO3(001) interfaces: Pt film thickness (t), film electron density relative to bulk Pt 

(ρfilm/ρbulk), and XRR determined Pt coverage!XRR =
! film

!bulk
Pt Nbulk

Pt t film
Nsurface

STO  , where 

and . ........................................... 132	
  

Table 4.7 GISAXS fitting and analysis results for as-deposited (AD) and annealed (AN) ALD 
Pt/SrTiO3(001) samples. In this case, the particle model is taken to be a cylinder of radius, 
R, and height, H, with a center-to-center interparticle spacing, D. The parameter, σ, gives 
the distribution width of the respective parameter. ............................................................. 138	
  

Table 5.1 Summary of the in situ XSW experimental analysis after the AD, Ox, Re, and Ox2 
surface treatments of the 1/3 ML W / α-Fe2O3 (0001) interface. Model independent 
parameters, fH and PH, are the measured H = hkil Fourier amplitudes and phases for the W 

bulk

PtN = Pt
!34a = 66.20!nm!3 Nsurface

STO = STO
!2a = 6.558!nm!2



	
  
22 

distribution. These can be compared to the calculated fH
C and PH

C values determined from 
the best-fit of the model that is described by Eq. 2 with best-fit parameters listed in Table 
5.2........................................................................................................................................ 152	
  

Table 5.2 Best fit parameters for W adsorption geometry model, where cX and zX are the W 
occupation fraction and heights for the X = A and B sites. z = 0 is at the bulk-like oxygen 
plane. As a comparison Fe in bulk-like α-Fe2O3 has zA = 0.85 Å and zB = 1.45 Å. ........... 158	
  

Table 6.1 Summary of the XSW experimental results from the as-deposited (AD), oxidized (Ox), 
and reduced (Re) surface treatments of the 0.74 ML VOX / α-TiO2 (110) Surface. fmeas and 
Pmeas are experimentally measured coherent fractions and coherent positions, respectively. 
fcalc and Pcalc are calculated from the best-fit model described by Eq. 6.1. The P values are 
referenced to an origin that coincides with a bulk Ti atom at the AT site. ......................... 171	
  

Table 6.2 Numerical analysis of model-independent V atomic distribution ρ(X,Y,Z) around AT 
and BR sites for the Ox and Re states. The X, Y and Z ranges refer to the range of the 
tetragonal box chosen for the atomic density integration. The FWHMi refers to the full 
width at half maximum in i (i=X, Y or Z) direction. Inorm is the volume normalized atomic 
density sum in this tetragonal box. ..................................................................................... 174	
  

Table 6.3 XSW analysis of the bulk Ti sublattice of α-TiO2 (110). The coherent fractions (f) and 
coherent positions (P) are experimentally determined from the modulations in Ti Kα XRF 
yields shown in Fig. 6.4. The takeoff angles (α) of the detected XRF emission relative to the 
surface are also listed. The P values are referenced to an origin that coincides with a bulk Ti 
atom at the AT site. As expected the AT and BR sites are perfectly in-phase with each other 
for each hkl; with the exception of the 111 oxygen-only reflection. .................................. 176	
  

Table 6.4 XSW determined best fit model parameters from Eq. 6.1 for the V occupation 
fractions, cX, and heights, zX , above the bulk TiO (110)  plane. For comparison, Ti in bulk 
α-TiO2 has  zBR = zAT = 3.25 Å. The V correlated fraction  (Σc = cBR + cAT )  is also listed.
............................................................................................................................................. 179	
  

Table 6.5 Summary of the XSW experimental results, model-dependent analysis and simulation 
results from DFT for the oxidized (Ox), and reduced (Re) surface treatments of the ¾  ML 
VOX / α-TiO2 (110) Surface. The oxidized and reduced models from DFT are descripted in 
Fig. 6.10 .............................................................................................................................. 183	
  

Table 7.1 XSW measured hkl Fourier amplitudes, fH, and phases, PH, for 1.0 ML WOX/α-
TiO2(110). The calculated values fH

C and PH
C are determined from the best fit of the model 

described in Eq. 6.1. ............................................................................................................ 188	
  

Table 7.2 Least-squares fit model parameters determined from XSW data and Eq. 2 for the W 
occupation fractions, cX, and heights, zX , above the bulk TiO (110)  plane for 1.0 ML and 
0.38 ML[21] WOX / α-TiO2 (110), respectively. For comparison, Ti in bulk α-TiO2 has zBR 

= zAT = 3.25 Å. The W correlated fraction (Σc = cBR + cAT ) is also listed. ....................... 191	
  



	
  
23 

Table 8.1 XPS measured chemical states changes for sub-VW (0.7 ML VOX mixed with 1.2 ML 
WOX) and ML-VW (1.1 ML VOX mixed with 0.6 ML WOX) surfaces during redox reaction 
cycles. .................................................................................................................................. 198	
  

Table 8.2 The values of V 2p3/2 and 4f7/2 binding Energy (BE) and the binding energy difference 
(BED) of V 2p3/2 to O 1s. .................................................................................................... 200	
  

Table 8.3 Summary of XSW experimental results from the oxidized (Ox), reduced (Re), and re-
oxidized (Ox2) surface treatments of the VOX (0.7 ML) / WOX (1.2 ML) / α-TiO2 (110) 
sample. fH and PH are experimentally measured coherent fractions and coherent positions, 
respectively, and fH

C and PH
C and least-square determined best fit values. The top part of the 

table is the summary for V results and the lower part of the table is the summary for W 
results. ................................................................................................................................. 205	
  

Table 8.4 Summary of the XSW experimental results from the oxidized (Ox), reduced (Re), and 
re-oxidized (Ox2) surface treatments of the VOX (1.1 ML) / WOX (0.6 ML) / α-TiO2 (110) 
sample. The top part of the table is the summary for V results and the lower part of the table 
is the summary for W results. ............................................................................................. 206	
  

Table 8.5 Least-squares fit model parameters determined from XSW data and Eq. 7.1 for the V 
and W occupation fractions, cX, and heights, zX , above the bulk TiO (110)  plane for VOX 
(0.7 ML) / WOX (1.2 ML) / α-TiO2 (110). For comparison, Ti in bulk α-TiO2 has zBR = zAT 
= 3.25 Å. The V correlated fraction (Σc = cBR + cAT ) is also listed. .................................. 207	
  

Table 8.6 Least-squares fit model parameters determined from XSW data and Eq. 7.1 for the V 
and W occupation fractions, cX, and heights, zX , above the bulk TiO (110)  plane for VOX 
(1.1 ML) / WOX (0.6 ML) / α-TiO2 (110). For comparison, Ti in bulk α-TiO2 has zBR = zAT 
= 3.25 Å. The V correlated fraction  (Σc = cBR + cAT )  is also listed. ................................ 207	
  

 
 



	
  
24 

 Introduction 
 

Metal oxide monolayers or clusters anchored to an oxide support are important catalysts 

for hydrocarbon transformations, industrial catalytic processes[1], and gas sensors[2]. In spite of 

extensive efforts to define the molecular-scale structure of supported metal oxides, there is little 

direct, experimental information on the atomic positions of the metal cations on the support. 

Figure 1.1 taken from Weckhuysen and Keller[1] shows a hypothesized surface structure for 

vanadium oxides. However, these cartoon drawings cannot reflect the real atomic arrangements. 

In many cases theoretical calculations have not been performed for a surface structure that is 

found experimentally, but rather for some other simplified or model structure. How 

representative these conclusions are remains open to questions. 

 

	
  

Figure 0.1 Chemical-intuition inspired schematic of three possible V–O bonds involved in the 

selective oxidation of methanol to formaldehyde: (a) monomeric VO4 species and (b) polymeric 

VO4 species characterized by V=O, V–O–V and V–O–support bonds. This figure is reproduced 

from Ref. [1]. 



	
  
25 

Therefore, it is necessary to understand the atomic-scale electronic and geometric 

structure of a catalyst. Among all catalysts supported platinum, vanadium oxide (vanadia or 

VOX) and tungsten oxide (WOX) have received the most attention in literature. Supported 

vanadia, tungsten oxide and their mixed oxides have also been widely used in the manufacture of 

important chemicals and in the reduction of environmental pollution.[1] Typically when a 

catalyst is active in a chemical reaction, its catalytic performance relies on its oxidation states. 

For example, the existence of the 5+ oxidation state for vanadium is crucial for catalytic 

reactions.[3, 4] Furthermore, previous studies have shown that a catalyst exhibits greater activity 

as a monolayer than as a thicker film.[5] The monolayer catalysis indicates significant role of the 

supporting oxide substrate. Significance of reducibility of the supporting oxide has also been 

proposed.[6] More important, if the surface structure of these supported metal oxides could be 

predicted, this would have an enormous impact upon our understanding of numerous chemical 

processes.  

Taking vanadia as an example, previous studies[7] only give a general consensus that 

supported vanadium oxide exists as an isolated or polymerized VO4 unit. However studies for 

the positions of vanadium cations with respect to the support and its sensitivity to the oxidation-

reduction cycle, at the atomic scale, are rare. Recently efforts have been made within our 

research group by Kim et al[8] to show atomic-scale view of redox changes to VOX / α-

Fe2O3(0001). They show that X-ray techniques are excellent tools to study cation structural 

changes at the atomic scale. X-ray fluorescence (XRF) can determine the coverage of the 

vanadium in the sub-monolayers. X-ray photoelectron spectroscopy (XPS) can be used to trace 

the electronic structural changes of a supported vanadium oxide system at different stages of its 

oxidation-reduction cycle. X-ray standing wave (XSW), a combination of single crystal X-ray 
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diffraction and XRF, is a powerful tool to probe the elements’ 3-D positions with 0.03 Å 

resolution.  

 

	
  

Figure 0.2 Combinations of catalysts and substrates used in this thesis 

Therefore, my thesis work is to use various X-ray techniques, combined with other 

surface characterization tools, for in situ studies of the atomic structural changes of metal and 

metal oxides (Pt, VOX, WOX and their mixed oxides) supported on a single crystal (SrTiO3(001), 

α-TiO2(110) and α-Fe2O3(0001)) or powder, in redox reactions. As shown in Figure 1.2, 

different combinations of catalysts and substrates studied in this thesis will provide general ideas 

of how a catalyst performs structurally and electronically and how important the substrate is 

during redox reactions. 
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Chapter 1: Background 
 

1.1 Substrate: Rutile (α-TiO2) 

Rutile  (α-TiO2) is a popular substrate material in surface science, especially the (110) 

surface, which has evolved as a model system in the surface science of metal oxides for a 

number of reasons. First, titanium dioxide has many applications in heterogeneous catalysis, 

photocatalysis in solar cells for the production of hydrogen and electric energy and in gas sensors 

[9]. Second, TiO2 is a preferred system for experimentalists. It can be prepared simply by 

sputtering and annealing, and thus various companies and vendors provide polished crystals with 

a high surface quality.  

TiO2 is found as three different crystallographic structures: rutile (tetragonal, D14
4h-

P42/mnm, a = b = 4.584 Å, c = 2.953 Å[10]), anatase (tetragonal, D19
4h-I41/amd, a = b = 3.782 Å, 

c = 9.502 Å [11]), and brookite (rhombohedral, D15
2h-Pbca, a = 5.436 Å, c = 5.135 Å [12]). 

However, only rutile and anatase surfaces have been studied. Rutile is thermodynamically the 

most stable phase and the (110) face is the most intensely studied surface.[11] Figure 2.1 shows 

the bulk-terminated (1 × 1) surface. Along the [001] direction, rows of six-fold-coordinated Ti 

atoms (as in the bulk) alternate with five-fold-coordinated Ti atoms with one ‘dangling bond’ 

perpendicular to the surface. Oxygens within the main surface plane are three-fold-coordinated 

as in the bulk.[1] The so-called bridging oxygen atoms are two-fold-coordinated.[9] 
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Figure 1.1 Ball-and-stick model of the rutile TiO2 (110)-(1×1) surface. Large light balls, oxygen; 

small black balls, titanium. The two types of bulk defects that are prevalent in reduced TiO2 

crystals, i.e. oxygen vacancies and titanium interstitials, are also indicated. Such bulk defects can 

often affect surface chemistry. This figure is reproduced from Ref. [9]. 

For the surface of TiO2, different treatments (annealing in vacuum vs. annealing in 

oxygen) can result in different surface structures, such as two different (1 × 2) reconstructions, a 

‘rosette’ overlayer, and crystallographic shear planes. Annealing in UHV or in oxygen at 

elevated temperature can both lead to a terrace structure.[11] In our surface treatment, we anneal 

the substrate at 400 oC first to burn away contamination like carbon, then anneal at 900oC to 

form a terrace structure. These will be further discussed in Chapter 2.4. 

The typical Rutile (110) surface, as shown in Figure 2.2, has three possible terminating 

planes in theory. Termination #1 has both a surface oxygen bonded to two Ti atoms (named 

bridging oxygen or BO) and an oxygen singly bonded to the surface (named terminal oxygen or 

TO) present on the surface. Termination #2 is terminated with only BO atoms present on the 
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surface. Termination #3 is terminated with neither BO or TO, but only a bare Ti-O plane, as 

shown shaded in green in Figure 2.2(a), which we define as the surface Ti-O plane. Based on the 

crystal symmetry and the charge balance, termination #2 should be favored in vacuum. For 

instance, a simplified consideration is that when a rutile crystal is cleaved at this position, the 

two newly created surfaces would be identical and charge neutral. In fact that is the stable rutile 

(110) surface observed in vacuum.[13, 14] The surface relaxation was both calculated[15-18], 

and measured[19, 20] for this termination, which shows significant relaxations occurring along 

the surface normal direction. 

	
  

	
  
	
  

Figure 1.2 A ball-and-stick model of the (110)  terminated TiO2 structure: (a) perspective-view; 

(b) top-view. Oxygen atoms are in red and titanium atoms are in cyan. For convenience the non-

primitive unit cell (outlined with black lines) with a c-axis along the [110] will be used as the 

reference to locate vanadium cation positions in XSW 3D atomic density maps. The model 

shows one of the possible surface terminations in which two types of oxygen atoms bind to Ti 

cations [bridging oxygen (BO) and terminal oxygen (TO)]. This model also represents the 

hydroxylated surface if the surface oxygen atoms are replaced by the hydroxyl group. Solid 

circles denote possible adsorption sites: atop (AT), bridge (BR), tetradentate (TD). 
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There are two kinds of Ti atom positions on such a surface. One is fully six-coordinated 

Ti, which is bonded to two BO atoms. The other is five-fold coordinated Ti atom where one 

longer Ti-O bond is broken. The two Ti positions are denoted as BTi (for titanium atom bonded 

to BO) and TTi (for titanium atom bonded to TO), respectively. As depicted in Figure 2.3, the 

hydroxyl-saturated α-TiO2 (110) surface created at ambient conditions has multiple adsorption 

sites [21, 22].  For convenience of working with rutile (110) surface, a non-primitive tetragonal 

unit cell is defined, as sketched out in black in Figure 2.3, with a = c = 6.495 Å and b = 2.959 Å, 

the unit vector a, b, and c along bulk crystal [-110], [001], and [110] direction, respectively. The 

transformation matrix from the primitive tetragonal unit cell to the non-primitive tetragonal unit 

cell is: . The non-primitive tetragonal unit cell is twice the volume of a primitive 

tetragonal unit cell, i.e., there are four Ti atoms and eight oxygen atoms in such a unit cell. On 

the surface, however, there are 1, 2 and 3 oxygen atoms missing from one nonprimitive 

tetragonal unit cell for termination #1, #2, and #3, respectively. 

Although the termination #2 with BO atoms is a stable surface in vacuum, a fraction of 

the BO atoms can be relatively easily removed from the surface to create the surface oxygen 

vacancies. However, a rutile (110) surface with BOs completely removed (termination #3 

configuration) is not energetically favorable because of too high a density of dangling bonds.[23] 

Traditionally, TiO2 is mainly used in selective oxidation reactions on mixed 

vanadia/titania catalysts, and vanadium and vanadia/TiO2 systems have been considered by 

several groups [24]. Although TiO2 is not suitable as a structural support material, small 

additions of titania can modify metal-based catalysts in a profound way.[9] The so-called strong 
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metal support interaction is, at least in part, due to encapsulation of the metal particles by a 

reduced TiOX overlayer.[25] Deposition of vanadium in an oxygen ambient results in vanadium 

oxide that interacts only weakly with the support.[26] The Ti 2p levels remain fully oxidized, but 

the work function is increased.[26] When vanadium is deposited in a molecular oxygen 

environment (1×10-7 Torr) on stoichiometric TiO2 (110), disordered vanadium oxide is formed 

with a composition similar to V2O3 or VO2.[27] Sambi et al[28] proposed that the adsorbed V 

atoms occupy a well-defined atomic site that corresponded to a Ti bulk-like substitutional site 

within the first surface layer. There was no diffraction evidence of diffusion of the vanadium 

before the initial surface layer and it was suggested that the mild annealing provided the 

necessary energy for bulk oxygen to diffuse to the TiO2 surface and fully oxidize the surface Ti 

and V atoms [28]. Sambi et al also reported that on the growth of several monolayers of epitaxial 

VO2 on the TiO2 (110) surface. The VO2 oxide layer was prepared with successive depositions of 

vanadium; after each deposition step, the TiO2 surface was annealed in an oxygen environment. 

This growth process was described as ‘deposition under thermodynamic control’, in which the 

post-deposition annealing process was intended to enhance the order and oxidation of the 

surface. It was determined that the resulting vanadium oxide layer was well-ordered and 

pseudomorphic to the TiO2 (110) substrate[29, 30]. The above studies provide clues about how 

to prepare vanadium oxides for heterogeneous catalysis. 
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1.2 Substrate: Hematite (α-Fe2O3) 

 Iron oxides are one of the most abundant materials on earth[31] and exist with a large 

variety of phases with different stoichiometries, structures and magnetic properties[32-34]. Iron 

oxides are also easily synthesized in laboratory or industrial environments.[35] Because iron 

oxides are so prevalent in all aspects of the global system, from iron ore in the terrestrial 

environment to precipitates in the marine environment, it is not surprising that the study of iron 

oxide is an important field in geology, mineralogy, and geochemistry. However, iron oxides have 

an important role in other disciplines as well, such as oxidation catalysts[36], gas sensors[37], 

sorbents[38, 39], or in magnetic storage media as a pinning layer for spin valves[40].  

 Like all iron oxides, hematite consists of close packed arrays of oxygen anions in which the 

interstitial sites are occupied by Fe cations. In the case of hematite, the Fe and O atoms 

crystallize in the corundum structure (space group R3c), in which the oxygen O2-
 ions are 

arranged in a hexagonal close packed (hcp) array, and the interstices of the hcp array are partially 

filled by trivalent Fe. This arrangement forms octahedra, which consist of the central Fe3+
 cation 

and the surrounding anion ligands, as shown in the depiction of the hematite hexagonal unit cell 

in Figure 2.3. More specifically, the Fe3+
 cations occupy two-thirds of the sites in an ordered 

arrangement, where two adjacent sites in the (0001) plane are filled followed by an empty site. 

Because the cations are slightly larger than the octahedral sites formed by the anion close 

packing, the anion packing in the [0001] direction is slightly irregular and the Fe(O)6 octahedra 

that are formed are somewhat distorted. There is also a distortion in the cation sublattice from the 

ideal structure, which will be briefly explained below. 
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Figure 1.3 Top and side views of the α-Fe2O3 hexagonal unit cell. The top view represents the 

structure of the (0001) hematite surface terminated with a complete layer of Fe cations. The side 

view shows the crystal structure as seen along the <1 1 2 0> direction. The octahedral formed by 

the arrangement of Fe and O ions are also emphasized. This figure is reproduced from Ref. [35] 

  

Part of what distinguishes the various structures of the different iron oxides is how these 

octahedra are arranged with respect to each other, i.e. whether the octahedra are linked to each 
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other by sharing corners, faces, edges, or a combination of all three. In hematite, the arrangement 

of vacant and occupied octahedral sites results in pairs of Fe(O)6 octahedra, configured so that 

octahedra in adjacent planes along the [0001] direction share a single face. The aforementioned 

irregularities in the oxygen anion and iron cation packing arise from this face-sharing 

configuration. The Fe cations contained within the octahedra are shifted away from the shared 

face and move along the [0001] direction closer to the unshared faces in order to minimize the 

electrostatic repulsion between the Fe3+
 ions. Furthermore, the distance between O anions within 

the shared face is only 2.669 Å while the corresponding distance for the unshared face is 3.035 

Å; this disparity results in the trigonally distorted octahedra that make up the hematite structure. 

The face-sharing configuration is commonly described as a “Fe-O3-Fe” triplet, which describes 

the stacking sequence of the iron and oxygen planes along the [0001] direction. Within the basal 

plane, there is also edge sharing between the octahedron unit and three of its Fe(O)6 neighbors 

[41]. 

 This entire atomic configuration can be described by a hexagonal unit cell with lattice 

constants of a = 5.038 Å and c = 13.772 Å. As demonstrated in Figure 2.3, the in-plane lattice 

parameter of the hexagonal unit cell corresponds to the interatomic distance between Fe cations 

within a single layer of the Fe bilayer. Six formula units comprise the nonprimitive hexagonal 

unit cell. The primitive bulk hematite structure is described with a rhombohedral unit cell, which 

has a lattice parameter of arh = 5.427 Å and α = 55.3°. There are two formula units per primitive 

rhombohedral unit cell. 
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Figure 1.4 Schematic drawing of the α-Fe2O3 (0001) structure. Large (small) circles stand for O 

(Fe) atoms. Top (left) and side (right) views with symmetry elements and allowed relaxations. 

Radial relaxations of the O atoms are labeled δi and relaxations of layer I along the [0001] axis 

by zi. This figure is reproduced from Ref. [42]. 

 

 The α-Fe2O3 (0001) surface can have many different stable terminations. The bulk 

structure is illustrated in Figure 2.4. However, by exposing to different conditions (i.e. oxygen 

annealing, ultra-high vacuum annealing, etc.), different surface structures can be formed. 

Theoretically, density functional theory (DFT) is used to predicted the termination structure 

under environmental conditions as a function of the oxygen pressure p and temperature T 

(defining the oxygen chemical potential µ).[42, 43] Using DFT methods[36, 43, 44], upon 

decreasing µ, three surface structures are predicted to appear in the following order: bulk-like 

oxygen-terminated O3-Fe- (as shown before, a subscript number denotes the number of atoms in 

a layer in the unit cell, and the stacking from surface to bulk reads from left to right), ferryl 

termination in which one double bonded Fe=O group is present per surface unit cell, and finally, 
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single and double Fe iron terminations competing with the transformation to Fe3O4. All of those 

terminations need experimental confirmation and investigation. 

 Experimentally, many treatments can lead to different surface terminations and some of 

which fall into the three different surface structures as predicted by DFT calculations above. A 

common surface treatment for producing a clean hematite surface is Ar+
 ion sputtering; however, 

Kurtz et al. has shown that ion sputtering can preferentially remove oxygen from the surface 

layers and produce a reduced surface.[45] Replacing the lost surface oxygen by annealing in an 

oxygen environment can fill the vacancies caused by sputtering, but the recovery of the ideal 

surface can be strongly dependent on the annealing conditions. One early LEED and XPS 

structural study of the α-Fe2O3 (0001) surface suggested that the sputtering process transforms 

part of the hematite surface into a thin layer of metallic Fe0
 that lies above a thicker reduced iron 

oxide layer.[45] Similar investigations have suggested that it is the annealing temperature (and 

not the annealing environment) that primarily governs the extent of re-oxidation of the surface 

overlayers. It has been proposed that the choice of annealing temperature also determines 

whether the re-oxidized surface region consists solely of hematite or if a magnetite (Fe3O4) layer 

is produced by the removal of oxygen anions from the underlying Fe2O3.[46] However, other 

investigations have found that after a surface layer of magnetite is formed during sputtering, 

annealing under an increased oxygen pressure allows the Fe3O4 to be reoxidized at a lower 

annealing temperature.[47] Finally, in an STM study, Condon et al. reinterpreted some of these 

conclusions as the result of a phenomenon called biphase ordering, in which islands of α-Fe2O3 

and FeO (111) coexist on the hematite surface and form an extended superlattice.[48, 49] STM 

images of this unique overlayer structure are shown in Figure 2.5. 
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Figure 1.5 A 200 Å x 200 Å constant current (sample bias -2 V, tunneling current 1 nA) STM 

image of an α-Fe2O3 (0001) surface which shows a biphase ordering, namely α and β types of 

islands with holes at positions label γ. This figure is reproduced from Ref. [49]. 

 

 An extensive surface X-ray diffraction (SXRD) investigation on the α-Fe2O3 (0001) 

surface encountered all these aforementioned iron oxide phases as the oxygen-deficient hematite 

surface was recovered to the stoichiometric (1×1) surface[50]. Unlike the electron-based surface 

techniques that probe only the first few atomic layers of the surface, the X-ray scattering 

provides structural information from both the surface and subsurface regions. It was determined 

that after annealing the reduced surface in a molecular oxygen environment, the uppermost 

surface layers can be recovered to the stoichiometric Fe2O3 phase, but a remnant magnetite layer 

remains below the recovered oxide surface. By slightly increasing the oxygen annealing 

temperature (from 1008K to 1018K in this particular study), the subsurface magnetite can be 
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converted to hematite, but the previously stoichiometric surface is simultaneously transformed 

into the non-stoichiometric biphase ordered surface. The topmost biphase layer can finally be 

converted to Fe2O3 by annealing in an atomic oxygen environment. This elaborate surface history 

is a telling example of some of the complexities that can arise when preparing and characterizing 

the stoichiometric α-Fe2O3 (0001) surface.  

 

	
  

Figure 1.6	
  Surface energies of different Fe2O3 (0001) surface terminations as a function of the 

chemical potential per oxygen atom of molecular O2, calculated from DFT. Solid lines show 

results for relaxed geometries, and dashed lines represent unrelaxed surfaces. This figure is 

reproduced from Ref. [36]  

 

 Furthermore, even if the stoichiometric structure can be recovered from the oxygen 
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deficient surface using oxygen annealing, the question of what is the chemical composition of 

the α-Fe2O3 (0001) surface remains. Because of the “Fe-O3-Fe” stacking sequence of the bulk 

hematite structure, it is possible that the α-Fe2O3 (0001) surface can consist of a terminal layer of 

either Fe cations or O anions. In addition, the hematite surface can be expected to undergo 

significant atomic relaxations, which are in part driven by the tendency of the surface cations to 

increase their oxygen coordination. A detailed theoretical study employing a variety of periodic 

slab models and computational methods found a large relaxation effect for the two outermost 

surface layers of a Fe-terminated α-Fe2O3 (0001) surface. These substantial relaxations were 

attributed to the reduced coordination of the surface atoms[51]. In one spin-density functional 

theory (DFT) study, Wang et al. calculated the surface energies of various α-Fe2O3 (0001) 

surface terminations as a function of the oxygen chemical potential. From the results of these 

calculations (which are summarized in Figure 2.6), it was determined that both a Fe-terminated 

(Fe-O3-Fe) and an O-terminated (O3-Fe-Fe) surface can be stabilized if they were accompanied 

with significant atomic interlayer relaxations. The presence of both surface terminations was 

observed using STM.[36] Another STM study[52] also observed the significant dependence of 

the hematite surface structure on the ambient oxygen pressure detailed in Ref.[51]. In another 

DFT investigation of the α-Fe2O3 (0001) surface, several Fe- and O-terminated hematite surfaces 

were explored, including an additional surface phase involving a single O atom bonded on top of 

a reactive surface Fe atom; this structure stabilizes as the surface is allowed to relax in an 

oxygen-rich environment, as shown in the calculated surface phase energy plot shown in Figure 

2.7.[43] 
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Figure 1.7 Free energy of α-Fe2O3 (0001) surface as a function of oxygen chemical potential. 

The thermodynamically stable structures are Fe-O3-Fe, O-Fe-O3-Fe, and O3-Fe-Fe. This figure is 

reproduced from Ref. [43] 

 

 However, these results were somewhat disputed by Chambers et al. in a XPD and STM 

investigation of α-Fe2O3 (0001) surfaces grown by oxygen-plasma-assisted molecular beam 

epitaxy. This study suggested that the Fe-terminated surface is the most stable surface even 

under highly oxidizing conditions[53]. These experimental results were supported by an ab initio 

theoretical study, which included electron correlation effects within a density functional 

description. By including the strong correlation effects, it was determined that a Fe-terminated 

surface is the most stable surface over the allowable range of oxygen chemical potentials; the 
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proposed surface model consists of a partially occupied Fe layer in which half of the octahedral 

sites are vacant[44]. An earlier X-ray photoelectron diffraction (XPD) experiment also found this 

particular structure to be the most stable surface phase and found no evidence of a possible O-

termination[54]. The authors of this study suggested that since the partially occupied Fe 

termination layer fully auto-compensates the hematite surface due to charge transfer from the Fe 

dangling bonds to the O dangling bonds, it is not surprising that the Fe-termination surface 

model provided the best fit to the PED spectra.[55] 

 Finally, for some catalytic investigations the presence of surface point defects may be 

desirable, since oxygen vacancies can result in a redistribution of charge and a reduction of 

surface cations, which can help promote the adsorption and dissociation of foreign molecules. A 

surplus of cations in the form of Fe interstitials is another form of non-stoichiometry that can 

also contribute to the catalytic activity. Therefore, there is a need to characterize non-ideal 

hematite surfaces in order to more accurately model real- world catalytic processes. In a 

theoretical study of the defect chemistry of the α-Fe2O3 (0001) surface, Warschkow et al. found 

that at the hematite surface, the energy required to form an oxygen vacancy is markedly smaller 

than in the bulk[56]. Furthermore, the same investigation determined a lowering of some of the 

transition barriers to oxygen vacancy migration within the uppermost oxygen layers near the 

hematite surface. However, there are few experimental studies on the formation of defects and 

their effect on the properties of the α-Fe2O3 (0001) surface. 
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1.3 Substrate: Strontium Titanate (SrTiO3) 

 SrTiO3 belongs to the important family of perovskites and is one of the most used 

materials. This perovskite family is governed by the formula ABO3. The ‘A’ cation typically 

consists of metal ions from the first two columns of the periodic table and ‘B’ cations occupy the 

site with octahedral coordination. 

 Single crystal strontium titanate was not discovered in a natural setting until 1984.[57] 

However, bulk synthetic SrTiO3 crystals have been available for scientific study since the early 

1950’s and SrTiO3 powder was available even earlier. The most common way to grow large 

SrTiO3 crystals is to use a modified version[58]
 of the Verneuil method. The growth occurs by 

feeding SrTiO3 powder through an oxygen-hydrogen combustion blow-pipe that melts the 

powder. The melted SrTiO3 droplets descend onto a slowly rotating pedestal. Crystals of several 

inches in diameter can be grown by this method. The SrTiO3 substrates used in this project are 

mainly from three major substrate vendors: MTI Corp. (Richmond, California), Crystal GmbH 

(Berlin), and CrysTec GmbH (Berlin). They all use the modified Verneuil method to obtain bulk 

single crystals. Their crystal qualities are tested by high-resolution X-ray diffraction by 

comparing the measured rocking curve width with the theoretical value. High quality substrates 

are chosen for X-ray standing wave (XSW) measurements. The poor crystal quality is most 

likely due to the crystal growing via a stream of molten oxide droplets that leads to a collection 

of crystallites forming single crystal of mosaic structures a few nanometers in dimension. 
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Figure 1.8 The cubic-P unit cell for SrTiO3(001) with a Sr cation at the origin, O anions at the 

face-centered positions and Ti cation at the body-centered position. 

 

 At room temperature strontium titanate has a cubic perovskite structure (space group: 

Pm3m) with a room temperature lattice constant of a = 3.905 Å. Figure 2.8 shows the unit cell of 

SrTiO3. Due to its relative simple structure for ABO3 type materials, SrTiO3 is one of the most 

widely studied model perovskite materials. We will use the (001) surface for which different 

treatments lead to a number of different surface structures and chemistries[59, 60] of interest.. 

Depending on the experimental environment, under oxidative conditions, many (001) surface 

reconstruction of SrTiO3 have been achieved, such as (1×1), (2×2), (2×1), (6×2), c(4×4), c(4×2), 

c(6×2), (√5×√5)-R26.6°, (√13×√13)-R33.7°.[59-66] The recipes to produce these structures are 

sometimes unreliable and indeed one of the major challenges in the surface structure of SrTiO3 

(001) is the lack of well-defined methods guaranteed to achieve a particular reconstruction.  

 Another important advance in the SrTiO3 (001) surface preparation occurred in 1994 where 

a method to isolate the TiO2 bulk termination was identified.[67] Kawasaki et al. showed that 
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using buffered hydrofluoric acid (BHF), the strontium-oxygen layer could be preferentially 

removed, leaving behind a pristine titanium-oxygen surface. Using ion scattering spectroscopy 

(ISS) and AFM, Kawasaki et al. determined the surface termination was greater than 99% 

titanium - oxygen with 0.4 nm tall atomic terraces, which is the height of one unit cell of SrTiO3. 

ISS has been used to confirm this result for a series of treatments with slight variations in buffer 

pH and other experimental parameters.[68-70] Prior to the BHF discovery most studies focused 

on spectroscopy of the surface using photoelectron and Auger electron probes. Following the 

Kawasaki paper, a series of structural studies cataloged a number of surface reconstructions 

observed with diffraction and/or scanning tunneling microscopy (STM).[59, 61-64, 70-72] 

 Besides the great interests provoked by the material itself, strontium titanate has also been 

used as the substrate to either epitaxially grow other perovskite materials or metal/metal oxides 

for catalytic use. Due to strontium titanate’s bulk lattice constant being similar to important thin 

film materials, it has application in the microelectronics research field. In 1980s, group in UC 

Berkeley found that SrTiO3 supported Pt can improve the efficiency of water splitting by a factor 

of 16 compared to plain SrTiO3.[73] During the 1990s, the material was identified as a substrate 

for high-temperature superconducting film materials. SrTiO3 is also used as a substrate material 

for multiferroic films and devices. Recent efforts have been made by Sholong group to proper 

strain perovskite materials on different ABO3 type materials to achieve ferroelectric and 

magnetic materials.[74] Nevertheless, the result of these research efforts inspired a number of 

studies related to the surface structure and use of SrTiO3 as a substrate material. 
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1.4 Preparation of the Atomic Flat Oxide Surfaces 

When compared to α-Fe2O3(0001) and SrTiO3(001) rutile α-TiO2(110) is the most stable 

of the three surfaces[11]	
   against hydrogen reduction. Thus when used as the support for 

catalysts, it is treated mostly as the non-reducible substrate. In contrast to α-TiO2(110), α-

Fe2O3(0001) can be quite easily reduced. So mostly hematite support are treated as the reducible 

substrate. SrTiO3(001) is between the above two. In my thesis, the three substrates were used as 

comparison for supported metal oxides catalysis studies. 

 

	
  

Figure 1.9 (a) Ball-and-stick model of the rutile crystal structure. The dashed line enclose a 

charge-neutral repeat unit without a dipole moment perpendicular to the [110]-direction, which is 

called a ‘type 1’ crystal plane according to literature [75]. (b) The truncated crystal is stable due 

to auto-compensation.[76] This figure is reproduced from Ref. [11]. 
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For rutile, there are several surface terminations, such as α-TiO2(110) (1 x 1) and 

TiO2(100) (1 x3)[77, 78]. The α-TiO2(110) (1 x 1) surface is one of the most studied surfaces, 

also very stable surface structure. The 1 x 1 unit cell is described by the rectangular outline in 

Fig. 2.2(b). This surface is known from experimental as well as theoretical studies. It can be 

obtained from bulk truncation, and its stability are predicted and confirmed by Tasker’s purely 

electrostatic consideration[76] and LaFemina’s auto-compensation criterion [75].  Figure 2.9 

illustrate the ‘simple’ way to obtain stable (1 x 1) surface by bulk-truncation. As shown in Figure 

2.9(b), this surface contains two different kinds of titanium atoms: 6-fold coordinated Ti atoms 

(as in the bulk) alternate with 5-fold coordinated Ti atoms with one dangling bond perpendicular 

to the surface. In real conditions, the (1 x 1) surface with atomically flat large terraces (up to 400 

Å) can be generally obtained by sputtering and annealing at high temperature in ultra-high 

vacuum (UHV) condition[79], as shown in Figure 2.10. The alternating bright and dark rows 

indicate the (1 x 1) structure. However, annealing in oxygen condition at high temperature in 

UHV chamber makes the surface rougher and the surface shows three different features: rosettes, 

termed (1 x 2) strands and small (1 x 1) islands [79]. The morphology of the surface is affected 

by the oxidation condition and the history of the TiO2 (110) sample. 
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Figure 1.10 STM image of a TiO2(110) surface, which was sputtered and annealed at 920 K in 

ultrahigh vacuum. This figure is reproduced from Ref. [79] 

Another method for creating an atomically-flat TiO2 (110) surface is by annealing in an 

oxygen ambient condition at a very high temperature [21].  This is the method used in this thesis.  

Double side polished α-TiO2 (110) (10 x 10 x 1 mm3) substrates with a miscut smaller than 0.1° 

were obtained from commercial vendor (Crystal GmbH, Germany). Substrates were annealed in 

a tube furnace with flowing O2 (~100 standard cubic centimeters per minute or sccm) at 400 °C 

for 0.5 h, then at 900 °C for 1 h or 4 h.[21] This process gives atomically flat surfaces with 

terrace steps of ~3.3 Å, measured from AFM height profile. Figure 2.11 shows the typical 

atomically flat surface of α-TiO2(110) imaged by AFM. 
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Figure 1.11 Atomically-flat terraces on α-TiO2 (110) examined by atomic-force microscopy. The 

step height between terraces is ~3.3 Å, which corresponds to the (110) d-spacing. 

 

 For α-Fe2O3(0001), both UHV annealing and ambient annealing can be used to obtain 

atomically flat surfaces (as with α-TiO2 (110)). In UHV, a pure biphase surface was obtained 

after cleaning by repetitive Ar+ sputtering and oxygen annealing (760 °C with O2 pressure at 3 x 

10-6 Torr)[80]. However, a mixture of biphase and (√3 x √3) R30° phase was obtained if the 

annealing at 700 °C with O2 pressure at 1 x 10-6 Torr.[80] Further investigation shows that after 

Ar+ sputtering and annealing at 450 oC for 0.5 h with a stream of atomic oxygen gas (O2 pressure 

at 2 x 10-6 Torr), a (1 x 1) low energy electron diffraction (LEED) pattern was observed. If 

increasing the temperature to 720 °C and annealing under oxygen flow (O2 pressure at 1 x 10-5 
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Torr), (2√3/3 x 2√3/3) R30° LEED pattern will be observed.[50] These give stoichiometric and 

atomically flat α-Fe2O3 (0001) surfaces. Compared to UHV annealing, ambient annealing, which 

was used in this thesis, is easier and can also be used to obtain atomically flat terraces. In this 

case, mineral α-Fe2O3 (0001) substrates (from Commercial Crystal Laboratories in Naples, FL) 

were annealed in a tube oven with flowing O2 (~100 sccm) at 400 °C for 0.5 h, followed by 5 h 

at 750 °C. As shown in Figure 2.12, an atomically flat surface with 0.2 nm tall steps was 

observed by AFM.[81] 

 

	
  

Figure 1.12 AFM image of the α-Fe2O3(0001) substrate surface after the two step annealing 

process shows the clean atomically flat terraces with 0.2 nm high steps. 

 

For SrTiO3(001), there are two basic surface terminations; TiO2-terminated and SrO-

terminated. As discussed above, the well-established surface preparation procedures[67, 82] can 
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produce stable TiO2-terminated surfaces. In this thesis, all work is done based on TiO2-

terminated surface, but with different surface reconstructions. Our method is to ultrasonicate 

SrTiO3(001) substrates for 10 minutes in deionized water (18 MΩ/cm) and subsequently etch 

them in a buffered HF solution for approximately 30 s. The substrates were then rinsed in 

deionized water and dried in Ar gas. To produce atomically flat terraces terminated with titanium 

oxide, the substrates were loaded into a tube furnace with O2 flow (~100 sccm) and annealed at 

1050 °C for 5 hours. Figure 2.13 shows the atomic-flat SrTiO3(001) surface. 

 

	
  

Figure 1.13 AFM image of a SrTiO3(001) substrate surface after the two step annealing process 

shows the clean atomically flat terraces with 0.3 nm high steps. 

 This tube-furnace annealing procedure typically produced a (√13×√13)-R33.7° TiO2-

terminated surface.[65, 83] To obtain other surface reconstructions, further UHV annealing is 

	
  

	
  µm 



	
  
51 

necessary. In this thesis, a two-domain (2×1) TiO2-terminated surface is obtained by annealing at 

950 °C for 30 min in the UHV chamber after open air annealing.  

 

	
  
	
  
	
    



	
  
52 

1.5 Supported Metal and Metal Oxides Catalysts 

Metals and their oxides are heavily used as catalysts for refining of petroleum, conversion 

of automobile exhaust, hydrogenation of carbon monoxide, hydrogenation of fats, and many 

other process.[84] Examples such catalysts are gold, platinum, palladium, vanadium, tungsten, 

chromium, titanium, and molybdenum. Figure 2.14[1] shows a summary of several transition 

metals in the field of metal oxide catalysis, which can also be found in open literature [85]. This 

figure shows the great importance of vanadium oxides in supported metal oxide catalysis. 

Besides vanadium, tungsten oxides also play a very important role in industrial processes, 

especially in selective reduction of NOX with NH3 when mixed with vanadium oxides[7, 86, 87]. 

The use of all kinds of supports (mainly metal oxides) can not only improve the catalytic 

properties of those metal or metal oxides, but also positively help the chemical reactions. For 

example, most catalyst supports have pores that allow reactants and product to be into and out of 

the interior volume, which provide high-area internal platforms for the catalysts and help 

reactions.[84] Furthermore, in the field of heterogeneous catalysis, the interface between 

supported catalysts and oxide substrates has been suggested as the site of catalytic activity (say, 

the activity occurs at the 2D region), not at the 3D islands.[88, 89]  
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Figure 1.14 Metal and metal oxides as catalysts discussed in open literature in the period of 

1967-2000. This figure is reproduced from Ref. [1] 

 

1.5.1 Platinum 

Platinum is one of the most important catalysts in the world, due to its application as a 

photocatalyst,[73, 90, 91] catalytic oxidation of carbon monoxide,[92] its use as an oxygen gas-

sensor system, and by the fact that it is the classic strong-metal support interaction SMSI 

system.[11, 88] 

Platinum is a face-centered-cubic (FCC) structure, which has the Fm3m space group 

(#225), as shown in Figure 2.15. The lattice constant for Pt , 3.922 Å, is a very close match to 

that of SrTiO3. This is one ingredient in making it possible to grow Pt epitaxially on SrTiO3 with 

different orientations.[93-97] Because the unit cells are in the same family with the m3m 

symmetry designation, the diffraction peaks of Pt are very close to those of SrTiO3 .. The SrTiO3 

primitive unit cell has no forbidden diffraction peaks. Whereas the fcc diffraction rules apply for 

Pt, meaning mixed hkl peaks are absent. This makes it difficult to study platinum diffraction 

apart from SrTiO3 substrate diffraction when the two materials are paired together. Due to the 
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~0.4 % larger lattice constant of Pt, the Pt diffraction peaks will be at slightly smaller 2θ angles. 

Platinum generally appears to be quite inert and refractory. It has a relatively high melting point 

(1780°C) and does not easily oxidize when heated in oxygen. Nevertheless, Pt will form a 

variety of stoichiometric oxides including PtO, PtO2, and Pt3O4. Platinum is one of the most 

important catalytic materials used in energy technologies despite its apparent chemical inertness. 

Catalytic converters utilize platinum catalysts to reduce CO and NOX emissions from 

automobiles. Furthermore, Pt based catalysts can be employed in re-forming and isomerization 

reactions to produce fuels including gasoline. Fuel cells use Pt extensively to facilitate the 

conversion of hydrogen and oxygen in polymer membrane architectures and in the case of solid 

oxide fuel cells as a high-temperature electrode material. Platinum is also used extensively in the 

electrolysis and photochemistry as a cathode material; it does not degrade under reaction 

conditions and interacts favorably with hydrogen. Therefore, Pt as either a catalyst or metal-

insulator-metal heterostructure has attracted more and more attention. 

 

	
  

Figure 1.15 Crystal structure for Pt with lattice constant 3.922 Å and space group Fm3m. 
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Figure 1.16 Experimental results on an SMSI model system, Pt / TiO2(110). (A) Low-energy He 

ion scattering (LEIS) spectra of (bottom) the clean TiO2(110) surface, (center) after evaporation 

of 25 ML Pt at room temperature, and (top) after high- temperature treatment caused 

encapsulation. (B)-(F) STM and STS results after the high-temperature treatment. (B) Overview 

(2000 Å × 2000 Å). Clusters are approximately 200 Å wide and 40 Å high. Most clusters show 

hexagonal shape elongated along the substrate [001] direction (type A). A few square clusters 

(type B) are seen. (C) Small-scale image (500 Å × 500 Å), filtered to show the structure of the 

encapsulation layer and the substrate. (D) Atomic-resolution image of an encapsulated hexagonal 

‘type A’ cluster. (E) Atomic-resolution image of a square `type B' cluster, showing an 

amorphous overlayer. (F) STS of the different surfaces. This figure is reproduced from Ref. [88]. 
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When Pt is used as a catalyst, one interesting phenomenon is discovered. It is the so-

called strong-metal support interaction (SMSI). This is common for the group VIIIA metals (Fe, 

Co, Rh, Ir, Ni, Pd, Pt), which all show a very interesting behavior upon annealing in a reducing 

atmosphere that has been discussed in the catalysis literature for several decades. The acronym 

SMSI has been termed by Tauster[89] to account for the changes in catalytic activity when 

catalysts, consisting of these metals supported on TiO2 or other reducible oxides (TaO5, CeO2, 

NbO, etc.), are reduced at elevated temperature. Adsorption of H2 and CO is drastically reduced, 

but competitive hydrogenations vs. hydrogenolysis reactions are greatly favored in SMSI 

systems. For example, methane production from CO or CO2 and H2 is enhanced by three orders 

of magnitude.[25] Therefore the SMSI phenomenon makes it possible to tailor the selectivity of 

a catalyst and has caused wide-spread interest.[11] 

 Figure 2.16 shows an example of SMSI for 25 monolayers (ML) of Pt deposited on a 

TiO2(110) surface. Low-energy ion scattering experiments clearly show that UHV annealing at 

higher temperatures causes encapsulation (Figure 2.16(A)), and glancing-exit XPS identified the 

layer as highly reduced with (probably) Ti2+ species present.[98] The overlayer in the SMSI state 

was imaged successfully with STM by Dulub et al.[88], as shown Figure 2.16(B)-(E). Most 

clusters (type A) have a hexagonal shape elongated along the substrate [001] direction and are, 

on average, 40 Å high and 200 Å wide. A few have a square shape (type B). Those are smaller. 

A simple calculation (taking into account the deposited amount of Pt (25 ML), the surface 

coverage after encapsulation (40%), and the cluster height) shows that the clusters resemble 

“icebergs” reaching several tens of Angstroms deep into the substrate. On top of the type A 

clusters, striped “zigzags” are visible. On different clusters the stripes are oriented either parallel 

to the substrate [001] direction or rotated by ±60°. No clear preference for any rotational 
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orientation was observed, nor a strict correlation between the directions of stripes and cluster 

elongations. Figure 2.16(D) is an atomically resolved image of a “type A” cluster surface. The 

stripes are approximately 15 Å wide and consist of bright spots arranged in a hexagonal 

symmetry with a distance of 3 Å. The bright zigzag rows contain either 5 or 6 atoms along the 

close-packed directions and separate triangular areas consisting of 10 atoms. Surfaces of type B 

square clusters exhibit no apparent long-range order (Figure 2.16(E)) with strings of 3-6 atoms 

oriented along the substrate [001] direction. The “type B” clusters are probably crystallites with 

their (100) face parallel to the substrate. It is conceivable that such surfaces should be found at 

the sides of the hexagonal, (111)-oriented “type A” clusters. STM current vs. voltage (I-V) 

curves have been taken from the clean sputter-annealed TiO2(110) surface, from TiO2(110) 

between encapsulated clusters, and from clusters of clean and encapsulated Pt (Figure 2.16(F)). 

There is almost no difference in the I-V curves from clean TiO2 and from TiO2 between 

encapsulated clusters, indicating that the electronic structure of the substrate is not strongly 

affected by the encapsulated clusters.[88] 

 

1.5.2 Vanadium Oxides 

Discovered in 1801 in Mexico by A. M. del Rio[99-101], vanadium is presently most 

widely used worldwide as a steel additive. From the 20th century, vanadium oxide-based 

catalysts have been generally used in the manufacturing of important chemicals such as sulfuric 

acid, in the reduction of environmental pollution, and have become arguably the most important 

metal used in metal oxide catalysis[5, 102]. Most catalysts based on vanadium oxide consist of a 

vanadium oxide phase deposited on the surface of an oxide support, such as SiO2, TiO2 or Al2O3. 

The oxide support is initially proposed to improve the catalytic activity of the active metal oxide 
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phase due to a gain in surface area and mechanical strength[102, 103]. The support was 

considered as an inert substance that provided a high surface to carry the active metal oxide 

component or to improve the mechanical strength of the catalyst materials. However, during the 

last decades of the 20th century, catalysis research has shown that the activity and selectivity of 

supported metal oxide catalysts are significantly affected by the properties of the support oxide 

materials, which is generally known as the metal oxide-support effect, although its exact origin 

and mechanism of operation is still unknown. The fundamental basis for the catalytic 

performance of supported vanadium oxides lies in the variability in geometric and electronic 

structure of surface vanadium oxides.[1]  

 

	
  

Figure 1.17 Molecular structure of V5+ in V2O5 crystals indicating three different V-O distances. 

This figure is reproduced from Ref. [1]. 

 

Supported vanadium oxides show different chemical and electronic properties from those 

found for unsupported vanadium oxide (V2O5), in aqueous media and in the solid state [99-101]. 

The principal vanadium oxides are V2O5, VO2, V2O3 and VO, in which the formal oxidation state 
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of vanadium changes from +5 to +2. Other more exotic vanadium oxide compounds are mixed 

valence oxides and can be expressed as VnO2n-1.[1] In these vanadium oxides, the configurations 

are complicated. Generally there are three different bonds. Taking V2O5 as an example, as shown 

in Figure 2.17, the vanadium ion is slightly displaced from the basal plane towards the apex of 

the pyramid, which creates a strong and short V=O(1) bond of 1.58 Å. The V-O(3) distance in 

opposite direction is much longer (2.79 Å). The four V-O(2) bonds to the oxygen in the basal 

plane have a length of 1.83 Å. For supported vanadium oxides, the configurations on the surface 

are more complicated, and are still not quite clear. Figure 2.18 shows the possible molecular 

configurations for supported vanadium oxides. References[5, 104, 105] show that the supported 

vanadium oxide species formed on various supports all essentially possess the same molecular 

structures. At low surface vanadium oxide loading the supported vanadium oxides are isolated 

VO4 units, containing one terminal mono-oxo V=O bond and three bridging vanadium-oxygen-

support bond with symmetry C3v[1]. Results show that the V=O bond is ~1.62 Å, whereas the 

three V-O-support bonds each have lengths of ~1.81 Å.[1] The support oxide has some effect on 

the mono-oxo V=O bond length, which varies in the range from 1.60 to 1.79 Å depending on the 

support oxide materials. 

 



	
  
60 

	
  

Figure 1.18 Possible molecular configurations for supported vanadium oxides (with S the 

support cation): (a) isolated vanadium oxide species; (b) dimeric vanadium oxide species; (c) 

two-dimensional vanadium oxide chains.	
  This figure is reproduced from Ref. [1]. 

 

In the catalytic process, the reduction of supported vanadium oxide catalysts at high 

temperatures in the presence of, e.g. CO and H2 may lead to the formation of a variety of 

oxidation states (i.e. V5+, V4+ and V3+) and coordination environments (i.e. VO4, VO5 and 

VO6)[106]. However, not much is presently known about the quantitative distribution of the 

different vanadium oxide oxidation states (V5+, V4+ and V3+) and their exact coordination 

environment at the catalyst surface after reduction and the parameters influencing the reduction 

degree of supported vanadium oxides.[1] Thus, much more research efforts should be directed 

towards the elucidation of supported vanadium oxides under reduced conditions. 
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Figure 1.19 Reaction mechanism for the selective oxidation of methanol to formaldehyde over 

supported vanadium oxide catalysts. This figure is reproduced from Ref. [1]. 

 

Another important issue is the catalytic operation during the catalytic process. 

Weckhuysen and Keller[1] show a particular useful example, which is the selective oxidation of 

methanol to formaldehyde, because this catalytic reaction can be considered as a simple probe 

reaction for a number of other selective oxidation reactions.[105] And the concepts developed 

for the selective oxidation of methanol over supported vanadium oxide catalysts can be easily 

transferred to these catalytic reactions as well. The selective oxidation of methanol can be 

written as 

CH3OH + O2 à CH2O + H2O. 

This reaction is usually conducted at 230 oC in a fixed-bed reactor. During the oxidation 

of methanol to formaldehyde, the supported vanadium oxide becomes partially reduced by the 

reaction environment [104, 105]. Figure 2.19 shows the possible reaction mechanism, which is a 
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four-step process. Catalytic measurements show that the selectivity to formaldehyde is 90-99% 

for V/TiO2, V/ZrO2, V/Nb2O5 and V/CeO2, whereas only a selectivity of 50% to formaldehyde 

was observed for V/Al2O3 catalysts.[107] Literature[1] suggests that the extent of reduction 

during methanol oxidation is rather limited and almost independent of the surface vanadium 

oxide loading, the specific support and the reaction temperature, meaning that the fraction of 

supported vanadium oxide is almost constant. It also suggests that the selective oxidation of 

methanol to formaldehyde over supported vanadium oxide catalysts is a uni-molecular reaction 

requiring only one surface vanadium oxide species, which can be referred to as the catalytically 

active site. 

 

1.5.3 Tungsten Oxides 

Tungsten oxides have been widely studied in details because of their application in 

ferroelectric, electro-optic, semiconducting properties[108] and recently in catalysis[109]. The 

tungsten trioxide crystal shows five phase transitions in the range of -180 to 900 °C changing 

from tetragonal-orthorhombic-monoclinic-triclinic-monoclinic during cooling[110, 111]. At 

room temperature a monoclinic (WO3 I) and triclinic (WO3 II) modification can be obtained. 

Literature[108] shows that from ca 467 to 680°C WO3 exhibits orthorhombic symmetry. The 

structure is perovskite-like with space group Pmnb and a = 7.341 Å,  b = 7.570 Å and c = 7.754 

Å. The deviation from the ideal perovskite structure is characterized by a zigzag motion of the W 

position in the b and c directions as well as a tilt system with tilt angles around a. Literature 

[112] also shows that between ca -40 and 17 oC tungsten trioxide has a pseudocubic triclinic 

crystal structure. Its space group is P1 (C1
i), with a = 7.309 Å, b = 7.522 Å and c = 7.678 Å, α = 

88.81°, β = 90.92° and γ = 90.93°, volume V = 421.93 Å3, and Z = 8. The W atoms are off-center 
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in the O octahedral and close to an O triangle, giving three short and three long W-O bonding 

distances. 

As a catalyst, bulk tungsten oxide exhibits acidic functionality in n-heptane 

hydrocracking[113], olefin isomerization[114], and alcohol dehydration reactions[115]. Mixed 

metal oxides such as Al2O3-TiO2[116], as well as supported metal oxides such as MoO3 on Al2O3 

or WO3 on Al2O3[117-119], also display acidic properties. Commonly tungsten oxides are used 

as one of the mixed catalysts in vanadium-tungsten oxide systems to remove nitric oxide from 

flue gases of stationary sources of emission, such as power and heat plants, nitric acid factories, 

waste incinerators and stationary diesel engines[120-123]. NO removal in the presence of 

oxygen occurs via selective catalytic reduction (SCR) by ammonia, based on the reaction[124]: 

4NO + 4NH3 + O2 à 4N2 +6H2O 

Nowadays, industrial catalysts for the SCR process are based on TiO2-supported V2O5-WO3 

and/or V2O5-MoO3 oxides[121, 125]. V2O5-WO3 / TiO2 catalysts show significant activities for 

SCR in excess of oxygen already at temperatures near 420 K. Also, experiments, as shown in 

Figure 2.20, report the conversion of NO measured on different catalysts belonging to the V2O5-

WO3/TiO2 system. It clearly appears that (i) the activity of the catalysts is increased by 

increasing the V loading, and (ii) the addition of WO3 increases the activity of V2O5/TiO2 [122]. 

In all cases it has been found that the best catalysts contain just a few less than a full 

“monolayer” of vanadium plus tungsten (or molybdenum) oxides over the TiO2-anatase 

supports.[122]  
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Figure 1.20 NO conversion versus temperature over: (a) WO3 (9)/TiO2; (b) V2O5 (0.78)/TiO2; (c) 

V2O5 (1.4)/TiO2; (d) V2O5 (0.78) ±WO3 (9)/TiO2; (e) V2O5 (1.4) ±WO3 (9)/TiO2. Experimental 

conditions: catalyst weight, 160 mg (60±100 mesh); P.1 atm; flow rate.60 Ncc/min; feed: He.800 

ppm NH3.800 ppm NO .1% O2. This figure is reproduced from Ref. [125]. 

 

 Many efforts have been made to grow ordered tungsten oxides on different supports. 

Tungsten oxide is one of those transition-metal oxides (TMO), which represent a particularly 

important class of catalytically active oxides. Kim[21] and Feng[81] with their collaborators 

have reported the growth of ordered sub-monolayer tungsten oxides on oxide single crystals. The 

ordered tungsten structure on α-TiO2 (110) is shown in Figure 2.21. In these cases, atomic layer 

deposition (ALD) was used for controlling the growth. Oxidization-reduction reactions help 

forming ordered structure.  
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Figure 1.21 Tungsten oxides after atomic layer deposition show ordered structure by occupying 

the surface bulk-like Ti sites. As a point of reference open circles denoting the ideal bulk-like Ti 

sites are shown at heights of 0 and 3.25 Å. The hot spots are tungsten density maxima. This 

figure is reproduced from Ref. [21]. 

 

By directly thermal evaporating tungsten trioxide on TiO2 (110), Bondarchuk et al[126] 

obtained mono-disperse cyclic (WO3)3 as shown in STM image in Figure 2.22. Furthermore, 

they tested those clusters’ catalytic properties by dehydrating 2-propanol[127]. Their results 

show that the clusters provide an extremely efficient dehydration reaction channel for alcohols, 

which utilizes both strong Lewis acid W (VI) sites and doubly bonded oxygen tungstyl (W=O) 

groups. However, in their study, (WO3)3 cluster shows no support effect during reaction. This 
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contrasts with the Bronsted acid based activity of most high surface area WOx-based support 

oxide[128, 129]. This could be interesting and worth further investigation. 

 

	
  

Figure 1.22 STM image exhibits strong trigonal intensity contrast, which implies the formation 

of  (WO3)3 clusters on TiO2(110). This figure is reproduced from Ref. [126]. 

 

All of the above background information for vanadia and tungsten oxide shows that the 

two catalysts and their mixtures on supports are very important and of interest to the catalysis 

community. Further and deeper investigations are needed to understand their physical and 

chemical behavior during chemical reactions. 

 



	
  
67 

1.6 Atomic Layer Deposition (ALD) 

 

	
  

Figure 1.23 The A+B sequence required for Atomic Layer Deposition of one monolayer. The 

notches in the starting substrate for reaction A represent discrete reactive sites.  Exposing this 

surface to reactant A results in the self-limiting chemisorption of a monolayer of A species. The 

resulting surface becomes the starting substrate for reaction B. Subsequent exposure to molecule 

B will cover the surface with a monolayer of B species. Consequently, one AB cycle deposits 

one monolayer of the compound AB and regenerates the initial substrate. By repeating the binary 

reaction sequence in an ABAB… fashion, films up to micrometer thickness can be deposited 

with atomic layer precision. 

 

In this thesis work, Atomic layer deposition (ALD) is the main technique to grown 

nanoclusters or thin films on oxide single crystal surfaces. ALD is a thin film deposition 

technique that utilizes self-limiting surface reactions of precursor gases to deposit material in a 

layer-by-layer fashion[130] (as illustrated in Figure 2.23) upon completion of a precursor dosing 

sequence known as an ALD cycle. By repeating the binary reaction sequence in an ABAB… 

fashion, and using current viscous flow reactor designs, monolayer-by-monolayer growth rates 
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as high as 1 micron/hour are possible. This alternating reaction philosophy eliminates the “line of 

site” or “constant exposure” requirements that make it impossible for conventional metal-organic 

chemical vapor deposition (MOCVD) to coat porous, high-surface-area catalyst supports. Since 

the deposit is conformal to the support at the atomic scale, the surface area is largely preserved. 

The technique has been known[131, 132] since the early 1970’s, but recently has gained more 

interest as the number of compounds available for deposition has greatly expanded from 

semiconductors to nitrides, metals, and oxides. ALD oxide compounds, such as hafnium oxide, 

are of particular interest to serve as state-of-the-art microelectronic gate materials. The 

motivation behind this and other ALD applications stems from the extreme precision in which 

ALD uniformly coats complex support geometries[133-135]. 

The precision of ALD is based on the reliance of precursors that react with the surface, 

but not each other. Precursor molecules typically constitute an organometallic compound and an 

oxidizing or reducing agent such as oxygen, hydrogen, or steam. The first precursor dose, 

typically the organometallic, will saturate the reactive sites on the surface through chemisorption. 

The ALD cycle is completed by a second precursor dose that only reacts with the adsorbed 

precursor species from the first dose. Usually, the second precursor liberates the remaining 

organic ligands on the adsorbed precursor to create a surface that is reactive to the next 

organometallic pulse. The classic ALD example is aluminum oxide using trimethylaluminum 

and steam[136]. The deposition proceeds with trimethylaluminum reacting with hydroxyl 

groups on the surface to liberate a methane molecule. The steam dose then liberates the 

remaining methyl groups to leave behind the deposited Al atoms attached to hydroxyl groups 

that are ready for the next trimethylaluminum dose. Steady state growth then proceeds where the 

ALD occurs on the Al2O3 film deposited in earlier cycles. 
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The formation of a film may not always occur in the first few ALD cycles as the process 

strongly depends on how efficiently a monolayer of precursor will adsorb on the surface. The 

efficiency of ALD in the early stages will be related to the precursor pressure, dosing time, 

reactivity of the surface, and the temperature. These factors combine to give a growth regime 

where an incomplete film forms and eventually coalesces leading to the steady state growth 

regime as the number of cycles increase. ALD at the early stages has not been widely studied and 

consequently a number of interesting opportunities arise to extend the capabilities of the 

technique. The key prospect related to this project is the formation of nanoparticles due to the 

incomplete coalescence of a film for the case of platinum. Noble metal ALD chemistries are 

particularly prone to the formation of nanoparticles[133, 135, 137-140]. A detailed 

understanding of the nucleation, growth and coalescence of the nanoparticles is needed at the 

nanometer length scale in order to systematically pursue the technological application of such 

nanoparticles from ALD. 

By repeating the binary reaction sequence in an ABAB… fashion, and using current 

viscous flow reactor designs, monolayer-by-monolayer growth rates as high as 1 micron/hour are 

possible. This alternating reaction philosophy eliminates the “line of site” or “constant exposure” 

requirements that make it impossible for conventional metal-organic chemical vapor deposition 

(MOCVD) to coat porous, high-surface-area catalyst supports. Since the deposit is conformal to 

the support at the atomic scale, the surface area is largely preserved. Figure 2.24 shows the 

growth of VOx/TiO2 by a gas phase preparation technique[141]. Figure 2.24(b) illustrates the 

ALD growth used in my work.  
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Figure 1.24 Synthesis methods for the preparation of supported vanadium oxide catalysts: (a) 

impregnation with an aqueous solution of NH4VO3, followed by calcination in oxygen and (b) 

impregnation with VO(OC3H7)3 in methanol, followed by calcination in oxygen or air and 

release of propanol. This figure is reproduced from Ref. [1]. 
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Chapter 2: Experimental Method and Setup 
 

2.1 Why X-ray and Synchrotron? 

X-rays, which interact weakly with matter, are ideal for probing buried interfaces or 

interfaces under “real” gas reaction conditions. X-ray elastic scattering is dominated by Thomson 

scattering from electrons in the medium. The wavelength of hard X-rays is roughly 1 Å, which is 

the same scale as the atom size. The resolution of the X-ray measurements can easily be 

achieved at < 1 Å level. Therefore X-ray based methods are good candidates for in situ probing 

of atomic scale structures. 

Based on the photoelectric effect an X-ray can be absorbed by an atom causing an inner 

core electron to be emitted, leaving an ion in an excited state that decays by, the emission of a 

fluorescence photon or Auger electron. The spectral analysis of the energies of the emitted 

primary photoelectrons and secondary fluorescence photons and Auger electrons is element 

specific due to the distinct atomic energy levels. An X-ray carries no charge, so it does not bring 

or take away electrons from the sample directly, though electrons can be removed from atoms 

either directly through photoelectron emission or indirectly through secondary processes. Little 

or no net charge accumulation on the sample means that a conducting substrate is not required, 

which is quite important for studying oxides since they are mostly insulators. 

The theory of X-ray interactions with matter has been well developed.[142, 143] 

Consequently, data from X-ray measurements can be quantitatively associated with the atomic 

structure of the sample. For example, kinematical scattering theory can often be applied for the 

surface X-ray scattering measurements (excluding the Bragg peaks, where the dynamical 
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diffraction theory should be applied) because of the weak interaction with matters[143-145]. The 

atomic structure information can be retrieved with the direct relation between structure and 

measured data[146-148]. 

The third generation synchrotrons offer high-brilliance X-ray sources, which can be 

highly collimated, polarized and tunable in energy by adjusting the undulator gap.[149] The 

higher intensity and smaller X-ray source size make it possible to probe much weaker signals 

thus achieve higher resolution in the surface structure study as well as to study the dynamical 

processes in real-time. X-ray beam cross sections, depending on the source and optics used, are 

normally macroscopic sizes, which are practically larger than a few micrometers across even 

after being focused and/or cut down with slits. While this means, on the one hand, that no 

information about a single atom can be obtained, on the other hand the data are statistically 

averaged over a large quantity of atoms and are less sensitive to the local structure disturbance 

(such as defects) and thus yield the overall structure. 

 

2.2 X-ray Standing Wave Method 

2.2.1 Basic Concepts 

X-ray standing wave (XSW) field can be produced by superposition of two coherently 

coupled X-ray beams [150-153], as shown in Figure 3.1 [23]. The XSW period D is given by 
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where λ is the wavelength of X-ray; q=|Q|, is the amplitude of the scattering vector (or standing 

wave vector). Q = Kf - K0; K0 and Kf are the wave vectors of the two traveling waves, 
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respectively, with the amplitudes |K0| = | Kf | = 2π/λ; and 2θ is the angle between them. The XSW 

period will change when the angle 2θ changes. Since λ ~ 1 Å, it is typical to obtain an XSW 

period ranging from a few Angstroms (at larger values of 2θ, e.g., corresponding to single crystal 

Bragg diffraction) up to a few hundred Angstroms (at small values of 2θ, e.g., corresponding to 

total external reflection). If the relative phase between the two waves, v, changes, the XSW field 

will shift in space. As shown in Figure 3.1(A) and (B), upon shifting one wave with respect to 

another by λ/2, i.e., the relative phase between them changes from ν = 0 to ν = π, while keeping 

the XSW period the same, the XSW anti-node positions (marked with solid line) moves by half 

the d-spacing, i.e., the XSW field shifts by D/2. These features of the XSW field can be taken 

advantage of as an atomic scale probe by monitoring the photoelectric effect, such as 

photoelectron emission, X-ray fluorescence, and/or Auger electron emission.  

 

	
  

Figure 2.1 XSW generated by two coherently interacted parallel X-ray beams. The XSW period 

is D, the wavelength is λ and two beam traveling with angle 2θ. The phases between the two 

plane waves, ν, are (A) 0 and (B) π, respectively. This figure is reproduced from Ref. [153]. 
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 There are several ways to generate XSW fields, such as the strong Bragg reflection from 

a single crystal, total external reflection (TER) from a mirror surface, the strong Bragg reflection 

of a periodic layered synthetic microstructure, etc. In my thesis, we used single crystal Bragg 

diffraction to generate the XSW. At the Bragg condition, as shown in Figure 3.2, the diffracted 

X-rays interfere coherently with incoming X-rays to form a standing wave field in[150] and 

above the surface[154] of the single crystal. The XSW period matches the period of the 

diffraction planes. When the incident angle is scanned from the low-angle side to the high-angle 

side of this arc-second wide H (=hkl) Bragg condition, the relative phase of XSW field decreases 

by π radians. This causes the XSW antinodal planes to move by one-half of a d spacing (dH) in 

the –H direction. When scanning across the rocking curve, the shift of the XSW can induce the 

X-ray fluorescence (XRF) modulation.  

 

	
  

Figure 2.2 X-ray standing wave field generated at the strong Bragg condition. This figure is 

reproduced from Ref. [153]. 
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In the dipole approximation the photoelectric effect cross section is proportional to the E-

field intensity at the center of the atom. Thus the normalized fluorescence yield Y(θ) can be 

expressed as 

,  (3.2) 

where ( ) ( ) 2

0E
ER H θθ =  is the reflectivity, ν(θ) is the phase between the reflected and the 

incident X-ray planes wave, Z(θ) is the effective-thickness factor.[155] 

Z !( ) =
µ0 sin!( )!1 +µ f !( )
µz !( )+µ f !( )

,	
  	
  

µz(θ) is the effective absorption coefficient of the incident X-rays and	
  µf(α) is the effective 

absorption coefficient of the outgoing fluorescence X-rays from the crystal at takeoff angle, 

α.[153] Z(θ) = 1 for atoms above the surface of the crystal. Z(θ) ~ 1 at a depth much less than the 

extinction depth. Both R(θ) and ν(θ) can be calculated directly from the known bulk structure 

using dynamic diffraction theory. fH and PH in this equation are coherent fraction and coherent 

position for the measured element, respectively. They are also the amplitude and phase of the 

corresponding Hth Fourier component of the XRF-selected atom density distribution. Namely, 

.     (3.3) 

Both fH and PH are unitless quantities ranging between 0 and 1.  

 

! 

Y "( ) = 1+ R "( ) + 2 R "( ) f H cos # "( ) $ 2%PH( )[ ]Z "( )

! 

FH = "(r)exp(iH# r)dr =
uc
$ f H exp(2%iPH )
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Figure 2.3 Illustration of single height adsorbed atoms (left) and double-height adsorbed atoms 

(right) on single crystal surface with respect to diffraction plane spacing dH. The dark circles are 

adsorbed atoms. In both cases the atomic distribution has the same coherent position with respect 

to dH; but different coherent fractions. This figure is reproduced from Ref. [153]. 

There is another way to understand the two parameters, as illustrated in Figure 3.3. The 

coherent fraction fH is a measure of the spatial distribution of the fluorescent atoms, and it can be 

approximated as, 

,    (3.4) 

where C is the ordered fraction, aH is the geometrical factor, and DH is the Debye-Waller factor. 

All three factors range in value from 0 to 1. The ordered fraction C is the fraction of the atoms 

that are coherently located or are crystallographically registered with the substrate crystal lattice. 

If the atoms’ occupation fractions for the ordered positions are c1, c2,..., cN, respectively, the 

ordered fraction is given by 

! 

f H = CaHDH
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.	
  	
   	
   (3.5) 

Since the geometrical factor aH  is the modulus of the normalized geometrical structure factor SH 

for the ordered fluorescent-selected atoms: 

,   (3.6) 

Thus, the geometrical factor is the amplitude of SH, 

,   (3.7) 

and the coherent position is the phase of SH, 

.   (3.8) 

Generally, Debye-Waller factor DH can be expressed in terms of the mean-square vibrational 

amplitude along the H direction, , as 

.   (3.9) 

 

2.2.2 XSW Direct-Space Imaging 

Note in equation (3.2), by fitting the fluorescence yield, the two parameters, fH and PH, 

are model-independent quantities determined by the fit. Based on equation (3.3), if a set of fH and 

PH values is obtained from the XSW measurements, the distribution ρ(r) of each fluorescent 

atomic species can be synthesized directly by the Fourier summation 
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! r( ) = fH exp 2"i PH !H " r( )#$ %&=1+ 2 fH cos 2" PH !H " r( )#$ %&
H'!H
H'0

(
H
( .    (3.10) 

The above simplification to a summation of cosine terms makes use of the symmetry 

relationships analogous to Friedel’s law: f-H = fH , P-H = -PH. It also uses  for a normalized 

atom distribution. In this way, XSW method preserves the phase information, PH. This method is 

unlike the simple or traditional X-ray diffraction methods, which lose the phase information. As 

previously derived and experimentally proven[155], the phase of the XSW is directly linked to 

the phase of the structure factor. This is an essential feature of the XSW method that makes it 

unique; namely, it does not suffer from the well known “phase problem” of X-ray diffraction. 

Therefore, a density map can be generated and the direct-space imaging is possible to tell the 

structural and distribution information of the fluorescent atoms on the surface. 

 Experimentally it has been demonstrated that by direct Fourier inversion (Eq. 3.10) one can 

obtain the real-space ρ(r) (in the case of lattice and impurity atoms in muscovite) [156]. Unlike 

the traditional method for analyzing the Bragg XSW data[23], this XSW direct-space method 

does not require a structural model for interpretation of the lattice positions of the bulk impurity 

atoms or surface adatoms . From the ~0.5 Å resolution 3D model-independent image a new more 

complicated model should emerge that when fitted to the data should give high-resolution (± 

0.02Å) adsorbate-site positions. It should be stressed that the Bragg XSW positional information 

is in the same absolute coordinate system as used for describing the substrate unit cell. This unit 

cell and its origin were previously chosen when the structure factors  and  were calculated 

from the known bulk structure using dynamic diffraction theory. By projecting the model-

independent density maps onto this unit cell, the locations of the surface adsorbed atoms can be 

obtained and so does their distribution. Figure 3.4 shows this method. In this case, 0.74 ML 

! 

f0 =1

! 

FH

! 

FH 
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vanadium oxide was deposited onto the surface of α-TiO2(110).[157] By summing the 5 sets of 

measured fH and PH into equation (10), the vanadium atomic density map is obtained in the 

coordination of α-TiO2 (110) surface unit cell, which is described in Figure 2.3. Therefore, we 

can identify where vanadium cations are located with respect to the substrate unit cell. 

 

	
  

Figure 2.4 X-ray standing wave direct-space imaging by projecting the vanadium atomic density 

map onto the α-TiO2 (110) surface unit cell described in Figure 2.3. The open and solid circles 

denote two different symmetry inequivalent bulk-like Ti sites. In this case, it is ¾ ML vanadia 

deposited onto rutile surface by ALD method. 
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2.2.3 Creating Atomic Density Maps and Global Fitting Analysis 

In reality, one cannot measure infinite sets of fH and PH to complete the Fourier 

summation in equation (3.10). Thus, the resolution of this direct-space imaging will be limited to 

one-half of the smallest d-spacing that has been entered into the summation in that direction 

[158]. This imaging method in 3D is especially useful for solving multi-site surface adsorbate 

phases. After this typically 0.5-Å-resolution model-independent analysis step, the measured fH 

and PH values can be used to refine the parameters of a structural model (suggested by the 

imaging method). 

By using the symmetry of the single crystal, one can have more sets of fH and PH than 

what one has measured. For example, in XSW measurements of α-TiO2 (110), measured fH and 

PH values of (020) reflection can be expected to be the same as (200). When picking symmetry 

equivalent hkl’s for a surface adatom distribution, we must preserve the fact that the symmetry is 

broken in the vertical direction.  It should be emphasized here that choosing correct set of hkl 

reflections for measurements is very important. Simulations[23] show that the more reflections 

used, the finer the derived profile. But the simulated profiles could also reveal “false” atom 

locations depending on the chosen set of hkl’s. If a subset of reflections selected overwhelmingly 

presents one or more symmetry components, the same symmetries will show up in the 

constructed element density profile. Therefore, in practice, selecting a complete set within a 

limited range of reciprocal space is more important than measuring more reflections from a 

single subset containing the same symmetry components. Even with a few or only one reflection, 

the elemental distribution is clearly shown on the image. A rule of thumb is to determine the 

outermost hkl (smallest d-spacing) for which an XSW data set (with acceptable quality 

measuring time) can be obtained and then to measure all symmetry-inequivalent hkl’s within the 
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reciprocal-space volume defined by this outermost hkl. Figures 3.5, 3.6, 3.7 show the 

stereographic projection and reciprocal space projection of hkl and their symmetry equivalents 

used in Fourier summation for α-TiO2(110), α-­‐Fe2O3(001) and SrTiO3(001), respectively. 

 

	
  

Figure 2.5 (a) The (110) stereographic projection for α-TiO2. The hkl poles are referenced to the 

standard tetragonal-P unit cell. (b) The (110) projection of the α-TiO2 reciprocal space lattice, 

only showing hkl’s that were used in the Fourier summation. An hkl point listed in parenthesis is 

located directly above the hkl not in parenthesis. The set of symmetry inequivalent hkl’s are 

contained in the lower-left octant.  
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Figure 2.6 (a) The (00l) stereographic projection for α-Fe2O3. The hkl poles are referenced to the 

standard hexagonal unit cell. (b) The (00l) projection of the α-Fe2O3 reciprocal space lattice, only 

showing symmetry inequivalent hkl’s that were used in the Fourier summation. 

	
  

Figure 2.7 (a) The (001) stereographic projection for SrTiO3. (b) The (001) projection of the 

SrTiO3(001).reciprocal space lattice, only showing symmetry inequivalent hkl’s that were used 

in the Fourier summation.  
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Although the direct-space imaging is model-independent and can provide useful 

information, the resolution in a given direction is limited to the smallest d spacing measured in 

that direction. Therefore, the subsequent step of model-dependent analysis is necessary for better 

understanding. With it, the resolution can be as high as 0.02 Å. Suggested by the model-

independent maps, a better model can be proposed. Then a global fitting procedure helps refine 

those parameters to get information such as the ordered fraction of adsorbed atoms at certain 

sites, heights of those atoms, etc. Escuadro[35] gave one example for applying the global fitting 

procedure. Kim[8, 21, 159] and Feng[81] developed these procedures. Assuming the density of 

adsorbed atoms at certain sites, 

! 

"(r), is described by delta functions. Equation 3.3 will give  

,  (3.11) 

where index j is summed over the all possible sites on the surface, vector rj locates the adsorbed 

atom at the jth site, and cj refers to the occupation fraction at the jth site. In most cases, this 

assumption of delta functions is  too simple. An improved approximation is to model the density 

of adsorbed atoms as spread out. A Gaussian distribution is better to represent the density of the 

atoms at certain sites. Then equation (3.11) changes to 

! 

FH = f H exp 2"iPH( ) = c j exp #2"
2 h2$ x

2 + k 2$ y
2 + l2$ z

2( )[ ]exp 2"iH% rj( )
j
& ,   (3.12) 

where 

! 

" is the width of the Gaussian distribution in the x, y or z direction and accounts for 

dynamic and static displacements of the atoms with respect to a unit cell location. In this case, 

the area under this Gaussian distribution gives the occupation fraction of the adsorbed atoms at 

or around a certain site. 
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2.3 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a powerful surface analytical technique, 

which is mostly used to probe the chemical states of certain element on the surface.[160] XPS is 

based on the photoelectric effect. Each atom in the material has core electrons with characteristic 

binding energies, which is conceptually, not strictly, equal to the ionization energy of that 

electron.  When the surface of a solid is exposed to an X-ray beam, the atoms in the sample will 

absorb the X-ray photon energy. If the photon energy is large enough, the core electron will then 

be emitted as a photoelectron. The binding energy of the core electron is given by the famous 

Einstein relationship: 

,   (3.13) 

where 

! 

h"  is the X-ray photon energy, 

! 

Ek  is the kinetic energy of photoelectron, which can be 

measured by the energy analyzer, and 

! 

" 	
  is the work function induced by the analyzer (typically 

4~5 eV). The work function in the measurement can be compensated artificially and then 

eliminated. The XPS system and working principle are illustrated in Figure 3.8[161]. 

 

! 

Eb = h" # Ek #$
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Figure 2.8 Simple illustration of monochromatic XPS system, which includes the X-ray source, 

electron detector and readout system (computer). This figure is reproduced from Wikipedia 

webpage: http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy 

	
  
When measuring insulating samples, a positive potential zone forms on the surface because of 

electron emission from the sample. This reduces the kinetic energies of core electrons by amount 

C: 

 .   (3.14) 

Consequently, this reduction of the kinetic energies of the core electron causes a shift in the XPS 

spectrum. In this case, an internal reference peak is needed to calibrate the binding energy. 

Typically the C 1s (284.8 eV) peak from the adventitious carbon-based contaminant is 

commonly used as the reference for calibration. Furthermore, to neutralize the surface charge 

! 

Eb = h" # Ek #C( )
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during data acquisition, a low-energy electron flood gun is typically used to deliver the electrons 

to the sample surface. By tuning the electron flood gun, XPS peaks can be “pushed” back to the 

real position. 

Since the binding energy of the core electron of an element is unique, like fluorescence. 

XPS can identify all elements, except hydrogen and helium, by measuring the binding energies 

of the core electrons[162]. Moreover, the binding energy is very sensitive to the chemical 

environments of the element. The same atom bonded to a different chemical species shows 

changes in the binding energy of its core electron, causing 0.1 eV to 10 eV shift of the 

corresponding XPS peak. This “chemical shift” can be applied to study the chemical status of 

element in the surface, making XPS an excellent tool for probing surface chemistry of elements. 

[REF] XPS is also useful for quantifying the elemental composition or their ratio in the sample, 

since the number of photoelectron of an element is dependent on the atomic concentration of that 

element in the sample. After the value of peak intensity (the peak area after background removal) 

is obtained, the atomic concentration of an element, Ci, can be obtained as:  

,   (3.15) 

where Ii is the peak intensity for element i, and Si is the sensitivity factor for the peak i. 

 

2.4 X-ray Absorption Fine Structure Method 

X-ray absorption fine structure (XAFS) method[163] makes use of the absorption 

phenomena of X-rays passing through materials. XAFS measures the absorption of X-rays as a 

function of incident energy. The linear absorption coefficient 

! 

µ E( ) = "d ln I /dx , when plotting 
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along the energy E (Figure 3.9), shows three general features[164]: (1) Decreasing of X-ray 

absorption with increasing energy. This is related to the well-understood quantum-mechanical 

phenomenon of X-ray absorption by atoms. (2) The presence of a sharp rise at certain energy 

edges. This is unique to a given absorption atom because it reflects the excitation energy of 

inner-shell electrons. (3) Above the edges, a series of wiggles or oscillatory structure that 

modulate the absorption. This feature reveals the structural information of atoms in the materials. 

 

 

	
  

Figure 2.9 A typical X-ray absorption fine structure spectrums, in which the absorption 

coefficient changes as a function of incident photon energy. This figure is reproduced from 

Ref.[164]. 
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XAFS includes two parts during the analysis, namely, X-ray absorption near-edge 

structure (XANES) and extended X-ray absorption fine structure (EXAFS). XANES gives 

information about chemical state and site symmetry, and EXAFS provides information about 

interatomic distances, Ri, coordination numbers, Ni, statistical spread (root mean square) of the 

distances, 

! 

" i
2 , due to thermal motion and/or static disorder, and chemical species via 

characteristic backscattering amplitude, 

! 

f i k( ) , and phase shift, 

! 

" k( ) [165]. From the XAFS 

spectrum, an equation can describe the intensity oscillation[163, 164]: 
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e(2Ri /$ k( )e(2% i
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where 

! 

S0
2 is the intrinsic loss factor and 

! 

e"2Ri /# k( ) is the attenuation factor due to the electron 

mean free path, 

! 

" k( ), which are both determined using a suitable reference materials. 

! 

e"2# i
2k 2 is 

the Debye-Waller factor. The general knowledge about the surroundings of the center atoms is 

needed beforehand when analyzing the EXAFS data, such as the type of the atoms and its 

possible structure. When such information is available, by comparing/fitting the measured 

spectrum with the calculated spectrum from a known structure, the local structure information, 

such as the coordination shell position and the coordination number of the surrounding atoms can 

be obtained. By doing the Fourier transformation of 

! 

" k( ), one obtains the pseudo-radial atomic 

distribution function around the absorbing atom. 

Different from XSW, the XAFS method focuses on the local structure around a central 

atom. Therefore its requirement for materials quality is less demanding. However, similar to 

XSW method, XAFS is vulnerable to interference from background fluorescence signals. When 

a relatively large amount of the same element is found in the system, but not bound to the surface 
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of interest as a simple adsorbate, the fluorescence of such atoms results in a substantial 

background, and the measured spectrum may not reflect the structure of the specifically bound 

atoms. Therefore care must be given to control the source of the fluorescence signal when 

working with ion adsorption on the single crystal surface. 

Since XSW probes the adatom structure with respect to the substrate lattice, XAFS 

combined with XSW can give a more comprehensive picture of the structural information of 

materials. With the help of XPS, chemical information can be obtained as well. So all three 

techniques together can better understand the adsorbed catalysts supported on oxide single 

crystal and how they change, structurally and chemically, during chemical reactions, such as 

reduction-oxidization (redox) reaction primarily discussed in this thesis. 
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2.5 Experimental Setup 

2.5.1 X-ray Surface UHV Multi-Chamber 

For in situ MBE growth and in situ XSW measurements, an X-ray surface science ultra 

high-vacuum (UHV) multi-chamber is used. Figure 3.10 shows the chamber, which was located 

at the 12ID-D undulator BESSRC-CAT station at the Advanced Photon Source (APS), Argonne 

National Laboratory (ANL). The vacuum chamber was maintained at a base pressure 2 x 10-10 

torr and equipped with a reverse-view low-energy electron diffraction (LEED; PHI), Auger 

electron spectroscopy (AES: PHI) and an electron-beam evaporator source (Omicron). 

The central chamber is the characterization chamber, which is an R2-P2 design from 

Vacuum Generators LTD. Connected to the R2-P2 system are a load-lock chamber, a sample 

storage area, a surface science analysis area, a growth chamber and an X-ray chamber. The UHV 

system is supported by a frame that rests on three z-motion translation stages. Using stepper 

motors, the chamber has a range of 80 mm in the X direction (horizontal motion in the plane 

perpendicular to the beam) and 100 mm in the Z direction. Due to the kinematical mounts of the 

Z-motion stages, the entire chamber can perform a small rotation about the theta axis in the x-ray 

chamber; this is the mechanism used for rocking curve scans. Steps as small as 2 x 10-5 degrees 

in theta can be achieved.  

The growth chamber has a Perkin-Elmer 10-320 sample manipulator that can move in X, 

Y, Z and chi. The manipulator is also equipped with a heater filament that can heat samples to 

over 1000 °C. The LEED-Auger chamber has a Perkin-Elmer 283-8550 sample manipulator 

capable of X-Z motion, plus a rotation. There is a gate valve between the X-ray chamber and the 

R2-P2 chamber. The X-ray chamber features a Perkin-Elmer 15-630 sample manipulator, which 
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provides for X, Y and Z translation in addition to theta and chi motion. The detailed description 

can be found in Ref.[166]. 

	
  

Figure 2.10 “Top-view” schematic diagram of UHV multi-chamber used at APS station 12ID-D. 

The Pt e-beam evaporator (not shown in this view) is below the two Knudsen cells. 
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2.5.2 Ex Situ XSW Setup 

Figure 3.11 shows the typical XSW setup, which is used in APS Sectors 5 and  33, and 

was used at Sector 12 before relocation to 33. All three beamlines have a 3.3 cm period type-A 

undulator. Sectors 5 and 12 used a L-N2 cooled Si(111) high-heat load monochromator. Sector 

33 used a water-cooled Diamond(111) high-heat load monochromator. The horizontal mirror 

focusing was only in Sector 5. 

 

	
  
Figure 2.11 Experimental setup used for X-ray standing wave (and XRF) measurements at the 

APS-DND-5ID-C station. This setup is similar to the XSW setup at APS Sector 12 and Sector 

33. The monochromatic beam that enters the experimental hutch is conditioned by a Si(111) or 

Si(220) channel cut post monochromator. Ion chambers are used to monitor the X-ray flux. The 

sample stage is mounted on a diffractometer. An energy-dispersive solid-state detector collects 

X-ray fluorescence emitted from the sample in a direction that is perpendicular to the incident 

beam. See Ref. [167] for further details. 
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Single crystal XSW experiments are carried out at the undulator stations. The incident 

photon energy is tuned by the undulator-gap and by the high-heat-load monochromator (HHLM).  

A two-bounce Si(hhh), (hh0) or (00h) channel-cut crystal is used to create a 

nondispersive reflection from the sample. The rule is to match the d-spacing of the channel-cut  

as closely as possible to that of the sample crystal reflection being studied. By using a feedback 

controlled piezoelectric actuator or monochromator stabilizer (MOSTAB), the channel-cut angle 

is continuously adjusted with sub-microradian resolution to maintain a constant intensity ratio 

between incident and reflected X-ray beams. Two ion chambers are placed before and after the 

channel-cut crystal to read these two intensities. A third ion chamber is placed after the incident 

slit, which is after the channel-cut crystal. The sample is placed on a four-circle (12ID-D and 

33ID-D) or a five-circle (5-IDC) diffractometer.  For the collection of XSW data, two detectors 

are used. One is placed on the 2 theta arm for reflectivity. This can be a Cyberstar point detector 

or an ion chamber. On the side of the sample stage, a Vortex Si drift-diode (SDD) detector is 

placed for collecting X-ray fluorescence. At Sector 33ID-D, a Phi-stage adaptor is used so that 

the XRF detector can be placed on the adaptor and kept at a constant takeoff angle ~5° to the 

sample surface. In this case, the fluorescence signal from the sample substrate can be reduced 

when the sample is rotated to off-normal Bragg condition.  

 

2.5.3 Be-Dome Reaction Cell for In Situ Measurements 
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Figure 2.12 (a) A photograph showing the top view of the beryllium dome reaction chamber. The 

0.25 mm thick Be hemisphere has a 25.4 mm radius, a boron-nitride interior and exterior surface 

coating, and is brazed to a water-cooled stainless-steal flange. Also shown in the lower-half of 

the picture is the XRF detector snout. (b) Inside the beryllium dome, the 5 × 5 × 1 mm3 hematite 

sample is held by two stainless steel clips to a pyrolytic boron nitride heating plate (Momentive 

Performance Materials Quartz, Strongsville, Ohio, part no HTR1001). 

 

For in situ X-ray measurements on catalysts during chemical reactions, a reaction cell is 

necessary. Figure 3.12 shows the Be-dome reaction cell used for in situ XSW, surface XAFS and 

X-ray diffraction measurement. The Be-dome reaction cell system contains a ceramic heater, a 

pair of stainless steel (or platinum) claps, thermal couples to detect the sample temperature, 

copper base with gas in/outlets, and Be-dome cap with water cooling channels. In this Be-dome, 

the sample can be heated up to 800 °C, the vacuum can reach 10-6 Torr, and H2, O2 and other 

a	
   b	
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gases can be fed through for reactions. The dimension of the Be-dome system can be found in 

Appendix of Ref. [168]. 
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Chapter 3: Pt / SrTiO3(001) 
	
  
	
  

3.1 Pt Grown by Molecular Beam Epitaxy 

3.1.1 Introduction 

Dramatically enhanced catalytic activities have been observed for a variety of noble 

metals supported on oxide surfaces.[73, 169, 170] A prime example is Pt on SrTiO3 as a 

photocatalyst for water splitting.[73, 169] The structure and resulting electronic properties of the 

Pt/SrTiO3 interface are also of importance to thin-film technologies such as those used for 

dynamic random access memory devices.[171] Predictions of the metal/oxide interface structure, 

in general, would impact our understanding of numerous chemical and physical processes. 

However, there are very few atomic-scale studies of these buried interfaces. 

One important issue of catalysis is to grow proper metal or metal oxides on different 

oxide supports. Oxides supported sub-monolayer (ML) metal and metal oxides have attracted 

many attentions due to greatly enhanced catalytic properties. Therefore, in this work, we study 

the early (low coverage) stages of the nucleation and growth of Pt nanoparticles on the TiO2-

terminated surface of SrTiO3(001) with a non-destructive 3D atomic imaging method that uses 

X-ray standing waves (XSW). And the growth method is molecular beam epitaxy (MBE). 
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3.1.2 Experimental Results and Discussions 

Strontium titanate (SrTiO3) single crystals were oriented, cut (10 x 10 x 1 mm3) and 

polished parallel to the (001) by OKEN (Japan). SrTiO3 (001) substrates were ultra-sonicated for 

10 minutes in deionized water (18 MΩ/cm) and subsequently etched in a hydrofluoric acid buffer 

solution for approximately 30 s. The substrates were then rinsed in deionized water and dried in 

Ar gas. To produce atomically flat terraces terminated with titanium oxide [62, 82, 172], the 

substrates were loaded into a tube furnace with O2 flow (~100 sccm) and annealed at 1050 °C for 

5 hours.  

 After annealing in O2, the substrates were mounted on a tantalum sample plate using 

spot-welded tantalum wire and loaded into an X-ray surface science UHV multi-chamber (See 

Fig. 3.7) Prior to platinum deposition, the substrates were annealed at 950 °C for 30 min in the 

UHV chamber using a resistive tungsten filament heater placed behind the sample. Auger 

analysis showed clean surfaces with negligible carbon contamination. A 1.5 mm diameter Pt rod 

was placed inside the e-beam evaporator to deposit Pt thin films. Platinum was deposited onto 

the atomically clean SrTiO3 surface, which was held at 400 °C. One substrate was deposited with 

a 10 minute Pt and the other substrate was deposited with 2 minute Pt. After cooling to room 

temperature (RT) the “as deposited” (002) XSW measurement was made. The sample was then 

annealed to a series of increasing temperatures, cooled down to RT and given a 002 XSW 

measurement. The series of annealing temperatures were 0.5 h at 500°C, 1 h at 700°C, 1 h at 800 

°C and 1 h at 910 °C. 

 LEED measurements were taken before Pt deposition, after Pt deposition and after the 

910 °C annealing step. Figure 4.1 clearly shows that the two-domain 2 x 1 LEED pattern from 
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the SrTiO3(001) surface can be seen after each of these steps; with some dimming of the half-

order spots for the “as-deposited” surface. 

  

	
  
Figure 3.1 Low-energy electron diffraction (LEED) patterns for (a) clean SrTiO3 (001) after 

UHV annealing treatment to obtain the 2-domain 2 x 1 surface reconstruction, (b) 0.60 ML Pt/ 

SrTiO3 (001) as-deposited surface and (c) 0.60 ML Pt/ SrTiO3 (001) surface after 910 °C anneal. 

The electron beam voltage was set at 65 V for each collected LEED pattern. 

 

Finally, the sample was moved out of the chamber and mounted on a 4-circle 

diffractometer for further XSW measurements, as shown in Fig. 3.11. XSW measurements were 

performed at the APS undulator station 12ID-D of BESSRC-CAT. An incident photon energy of 

12.50 keV was selected with a Si (111) high-heat load monochromator and conditioned further 

with a Si (004) channel-cut post-monochromator crystal. The incident beam slit was 20 µm high 

by 100 µm wide. Using this small X-ray spot it was possible to find lateral positions on the 

sample surface that produced reflectivity curves that reasonably matched dynamical diffraction 

theory predictions for a SrTiO3 single crystal. A solid-state Si(Li) detector was used to collect the 

X-ray fluorescence (XRF) spectra. An XRF collected spectrum is shown in Fig. 4.2. The Pt 
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coverages, 0.17 ML and 0.60 ML, were determined from a side-by-side XRF comparison to a Si 

implanted standard that was calibrated by Rutherford backscattering (RBS). One monolayer is 

defined as 6.58 atoms / nm2. 

 

	
  
Figure 3.2	
  An XRF spectrum of 0.60 ML Pt/SrTiO3(001) that was collected at an incident photon 

energy of 12.50 keV. 

 

Figure 4.3 shows the XSW data and analysis of the 0.60 ML sample for the (002) SrTiO3 

Bragg reflection measured in the UHV condition and in open air. The XSW induced modulation 

of the background-subtracted and deadtime-corrected Pt Lα fluorescence yield, Y(θ), from each 

scan is used to determine the coherent fraction (fH) and coherent position (PH). This 
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determination is based on fitting the normalized yield data for the H = hkl reflection to the model 

independent expression for the yield[152, 153, 173],  

 

! 

Y (") =  [ 1+ R(") + 2 R(")  f H cos(v(" ) # 2$PH )  ] Z(" ),    (4.1) 

 

where R(θ) and vθ) are respectively the intensity and phase of the reflected plane wave relative 

to the incident plane wave, Z(θ) is the normalized effective thickness. Z(θ) = 1 for surface atoms, 

such as the Pt atoms in our case. Measurements in UHV and open air give essentially the same 

coherent fraction and coherent position (f002 = 0.33 and P002 = -0.17 for UHV measurement and 

f002 = 0.39 and P002 = -0.18 for the open air measurement). This strongly indicates that the Pt on 

SrTiO3(001) surface is stable in open-air against oxidation at RT. Therefore our ex situ XSW 

findings for the Pt atomic structures can represent the in situ atomic structures. Figure 4.4 shows 

all ex situ measured XSW data and analysis for the 0.60 ML sample for (001), (002), (011), 

(022), (111) and (222) SrTiO3 Bragg reflections. 
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Figure 3.3 X-ray standing wave (XSW) data (markers) and fits (lines) at (002) SrTiO3 Bragg 

reflection for 0.60 ML Pt measured at room temperature in (a) UHV after 910 °C annealing and 

(b) open air. Within the measured error, the measured values for the coherent fraction and 

position agree; indicating the stability of this surface against oxidation.  
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Figure 3.4 The ex situ XSW measurements for the 0.60 ML Pt / SrTiO3(001) surface from 6 

different hkl SrTiO3 Bragg reflections: (a) (001), (b) (002), (c) (011), (d) (022), (e) (111) and (f) 

(222). Each frame shows the relative incident-angle dependence of the experimental X-ray 

reflectivity (open circles) and Pt Lα XRF yield (filled symbols). The solid lines correspond to 

dynamical diffraction theory based fits to the data. (See Refs. [152, 153, 173]) Table 4.1 shows 

the results of the fit of Eq. 4.1 to the yield data. 
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Table 3.1 For 0.60 ML Pt/SrTiO3(001) case: XSW measured hkl Fourier amplitudes, fH, and 

phases, PH, for Pt and Ti. The calculated values for Pt are determined from the best-fit of the 

model described in Eq. 4.3. 

 Pt measured Pt calc Ti measured 

hkl fH PH fH PH fH PH 

001 0.07(3) ----- 0.07 0.07 0.73(3) 0.50(1) 

002 0.39(3) -0.18(2) 0.32 -0.15 0.60(3) 0.00(1) 

011 0.07(3) ---- 0.06 0.07 0.59(3) 0.00(1) 

022 0.22(3) -0.16(2) 0.23 -0.15 0.49(3) 0.00(1) 

111 0.35(3) -0.13(2) 0.37 -0.07 0.55(3) 0.50(1) 

222 0.15(3) -0.08(5) 0.16 -0.15 0.55(3) 0.00(1) 

 

 

 The Pt Lα fluorescence yields at the (002), (022), (111) and (222) Bragg reflections have 

asymmetrical shapes, indicating that the Pt distribution is correlated to the SrTiO3 lattice. 

However, the fluorescence yields at (001) and (011) Bragg reflections are symmetrical and very 

similar to the rocking curve in peak heights and shapes; indicating that the Pt distribution has a 

null Fourier component for these two periodicities. Due to diffuse (incoherent) scattering, the 

tails of the experimental reflectivity (rocking) curve are higher than the theory for a perfect 

single crystal. Table 4.1 lists the entire ex situ measured set of fH and PH values of Pt and Ti for 

the 0.60 ML sample. The summation of these two sets of XSW measured Fourier components 

(and their symmetry equivalents) produce model-independent 3D maps of the Pt and Ti atomic 
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distributions,[81, 174]    

 Based on the 4-fold symmetry axes and mirror planes along the c-axis for this particular 

substrate surface, we only need to measure the symmetry inequivalent reflections that occupy 

one-half of the 1st octant in reciprocal space. That would be the SrTiO3 Bragg reflections with 

indices  {(hkl) | l ≥ 0 AND h ≥ 0 AND k ≥ h AND NOT 000}. As an example, for the Pt atomic 

map we use the Pt La measured f022 and P022 values in Eq. 1 for summation terms with indices H 

= 022, 202, 0-22, and -202. For the bulk Ti atomic map there is additional symmetry that allows 

us to assign the Ti Kα measured f022 and P022 values to two additional in-plane terms with indices 

220 and -220. Note that even if there are local Pt domains that do not exhibit the 4-fold axes and 

mirror planes along the c-axis, the various hkl XSW measurements would exhibit this symmetry 

due to domain-averaging over the ~0.01 mm2 X-ray spot.  

 The XSW Pt atomic map is a projection of the macroscopic Pt distribution into a single 

SrTiO3 cubic-P unit cell. Each Pt is positioned inside this unit cell by the translation symmetry of 

the bulk substrate lattice. Due to substrate crystal quality and data collection time constraints, we 

did not collect XSW Fourier components for hkl reflections that had d-spacings smaller than d222 

for the 0.6 ML and d022 for the 0.2 ML case. We also did not measure hk0 –in-plane reflections 

due to experimental constraints. In principle these could be measured by a 3-beam variation of 

the XSW technique that coherently couples total external reflection with an in-plane dynamical 

Bragg reflection.[175] 

 Summation terms in Eq. 4.1 that were not part of the measured set or their symmetry 

equivalents are nulled out. Based on the convolution theorem this truncation of the semi-infinite 

summation produces a map that is convoluted with the inverse Fourier transform of the window 

function that extends symmetrically into all 8 quadrants of reciprocal space to cover 
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measurements made and their symmetry equivalents. The effect of this convolution can be seen 

by the broadening of the peaks in Fig. 4.7(b). 

 Note that in this case the fcc-like Pt distribution causes fcc- forbidden Fourier components 

to be nulled out in our measurement. (See f001 and f011 in Table 4.1). Whereas, if the Pt 

distribution were bcc-like (and had a close lattice constant match to STO) the nulled out Fourier 

components would have been a different set; namely 001 and 111. 

Figure 4.5(a) and (c) show, respectively, the Pt and Ti 3D atomic maps for the 0.60 ML 

sample as referenced to the SrTiO3 substrate unit cell with Sr positions at the corners of the cube. 

As expected the Ti shows up in the body-centered position. Due to the Fourier summation 

process the XSW maps have the 3D periodicity of the substrate primitive unit cell. What was not 

obvious from studying the values in Table I, but becomes immediately obvious by their 

subsequent Fourier summation, is that the Pt atoms form a face-centered-cubic (fcc) lattice that is 

registered to the substrate unit cell, namely [001]Pt || [001]STO and [010]Pt || [010]STO.  

Furthermore, one sees that the Pt lattice is shifted vertically inward, relative to the Sr sublattice, 

by ~ 1/10 aSTO = 0.4 Å.  
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Figure 3.5 For the 0.60 ML Pt / SrTiO3(001) interface: (a) the XSW measured model-

independent 3D Pt atomic map. The outlined green cubes are the SrTiO3 unit cell with Sr at the 

corners (origin). (b) Projection of the 3D density along the c-axis to produce a 1D Pt atomic 

density as a function of the fractional c-axis coordinate, z, for the SrTiO3 unit cell. (c) The 3D Ti 

atomic density map. The contour plots in (a) and (c) are at 80%. (d) Pt fcc atomic model on 

double-layer TiO2 terminated SrTiO3(001) surface, where A, B and C refer to the three 

symmetry-inequivalent Pt sites. The striped light blue spheres in the extra TiO2 layer represent Ti 

sites that are on average 50% occupied due to the 2-domain 2 × 1 reconstruction of the surface. 
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To better understand the Pt 3D map, a 1D projection along the c-axis is shown in Fig. 

4.5(b). The Δz = 0.25 FWHM of the two peaks corresponds to ½ d002, which is the resolution of 

the measurement due to truncation of the Fourier summation at 002. The two peaks have nearly 

equal density (occupation) and are spaced by ½ aSTO. This corresponds to Pt in a nearly perfect 

fcc atomic arrangement, for which f001 ~ 0  (analogous to structure factor F001 = 0 for fcc). As 

will be discussed later, this is different from the 0.17 ML case, where a non-zero value of f001 

was measured.  

Figure 4.5(d) shows a proposed interface atomic model for explaining the observed 0.60 

ML 3D Pt density map. This is based on the 2 ×  1 reconstructed double layer (DL) model,[59, 

176, 177] in which one extra	
  TiO2 layer is added to the TiO2 terminated SrTiO3(001) surface.  
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Figure 3.6 The ex situ XSW data (symbols) and fits (lines) for the 0.17 ML Pt / SrTiO3(001) 

surface from 4 different hkl SrTiO3 Bragg reflections: (a) (001), (b) (002), (c) (011), (d) (111). 

Table 4.2 shows the results of the fit of Eq. 4.1 to the yield data. 
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Figure 3.7 For the 0.17 ML Pt/SrTiO3(001) interface: (a) 3D XSW measured Pt atomic density 

map. The outlined cube is the SrTiO3 unit cell with Sr positions at the corners (origin).  (b) 

Projection of 3D Pt density along c-axis.  (c) Proposed atomic interface model. 

 

The same XSW measurements were done for 0.17 ML sample in open-air condition. 

Figure 4.6 shows measurements at (001), (002), (011) and (111) Bragg reflections and Table 4.2 

list all of the measured Fourier components. The XSW measured 3D Pt density map, Fig. 4.7(a), 

also shows an fcc-like structure, but with a vertical shift of ~ ½ aSTO. This is quite different from 
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the 0.60 ML case shown in Fig. 4.5(a). Therefore, a different interface model is proposed in Fig. 

4.9(c) that shows the first layer of Pt directly above the O atoms in the DL TiO2-terminated 

SrTiO3. The 1D projection of this Pt atomic density along the c-axis (Fig. 4.7(b)) shows a 

significant deviation from the ideal fcc arrangement; i.e., the two layers have a vertical spacing 

of 0.4aSTO; rather than ½ aSTO. Table 4.2 list all XSW measured sets of  fH and PH values. 

 

Table 3.2 Summary of the XSW experimental analysis and best-fit parameters for 0.17 ML Pt / 

SrTiO3 (001). Model independent parameters, fH and PH, are the measured H = hkl Fourier 

amplitude and phase for the Pt distribution. These can be compared to the calculated fH
C and PH

C 

values determined from the best-fit of the model that is described by Eq. 4.3. Table 4.1 holds the 

same type of information for the 0.60 ML case. 

hkl fH fH
C PH PH

C 

001 0.21(3) 0.25 -0.32(3) -0.33 

002 0.26(3) 0.20 -0.03(3) 0.13 

022 0.11(3) 0.20 0.15(4) 0.13 

111 0.26(3) 0.33 -0.39(3) -0.45 

 

For this fcc-like Pt unit cell there are three types of symmetry-inequivalent adsorption 

sites on the SrTiO3(001) surface: the corner site (A site), base-center site (B site) and the two 

symmetry equivalent side-center sites (C site). Because the surface breaks the symmetry along c-

axis, the bulk fcc symmetry-equivalent B and C sites become symmetry-inequivalent. To further 

analyze the model-independent Pt maps in Figs. 4.6 and 4.7, several 2D plane-cuts and 1D line-
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cuts are used on these density maps. Figure 4.8 shows the analysis at the A site near the (0,0,0) 

Sr position in the STO unit cell for the 0.60 ML Pt case. Numerical analysis of the 3D 

distribution function around the hot spot gives the center Pt position as (0,0,-0.083). Three plane 

cuts (x=0; y=0; z = -0.083) and 3 line cuts (x=y=0; x = 0, z = -0.083; y = 0, z = -0.083) are used 

to examine the properties of the hot spot. A tetragonal box is chosen so that the Pt atomic density 

inside the box is greater than 1. The volume normalized atomic intensity sum in this box gives 

the occupation fraction of Pt at this site. Similar analyses are carried out for B and C sites for the 

0.60 ML Pt case and the three sites for 0.17 ML Pt. The properties of the hot spots at each site 

are summarized in Table 4.3. It clearly shows that the A, B and C site occupation ratio, Inorm(A) : 

Inorm(B) : Inorm(C), is 5:4:4 for the 0.60 ML Pt and 2:2:1 for the 0.17 ML Pt. The ratio would be 

1:1:1 for ideal fcc. Analyses also show that that the Pt heights relative to the substrate SrO origin 

plane are hA = 7.49 Å, hB = 7.41 Å, and hC = 5.46 Å for the 0.60 ML case and hA = 6.13 Å, hB = 

6.13 Å, and hC = 7.65 Å for the 0.17 ML case, as listed in Table 4.3. 
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Figure 3.8 0.60 ML platinum model-independent analysis around an A site: (a-c) 1D line cuts 

through 3D atomic density map at (a) y=0, z=-0.083; (b) x=0, z=-0.083; (c) x=y=0; (d) 

orthogonal 2D plane-cuts in density map through the A site. The 3 planes are x=0, y=0 and z=-

0.083.  
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Table 3.3 Numerical analysis of model-independent Pt atomic distribution ρ(x,y,z) around A, B 

and C sites for the 0.60 ML and 0.17 ML Pt/SrTiO3(001) surfaces. The x, y and z ranges refer to 

the range of the tetragonal box chosen for the atomic density integration. The FWHMi refers to 

the FWHM in i (i=x, y or z) direction. h denotes the height of the three symmetry inequivalent 

sites to the SrO origin plan.  Inorm is the volume normalized atomic density sum in this tetragonal 

box. 

	
   x-range y-range z-range FWHMx 

(Å) 

FWHMy 

(Å) 

FWHMz 

(Å) 

(x,y,z) 

Center 

h  

(Å) 

Inorm 

(a.u.) 

0.60 ML 

A [-0.22, 0.22] [-0.22, 0.22] [-0.24, 0.08] 1.30 1.30 0.86 0, 0, -0.083 7.49 76 

B [0.26, 0.74] [0.26, 0.74] [-0.24, 0.06] 1.13 1.13 0.82 0.5, 0.5, -0.10 7.41 58 

C [0.26, 0.74] [-0.24, 0.24] [0.26, 0.56] 1.13 1.14 0.82 0.5,0,0.40 5.46 59 

0.17 ML 

A [-0.28, 0.28] [-0.28, 0.28] [0.38, 0.80] 1.36 1.36 1.02 0, 0, 0.571 6.13 49 

B [0.22, 0.78] [0.22, 0.78] [0.38, 0.80] 1.36 1.36 1.02 0.5, 0.5, 0.571 6.13 49 

C [-0.28, 0.28] [0.22, 0.78] [-0.12, 0.25] 1.63 1.63 0.95 0, 0.5, 0.96 7.65 25 

 

To better quantify the Pt occupation fractions (cX) and heights (hX = aSTO•zX) above the 

bulk-like SrO plane for the three sites, we used a least-squares global fit of the proposed model 

to the set of measured Fourier components, 

 
               FH = fH exp(2πiPH) = exp(-2(πσ/dH)2){cA exp(2πiH•rA) + cB exp(2πiH•rB)  

                                 + cC [exp(2πiH•rC1) + exp(2πiH•rC2)]},                (4.3) 
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where vectors rA = (0,0,zA), rB = (½,½,zB), and rC1 = (½,0, ½+zC) and rC2 = (0,½, ½+zC) locate 

the four Pt sites relative to the substrate unit cell origin and σ is the width of the isotropic Pt 

distribution about these sites. The best-fit determined results are cA = 0.16, cB  = cC = 0.11, hA = 

7.69 Å, hB = 7.44 Å, hC = 5.49 Å and σ = 0.26 Å, which agrees very well with the numerical 

analysis of the model-independent 3D map. The occupation ratio between the three sites (cA : cB : 

cC ~ 3:2:2) is reasonably close to the ratio for an ideal fcc arrangement (1:1:1). For 0.17 ML 

case, the calculated Fourier components based on the model are listed in Table 4.2 and the best-

fit determined parameters are cA = 0.14, cB  =0.13, cC = 0.06, hA = 6.25 Å, hB = 6.29 Å, hC = 7.46 

Å. The model-independent and model-dependent analyses both show that the Pt occupation 

fraction ratio of the three sites are cA : cB : cC = 2:2:1; indicating that Pt atoms prefer to occupy 

the A and B sites. For both coverages the model-dependent analysis (that assumes 3 sites A, B 

and C) agrees very well with the model-independent analyses of the 3D Pt map described in 

Table 4.3. 

 To check the validity of our Pt XSW analysis, the Ti Kα signal from bulk SrTiO3(001) 

was also analyzed, as shown in Fig. 4.8. As shown in Fig. 4.2, these signals were collected 

simultaneously with the Pt signals. The analysis results are listed in Table 4.4. The XRF takeoff 

angle, α, relative to the sample surface is used to calculate the effective thickness, Z(θ), of the Ti 

Kα fluorescence signal, which includes the extinction effect [153]. The analysis results are 

consistent with Ti at the ½,½,½ position in a SrTiO3 unit cell with Sr at the origin; demonstrating 

the validity of our XSW analysis for Pt.  
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Figure 3.9 Ex situ XSW results of bulk Ti Kα signal for diffraction planes: (a) (001), (b) (002), 

(c) (011), (d) (022), (e) (111), and (f) (222) for 0.60 ML Pt/SrTiO3(001). Table 4.4 shows the 

results from the fit of Eq. 4.1 to the yield data. 
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Table 3.4 XSW analysis of the bulk Ti sublattice of SrTiO3(001). The coherent fractions (f ) and 

coherent positions (P) are experimentally determined from the modulations in Ti Kα XRF yields 

shown in Fig. S8. The takeoff angle (α) of the detected XRF emission relative to the surface are 

also listed. The P values are referenced to the Sr atom at the origin. exp(-M) = exp(-2(πσ/dH)2) is 

the temperature Debye-Waller factor, where σ = 0.12 Å. 

hkl 001 002 011 022 111 222 

f 0.73(3) 0.60(3) 0.59(3) 0.49(3) 0.55(3) 0.55(3) 

P 0.50(1) 0.00(1) 0.00(1) 0.00(1) 0.50(1) 0.00(1) 

α (°) 8 11 48 40 40 41 

exp(-M) 0.98 0.92 0.96 0.85 0.94 0.78 

f/exp(-M) 0.74 0.65 0.61 0.58 0.59 0.71 

 

Note that the measured Ti coherent fractions (Table 4.1 and Table 4.4) are significantly 

less than the ideal value of f = exp(-M) = exp(-2(πσ/dH)2), the temperature Debye-Waller factor, 

which is near unity at room temperature. This degradation to the Ti coherent fraction is primarily 

due to the SrTiO3 substrate not being a perfect single crystal, which leads to noticeable reduction 

in the coherently scattered intensity that is responsible for the XSW interference pattern, as well 

as part of the incident intensity being scattered incoherently. This can be seen in Figs. 4.4, 4.6, 

and 4.9, where the tails of the measured reflectivity (rocking curve) show a diffuse scattered 

intensity that is significant in comparison to the intensity calculated for perfect crystal. The XSW 

analysis (Eq. 4.1) of the Ti XRF yield induced by these incoherently scattered x-rays will 

produce a coherent fraction of f = 0 even if the emitting Ti atoms are correlated with the 
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substrate. Therefore the measured incoherency (1-f) is due to both the uncorrelated part of the Ti 

atomic distribution (which should be very small) and the incoherently scattered X-rays. The Pt 

XRF yield is similarly affected by this X-ray incoherent scattering and therefore the measured 

51% incoherency of Pt for the 0.60 ML case is primarily attributed to this effect. Likewise 61% 

incoherency in the 0.17 ML case.  

Normally for a highly perfect single crystal substrate, such as Si or Ge, this would mean 

that 51% of the Pt atoms are uncorrelated with the substrate lattice. However, this is not a perfect 

single crystal substrate as the diffuse tails of the measured reflectivity (Figs. 4.3, 4.4, 4.6) 

indicate. Furthermore, the XSW analysis of the Ti Kα XRF signal from the substrate (Table 4.4) 

leads to Ti Fourier amplitudes that are on average 35% less than expected for the Ti sublattice in 

a perfect SrTiO3 substrate. (It is important to note that the XSW measured Ti Fourier phases 

listed in Table 4.1 match their expected ideal values.) This significant degree of added 

incoherency to the XSW measured Pt and Ti XRF yields is primarily due to those incident 

photons that scatter incoherently and, therefore, do not participate in the generation of the XSW 

interference field. Assuming that the incoherency caused by defects affects the surface and bulk 

atoms in the same way, the true Pt correlation fraction can be increased from the uncorrected 

value of 49% to 75%. This estimates that 25% of the Pt atoms are in an uncorrelated distribution, 

such as Pt nanoparticles at SrTiO3 surface defect sites. 

By inserting the measured coherent fractions and positions of bulk Ti into Eq. 4.2, a Ti 

atomic density map is generated as shown in Fig. 4.9 and Fig. 4.5(c). As it should be, the Ti 

density maximum is located in the center of the SrTiO3 cubic unit cell. This further validates our 

XSW analysis procedure. Other subsidiary maxima in the 3D map are due to the truncation of 

the Fourier summation. 
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Figure 3.10 3D titanium atomic density map, (a) surface and (b) 2D plane-cuts, generated by the 

summation of XSW measured (hkl) Fourier components listed in Table 4.4 plus their symmetry 

equivalents. Ti atomic density maps are superimposed on the SrTiO3(001) unit cell with Sr at the 

origin. 

 

Atomic-force microscopy (AFM) images were collected after the XSW measurements to 

understand the surface morphology of Pt/SrTiO3(001). Figure 4.11(a) and (b) show the surfaces 

of 0.60 ML and 0.17 ML Pt/SrTiO3(001), respectively. A Thermomicroscopes CP Research 

AFM operated in intermittent contact mode was used to collect surface morphology information 

from all surfaces discussed in this study. The silicon AFM tips (µMasch) had a nominal 10 nm 

radius of curvature and resonant frequency of ~75 kHz. The vertical piezo response was 

calibrated using standard SrTiO3(001) (d001 = 3.905 Å) sample. The white spots on the surfaces 

indicate the formation of Pt nanoclusters. The average Pt nanoclusters lateral sizes are ~30 nm 

and heights are 1.5 nm for 0.60 ML and 1.0 nm for 0.17 ML. 
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Figure 3.11 AFM images of (a) 0.60 ML and (b) 0.17 ML Pt / SrTiO3 (001) surfaces show 

atomically flat terraces supporting nanoclusters. 

 

The two distinct interface structures we observed for the two different Pt coverages (0.17 

and 0.60 ML) can be attributed to the SrTiO3(001) surface termination, Pt-support interactions 

and Pt-Pt interactions. Earlier experimental[59, 176] and theoretical[177, 178] studies of the bare 

2x1 SrTiO3(001) surface support the formation of a double-layer (DL) TiO2-terminated surface. 

We found no reported theory predictions for Pt on the DL TiO2-terminated surface. However, 

density functional theory (DFT) calculations for very low Pt coverages on TiO2-terminated 

SrTiO3(001) predict that the Pt-support interaction is stronger than the Pt-Pt interaction,[179] and 

Pt atoms strongly prefer to adsorb on top of the O atoms.[179, 180] The surface terminations and 

the strong Pt-O interaction lead to the atomic model proposed in Fig. 4.7(c). At very low 
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coverages (e.g., 0.17 ML), the largest fraction of Pt occupy the first layer on the surface with less 

nucleation and growth to form second or third Pt layers that make up the AFM observed 

nanoclusters. Therefore, the atomic model in Fig. 4.7(c) indicates that A and B sites are most 

favored by Pt atoms for DL TiO2-terminated SrTiO3(001) surface. This is consistent with our 

XSW analysis above, and further confirms the validity of our model and the 2x1 SrTiO3 (001) 

surface termination.  

DFT calculations by Asthagiri and Sholl[179] show that as the Pt coverage increases 

from 0.5 to 1 ML on the TiO2-terminated SrTiO3(001) surface, the Pt-substrate bond is weakened 

due to additional Pt-Pt bonds on the surface. For 1 ML this same DFT study proposes that 

interface Pt atoms would prefer to bind above Ti sites on TiO2-terminated surface to continue the 

fcc-like packing.[179] This leads to the interface structure model proposed in Fig. 4.5(d) for the 

0.60 ML case, which is quite different from the 0.17 ML case. The equal occupation of the three 

symmetry inequivalent sites further indicates that the Pt nanoclusters seen in the AFM are 

primarily built from multiple layers of Pt. 	
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3.1.3 Summary 

             In summary, using the XSW 3D direct imaging technique, we observed the fcc cube-on-

cube epitaxial structure for sub-monolayer Pt grown on SrTiO3(001) surface by MBE. We 

experimentally show for the first time that two different interface structures of Pt are formed 

with different initial Pt coverages, which are further explained by the surface termination of 

SrTiO3(001) and the interactions of Pt-Pt and Pt-support. Our proposed atomic-scale interface 

models, which start with a TiO2 double-layer SrTiO3(001) surface, indicate that at an ultra-sub-

monolayer coverage (0.17 ML) Pt prefers to bond on top of the O atoms due to the strong Pt-

support interaction. However, at a higher coverage (0.60 ML) taller Pt nanocrystals are formed 

with stronger Pt-Pt interaction, which causes the interface Pt atoms bond above Ti atoms sites. 

Equal occupation in the three symmetry-inequivalent sites indicates those Pt nanocrystals have 

more than one Pt layer locally.  

 

 

 

  



	
  
122 

3.2 Pt Grown by Atomic Layer Deposition 

3.2.1 Introduction 

MBE can grow thin films on atomically clean and controlled surfaces, but this requires 

UHV condition. Compared to MBE, atomic layer deposition (ALD) is much more convenient. 

As discussed in Chapter 2, ALD does not require UHV condition but very accurate control of 

growth can be performed. Therefore, in this part, we choose ALD as another alternative method 

to grow Pt from sub-ML to ML on SrTiO3(001).  

 Undoubtedly, metallic thin films grown on perovskite substrates are important building 

blocks for catalytic and electronic materials systems. This includes use as heterogeneous 

catalysts[73, 90], ferroelectric devices[181], giant magnetoresistance thin films[182], and tunable 

microwave capacitors[183]. We chose Pt / SrTiO3 because Pt has high electrical conductivity and 

excellent thermal stability against oxidation, and SrTiO3 (STO) is a model system representing a 

large class of oxides with the perovskite structure.[67, 176, 184] However, for this system and its 

technological applications, a key question is how to effectively control the properties of the 

metallic film, such as surface morphology (3D particles or conformal film growth),[185, 186] 

crystallinity, and grain size.[187] 

Pt and STO have very close lattice constants, which is one of several factors affecting the 

crystalline properties of Pt grown on SrTiO3(001). Other factors are the TiO2 or SrO termination 

of the SrTiO3 surface,[96] deposition method, and annealing treatment. It is reported that pulsed 

laser deposition produces Pt films on SrTiO3(001) with nearly perfect cube-on-cube epitaxy for 

growth at 600 °C, but not at 400 °C.[93, 94] For the case of DC sputtering, pre-annealing of the 

SrTiO3(001) substrates strongly affects the crystalline orientation of the Pt films.[188] Electron 
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beam lithography can create a Pt nano-array.[189] Pt nanoparticles can be formed either by self-

assembly methods[190] or atomic layer deposition (ALD).[83, 137, 191] Compared with other 

growth methods, ALD has the advantage of applicability for uniformly coating granular and 

porous materials.  

In an earlier study[83] we concentrated on the nucleation and growth of as-deposited 

(AD) ALD Pt on single crystal SrTiO3(001) surfaces as a function of number of ALD cycles in 

the Pt coverage range of 1 to 40 monolayers (ML). Since ALD is a low-temperature growth 

method, these AD surfaces are expected to be far from equilibrium. Our XSW measurements 

also showed that those ALD grown Pt on STO has uncorrelated structure to the substrate lattice, 

which is quite different from our MBE case. In this part we investigate how post-annealing is 

used to drive these same surfaces closer to thermal equilibrium. Platinum grown by ALD on 

SrTiO3(001) surfaces was studied as a function of Pt coverage and post-deposition thermal 

treatment. The combination of atomic-force microscopy, scanning electron microscopy, X-ray 

fluorescence, X-ray reflectivity, and grazing-incidence small-angle X-ray scattering reveals 

significant changes in the nanoscale surface morphology and crystallinity for the differently 

prepared films. 
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3.2.2 Experimental Results and Discussions 

 Similarly, atomic-flat surfaces need to achieve first before materials growth. 

Following previously established surface preparation procedures[67, 82, 83], 10 × 10 × 1 mm3 

SrTiO3 (001) substrates (MTI Corp.) were solution cleaned and then dried with nitrogen gas. To 

obtain atomically flat TiO2 terminated surfaces, the substrates were loaded into a tube furnace 

with flowing O2 (~100 sccm) at 760 Torr and annealed at 1050 °C for 5 hours. AFM described 

below showed that the surfaces had flat terraces with 4 Å steps, consistent with the SrTiO3 lattice 

constant. The SrTiO3(001) substrates were then transferred to a custom ALD reactor consisting 

of a hot-walled stainless steel tube and a computer controlled gas manifold for precursor 

dosing.[192] Before Pt growth the substrates in the ALD reactor were allowed to equilibrate and 

outgas for 10 min at 300 °C in a flowing nitrogen environment. To grow Pt by ALD, the 

substrates were alternatively exposed to MeCpPtMe3 (Strem Chemicals, 99.5% pure) and 400 

sccm of ultrahigh purity (99.995% pure) oxygen at 300 °C carried by 360 sccm of ultrahigh 

purity (99.995% pure) nitrogen at a steady state pressure of ~1 Torr.[83] A Pt ALD cycle is 

defined as a 10 s exposure to MeCpPtMe3, a 5 s N2 purge period, a 5 s exposure to O2, and a 

final 5 s N2 purge period. Our previous study of the as-deposited surfaces formed by 10 to 80 

ALD cycles of Pt on STO[83] showed that Pt nucleates as isolated islands, the islands grow 

laterally with repeated Pt ALD cycles, and the islands coalesce to form a nearly continuous film 

after 40 cycles.  After 40 cycles the constant growth rate was ~ 0.5 Å/cycle.  X-ray photoelectron 

spectroscopy (XPS) confirmed that the platinum chemical state was metallic for these as-

deposited films.[83]  

Then Pt/SrTiO3 samples were prepared using 10, 20, 30, 40, and 80 Pt ALD cycles. To 

study the Pt structural and morphological changes due to annealing, the ALD samples were 
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studied in their as-deposited (AD) condition and after annealing (AN) in ultra-high vacuum 

(UHV) at 800 °C for 10 minutes.  

A Thermomicroscopes CP Research AFM operated in intermittent contact mode was 

used to collect surface morphology information from all surfaces discussed in this study. The 

silicon AFM tips (μMasch) had a nominal 10 nm radius of curvature and resonant frequency of 

~70 kHz. The piezo tube motion was corrected by a polynomial subtraction to the images. The 

vertical piezo response was calibrated using standard SrTiO3(001) (d001 = 3.905 Å) and 

TiO2(110) (d110 = 3.25 Å) samples.  

SEM imaging was performed using a Hitachi S-4800 II cFEG SEM.  The samples were 

imaged in the SEM without the use of conductive coatings.   

 The Pt coverage was measured by X-ray fluorescence (XRF) using a Zr coated rotating 

anode and an energy-dispersive XRF detector at the Northwestern University (NU) X-ray 

Facility. The 15.75 keV Zr Kα X-rays excited Pt L fluorescence without inducing Sr 

K fluorescence, which would have saturated the XRF detector system. The Pt Lα XRF yield 

from each ALD deposited film was converted into a Pt coverage by using a side-by-side 

comparison to a Rutherford backscattering calibrated Pt standard. For the SrTiO3(001) surface, 1 

monolayer (ML) corresponds to = -2 = 6.558 atoms / nm2. 

X-ray reflectivity (XRR) and reciprocal-space map data were collected with Cu Kα1 (λ = 

1.5406 Å) radiation from rotating anode-based diffractometers in the NU X-ray Facility. A 

Rigaku ATX-G with a parabolic multilayer followed by a Ge(111) condenser-two-bounce 

monochromator was used for XRR and a Huber 4-circle with a graphite sagittal focusing 

monochromator was used for collecting the reciprocal space maps. The reflectivity data as a 

Nsurface
STO aSTO
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function of scattering angle 2θ was background subtracted, dead time corrected, and normalized 

to the straight-through beam intensity. The low-angle XRR data as a function of perpendicular 

momentum transfer Q = QZ= 4πsinθ/λ was fitted by the Motofit program, which uses a slab-

model approach with Parratt’s recursion formulation to perform dynamical scattering 

analysis.[193] 

GISAXS measurements were performed at the XOR 12ID-C at the Advanced Photon 

Source (APS) (Argonne National Laboratory) with a 2048 × 2048 pixel MAR165 CCD detector. 

The incident photon energy was 11.50 keV. The sample-to-detector distance was 2 m. Samples 

were mounted on a two-circle diffractometer that enabled rotations to set the incident angle, αi, 

and azimuthal rotation angle, φ, about the substrate surface normal. While samples were 

measured at various incident angles, GISAXS data presented in this report were collected with αi 

< αC; where αC = 0.15° is the critical angle of the SrTiO3 substrate. This corresponds to QC = 

0.032 Å-1. A silver behenate standard was used for angle calibration, and images were corrected 

for detector dark current via data subtraction. 

 Figure 4.12 and Table 4.5 present the AFM analysis illustrating the evolution of the 

Pt/SrTiO3(001) surface morphological changes before and after the 800 °C UHV anneal. Each 

starting blank SrTiO3(001) surface (not shown) was atomically flat with an RMS roughness of 

0.1 nm. The XRF determined Pt coverage for each sample is listed in Table 4.5. We showed 

previously that the ALD Pt forms a uniform coating of isolated nanoparticles on the SrTiO3(001) 

surface in the early stages of growth.[83] Consistent with this observation, terraces were still 

clearly seen after ALD via AFM, indicating a conformal film-like structure on the surface. The 

RMS roughness of the AD samples increased only slightly with the number of ALD cycles. 

However, after annealing, the AFM images show distinctive morphological changes for higher 
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coverages. Figure 4.12(a) shows a 0.2 nm RMS roughness for the 0.7 ML AN sample, indicating 

that annealing has little effect at low Pt coverages. As more Pt is deposited, annealing has a 

stronger effect. As shown in Fig. 4.12(b-e), the 0.4 nm atomic steps that were preserved on the 

AD surfaces disappear in the images of the annealed surfaces as the Pt starts to coalesce. The Pt 

coalescence and average cluster size increase with Pt coverage resulting in an increased 

roughness. 

 
 
 
Table 3.5 XRF determined Pt coverage (ΘXRF) and AFM measured RMS roughness for the set of 

ALD Pt / SrTiO3(001) surfaces. AD = as-deposited surface. AN = annealed surface. Prior to 

ALD the AFM surface RMS roughness was 0.1 nm. 

ALD 

cycles 

(ΘXRF)  

 (ML) 

AD 

RMS (nm) 

AN 

RMS (nm) 

10 0.7 0.21 0.16 

20 11.2 0.22 0.47 

30 25.1 0.31 0.97 

40 35.6 0.45 1.65 

80 39.8 0.91 7.57 
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Figure 3.12 Pairs of 1 × 1 µm2 AFM images for ALD Pt on SrTiO3(001). The left-hand column 

shows the images for the as-deposited (AD) surfaces. The right-hand column shows the same 

surfaces after annealing (AN) to 800 °C in UHV.  The number of ALD cycles for each pair of 

images is: (a) 10, (b) 20, (c) 30, (d) 40, and (e) 80. The 0.4 nm atomic steps of the underlying 

SrTiO3 (001) substrate are clearly seen for all AD surfaces and for the 10-cycle AN surface. 

 
Figure 4.13 shows the SEM images of the annealed samples with 20, 40 and 80 ALD 

cycles. Compared to our earlier reported SEM images of similarly prepared as-deposited 

samples[83], the Pt nanoclusters become significantly larger after annealing. The SEM 

observation that the 80 cycle sample shows the most dramatic size increase effect confirms the 

AFM observations of Fig. 4.12 that annealing has a much stronger effect for surfaces with a 

higher Pt coverage. Furthermore, as seen in Fig. 4.13(c), the Pt nanoclusters of the AN 80-cycle 

sample show faceted edges.  

To better understand the film and interfacial properties, XRR analysis was carried out as 

shown in Fig. 4.14 on the AD films. The results are summarized in Table 4.6. The thickness 

fringes in the XRR data confirm the conformal film-like structure of the AD samples. However, 

the XRR determined effective electron density (ρfilm) for each film is less than that of bulk Pt 

(ρbulk = 5.164 Å-3). Table 4.6 shows that the 20-cycle sample has only 60% of the bulk Pt 

electron density, while the other cases have roughly 80%. The XRR fit uses a slab-model that 

assumes a homogenous density for the Pt layer. The laterally averaged value being less than bulk 

Pt density, is consistent with Pt forming a discontinuous film. The real Pt distribution could be 

more complicated, such as Pt islands on a fully covered Pt layer. Table 4.6 also shows that the Pt 
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coverages determined from XRR (ΘXRR) are consistent with those determined from XRF (ΘXRF) 

in Table 4.5. 

 

Figure 3.13	
  High-resolution SEM images for ALD Pt/SrTiO3(001) after annealing: (a) 20 cycle, 

(b) 40 cycle, and (c) 80 cycle. Aggregation is greatly enhanced for the 80-cycle sample, in which 

faceting can be seen.	
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Figure 3.14 (a) X-ray reflectivity data and analyses for as-deposited (AD) ALD Pt/SrTiO3(001) 

thin film samples. (b) The electron density profiles that were determined by the best fit of a 

model to each set of XRR data. Curves are offset vertically for purposes of clarity. The number 

next to each curve represents the number of ALD cycles. See Table 4.6 for the values of the fit 

determined parameters.	
  

 

Typically for metals grown on oxides, there are three different growth modes, namely, 1) 

layer-by-layer or Frank-van der Merwe (FW) growth, 2) three-dimensional islands or Volmer-

Weber (V-W) growth, and 3) intermediate case of three-dimensional islands on layered films or 

Stranski-Krastanov (S-K) growth.[2, 194] Our XRR analysis of the AD ALD Pt films is 

consistent with the S-K and/or V-W growth mode with 2D discontinuous films instead of 3D 

islands. This is also confirmed from images taken by AFM (Fig. 4.13) and SEM in previous 

studies[83]. At low temperature (300 °C in ALD) a “2D-island” mode[195] can dominate and 

consequently 2D films can be observed. 



	
  
132 

 

Table 3.6 Summary of XRR data analyses shown in Fig. 4.15 for the as-deposited ALD Pt / 

SrTiO3(001) interfaces: Pt film thickness (t), film electron density relative to bulk Pt (ρfilm/ρbulk), 

and XRR determined Pt coverage!XRR =
! film

!bulk
Pt Nbulk

Pt t film
Nsurface

STO  , where 

and . 

ALD 

cycles 

t  

(nm) 

ρfilm/ρbulk ΘXRR 

 (ML) 

20 2.3 ± 0.2 0.56 ± 0.19 13 ± 5 

30 3.2 ± 0.1 0.79 ± 0.11 25 ± 4 

40 4.3 ± 0.1 0.85 ± 0.04 37 ± 2 

80 5.4 ± 0.2 0.79 ± 0.09 43 ± 5 

 

 

 

For all these AD samples, no Pt Bragg peaks were observed at higher Q, indicating these 

AD films have crystal domains with sizes below the ~ 10 nm detectable limit for our rotating-

anode X-ray source with single crystal substrates. [See Fig. 4.15(b)] Note that for 1 to 5 ALD Pt 

cycles on single crystal STO nanocubes with {001} faces that the AD Pt formed fcc 

nanocrystals[191] with cube-on-cube epitaxy[196]. For these powder samples, with a much 

larger effective surface area, synchrotron-based XRD measurements observed high-Q diffraction 

peaks with widths corresponding to domain sizes between 1 and 3 nm.   

bulk

PtN = Pt
!34a = 66.20!nm!3

Nsurface
STO = STO

!2a = 6.558!nm!2
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Figure 3.15 For 80-cycles ALD Pt/SrTiO3(001) sample: (a) Low-Q and (b) high-Q XRR data for 

AD (black circles) and AN (blue square) conditions. Reciprocal space maps and contour plots 

using SrTiO3 (STO) reciprocal lattice units (r.l.u.) in the vicinity of (c) (111) and (d) (002). Note 

that in (a) the critical angle for bulk-like SrTiO3 and Pt correspond to QC = 0.032 and 0.084 Å-1, 

respectively.  
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After UHV annealing, the low-Q reflectivity for each of these samples shows a 

significant change that becomes more dramatic as the Pt coverage increases. Figure 4.15(a) 

shows the reflectivity change for the 80-cycle sample before and after annealing. At lower Q, no 

thickness fringes were observed, indicating that the conformal film feature was lost. However at 

higher Q = QZ, as shown in Fig. 4.15(b), a Pt (002) peak appears. This indicates that the 

annealing-induced clusters seen in Fig. 4.12(e) by AFM and in Fig. 4.13(c) by SEM are Pt 

ordered nanocrystals with preferred (001) orientation along the surface normal direction. 

Annealing further breaks up the already discontinuous microstructural film causing it to 

aggregate (coarsen) into larger more separated clusters, as seen in Fig. 4.12 and Fig. 4.13. Figure 

4.15(c) and (d) are reciprocal space maps surrounding the SrTiO3 (111) and (002), respectively. 

This shows strain-relaxed Pt with [111]Pt || [111]STO and [001]Pt || [001]STO, indicating that Pt 

nanocrystals have a cube-on-cube epitaxial structure on SrTiO3(001) after annealing. Analysis of 

the Pt (002) and (111) Bragg peaks both show a bulk-like lattice of a = 3.92 Å with peak widths 

(corrected for the 0.007 Å-1 instrument resolution) of ΔQz = 0.043 Å-1 and ΔQxy = 0.036 Å-1 

corresponding to Pt nanocrystal domain sizes of 14 nm in the vertical and 16 nm in the 

horizontal directions, respectively. Note that this Pt (002) Bragg peak was below the detection 

limit for similar radial scans of the other annealed ALD samples. As seen in the AFM and SEM 

images, Pt nanocluster sizes change dramatically from low coverages to higher coverages. The 

typically larger nanocluster seen by AFM and SEM contain smaller ordered crystal domains as 

measured by high-Q XRR. As the Pt coverage increases, the sizes of both nanoclusters and the 

ordered crystal domains increase after annealing. 

 To further understand the morphological changes, GISAXS measurements were carried 

out for the 10, 20, 30, and 40 ALD-cycle samples in the AD and AN states. As a representative 



	
  
135 

example, Fig. 4.16 shows the GISAXS data for the 10-cycle sample before Pt deposition, after 

deposition, and after annealing.  Fig. 4.16(a) shows the expected scattering from an atomically 

flat surface where the majority of the intensity remains in the specular direction and is blocked 

by the beamstop. In contrast, Figs. 4.16(b) and (c) show the characteristic scattering of closely-

spaced polydispersed particles that are monolayered; with a broad peak along the in-plane (Qxy) 

direction and with a monotonically decaying intensity along the vertical (Qz) direction. 

Comparing Figs. 4.16(b) and (c), the scattered intensity condenses around the origin. This 

indicates very small, closely-spaced particles coalescing into larger particles that are spaced 

farther apart. Using the analysis in our previous work,[83] the horizontal and vertical line cuts of 

intensity were extracted from the CCD images and fit using the distorted wave Born 

approximation[197, 198] (DWBA) framework for a cylinder form factor and the local 

monodisperse approximation[197, 199] (LMA) with 1D paracrystal model[197] for an 

interference function representing the interparticle spacing distribution. Figure 4.17 shows the 

vertical line cut of the data and fits, and Table 4.7 lists the analysis results for each sample. For 

the 10-cycle sample, there is no significant size or shape change before and after annealing. This 

is consistent with AFM analysis, and the GISAXS result suggests the formation of Pt 

nanoparticles. For samples with 20 - 40 ALD cycles after annealing, the in-plane nanocrystal 

size, R, changes dramatically, while the out-of-the-plane height, H, changes slightly. The in-

plane nanocrystal size is consistent with that measured by SEM. This indicates that annealing 

mainly affects the lateral structure of the Pt. However, for the 80-cycle sample, XRR analysis 

shows that the film thickness is 5.4 nm before annealing as compared to a post-annealing 14 nm 

vertical domain size, which can be considered as the lower limit of the cluster height. This 
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indicates that Pt aggregates much more strongly in the vertical direction under thermal treatment 

for the higher coverage sample. 

	
  

Figure 3.16 GISAXS data for (a) blank atomically-flat SrTiO3 (001) surface, (b) 10 ALD cycles 

Pt as-deposited and (c) 10 ALD cycles Pt after 800 °C UHV annealing. 
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Figure 3.17 GISAXS horizontal line cut data and fits for blank (BL) SrTiO3, Pt 10 cycles ALD 

as deposited (AD), and after annealing (AN). The individual curves are vertically offset for 

clarity. The line cuts are taken at QZ = 0.04 Å-1. The values of the fit determined parameters are 

listed in Table 4.7. 
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Table 3.7 GISAXS fitting and analysis results for as-deposited (AD) and annealed (AN) ALD 

Pt/SrTiO3(001) samples. In this case, the particle model is taken to be a cylinder of radius, R, and 

height, H, with a center-to-center interparticle spacing, D. The parameter, σ, gives the 

distribution width of the respective parameter. 

ALD 

cycles 

R 

(nm) 

σR 

(nm) 

H 

(nm) 

σH 

(nm) 

D 

(nm) 

σD 

(nm) 

AD  

10 1.1 0.1 1.2 0.3 2.2 0.8 

20 2.1 0.5 2.3 0.6 6.3 1.3 

30 3.1 0.7 3.0 0.8 9.0 2.1 

40 3.5 0.9 3.8 1.0 9.0 2.5 

AN  

10 1.2 0.1 1.0 0.1 2.6 0.7 

20 3.4 0.9 3.3 0.4 9.9 0.3 

30 6.9 2.6 4.1 0.6 21.4 0.7 

40 9.0 3.0 4.3 0.7 37.8 0.7 
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The GISAXS observed annealing effects are most dramatic in the higher coverage 80 

ALD cycle case shown in Fig. 4.18; where evidence of long-range orientational ordering and 

faceting of the Pt nanocrystals can be seen. These images are part of a set of GISAXS patterns 

collected at 2° intervals in azimuthal angle φ over a range of 180°. Figure 4.18(a) was taken with 

the incident beam approximately along SrTiO3 [100] direction; whereas Fig. 4.18(b) was along 

the [110].  This rotation shows a change in the intensity pattern consistent with scattering from 

nanoparticle crystallographic facets.[197] In this case, a scattering lobe is directed at an angle of 

~55º from the specular direction and is four-fold symmetric about the surface normal rotation 

axis. This would indicate {111} facets for Pt nanoparticles with cube-on-cube epitaxy. 

Furthermore, the Pt nanoparticles in this case possess a high degree of long-range orientational 

ordering as GISAXS measures the ensemble average of nanoparticle orientation. Similar in-plane 

investigations for the cases of ALD cycles less than 80 yielded no such evidence of faceting 

and/or long-range orientational ordering. The four-fold symmetric GISAXS intensity about the 

surface normal indicates a pyramidal or truncated pyramidal nanocrystal morphology with {111} 

facets.[197] The SEM image in Fig. 4.13(c) shows a morphology in which the nanocrystals 

appear to be faceted and exhibit an in-plane directional edge pattern that is not simply 4-fold 

symmetric. This seeming discrepancy between GISAXS and SEM could be due to the fact that 

many of the nanoparticles as observed by SEM are elongated and stretch at regular angles across 

the surface; while GISAXS senses the ensemble averaged structure. However, for lower Pt 

coverage, i.e. ALD cycle less than 40, no faceting of the Pt nanocrystals was observed. These 

results indicate that the UHV annealing has stronger effects on high coverage Pt and therefore a 

structural correlation between the platinum and strontium titanate can be observed.  
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Figure 3.18 GISAXS data showing faceting and long-range orientational ordering of the Pt 

nanocrystals for the annealed 80 ALD cycle case. The data is given as a function of scattering 

angles αF and 2θF for simplicity.  Pattern (a) was collected with the incident beam approximately 

along the SrTiO3 [100] direction; while (b) was taken along the [110] direction. The intensity 

lobe in (b) is indicative of scattering off the {111} facet for a Pt nanocrystal with cube-on-cube 

epitaxy. 

 

These various annealing effects of Pt with different coverages can be attributed to surface 

diffusion, interfacial energy, and surface energy anisotropy of noble metals (including platinum, 

gold and palladium) on oxide surfaces. The typical thermodynamic preference of metal/ceramic 

systems is to leave exposed substrate surface and form 3D island-like morphologies.13 However, 

at low temperatures island growth cannot be reached. Therefore a “quasi-2D” or “2D-island” 

growth mode[195] dominates and flat metal films can be gown[200, 201]. This would be 
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consistent with the discontinuous films (2D-islands) we observed for the AD Pt films grown at 

300°C. When annealed at a higher temperature (800 °C), Pt adatoms gain sufficient kinetic 

energy to diffuse on the surface, causing the formation of nanoclusters. The strong temperature 

dependent effect of Pt surface diffusion coefficient in cm2/s is described by an empirical 

relationship given by Gjostein,[202] 

,   (4.4) 

where T and Tm are the substrate temperature and Pt melting point in °K, and Rc =1.99 cal mol-1 

K-1 is the gas constant,. This surface diffusion coefficient at 800 °C is 5.8x10-8 cm2/s, much 

greater than that at 300 °C, 1.2x10-12 cm2/s. For sub-monolayer coverages, Pt on SrTiO3(001) 

surfaces exists as widely separated nanoparticles, which under thermal treatment may come 

together without sintering to form nanoclusters.[83] It is also possible that under UHV annealing 

these widely distributed Pt nanoparticles are encapsulated by the substrate titanium oxide 

layers,[88] prohibiting Pt mobility at high temperature. Therefore in this sub-monolayer case 

after annealing, no significant surface structural changes were observed by GISAXS, which is 

most sensitive to small nanoparticles. However, as the Pt coverages increase, high surface 

diffusion and limited surface area cause Pt to come together. In another view, encapsulation of Pt 

nanoparticles by the substrate cannot compete with Pt coalescence, also resulting in the 

formation of nanoclusters.  

In addition to surface diffusion, the interfacial energy and the surface energy anisotropy, 

or the difference between the surface energies of competing metal film orientations, also play 

important roles in determining the surface morphology and Pt nanocluster orientations. Generally 

speaking, epitaxial orientation minimizes the surface and interface energy.[96] Growth of (001)-
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orientated fcc metals on oxides is challenging because close-packed {111} planes have the 

lowest relative surface energy, γ.[203, 204] From powder diffraction studies of 20 to 110 nm 

thick platinum films grown via ALD on amorphous substrates,  {111} texture was strongly 

preferred.[137] To achieve (001)-orientated films, this energetic preference must be overcome by 

a favorable interfacial relationship between the ceramic and the metal (001) orientation. 

Furthermore, since Pt has low oxygen affinities, for growth temperature T < 600 °C, various 

crystal orientations can be expected.[94] When these samples were annealed at 800 °C, the AD 

ALD Pt with discontinuous film structures started to coalesce, forming 3D islands, as observed 

in AFM and SEM. This aggregation can be understood as an Ostwald ripening process, which is 

also observed for other noble metals grown on oxides, such as Ag/TiO2(110)[205], 

Au/TiO2(110)[206] and Au/FeO(111)[207]. In our case, discrete Pt nanoparticles formed at sub-

monolayer are not measurably affected by annealing, showing some thermodynamic 

stabilization. However, when the sample coverages is in excess of several ML, formation of 

large nanoclusters is the dominant trend, although some very small nanoclusters are still visible, 

as seen by SEM. This bimodal size distribution[205, 206] of Pt nanoclusters is the evidence for 

Ostwald ripening, which is observed as some clusters increase in size while other clusters shrink. 

The formation of (001)-orientated epitaxial nanocrystals at a higher Pt coverage can be 

explained by the temperature dependence of Pt surface anisotropy, γ(001)/γ(111). At high 

temperature (800 °C in our case), the Pt surface energy anisotropy is lowered and the energetic 

preference to {111} planes thus becomes lower, while the film/substrate interfacial energy is 

unaffected.[93] This will promote the epitaxial (001) orientation of Pt on SrTiO3(001). On the 

other hand, fast surface diffusion at high temperature means that atoms can most easily locate 

their preferred crystalline orientation.[94] In our ALD Pt samples, only the higher coverage 
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sample, 80 ALD cycles, achieved detectable epitaxy. This is because the initial Pt grain size and 

the initial degree of surface coverage are also primary factors in determining the epitaxial 

growth, as shown elsewhere[208]. Monte Carlo simulations show that high initial Pt coverages 

result in the growth of the epitaxial grain sizes and can eventually evolve to an epitaxial thin 

film, while low initial Pt coverage can only result in a final polycrystalline microstructure.[208] 

This is consistent with our observation. For coverages lower than 40 ML, some Pt epitaxial 

grains may form, but not sufficiently enough to form larger ordered nanocrystal domains above 

our ~10 nm detectable limit. When the Pt coverage is sufficiently high, as with the 80 ALD cycle 

case, Pt aggregates more in the vertical direction during the annealing process, and eventually 

results in the formation of strain-relaxed Pt nanocrystals with cube-on-cube epitaxial structure. 

The formation of the faceted Pt nanocrystals is complicated. As shown in the Pt/Al2O3(0001) 

case[95], faceting was observed at some critical thickness by AFM. Several factors can affect 

this formation, such as surface and edge diffusion[209], elastic interaction[210] and substrate 

interaction[211]. Due to various defect sites and different substrate terminating atoms, the 

surface energy can vary by up to 30%.[212] For a particular initial film thickness, Pt surface can 

exhibit various diffusivity, leading to a wide range of geometric shapes.[95] In our case, the 

coupling and competition of above factors result in Pt {111} faceting.  
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3.2.3 Summary 

In this part, we studied the thermally-induced nanoscale nucleation and structural changes 

of Pt on SrTiO3(001) synthesized by ALD with 20 to 80 growth cycles. Combined AFM, SEM, 

XRF, XRR, reciprocal-space map, and GISAXS measurements show that Pt exhibits different 

structural and surface morphological changes after annealing that depend on the initial as-

deposited Pt coverage in the range of 1 to 40 ML. This is attributed to the surface diffusion, 

interfacial energy, and surface energy anisotropy of noble metals on oxide surfaces. Annealing 

has no significant effect on widely separated Pt nanoparticle formed at sub-monolayer coverages, 

while it causes aggregation for Pt films formed at coverages exceeding several monolayers. This 

effect becomes stronger for thicker Pt (i.e. more than 40 ALD cycles) that changes from a film 

with no observable texture to {111} faceted nanocrystals with cube-on-cube epitaxy. This 

thermal-induced aggregation and crystallization with respect to the substrate lattice should 

motivate future studies for the nucleation of noble metals grown by atomic-layer deposition.  
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Chapter 4: ALD Grown WOX / α-Fe2O3 (0001) 
	
  

4.1 Introduction 

 

Metal oxide monolayers or clusters anchored to an oxide support are important catalysts 

for industrial processes.[1] Typically a catalyst as a monolayer (ML) exhibits greater activity 

than as a thicker film.[5] More importantly, predictability for the interface structure of the 

supported oxide would have an enormous impact upon our understanding of numerous chemical 

processes, since the structure of the catalyst will affect chemical reactions, as for example in the 

proposed case of NO decomposition.[124]  

For various chemical reactions, reduction-oxidization (redox) is a basic one. During the 

redox reactions, the catalysts (e.g. Pt, V, W) go through the chemical states changes cycle to 

assist the reaction. 300 °C ~ 500 °C is a typical temperature range for redox reaction with 

catalysts participation. While redox induced chemical shifts in XPS for catalytically active 

cations are well known[213], there are (to our knowledge) no predictions or measurements that 

clearly show redox induced cation migration from one surface symmetry site to another. 

Therefore, in this part, we choose WOX / α-Fe2O3(0001) as a model system to study how W 

cations change, structurally and chemically, in the redox reaction. In this case, α-Fe2O3(0001) is 

a reducible oxide support, which can further help W in the reaction. 
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4.2 Experimental Results and Discussions 

 

Hematite (α-Fe2O3) mineral single crystals were oriented, cut and polished parallel to the 

(0001) by Commercial Crystal Laboratories (Naples, FL). Hematite adopts the corundum crystal 

structure (space group R-3c) with a = 5.038 Å and c = 13.772 Å.[214]  

The c-face hematite substrate was annealed in a tube oven with flowing O2 (~100 sccm) 

at 400 °C for 0.5 h, followed by 5h at 750 °C. Prior to ALD, the substrate was immersed in 

ultrapure water (resistivity > 1018 Ω cm-1) for 1 h at 90 °C to hydroxylate the surface. Next, the 

substrate was rinsed in 10% HCL, followed by an ultrapure water rinse, and then blown-dry with 

nitrogen. The substrate was then loaded into an ALD reactor[192], where it was heated to 200 °C 

under ultrahigh-purity nitrogen flow at 360 sccm at a pressure of 1 Torr for 1 h, and then cleaned 

using flowing ozone. The sub-monolayer tungsten oxide layer was grown at 200 °C by 

sequentially exposing the substrate to Si2H6 and WF6 at 10 Torr for 10 minutes each. 

Silicon AFM tips with a nominal 10 nm radius of curvature and cantilever resonant 

frequency of 70 kHz were used with the JEOL-JSPM-5200 scanning probe microscope at the 

NIFTI facility of NUANCE Center at Northwestern University. The AFM image in Figure 5.1(a) 

of the annealed α-Fe2O3 (0001) substrate surface shows large atomically flat terraces separated 

by atomic steps. This is the starting point for WOX ALD. Figure 5.1(b) shows the surface 

morphology after the ALD and redox reaction. Clear terraces indicate that no significant changes 

have occurred to the hematite surface morphology, i.e., the ALD process is conformal.  
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Figure 4.1 AFM images of the α-Fe2O3 (0001) substrate surface: (a) substrate after the two step 

annealing process shows the clean atomically flat terraces with 0.2 nm tall steps. (b) after ALD 

deposition and redox reaction, terraces are still clearly observed, indicating that the ALD process 

is conformal to the surface. 

 

Figure 5.2 shows the X-ray photoelectron spectra (XPS) taken from the sample at the as-

deposited (AD), oxidized (Ox) and reduced (Re) states. The Ox and Re surfaces were prepared 

by annealing at 350 °C in pure O2 and 2% H2 in Helium, respectively. These spectra were 

collected at the Keck II facility of NUANCE with an Omicron ESCA probe using Al Kα as the 

monochromatic X-ray source. A low-energy electron flood gun was used to compensate for XPS 

induced surface charging effects. Carbon 1s (284.8 eV) was used as reference to calibrate the XP 

spectra. Fig. 5.2(a) shows the W 4f7/2 and 4f5/2 doublet peaks. The identical spin-orbital 

separation (2.1 eV) was used to fit doublet peaks.[21] The dots are experimental data; the blue 

lines are W5+ (binding energy (BE): 34.5 eV and 36.6 eV) doublet peaks; the red lines are W6+ 

a	
   b	
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(BE: 35.5 eV and 37.6 eV) doublet peaks; and the dashed black lines are total fit results. Fig. 

5.2(b) shows the Fe 2p peaks and Fig. 5.2(c) shows survey scan across the F 1s region. XPS 

measurements of Fe 2p peaks show no change for AD, Ox and Re states, indicating that the Fe at 

the hematite surface are not changing their chemical state during the redox reaction. The survey 

scans across the F 1s region show that fluorine existed only in the AD state. (Fluorine originated 

from the WF6 molecules used in the ALD process.) The 350 °C oxidation step completely 

removed the fluorine. Based on our XPS data we calculate[162] that there are on average 1.6 

fluorine atoms for each tungsten atom; indicating that a varying number of fluorine are bonded to 

tungsten cations in AD state. 

 After the ALD growth, the sample was removed from the ALD reactor and placed inside 

a beryllium dome reaction chamber, which was mounted on a diffractometer for in situ XSW 

measurements. For the X-ray standing wave (XSW) measurements, an incident photon energy of 

13.00 keV was selected with a Si (111) monochromator and collimated further with either Si 

(111) or (220) postmonochromator channel-cut crystals. The XSW data was collected at DuPont-

Northwestern-Dow Collaborative Access Team (DND-CAT) 5ID-C of the Advanced Photon 

Source (APS).[167] The experimental setup can be found in Fig. 3.11. The X-ray beam size is 

selected by the entrance slits before hitting the sample. To do in situ measurements, a beryllium 

dome reaction chamber was mounted on a diffractometer, as shown in Figure 3.12. A Vortex 

silicon drift diode (SDD) detector was used to collect the X-ray fluorescence. A tungsten 

coverage of 0.31 ML was determined from a side-by-side comparison to a Rutherford 

backscattering spectroscopy (RBS) calibrated standard. One monolayer is defined as the area 

density of Fe ions in the hematite (0001) surface, or 9.1 atoms / nm2.  
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Figure 4.2 X-ray photoelectron spectra of the 1/3 ML WOX / α-Fe2O3 (0001) interfacial 

structure at the AD, Ox and Re states with an electron takeoff angle of 45° (AD) and 10° (Ox 

and Re) from the sample surface: (a) W 4f doublet peaks. The black dashed-line is the best fit to 

the data based on weighted contributions from the W6+ (red line) and W5+ (blue line). AD is 70% 

W6+ and 30% W5+, Ox is 100% W6+, and Re is 10% W6+ and 90% W5+. (b) Fe 2p peaks and (c) 

survey scan across F 1s region. The XP spectra are displaced vertically in the order of 

processing. 

a	
   b	
  

c	
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For in situ XSW measurements, the cell was purged with ultrahigh-purity oxygen flow 

(~100 sccm) at room temperature for 10 min prior to oxidization. Then continuously with 

oxygen flow, the temperature was increased to 180 °C for 20 minute to dehydrate the sample; 

followed by oxidization at 350 °C for 30 minutes. A series of reduction reactions were then 

performed with a flow (~100 sccm) of 2% hydrogen balanced by 98% helium: at 240 °C for 5 

min, 300 °C for 10 min, 350 °C for 15 min and then 30 min. To check the reversibility of the 

redox reaction, a second oxidization, 30 min at 350 °C with ~100 sccm oxygen flow, was done 

after the reduction. Before any treatment and after each reaction, XSW measurements were 

carried out at room temperature in the beryllium-dome at a vacuum level held by a diaphragm 

roughing pump.  
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Figure 4.3 XSW results for the (0006) normal reflection, (1014) off-normal reflection and (0112) 

off-normal reflection of hematite for the as-deposited (AD), oxidized (Ox) and reduced (Re) 

ALD tungsten oxides. In the lower section of each frame is shown the measured and dynamical 

diffraction theory fitted reflectivity cures for each reflection. The upper section of each frame 

shows the W Lβ XRF data and theory (Eq. 4.1) fitted yields for each state. The XRF yields are 

given vertical offsets for clarity. 
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Table 4.1 Summary of the in situ XSW experimental analysis after the AD, Ox, Re, and Ox2 

surface treatments of the 1/3 ML W / α-Fe2O3 (0001) interface. Model independent parameters, 

fH and PH, are the measured H = hkil Fourier amplitudes and phases for the W distribution. These 

can be compared to the calculated fH
C and PH

C values determined from the best-fit of the model 

that is described by Eq. 2 with best-fit parameters listed in Table 5.2. 

 (0006) (1014) (0112) 

fH fH
C PH PH

C fH fH
C PH PH

C fH fH
C PH PH

C 

AD 0.50(1) --- -0.01(1) --- 0.06(1) --- --- ---     

Ox 0.53(2) 0.62 0.08(1) 0.18 0.58(1) 0.65 0.45(1) 0.45 0.28(3) 0.67 -0.28(1) -0.28 

Re 0.46(2) 0.44 0.11(1) 0.02 0.61(1) 0.60 0.38(1) 0.49 0.13(2) 0.17 0.33(2) 0.55 

Ox2 0.47(1) 0.59 0.11(1) 0.16 0.63(3) 0.62 0.44(1) 0.44 0.55(2) 0.65 -0.22(1) -0.28 

 

Figure 5.3 shows the XSW data for the sample at each redox processing step. Each 

angular scan is through a selected hematite H = (hkil) Bragg reflection. The XSW W L 

fluorescence data and analysis for the AD, Ox and Re surfaces show striking differences. The 

XSW induced modulation of the background-subtracted and deadtime-corrected W Lβ1 

fluorescence yield from each scan is used to determine the coherent fraction (fH) and coherent 

position (PH). This determination is based on fitting the normalized yield data to the model 

independent expression for the yield,[152, 153] based on Eq. 4.1. The measured fH and PH 

values, as listed in Table 5.1, show that the W atomic distribution for the AD surface is vertically 

correlated to the substrate lattice, but laterally uncorrelated; while the Ox and Re surfaces are 3-

dimensionally correlated. The Ox and Re W Fourier components are similar in the (0006) normal 

direction, but significantly different in the two off-normal directions. This indicates lateral 
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differences in the W distribution. Furthermore, Ox2 gives almost the same fH and PH as Ox, 

indicating reversibility of this redox reaction. 

The XSW measured values for fH and PH, which are also the Fourier amplitudes and 

phases for the W distribution, are then used in Eq. (1) to generate the 3D direct-space image of 

the W distribution with respect to the hematite unit cell. 2D cuts through the W maps are shown 

in Fig. 5.4. For the α-Fe2O3 (0001) surface, there are two symmetry inequivalent Fe sites, A and 

B, above the topmost oxygen layer. These are symmetrically equivalent to the two Fe occupied 

octahedral sites in the bulk. The A site is located closer to its underlying oxygen trimer than the 

B site. The 3D W maps show that for the Ox surface, W6+ cations take only B sites, while in the 

reduced state, tungsten cations take both A and B sites. 

 

	
  

Figure 4.4 (1120) 2D cuts through the XSW measured 3D tungsten atomic density maps for the 

AD, Ox and Re WOX / α-Fe2O3 (0001) interface and projections of the α-Fe2O3 ball-and-stick 

model. The small white balls represent Fe cations and the larger brown balls are O-anions. The 

map for the Ox surface is recovered after a second oxidization. 
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To obtain the local structure surrounding the tungsten cations on hematite, ex situ X-ray 

absorption fine structure (XAFS) measurements were carried out on the oxidized (Ox) sample 

and a set of W standards. After oxygen oxidation at 350 °C, the Ox WOX / α-Fe2O3 (0001) 

sample was placed on the sample stage of DND 5BM-D station at the APS. A 13-element solid 

state detector was used to collect the W L fluorescence signal while the Si(111) monochromator 

scanned the incident X-ray photon energy through the W L2 absorption edge. WO3 and WO2 

powder samples were used as reference materials for comparison, and tungsten metal standard 

foil was used for energy calibration of the monochromator. Powder samples were spread 

uniformly onto Scotch tape, which was then folded a few times, yielding edge steps slightly less 

than unit. The bulk spectra were recorded in transmission mode. 

Figure 5.5(a) compares the normalized W L2 edge X-ray absorption near edge spectra 

(XANES) of the Ox sample, bulk WO2 and WO3. It clearly shows that the L2 edge structure of 

the Ox sample is dominated by a strong white line peak that closely matches that of WO3. The 

splitting of the white lines due to tg and eg states is a signature of W6+.[215] The differences in 

the peak widths and the small feature (arrow) are likely due to bulk effects (or lack of) and the 

detailed differences in the local structural configurations. The first derivatives of the XANES 

(Fig. 5.5(b)) indicate that the edge energies for the Ox sample and WO3 powder are practically 

aligned, and 1.5 eV higher than that of WO2 powder, further supporting the W6+ assignment. 
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Figure 4.5 X-ray absorption near edge spectra from the Ox sample, and powder samples of 

polycrystalline WO2 and WO3. (a) Normalized µ(E) versus incident photon energy and (b) the 

first derivative of the normalized µ(E) versus energy. 

 

	
  

Figure 4.6 (a) Extended X-ray absorption fine structure (EXAFS) spectra of the Ox sample, 

powder samples of polycrystalline WO2 and WO3, and (b) the Fourier transform of the EXAFS 

spectra over the k range indicated at the bottom of (a). 
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Figure 5.6(a) compares the EXAFS spectra of the Ox sample, and powder samples of 

WO2 and WO3. The Ox sample spectrum has a larger statistical scatter in its signals due to its 

inherently lower concentration. However, the Ox sample compares very favorably to the bulk 

WO3, suggesting a similar local structure around W6+ in the Ox sample. The Fig. 5.6(b) Fourier 

transforms of the EXAFS spectra in the k range indicated by the dark line in Fig. 5.6(a) also 

shows the similarity between the sample and WO3. Therefore, it is very likely that W6+ ions are 

coordinated by 6 oxygen ions, in an arrangement somewhat different than that of a WO3 crystal. 

 

	
  

Figure 4.7	
  Proposed models for the fully reduced (Re) and oxidized (Ox) WOX / α-Fe2O3(0001) 

interfaces that are consistent with the XSW measured W atomic maps and the 5+ and 6+ 

oxidation states found by XPS. 

 

With the confinement from XAFS, Fig. 5.7 shows our proposed models for explaining 

the above observations. These models are partially based on our earlier study of VOX / α-Fe2O3 

(0001).[8] For the Ox surface, our model shows W in the Fe B-site as measured by XSW and 

proposes a local structure similar to the WO3 tetragonal crystal structure, which is composed of 

six W-O bonds with some distortion. This local structure is based on our XAFS measurements of 

the Ox sample in comparison to a standard WO3 powder sample. (Figs. 5.6 and 5.7) The reduced 
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state is more complex since the XSW map shows W5+ cations in both A and B sites. Fig. 5.7 

illustrates a few possible structures: isolated WO4 in either A or B sites, with one W=O bond 

above the surface and three W-O-substrate bonds; or a dimer structure as proposed in Ref.[8], 

with W replacing V. 

To quantify the W occupation fractions (cX) and heights (zX) for sites A and B in the Ox, Re 

and Ox2 states, we use a least-squares global fit of a model to the set of measured Fourier 

components for the W atomic distribution:  

FH = fH exp 2!iPH( ) = cA exp
2!i 2h+ k +3lzA( )

3

!

"
#

$
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The parameters from the best fits, which are listed in the Table 5.2, quantitatively show the 

movement of W cations during redox reactions. In this table cA+ cB ~ 0.7, indicating that 70% of 

the total W are ordered in both redox states. The remaining W atoms are measured to be in an 

uncorrelated distribution relative to the substrate lattice. Since AFM and grazing incident small 

angle X-ray scattering (at APS 12ID-C) showed no evidence for nanocluster formation, the 

uncorrelated W cations are most likely associated with hematite surface defect sites and step-

edges. Table 5.2 also shows that in the Ox state, all ordered W cations are at B sites. However, 

the reduction causes half of those ordered W to migrate from B sites to A sites. Ox2 moves all W 

in A sites back to B sites. The W heights in either A or B sites are close to the original bulk-like 

Fe heights of 0.85 and 1.45 Å, respectively. 
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Table 4.2 Best fit parameters for W adsorption geometry model, where cX and zX are the W 

occupation fraction and heights for the X = A and B sites. z = 0 is at the bulk-like oxygen plane. 

As a comparison Fe in bulk-like α-Fe2O3 has zA = 0.85 Å and zB = 1.45 Å. 

Surface cA cB zA (Å) zB (Å) 

Ox 0.04(1) 0.64(1) -- 1.58(2) 

Re 0.31(1) 0.36(1) 0.88(3) 1.46(2) 

Ox2 0.05(7) 0.61(8) -- 1.54(7) 

 

 Based on information above, we can now propose explanations for the AD, Ox, and Re 

structures and the dynamics that occur in transition between these states. Assume that the bare 

hematite (0001) surface is Fe=O terminated with B-sites unoccupied and A-sites occupied by Fe 

in an O-Fe-O3-Fe••• configuration as predicted by DFT[43, 44] and observed by STM[216]. 

(This configuration can be seen in Fig. 5.7 on the far right-hand-side.) XPS (Fig. 5.2(c)) 

indicated that there were, on average, 1.6 fluorine atoms per W atom on the AD surface and that 

F completely desorbed in the redox process. This residual fluorine from the WF6 precursor can 

explain the lateral disorder. If W have varying numbers of fluorines in the AD state instead of all 

bonded with oxygen (as in Ox and Re states), the W lateral position of the W will shift away 

from the missing oxygen preventing lateral correlation. Oxidation removed all fluorines and 

moved W6+ cations to the unoccupied B-sites. Oxygen bonded tungstens are locked in B sites 

and the thermodynamics is evidently such that W6+ cations do not exchange with Fe cations in A 

sites. In the Re state, the top oxygen of the O-Fe-O3-Fe••• substrate surface could be removed 

by 2% H2 to form an Fe-O3-Fe••• surface. However, the transition from Fe-O3-Fe to O-Fe-O3-Fe 
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is very easy14. Thus in the Re state, the substrate surface is also O-Fe-O3-Fe•••. XPS indirectly 

demonstrates this by showing no change of Fe spectra between the Re and Ox state. Furthermore, 

W5+ is more or less like Fe in surface terminated Fe=O and our XSW measurements indicate that 

a fraction of the W5+ replace Fe in A sites, (and perhaps some Fe can migrate to B sites). This 

causes the migration of W from B sites to A sites. Thus W5+ cations equally occupy both A and 

B sites in the Re state. Re-oxidization returns W6+ to the previous structure in the Ox state. 
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4.3 Summary 

 

In summary, using the first XSW case study of ALD grown, 1/3 ML WOX on α-Fe2O3 

(0001), we demonstrate redox driven cation dynamics for a catalyst on an oxide support. In situ 

XSW atomic imaging shows that: 1) 70% of the W atoms are correlated to the hematite lattice, 2) 

the reduced surface has W cations equally occupying the A and B Fe sites, and 3) oxidation 

moves W cations in A-sites to B-sites, with redox reversibility. Ex situ XPS shows that the W 

cations are in 5+ and 6+ oxidation states for the respective reduced and oxidized surfaces. 

Reversibility was observed in this redox process, which demonstrates its relevance for catalytic 

applications.  
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Chapter 5: ALD Grown VOX / α-TiO2 (110) 
 

5.1 Introduction 

 

We have discussed the redox-driven cations dynamics for WOX / α-Fe2O3(0001), which 

shows quite interesting results. In this chapter, we will focus on vanadium, which is an even 

more popular catalyst. Our group has studied vanadium deposited on α-Fe2O3(0001) by MBE.[8] 

Vanadium is a active catalysts and α-Fe2O3(0001) is a reducible substrate, which can help 

supported metal or oxides during chemical reactions. TiO2 is not so reducible compared to α-

Fe2O3(0001). We are interested to see how vanadium perform if we combine active catalyst, V, 

with non-reducible substrate, α-TiO2(110). 

Vanadium oxide monolayers (ML) or clusters deposited on oxide surfaces are widely 

used in various chemical reactions[1, 7] that include applications such as gas sensors.[2] TiO2 is 

one of the most studied supports.[105, 217] In supported vanadia catalysts, a phenomenon 

known as monolayer catalysis has been reported.[5] Here a sub-ML metal-oxide film supported 

by an appropriate oxide displays greater catalytic activity when compared to the thicker 

multilayer film. This would indicate that the supporting oxide plays a significant role in ML 

catalysis. In many cases, the catalytic activity of vanadia has an oxidation state dependency and 

the existence of V in the +5 oxidation state is crucial for catalytic reactions.[3, 4] Of those 

chemical reactions, oxidization-reduction (redox) is a common yet very important reaction for 

supported vanadia catalysts. Redox-induced transformations for catalysts on oxides surfaces,[81, 

218, 219] including vanadium species at the TiO2 and other surfaces[8] have been reported. 
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During redox reactions, the fundamental basis for the catalytic performances of supported 

vanadia lies in the variability in geometric and electronic structure of surface vanadium 

oxides.[1] If the surface structure of vanadia could be predicted, this would have an enormous 

impact upon our understanding of numerous chemical processes. From previous experiments, a 

general consensus for the atomic scale structure of supported vanadium oxide is that it exists as 

an isolated or polymerized VO4 unit.[7] Therefore, in this Chapter, we will follow the similar 

methodology as the Chapter 5 to do a atomic-scale study of sub-ML (0.74 ML) vanadium cation 

positions with respect to the support and the corresponding sensitivity to the oxidation-reduction 

cycle. 
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5.2 Experimental Results and Discussions 

 

Rutile (α-TiO2) single crystals were oriented, cut (10 x 10 x 1 mm3) and polished parallel 

to the (110) by Crystal GmbH (Berlin, Germany) with miscut < 0.1°. Rutile α-TiO2 has a 

tetragonal crystal structure (space group: P42/mnm) with a room temperature lattice constant of a 

= b = 4.594 Å and c = 2.959 Å.  

For convenience of working with the α-TiO2(110) surface, a non-primitive tetragonal 

surface unit cell is defined. Fig. 6.1 shows the conventional primitive unit cell (blue dashed lines) 

with basis vectors a, b and c and the non-primitive surface unit cell (dark black lines) with basis 

vectors A, B and C, which have lengths |A| = |C| = 6.495 Å and |B| = 2.959 Å. The 

transformation from the primitive tetragonal unit cell to the non-primitive tetragonal unit cell is  
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Throughout the text of this thesis, we will refer to the hkl values of the primitive unit cell for 

rutile. 

α-TiO2 (110) substrates were first annealed in a tube furnace with flowing O2 (~100 

sccm) at 400 °C for 0.5 h, then at 900 °C for 1 h. Prior to ALD, the substrates were immersed in 

ultrapure water (resistivity > 1018 Ω cm-1) for 1 h at 90 °C to hydroxylate the surface. The 

substrates were then rinsed with 10% HCL, followed by an ultrapure water rinse, and then 

blown-dry with nitrogen. The substrates were then loaded into the ALD reactor[192] and heated 

to 300 °C under ultrahigh-purity nitrogen flow at 360 sccm at a pressure of 1 Torr for 1 h and 

then cleaned in situ with flowing ozone. For sub-ML vanadia growth, the substrates were 
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exposed first to vanadyl oxytriisopropoxide, VO4(C3H7)3 (VOTP), at a partial pressure of 0.05 

Torr for 2 s, followed by a nitrogen purge for 5 s. The substrates were then exposed to hydrogen 

peroxide at a partial pressure of 0.2 Torr for 2 s, followed by a nitrogen purge for 5 s. This 

process is defined as one ALD cycle for the V growth. Our X-ray fluorescence measurement 

later shows the coverage of this VOX / α-TiO2 is ¾ ML. 

 

	
  

Figure 5.1 Rutile TiO2(110) primitive unit cell (blue dashed lines) and non-primitive surface unit 

cell (dark black lines). Oxygen atoms are in red and Ti atoms in light blue. 

 

XPS were taken from the sample at the as-deposited (AD), oxidized (Ox), reduced (Re) 

and re-oxidized (Ox2) conditions. These XP spectra were collected at the Keck II facility of 

NUANCE at Northwestern University with an Omicron ESCA probe using monochromatic Al 

Kα X-rays. A low-energy electron flood gun was used to compensate the XPS induced surface 

charging effects. Carbon 1s (284.8 eV) was used as the reference to calibrate the XP spectra. To 
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obtain the Ox surface, the sample was placed in a quartz tube furnace. Oxygen was first purged 

for 10 min. With the continuous oxygen flow, temperature was increased to 180 °C to dehydrate 

the surface for 10 min and then 350 °C for 30 min to oxidize the surface.  After cooling down to 

room temperature (RT) in oxygen condition, the sample was immediately transferred to an ultra-

high vacuum (UHV) system for XPS and then outside for ambient atomic-force microscopy 

(AFM) measurements described later. To reduce the surface, the sample was transferred back to 

the furnace. Followed by a 10 min 5% hydrogen (balanced with nitrogen) purge, the sample was 

annealed at 350 °C for 30 min. After cooling down to RT in hydrogen condition, the sample was 

transferred out of the furnace for the same XPS and AFM measurements. The Ox2 surface was 

obtained as the Ox surface.  

Figure 6.2 shows the XP spectra from the surface at the AD, Ox and Re states. We used 

the data processing and assignment methods described elsewhere for fitting the XPS peaks.[8, 

159, 220] As seen in Fig. 6.2 for the AD and Ox states, the V 2p3/2 binding energy (BE) is 517.2 

eV and the binding energy difference (BED) between the O 1s and V 2p3/2 is 12.8 eV. This 

indicates that V is V5+ for the AD and Ox states. However, in the Re state, the V 2p3/2 peak 

becomes broader, indicating the coexistence of multiple chemical states. Detailed analysis in Fig. 

6.2 shows that V in the Re state is 25 % V3+ (BED: 14.6 eV) and 75 % V5+. The coexistence of 

V3+ and V5+ has similarly been reported for V on silica and alumina[221, 222], which like titania 

are also non-reducible substrates. Hence a partial reduction of V5+ to V3+ in an ambient condition 

can be expected. Furthermore, XPS of the Ox2 surface (not shown) is identical to the Ox, 

indicating reversibility of vanadia in this redox reaction. 
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Figure 5.2 XP spectra of the as-deposited (AD), oxidized (Ox) and reduced (Re) 3/4 ML VOX / 

α-TiO2 (110) surfaces with a 45o electron emission angle. The V 2p3/2 peak fitting indicates that 

V is totally converted to the V5+ oxidation state for the AD and Ox surfaces, but split 25% V3+ : 

75% V5+  for the Re surface. Re-oxidization (Ox2) returned all vanadium cations back to V5+ 

(not shown). Also shown are the O 1s and chemically shifted OH peaks for the AD, Ox and Re 

surfaces. The measured chemical shifts for the 3+, 4+ and 5+ V peaks (see vertical dashed lines) 

are improved in reliability by referencing the respective binding energy differences (BED) 

relative to the O 1s peak. 
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Figure 5.3 AFM images of the α-TiO2 (110) substrate surface: (a) after the two-step annealing 

process AFM shows clean atomically flat terraces with 0.3 nm steps; (b) after ALD deposition 

(AD), (c) After Oxidization (Ox) and (d) reduction (Re), clear terraces were still found, 

indicating no significant change of the rutile surface. 

 

AFM images were collected in association with each XPS measurement in order to link 

the chemical state changes with surface morphology changes for the VOX layer. Silicon AFM 

(a) Clean α-TiO2 (110) 
	
  

(d) Re (c) Ox 

(b) AD 
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tips with a nominal 10 nm radius of curvature and cantilever resonant frequency of 200 kHz were 

used with a JOEL-JSPM-5200 scanning probe microscope at the NIFTI facility of NUANCE. 

Fig. 6.3(a) shows the annealed blank a-TiO2(110) substrate surface with flat terraces separated 

by atomic steps. This is the starting point for VOX ALD. Fig. 6.3(b-d) show that the atomic 

terraces are preserved after ALD growth and each redox step. Clear terraces at each process 

indicate that no significant changes have occurred to the rutile surface morphology, i.e., the ALD 

process is conformal. 

X-ray fluorescence (XRF) and X-ray standing wave (XSW) measurements were 

performed at the Advanced Photon Source (APS) undulator station 33ID-D. An incident photon 

energy of 7.00 keV was selected with a diamond high-heat load monochromator and conditioned 

further with either Si (111) or (220) channel-cut post-monochromator crystals. A 50 mm2 Vortex 

silicon drift diode (SDD) detector was used to collect the XRF spectra. Fig. 6.4 shows a typical 

XRF spectrum. In this case, a 1.5 ML VOx / α-TiO2(110) sample was placed on a 4-circle 

diffractometer. The SDD detector was placed 40 mm away from the center of the sample. Four 

50 mm thick aluminum foils were placed in front of the detector to attenuate the strong Ti K 

fluorescence signal. The spectrum is dominated by Ti Kα (4.51 keV) and Kβ (4.93 keV) signals. 

The V Kα (4.95 keV) peak is buried under the Ti Kβ. A small V Kβ (5.43 keV) peak appears on 

the tail of the Ti Kβ peak (Fig. 6.4 inset) and is used for the XSW measurements. For in situ 

XSW measurements, oxidization-reduction reactions were carried out in a beryllium-dome 

reaction cell, as shown in Figure 3.9 and described elsewhere.[81] Before oxidation the cell was 

purged with ultrahigh-purity oxygen (~100 sccm) for 10 min. Then with continuous oxygen flow 

the temperature was increased to 180 °C for 20 min to dehydrate the sample. This was followed 

by oxidization at 350 °C for 30 min. The reduction reaction was carried out with a flow (~100 
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sccm) of 2% hydrogen balanced by 98% helium at 350 °C for 30 min. After the oxidization and 

reduction reaction steps, the sample was cooled down to 25 °C in the flowing gas, the reaction 

cell was evacuated by a diaphragm roughing pump, and then XSW measurements were 

performed at several different hkl substrate Bragg reflections. 

 

	
  

Figure 5.4 An XRF spectrum of 1.5 ML VOX / α-TiO2 (110) that was collected at an incident 

photon energy of 7.00 keV and filtered by a 200 mm thick Al attenuator. 
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Figure 5.5 XSW results of (a) (110) normal direction, (b) (200), (c) (101), (d) (111) and (e) (211) 

off-normal directions of α-TiO2(110) for as-deposited (AD), oxidized (Ox) and reduced (Re) 

ALD vanadium oxides. The fluorescence spectra are displaced vertically in the order of 

processing AD, Ox and Re. The left-side axis is the reflectivity and the right-side axis is 

normalized vanadium Kβ yield. Table 6.1 shows the results of the fit of Eq. 4.1 to the yield data. 

 

Figure 6.5 shows the XSW data and analysis for the (110), (200), (101), (111) and (211) 

α-TiO2 Bragg reflections for the AD, Ox and Re states. The XSW induced modulation of the 

background-subtracted and deadtime-corrected V Kβ fluorescence yield, Y(θ), from each scan is 

used to determine the coherent fraction (fH) and coherent position (PH). This determination is 

based on fitting the normalized yield data for the H=hkl reflection to the model independent 

expression for the yield[152, 153], as shown in Eq. 4.1. The shapes of the (110) V fluorescence 
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yields (Fig. 6.5(a)) change from symmetrical in the AD condition to more asymmetrical in Ox 

and Re conditions; indicating that the V atomic distribution relative to the (110) planes changes 

from uncorrelated to partially correlated. Fig. 6.5(b-d) also show changes in the fluorescence 

yields from the Ox to Re state, indicating different V atomic distributions for these two cases.  

 

Table 5.1 Summary of the XSW experimental results from the as-deposited (AD), oxidized (Ox), 

and reduced (Re) surface treatments of the 0.74 ML VOX / α-TiO2 (110) Surface. fmeas and Pmeas 

are experimentally measured coherent fractions and coherent positions, respectively. fcalc and 

Pcalc are calculated from the best-fit model described by Eq. 6.1. The P values are referenced to 

an origin that coincides with a bulk Ti atom at the AT site. 

hkl AD Ox Re 

 fmeas Pmeas fmeas fcalc Pmeas Pcalc fmeas fcalc Pmeas Pcalc 

110 0.18(7) 0.11(8) 0.45(3) 0.47 0.07(1) 0.09 0.35(8) 0.27 0.09(4) 0.09 

101 -- -- 0.43(7) 0.49 0.16(3) 0.04 0.28(4) 0.27 0.08(3) 0.05 

200 -- -- 0.8(1) 0.47 0.09(3) 0.09 0.18(7) 0.27 0.01(8) 0.01 

111 -- -- 0.3(2) 0.17 -0.26(7) -0.28 0.1(1) 0.00 -- -- 

211 -- -- 0.7(2) 0.45 0.19(3) 0.13 0.3(1) 0.27 0.12(6) 0.14 

 

The XSW data and analysis for the different hkl reflections (Fig. 6.6 and Table 6.1) show 

differences that indicate different structures for each step of the redox reaction (AD, Ox and Re). 

Note that our fH and PH measured values for the Re state match well with the earlier reported 

(110) and (101) back-reflection XSW results[223] for V3+ cations. This earlier UHV case, which 
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vapor deposited V, used XSW induced XPS to find V3+ and V0 on the surface in different 

geometries.  

 

	
  
Figure 5.6 3D vanadium atomic density maps generated by the summation of several XSW 

measured (hkl)  Fourier components for the oxidized (Ox) and reduced (Re) surfaces. These 

model-independent V atomic density maps are superimposed on the same rutile (110) surface 

unit cell illustrated in Fig. 2.2. As a point of reference open and filled circles denote the two Ti 

symmetry inequivalent sites in the ideal bulk-like  structure with (110) Ti planes at heights of 0, 

3.25 and 6.50 Å. 

 

 Inserting the Table 6.1 XSW measured fH and PH values into Eq. 4.2 generates the model-

independent 3D V atomic density maps that are shown in Fig. 6.6 for the Ox and Re surfaces. 

These 3D maps are referenced to the same TiO2 (110) unit cell that is outlined with black lines in 
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Figs. 2.2 and 6.6. Due to the Fourier summation process the XSW map has the 3D periodicity of 

the substrate tetragonal primitive unit cell. There are two symmetry inequivalent Ti sites denoted 

by the solid and open blue circles in Fig. 6.6. These are the atop (AT) and bridge (BR) respective 

sites shown in Fig. 2.2.[21] As can be seen, our measurement has the maxima in the V density 

laterally aligned with these two Ti sites with a slight outward vertical offset in the [110] 

direction. 

 

	
  

Figure 5.7 Vanadium model-independent analysis around an AT site: (a-c) 1D line cuts through 

3D atomic density map in (a) YZ plane at Y=0, Z=0.54; (b) XZ plane at X=0, Z=0.54; (c) XY 

plane at X=Z=0; (d) orthogonal 2D plane-cuts through density map around AT site for planes of 

X=0, Y=0 and Z=0.54. 
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Table 5.2 Numerical analysis of model-independent V atomic distribution ρ(X,Y,Z) around AT 

and BR sites for the Ox and Re states. The X, Y and Z ranges refer to the range of the tetragonal 

box chosen for the atomic density integration. The FWHMi refers to the full width at half 

maximum in i (i=X, Y or Z) direction. Inorm is the volume normalized atomic density sum in this 

tetragonal box. 

 X-range Y-range Z-range FWHMx 

(Å) 

FWHMy 

(Å) 

FWHMz 

(Å) 

Center Inorm 

(a.u.) 

Ox  

AT [-0.2, 0.2] [-0.35, 0.35] [-0.06, 0.18] 1.76 1.33 0.98 0, 0, 0.054 462723 

BR [0.3, 0.7] [0.19, 0.81] [-0.04, 0.18] 1.89 1.24 0.98 0.5, 0.5, 0.068 604989 

Re  

AT [-0.25, 0.25] [-0.25, 0.25] [-0.17, 0.25] 2.15 1.18 1.04 0, 0, 0.047 337142 

BR [0.25, 0.75] [0.25, 0.75] [-0.17, 0.25] 2.15 1.18 1.04 0.5, 0.5, 0.047 337142 

 

To further analyze the Fig. 6.6 model-independent V maps, several 2D plane-cuts and 1D 

line-cuts are used. Fig. 6.7 shows the analysis around the AT site at (0,0,0) for V in the Ox state. 

Numerical analysis of the 3D distribution function around the hot spot gives the center position 

(0,0,0.54). Three plane cuts (x=0; y=0; z=0.54) and 3 line cuts (x=y=0; x=0, z=0.54; y=0, z=0.54) 

are used to examine the properties of the hot spot. A tetragonal box is chosen so that the V 

atomic density inside the box is greater than 1. The volume normalized atomic intensity sum in 

this box gives the occupation fraction of V at this site. Similar analyses are carried out for BR 

site in the Ox state and the two sites in the Re state. The properties of the hot spots at each site 

are summarized in Table 6.2. It clearly shows that the BR to AT occupation ratio, Inorm(BR) / 
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Inorm(AT), is 4:3 for the Ox state but 1:1 for the Re state. This analysis also shows that in the Ox 

state the V heights above the TiO plane are 3.69 Å and 3.60 Å for BR and AT sites, respectively, 

while in the Re state, both sites have the same height, 3.56 Å. 

 

	
  

Figure 5.8 XSW results of bulk Ti Kα signal for diffraction planes (110) normal direction, (101), 

(200), (111), and (211) off-normal directions for sample at oxidized state. Table 6.3 shows the 

results from the fit of Eq. 4.1 to the yield data. 
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Table 5.3 XSW analysis of the bulk Ti sublattice of α-TiO2 (110). The coherent fractions (f) and 

coherent positions (P) are experimentally determined from the modulations in Ti Kα XRF yields 

shown in Fig. 6.4. The takeoff angles (α) of the detected XRF emission relative to the surface are 

also listed. The P values are referenced to an origin that coincides with a bulk Ti atom at the AT 

site. As expected the AT and BR sites are perfectly in-phase with each other for each hkl; with 

the exception of the 111 oxygen-only reflection. 

hkl 110 101 200 111 211 

f 1.00(1) 0.87(1) 0.81(1) 0.06(1) 0.89(1) 

P 0.00(1) 0.00(1) 0.00(1) -- 0.00(1) 

α (°) 4.2 6.5 49 8 7 

 

To check the validity of our V XSW analysis, the Ti Kα signal from bulk α-TiO2 was 

also analyzed, as shown in Fig. 6.8. These signals were collected simultaneously with the V 

signals. The analysis results are listed in Table 6.3. Note that the XRF takeoff angle, a, refers to 

the angle between the detector center and the sample surface. It is used for calculating the 

effective attenuation of the Ti Kα fluorescence signal, which includes the extinction effect 

described by the variable effective thickness Z(θ).[224] Results show that for the (110), (101), 

(200) and (211) planes, the coherent positions are PH = 0 and the coherent fractions are 

approaching unity as expected. Note that our analyzed value of f111 =0 is expected because the 

(111) reflection is an oxygen-only reflection as the (111) is a forbidden reflection for the body-

centered Ti  sublattice. Analysis results are consistent with Ti structure in bulk α-TiO2(110), 

demonstrating the validity of our XSW analysis for vanadium. By inserting the measured 
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coherent fractions and positions of bulk Ti into Eq. 4.2, a Ti atomic density map is generated as 

shown in Fig. 6.9. It shows that those hot spots are right on the bulk-like Ti sites, which further 

validates our XSW analysis procedure. 

 

	
  

Figure	
  5.9	
  3D titanium atomic density map generated by the summation of XSW measured (hkl)  

Fourier components listed in Table 6.3 plus their symmetry equivalents. Ti atomic density maps 

are superimposed on the same rutile (110) surface unit cell illustrated in Fig. 2.2. As a point of 

reference open and filled circles denote the two Ti symmetry inequivalent sites in the ideal bulk-

like structure with (110) Ti planes at heights of 0, 3.25 and 6.50 Å.	
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 To quantify the structural parameters associated with these two adsorption sites we 

performed a least-squares global fit of each condition to the measured set of fH and PH values. 

The Hth Fourier component for the V atomic distribution is then described as, 

       

€ 

FH = f H exp 2πiPH( )= cAT exp 2πiH⋅ rAT( )+ cBR exp 2πiH⋅ rBR( ),     (6.1) 

 where cX denotes the V occupation fraction at the AT and BR sites with positions rAT= (0,0,zAT) 

and rBR= (½,½,zBR) locating the V heights, zX, above the TiO plane. Table 6.4, which lists the 

best-fit determined results for V occupation fractions and adsorption heights, shows that the 

calculated V heights at the AT and BR sites from this model-dependent analysis are consistent 

with the model-independent analysis described above. As an additional consistency check, Table 

1 lists the calculated values, fcal and Pcal, that would have been observed if V occupied sites as 

dictated by this best-fit model. From Table 6.4 we see that V atoms have an ordered fraction (or 

correlated fraction) of 49% (cAT + cBR = 0.49) in the oxidized state and 28% in the reduced state. 

The remaining V atoms are measured to be in an uncorrelated distribution relative to the 

substrate lattice. This could be VOX nanoparticles or V in surface defect sites. The Table 6.4 

calculated values also show that in the oxidized state, the BR to AT occupation ratio is 3:2, 

which is reasonably consistent with the XSW model-independent results (4:3) discussed above. 

Reduction creates a 1:1 ratio and causes one-half of the BR-site V cations to become 

uncorrelated with the substrate lattice, while the fraction of V occupying AT sites is slightly 

reduced. The 2nd oxidization reverses the process. Thus the V cations are directly shown to have 

redox reaction reversibility in both their chemical states and surface bonding sites. 
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Table 5.4	
   XSW determined best fit model parameters from Eq. 6.1 for the V occupation 

fractions, cX, and heights, zX , above the bulk TiO (110)  plane. For comparison, Ti in bulk α-

TiO2 has  zBR = zAT = 3.25 Å. The V correlated fraction  (Σc = cBR + cAT )  is also listed. 

Surface cBR cAT Σc zBR  (Å) zAT (Å) 

Ox 0.30(7) 0.19(5) 0.49(9) 3.65(9) 3.35(6) 

Re 0.14(1) 0.14(1) 0.28(1) 3.54(1) 3.54(1) 

 

 To better understand the structure of V on top of α-TiO2(110), density functional theory 

calculations are carried out from our collaborators. Density functional theory with GGA 

PW91[225] functional as implemented in the VASP code[226, 227] has been used for theoretical 

modeling. The core electrons were described by the projector augmented wave method[228, 

229]. A plane wave basis set with cutoff of 264 eV was used. Monkhorst-Pack grids[230] were 

used to sample Brillouin zone. The geometries were optimized using conjugated gradient method 

in all systems until the forces on all relaxed atoms are under 0.05 eV/Å. Using these parameters, 

the topmost Ti height, d110, was calculated to be 3.23 Å, less than 1% shorter than the 

experimentally measured 3.25Å. The stoichiometric rutile surface slab consisting of 3 TiO2 tri-

layers was used. For supported vanadia submonolayer optimizations, the bottom TiO2 tri-layers 

were kept frozen while the rest were allowed to relax. To investigate the stabilities of possible 

supported vanadia structures that have stoichiometric VOX submonolayers, we use the binding 

energies defined by: 

,    	
  (6.2)	
  

! 

"E =
ETiO2 +V2nO5n

# ETiO2

n
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where  and  are energies of the rutile (110) with vanadia submonolayer and rutile 

(110) surface slab alone, respectively, and n is the number of V2O5 units in the structure. 

 

	
  

Figure 5.10 Structures of stoichiometric and stable vanadia submonolayer. The corresponding 

binding energies calculated using Eq. 6.2 are also reported along with each structure. Color code: 

gray and pink: titanium and oxygen atoms, respectively of rutile support; blue and red: vanadium 

and oxygen atoms, respectively, of the supported submonolayer. 

! 

ETiO2 +V2nO5n

! 

ETiO2
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 In our DFT calculations, the vanadium to oxygen atom ratios in the submonolayer 

structures were set up to be as close to as 2:5 as possible since the XPS measurement has 

suggested a fully oxidized vanadia submonolayer with +5 vanadium charge and the rutile support 

was not reduced at the experimental conditions. We have investigated structures with various 

vanadia submonolayer distributions, surface coverages and alignments relative to the rutile (110) 

lattice, as shown in Fig. 6.10. For the non-stoichiometric vanadia submonolayer structures that 

we have calculated, a comparison of the relative stabilities requires knowledge of chemical 

potentials of the species due to different ratios of vanadium to oxygen atoms in the systems. 

Thus, we simply eliminated the structures that do not fit the experimental measurement and will 

not report those structures here. Based on DFT calculations, we propose coherent part of the 

oxidized and reduced structures shown in Figure 6.11. Each vanadium atom in these structures 

has a terminal vanadyl bond as well as three V-O single bonds, very similar to the bonding 

features of the V atoms in V2O5 bulk as well as in other supported V2O5 sub-ML structures. The 

reduced structure has a “herringbone” pattern that is continuous along the [-1 1 0] direction and it 

is the most stable among all the stoichiometric structures we have investigated. Therefore, it is 

expected that such structure would “survive” under the reduction condition. The ratio of numbers 

of AT to BR sites (cAT : cBR) occupied by vanadium atoms in this structure is 1:1 and the total 

correlated fraction is 0.25. The average heights of AT and BR vanadium are 3.5 and 3.3 Å, 

respectively, relative to the calculated atom positions in the bulk TiO2 (110) plane. These are all 

in good agreement with the best-fit parameters shown in Table 6.4, as well as the coherent 

fractions and coherent positions measured experimentally and calculated using best-fit model 
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(See Table 6.5 for a detailed comparison). In addition, the simulated density map based on this 

structure is very similar to that obtained from the measurement. 

 The 6-membered (vanadium) ring oxidized structure shown in Figure 6.10(a) was 

constructed by adding more atoms to the stable herringbone structure based on the fact that the 

oxidized structure has more coherent atoms than the reduced structure (see Table 6.4). These 

additional atoms are not part of the continuous herringbone; therefore, this part of the structure is 

less stable and can easily be reduced under the reduction condition. Once reduced, these atoms 

become more “mobile” and this mobility should lead to the incoherence of these vanadium atoms 

as those not shown in the reduced model in Figure 6.10(b). The ratio of numbers of AT to BR 

sites (cAT : cBR) occupied by vanadium atoms in the oxidized model is 3:4 and the total correlated 

fraction is 0.44. The average heights of AT and BR vanadium are 3.8 and 3.3 Å, respectively, 

relative to the calculated bulk TiO2 plane. These results also agree well with the measured and 

best-fit model parameters (Table 6.4 and 6.5). The stoichiometry of the structure is V7O17, 

corresponding to an average of +4.85 formal charge on vanadium atoms instead of fully oxidized 

+5 charge deduced from the XPS measurements. Despite the small deviation in charge state of 

vanadium atoms, the model is still valid within the accuracy of the XPS measurement and peak 

fitting.  

 



	
  
183 

	
  

Figure 5.11	
  Top and side views of the proposed DFT-optimized oxidized and reduced models on 

rutile (110) surface. The green circle highlighted part in the oxidized state is “mobile” and is not 

detected by XSW in the reduced state. 

 

Table 5.5 Summary of the XSW experimental results, model-dependent analysis and simulation 

results from DFT for the oxidized (Ox), and reduced (Re) surface treatments of the ¾  ML VOX / 

α-TiO2 (110) Surface. The oxidized and reduced models from DFT are descripted in Fig. 6.10 

hkl Oxidized Reduced 

 fmeas fcalc fDFT Pmeas Pcalc PDFT fmeas fcalc fDFT Pmeas Pcalc PDFT 

110 0.45(3) 0.47 0.45 0.07(1) 0.09 0.12 0.35(8) 0.27 0.35 0.09(4) 0.09 0.03 

101 0.43(7) 0.49 0.43 0.16(3) 0.04 0.06 0.28(4) 0.27 0.26 0.08(3) 0.05 0.01 

200 0.8(1) 0.47 0.21 0.09(3) 0.09 0.10 0.18(7) 0.27 0.04 0.01(8) 0.01 -0.09 

111 0.3(2) 0.17 0.27 -0.26(7) -0.28 -0.17 0.1(1) 0.00 0.04 -- -- -- 

211 0.7(2) 0.45 0.29 0.19(3) 0.13 0.17 0.3(1) 0.27 0.24 0.12(6) 0.14 0.03 
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5.3 Summary 

 

For ¾ ML ALD grown VOX on α-TiO2(110), we demonstrate at ambient conditions the 

redox-driven cation dynamics for a catalyst on an oxide support. XPS shows that oxidation 

causes all 0.74(5) ML of the V to be in the 5+ state and that reduction causes 0.19(3) ML of the 

V cations to be converted from 5+ to 3+. In situ XSW analysis of the oxidized (Ox) surface 

shows that 0.36(7) ML of the vanadium occupy bridge (BR) or atop (AT) rutile(110) surface 

sites with a 3:2 ratio and that 0.38(7) ML of V are uncorrelated to the substrate lattice. XSW also 

shows that reduction causes 0.12(1) ML of the BR-site V and  0.04(1) ML of AT-site V to 

become uncorrelated, resulting in an equal 1:1 BR to AT site occupation ratio. Reversibility was 

observed in this process, demonstrating its relevance to catalytic applications. Since we have 

established that the same number (0.2 ML) of V cations are structurally and chemically 

transformed, we can conclude that the uncorrelated-to-correlated transferred V play an important 

role in this redox reversible cycle. By comparing DFT calculations with measured V chemical 

bonding configurations, we predicted the surface oxygen configurations, which are inaccessible 

to the XSW measurements. DFT calculations show that vanadyl oxygen is removed when V5+ is 

reduced to V3+, indicating that terminal V=O is related to the catalytic performance of vanadia. 

These findings will help understand the redox-induced chemical bonding changes of the catalysts 

and the role of the supporting oxides in catalytic reactions.  
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Chapter 6: ALD Grown WOX / α-TiO2(110) 
 

6.1 Introduction 

Another interesting combination between catalysts and oxides substrates is the 

combination between catalyst WOX and the non-reducible substrate, α-TiO2(110). Kim et al[21] 

from our group have studied the ALD grown sub-monolayer (sub-ML) WOX on α-TiO2(110). 

Although no chemical or structural dynamics have been observed for W in reactions, stable and 

atomic-scale structural information has been obtained by XSW. The total W coverage was 0.38 

ML and the ordered fraction was 0.74. This study showed that W cations occupy the AT and BR 

sites with occupation fraction cAT : cBR ~ 1:2. Figure 2.21 shows the W atomic density map 

projected on to the α-TiO2(110) surface unit cell.  

The reason for the inert behavior of sub-ML WOX/α-TiO2(110) could be due to the 

strong interaction of sub-ML W with the substrate. If W coverage is increased to ML, the 

interaction between W and rutile substrate could be weakened and consequentially the redox-

induced dynamics would be expected. Therefore, in this Chapter, a ML WOX is deposited on α-

TiO2(110) surface by ALD. Following the similar experimental procedures as we used for 

WOX/α-Fe2O3(0001) and VOX/α-TiO2(110), we investigated the redox-induced behaviors of ML 

WOX/α-TiO2(110). 
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6.2 Experimental Results and Discussions 

Polished rutile α-TiO2(110) (10 ×  10 ×  1 mm3) (Crystal GmbH, Germany) substrates 

were solution cleaned and  O2 annealed by following the similar surface preparation methods in 

Chapter 7 to obtain atomic-flat surface. For ALD growth, the substrates were exposed to Si2H6 at 

10 Torr for 10 min, followed by 10 min exposure to WF6 at 10 torr. Following each exposure, 

the reactor was evacuated to below 0.05 torr and subsequently purged with ultrahigh-purity 

nitrogen for 5 min. The process of exposure to Si2H6, purging with nitrogen, exposure to WF6, 

and finally purging with nitrogen defined herein as one W ALD cycle. To obtain ML W 

coverage, 2 ALD cycles of W were deposited. The W coverage is determined to be 1.0 ML a 

side-by-side XRF comparison with a standard sample calibrated by Rutherford backscattering. 

 
 

Figure 6.1 W 4f XP spectra of 1.0 ML WOX / α-TiO2 (110) in as-deposited (AD), oxidized (Ox), 

and reduced (Re) states with a 45° electron emission angle. No chemical state change of W is 

observed. This is also what was observed for the 0.38 ML case,[21] 
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 XP spectra were taken from the sample at the as-deposited (AD), oxidized (Ox), and 

reduced (Re) conditions. Figure 7.1 shows the XPS analysis of W in each redox processing step. 

The chemical states of W are determined according to W 4f binding energies.[21, 213, 231] No 

change is observed, indicating W is inert during the redox reaction. 

 AFM images were taken for the the blank α-TiO2(110) surface, the surfaces at AD and 

after redox reactions. Conformal W films were observed after ALD growth (Figure 7.2(b)), but 

nanoparticles were observed after redox reactions. This is different from sub-ML catalysts on 

oxides, in which conformal films were preserved through all reactions.[21]  

 

 

Figure 6.2 AFM images of the TiO2 (110) substrate surface. (a) The blank substrate surface after 

2-step annealing shows atomically flat terraces. (b) After ALD growth of 1.0 ML tungsten oxide, 

the flat atomic terraces can still be observed clearly. (c) The same surface after two redox 

reaction cycles shows the formation of nanoparticles. 

For the XSW measurements, the sample was placed on a ceramic heating stage inside a 

beryllium dome gas reaction cell that was mounted on a four-circle diffractometer at the 

Advanced Photon Source (APS) 33ID-D station. An incident photon energy of 13 keV was 
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selected with a diamond (111) monochromator and collimated further with either Si (111) or 

(220) channel-cut postmonochromator crystals. A Vortex EM silicon drift diode (SDD) detector 

was used to collect X-ray fluorescence. The Ox and Re surfaces were achieved by annealing at 

400 °C for ½ h in O2 and 2% H2 in helium at 760 Torr, respectively. Figure 7.3 shows the XSW 

data for 7 different (hkl) planes. Table 7.1 lists a set of measured fH and PH values derived from 

data shown in Figure 7.3 when the surface is at the Re condition. The same sets of fH and PH 

values were obtained for the Ox and 2nd oxidized (Ox2) condition. These values match 

reasonably well for the surface at Ox, Re and Ox2 conditions, indicating that W is very stable in 

the redox reaction and has no structural change.  

 

Table 6.1	
   XSW measured hkl Fourier amplitudes, fH, and phases, PH, for 1.0 ML WOX/α-

TiO2(110). The calculated values fH
C and PH

C are determined from the best fit of the model 

described in Eq. 6.1.   

hkl 110 101 200 111 211 210 220 

fH 0.42(1) 0.45(2) 0.39(2) 0.07(3) 0.32(2) 0.06(2) 0.36(1) 

fH
C 0.41 0.41 0.41 0.06 0.41 0.06 0.41 

PH 0.10(1) 0.02(1) 0.02(1) -- 0.04(1) -0.39(7) 0.04(1) 

PH
C 0.03 0.02 0.03 -- 0.05 -0.39 0.06 
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Figure 6.3 The in situ XSW measurements for the 1.0 ML WOX / α-TiO2(110) surface in the 

reduced (Re) condition from 7 different hkl TiO2 Bragg reflections: (110), (101), (111), (220), 

(200), (211) and (210).  Each frame shows the relative incident-angle dependence of the 

experimental X-ray reflectivity (open circles) and W Lβ.  XRF yield (open squares). The solid 

lines correspond to dynamical diffraction theory-based fits to the data. (See Refs. [152, 153, 173]) 
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By inserting the measured fH and PH values of Table 7.1 into Eq. 3.10, a W atomic 

density map is obtained as shown in Figure 7.4. This density map is similar to one shown 

previously for 0.38 ML WOX/ α-TiO2(110)[21]. After performing a least-squares global fit of the 

model described in Eq. 6.1, the best-fit determined results are listed in Table 7.2, which also lists 

the results of our pervious study of 0.38 ML WOX/ α-TiO2(110) as comparison. This further 

confirms that the W coverage is not the factor to affect the W structural and chemical behavior 

during redox reaction for WOX/ α-TiO2(110) case. 

 

	
  
Figure 6.4 W atomic density maps of 1.0 ML WOX/α-TiO2(110). The rectangular outline is that 

of an α-TiO2(110) surface unit cell, for reference. As a point of reference blue circles denoting 

the ideal bulk-like Ti sites are also shown at heights of 0, 3.25 and 6.50 Å. 
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Table 6.2 Least-squares fit model parameters determined from XSW data and Eq. 2 for the W 

occupation fractions, cX, and heights, zX , above the bulk TiO (110)  plane for 1.0 ML and 0.38 

ML[21] WOX / α-TiO2 (110), respectively. For comparison, Ti in bulk α-TiO2 has zBR = zAT = 

3.25 Å. The W correlated fraction (Σc = cBR + cAT ) is also listed. 

Surface cBR cAT Σc zBR  (Å) zAT (Å) 

1.0 ML 0.23(3) 0.18(3) 0.41(4) 3.31(3) 3.29(6) 

0.38 ML 0.48(8) 0.26(7) 0.74(7) 3.60(8) 3.28(8) 
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6.3 Summary 

For 1.0 ML WOX / α-TiO2(110), we used XSW combined with XPS to study the 

structural and chemical states change of W during redox reactions. Compared with our early 

study of 0.38 ML WOX / α-TiO2(110), similar W behavior was observed, namely W occupying 

both AT and BR sites on α-TiO2(110) surface and staying unchanged structurally and chemically 

under redox. However, with ML coverage, W surface morphology changes from a conformal-

film after ALD growth to nanoparticles after redox reactions. This is different from sub-ML case, 

where W keeps the conformal-film morphology. This provides important information for our 

mixed VOX-WOX / α-TiO2(110) studies.  
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Chapter 7: ALD Grown VOX / WOX / α-TiO2 (110) 
 

7.1 Introduction 

 

 As an extension study of the model catalysis system, mixed catalysts are chosen. 

Previously we have studies monolayer (ML) and sub-ML VOX supported on α-TiO2(110)[157, 

232], and ML and sub-ML WOX supported on α-TiO2(110)[21]. Therefore, naturally we 

consider the mixed VOX and WOX catalysts on top of α-TiO2(110). Another reason to choose 

VOX/WOX/α-TiO2 is because this mixed catalyst has been widely used in industrial for selective 

catalytic reduction (SCR) of automotive and industrial NOX emissions.[86, 124] With help of our 

studies on unmixed catalysts, we should be able to find out whether V and W behavior similarly 

as they are unmixed or synergistically on α-TiO2(110) surface. In this chapter, we focus on two 

kinds of mixed catalysts, namely, sub-ML VOX mixed with ML WOX and ML VOX mixed with 

sub-ML WOX. As shown in the later discussion, quite distinct structural and chemical behaviors 

are observed. 
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7.2 Experimental Results and Discussions 

 

Polished rutile α-TiO2(110) (10 ×  10 ×  1 mm3) substrates were purchased from Crystal 

GmbH (Germany). To obtain an atomically flat surface, these substrates were loaded into a tube 

furnace with flowing O2 (~100 sccm) and annealed at 400 °C for 30 min, then 900 °C for 60 min. 

Prior to ALD, substrates were immersed in ultrapure water (resistivity > 1018 W cm-1) for 60 min 

at 90 °C to hydroxylate the surface. Substrates were then rinsed with 10% HCl, then ultrapure 

water, and blown dry with nitrogen. The substrates were heated to 300 °C under ultrahigh-purity 

nitrogen flow at 360 sccm at a pressure of 1 torr for 60 min, then cleaned in situ with flowing 

ozone. In the ALD reactor, tungsten oxide was deposited first, followed by vanadium oxide. 

With the sample temperature at 200 °C, the W ALD process began with 10 min exposure of the 

substrate to Si2H6 at 10 torr, followed by 10 min exposure to WF6 at 10 torr. Following each 

exposure, the reactor was evacuated to below 0.05 torr and subsequently purged with ultrahigh-

purity nitrogen for 5 min. The process of exposure to Si2H6, purging with nitrogen, exposure to 

WF6, and finally purging with nitrogen defined herein as one W ALD cycle. Similarly, for one V 

ALD cycle, substrates were exposed first to vanadium oxytriisopropoxide at a partial pressure of 

0.05 torr for 2 seconds, followed by a nitrogen purge for 5 seconds. The ALD coated a-

TiO2(110) substrates were then exposed to H2O2 at a partial pressure of 0.2 torr for 2 seconds, 

followed by a nitrogen purge for 5 seconds. For one set of samples, the substrates were ALD 

coated with 2 W cycles, followed by 1 V cycle, and for the other set, the substrates were coated 

with 1 W cycle and then 2 V cycles. 

The surface morphology of α-TiO2 (110) was examined by AFM after the oxygen 

annealing treatment, after the ALD growth, and after the redox reactions. Silicon AFM tips with 
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a nominal 10 nm radius of curvature and cantilever resonant frequencies of 200 kHz were used 

with a JEOL-JSPM-5200 scanning probe microscope.  

After ALD growth, the samples were removed from the reactor and mounted on a 5-

circle diffractometer for the XSW and X-ray fluorescence (XRF) analysis at the Advanced 

Photon Source (APS) 5ID-C station. The incident photon energy was set at 7 keV for observing 

V K XRF and 13 keV for W L XRF by a Si (111) monochromator and collimated further with 

either Si (111) or (220) channel-cut postmonochromator crystals. A Vortex EM silicon drift 

diode (SDD) detector was used to collect X-ray fluorescence spectra. The V and W coverages 

were determined by XRF comparison to a calibrated standard sample. For the 2 cycles of W 

followed by 1 cycle V, the W and V coverages were 1.2 ML and 0.7 ML, respectively; this 

sample will be referred to as sub-VW. For the 1 cycle W followed by 2 cycles V, the W and V 

coverages were 0.6 ML and 1.1 ML, respectively. This sample will be referred to as ML-VW. To 

facilitate surface chemical reactions, the samples were placed on a ceramic heating stage inside a 

beryllium dome gas reaction cell that was mounted on the diffractometer. The oxidized and 

reduced surfaces were prepared by annealing at 400 °C for ½ h in O2 and 2% H2 in helium at 760 

torr, respectively. In situ XSW analysis[152, 153, 173] was used to measure the V and W 

atomic-density maps[156, 233, 234] relative to the rutile substrate lattice after each of these 

processing steps, namely, as-deposited (AD) à oxidized (Ox) à reduced (Re) à re-oxidized 

(Ox2). When scanning in angle through a selected substrate H =hkl Bragg reflection, we 

observed an XSW induced modulation of the V Kβ or W Lβ fluorescence yields that were 

analyzed to determine the Fourier amplitude (fH, or coherent fraction) and phase (PH, or coherent 

position) for the separate atomic densities of V and W. 
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XP spectra were taken for the samples at the AD, Ox, Re and Ox2 conditions. These 

spectra were collected with an Omicron ESCA probe using monochromated Al Kα X-rays. A 

low-energy electron flood gun was used to compensate the XPS induced surface charging effects. 

Carbon 1s (284.8 eV) was used as the reference to calibrate the XP spectra.  

To check the surface stability of the mixed catalysts against ambient condition, the Ox à 

Re à Ox2 XSW measurements for the same sets of samples were repeated after at least one 

month. During the interval these samples were kept in dry box in ambient condition. The same 

atomic density maps for Ox à Re à Ox2 redox cycles were observed, indicating that the V and 

W atomic structures are stable in ambient condition and ex situ XPS and AFM can be associated 

with in situ XSW measurements. 

Figure 8.1(a) and (b) show the AFM images of α-TiO2(110) substrate surfaces before and 

after ALD deposition, respectively. The large atomically flat terraces are separated by atomic 

steps of 3.3 Å, which is the d-spacing of α-TiO2(110). The before and after similarity of these 

AFM images indicates conformal VOX and WOX film formation by ALD. In contrast Fig. 8.1(c), 

which is an AFM image of the same surface after the redox reactions, shows the formation of 

nanoparticles. Fig. 8.1(b) and (c) are for the sub-VW case, but similar images of the surface 

morphology were seen for the ML-VW case, as shown in Fig. 8.2. 
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Figure 7.1 Atomic-force microscopy images of the TiO2 (110) substrate surface. (a) The blank 

substrate surface after 2-step annealing shows atomically flat terraces with a 3.3 Å vertical step 

size. (b) After ALD growth of 0.7 ML vanadia on top of 1.2 ML tungsten oxide, the flat atomic 

terraces can still be observed clearly. (c) The same surface after two redox reaction cycles shows 

the formation of nanoparticles. 

	
  

	
  
Figure 7.2 Atomic-force microscopy images of the surface of 1.1 ML vanadia on top of 0.6 ML 

tungsten oxide on α-TiO2(110) after redox reaction. 
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Table 7.1 XPS measured chemical states changes for sub-VW (0.7 ML VOX mixed with 1.2 ML 

WOX) and ML-VW (1.1 ML VOX mixed with 0.6 ML WOX) surfaces during redox reaction 

cycles. 

Surface Oxidized Reduced 
Chemical states 6+ 5+ 6+ 5+ 4+ 3+ 

Sub-VW 
0.7 ML V  100%  44%  56% 
1.2 ML W 100%  54% 35% 11%  

ML-VW 
1.1 ML V  100%  67% 33%  
0.6 ML W 100%  100%    

 

Figure 8.3 and Table 8.1 show the XPS analysis for the two cases at each redox 

processing step. The spectra of V and W for Ox2 (not shown) are the same as for Ox, indicating 

redox reversibility of the chemical state of the surface cations. The assignment of oxidation 

states for V and W are based on previously determined V 2p3/2 and W 4f binding energies (BE)[21, 

213, 220, 231] and the binding energy difference (BED)[220] of V 2p3/2 to O 1s that are listed in 

Table 8.2. For the oxidized surfaces in both the sub-VW and ML-VW cases V and W are fully 

(100 %) oxidized to V5+ and W6+, respectively. However, as can be seen in Table 8.1, the Re 

surfaces are different mixtures of V and W chemical states for the two cases.  Namely, for the 

sub-VW case 56% of V is reduced to V3+ and W is reduced to 35% W5+ and 11% W4+. For the 

ML-VW case 33% of V is reduced to V4+ and W is not reduced at all. This is different from our 

previous studies of 0.38 ML[21] and 1.0 ML WOX/α-TiO2(110), which show no structural and 

chemical state changes are observed.  
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Figure 7.3 XP spectra of VOX / WOX / α-TiO2 (110) mixed catalysts in oxidized (Ox) and 

reduced (Re) states. Regions of XP spectra showing (a and b) V 2p3/2 and O 1s peaks, (c and d) 

W 4f7/2 and 4f5/2 doublet peaks and Ti 3p peak, (a and c) sub-VW case of 0.7 ML VOX / 1.2 ML 

WOX / α-TiO2 (110), and (b and d) ML-VW case of 1.1 ML VOX / 0.6 ML WOX / α-TiO2 (110). 

XPS was collected at a 45° electron emission angle. The peak fit results are listed in Table 7.1. 
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Table 7.2 The values of V 2p3/2 and 4f7/2 binding Energy (BE) and the binding energy difference 

(BED) of V 2p3/2 to O 1s. 

Element V 2p3/2[220] 4f7/2[21, 213, 231] 

Chemical states +5 +4 +3 +6 +5 +4 

BE (eV) 517.2 516.3 515.6 35.6 34.5 33.1 

BED (eV) 12.9 13.8 14.6 --- --- --- 

 

 

 Based on the W XPS for the sub-VW case, the average O/W ratio of WOX in the Re state 

is X = 2.7. Note that the O 1s peak is broader in the Re state as compared to the Ox state, 

suggesting that O exhibits a variety of chemical states that do not correspond to stoichiometric 

WO3.[231] Therefore, we consider three contributions with distinct chemical shifts to the O 1s 

peak, which listed in order of increasing BE would be: 1) VOX, TiO2 and stoichiometric WO3 

(with W6+ cation centers), 2) sub-stoichiometric WOX (with a mixture of W5+ and W4+), and 3) 

hydroxyl groups.  

The chemical state changes of sub-ML and ML V in mixed catalysts during redox 

reactions are consistent with our previous studies of pure VOX (without WOX) grown by ALD on 

α-TiO2(110). Namely for pure VOX, the sub-ML V oxidation state changes from V5+ in the Ox 

state to a mix of V3+ and V5+ in the Re state[157], and the ML V changed from V5+ in the Ox 

state to V4+ in the Re state.[232] Also our previous study of pure sub-ML[21] and ML WOX 

showed no chemical state change from W6+ in the redox reaction, which makes it different the 

chemical state changes observed in the present study for W in sub-VW. 
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Figure 7.4 XSW data of two mixed catalyst samples for the (110) surface normal and (200) off-

normal directions showing vanadium and tungsten structural changes for the oxidized (Ox), 

reduced (Re), and re-oxidized (Ox2) stages of a redox reaction cycle. Results for Ox2 match well 

with those for Ox, indicating that structural changes are reversible. Sub-VW denotes the sample 

with 0.7 ML vanadia on top of 1.2 ML tungsten oxide, and ML-VW denotes the sample with 1.1 

ML vanadia on top of 0.6 ML tungsten oxide. V structural changes for (a) Sub-VW sample; (b) 

ML-VW sample; W structural changes for (c) Sub-VW sample; (d) ML sample. 
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Figure 8.4 shows a representative set of in situ XSW data and analysis after the Ox, Re, 

and Ox2 steps for the sub-VW and ML-VW cases. The Oxà Reà Ox2 reversible change in the 

V XSW data for both cases is consistent with reversible redox-induced V atom distribution 

changes; likewise, for W in the sub-VW case. For W in the ML-VW case, no change in the W 

structural distribution is observed, which is consistent with no changes observed in the W XPS 

measured chemical state. The XSW measured Fourier amplitudes and phases (Tables 8.3 and 8.4) 

are then summed up to create model-independent V and W density maps. Figs. 8.5 and 8.6 show 

the XSW atomic density maps of V and W of the ML-VW and sub-VW at the Ox and Re states, 

respectively. Since W in ML-VW does not undergo structural changes during redox reactions, 

there is only one W density map shown in Fig. 8.5. These density maps are projected into the α-

TiO2(110) surface unit cell,[21, 157, 232] and the “hot spots” in the maps are the V or W density 

maxima, indicating the occupation fraction of this element at this site. In this unit cell, there are 

two symmetry-inequivalent Ti sites, namely atop (AT) and bridging (BR) sites,[21, 157, 232] 

which are depicted as solid (AT) and open (BR) blue circles, respectively. It is easy to see that V 

and W cations in sub-VW case prefer the BR adsorption sites on the rutile (110) surface, while V 

and W cations in the ML-VW case are distributed equally between AT and BR sites. It is also 

worth noting that the W density map of the 0.7 ML WOX in the ML-VW mixed catalyst is the 

same as those of sub-ML[21] and ML W (see Supporting Information) on α-TiO2(110) surfaces 

in our previous studies. These differences suggest that the proper mixing of V and W can affect 

the structural properties of both V and W in reactions, which may result in different catalytic 

performance.  
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Figure 7.5 Atomic density maps of 1.1 ML vanadia on top of 0.6 ML tungsten oxide deposited 

on α-TiO2 (110). Each map is projected onto the α-TiO2 unit cell, where symmetry-inequivalent 

AT (filled blue circles) and BR (open blue circles) bulk-like Ti sites are shown. (a) - (b) the 

vanadium cations’ density maps plotted in the surface unit cell reference; (c) is the tungsten 

cations’ density map. 
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Figure 7.6 Atomic density maps of 0.7 ML vanadia on top of 1.2 ML tungsten oxide deposited 

on α-TiO2 (110). (a) – (b) the vanadium cations’ density maps plotted in the surface unit cell 

reference; (c) – (d) the tungsten cations’ density maps. Bulk-like Ti sites are shown as blue 

circles, in the same scheme as used in Figure 7.5. 
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Table 7.3 Summary of XSW experimental results from the oxidized (Ox), reduced (Re), and re-

oxidized (Ox2) surface treatments of the VOX (0.7 ML) / WOX (1.2 ML) / α-TiO2 (110) sample. 

fH and PH are experimentally measured coherent fractions and coherent positions, respectively, 

and fH
C and PH

C and least-square determined best fit values. The top part of the table is the 

summary for V results and the lower part of the table is the summary for W results. 

hkl 110 101 200 111 211 210 220 301 
V 
Ox fH 0.30(1) 0.46(1) 0.30(6) 0.2(1) 0.31(5)    

fH
C 0.33 0.45 0.33 0.42 0.22    

PH 0.84(1) 0.95(1) 0.86(3) 0.28(6) 0.79(2)    
PH

C 0.83 0.91 0.83 0.45 0.72    
Re fH 0.60(5) 0.42(8) 0.27(6) 0.32(8) 0.36(6)    

fH
C 0.42 0.42 0.42 0.29 0.41    

PH 0.04(2) 0.01(4) 0.88(3) 0.30(4) 0.81(3)    
PH

C 0.93 0.96 0.83 0.41 0.90    
Ox2 fH 0.24(2) 0.43(7)       

fH
C 0.27 0.41       

PH 0.84(1) 0.88(3)       
PH

C 0.86 0.92       
W 
Ox fH 0.30(1) 0.24(1) 0.36(1)      

fH
C 0.29 0.31 0.29      

PH 0.02(1) 0.89(1) 0.81(1)      
PH

C 0.93 0.97 0.93      
Re fH 0.21(1) 0.22(1) 0.32(1) 0.30(2) 0.16(1) 0.16(1) 0.08(2) 0.13(1) 

fH
C 0.23 0.23 0.23 0.09 0.23 0.10 0.22 0.23 

PH 0.97(1) 0.91(1) 0.99(1) 0.28(1) 0.96(1) 0.68(1) 0.07(4) 0.02(2) 
PH

C 0.97 0.99 0.97 0.43 0.96 0.40 0.94 0.96 
Ox2 fH 0.25(1) 0.28(1) 0.31(1) 0.16(1) 0.18(1) 0.14(1) 0.09(1) 0.14(1) 

fH
C 0.23 0.25 0.23 0.15 0.20 0.19 0.16 0.20 

PH 0.96(1) 0.85(1) 0.90(1) 0.39(1) 0.94(1) 0.63(1) 0.85(1) 0.88(1) 
PH

C 0.91 0.96 0.92 0.53 0.88 0.51 0.85 0.88 
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Table 7.4 Summary of the XSW experimental results from the oxidized (Ox), reduced (Re), and 

re-oxidized (Ox2) surface treatments of the VOX (1.1 ML) / WOX (0.6 ML) / α-TiO2 (110) 

sample. The top part of the table is the summary for V results and the lower part of the table is 

the summary for W results. 

hkl 110 101 200 111 211 
V  
Ox fH 0.29(4) 0.18(5) 0.27(4)   

fH
C 0.26 0.26 0.26   

PH 0.86(2) 0.92(4) 0.78(2)   
PH

C 0.82 0.91 0.82   
Re fH 0.53(7) 0.62(9) 0.1(1) 0.7(2) 0.3 (1) 

fH
C 0.45 0.61 0.45 0.48 0.22 

PH 0.01(3) 0.03(3) 0.9 (3) 0.72(3) 0.90(6) 
PH

C 0.96 0.98 0.96 0.72 0.96 
Ox2 fH 0.38(7) 0.39(9)  0.4(2) 0.48(9) 

fH
C 0.43 0.43  0.04 0.43 

PH 0.9(3) 0.87(3)  0.02(9) 0.87(3) 
PH

C 0.89 0.95  0.01 0.84 
W 
Ox fH 0.45(1) 0.28(1) 0.43(2) 0.06(2) 0.31(2) 

fH
C 0.42 0.43 0.42 0.11 0.40 

PH 0.04(1) 0.05(1) 0.90(1) 0.45(7) 0.07(1) 
PH

C 0.04 0.02 0.04 0.37 0.06 
Re fH 0.46(1) 0.44(1) 0.54(3) 0.11(3) 0.45(3) 

fH
C 0.45 0.46 0.45 0.09 0.44 

PH 0.03(1) 0.00(1) 0.01(1) 0.38(4) 0.12(1) 
PH

C 0.05 0.02 0.05 0.37 0.07 
Ox2 fH 0.25(1) 0.26(2)    

fH
C 0.26 0.26    

PH 0.03(1) 0.04(1)    
PH

C 0.04 0.02    
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Table 7.5 Least-squares fit model parameters determined from XSW data and Eq. 7.1 for the V 

and W occupation fractions, cX, and heights, zX , above the bulk TiO (110)  plane for VOX (0.7 

ML) / WOX (1.2 ML) / α-TiO2 (110). For comparison, Ti in bulk α-TiO2 has zBR = zAT = 3.25 Å. 

The V correlated fraction (Σc = cBR + cAT ) is also listed. 

Surface cBR cAT Σc zBR  (Å) zAT (Å) 
0.7 ML V      

Ox 0.35(3)  0.14(3)  0.49(4) 3.09(3)  2.60(6) 
Re 0.35(4)  0.07(4)  0.42(6) 3.12(3)  3.22(9)  

1.2 ML W      
Ox 0.18(1)  0.08(1)  0.26(1) 2.93(1)  3.20(1)  
Re 0.16(1)  0.07(1)  0.23(1) 3.19(1)  3.25(1)  

	
  
	
  
Table 7.6 Least-squares fit model parameters determined from XSW data and Eq. 7.1 for the V 

and W occupation fractions, cX, and heights, zX , above the bulk TiO (110)  plane for VOX (1.1 

ML) / WOX (0.6 ML) / α-TiO2 (110). For comparison, Ti in bulk α-TiO2 has zBR = zAT = 3.25 Å. 

The V correlated fraction  (Σc = cBR + cAT )  is also listed.  

Surface cBR cAT Σc zBR  (Å) zAT (Å) 
1.1 ML V      

Ox 0.20(8)  0.23(9)  0.43(9) 3.06(7)  3.09(6) 
Re 0.32(5)  0.34(5)  0.66(7) 3.43(4)  2.99(4)  

0.6 ML W      
Ox 0.24(2)  0.19(2)  0.43(3) 3.26(2)  3.38(2)  
Re 0.25(1)  0.21(1)  0.46(1) 3.29(2)  3.37(2)  

 

To further refine the structural parameters associated with these two adsorption sites, we 

performed a least-squares global fit of each condition to the measured set of fH and PH values. 

The Hth Fourier component for the V atomic distribution is then described as, 
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,     (8.1) 

where cX denotes the V or W cations’ occupation fraction at the AT and BR sites with positions 

rAT = (0,0,zAT) and rBR = (½,½,zBR), with zX denoting the cations’ heights in the (110) direction 

above the TiO plane. Tables 8.5 and 8.6 list the best-fit determined results of the cations’ 

occupation fractions and adsorption heights for sub-VW and ML-VW samples, respectively. As 

an additional consistency check, the measured Fourier components (Tables 8.3 and 8.4) are 

compared with the calculated values, fH
C and PH

C, that would have been observed if V occupied 

sites as dictated by this best-fit model. Furthermore, Tables 8.5 and 8.6 show that the correlated 

fractions, Σc = cBR + cAT, are constants for V and W in sub-VW case, and W in ML-VW case, 

respectively, indicating the correlated elements stay the same in redox reaction. The remaining 

cations are uncorrelated to the substrate lattice, distributed in defect sites or contained in the 

nanoparticles observed on the surface after redox processing.  

Only ML V in the ML-VW case shows a significant change for the correlated fraction, 

indicating that some uncorrelated cations become correlated to the substrate lattice upon 

changing from the Ox state to the Re state. This is consistent with our previous study of 2.0 ML 

VOX on α-TiO2(110), in which V cations go through a redox-reversible coherent-incoherent (or 

correlated –uncorrelated) transformation, concurrent with the V chemical shift from 5+ to 4+.26 

In the discussion that follows, we consider the atomic distribution examined by the XSW atomic 

map to be partitioned into a correlated and uncorrelated part. From Eq. 8.1 we would define the 

uncorrelated part to be one in which the Fourier amplitudes fH = 0 for all H =hkl, except H = 0. 

It is not surprising that the correlated fraction of the sub-ML W in ML-VW case stays the same 

in a redox reaction because no change in the W chemical state is observed. However, for the sub-

VW case, the correlated fractions for both V and W are unchanged, while XPS shows that redox 

FH = fH exp 2!iPH( ) = cAT exp 2!iH ! rAT( )+ cBR exp 2!iH ! rBR( )
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causes a significant fraction of both cations to undergo a chemical-state change. This implies that 

the correlated V and W atoms may not participate in the chemical state changes in redox 

reactions for this case. It is those uncorrelated cations that go through reversible chemical state 

changes. Note that the correlated fraction for V from the model-dependent analysis of the sub-

VW case, ~ 0.45, matches well with the 0.44 fraction of the unchanged V5+ in the Re state from 

the XPS measurement. This strongly suggests that uncorrelated cations play a significant role in 

the redox reaction in this case. The reversible structural changes for those correlated V and W 

can be seen from the height changes at AT and BR sites on the rutile surface. The model-

dependent global fits show that both V and W in the sub-VW case have significant adsorption 

height changes when they go through the redox processes. This indicates that uncorrelated 

cations affect the structure of the nearby correlated V and W cations when the reversible 

chemical state changes happen. The uncorrelated cations may be mixed with correlated V and W 

nanocrystals in larger nanoparticles, as shown from the AFM image in Fig. 8.1(c). Therefore 

reversible structural and chemical states changes are both observed. 

 In Table 8.5 the XSW global fit shows that the correlated fraction of W in the sub-VW 

case is 0.25, or 0.3 ML. This is the same as the amount of correlated W in ML-VW case, 

0.6 ML×0.45 = 0.3 ML, as shown in Table 8.6. This matches very well with the coverage of 

correlated W in our previous study26 of 0.38 ML WOX / α-TiO2. This indicates that for ALD-

grown W on rutile, the correlated W amount is a constant, and these correlated W do not go 

through chemical state changes. The comparison between the three cases shows that a redox 

reaction cycle at 400 °C does not induce changes in W chemical states if only W is deposited on 

rutile. However, combining proper amount of V with W can yield a surface capable of redox-

induced chemical state changes.  



	
  
210 

 Previous studies of vanadia, tungsten oxide or V-W mixtures supported on TiO2 powder 

have shown that V is much more catalytically active than W during various chemical 

reactions.[235-237] With additional W added to V, the catalytic activity is improved.[87, 238] 

This is consistent with our findings: Rutile α-TiO2(110)-supported unmixed W is not reducible 

while W is reducible when ML W is mixed with sub-ML V. It is believed that a synergetic effect 

is brought by the additional W to V.[236, 238] Bertinchamps et al. further show that the synergy 

between V and W is attributed to the additional Brønsted acid sites brought by the promoter, 

W.[238] Therefore, an enhancement of performance is observed for the mixed catalysts over 

their constituents. Previous studies[87, 238] also show that the best performance of V-W mixed 

catalysts is achieved when the atomic concentration ratio of W to V is greater than 1. This is 

consistent with our findings as well: W is reducible when the W : V ratio is about 2:1, while W 

has no chemical state changes for the opposite ratio. Our model-dependent analysis shows that 

for either mixed catalysts or W alone, there is a certain amount of correlated W (~0.3 ML), 

which does not change during the redox reaction. It is the uncorrelated W (or V) that responds to 

the redox reaction chemically (and structurally, for ML V). This is also supported by the studies 

of V-W mixed catalysts supported on TiO2 powder. X-ray diffraction measurements combined 

with reactivity experiments[87, 238] indicate that crystalline WOX brings very small 

improvement to the catalytic performance. The improvement of the catalyst activity parallels the 

increase in W loading under the condition that these W are still present as non-crystalline.[236] 

In our mixed catalyst cases, the crystallinity ratio of W is much higher in ML-VW than that in 

sub-VW. Therefore, higher catalytic performance of sub-VW can be expected, which shows that 

W is reducible. W is generally catalytically inactive and thermodynamically stable in the 
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temperature range of our redox reaction, 400 °C, so it is not surprising that no chemical state 

changes of W in ML-VW are observed. 
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7.3 Summary 

 

For α-TiO2(110) supported VOX-WOX mixed catalysts, two cases were investigated: 0.7 

ML VOX mixed with 1.2 ML WOX (sub-VW), and 1.1 ML VOX mixed with 0.6 ML WOX (ML-

VW). AFM shows that vanadia and tungsten oxide exist as nanoparticles on the surface after 

undergoing a redox reaction cycle. XSW analysis shows that these large nanoparticles are 

composed of nanocrystals, which are correlated to the underlying α-TiO2, and small uncorrelated 

nanoparticles that play an important role during the redox reactions. XPS combined with XSW 

further indicates that uncorrelated V and W in sub-VW and uncorrelated V in ML-VW go 

through chemical state changes for the sub-VW case. Except for V in ML-VW showing an 

uncorrelated-correlated structural transformation, no dramatic structural changes for W in ML-

VW, and V and W in sub-VW, are observed. However, the dynamics of uncorrelated V and W in 

a redox reaction cycle affect nearby correlated V and W, causing variation in their adsorption 

heights. Redox reversibility was observed in this process, demonstrating its relevance to catalytic 

applications. Compared with previous studies of TiO2 single crystal- and powder-supported 

WOX, additional W added to V in our cases shows some enhanced catalytic performance, which 

is consistent with results from powder-supported mixed catalysts. This is due to the additional 

Brønsted acid sites provided by the promoter, W, and thus the synergy between V and W is 

formed. Our studies also show that the mixed catalysts show enhanced chemical state shifts as 

the amount of additional W increases. This enhancement is attributed to the increase in the ratio 

of uncorrelated to correlated W. This study demonstrates the importance of structurally 

uncorrelated cations in chemical reactions, which will further help to understand the redox-
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induced chemical bonding changes of the catalysts and the role of the supporting oxides in 

catalytic reactions. 
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Chapter 8: Correlating Single-Crystal Surface Studies to 
Catalysis Properties Studies of Powders 
 

8.1 Introduction 

Single crystal studies descripted in preceding Chapters are well suited to give clear 

structural and chemical information for well-defined surfaces. However, single crystal surfaces 

are not suitable for catalytic reaction tests due to low surface areas. For this, it is necessary to use 

polycrystalline powders with high surface areas for catalytic property tests. XSW combined with 

XPS can be used to probe the surface structural and chemical information of catalysts on single 

crystals during reactions, while reactivity and selectivity of chemical reactions on catalysts can 

be studied by traditional catalytic tests on powders. The question remains is how we can 

correlate our single crystal surface measurements with catalytic property tests on powder 

samples. Our strategy here is to use XPS on both single crystals and powders to demonstrate 

their similar catalytic performance.  
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8.2 Cyclohexane ODH on Rutile Supported Vanadia 

Previously the redox-driven cation dynamics of sub-ML[157] and ML[232] VOX/α-

TiO2(110) have been observed. V with different coverages showed distinct structural and 

chemical reversible changes. Therefore, rutile supported vanadia can be an ideal system to 

correlate the single crystal structural studies with powder catalytic studies. For this purpose, 

cyclohexane oxidative dehydrogenation (ODH) was performed on 1.5 ML VOX/α-TiO2(110). 

The ODH processes on single crystal supported vanadia were separated into two parts: 

oxidization of vanadia by oxygen and reduction of vanadia by cyclohexane. In situ XSW and ex 

situ XPS were combined together to study the atomic-scale structural and chemical state changes 

of V. Furthermore, cyclohexane ODH were carried out on rutile powder supported ML vanadia. 

The reactivity and selectivity were tested.  

In this study, atomic-flat surfaces of α-TiO2(110) were prepared using the 2-step 

annealing method mentioned before. For V ALD growth, substrates were exposed first to 

vanadium oxytriisopropoxide (VOTP) at a partial pressure of 0.05 torr for 2 seconds, followed 

by a nitrogen purge for 5 seconds. The ALD coated α-TiO2(110) substrates were then exposed to 

H2O2 at a partial pressure of 0.2 torr for 2 seconds, followed by a nitrogen purge for 5 seconds. 

This process is defined as one ALD cycle. For single crystal α-TiO2 (110), 2 ALD cycle of 

vanadia were deposited. For powder rutile substrate, 3 ALD cycles of vanadia were deposited. 

To make sure the ML V was obtained for powder samples, the exposure time to VOTP during 

ALD growth is increased to 30 s instead of 2 s. 

For XSW measurement, the single crystal sample was mounted on a 5-circle 

diffractometer at the APS 5ID-C station. The incident photon energy was set at 7 keV for 
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observing V K XRF by a Si (111) monochromator and collimated further with either Si (111) or 

(220) channel-cut postmonochromator crystals. A Vortex EM silicon drift diode (SDD) detector 

was used to collect X-ray fluorescence spectra. The V coverage was determined to be 1.5 ML by 

XRF comparison to a calibrated standard sample. To facilitate surface chemical reactions, the 

samples were placed on a ceramic heating stage inside a beryllium dome gas reaction cell that 

was mounted on the diffractometer. The oxidized and reduced surfaces were prepared by 

annealing at 400 °C for ½ h in O2 and cyclohexane carried by helium through a bubbler at 760 

torr, respectively. In situ XSW analysis[152, 153, 173] was used to measure the V atomic-

density maps[156, 233, 234] relative to the rutile substrate lattice after each of these processing 

steps, namely, oxidized (Ox) à reduced (Re) à re-oxidized (Ox2).  

XP spectra were taken for the samples at the Ox, Re and Ox2 conditions. These spectra 

were collected with an Omicron ESCA probe using monochromated Al Kα X-rays. A low-

energy electron flood gun was used to compensate the XPS induced surface charging effects. 

Carbon 1s (284.8 eV) was used as the reference to calibrate the XP spectra.  

Figure 9.1 shows the XSW and XPS data analysis for 1.5 ML VOX/α-TiO2(110) at each 

reaction step, respectively. The uncorrelated-correlated structural changes concurrent with V5+ 

ßàV4+ chemical state changes are consistent with our previous study of 2 ML VOX/α-

TiO2(110)[232], but for the latter case H2 is used as the reductant.  
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Figure 8.1 (a) XPS and (b) XSW (110) surface normal direction data analysis of 1.5 ML VOX/α-

TiO2(110), showing vanadium structural and chemical state changes for the oxidized (Ox), 

reduced (Re), and re-oxidized (Ox2) stages of a redox reaction cycle. 

 

The V structure at Re state was further studied by XSW. Several off-normal hkl 

diffraction planes were measured as shown in Figure 9.2. These asymmetric V fluorescence 

shape indicates that V forms correlated structure to the substrate α-TiO2(110) lattice. By 

inserting measured Fourier components (fH and PH) into Eq. 3.10, a V atomic-density map of the 

Re state is created as shown in Figure 9.3. This Re structure as well as the redox-induced 

correlated-uncorrelated transformation further confirms the consistence with 2 ML VOX/α-

TiO2(110)[232], indicating cyclohexane has the similar effort on V cations. 
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Figure 8.2 XSW data analysis for reduced 1.5 ML VOX/α-TiO2(110) at (110), (101), (200) and 

(211) diffraction planes. The asymmetric shape of V fluorescence indicates that V is correlated 

to substrate lattice. 
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Figure 8.3 V atomic-density map at reduced condition. The open and solid circle denote two 

symmetry inequivalent sites, AT and BR sites, on α-TiO2(110) surface. 

Figure 9.4(a) and (b) show the AFM images of α-TiO2(110) substrate surfaces before and 

after ALD deposition, respectively. The large atomically flat terraces are separated by atomic 

steps of 3.3 Å. Similar terraces were observed after ALD growth indicates the conformal growth 

of 1.5 ML vanadia. In contrast Fig. 9.4(c), which is an AFM image of the same surface after the 

redox reactions, shows the formation of nanoparticles. The existence of V nanoparticles is 

further confirmed by SEM images, as shown in Figure 9.5. This is similar to 1.0 ML WOX/α-

TiO2(110) and indicates that if catalyst coverage is higher than one ML, nanoparticles are 

observed after redox reactions. 
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Figure 8.4 Atomic-force microscopy images of the TiO2 (110) substrate surface. (a) The blank 

substrate surface after 2-step annealing with atomically flat terraces. (b) After ALD growth of 

1.5 ML vanadia, the flat atomic terraces can still be observed clearly. (c) The same surface after 

two redox reaction cycles shows the formation of nanoparticles. 

	
  

	
  

Figure 8.5 SEM images of 1.5 ML VOX/α-TiO2(110) after redox reactions. Nanoparticles are 

clearly seen. 
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 To associate these atomic-structural and chemical state changes with V catalytic 

properties, cyclohexane ODH tests were carried out on vanadia supported by rutile powder. To 

make sure powder supported vanadia has the same catalytic performance as single crystal 

supported vanadia, XPS was used to demonstrate the similarities. Figure 9.6(a) shows the XPS 

analysis for 1.5 ML VOX/α-­‐TiO2(110) and Figure 9.6(b) shows the XPS analysis for vanadia on 

rutile powder. The similarity of V5+ ßàV4+ chemical state changes for both cases indicates that 

vanadia performs similarly in cyclohexane ODH reaction regardless the substrate types.	
  

 

	
  

Figure 8.6 XPS of (a) single crystal a-TiO2(110) supported 1.5 ML vanadia, and (b) powder 

rutile supported 3 ALD cycle (30 s) vanadia at oxidized (Ox) and reduced (Re) condition. The 

Re surface is obtained by cyclohexane reduction.  
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Figure 8.7 Cyclohexene selectivity as a function of reaction temperature of 3-ALD-cycle coated 

vanadia on rutile powder. 

 

For cyclohexane ODH tests on powder vanadia, cyclohexane was delivered from a 

cyclohexane bubbler by Argon gas. The reaction was carried out at the temperature range of 325 

to 425 °C. 50 mg of catalysts was used and diluted by 200 mg of SiC to avoid the hot spots 

during reaction. Based on the calculations and the standard we have, the flow rate of 

cyclohexane, oxygen, and argon was 0.22, 0.44 and 19.34 sccm. Cyclohexane to oxygen ratio 

was 1:2. Figure 9.7 shows our preliminary results of the cyclohexene selectivity as a function of 

reaction temperature. This test shows that the main product of cyclohexane ODH is benzene, and 
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the selectivity for cyclohexene is quite low. Further tests are being carried out and the atomic-

scale structure changes will be associated with vanadia selectivity. 

 

 

 

	
    



	
  
224 

8.3 Summary 

 

For rutile supported ML vanadia, the structural and chemical studies of vanadia on single 

crystal α-TiO2(110) have been correlated with catalytic reaction studies on rutile powder 

supported vanadia. During the redox reaction, V change from uncorrelated structure in oxidized 

(Ox) condition to rutile-like structure in reduced (Re) condition by using cyclohexane as the 

reductant, while V chemical states change from V5+ in Ox to V4+ in Re. The cyclohexane 

selectivity and reactivity on vanadia powders have been tested on rutile powder supported 

vanadia. The future step is to associate the selectivity and reactivity of vanadia to its atomic-scale 

structural changes. 
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Chapter 9: Summary and Outlook 
 

9.1 Thesis Summary 

  

This thesis work has focused on the studies of oxide supported catalysts from growth to 

redox-reaction induced dynamics. We studied unmixed catalysts (vanadium and tungsten) on 

different oxide substrates, reducible oxide α-Fe2O3(0001) and non-reducible oxide α-TiO2(110), 

and mixed catalysts.  

 

	
  

Figure 9.1 Predictions for several combinations between the catalyst and the substrate from 

works in this thesis. 

Our previous studies[21] shows that inert catalyst supported on non-reducible substrates, 

such as WOX/α-TiO2(110), have no redox-induced cation dynamics. However, in this thesis, 
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when a inert catalyst is supported on a reducible substrate, WOX/α-Fe2O3(0001), or an active 

catalyst is supported on a non-reducible substrate, VOX/α-TiO2(110), we show that reversible 

structural and chemical state changes in redox reactions have been observed for both cases. This 

indicates that proper combination of a catalyst with a support can boost their catalytic 

performance in reactions. Similarly, when W is mixed with V, different ratio of W to V show 

distinct reversible structural and chemical state changes in reactions. This demonstrates that there 

is a synergistic effect when proper amount of W is mixed with V. These are summarized in 

Figure 10.1, which is added our predictions for the structural and chemical states changes of 

several possible combinations between the catalyst and the support as shown in Figure 1.2. 

 In this thesis, various X-ray techniques are used as in situ probes, and imaging methods 

like AFM and SEM are used for complementary surface investigations. For single crystals 

supported catalysts, X-ray standing wave (XSW) is a unique and powerful technique to directly 

image the surface catalysts’ density distribution and structure at atomic-scale. XSW is very 

suitable to study monolayer (ML) and sub-ML metal and/or metal oxides on single crystal 

substrates. As shown in MBE grown sub-ML Pt on SrTiO3(001) case, XSW can accurately 

determine the Pt lattice shift relative to substrate SrTiO3 unit cell at different Pt coverage. 

Furthermore, by studying the added incoherent-scattering effect on a known distribution, namely, 

Ti sublattice in SrTiO3 substrate, XSW can be used to estimate the effect of the same effect on 

the unknown Pt distribution. Therefore, we extend the studies from perfect single crystal to 

imperfect crystal substrates.  

 Since X-ray is nondestructive for catalysts and has weak interaction with materials, XSW 

is demonstrated to be an excellent in situ technique to study catalysts’ surface dynamics induced 

by redox-reaction, as shown in WOX/α-Fe2O3(0001) and VOX/α-TiO2(110) case. By combining 
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XPS and XAFS, atomic-models can be proposed to explain in details how these catalysts 

respond to reactions. With help from DFT calculations, a direct comparison between XSW 

density maps and DFT models can be used to identify the most possible catalysts’ distribution. 

DFT calculations can also propose the oxygen configuration and bonding geometries, which 

cannot be detected by XSW.  

 Besides XSW, GISAXS is another powerful tool to study uncorrelated nanoparticles 

catalysts distributed on oxides surfaces. As shown in ALD grown Pt nanoparticles on 

SrTiO3(001) surfaces, GISAXS is used not only to determine the Pt nanoparticles size and 

shapes before and after thermal treatment, but also to detect Pt nanocrystal morphologies. These 

interesting observations are confirmed by AFM and SEM complementary studies. 

 Although XSW and GISAXS are very useful for studying correlated and uncorrelated 

catalysts on single crystal substrates, it is difficult to study powder supported catalysts, which 

have wider application in industrial. Therefore, XAFS is applied to in situ study vanadia 

supported on hematite powders, as demonstrated in the last chapter. Atomic models besides 

XAFS are proposed to explain reaction-induced structure and chemical state changes. 

 Overall, in this thesis, we show how to study catalysts’ structure and chemical state 

information by combining several in situ and ex situ methods. XSW and GISAXS are very 

powerful to study catalysts supported on single crystals, while XAFS is suitable to study powder 

supported catalysts. With combination of XPS, AFM and SEM, comprehensive information can 

be obtained to show how catalysts respond to reaction chemically and structurally. 
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9.2 Outlook 

9.2.1 Chemical- and Element-Specific in situ Methods for Oxides Supported Catalysts Studies 

Although our XSW-XPS is powerful to study cations’ dynamics during reactions, we 

cannot obtain structural information from low Z element, such as O. Furthermore, our current 

XSW method, which monitors the element-specific XRF signal while scanning through a Bragg 

reflection, is not capable in distinguishing separate maps for a cation with multiple chemical 

states. For example, in ¾ ML VOX/α-TiO2(110), XPS shows V3+ and V5+ coexist in the reduced 

condition, but XRF cannot distinguish the two kinds of V. Therefore, a new characterization 

strategy needs to be developed for future advanced studies, namely chemical- and element-

specific in situ method.  

The solution can be the normal incident XSW, which replaces the X-ray fluorescence 

detector by a XPS hemisphere analyzer. Both chemical states and structures of any element, in 

principle, can be in situ monitored by this technique. Normal incident XSW scan in energy 

instead of angular range like the XSW in our case. This can be used to study imperfect crystal 

substrates. Currently National Synchrotron Light Source (NSLS) and European Synchrotron 

Radiation Facility (ESRF) have the proper instrument for normal incident XSW experiment. At 

APS the X-ray Interfacial Science (XIS) facility is under construction, which combines MBE 

growth chamber, in situ XSW and XPS hemisphere analyzer. Chemical- and element-specific in 

situ XSW-XPS can be carried out. 
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9.2.2 Chemical- and Element-Specific in situ Studies for Powder Supported Catalysts 

 This thesis mainly discusses catalysts supported on single crystals. However, in 

industrials, the most used catalysts are powders, which cannot be studied by XSW. To extend the 

model catalysis study, in situ studies of catalysts supported on powder supported catalysts are 

necessary. Using X-ray absorption spectroscopy (XAS) to in situ study such catalysts is a future 

direction. XAS can provide both chemical- and element-specific information. For example, X-

ray Absorption Near Edge Structure (XANES) gives chemical state information and Extended X-

ray Absorption Fine Structure (EXAFS) gives local structure and binding coordination 

information of a certain element. 

 Using XAS to study powder materials is not new. But for the current catalysts study, if 

catalytic property tests can be combined with in situ XAS study of such catalysts, a structure-

reactivity/selectivity/activity property will be obtained. This will provide a tremendous impact on 

catalysis community. 
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Appendix A: Programs for XSW Data Analysis 
 

A.1 Developments in XSW Analysis Program: SWAM 

The core programs for the single crystal XSW data processing is to analyze the rocking 

curves and the X-ray fluorescence. Originally several Fortran programs were written by M. 

Bedzyk and J. Zegenhagen in 1984 and then developed further by Likwan Cheng[239] and 

Anathony Escuadro[35]. The Fortran program “SUGO” is used for data manipulation and later 

was translated to a Matlab based program “sugomat” by Zhan Zhang. Another important Fortran 

program, “SWAN”, was translated to a Matlab version, “SWAM”, by Jui-Ching Lin. 

In the program SWAM, the atomic scattering factors are calculated analytically using the 

method presented by Wasmaier and Kirfel[240]. SWAM can also calculate some physical 

parameters such as Bragg angles, structure factors, and ideal Darwin widths for a given crystal 

under a chosen dynamical diffraction condition. Most importantly, the program calculates and 

convolutes the reflectivity curves from an ideal 2-bounce monochromator and a sample and fits 

the convolution result to the experimental rocking curve data. The result of the reflectivity fit is 

then used to perform a fit of the theoretical fluorescence yield to the experimental fluorescence 

yield data in order to obtain the coherent position (PH), coherent fraction (fH), and off-Bragg 

normalized fluorescence yield.  

Previous version (version 3) is only capable of handling several limited elements, such as 

Si, Ti. The calculations of the anomalous scattering coefficients, f’ and f’’, are based on a 

tabulated list, which is limited by the energy range from 0 to 40 keV and the data resolution. 

Here we used a Cromer-Liberman equation[241] to theoretically calculate the anomalous 

scattering coefficients at any given energy for any element.  
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A.1.1 Guides to Some Important Routines 

(a) cromermat.m 

 cromermat.m is the core routine in the new version of SWAM. The following database 

is used: (1) matoele.dat, which contains each element’s atomic number, weight and symbol; (2) 

fcoef.dat, which is to calculate f0, the non-dispersive part of the atomic scattering factor; (3) 

XSECT.dat, which is the list of the cross section value for each element. 

 f0 is a function of the selected element and of k = sinθ/λ, where λ is the photon 

wavelength and θ is incident angle. f0 is approximated by a summation of a series of Gaussian 

functions, , where c, ai and bi are the coefficients tabulated in 

fcoef.dat database. This database can be downloaded freely from the ESRF website: 

http://ftp.esrf.eu/pub/scisoft/xop2.3/DabaxFiles/f0_WaasKirf.dat 

 The cross section database, XSECT.dat, has a number of orbitals. The first five records of 

each orbital are the cross section values at energy from about 1 to 80 keV approximately equally 

spaced in log(energy). The next five records are cross section values at energies selected by 

Gauss integration scheme if the function type is 0. (The function type is given in Cromer and 

Liberman[241]) The 11th value is read in for an energy equal to 1.001*(binding energy). If the X-

ray energy is less than the binding energy, a function called “sigma3” will be used according to 

the reference of Cromer and Liberman[242]. 

 The cromermat.m routine is used by AtomS.m and calcf.m to calculate f0, f’ and f’’ and 

then to calculate the structural factor and other parameters.  

 

(b) AtomS.m 

f0 k( ) = c+ ai exp !bik
2( )

i=1

5

"
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 This routine is used to calculated f0, f’ and f’’. It is isolated from calcf.m to be a GUI 

based, user-friendly routine for a special use. It can calculate the atomic scattering factor for any 

element, cation or anion. For execution, it has to be placed in a directory containing 

cromermat.m, database files of maofele.dat, fcoef.dat and XSECT.dat. Type “AtomS” in the 

Matlab command window, and the GUI input panel should guide the user to finish the atomic 

factor calculation. 

 

A.1.2 Flowchart of the Developed SWAM Program 

SWAM is a Matlab based program and is therefore independent of the operating system 

(Mac, PC, LINUX). Once Matlab is open, simply key in “SWAM” at the command line (when 

the working folder is at the SWAM program folder) and the program will start. The GUI based 

panel will guide the user to do data analysis. The detailed instruction can be found in the 

Appendix of Likwan Cheng’s PhD thesis[239]. Both the formats of the input data files, an XRR 

file and an XRF file, are (X, Y, ΔY) three-column data, separated by ‘Tab’, after the comments 

rows (begin with #, the number of comment rows are not limited). The first column is for the 

angular step number, the second column is for the experimental X-ray reflectivity (XRR) or XRF 

yield and the third column is the error. The XRR and XRF files can be obtained by cutting the 

output spreadsheet file from sugomat. The three functions in SWAM are: (1) cr: Compute the 

physical parameters for a single crystal dynamical diffraction condition, (2) r0: Calculate and fit 

the rocking curve, and (3) f1: Calculate and fit the fluorescence yield. The new computing 

algorithm for cr is shown in the flowcharts in Fig A.1 as an example. The flowcharts for r0 and 

f1 are the same as those in Jui-Ching Lin’s PhD thesis[243]. 
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Fig. A1: Flowchart diagram of cr showing the algorithm for computing physical parameters for a 

single crystal under dynamical diffraction condition. 
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A.2 Using SUGOMAT for XSW Data Processing 

 The Fortran program SUGO is suitable for many kinds of XSW data processing. 

However, when working at synchrotron for a quick data analysis, it is not so convenient because 

one has to type in all information manually. Instead, sugomat can provide a quick data 

processing, and generate the normalized reflectivity and fluorescence files for obtaining coherent 

fraction and coherent position using program f1. We will first go through a step-by-step data 

analysis in sugomat, and then we will provide a script for the quick data analysis. 
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Fig. A2: A typical XSW data header. The red-marked rows are important data sets for XSW data 

processing. TO016_W_Ox_R110.001.ch0 is the filename.  

 

 Taking the analysis of W signal of the mixed VOX-WOX / α-TiO2(110) as an example, 

the raw XSW data file named as, “TO016_W_Ox_R110.001.ch0”, is placed in a folder for 

analysis. Fig. A2 shows the typical XSW data header. IC4 records the X-ray intensity after the 

incident slit and is used for normalization. det records the reflectivity. The livetime fraction is 

given by, , where ltf is lifetime fraction, realt is real time of X-ray 

fluorescence counting, livet is live time, icr is the incoming rate of X-ray fluorescence, and ocr 

is outgoing rate. These values can be read directly from the XSW data file in their respective 

row. For example, IC4 is saved in row 5 of the data file. 

 

ltf = realt !ocr( ) / livet ! icr( )
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Fig. A3: Tungsten X-ray fluorescence (XRF) data read from energy-dispersive XRF detector 

Figure A3 shows the W XRF spectrum read from “TO016_W_Ox_R110.001.ch0”. To 

extract W Lβ1 signal, we have to choose the proper background regions and fit two Gaussian 

functions at the same time. After typing “sugomat” in the Matlab command window, a GUI input 

panel will pop out, as shown in Fig. A4. The detailed use of each option can be found in Likwan 

Cheng’s PhD thesis[239]. From Figure A3, we can choose the left background region to be 

(1040, 1049), and the right background region to be (1161, 1170). The W Lβ1 peak position is 

around 1100, and the W Lβ2 peak position is around 25 channels higher than W Lβ1 peak 

position. The Full width at half maxima for each peak is around 23. The preliminary Gaussian fit 

window (after choosing “ad” command in Fig. A4) is shown in Fig. A5 and Fig A6. The user can 

fill in these initial values for the Gaussian fit. A detailed Gaussian fit by using “ga” has to be 
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carried out after the preliminary Gaussian fit, and the FWHM values and peak positions in Fig. 

A6 will then have to be fixed, namely, 0 in the fraction steps. 

 

 

Fig. A4: The command main window of sugomat. 

 

Fig. A5: The GUI panel for background input. These values are estimated from Fig. A3 
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Fig. A6: The GUI input panel for initial Gaussian parameters, which are estimated from Fig. A3 

 To normalize data and obtain lifetime fraction, data manipulation is necessary. In the 

GUI option panel in Fig. A4, after choosing “ma”, a data manipulation GUI option panel pops 

out as shown in Fig. A7. A proper operation can then be chosen for data processing. 
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Fig. A7: The command window for data manipulation after choosing “ma” in Fig. A4 

 

 So far we have roughly showed how to do a step-by-step XSW data processing by 

sugomat. In the following, a script is provided for a quick data processing. The typical script is 

shown in Fig. A8. In this script, “id” means idle. It is a combination of the step-by-step 

procedures mentioned above for data extraction, manipulation and normalization. To execute this 

script, type “sugomat(1)” and choose this script file.  
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Fig. A8: A Script for the quick XSW data processing. The whole script reads from the left 

column to the right column.  
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Appendix B: Global Fit of XSW Data Using Igor Pro 
 

B.1 Global Fit Procedures 

The important information obtained from XSW experiments is the atomic height and the 

distribution of the surface species. The atomic density map created from the summation of 

Fourier amplitudes and phases gives the direct view of the distribution of the measured element. 

The height of the element can also be obtained from the numerical analysis of the atomic density 

maps. Due to the lateral symmetry used in this summation, there is no deviation of the element 

from the high symmetry sites laterally. This is a so-called model-independent method. To get 

more accurate height and atomic distribution of the element at each adsorption site, a model-

dependent analysis is necessary. This model is typically based on the relationship between the 

Fourier components and the element’s distribution, as described in Eq. (B1) 

,  (B1) 

where ci is the occupation fraction at the ith adsorption site and ri refers to the position of the 

element at the ith adsorption site. In order to determined the best-fit structural parameters and 

refine the model, a systematic method is needed to fit this model to all H=(hkl) XSW results. 

Since each set of XSW parameters (or Fourier components) is an independent measurement of 

the atomic-scale structure, it would be desirable if we could fit all the XSW measurements 

simultaneously to realize the benefit of a larger number of data points. This global analysis can 

be achieved by using the “Global Fit” procedure file in Igor Pro, which is a popular graphing and 

data analysis software package. 

fH exp 2!iPH( ) = ci exp 2!iH ! ri( )
i
"
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 Anathony Escuadro’s PhD thesis[35] provides a global fit procedure using Igor Pro 

version 4 and lower. As the development of the Igor Pro software, the Global Fit routine has 

changed significantly and some new functions have been added. Here we provide a global fit 

procedure based on Igor Pro version 6. 

 The Igor Pro documentation shows that the Global Fit procedure provides all the 

necessary functions to combined the individual data sets into a single data set in order to fit the 

multiple experiments as a single one. It also allows the fitting parameters to be defined as either 

global or local parameters. Instead of simply defined as global in old version of Igor Pro, the new 

version allows to defined “linked” parameters and “unlinked” parameters, which gives much 

more freedom to do the global fitting. The linked parameters are those that will be fit with the 

same value for all or some data sets, while unlinked parameters can have unique values for each 

individual data set. In our XSW measurement, it is assumed that each hkl measurement is 

probing the same surface/interface (i.e. the surface/interface structure is not changing 

significantly over the course of several XSW measurements). Therefore, in the general model 

described in Eq. (B1), the structural parameters, namely ci and ri, are considered as linked global 

parameters. The hkl diffraction plane indices and Fourier components are considered as the 

unlinked local parameters. 

 Besides using the build-in mathematical functions to fit the experimental data, Igor Pro 

allows users to define their own functions, enabling us to encapsulate our surface model into a 

form that Igor Pro and the Global Fit procedures can handle. Taking one set of Fourier 

component of the oxidized surface of 1/3 ML WOX/α-Fe2O3(0001) as an example, we will go 

through a step-by-step procedure to show how to use the new version of Global Fit in Igor Pro 

6.12 for XSW data analysis.  
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Table B1: A set of in situ XSW experimental and best-fit data of the Ox2 surface of the 1/3 ML 

W / α-Fe2O3 (0001) interface. Model independent parameters, fH and PH, are the measured H = 

hkil Fourier amplitudes and phases for the W distribution. These can be compared to the 

calculated fH
C and PH

C values determined from the best-fit of the model that is described by Eq. 

5.2. 

hkil 0006 1014 0112 

 fH fH
C PH PH

C fH fH
C PH PH

C fH fH
C PH PH

C 

Ox2 0.47(1) 0.59 0.11(1) 0.16 0.63(3) 0.62 0.44(1) 0.44 0.55(2) 0.65 -0.22(1) -0.28 

 

 

Fig. B1: The data table for all Fourier components. The first row contains the PH values and the 

second row contains the fH values. e_hi is the associated error for each Fourier component.  

 

 The Fourier components as the data sets are input first in the table in Igor Pro, as shown 

in Fig. B1. There are six waves used in this global fit. The first row contains the coherent 

position values and their associated errors. The second row contains the coherent fraction values 

and their associated errors. Since each XSW dataset has two independent results (the coherent 

fraction and coherent position), we can use a linear fit to analyze the XSW results. The last 
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column, “wave0”, is used in this linear fit function as the variables. In this case, the slopes and 

intercepts of the individual lines that are fit to the XSW data are calculated as a linear 

combination of the two XSW parameters. The model used for this global fit is shown in Eq. 

(5.1), which contains four global fit parameters to describe the W atomic distribution, namely, 

occupation fractions at the two adsorption sites on the α-Fe2O3(0001) surface, cA and cB, and the 

W vertical height to the oxygen plane at the two sites, zA and zB. These four parameters are 

defined as w[3], w[4], w[5] and w[6] in the global fit function, “xswParaFit”, as shown in 

Appendix B2. The rest three of the total seven fit parameters, w[0], w[1], and w[2], are used to 

describe the diffraction plane indices.  

 To use the Global Analysis control panel, select “Global Fit” from the Analysis section. 

After adding h1, h2 and h3 into Y Waves and wave0 into X Waves, select “xswParaFit” as the 

function for each wave from the “Choose Fit Function” pull-down menu, which displays the 

available fitting functions, including the built-in functions and any user-defined functions. Note 

that in the Data Sets portion of the control panel, it allows any number of data sets to be entered 

for global analysis. The data sets can be either entered via the “Add Data Sets” pull-down menu 

(or “Add/Remove Waves…” pull-down menu) in the Data Sets section or from an existing graph 

of the data to be analyzed. When using the pull-down menu, the user should specify both the Y 

Waves and the X Waves, if the appropriate X wave exits. If there is no specific X wave that 

corresponds with the Y Wave to be fit, the “_calculated_” wave should be selected as the 

matching X Wave. In our case, the individual XSW results are defined as a series of Igor Pro 

waves, as shown in Fig. B1. The whole Global Analysis panel is shown in Fig. B2. The global 

parameters in this model are marked with different colors in the control panel. 
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Fig. B2: The Global Analysis control panel of the Global Fit Igor Pro procedure. The fitting 

function, data sets and global parameters are specified in this panel. 

 

 The final step in preparing the fit is to enter the initial guesses for the various fit 

parameters. This is done in the “Coefficient Control” subpanel of the Global Analysis control 

panel. This subpanel contains a list of all the parameters defined in the fitting function and 

allows the user to specify an initial guess for the χ2 fit. As shown in Fig. B3, these initial guesses 
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are either held as constant during the analysis or given a start value. These constants are 

diffraction plane indices, and those variables are the global parameters that will be determined 

from the fit. Epsilon values in this panel are used to calculate partial derivatives with respect to 

the fit parameters, which in turn are used to determine the direction in which the χ2 fitting 

routine proceeds.  

 

 

Fig. B3: The Coefficient Control panel lists all initial guesses for this global fit. The diffraction 

plane indices are given as constants and the four global parameters are given proper initial values 

for the fit. 
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 Some optional fit attributes can be set at the bottom of the control panel. The most useful 

options are the “Weighting…” and the “Constraints…” parameters. These allow for the fine-

tuning of the χ2  fit routine by letting the user force some or all of the fit coefficients to remain 

within set limits, or select a separate set of error waves that will be used to weight the XSW data 

sets. These errors in our case are input as e_h1, e_h2 and e_h3, as shown in Fig. B1. 

 

 

Fig. B4: Graph generated by Igor Pro that represents the global fit of the specified structural 

model to the XSW data. The upper part of this figure shows the calculated residual displayer 

after choosing “Calculate Residuals” in the Global Analysis control panel. The markers are the 

experimental values for the coherent fraction and positions, and the uncertainties in these values 

are shown as error bars. The colored lines connect the best-fit values for the XSW parameters. 
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 With all these preparation above, the fit process can begin using the “Fit!” button on the 

Global Analysis panel. When the fitting routine is finished, information about the fit results is 

displayed in the command window, such as the best-fit values of the fit coefficients, the χ2 value 

of the completed fit, and the calculated standard deviation of the fit parameters. The fit results 

can also be displayed graphically after selecting “Fig Progress Graph” to allow for a direct 

comparison between the experimental data and the best-fit parameters, as shown in Fig. B4.  

 

B.2 Igor Pro Function for XSW Global Fit 

 The custom fitting function used with the Global Fit procedure in Igor Pro 6.12 to fit the 

multiple sets of XSW data is list below. 

 

Function	
  xswParaFit(w,xx)	
  :	
  FitFunc	
  
	
  
Wave	
  w	
  
Variable	
  xx	
  
Variable	
  real_ah,	
  imag_ah,	
  coh_f,	
  coh_p,	
  occA,	
  occB	
  
Variable	
  /C	
  Fm_rect,	
  Fm_pol	
  
	
   	
  
	
   //CurveFitDialog/	
  These	
  comments	
  were	
  created	
  by	
  the	
  Curve	
  Fitting	
  dialog.	
  Altering	
  
them	
  will	
  
	
   //CurveFitDialog/	
  make	
  the	
  function	
  less	
  convenient	
  to	
  work	
  with	
  in	
  the	
  Curve	
  Fitting	
  
dialog.	
  
	
   //CurveFitDialog/	
  Equation:	
  
	
   //CurveFitDialog/	
  f(xx)	
  =	
  a+b*xx	
  
	
   //CurveFitDialog/	
  End	
  of	
  Equation	
  
	
   //CurveFitDialog/	
  Independent	
  Variables	
  1	
  
	
   //CurveFitDialog/	
  xx	
  
	
   //CurveFitDialog/	
  Coefficients	
  7	
  
	
   //CurveFitDialog/	
  w[0]	
  =	
  h	
  
	
   //CurveFitDialog/	
  w[1]	
  =	
  k	
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   //CurveFitDialog/	
  w[2]	
  =	
  l	
  
	
   //CurveFitDialog/	
  w[3]	
  =	
  zA	
  
	
   //CurveFitDialog/	
  w[4]	
  =	
  zB	
  
	
   //CurveFitDialog/	
  w[5]	
  =	
  occA	
  
	
   //CurveFitDialog/	
  w[6]	
  =	
  occB	
  
	
   	
  
	
   occA=w[5]	
  
	
   occB=w[6]	
  
	
   	
  
real_ah	
  =	
  
occA*cos(2*Pi*(2*w[0]+w[1]+3*w[2]*w[3])/3)+occB*cos(2*Pi*(w[0]+2*w[1]+3*w[2]*w[4])/3)	
  
imag_ah	
  =	
  
occA*sin(2*Pi*(2*w[0]+w[1]+3*w[2]*w[3])/3)+occB*sin(2*Pi*(w[0]+2*w[1]+3*w[2]*w[4])/3)	
  
Fm_rect	
  =	
  cmplx(real_ah,imag_ah)	
  
Fm_pol	
  =	
  r2polar(Fm_rect)	
  
coh_f	
  =	
  real(Fm_pol)	
  
coh_p	
  =	
  imag(Fm_pol)/(2*Pi)	
  
if	
  (coh_p	
  <	
  0.0)	
  
	
   coh_p	
  +=1	
  
endif	
  
return	
  (2*coh_p-­‐coh_f)+(coh_f-­‐coh_p)*xx	
  
End	
  
	
  


