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Abstract 
 
	  
 

Synthesis of two ultrathin TiO2 films: model rutile / anatase TiO2(101) and rutile TiO2 / 

lepidocrocite-like TiO2 / W(100) interfaces:  

Scanning tunneling microscopy (STM) tip-pulse modification of a well characterised e-

beamed single crystal anatase TiO2(101) surface composed of a high step edge density, resulted 

in the formation of a new crystalline ordered rutile structure, characterised in real space by 

STM. This region was embedded in a ~400 Å diameter, ~50 Å tall mound in a surface hole 

surrounded by a ca. pristine (0.035 ML water) outer area of anatase TiO2(101)-(1 × 1). One 

area of the modified surface had an atomically resolved unit mesh of (3.1 ± 0.2 Å × 14.2 ± 0.5 

Å) and saw-tooth structure consistent with the surface structure of (1 × 3) reconstructed rutile 

TiO2(100) surface. In-situ adsorption of acetic acid resulted in a monolayer coverage (2 

adsorbates per (1 × 3)) of adsorbates resulting in a (2 × 3) (6.1 ± 0.4 Å × 14.7 ± 0.4 Å) unit 

mesh. Analysis of the STM images allowed this to be precisely assigned as the reduced rutile 

TiO2(100)-(1 × 3)-β surface structure [Phys. Rev. Lett. Vol. 82, 26, 5265-5268]. This presents a 

novel methodology to form a system composed of two single crystal variants of anatase and 

rutile in close enough contact ~30 Å to study the interfaces influence on the electronic 

properties of rutile and anatase with scanning tunnelling microscopy (STS) and photochemical 

properties with a photo-active molecule. 

Ultrathin films of TiO2 were grown on a W(100)-O-(2 × 1) substrate and characterised 

using a combination of STM and low energy electron diffraction (LEED). In addition to islands 

of rutile TiO2(110) with (1 × 1) termination that have been reported previously, rutile TiO2(110) 

islands with a (1 × 2) film termination were observed. A lepidocrocite-like TiO2 nanosheet, of 5 

Å height was observed; closely related structurally to an anatase (001) bi-layer, was also 

observed on the W(100) surface in combination with rutile islands. High-resolution STM 

images show that the nanosheet grows in the principal orthogonal directions of the W(100) 
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substrate and forms a commensurate (1 × 7) coincident cell. This two phase titania ultrathin 

film system of rutile TiO2(110)/lepidocrocite-like TiO2 provides a suitable model system to study 

a model interface between an anatase derived and rutile TiO2. Here macroscopic bulk 

averaging techniques can be utilised to study the interface.  

 

Photooxidation study on single crystal anatase TiO2(101):  

 As little mechanistic information of a photooxidation reaction has yet to be derived  

from single-crystal studies on anatase TiO2(101) surface with photo-active probe molecules a 

study is required prior to the investigation of a tip modified rutile / anatase TiO2(101) surface. 

The photooxidation of ethanol (as a prototype hole-scavenger organic molecule) adsorbed on 

the anatase TiO2(101) surface was studied by STM  and online mass spectrometry to determine 

the adsorbate species in the dark and under UV  illumination in the presence of O2 and to 

extract kinetic reaction parameters under photo-excitation.  

Here, the reaction rate for the photooxidation of ethanol to acetaldehyde was found to 

depend on the O2  partial pressure and surface coverage. An order of the reaction with respect 

to O2 was found to be close to 0.15. Carbon−carbon bond dissociation leading to the formation 

of CH3 radicals in the gas phase was found to be a minor pathway, which is contrary, to the 

case of the rutile TiO2(110) single-crystal. Our STM images distinguished two types of surface 

adsorbates upon ethanol exposure that  can be attributed to its molecular and dissociative 

modes. A mixed adsorption is also supported by DFT calculations performed by SABIC, in 

which they determined similar energies of adsorption (Eads) for the molecular (1.11 eV) and 

dissociative (0.93 eV) modes. Upon UV exposure at (and above) 3 × 10-8 mbar O2, a third 

species was identified on the surface as a reaction product that can be tentatively attributed to 

acetate/formate species on the basis of C 1s XPS results. The kinetics of the initial oxidation 

steps were evaluated using the STM and mass spectrometry data.  
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Glossary 
 
 
AES                                                         Auger Electron Spectroscopy 

AFM                                                Atomic Force Microscopy 

BGS                                                 Band Gap State 

CB                                                   Conduction Band 

CBM                                               Conduction Band Minimum 

CF                                                   Correction Factor 

DFT                                                 Density Functional Theory 

DOS                                                  Density Of States 

DSSC                                                Dye Sensitised Solar Cells 

EPR                                                  Electron Paramagnetic Resonance 

ET                                                     Electron Transfer 

FEL                                                   Fast Entry Loadlock 

FFT                                                    Fast Fourier Transform 

FWHM                                               Full Width Half Maximum 

GIXRD                                               Grazing incident X-ray diffraction 
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JDOS                                                  Joint Density Of States 

LEED                                                         Low Energy Electron Diffration 

LDOS                                                 Local Density Of States 

LT                                                       Low Temperature 

MD                                                      Molecular Dynamics 

ML                                                      Monolayer 

MLE                                                   Monolayer Equivalent 
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NC-AFM                                            Non-Contact Atomic Force Microscopy 

VO Oxygen Vacancy 

PBE                                                     Perdew−Burke−Ernzerhof 

PSD                                                     Photon Stimulated Desorption 

QM/MM Quantum Mechanical / Molecular Mechanical 

QMS                                                    Quadrupole Mass Spectrometry 

RAIRS                                                 Reflection Absorption Infra-Red Spectroscopy 

RFA                                                     Retarding Field Analyser 

RGA                                                     Residual Gas Analysis 

RT                                                        Room Temperature 

SEM  Scanning Electron Microscopy            

SPM                                                      Scanning Probe Microscopy 

STS                                                        Scanning Tunneling Spectroscopy 

STM                                                       Scanning Tunneling Microscopy 

SHE                                                        Standard Hydrogen Electrode 

TMO                                                      Transition Metal Oxide 

TEM  Transmission Electron Microscopy 

TPD                                                        Temperature Programmed Desorption 

TMA                                                       Trimethyl Acetic Acid 

TSP                                                         Titanium Sublimation Pump 

UHV                                                        Ultrahigh Vacuum 

UV                                                           Ultra-Violet 

VB                                                           Valence Band 

VBM                                                        Valence Band Maximum 

WKB                                                        Wentzel-Kramers-Brillouin 

XPS                                                                   X-ray Photoelectron Spectroscopy 
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Figure 1.1: Diagram showing the structural models of the unit cells of rutile (left) and anatase 
(right) TiO2. Lattice parameters of the unit cell of rutile are a = b = 4.584 Å, c = 2.953 Å, and 
those of the unit cell of anatase are a = b = 3.782 Å, c = 9.502 Å.  Blue spheres represent Ti ions 
and red spheres are O ions. The bond angles and bond lengths are labelled. Azimuth directions 
are shown. This figure was adapted from reference.6_________________________________24 
 
Figure 1.2: Schematic model illustrating the four fundamental processes associated with TiO2 
photocatalysis.  The maximum valence band energy EVB and minimum conduction band ECB are 
labelled. The key  processes: (1) UV light excites an electron into the CB. (2) The photo-excited 
electron migrates to the surface. (3) The O2 surface molecule is reduced by the photo-excited 
electron. (4) A species R is oxidised by the interaction with a h+. Adapted from 
reference.32__________________________________________________________________27 
 
Figure 1.3: Schematic diagrams showing five (I-V) possible bulk band alignments between 
rutile and anatase. The band gaps of 3.0 eV for rutile and 3.2 eV for anatase are depicted. The 
red arrows indicate the migration direction of photo-excited electrons and blue arrows the 
migration of photo-excited holes based on the stability conferred by the conduction band 
minimum (CBM) and valence band maximum (VBM) positions. Adapted from 
reference.59__________________________________________________________________30 
 
Figure 2.1: The universal curve of the inelastic mean free path (IMFP) (nm) of electrons as a 
function of energy (eV). Displayed are functions for Cu (black line), Au (grey dashed line) and 
CaCO3 (black dashed line).. The filled grey box indicates the surface sensitive 1 nm IMFP 
region (10-500 eV). Adapted from reference.1 ______________________________________40 
 
Figure 2.2: A detailed schematic of the Auger process involving three core levels  (K1, L1, L2,3). 
An electron removes the K1 electron. (A) The filled electron levels of the atom (B) The atom 
after removal of a core K electron with emission of a photon or Auger electron indicated. (C) 
The atom following the emission of the L2,3 electron. Adapted from reference.1 ___________43 
 
Figure 2.3: A one-dimensional (1D) arrangement of atoms (blue filled circles) separated by a, 
from which interference between two incident electrons occurs. The path difference is 
determined by the difference between a sin(θi) and a sin(θd) (bold black lines).____________45 
 
Figure 2.4: (A) A schematic of the STM. A tip (green spheres) with an atomically sharp apex is 
in tunneling contact with the surface (blue spheres). The tip height (Z) is controlled by a 
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feedback loop, controlling the voltage applied to the z-piezoelectric. A bias voltage (v) is 
applied and a current flows. Lateral motion (X, Y) results in a measurement to the surface 
topology. Adapted from reference.14 (B) A 3D 270 × 270 Å2 STM image (+2 V sample bias, 
0.08 nA) of EtOH / anatase TiO2(101) (512 points × 512 lines). The purple triangle of circles 
represents the positions of the tip. The dashed blue arrows indicate the path the tip takes. The 
slightly opaque area is yet to be imaged. The Z, X, Y (Å) directions are identified by the blue 
dashed arrows._______________________________________________________________48 
 
Figure 2.5: A simple model displaying the band structure of a metallic tip and surface with 
non-identical work functions ϕ (Vacuum level – EF). (A) At infinite separation. (B) In contact at 
separation of a. (C) With a small positive bias V applied to the sample at separation a. (D) In 
contact with a small positive bias V applied to the tip. The direction of electron tunneling 
though the potential barrier is indicated by the black dashed arrows, greatest at the Fermi level 
(EF) and decreasing in magnitude (smaller dashed arrows). Green filled square indicate the filled 
electron states and white squares are empty states. The green line indicates the population of 
surface states.________________________________________________________________49 
 
Figure 2.6: Schematic of the Tersoff-Hamann approximation: the STM tip (grey sphere) is 
modeled as a locally spherical potential, radius of curvature R centered at distance rt  above the 
surface (blue rectangle) with wavefunction ψ(rt). Adapted from reference.18 ______________53 
 
Figure 2.7: Change in tip distance ΔS with respect to lateral separation X as the Na atom at the 
tip apex is traversed over the adsorbates (Na, S, He), where at 0 the two atoms are coincident. 
Both the tip and surface φ use the Jellium model (1 Bohr = 0.529 Å). This figure was adapted 
from reference.23_____________________________________________________________55 
 
Figure 2.8: A simplified picture of the STM imaging mechanism in terms of s and dz2 orbital 
surface and tip  states (left) with the reverse shown on the right. This is inferred from the 
principal of reciprocity. Adapted from reference.28 __________________________________57 
 
Figure 3.1: Schematic top down view drawings of: (A) the UHV preparation chamber and 
analysis chamber of the Omicron AFM/STM system; (B) the UHV SPECS HT-150 Aarhus 
STM analysis/preparation chamber and photoreaction chamber. (C) Schematic top down view 
of the Scienta XPS chamber. All system devices used in this thesis are represented here.____64 
 
Figure 3.2: Photographs of the UHV systems: (A) Photograph of the UHV Omicron AFM/STM 
chamber. (B) Photograph of the SPECS STM HT-150 Aarhus Chamber. (C) Photograph of the 
Scienta XPS chamber._________________________________________________________65 
 
Figure 3.3: Schematic of the EFM-3 UHV Omicron evaporator. A) EFM-3 B) Evaporation cell 
Adapted from reference.1_______________________________________________________67 
 
Figure 3.4: (A) Schematic of the Xenon UV lamp, the set of mirrors (blue dashed box) are 
configured to remove light of 300-650 nm λ. A filter is applied to reduce the intensity. (B) 
Spectrum of the original Xenon arc lamp light. Adapted from reference.1_________________68 
 
Figure 3.5:  A schematic of the electron gun. A filament (cathode) emits electrons, which are 
processed by an electrostatic extractor condenser to form an electron beam._______________69 
 
Figure 3.6:  (A) A schematic of the shroud and QMS used in the photochemical experiments 
conducted on the anatase TiO2(110) surface. (B) A photograph of the photoreaction chamber 
with QMS and pyrex glass shroud in position under UV light irradiation._________________70 
 
Figure 3.7: Retarding field Auger instrumentation using LEED optics.17_________________74 
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Figure 3.8:  A schematic of the LEED optics employed. An electron beam Ve is incident 
normal to the sample surface, which is grounded, the electrons are scattered back radially in a 
field free region and are filtered by the middle two grids, -Ve +ΔV. The electrons are 
accelerated towards the fluorescent screen ~3-7 kV and a pattern is recorded._____________75 
 
Figure 3.9: Photographs of the Omicron AFM/STM. (A) Top down view of the STM where the 
stage with tip (right) and sample (left) are visible. (B) Side view of the STM where the 
interlocking damping mechanism is visible, prior to stage suspension.___________________77 
 
Figure 3.10: (A) A photograph of the SPECS Aarhus HT-150 STM stage (B) A 3D internal 
cross sectional view of the scanner mount and coarse approach mechanism. (SPM Aarhus Series 
brochure) 22_________________________________________________________________78 
 
Figure 3.11:  Apparatus for fabrication of tungsten etched tips. (A) photo of the support and 
base. Wires travel to the DC power supply. (B) The copper cathode (C) The anode which had 
the W wire inserted. Inset: electrochemical circuit: a +1.65 DC bias was applied between the 
copper and W electrodes in a meniscus of NaOH (aq) 2 M until electrochemical etching resulted 
in a section of wire breaking contact and dropping off onto shaving foam._______________ 78 
 
Figure 3.12: A generalised block diagram of the STM system under feedback control. This was 
adapted from reference.20______________________________________________________81 
 
Figure 3.13: An example 310 × 220 Å2 STM image from Chapter 4 of a +1.6 V sample bias 
and constant tunneling ~0.1 nA image on tip modified anatase TiO2(101). (A) The topographic 
height STM image, which is derived from the voltage applied to the z-piezo. (B) The parallel 
tunneling current STM image which has a variation of ~0.7 nA.________________________82 
 
Figure 3.14: An example data treatment. (A) A tilting of an image of anatase TiO2(101), in the 
1000 × 1000 Å2 image, the blue crosses indicate points chosen to tilt the entire image until they 
are in one plane. (B) A 1000 × 1000 Å2 image after the tilting. (C) The height histogram of 
image (B) the step edge height can be determined from the distance between peaks and is used 
for height calibration. (D) STM image 111 × 92 Å2 (E) Line profiles from image used for 
calibration (D).______________________________________________________________83 
 
Figure 3.15: Example processing procedure used to obtain height histograms of surface 
adsorbates for ethanol/anatase TiO2(101) (Chapter 6). (A) 350 × 350 Å2 STM image +2 V 
tunneling current, 0.420 nA. Inset: zoom 140 × 140 Å2  with blue height line profiles drawn. (B) 
Uncalibrated height line profiles from (A). (C) Calibrated histogram with a bin width of 0.1 Å, 
peaks of 1.2 Å,1.7 Å and 2.4 Å._________________________________________________84 
  
Figure 4.1: (A) An octahedron model of the proposed TiO2(100) micro-facet (1 × 3). Adapted 
from reference.44 (B) A constant current image (+2 V sample bias, 0.3 nA). A unit cell of the 
TiO2(100)-(1 × 3) microfacet is overlaid on top of the image, rows A and B are labeled by 
arrows, identified in model (C). Adapted from reference.48 (C) Filled ball model where rows A 
and B are identified. Azimuths are defined with respect to rutile. Adapted from reference.48 (D) 
A more recent proposed octahedron model of the of the TiO2(100)-(1 × 3) structure. Adapted 
from reference.47 (E) A ball and stick proposed model of the more recent TiO2(100)-(1 × 3) 
structure, where Ti5c and Ti6c sites are labeled in one unit cell. Adapted from reference.47 The 
azimuth with respect to the TiO2(100) surface are presented. (F) Top view of the structure 
displayed in (E). Adapted from reference.47 (G) A 125 × 155 Å2  STM image (+1 V sample bias, 
0.8 nA) of the TiO2(100)-(1 × 1) and (1 × 3)-α structure. Adapted from reference.42 (H) A 50 × 
70 Å2 STM image (+1 V sample bias, 0.8 nA) of the TiO2(100)-(1 × 3)-β structure. Adapted 
from reference.42_____________________________________________________________93 
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Figure 4.2: (A) A differentiated STM image of four rutile domains embedded in an anatase 
TiO2(001) film of 50 nm thickness supported on a LaAlO3(001) surface. (B) High resolution 
STM image showing rutile TiO2(100)-(1×3) domains 3 and 4 that form a 114° angle. Adapted 
from reference.49_____________________________________________________________94 
 
Figure 4.3: The interface formed by MD simulated annealing from anatase TiO2(101) and rutile 
TiO2(100) in the orientation where rutile-[010] and anatase-[101] are parallel. In the lower 
anatase layer Ti atoms are silver balls, O atoms are red balls. In the upper rutile layer, Ti atoms 
are blue balls, O atoms are green balls. The black ovals identify completed Ti octahedron at the 
rutile interface. Adapted from reference.53_________________________________________95 
 
Figure 4.4: (A) Photograph of the anatase TiO2(101) sample in-situ during electron irradiation. 
The blue fluorescence of the electron beam spot is evident. (B) The anatase TiO2(101) sample 
mounted on the tantalum plate. The exposed width of the crystal is 2.9 mm; a dashed white 
circle indicates the position of the electron beam with a diameter of ~2.8 
mm._______________________________________________________________________98 
 
Figure 4.5: Schematic of the ‘tip pulsing’ procedure. The tip traverses the surface according to 
the protocol (1-5). During the tip pulse the STM feedback is disabled and the sample bias 
voltage is set to the pulse bias voltage (+4-+10 V).  The concentric rings indicate the modified 
surface.____________________________________________________________________99 
 
Figure 4.6:  (A) LEED obtained at an electron beam energy of 67 eV. The primitive (green) and 
centred (black) unit cells are identified. The (101) azimuths are displayed. (B) Ball model of the 
top view of the anatase (101) surface; the black (3.78 × 10.24 Å2) and green primitive cells are 
indicated. Inset: tilted view ball and stick model of the anatase TiO2(101) surface. The light blue 
spheres are titanium atoms (5c), the dark blue spheres are the titanium atoms (6c), the red and 
beige spheres are the (3c) and (2c) oxygen atoms respectively. The (101) azimuths are 
displayed. (C) The real (left) and reciprocal (right) (101)-(1 × 1) LEED pattern. (D) AES 1.4 
keV spectra recorded with LEED optics. _________________________________________101 
 
Figure 4.7: (A) 300 K 3300×1650 Å2 empty states STM image, tunneling condition 1.6 V, 0.1 
nA, of the anatase TiO2(101) surface after preparation. Inset: the (101) azimuth is shown. 
Impurities attributable to carbon are identified by the dashed black circles. (B) 300 K A 
representative high resolution 165×160 Å2 image; tunneling conditions +1.6 V, 0.4 nA, 
displaying an atomically resolved step edge (green oval) and a point defect (pink circle) 
extended in the [010] direction. Inset: zoom of the (1 × 1) surface. Bright oval protrusions are 
Ti5c-O2c pairs, a blue square identifies a point defect (water), the non-primitive unit cell is 
identified (black rectangle). Theses images share the azimuth orientations in (A). (C) On-top 
view of a model of the (101) surface. Ti5c-O2c pairs are identified by translucent grey ovals. The 
unit cell (black rectangle) and O2c and Ti5c sites are identified. The red balls are oxygen atoms 
and the blue balls Ti atoms. The azimuths with respect to the (101) surface are shown. 
__________________________________________________________________________102 
 
Figure 4.8: Centre of the anatase TiO2(101) sample after 15 (5 + 10) minutes total time of e-
beaming (1.5 × 1015 electrons s-1cm-2 electron flux). (A) 300 K STM image 400×400 Å2 (+1.6 V 
sample bias, 0.1 nA) after 15 minutes (5+10) e-beaming. A green line profile is overlaid along 
one terrace. A dotted green arrow depicts the [010] surface direction.  Top left inset: azimuths 
of the principal directions of (101) surface are shown. Top right inset: 1150 × 1150 Å2 zoom-out 
of the surface. (B) An enlarged STM image 60 × 60 Å2 displaying rows in the [010] direction. A 
blue line profile is overlaid across one island. (C) Line profile indicating the distance of the 
rows in the [101] direction. (D) Photograph of a LEED diffraction pattern (101)-(1 × 1) of the 
surface at 67 eV (1.5 mm beam d), the reciprocal space reflexes of the real space unit cell (10.24 
× 3.78 Å2) are identified (blue circles). (E) STM height line profile from the green line in (A), 
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the double arrow indicates the apparent step height of ~4 Å, with three (top, middle, bottom) 
step height layers identified by the horizontal black dashed lines.______________________104 
 
Figure 4.9: 300 K STM image (+1.6 V sample bias, 0.1 nA) at the outer edge of the e-beamed 
(5 +10 minutes) (3.8×1014 electrons s-1cm-2) anatase TiO2(101) surface. (A) A STM image 260 × 
260 Å2. The black dashed box identifies 10 Å width depression; the green dashed box identifies 
a 5 Å width depression. The (101) surface azimuths are identified. (B) STM line profiles 
corresponding to the coloured lines in (A). (C) Zoomed-in 77×82 Å2 image, where single row 
width (white dashed lines) are indicated. (D) Zoomed-in 81×87 Å2 , where double row width 
(white dashed line) are indicated. (E)(F) Anatase TiO2(101) ball and stick models with a single 
missing TiO2(101) row (E) ~5 Å width and double missing TiO2(101) row ~10 Å (F). Two step 
edges (1 and 2), parallel to the [010] direction are indicated by the dashed black lines. The (101) 
azimuths are shown for the models._____________________________________________107 
 
Figure 4.10: (A) 300 K 350×350 Å2 STM images (+1.6 V, 0.1 nA) images of the anatase 
TiO2(101) surface after a further 10 minutes e-beaming (10+10+5 = 25 minutes). Upper inset: 
zoom at 110×100 Å2. Lower inset: the azimuths with respect to the (101) surface. (B) 300 K  
350×350 Å2 image (+1.6 V, 0.1 nA) of the surface after a further 10 minutes e-beaming (total: 
5+10+10+10 = 35 minutes). The green dashed boxes identify the areas where the third lower 
layer is visible, black dashed circles identify amorphous regions. Upper inset: a 90 × 90 Å2 

zoomed-in image of the surface. Lower inset: LEED patterns obtained at 67 eV beam energy 
where blue circles identify reflexes of the TiO2(101)-(101) centred unit cell (10.24 × 3.78 Å2).  
__________________________________________________________________________109 
 
Figure 4.11: 300 K STM images (+1.6 V, 0.1 nA) of tip-modified anatase TiO2(101) after e-
beaming (35 minutes, 3 kV, 0.2 mAcm-2). (A) 3130 × 3130 Å2 STM image of a surface 
modified by +4 V, 100 ms, ~3.5 nA, tip pulses (B) A high magnification 720 × 720 Å2 STM 
image of one modified region. Three pulsed regions are identified; the healed outer area (blue 
dashed circle); the inner hole (green dashed circle) and mound (pink dashed circle). A red line 
profile is overlaid. Inset: a 65 × 65 Å2 zoom-in image (blue box) of the healed region. (C) 
Height line profile from the red line in (B), where the height of the mound (20 Å) and diameter 
of the hole (250 Å) are indicated. (D) A 3130 × 3130 Å2 STM image of a surface modified by 
+6 V, 100 ms tip pulses, 50 nA. (E) A high magnification 720 × 720 Å2 STM image of one 
modified region with identical features identified as in (B). (F) Height line profile from the red 
line in (E) where the height of the mound (25 Å) and diameter of the hole (400 Å) are indicated. 
(G) A 3130 × 3130 Å2 STM image of a surface modified by +10 V, 100 ms pulses, 50 nA tip 
pulses. (H) A high magnification 720 × 720 Å2 STM image of one modified region, with 
identical features identified as in (B). (I) Height line profile form the red line in (H), where the 
height of the mound (46 Å) and diameter of the hole (700 Å) are indicated. Black-crosses 
identify the pulse centre in all images. ___________________________________________113 
 
Figure 4.12: A correlation of the mean average diameters of holes (blue) and mounds (green) 
and outer area (red) of modified regions of the anatase TiO2(101) surface produced by tip pulses  
(sample bias +6 to +10 V, 100 ms, 3.5-50 nA) with bias V. The error bars were determined from 
the standard deviation. (A) As prepared clean TiO2(101) surface. (B) The total time 35 minute 
e-beamed TiO2(101) surface.___________________________________________________115 
 
Figure 4.13: 300 K STM images (+1.6 V sample bias, 0.1 nA) of a +10 V, 200 ms, 50 nA tip 
pulse modified e-beamed (35 minutes, 3 kV, 0.2 mAs-1cm-2) anatase TiO2(101) surface. (A) A 
690 × 710 Å2 image of the tip-modified anatase TiO2(101). Identified; pulse centre (black 
cross); green lines and oval identify the corresponding top left hand corner of zoomed in region 
in and crystalline region respectively in (B). Top inset: the principal (101) azimuths. (B) A 380 
× 390 Å2  image (polynomial subtracted) of the healed anatase TiO2(101)-(1 × 1) adjacent to a 
tip modified region of the mound. Identified; bright-dark-bright defects (blue circles); a terrace 
of a crystalline modified region (blue dashed lines); height line profile from the unfiltered 
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topographic image (green, light blue, dark blue). Bottom inset: the principal (101) azimuths. (C) 
Height line profiles as indicated in (B). (D) A high resolution 220 × 120 Å2 image with 
resolution along the rows, green height line profile. The principal rutile TiO2(100) azimuths are 
shown. (E) A zoomed-in of 125 × 125 Å2 of a region of terrace as indicated by the blue square 
in (B), black dashed lines indicate ridges, a light blue height profile is drawn across the rows. 
The white lines indicate the off-set between the upper and lower terrace. The principal rutile 
TiO2(100) azimuths are shown. (F) Line profiles perpendicular to the row direction in (E). (G) 
A green line profile along the row in (D). ________________________________________120 
 
Figure 4.14: Structural filled ball models of two rutile TiO2(100)-(1 × 3) models from 
reference.42 (A) The tilted view rutile TiO2(100)-(1 × 3) microfacet model. (B) The side view 
model of (A). (C) The tilted view rutile TiO2(100)-(1 × 3)-β microfacet model. (D) The side 
view model of (C). Indicated by the black arrows are the rows a , b  and c  of Ti5c/Ti3c. The 
(2.96 × 13.77 Å) unit cell is indicated by the black rectangle. The Ti3c/Ti5c rows are identified 
by the black arrows. The inter-row separation of Ti5c/Ti3c (dotted lines) for both models are 
shown. (E) A 300 K STM image (79 × 76 Å2) (+1.6 V,  0.1 nA). Indicated are the three 
repeating rows a, b and c by the white lines. A blue line profile is drawn across the repeating 
structure. (F) A blue line height profile indicates a maximum corrugation of 1.5 Å. The 
distances between, |b-a|, |c-a’|, |c-b| and  |a-c| are indicated. The TiO2(100) principal azimuths 
are shown for both the STM image and model.____________________________________122 
 
Figure 4.15: 300 K STM images (+1.6 V, 0.1 nA) of the same area of the surface-modified 
anatase TiO2(101) surface imaged in Figure 4.13 after exposure of acetic acid (22 L) at 300 K. 
(A) Large-area image (400 × 400 Å2) of the region, where black dashed ovals indicate pristine 
TiO2(101). Lower inset: the principal (101) azimuths are indicated. (B) Zoomed-in (140 × 140 
Å2) of the terrace identified by the green box in (A). Blue and green dashed lines correspond to 
the line profiles in (D) along and across the rows. The distances between rows and bright 
features are indicated. (C) 300 × 150 Å2 region of densely packed acetic acid 0.25 ML. Overlaid 
are a green line profile in the 111   direction and a blue line profile in the [111] direction. (D) 
STM height line profiles across (blue dashed) and along (green dashed) the rows of protrusions 
in B. The distances12 representative of a rutile (100)-(2 × 3) are indicated. (E) STM height line 
profile along the rows of adsorbates from the lines in (C). (F) The alignment of the rutile 
TiO2(100) (4.59 Å × 2.96 Å) (blue) and the anatase TiO2(101) (10.24 × 3.78 Å)  (red) unit cells. 
An angle of 65° is between rutile [001] and anatase [010] directions.___________________126 
 
Figure 4.16: STM images (+1.6V, 0.1 nA) of the modified region of anatase TiO2(101) before 
and after exposure to acetic acid. (A) 91 × 83 Å2 image of the modified 100-(1 × 3)-β region. 
Identified: three rows a, b and c (black parallel line). Top inset: the (100) azimuths. (B) A 91 × 
73 Å2 image of the modified 100-(1 × 3)-β-acetate region. Identified: three rows a, b and c by 
black parallel lines; the adsorbate rows (black parallel lines) assigned as a* and c*; circles 
overlaid on top of the upper (blue) and lower rows (green); parallel line profiles on the upper 
(green) and lower (blue) rows; black rhomboids overlaid on four nearest neighbours. (C) Line 
profiles displaying the phase difference of 1.8 Å ± 0.3 Å between the parallel rows of 
adsorbates._________________________________________________________________128 
 
Figure 4.17: (A)(B) Tilted structural ball and stick models of the rutile TiO2(100)-(1 × 3)-β and 
rutile TiO2(100)-(1 × 3) with acetate molecules binding in a bi-dentate mode along the [001] 
direction to the Ti5c. Inset (A): acetate in a second possible co-ordination position. Lattice is 
represented by red spheres (oxygen atoms) and blue spheres (titanium atoms). The carboxylic 
acid are represented by green spheres (oxygen atoms) the black spheres (carbon) and white 
spheres (hydrogen. Rows of Ti5c labelled a, b and c are identified. (C) (D) Top view of the 
upper respective structural models. Blue circles are overlaid on top of rows a* and c* and 
yellow on b* co-incident halfway between the –COO-Ti atoms. Black rhomboids identify 
geometry of four nearest neighbours and separation along is shown. The distances between the 
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acetates across adjacent rows are identified. The principal azimuths of the rutile TiO2(100) 
surface are indicated. ________________________________________________________130 
 
Figure 4.18: (A) The unit cells of the rutile (100) (black) and rutile (901) (green) unit cells 
overlaid on the anatase (101)  unit cells (red). The rutile [001] direction (green arrow) is at 65° 
with respect to the red anatase [010] direction (red arrow). The super cell is indicated by the 
blue rectangle. (B) The (901) (13.51 × 4.59 Å2) vicinal surface. The zig-zag dashed line 
indicates the auto-compensated (100) surface. The rutile [001] direction is indicated. (C) Model 
of a thin rutile layer supported on the anatase (101) surface, where (100) and (100) surfaces are 
present at the bottom and on the surface, with a dislocation indicated (blue dashed line). (D) 
Model of thin rutile layer where (100) and (901) surfaces are present at the surface and bottom 
respectively resulting in the 10° angle.___________________________________________132 
 
Figure 4.19: 3D view of the topographic STM image (+1.6 V, 0.1 nA) of 170 × 320 Å2 of the  
rutile TiO2 / anatase TiO2(101) heterojunction. Identified are the two regions of interest the 
rutile-(100) (blue) and anatase (green) a-(101) surfaces; the azimuths of rutile-(100) [001] (blue) 
and anatase-(100) [001] (green). A 2D STM image of the interfacial region defined by the blue 
dashed box is shown, where the green height profile is overlaid and displayed. 
__________________________________________________________________________133 
 
Figure 5.1: (A) Top down and side view of the filled ball ionic model of the bulk terminated 
TiO2(110)-(1 × 1) surface. The unit cell of 6.49 × 2.96 Å2 is indicated by the black rectangle. 
Blue spheres, bottom layer O atoms. Red spheres, bridging O atoms. Green spheres, O atoms 
top layer. Black spheres, Ti atoms. (B) Top down and side view filled ball ionic model of the 
‘Added row Ti2O3’ TiO2(110)-(1 × 2) mode with the unit cell of 2.96 × 12.98 Å2 indicated by 
the black rectangle. The light blue spheres are O atoms of the added row Ti2O3 unit. The black 
dashed line is co-incident with top (1 × 1) Ti layer. Adapted from reference.15____________141 
 
Figure 5.2: (A) Top view of a ball and stick model of an substrate free anatase TiO2(001) bi-
layer. Unit cells identified by the black box (B) Side view of the anatase TiO2(001) bi-layer, the 
O2c and Ti5c atoms are labelled. (C) Top view of a ball and stick model of a substrate free 
lepidocrocite–like bi-layer. Unit cells are identified by the black boxs. (D) Side view ([010] into 
page) of the anatase TiO2(001) bi-layer, the O2c and Ti6c atoms are labelled. (E) Side view of a 
notional intermediate stage, black dotted line the mid point in the bi-layer. Black arrow 
direction of transformation. In all models the red spheres are oxygen atoms and blue spheres 
titanium atoms. Azimuths are shown with respect to the anatase (001) surface. Adapted from 
this reference with the authors DFT derived lattice paramters.32_______________________143 
 
Figure 5.3: Simulated LEED reciprocal patterns for two rotational domains (A, B) of W(100)-
O-(2 × 1) unit cell  (red and black circles). The respective real space W(100)-O-(2 × 1) unit cell 
distances are shown.(C)The composite pattern formed of (A) and (B).(D) LEED pattern 
recorded at 50 eV. Processed in Adobe Photoshop: colour inverted and converted to grey scale. 
(E) AES (100-600 eV) recorded with a 3 kV electron beam. Identified are Auger peaks at 182 
eV (W) and 275 eV (C). ______________________________________________________146 
 
Figure 5.4: 300 K STM image (+1.2 V sample bias, 0.08 nA) of the W(100)-O-(2 × 1) surface 
prepared with a final UHV anneal 1500-1600 K. (A) 290 × 290 Å2 image, blue horizontal line 
indicates position of height profile. Upper inset: azimuths with respect to the W(100) surface. 
Blue line profile is overlaid across three terraces. Lower inset: blue height line profile with a ~2 
Å step height indicated. (B) 68 × 68 Å2 zoomed-in image, identified are blue, black and green 
dashed lines identifiing resolved features to the W(100)-O-(2 × 1) unit cell. The black box and 
green circles is the overlaid unit cell of W(100)-O-(2 × 1) (as shown in (C)) with scale 
determined from the unit cell parameters. (C) Structural model of the W(100)-O-(2 × 1) surface 
model: 1st top W layer green, 2nd middle W layer blue, 3rd W bottom layer light blue, oxygen 
atoms are identified by the  green circles. (D) Zoomed-in 150 × 180 Å2  image  from  (A), green 
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dashed lines are overlaid along the W(100)-O-(2 × 1) reconstruction (parallel to the [010] for 
the reconstruction depicted in direction in (C)).____________________________________148 
 
Figure 5.5: 300 K STM images (+1.6 V sample bias, 0.05 nA) of the TiO2(110)-(1 × 1)/ 
W(100)-O-(2 × 1) film. (A) A large area (1000 Å × 850 Å) image, showing the rutile TiO2(110) 
island morphology with a coverage of 2.4 MLE. The azimuths are defined with respect to the 
W(100) surface. (B) A high resolution (62 Å × 55 Å) image of the surface of a rutile island, six 
layers thick. The image is characteristic of the native TiO2(110)-(1 × 1) surface: bright rows are  
Ti atoms, with point defects between on the bridging oxygen rows. The blue circle highlights a 
bridging hydroxyl (OHb). (C) A filled ball model of the rutile TiO2(110)  surface. Identifed are; 
Obr, ObrH and 5cTi. The atoms are labelled by the legend. (D) A 76 × 76 Å2 STM image of a 
single crystal rutile TiO2(110) surface, a blue circle identifies a bridging hydroxyl (OHb). The 
azimuths are defined with respect to the rutile TiO2(110) surface.______________________150 
 
Figure 5.6: 300 K STM images (+1.6 V sample bias, 0.05 nA) of the TiO2(110)-(1 × 
2)/W(100)-O-(2 × 1) film. (A) A large area (1000 × 1000 Å2) image of a 3.1 MLE titania film, 
displaying the TiO2(110)-(1 × 2) surface reconstructed islands, identified by green dashed 
boxes. Azimuths are defined with respect to the W(100) surface (B) A 95  × 95 Å2 image 
zoomed-in from the light-blue square in (A) displaying the (1 × 2) reconstruction. Azimuths are 
defined with respect to the rutile TiO2 (110) surface. (C) Line profiles taken from the image in 
(B). The black profile displays the step edge on the island (3.0 Å ± 0.2 Å) and the light-blue 
profile shows the 12.5 Å ± 0.5 Å periodicity in the [110] direction, as well as another 3.0 Å ± 
0.2 Å step edge. ____________________________________________________________152 
 
Figure 5.7: STM images (+1.6 V sample bias, 0.05 nA) of the TiO2/W(100)-O-(2 × 1) film. (A) 
A large area 1000 × 750 Å2 image of the titania film. TiO2(110)-(1 × 1) islands are present 
together with the lepidocrocite-like TiO2 nanosheet. A hole in one island is circled in green, and 
is presumably due to some interaction with the tip. The rutile TiO2(110) islands and 
lepidocrocite-like film have coverages of 1.7 MLE and 0.42 MLE, respectively. (B) The blue 
line profile taken from the blue line indicated in (A), shows the heights of a rutile TiO2(110)–(1 
× 1) island and the lepidocrocite-like phase, which are 20-25 Å and 5 Å, respectively. _____153 
 
Figure 5.8: 300 K STM images (+1.6 V sample bias, 0.05 nA) of the W(100)-O-(2 × 1)-
lepidocrocite-like film. Islands of 5 Å height, orientated in the principal directions of the 
W(100) crystal are observed, azimuths are defined with respect to the W(100) surface. (A) A 
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image zoomed in from the green rectangle in a, where the primary unit cell and superlattice are 
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further. (C) Line profile taken from black line in (B) displaying the [001] direction unit cell 
spacing of the lepidocrocite-like phase (3.0 Å ± 0.2 Å). (D) Line profile taken from the light 
blue line in (B) depicting the periodicity of the superlattice (22.0 Å ± 0.2 Å) in the [010] 
direction. __________________________________________________________________155 
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calculated LEED patterns of a lepidocrocite-like film (L-TiO2) that has (1 × 7) periodicity with 
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lepidocrocite-like phase in red circles (3.69 Å × 3.16 Å) superimposed on top of the W(100)–(1 



	  
19	  

× 1) surface (3.16 Å × 3.16 Å) in black circles. These parameters were derived from the STM 
and LEED data. Azimuths are defined with respect to the W(100) surface. ______________158 
 
Figure 6.1: 300 K STM of a clean TiO2 anatase single crystal. (A) A large scale image of a 
clean and prepared anatase TiO2(101) (at 2700×2700 Å2  resolution, 1.65 V, and 0.15 nA). (B) 
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identified.__________________________________________________________________171 
 
Figure 6.3: DFT GGA PBE + D computed parameters for the adsorption of ethanol on a 
relaxed anatase TiO2(101) surface. (A) Molecular adsorption of ethanol on Ti5c, Eads = 1.11 eV. 
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Figure 6.4: Representative STM images (350 × 350 Å2) of anatase TiO2(101) after exposure to 
50 L of ethanol at 300 K. (A) Before UV illumination (sample bias +2.1 V, 0.64 nA) with an 
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(C) Computed peak areas from panel A as a function of O2 pressure in mbar. Lower inset: 
computed areas of the exponential fitted function, slow (red) and fast (blue) processes. (D) 
ln(reaction rate) taken from panel A as a function of ln(PO2). [The QMS mass spectrometry 
data was collected by Dr. K. Katsiev]____________________________________________183 
 
Figure 6.8: (A) Acetaldehyde formation upon photooxidation of ethanol on TiO2(101) at 1 × 
10-7 mbar O2 pressure, 300 K, and ethanol exposure between 2.3 and 32 L. (B) Ethanol coverage 
plot as a function of exposure in Langmuir. (C) Initial rate of reaction (in MLEtOH s-1) with 
respect to the initial ethanol coverage (in ML), with a linear regression fit. UV excitation flux ≈ 
5 mW/cm2. (D) ln(rate) vs ln(θEtOH) plot. [The mass spectrometry traces were collected by Dr. 
K Katsiev]_________________________________________________________________185 
 
Figure A.1: The centre of the anatase TiO2(101) surface after electron bombardment for 5 
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sample bias, 0.1 nA), dark strips are present elongated in the [101] direction. (B) A 250 × 250 
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indicates surface above and below a step edge are directly out of phase (C) A line profile from 
(A) (D) 280 × 280 Å2 STM image where a region of anatase (101) is identified (green oval) and 
modified surface white circle with blue and green line profiles overlaid. (E) Blue and green line 
profiles as defined in (D)._____________________________________________________199 
 
Figure A.6: 300 K STM images of the lepidocrocite-like TiO2/ W(100) surface after annealing  
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profile. (C) Height line profile where rows of 6.5 Å are present._______________________200 
 
Figure A.7: 300 K STM images of anatase TiO2(101) after exposure to 50 L of ethanol at 300 
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CHAPTER 1 
 

 

 

1.0 Introduction 
 

1.1 Transition Metal Oxides 

 

Transition metal oxides (TMO) are of universal importance in a wide range of practical 

and future applications from electronics to catalysis, such as catalysts for the efficient 

photocatalytic production of hydrogen from renewable sources.1 These are based on the large 

variety of physical properties of TMO.2 For example, the bonding ranges from ionic to covalent 

and the conductivity from insulating to super-conducting.3 These unique properties are related 

to the outer valence d-electrons. In certain applications the bulk properties determine the 

functionality, in others such as in catalysis, the surface bonding with molecules and metals play 

the important role. The ability to support multiple oxidation states, and therefore participate in 

reduction and oxidation chemical processes, dictates much of the behaviour.  

The surface of TMO may be regarded as a two dimensional defect of its bulk structure. 

This surface is often not a simple truncation of the bulk structure. Complex structural 

modifications can occur, for example by the surface’s desire to eliminate a dipole or to 

accommodate a departure from the metal oxide stoichiometry. This great variety of the potential 

surface structure is one factor for the delay in progress regarding their understanding compared 

to metal surfaces.2,4 Since the development of the necessary instrumentation, such as Scanning 

Tunneling Microscopy (STM) by Binnig and Rohrer5, the link between their surface structure 

and chemical activity relationships has been intensely investigated.6 

 TMO in nature are usually semiconductors with a band gap up to a few electron volts 

(eV). These materials absorb light when the photon energy is equal to or larger than the band 
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gap. This may lead to the spatial and energetic separation of electrons from the hole: resulting in 

highly reducing and oxidising species, respectively. Interactions with surface adsorbed species 

can lead to photochemical reduction and oxidation. For example on the TiO2 surface, water can 

be converted into its component elements O2 and H2 under UV irradiation.  

 

1.2 Titanium Dioxide TiO2 

 

            Titanium dioxide (TiO2) crystallises in three common stable polymorphs; anatase (a = b 

= 3.782 Å, c = 9.502 Å), rutile (a = b = 4.584 Å, c = 2.953 Å) and brookite (a = 5.436 Å, b = 

9.166 Å, c = 5.135 Å).6 By far, the polymorphs anatase and rutile constitute the most widely 

studied TiO2 structures, due to their ease of synthesis and are the forms of titania used in many 

applications, such as in photocatalysis.6,7 Structural models of anatase and rutile unit cells are 

displayed in Figure 1.1. Although both structures contain repeating octahedron units, the rutile 

unit cell contains a slightly distorted octahedron, as shown by the X-ray Diffraction (XRD) 

determined bond lengths and angles.6 In anatase the distortion of the octahedron (grey oval) is 

more significant. This increased structural distortion is implicated in calculations to result 

directly in the band structure alignment of rutile and anatase discussed later.8,9 Rutile is the most 

thermodynamically stable phase, but anatase crystallites are those typically formed initially in 

synthetic chemical methods,10-12 due to the greater free energy of anatase surfaces. This favours 

anatase particles of < 10 nm diameter.1314 Bulk anatase undergoes an irreversible phase 

transition to rutile in the temperature range of 850 K-1250 K,14 depending on many factors 

including initial particle size,15 presence or absence of deposited metals,16 pressure and gas 

phase composition as well as bulk doping.  
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Figure 1.1: Diagram showing the structural models of the unit cells of rutile (left) and anatase 
(right) TiO2. Lattice parameters of the unit cell of rutile are a = b = 4.584 Å, c = 2.953 Å, and 
those of the unit cell of anatase are a = b = 3.782 Å, c = 9.502 Å.  Blue spheres represent Ti ions 
and red spheres are O ions. The bond angles and bond lengths are labelled. Azimuth directions 
are shown. This figure was adapted from reference.6 
 

The large band gaps of anatase and rutile would make the two phases insulators. 

However, they generally form semi-conducting materials without doping, due to non-

stoichiometry introduced by ultrahigh vacuum (UHV) preparation, that gives rise to Ti 

interstitials and oxygen vacancies (VO).6 This conductive property of the anatase and rutile 

surfaces allows for scanning probe microscopy (SPM) as well as other electron-based surface 

science techniques.4 The presence of VO and Ti interstitials gives rise to electronic states lying 

between the valence band (VB) and the Fermi level (EF) of anatase and rutile; which results in 

an n-semiconductor and pinning of EF slightly below the conduction band minimum (CBM).6 

These electronic states are detectable by photoemission measurements, and are often referred to 

as the band-gap states (BGS).17 Surface VO can be created by a variety of techniques including 

ion sputtering, electron bombardment and heating in vacuum.18  

The surfaces of single crystalline rutile and anatase can be easily prepared and cleaned 

in UHV. In addition, single crystalline films of rutile and anatase can be grown epitaxially, in 
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the form of ultrathin (defined as up to 20 Å thickness) or thin films, on near lattice-matched 

substrates.19-21 Epitaxial growth is defined here as the growth of a crystalline layer which has a 

definite crystallographic orientation and registry with respect to the substrate crystal structure. 

In practice this epitaxial growth occurs most favourably when the two-dimensional unit cell of 

the substrate and epitaxial layer supercell are closely matched (~1-3% mismatched).22 Ultrathin 

films of TiO2 form a core component of this thesis; supported on the metal W(100) surface in 

Chapter 5 and grown in-situ by the action of a high sample biased STM tip pulse (during 

imaging) on single crystalline anatase TiO2(101) in Chapter 4.  

The W(100) supported ultrathin film allows the implementation of all surface science 

characterisation techniques which use charged particles, such as STM and XPS.23 This allows, 

in principal the investigation of TiO2 in a non-reduced (TiO2-x) state and at a size relevant to 

metal–metal oxide catalytic systems.24 Additionally, new TiO2 phases only present at a reduced 

dimensionality with no equivalent bulk comparison can be studied. In the STM tip pulse 

fabricated ultrathin film; the novel formation of an ultrathin rutile film on top of an anatase TiO2 

single crystal surface, provides a means to form an interface between two different TiO2 

polymorphs (rutile/anatase).   

              There exists a good understanding of the surface structure and reactivity of the low 

index crystal planes of rutile in the single crystalline form, and to a lesser extent in thin film 

form (< 100 Å).25 There is a moderate understanding of the surfaces of single crystalline anatase 

compared to rutile.6 This is in part due to the difficulty in growing large single crystals of 

anatase TiO2. The anatase (101) Miller index surface plane is the most stable surface, 

representing a significant fraction of surfaces in commercial TiO2 nanomaterials.26 An atomic 

understanding of the surface chemistry and physics of the single crystalline surface is needed to 

support the work on nanomaterials. Work on this latter surface comprises a large fraction of the 

study presented here. The rutile TiO2(110) is the proto-typical model metal oxide surface for 

which a vast quantity of research has been published in single crystal studies. Topics include 
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surface reconstructions, molecular adsorption and point defect dynamics, analysis of photo-

reaction products and hole-electron initiated kinetics.7 	  

 

1.3 TiO2 as a Photocatalyst 

 

Fujishima and Honda reported the ultra-violet (UV) induced photo-electrochemical 

splitting of water into hydrogen and oxygen.27 In their electrochemical cell an n-type TiO2 

material constituted the anode and Pt metal the cathode. Upon UV light exposure in the absence 

of a bias voltage, a photocurrent flowed from the Pt electrode to the TiO2 electrode through the 

external circuit. This was explained by the generation of holes at the anode by excitation of VB 

electrons, leading to a lower electrochemical oxidation potential. As the conduction band 

minimum (CBM) in TiO2 is higher than the redox potential of 2H+/H2 0 V (SHE) and the 

valence band maximum (VBM) lower than the redox potential O2/H2O +1.23 V (SHE), water 

splitting occurs spontaneously.28  

The photo-electrochemical activity of TiO2 has stimulated four decades of TiO2 

research to improve and understand heterogeneous photocatalysis;29 however the photochemical 

quantum yields (Φ) are low (~1 %),30 due in part to fast recombination rates for the charge 

carriers, electron and holes.31  

Despite the poor quantum yields, TiO2 formulations are still widely used in 

photocatalysis.29 For example, TiO2 is used in the photocatalytic degradation of organic 

pollutants, due to the chemical stability and benign biological properties of TiO2.29  

 Anatase and rutile TiO2 have bulk optical band gaps of 3.2 (indirect) and 3.02 eV 

(direct), respectively. The highest joint densities of states (JDOS) in the conduction band (CB) 

and VB actually leads to an excitation energy requirement of ~3.3 eV for both polymorphs.32 

Therefore, the photo-absorption of anatase and rutile TiO2 is almost completely limited to the 

UV region, with rutile absorbing a small amount of visible light, presenting a problem for 

effectively harvesting solar radiation for photocatalytic applications.  
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Shown in Figure 1.2 is a schematic of the relevant photophysical and photochemical 

processes involved in photocatalysis of TiO2. Step one (1) involves the photo-induced formation 

of electron-hole pairs, with the electrons (holes) lying at the bottom (top) of the conduction 

(valence) band.33 This process can take place both at the surface and within the bulk with 

differing transport consequences.32 Carrier (electron/holes) migration (2) to the surface is 

required for photocatalysis after which electron transfer (ET) with a stable adsorbed species at 

the surface takes place (3)(4). Reduced/oxidised species can then initiate further reactions, such 

as organic molecular degradation or generation of OH.34 In addition, poisoning by adsorption at 

active sites is possible.  

 

 

Figure 1.2: Schematic model illustrating the four fundamental processes associated with TiO2 
photocatalysis.  The maximum valence band energy EVB and minimum conduction band ECB are 
labelled. The key  processes: (1) UV light excites an electron into the CB. (2) The photo-excited 
electron migrates to the surface. (3) The O2 surface molecule is reduced by the photo-excited 
electron. (4) A species R is oxidised by the interaction with a h+. Adapted from reference.32 
 

The choice of TiO2 polymorph is an important factor in photocatalysis of the many 

stable forms of TiO2. Anatase is thought to be the most active for the photodecomposition of 

organic molecules.35-38 Rutile is considered to have the highest photooxidation activity water 

splitting to form O2.37-39  

  To directly compare the polymorphs, one example study correlated the charge carrier 

lifetime of electron-hole pairs with the photo-oxidation of CO to CO2 on rutile TiO2(110) and 

anatase TiO2(101), with anatase having the higher activity. This result was explained by the in-
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direct band gap and a greater upward band bending in anatase.40 The extent of the band bending, 

the potential height (VBM (CBM) at surface – VBM (CBM) at bulk) and depletion length 

(length of band bending influence) is thought to depend inversely on a materials dielectric 

constant, which is higher in rutile than anatase.41 The increased band-bending in anatase results 

in less hindered migration of electrons from the surface to the bulk and holes from the bulk to 

the surface in anatase compared to rutile.42 The lifetime of holes in films of anatase and rutile 

nanoparticles have been measured by a ultrafast pump-probe laser technique, resulting in hole 

lifetimes of ~1 ps and ~100 ps respectively; in the former holes were quickly trapped at anatase 

surface states.43 Overall, a steeper upward band-bending in anatase leads to a quicker spatial 

separation of holes and electrons and explains the higher activity determined for some surface 

reactions.  

The surface of the polymorph can drastically influence the photocatalytic properties of 

the TiO2 material. The optical absorption, work function, and adsorption properties are all very 

surface sensitive. In addition the band bending and depletion length have been shown to be 

surface plane dependent on rutile.44 Different photocatalytic activities are observed for different 

lattice planes.32 For instance, anatase TiO2 crystals with controlled percentages of the (001), 

(101) and (010) low index crystal planes, were characterised with respect to the photocatalytic 

production of hydrogen from water. The order of photocatalytic rate followed (010) > (001) > 

(101).45 For rutile TiO2 single-crystals, the order for the rate of oxidation of an organic reactant 

was found to be (101) > (110) > (001) > (100).46 An overall trend observed from these 

experiments is that a higher percentage of five-coordinated surface Ti atoms increases the 

photocatalytic activity.32  

	  
1.4 Mixed Phase TiO2 Photocatalysis 

 

TiO2 nanomaterials consisting of a mixed-phase of anatase and rutile are the most 

successful photocatalysts; one example is the benchmark photocatalyst Degussa P25 Aeroxide 

TiO2, formed by the hydrolysis of TiCl4, which contains a 70/30 % mixture of anatase (rutile) 
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nano-crystallites of ~30 nm diameter (~80 nm diameter).47 Degussa P25 is used in many 

applications, either modified for example in Dye Sensitised Solar Cells (DSSC) or unmodified 

in commercial water purification systems. Research analysing Degussa P25 and other mixed-

phase anatase/rutile materials (with good contact between the phases) indicates a comparatively 

higher activity, compared to the pure forms of anatase and rutile, suggesting a synergistic 

effect.48-50 However there is disagreement about the origin of the high activity of these mixed-

phase materials. Some propose that it is due to a combined microstructure leading to synergistic 

catalytic effects;51 where in general catalytic activity is enhanced at the interface of crystalline 

solid materials.47 Others suggest that the particles exist as separated particles of anatase and 

rutile and therefore behave independently. A recent review on the synergism of these two 

phases in photocatalysis summarised most of the work in the last two decades.26 A complete 

understanding of the possible synergistic effect in the anatase/rutile mixed-phase is, however, 

still lacking. 

One major requirement for efficient photocatalysis is a hindered charge 

recombination;47 as instant recombination of the hole-electron pair results in no redox activity. 

The dispersion of metal (Au, Pd, Pt) nanoparticles provides an electron sink to achieve this. 

Electron transfer (ET) between anatase and rutile phases in contact is hypothesised to also lead 

to reduced recombination by the spatial separation of electrons and holes.51 However, with 

respect to the ET direction, previous experimental studies indicate both possibilities; some 

indicate ET from rutile to anatase.42,52-55 Notable examples, such as electron Paramagnetic 

Resonance (EPR) measurements of Degussa P25 under visible light indicate the movement of 

electrons from rutile to anatase.42,54 In addition, Parkin and co-workers fabricated a layered 

anatase and rutile film interface of 1-2 µm thickness to analyse a photochemical reaction and the 

photochemical reduction of Ag.52 This study also indicated the transfer of electrons from rutile 

to anatase under photo-excitation. Other studies indicate the reverse ET direction from anatase 

to rutile.56-58 The preferred photo-deposition of Ag on rutile close to the anatase/rutile interface, 

on a prepared surface junction, indicated the movement of electrons from anatase to rutile.57 The 
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experimental variation in the direction of electron transfer stems from the difficulty in creating a 

well defined anatase/rutile interface.59  

 

 

Figure 1.3: Schematic diagrams showing five (I-V) possible bulk band alignments between 
rutile and anatase. The band gaps of 3.0 eV for rutile and 3.2 eV for anatase are depicted. The 
red arrows indicate the migration direction of photo-excited electrons and blue arrows the 
migration of photo-excited holes based on the stability conferred by the conduction band 
minimum (CBM) and valence band maximum (VBM) positions. Adapted from reference.59 
 

To explain photocatalytic synergy Bickley proposed an included type III alignment (see 

Figure 1.3) with a space charge layer created at the interface between anatase and rutile phases. 

This results in favourable VB hole migration from anatase to rutile.60 In this model, 

thermodynamically, photo-excited electrons cannot move in the opposite direction and it is 

referred to as the rutile ‘sink’ model. Trapping sites below the CBM of anatase (and CBM of 

rutile) were later proposed to explain EPR evidence of photo-excited electron migration from 

rutile to anatase.42 

           Experimental investigations into the explicit relative band gap alignment of anatase (3.2 

eV) and rutile (3.0 eV) have been carried out. This requires an accessible shared reference 
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energy level. The mid-gap transition of Ti3+,59 electrochemical reference level,61 XPS core 

levels,62 or shared vacuum level,63 have all been used, affording a direct comparison between 

isolated or mixed phases.62 A summary of the existing models proposed in the literature is 

shown in Figure 1.3,42,54,57,64-66 where the energetically controlled migration of hole/electrons is 

indicated by the red and blue arrows. In one example Pfeifer et al., used XPS to measure 

rutile/RuO2 and anatase/RuO2 interfaces separately and determined a type II band alignment, 

with 0.5-0.39 eV CB and 0.70-0.63 eV VB differences.9 A type V alignment where the CBM 

are equal has been proposed by Mi, studying nanocrystalline mixed phase TiO2.59 Here the 

relative speed of electron transfer determines the electron flow direction between anatase and 

rutile. Xiong also determined a type V alignment studying rutile nanocrystals embedded in 

anatase film with photoemission.63 A recent kelvin probe microscopy study conducted on 

anatase and rutile nanoparticles, indicated an electrical field across an interfacial rutile/anatase 

region of 450 nm length, with a type II alignment.67  

The rutile/anatase band alignment can be determined theoretically.64 Deák determined a 

generic alignment of the bulk band structures at the Fermi level and concluded the presence of a 

type II alignment with the VB (CB) of rutile is 0.35 eV (0.55 eV) higher.64 Scanlon et al. also 

investigated this theoretically using a combination of quantum mechanical and molecular 

mechanical (QM/MM) calculations performed on a core-shell model. A VB offset (0.47 eV) 

and CB offset (0.3 eV) with respect to the vacuum level was determined, also indicating a type 

II alignment.62 Explicit rutile/anatase interfaces have been modelled such as single crystalline 

R(100)/A(100) and R(110)/A(101).68 Here Kullgren et al. determined a type II, using the 

calculated electrostatic potential at the interface as a reference.68 Further more, the influence of 

the dissociated water leading to H+ and OH- ions at the interface has also been modelled for 

close (10 nm) interfaces, resulting in a higher anatase CB; resolving the discrepancy between 

results obtained in wet or humid environments, while solid interfaces generally indicate a type 

II.69 

Notably, as considered by Nosaka et al.70 the direct band gap of anatase of 3.8 eV 

profoundly influences the alignment of the VB and CB of rutile and anatase. For example when 
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this is taken into account the type II alignment (indirect band gap) modelled62 results in a type 

III arrangement (anatase CBM above rutile CBM).  

Given the contradictions in previous work, the study of a well-defined anatase/rutile 

system would seem to be necessary as a means to understand the rutile-anatase interface. 

It is intrinsically difficult to grow anatase on rutile or vice versa. Existing fabricated 

model systems include: anatase (001) grown on LaAlO3(001) or SrTiO3(001), where rutile co-

exists.71 In the latter STM and electron microscopy confirmed the presence of rutile TiO2(100)-

(1 × 3) domains embedded in the polycrystalline anatase film. In addition, rutile TiO2 has been 

grown in conjunction with a lepidocrocite-like bilayer (formally derived from an anatase (001) 

bi-layer) on Ni(110) and Ag(100).25,72 These two systems constitute the most relevant 

previously studied anatase/rutile thin films.  

Modelling of rutile/anatase interfaces composed of Miller interfaces of rutile and 

anatase planes have been considered. Deskins employed molecular dynamics (MD) simulations 

using near-coincidence-site lattice (NCSL) theory to analyse interfaces of rutile (110), (100) and 

(001) with anatase (101), (100) and (001) (rectangular unit cells matched).73 This resulted in 

favourable adhesion energies of -1 to -3 J/m2, with unsaturated Ti5c becoming bulk like Ti6c at 

the interface and an observed partial disordering at the interface of a single layer ~4 Å. The 

most favourable interfaces were constructed from rutile (110)/anatase (101) and rutile (100)/ 

anatase (100). In addition, in a separate studies, Kullgren et al. identified Ti4c within the 

interfacial region of rutile (110)/ anatase (101) and rutile (100) and anatase (100) interfaces68 

and Ju modelled a rutile (111) / anatase (101) interface analysing the electronic properties of the 

interface.8 Recently Nolan et al. used DFT simulations to investigate the interfacial region of 

anatase (101) / rutile (110) and anatase (100) / rutile (001). This latter study also confirmed the 

disordered nature of the interface and presence of low coordinated Ti4c and VO, where the 

former were associated with electron localisation and the latter formed more easily formed 

compared to the bulk. Holes were shown to be distributed across the interface.74 

In addition, theoretical work has also studied a more complicated indirect rutile/anatase 

interfaces, where an intermediate TiO2-II phase has a favourable contact with the anatase 



	  
33	  

TiO2(112) plane and can support a rutile phase. This intermediate phase reduces the epitaxial 

mismatch between rutile and anatase. Experimental evidence for such a system is provided by 

electron microscopy of nanoparticles.75,76  

	  
	  
1.5 Research Question and Thesis Structure 

 

A photocatalytic synergism between anatase and rutile has been hypothesised to explain 

the general higher activity of mixed-phase rutile and anatase systems than either pure anatase or 

rutile.42,54,77 However, fundamental knowledge of how the anatase and rutile interact during 

photocatalysis is still lacking. Therefore the research question is, can a model rutile/anatase 

single-crystalline system, which can be studied by STM and STS by synthesised? The study of 

such a system would be invaluable to understand the properties and possible photocatalytic 

synergism resulting from the  two-phase interface.  

A surface science approach, with STM being the principal means of characterisation for 

the investigation of the interface of anatase and rutile has been employed. The objective is to 

grow an ultrathin film of anatase and rutile in contact with each other on a viable substrate, with 

clear distinguishable domains of ~100-300 Å width/length.25,78 A viable substrate could be one 

that supports either anatase or rutile, with the potential to grow the other phase. This substrate 

would be expected to have a good lattice match with either anatase or rutile. An alternative 

strategy would involve utilising single crystal anatase (rutile) and transforming a region to rutile 

(anatase).   

Obtaining the described model system will facilitate an understanding of the 

anatase/rutile phase interface on the atomic scale, where both reactivity (photocatalytic 

synergism) and electronic structure can be probed concomitantly. Using STM, the geometrical 

and electronic structure can be probed while monitoring adsorbates and point defects such as 

VO and hydroxyls. Furthermore, although not included here, future studies can use STS to map 

the local density of states (LDOS) and band structure of the film. This latter method will allow 
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the band alignment and bending at the formed interface between anatase and rutile to be 

investigated.    

 

The layout of this thesis is as follows: 

Auxiliary Chapters: Chapter 2: Theoretical aspects relevant to the techniques studied 

will be presented. Chapter 3: This thesis relies heavily on instrumentation for the preparation 

and analysis/characterisation of the single crystal an ultrathin film samples, therefore these will 

be presented and discussed.  

The original experimental work is divided into two chapters concerned with the 

fabrication of an rutile ultrathin film /anatase TiO2(101) interface and a ultrathin film rutile/ 

lepidocrocite-like TiO2/W(100) interface. In addition an ethanol photochemical study was 

performed on anatase TiO2(101). These consist of:  

Chapter 4: A novel preparation methodology employing the electrical effects of an 

STM tip to modify the structure of a surface of anatase TiO2(101) and characterise the resulting 

crystalline surfaces with STM. An ultrathin film terminated with the rutile TiO2(100)-(1 × 3) 

surface was fabricated and characterised using the surface adsorption of a carboxylic acid 

(CH3COOH).  

Chapter 5: A study of ultrathin titania films grown on W(100). Here STM indicates the 

presence of a ultrathin island structure of rutile TiO2(110) in conjunction with the (anatase (001) 

derived) lepidocrocite-like TiO2 bilayer (5 Å). These were structurally characterised by STM 

and LEED, where the epitaxial registry with the W(100) surface of the lepidocrocite-like TiO2 

bi-layer was identified. 

Chapter 6: A photooxidation study of ethanol adsorbed on single crystalline anatase 

TiO2(101) surface in the presence of O2. A mass spectrometry and STM study (dark and post 

UV exposure) was conducted, with a reaction mechanism proposed and photoreaction cross-

section extracted.  

 In each individual Chapter (4-6) the significance of the experimental work with respect 

to the research question is considered and details of perspective future work are given.	  
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CHAPTER 2 
 
 
 
2.0 Theoretical Aspects of Instrumentation 

This Chapter provides a theoretical overview of the experimental techniques used in this thesis. 

These include the principal technique of scanning tunneling microscopy (STM) used in all 

experimental Chapters (4-6) and low energy electron diffraction (LEED) employed in Chapter 

5. In Chapter 6 X-ray Photoelectron Spectroscopy (XPS) is used to study adsorbed ethanol and 

photocatalytic surface intermediates. Quadrupole mass spectrometry (QMS) used in Chapter 6 

is not discussed and a brief explanation of this technique is included in Chapter 3.  	  

	  
2.1 Electron Spectroscopy 

 

In electron spectroscopy the energy and angular distribution of electrons emitted from 

surfaces after irradiation by either photons (utilising the photoelectron effect), electrons or other 

particles are measured.1 Electron spectroscopy was used here to determine surface cleanliness 

via its chemical sensitivity. X-ray Photoelectron Spectroscopy (XPS) was used to study the 

adsorption of ethanol on anatase TiO2(101) and to determine the identity of species adsorbed on 

the surface after UV light exposure in the presence of oxygen.  

 The surface sensitivity of XPS, Auger and Low energy electron diffraction (LEED) are 

determined by the inelastic mean free path (IMFP) of electrons (how far an electron travels 

before losing energy). The IMFP is sensitive to the electron’s energy and relatively insensitive 

to the identity of the solid (metal oxide, metal, semiconductor). The IMFP,  𝜆!  , as a function of 

energy is defined by a universal curve which is a function fitted to empirical data, expressed by 

Seah and Dench2 as:  

𝜆!   =    𝑐!𝐸!! + 𝑐!(𝑙𝐸)!/!,                                                                                                  Eqs. 2.1 
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where E is the kinetic energy of the electron in eV. For metal oxides (inorganic compounds), the 

material parameters are  𝑐!   = 2170 and 𝑐!  = 0.72. In this equation, l is the monolayer thickness 

in nm. As shown in Figure 2.1 (grey shaded box), the IMFP has a value of ~1 nm between 10-

500 eV. This electron energy range encompasses Auger electrons, photoelectrons emitted in 

XPS and elastically scattered electrons in LEED and therefore these techniques are surface 

sensitive. 

                        

Figure 2.1: The universal curve of the inelastic mean free path (IMFP) (nm) of electrons as a 
function of energy (eV). Displayed are functions for Cu (black line), Au (grey dashed line) and 
CaCO3 (black dashed line).. The filled grey box indicates the surface sensitive 1 nm IMFP 
region (10-500 eV). Adapted from reference.1  
	  
	  
	  
2.2 X-Ray Photoelectron Spectroscopy (XPS) 

 

In XPS, the energy of the photoelectrons emitted through the interaction of X-rays with 

the atoms core electrons are studied. The X-ray photon energy must be greater than the binding 

energy of the electron. The photon is absorbed with the remaining energy minus a work 

function term, transferred to the photoelectron, which then reaches the vacuum level and is 

detected. This leads to the inference of the electrons core level energy by the measurement of 

the electrons kinetic energy.1 The photon energy of the core level can be expressed as: 3  
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ℎ𝑣   = 𝐸! + 𝐸!,!"# +   𝜙,                                                                                                                                                                                                                                      Eqs. 2.2 

  

where ℎ𝑣 (planck's constant × frequency) is the photon energy, 𝐸! the electron binding energy 

referenced to the surface Fermi level EF, 𝐸!,!"# the photon-electron’s kinetic energy and  𝜙 is a 

work function term, whose precise value depends on the spectrometer and sample.3 The electron 

binding energy is sensitive to the atom’s environment, resulting in a ‘chemical shift’ in energy 

where 𝐸! is modulated by the changes in the positive charge on the atom. An increase of 

positive charge (decrease in electron density) leads to an increase in binding energy. The 

binding energy of all core levels changes by the approximately same amount.3 Within this thesis 

the C1s orbital of carbon of CH3CH2OH(a) on anatase TiO2(101) is studied, where the two 

carbon environments (-CH3, -CH2) can be resolved and the formation of a third -COOH is 

detected. 

 An XPS peak is a convolution of a Lorentian and Gaussian functions.3 These take into 

account the inherent XPS peak width (Lorentian) and aspects of the instrumentation (Gaussian) 

in obtaining the XPS spectrum. The latter includes: photon source, thermal broadening and the 

analyser. The inherent peak width of a core level, Γ, is defined by the Heisenberg uncertainty 

principle as: 4  

 

Γ ≈ ℏ
!
 ,                                                                                                                                  Eqs. 2.3 

 

where ℏ = ℎ/2𝜋, and 𝜏 is the core hole lifetime. 

 The first few layers (10-20 Å) of the surface are sampled in XPS due to the 

photoelectron IMFP/escape depth, as defined in Figure 2.1; where photoelectrons emitted at a 

greater depth are lost through interaction with the material. Using knowledge of the materials 

escape depth, the thickness of a film deposited on a surface can be determined. 
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Atomic electronic state energies are determined by the principal quantum number n and 

angular momentum contributions. The Russell-Saunders scheme for coupling of spin and orbital 

angular momentum involves a vector sum j = l + s, where l is the orbital angular momentum 

term and s the spin term. If the core orbital l > 0 such as p, d, f orbitals, there will be two initial 

states corresponding to l ± ½. The shells are labelled by n: (1, 2, 3, 4): K, L, M, N and the 

angular momentum j is defined by the subscript. The 1st shell is K1 (1s) the second shell is L1 

(2s) L2 (2p1/2) and L3(2p3/2). This fine structure is apparent by the presence of doublets in the 

photoelectron spectrum.1  

 

 2.3 Auger Electron Spectroscopy (AES) 

	  

The secondary electrons emitted from atoms, after ionisation of a core electron by 

irradiation (ions, electrons, X-rays), are known as Auger electrons. The technique bears the 

name of Pierre Auger who first described the process in 19255; although it was independently 

discovered by Lise Meitner.6 In Auger electron spectroscopy (AES), peaks within the secondary 

electron distribution emitted from a surface as a function of energy are studied. 

In the AES conducted in this thesis the exciting source was an electron beam, which 

was also shared by the LEED optics. In this measurement, the energy region of ~ 30-1000 eV 

was analysed, where Auger peaks are present. The energy of an Auger electron after removal of 

the K1 level electron can be expressed for a K1L1L2,3 transition as: 

 

𝐸!!!!!!,! = 𝐸!! −   𝐸!! − 𝐸!!,! − 𝜙,                                                                                    Eqs. 2.4  

 

where 𝐸!!!!!!,! is the energy of Auger electron, 𝐸!! is the 𝐾! energy level, 𝐸!!is the L1 energy 

level, 𝐸!!,! the L2,3 energy level and 𝜙  the work function. 

After the intra-electron transfer and emission of an electron, a doubly charged atom 

results. In fact, a cascade effect involving multiple further Auger processes can lead to highly 
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charged atoms. In Eqs. 2.4, the energies are with respect to the surface EF  and a surface work 

function term is included. A more precise form includes terms to represent the relaxation of 

electrons resulting from the presence of core level holes.3 Figure 2.2 displays a K1L1L2,3 Auger 

transition, where after removal of a K1 electron, a photon (red arrow) or Auger electron (green 

arrow) can be emitted, the emission of a photon is referred to as X-ray fluorescence.  

 

Figure 2.2 A detailed schematic of the Auger process involving three core levels  (K1, L1, L2,3). 
An electron removes the K1 electron. (A) The filled electron levels of the atom (B) The atom 
after removal of a core K electron with emission of a photon or Auger electron indicated. (C) 
The atom following the emission of the L2,3 electron. Adapted from reference.1  

 

The energy of the Auger electron, as indicated by Eqs. 2.4, is independent of the energy 

of the exciting source. However, the ionisation cross-section for a core level is dependent on the 

energy, typically at a maximum at 4-5 times the core level binding energy.3 The AES employed 

in this study used a 3 kV electron source. As the atomic number of the element increases, the 

possible energy of Auger electrons increases. This complexity is mitigated by the probability of 

photon fluorescence increasing with binding energy, reducing the observed Auger peaks.3 

In addition, a large broad intensity towards 0 eV is present on the secondary electron 

spectrum. This broad peak results from excitations resulting from secondary electrons; 

removing other electrons within the inelastic mean free path escape depth. Additionally, there 

are ionization loss, plasmon loss and diffraction features present in the electron energy 

spectrum.3 
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2.4 Low Energy Electron Diffraction (LEED) 

 

Low energy electron diffraction (LEED) is arguably the first technique of surface 

science. It was discovered by Davisson and Germer in the 1920s; who by accident formed 

multiple large crystalline nickel domains on a nickel target, which provided a diffraction pattern 

by electron bombardment.7 This was before the discovery of the wave nature of the electron and 

thus its first demonstration. Davisson and Thomson received the 1937 Nobel Prize in physics 

for their work on LEED. This technique was employed in this thesis for experimental work 

conducted with the Omicron AFM/STM chamber, for; i) single crystal sample preparation; ii) 

surface structural analysis of thin titania films grown on single crystal tungsten W(100).  

In LEED, a monochromatic electron beam (30-150 eV) is directed to the sample and the 

elastic peak within the secondary electron spectrum from the sample is filtered and analysed. At 

these energies the electrons wavelength is comparable to the atom spacing in the surface lattice 

and periodic diffraction occurs.8 This relationship is demonstrated by the de-Broglie wavelength 

of an electron, defined by: 

 

𝜆(Å) = (!"#.!(Å
!!")

!(!")
)!.!      ,                                                                                                 Eqs. 2.5  

 

where E is the beam energy in eV and 𝜆 is the electron wavelength in Å. For energies of 30-150 

eV, 𝜆  is 3-1 Å.  In LEED, surface sensitivity results from the IMFP of the electrons (Figure 

2.1).1 This reduces the depth that scattered electrons can return elastically to the detector 

(fluorescent screen). At an energy of 100 eV, the IMFP is ~5 Å, approximately one to two 

stepped layers of the anatase TiO2(101) and W(100) surfaces studied in this thesis.9  

Surface diffraction can be explained using a one-dimensional (1D) periodic 

arrangement of atoms of separation a (Figure 2.3). For two parallel electron paths at an incident 

angle θi, and the diffraction angle θd, separated by a, the total path difference between two 

parallel diffracted outgoing electrons θd can be determined by two a.sin(θ) products  which is: 8  



	  
45	  

𝛥𝑃 = 𝛥𝑃! − 𝛥𝑃!   = 𝑎(sin 𝜃! −   𝑠𝑖𝑛 𝜃!   )                          ,                                           Eqs. 2.6 

      

where 𝛥𝑃  is the total path difference and the component path differences 𝛥𝑃! and 𝛥𝑃! are 

expressed as a function of sine function of incidence 𝜃! and diffracted angle 𝜃! and lattice 

spacing 𝑎 . 𝛥𝑃!  and 𝛥𝑃!  are defined by the bold arrows in Figure 2.3. For constructive 

interference the path difference must be equal to an nλ, where n is an integer to fulfil the Bragg 

condition,10 which is: 

 

𝑎 !"# !!
!

−   !"# !!
!

   = 𝑛                    ,                                                                           Eqs. 2.7 

	  

 

 
Figure 2.3: A one-dimensional (1D) arrangement of atoms (blue filled circles) separated by a, 
from which interference between two incident electrons occurs. The path difference is 
determined by the difference between a sin(θi) and a sin(θd) (bold black lines). 
 

The components parallel to the surface for the incident and diffracted waves can also be 

expressed in wave vector form with direction and magnitude as:8  

 

𝑘 ∥!=
!!
!
sin 𝜃!  and 𝑘 ∥!=

!!
!
sin 𝜃!          ,                                                                    Eqs. 2.8 
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where the two waves undergoing interference are parallel and the incident and diffracted angles 

are defined. Therefore the Bragg condition (Eqs. 2.7) can be expressed as: 

               

2𝜋 !"# !!
!

−   !"# !!
!

   = !!"
!

                                   ,                                                           Eqs. 2.9 

 

Or after substitution as: 

 

𝑘∥! − 𝑘∥!   =
!!
!

𝑛                                                  ,                                                                                                                                                                                                Eqs. 2.10 

                                                                             

This results in a difference in the wave vectors equal to !!
!

𝑛, where !!
!
= 𝑎∗is identified as 

the reciprocal lattice vector.  

 

For the situation where the 𝜃!=0, Eqs. 2.9 reduces to the familiar Bragg expression:10 

 

𝑎𝑠𝑖𝑛𝜃! = 𝑛  𝜆                  ,                                                                                                                                                                                                                                                    Eqs. 2.11 

                                                                                                

This analysis can be demonstrated to also show the Bragg reflection condition in the orthogonal 

surface direction and the resulting spots result in the inference of the !!
!
= 𝑏∗. 

 

Up to now we have only considered a 1D surface. The incident wave vector has a component 

perpendicular and parallel to the surface plane, expressed as: 

 

𝑘! = 𝑘!! + 𝑘!∥           ,                                                                                                       Eqs. 2.12 

 

where  𝑘!!is the component perpendicular to the surface and 𝑘!∥ is the component parallel to the 

surface. The magnitude of the elastically scattered LEED electron wave vector is conserved, 
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where 𝑘!
! = 𝑘!!. In addition the conservation of momentum for diffraction from a 2D lattice 

results in: 

                                                                                                                                                                                             

𝑘!∥ = 𝑘!∥   + 𝑔!!               ,                                                                                               Eqs. 2.13 

 

where 𝑘!∥ is the diffracted component parallel to the surface and 𝑔!! the surface lattice vector. 

This is an equivalent statement to the Bragg law. The 2D surface reciprocal lattice vector, 

𝑔!! ,  neglecting the partial order in the l (𝑔!!") crystallographic direction is expressed as:11 

 

𝑔!!= ha* + kb*            ,                                                                                                     Eqs. 2.14    

                                                                                                                                                           
where the reciprocal lattice vectors 𝑎∗ and 𝑏∗ are defined in terms of real lattice vectors as:11 

 

𝑎∗ = 2𝜋   !×!
!×!

   ,  𝑏∗ = 2𝜋   !×!
!×!

             ,                                                        Eqs. 2.15, Eqs. 2.16 

 

where n is a unit vector perpendicular to the surface. It follows from the mathematical 

relationships that 𝑎∗and 𝑏∗ must be in the sample plane and a* is perpendicular to b and b* 

perpendicular to a. Evaluation of Eqs 2.15 and 2.16 leads to an expression for the reciprocal 

lengths as: 

𝑎∗ = !!
!   !"#!

              ,                                                                                                               Eqs. 2.17 

where θ is the angle between a and b.  

 

Therefore the real space (a, b) representation of crystal surface can be obtained from the 

reciprocal space (a*, b*) LEED diffraction pattern. A simulation of the intensity of the 

diffraction spots in LEED with a model surface selvedge of a few atomic layers thick as a 

function of electron beam energy can be used model the surface structures. This is known as I-V 

LEED such a method is not employed for the work conducted in this thesis.8 
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2.5 Scanning Tunneling Microscopy 

2.5.1 Introduction 
 

Scanning Tunneling Microscopy (STM) is the principal experimental technique in this 

work, forming a core component of Chapters 4-6. The STM was invented in 1981 by Binnig 

and Rohrer;12,13 for which they received the Nobel prize in Physics in 1986. They applied the 

existing technologies of the piezoelectric effect in certain materials and feedback control 

electronics, utilizing electron tunneling to create an atomically resolving microscope.  

 

Figure 2.4:  (A) A schematic of the STM. A tip (green spheres) with an atomically sharp apex 
is in tunneling contact with the surface (blue spheres). The tip height (Z) is controlled by a 
feedback loop, controlling the voltage applied to the z-piezoelectric. A bias voltage (v) is 
applied and a current flows. Lateral motion (X, Y) results in a measurement to the surface 
topology. Adapted from reference.14 (B) A 3D 270 × 270 Å2 STM image (+2 V sample bias, 
0.08 nA) of EtOH / anatase TiO2(101) (512 points × 512 lines). The purple triangle of circles 
represents the positions of the tip. The dashed blue arrows indicate the path the tip takes. The 
slightly opaque area is yet to be imaged. The Z, X, Y (Å) directions are identified by the blue 
dashed arrows. 
 

In brief, in STM a sharp metallic tip is brought to within 5-10 Å of a surface, at which 

point a small tunneling current (1 nA) can flow if a bias voltage is applied between a conducting 

sample and the metallic tip, dependent on the conductance at that point.14 The tip’s z-axis 

position is controlled by the voltage applied to the piezoelectric drive. A simplified diagram of 

the STM is shown in Figure 2.4A. An example STM image of anatase TiO2(101) is shown in 

Figure 2.4B of an area 270 × 270 Å2. The scanning unit is rastered laterally on the surface 
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(Figure 2.4B) and a z-x trace of topographical height, converted by calibration from the piezo-

voltage, is obtained. The tip is moved an incremental distance in the y direction and another line 

is recorded. An image is formed from the collection of lines. An identical path is retraced 

forward and back with the image formed only of forward (or back) lines to prevent image 

distortion from creep and hysteresis.14  

 

Figure 2.5: A simple model displaying the band structure of a metallic tip and surface with 
non-identical work functions ϕ (Vacuum level – EF). (A) At infinite separation. (B) In contact at 
separation of a. (C) With a small positive bias V applied to the sample at separation a. (D) In 
contact with a small positive bias V applied to the tip. The direction of electron tunneling 
though the potential barrier is indicated by the black dashed arrows, greatest at the Fermi level 
(EF) and decreasing in magnitude (smaller dashed arrows). Green filled square indicate the filled 
electron states and white squares are empty states. The green line indicates the population of 
surface states. 

 

Shown in Figure 2.5 is a simple band structure model of a metallic tip and surface with 

non-identical work functions. These are shown at an infinite separation (Figure 2.5A) where the 

vacuum level is shared. After electrical contact at separation a the Fermi levels EF are aligned 

(Figure 2.5B). When a positive voltage bias V is applied to the surface (Figure 2.5C), filled 

states of the tip become aligned with empty surface states and vice versa for the negative 
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surface bias (Figure 2.5D). In the STM model, there is a potential barrier V between the tip and 

sample. Classically, this region cannot be crossed since the energy of the particle E is less than 

V. However electrons can tunnel elastically into the opposing state without being excited above 

the barrier. Due to the Pauli exclusion principle,4 electrons can only travel from filled to empty 

states between the two electrodes. 

Considering a one dimensional electron wavefunction in the z-direction crossing a 

square potential barrier V(z); where V(z) = V0 inside the barrier (0 < z < a). The time 

independent solution to the Schrödinger equation within the barrier region has the decaying 

form of:4  

 

  𝜓(𝑧)   ∝ 𝑒!"#                                                                                    ,                                                                                                                                                                                                    Eqs. 2.18 

 

where     𝜅 =    2𝑚 𝑉! − 𝐸 /ℏ! !/!,  is a decay constant and m is the electron mass. The 

tunneling current is proportional to the magnitude of the wavefunction at the right hand side of 

the barrier. A transmission probability T can be expressed as the ratio of the square at 

boundaries, 0 and a, which has the form: 

 

𝑇   =      !(!
!

!(!) !
  ∝ 𝑒!!!"                       ,                                                                               Eqs. 2.19 

where a is the separation between the surface and tip. As 𝑉! can be considered as the vacuum 

level, for electrons at the Fermi level, 𝑉! − 𝐸 is interpreted as the surface work function, 𝜙. The 

transmission probability, for a metal with a 𝜙 of a few eV (4.5 eV) results in 𝜅𝑎 having a value 

of 2 Å-1. Therefore a change in a of 1 Å leads to an order of magnitude change in T.14 This leads 

to a huge sensitivity in tunneling current with separation between the tip and sample resulting in 

the tunneling current occurring mainly through the single atom at the tip apex and explains 

ultimately how atomic resolution can be achieved. This simple model can be used to explain the 

behaviour over large features on the 10-20 Å scale. However, in order to understand STM, a 

more complex theory is required.  
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2.5.2 Tersoff and Hamman Theory of STM 
 

Bardeen perturbation theory when applied to tunneling in STM considers the tip barrier 

region and sample barrier region as separate electronic systems.15 This theory pre-dates STM. 

Here a tunneling junction is formed of planar electrodes in a metal-insulator-metal junction. The 

electronic states for the tip (µ) and surface (ν) are solved independently with the time 

independent Schrödinger equation and the tunneling of electrons between the tip and sample is 

represented by time dependent quantum mechanical perturbation theory.4 An expression for the 

tunneling current from first order perturbation theory is:16  

 

𝐼 = !! !
ℏ
𝑓 𝐸! − 𝑓 𝐸! 𝑀!,!

!𝛿 𝐸! + 𝑒 𝑉 −   𝐸! ,                                                           Eqs. 2.20 

 

where 𝑀!,! is a matrix element between the surface 𝜓! and tip 𝜓! ,𝐸! is the energy of the 

surface electronic state relative to the sample Fermi level (EF, sample) and 𝐸! is the tip energy 

relative to the tip Fermi level (EF, tip), 𝛿 𝐸! + 𝑒𝑉 −   𝐸!   is a Dirac delta function which is zero if 

𝐸! ≠ 𝐸! + |e|V and unity if   𝐸! = 𝐸! + |e|V. The Fermi function 𝑓 𝐸!  accounts for temperatures 

above 0 K, where the Fermi-Dirac distribution of states, relative to the Fermi level is applied, 

𝑓 𝐸 − 𝐸! = !

!!!"#  [!!!!!!!
]
 . At the Fermi level 𝑓 𝐸 − 𝐸!  = 0.5 and tails off exponentially as E 

increases. In the zero temperature limit the electronic states are filled up to the Fermi level and 

empty above.  

	  
	  
At low bias voltage, Eqs. 2.20 can be reduced to: 

𝐼 = !! ! !!
ℏ

𝑀!,!
!  𝛿 𝐸! − 𝐸! 𝛿 𝐸! − 𝐸! ,                                                                                          !,!                                                   Eqs. 2.21 

	  
. where the summation of the delta function 𝛿 𝐸!,! − 𝐸! = 𝜌 𝐸 !,!!,!  is equivalent to the 

density of states (DOS) of the sample or tip; distribution functions which describe the number 

of states in an energy range between E and E + dE. The sample Fermi level (EF,sample) is the 
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reference point for both.14 𝑀!,!  is an integral equation performed over a separation surface S 

entirely within the barrier region and separating the two halves of the electrodes (tip and 

sample) wavefunction 𝜓!   and 𝜓! and defined by Bardeen17 as: 

 

𝑀!,! =
ℏ
!!

𝑑𝑆   . (𝜓!∗∇𝜓! −   𝜓!∇𝜓!∗  ),                                                                             Eqs. 2.22 

 

where  ∇ indicates the partial differentiation of the wavefunction. 

	  
Tersoff and Hamann adapted the Bardeen model to represent a three dimensional real 

surface and tip tunneling phenomenon, not simply planar electrodes.18 This is achieved by 

neglecting the energy dependence in the matrix element. The tip is modeled as a mathematical 

point source at 𝑟! from the surface, (Figure 2.6). Evaluation of the matrix element results in the 

current (Eqs. 2.21) being approximated as: 

 

𝐼   ∝    𝜓! 𝑟! !𝛿(𝐸! −! 𝐸!) ≡ 𝜌!"#$%&(𝐸! , 𝑟!)             ,                                                Eqs. 2.23 

 

where 𝜓! 𝑟! !𝛿(𝐸! − 𝐸!) describes the surface density of states at the position of the tip at a 

distance 𝑟! from the surface restricted to the Fermi level 𝐸!. The wave function of the surface is 

therefore determined at a plane above the surface at 𝑟! .  The tip itself is defined as an spherically 

symmetric s-wave tip. This defines the local density of states (LDOS), 𝜌!"#$%&(𝐸! , 𝑟!) at the 

Fermi level of the tip 𝐸!. Therefore the geometric structure or charge density are not directly 

measured, but the DOS at energy EF. 
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Figure 2.6: Schematic of the Tersoff-Hamann approximation: the STM tip (grey sphere) is 
modeled as a locally spherical potential, radius of curvature R centered at distance rt  above the 
surface (blue rectangle) with wavefunction ψ(rt). Adapted from reference.18  
 

This theory neglects the tip-sample interaction, evaluating the surface electronic 

structure in the absence of the tip. It also assumes a low bias voltage with the tip required to be 

an spherically symmetric wave function with the probability of the surface function evaluated at 

the centre (rt). At higher bias, tunneling from states below the Fermi level cannot be neglected. 

This theory is valid for large tip-sample distances (~6 Å) and can explain resolution of large 

features but fails to explain observed atomic resolution on metal and semiconductor surfaces. 

 

In the range of 1-3 V bias as used in STM performed in this thesis Eqs. 2.23 can be 

extended beyond the sample EF and an expression of the form results: 

 

𝐼   ≈ 𝜌!"#$%&(𝐸! , 𝑟!
!!! ! !
!!

)𝑑𝐸                                          ,                                                                                                                                                          Eqs. 2.24 

	  
where the integration of LDOS is performed in the region EF to EF + eV. This is acceptable as 

long as the bias voltage is still less than the work function of the surface. Problems arise due to 

the energy dependence of matrix element and tip density of states. To determine the current at 

higher bias is the simper Wentzel-Kramers-Brillouin (WKB) model can also be used.19 This 

approximates the two electrodes as being planar surfaces. An expression is: 

 

𝐼 =    𝜌!"#$%& 𝑟,𝐸 𝜌!"#
!"
! 𝑟,+𝑒𝑉 − 𝐸 𝑇 𝐸, 𝑒𝑉, 𝑟 𝑑𝐸                          ,                                                                                        Eqs. 2.25 

	  
where   𝜌!"#$%& 𝑟,𝐸  and 𝜌!"# 𝑟,+𝑒𝑉 − 𝐸  are the density of states of sample and tip 

rt
(rt)
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respectively with respect to their own Fermi level for a positive sample bias. The bias is eV and 

energy E is measured from the sample Fermi level. The energy dependent transmission 

probability 𝑇 𝐸, 𝑒𝑉, 𝑟  is included, derived from the matrix element and it is of the form: 

 

𝑇 𝐸, 𝑒𝑉, 𝑟 = 𝑒𝑥𝑝 !!! !!
ℏ

!!!!!
!

+ !"
!
− 𝐸 ,                                                                                                                                Eqs. 2.26 

 

where here z is the separation between the tip and surface, m is the electron mass, !!!!!
!

 is the 

average work function to approximate the trapezoidal barrier, and eV and E the bias and energy 

of an elastic tunneling electron. Under positive sample bias (eV > 0), for the images presented 

in this thesis, a maximum in  𝑇 𝐸, 𝑒𝑉, 𝑟  occurs at E = 0, corresponding to tunneling from the 

Fermi level of the tip.  

	  

2.5.3 Lang’s Model and STM of Surface Adsorbates 
	  
  

Adsorbates typically appear as some deviation in the topographic height compared to 

the bare surface centred at their location on the surface. The interpretation of the height and 

lateral location is problematic; when appearing as a protrusion the apparent height is often lower 

than the real adsorbate height. Also, in general adsorbates can display an STM contrast 

dependent on their orientation, surface density and on the tunneling condition of bias voltage as 

well as the tip apex. Several good reviews of theoretical approaches on metal and 

semiconducting surface exist.20,21 Lang developed a theory to explain the STM’s response to 

single adsorbed atoms on a metal surface as imaged by a metallic tip.22,23 In his theory the 

Bardeen approach is used to model the tunneling current density across the surface of the two 

planar electrodes in a small bias voltage range; with the Jellium model used for the metal 

surfaces.24 The current density J(r) (r = separation between electrodes) is a function of the time 

independent wave function Ψ!,!(𝑟, 𝑡) in the vacuum region for tip and sample. Lang modelled a 
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Na atom on one electrode as it traversed adsorbate atoms on the other electrode (Na, S, He) 

(Figure 2.7); the J(r) demonstrated a strong dependence with a negative depression in the He 

case. An evaluation of the density of states at the Fermi level (metal + adsorbate) indicated that 

the He closed shell polarises states away from the Fermi level. Additionally, the apparent height 

in STM reflects the LDOS at the Fermi level and is not directly reflective of the periodic 

geometrical structure. For example, the TiO2(110) surface provides a relevant example where 

the Ti5c and bridging O2c rows appear normally opposite in height to the actual structure.25 In 

Chapter 6 images are presented of an organic molecule (ethanol) adsorbed on anatase 

TiO2(101). The frontier orbitals of adsorbed ethanol are energetically far above the surface 

Fermi energy level, 26 and therefore in empty state imaging it is the tail extending to the Fermi 

level, which contributes to the LDOS.20  

 

Figure 2.7: Change in tip distance ΔS with respect to lateral separation X as the Na atom at the 
tip apex is traversed over the adsorbates (Na, S, He), where at 0 the two atoms are coincident. 
Both the tip and surface φ use the Jellium model (1 Bohr = 0.529 Å). This figure was adapted 
from reference.23 	  
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2.5.4 Chen’s Model 
 

Tersoff-Hamman theory is insufficient to explain some experimental observations of 

STM. For example the ~ 2.5-3 Å resolution reported on metal surfaces such as Au(111)27 was 

less than the predicted ~ 6 Å.28 This is in accord with Lang who predicted that features of 10 Å 

diameter were resolvable.22  

A theory of STM was developed by Chen to include a better description of the surface 

and tip atom wave functions, which are evaluated in the transmission matrix elements.28 The 

sample wavefunctions are expanded with spherical harmonic and radial components and 

evaluated at the tip apex atom.28 The form of the spherical harmonic component is dependent on 

the orbital considered the l and m quantum numbers e.g. orbitals: s, pz, px, py, dz2. The tunneling 

matrix element can therefore be evaluated with these as a linear combination of derivatives of 

the sample wavefunction at the tip apex. 

To model the surface electronic structure of a hexagonal close packed metal surface 

with p6mm symmetry, the electronic charge density 𝜌 𝑟 = 𝜓(𝑟) !!!!"  structure of the 

surface is considered. Here r is the sample-tip distance parameter. In the leading Bloch waves 

method, 𝜌 𝑟  is evaluated in surface Bloch waves, which share the symmetry of the top layer 

atoms.16 The charge density is evaluated and the ratio of the electron density at the 

corresponding location in reciprocal space can be used to define the corrugation amplitude 

height Δz observed in STM. For the theory to obtain the STM measured corrugation amplitude 

in atomically resolved images of metal surfaces, a tip sample separation of 3-6 Å and tip apex 

dz2 orbital wavefunction are required. This is representative of tungsten metal tips, used in this 

thesis, which at the Fermi level contain 85% d-states.28 This orbital can be positioned either on 

the tip or the sample atoms due to the reciprocity principle.28 This latter principal states that if 

the tip and sample states are exchanged the STM image remains the same. A simplified picture 

is shown in Figure 2.8. 
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Figure 2.8: A simplified picture of the STM imaging mechanism in terms of s and dz2 orbital 
surface and tip states (left) with the reverse shown on the right. This is inferred from the 
principal of reciprocity. Adapted from reference.28  
  

2.5.5 STM of Semi-Conductors 
	  
	  

Obtaining useful STM images of semiconductor surfaces has unique challenges 

compared to metallic surfaces.29,30 One challenge is surface structure complexity, the methods 

of surface preparation in UHV require annealing, often requiring extensive research using other 

techniques to define the periodic atomic positions.25 A bulk-truncated (1 × 1) structure does not 

always occur after formation of a particular surface plane and some relaxation from the 

structure occurs e.g rutile TiO2(110).31 Resolution under particular preparation conditions is 

often feasible, eg. on Si and TiO2 surfaces.  

The Fermi-level, by definition, is located in the energy gap (2-4 eV) between the 

conduction band and valance band in a semi-conductor. This results in a requirement of a 

sample bias of ~ +2 V (- 2 V) to tunnel into empty sample states (filled sample states).16  

The applied potential is not completely dropped within the vacuum separating the tip 

and sample. In low conductive samples this potential is dropped within a space charge or 

depletion region below the surface, under the tip. An expression for the radius r at 0 V bias of 

this region is defined as:32 

Tip dz 2 Tip s
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𝑟 = !!"#
!!!

 ,                                                                                                                    Eqs. 2.27 

 

where ε is the sample permittivity, N is the number density of charge carriers, k  the boltzman’s 

constant, T is the temperature and q is the charge on an electron. Therefore the space charge 

region reduces with the number of charge carriers. The radius value (Eqs 2.27) varies between 

2-200 Å. For example Si(111) surface has a radius of ~2 Å and ZnO up to 200 Å. The 

magnitude of the radius provides a further resolution limitation, where semiconductors of 

equivalent band gaps can have different lateral resolution, due to the charge depletion region 

smearing out electronic details.32,33  

	  

2.5.6 STM of Ultrathin Metal Oxide Films 
	   	  

Surface science investigations of metal oxide ultrathin films (~20 Å), provide a means 

to circumvent some of the problems encountered on their single crystal counterparts. These 

include availability e.g. Anatase TiO2 single crystals,33 conductivity such as CeO2
34 and allow 

surface analysis using bulk techniques, such as paramagnetic electron spectroscopy.35 Insight of 

the fundamental properties of the ultrathin films surface can be provided and the buried 

metal/metal oxide interface can be investigated. For instance, the commensurability between the 

surfaces can be probed by periodic Moiré patterns. Additionally under certain bias voltages, the 

underlying substrate can be imaged.36 Some films e.g. Fe3O4 have a sufficient carrier density to 

allow tunnelling through even thick films. Direct tunneling through a non-conductive film is 

possible up to a maximum thickness of 10 Å,37 where overlap of surface and tip states occurs. 

	   STM of ultrathin metal-oxide films supported on metal surfaces can provide the surface 

morphology and under certain conditions atomic resolution can be achieved. In the presence of 

a non-conductive film e.g. NaCl, when the Fermi level of the tip is positioned in the middle of 

the thin film band gap at a low bias voltage then the tunneling current passes through. The tip to 

sample distance is then the sum of the film and gap region, modulations in the film lead to 
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variations in the tunneling barrier and therefore the STM tip height.38 In addition, the tip can 

penetrate the film as the voltage bias is reduced and resolution of metal oxide films has been 

achieved in this way.39 In the regime of higher bias, then the tip Fermi level can be aligned with 

the ultrathin film CB in empty sample state imaging or ultrathin film VB in filled sample state 

imaging. The electrons migrate from the thin film to the metal substrate and resolution of the 

film can be achieved. This has been demonstrated in ceria films supported on Pt(111). 

Subsequent conductivity between the film and metal substrate prevents surface charging.37  
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CHAPTER	  3	  
 
 
3.0 Aspects of Instrumentation 
 
	  

This chapter details aspects of the instrumentation used in the experimental work presented in 

this thesis (Chapters 4-6). All work was conducted in UHV and therefore a discussion of the 

necessary theory and instrumentation is given. Three dedicated UHV instruments used are 

described: i) a X-ray Photoelectron Spectroscopy (XPS) chamber; ii) a scanning tunneling 

microscopy (STM) and photoreaction photon stimulated desorption (PSD) quadrupole mass 

spectrometry (QMS) chamber and iii) an Omicron STM/AFM chamber. The intrumental details 

of the auxiliary equipment (low energy electron diffraction (LEED), Auger electron 

spectroscopy (AES), residual gas analysis (RGA)) utilised in these chambers is also detailed. 

Also detailed are; the UHV sample preparation methods of the titanium dioxide and tungsten 

single crystals; the UV light irradiation methodology and set-up used for the study of surface 

photoreactions and the UHV electron bombardment and metal doser instrumentation in 

Chapter 4 and Chapter 5 respectively. The STM tip fabrication methodology and STM image 

analysis procedure are also included. 
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3.1 Instrumentation used in Achieving UHV 

	  
 

In this thesis the experimental investigations and final sample preparation has been 

conducted entirely in ultrahigh vacuum (UHV) (base pressure 2×10-10 mbar). This is necessary 

for the work conducted here on clean metal oxide and metal single crystal surfaces for both the 

surface preparation and subsequent study.1,2 Gas phase molecules at higher pressures e.g. 

1.3×10-6 mbar quickly (1 s) adsorb and saturate a surface. This surface contamination largely 

prohibits the study of atomically resolved STM. In addition, the study of ultrathin film growth, 

controlled electron bombardment, and photon stimulated desorption (PSD) mass spectrometry 

are not achievable if the surface is contaminated. An equation (Eqs. 3.1) governing the surface 

adsorption as a function of partial pressure is: 3  

 

 
R = !!

!
per  unit  area = p/(2πmkT)!/!                                        ,                              Eqs. 3.1 

 
 

where n is the molecular density, v is the mean speed of molecules and m is the molecular mass 

(n × 1.6605×10-27 kg), k/ JK-1 is the Boltzmann constant and T/K the temperature. The arrival 

rate R is defined here in units of molecules.m-2s-1 where ρ is in Pascal (1 mbar = 100 Pa). The 

monolayer arrival time τ is dependent on the definition of the monolayer, where N0 = 1 ML and 

R.τ = N0. For example, for the ideal planar anatase TiO2(101)-(1 × 1) (Chapters 4 and 6), the 

ML is defined in this thesis with respect to the surface density of Ti5c in the first atomic layer; 

which has a density of ~5.17×1018 Ti m-2.1 For the example molecule CO, present in the residual 

vacuum, if a sticking coefficient of ~1 is assumed; the monolayer arrival time at a pressure of 

~10-10 mbar is 17980 s (~5 hours). This indicates the necessity of UHV for careful work on 

these systems. 

In order to achieve ~10-10 mbar (UHV) the instruments are constructed of custom made 

welded stainless steel (low carbon 304) chambers with borosilicate pyrex glass windows. These 
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contain flange ports to attach system components, sealed by the compression of standard 

conFlat copper flanges, used only once after tightening.4 The three UHV instrumental system 

designs are shown in section 3.2. Materials entered into the UHV, such as Ta and Mo were 

chosen carefully based on their known outgassing rate under UHV to ensure a pressure of ~10-10 

mbar.5 

The chamber gas volume was evacuated by a series of vacuum pumps. These consisted 

of first roughing displacement (oiled and dry) pumps, which achieve a pressure of ~2.10-2 

mbar.5 Rotary vane pumps and dry pumps also provided a sufficient pressure differential behind 

the turbo molecular pumps. The pressure (down to 10-2 mbar) of the rotary behind the turbo 

pump was monitored with pirani pressure gauges.5 Turbo molecular pumps (kinetic) were then 

used to reduce the pressure before and during bake-out, and to reduce the fast-entry load-lock 

(FEL) to an acceptable pressure.4 An ion getter pump ran continuously in the systems 

maintaining a UHV pressure of ~10-10 mbar.4 Ti sublimation pumps (TSP) were used to 

maintain an improved constant UHV pressure (10-10 mbar), than achievable by the ion pump 

alone.4 The limiting chamber pressure 10-6-107 mbar resulting from the outgassing desorption of 

molecular species from internal surface areas such as water from the chamber walls necessitated 

a ‘bake-out’; where the system was heated for 24 hours at ~410 K to desorb and evacuate the 

chamber to achieve 10-10 mbar. Components that would be subsequently elevated in temperature 

were heated close to the working temperature to fully outgas. 

The system was vented with dry nitrogen gas during opening and samples were entered 

into the system using a fast entry loadlock (FEL), which was vented to atmospheric pressure 

with nitrogen gas. RGA quadropole mass spectrometers (QMS) analysed the residual gas 

composition. Pressure measurements in the UHV systems used standard Bayard-Alpert pressure 

gauges.6 The measurement is proportional to the sensitivity factors of the molecules as well as 

the partial pressure and emission current, calibrated by the manufacturer to N2  gas. Values are 

reported here with a 10%-30% error bar.4,5	  
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3.2 Instrumental UHV Chambers used in this Thesis 

 

The instruments used in this thesis are shown in Figure 3.1,3.2. Top down view diagrams of the 

chambers are shown in Figure 3.1 and photographs in Figure 3.2. 

 

	  
 
Figure 3.1:  Schematic top down view drawings of: (A) the UHV preparation chamber and 
analysis chamber of the Omicron AFM/STM system; (B) the UHV SPECS HT-150 Aarhus 
STM analysis/preparation chamber and photoreaction chamber. (C) Schematic top down view 
of the Scienta XPS chamber. All system devices used in this thesis are represented here. 
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Figure 3.2: Photographs of the UHV systems: (A) Photograph of the UHV Omicron AFM/STM 
chamber. (B) Photograph of the SPECS STM HT-150 Aarhus Chamber. (C) Photograph of the 
Scienta XPS chamber.   
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3.3 Sample Preparation and Treatment and Motion in UHV	  
 

Single crystal samples studied in this thesis: W(100) and a natural anatase TiO2(101) 

were cut and polished by the manufacturers to obtain a surface plane with a tolerance of 1-2°. In 

a UHV clean environment they were spot welded with Ta strips onto standard Omicron or 

SPECS sample plates. Prior to entry into the UHV the samples were sonicated in water and then 

isopropronol. The samples were introduced into the system using a FEL under a positive 

pressure of N2(g). Samples were transferred between the FEL to the preparation and analysis 

chambers via z-motion and rotating magnetic manipulators. Manipulators controlling Z, X, Y 

movement and 360° rotation were used to precisely position the sample for sputtering, 

annealing, Ti dosing, as well as for LEED, electron bombardment and online mass 

spectroscopy. In order to transfer samples between the sample storage and STM stage for 

analysis a pincer or rotating SPECS “wobble stick” was used.  

In this thesis, sample preparation was achieved in-situ using cycles of sample heating 

and Ar+ surface sputtering.7,8 After many cycles of sputtering followed by sample heating the 

sample surface and sub-surface region was apparently depleted of impurities, with residual 

argon detected by AES. On the Omicron AFM/STM, sputtering was carried out at a grazing 45° 

angle,9 and in the SPECS preparation chamber a normal angle was used with no observable 

difference. 

Heating in the AFM/STM Omicron system (470-1670 K) and SPECS Aarhus 150-HT 

STM chamber was conducted using electron bombardment (1 kV, ~30 mA). The sample 

temperature (±~40 K) was measured using an infrared pyrometer (emissivity of ~0.25 ε). In the 

Scienta XPS system the sample was heated by an e-beam heater (HEAT3-PS by PREVAC). In 

the SPECS STM and Scienta XPS systems a K-type thermocouple attached to the sample plate 

mounting was used to monitor the temperature, which was calibrated with a pyrometer (Sirius). 

To expose surfaces to gases (O2, EtOH, CH3COOH) and achieve Ar+ sputtering, the 

UHV pressure was increased using UHV precision leak valves which connected the UHV 

chamber to dedicated 5 mm Swagelok gas lines at slightly above atmospheric pressure (1.5 
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Bar). Upon installation, these lines were heated to ~370 °C and the inner surface was passivated 

with the respective gas by exposure for several hours before use.5 The monolayer arrival time 

(Eqs. 3.1) can be used for coverage calculations, using the exposure to adsorbing gas phase 

molecules, as the pressure remained in the molecular flow regime.5  

Physical evaporation of Ti (99.9%) was achieved using a commercial EFM-3 UHV 

Omicron electron bombardment evaporator at 2×10-10 mbar. A schematic is shown in Figure 

3.3. The EFM-3 employed a solid Mo crucible containing a Ti metal rod heated to 1600 K.5 An 

integrated internal flux monitor measured the metal cations passing with an ion collector. This 

current is directly proportional to the beam flux. The quantification of the dosed Ti was judged 

directly by the titania films prepared in STM after oxidation with a similar methodology as 

employed by Mathru previously using the same device.10  

	  
Figure 3.3: Schematic of the EFM-3 UHV Omicron evaporator. A) EFM-3 B) Evaporation cell 
Adapted from reference.11  

	  
The UV light used in Chapter 6 for surface irradiation was produced from a Xenon Arc 

300-W MAX-303 Asahi Spectra Xe lamp located outside of the UHV system. Light of UV-IR 

(250-1000 nm) range was emitted by pressurised Xenon within a glass vial when an electrical 

discharge occurred across a cathode and anode. The majority of the IR component of the light of 

760-1000 nm is removed by a series of mirror modules; the remaining light is then passed 
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through a final neutral density (ND) filter, which did not affect the light wavelength (Figure 

3.4A). During the measurements this was set to 50% (Chapter 6) transmission. The light was 

passed though a quartz fibre optic of 5 mm diameter, 0.5 m length; and then a lens system was 

used to reduce the beam size to 2 cm at a distance of 10 cm. The light was incident on the 

sample at an angle of 45° through a standard UHV glass window. 

The UHV glass window reduces the power intensity of the light by approximately 10-

20% and eliminated the remaining IR component. A spectrum of the emitted light is displayed 

in Figure 3.4B, where the blue dashed box is the filtered light remaining. 

	  

	  
Figure 3.4: (A) Schematic of the Xenon UV lamp, the set of mirrors (blue dashed box) are 
configured to retain light of 300-650 nm λ. A filter is applied to reduce the intensity. (B) 
Spectrum of the original Xenon arc lamp light. Adapted from reference.12  
	  

The photon flux was determined with a handheld photo-diode UV light meter. 

(Radiometer UVP). The measurement was taken with a setup outside of UHV similar to the 

light path used in the experimental measurements. A calculation [1] of the approximate photon 

flux in units photons s-1cm-2, incident on the sample for 5 mWcm-2	   3UV light using the 

equations: i)  c = vλ ii) E =   hν was made. This determined a flux of ~8.8 × 1015 photons s-1cm-

2. 

Electron bombardment (e-beaming) was conducted with a commercial UHV electron 

gun (Thermo LEG62). This provided a high energy and electron flux with fine control of 

electron dose. Electrons emitted by a thoria coated tungsten filament were processed by two  

 
 
 
[1] Range of hν  310-390 nm (4-2.4 eV); 6.4×1015 J/ hν  – 3.98 ×1015 J/ hν ; Power of UV  = 5 × 10-3

 Js-

1cm-2, Flux = 7.8  × 1015 – 9.8 × 1015 photons s-1 cm2.  Mean Avg. Flux = 8.8 × 1015 photons s-1 cm-2 
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electrostatic lenses (condenser and focus) and a quadrupole electrostatic lens at the opening to 

further manipulate the spot position. A schematic of the electron gun is shown in Figure 3.5. 

During operation the electron gun aperture was positioned 12 mm from the face of the sample 

and perpendicular to the surface plane. At the desired beam energy (3 kV for use in Chapter 4) 

the filament current was increased to achieve the desired emission current of 1 mA, then the 

condenser and focus were systematically varied to maximise the sample drain current (~60 µA). 

The beam was subsequently defocussed to increase the size of the electron beam blue spot to 3 

mm.	  

	  
Figure 3.5:  A schematic of the electron gun. A filament (cathode) emits electrons, which are 
processed by an electrostatic extractor condenser to form an electron beam.   
	  
3.4 Experimental Techniques 

3.4.1 Quadrupole Mass spectrometry (QMS) 
	  

 

Quadrupole Mass Spectrometry (QMS) resolves ionised molecules and molecular 

fragments by their mass/charge (m/e) ratio and a detailed account is provided by de Hoffmann.13 

This was employed for routine analysis of the residual vacuum. It was used to determine if the 

UHV had a leak to air or contamination. In addition, QMS was employed in He leak testing and 

to assess the purity of gases leaked into the chamber. Mass spectrometry scans performed 

(Hidden) indicated a typical resolution across the mass range of m/e 0.4, indicated by fitting a 

Gaussian function to the peak to determine the full width half maximum (FWHM). Therefore 

masses separated by ~m/e 1 can be easily resolved.  
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Shown in Figure 3.6 is the setup used for the photochemical oxidation of ethanol on 

anatase TiO2(101) in Chapter 6, further details are provided therein. A detailed diagram of the 

sample and glass shroud placed on the QMS head is shown in Figure 3.6A and a top down 

photograph in Figure 3.6B. A transparent glass shroud was placed on the head with a small 

aperture (1 cm diameter) positioned ~1 mm front of the sample. This was to maximise the 

desorbing surface species entering the ionisation region of the mass spectrometer, improving the 

signal/noise ratio. This had been demonstrated necessary in previous photon stimulated 

desorption experiments by Idriss and co-workers.14 The UV light is directed at a 45° angle to the 

sample and is of an insufficient flux to affect the products in the gas phase or quadrupole filter. 

	  

	  
Figure 3.6: (A) A schematic of the shroud and QMS used in the photochemical experiments 
conducted on the anatase TiO2(110) surface. (B) A photograph of the photoreaction chamber 
with QMS and pyrex glass shroud in position under UV light irradiation. 
	  

 

During the experiments four masses were scanned simultaneously, with the correct 

individual QMS modulating electric field (V/V) and constant electric field (U/V) U/V ratio, to 

record the four masses (eg. m/e 31, 29, 44, 15) within a time period of 1 second.13 A secondary 

electron multiplier (SEM) detector (after conversion of m+ fragments to e-) was used with a 

description provided by de Hoffmann.13 The mass trace signal recorded is proportional to the 

rate of ionisation of mass fragments with increments of a second.15 Integration of the signal with 
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time results in a value proportional to the number of molecules. A baseline linear function was 

placed connecting the flat region before opening the UV light shutter and the flat region after 

closing, this was deducted from the signal. This integration of the area was computed simply in 

Igor Pro using the Trapezoidal rule approximation with a similar procedure used by Idriss and 

co-workers.16  

In Chapter 6, rate constants and photoreaction cross-sections of desorbing acetaldehyde 

(CH3CHO) under photon irradiation were extracted using the following procedure; 

i) the initial height of the peak in mbar was determined. This was found to take 

between 1-3 seconds after opening the UV light shutter;  

ii) a calibration with respect to 1×10-7 mbar ethanol (m/e 31, m/e 29) was made.  

The ethanol  (m/e 31, m/e 29) peaks in mbar were then multiplied by 

fragment correction factors (CF)[2] and compared to the calibrated ion 

gauge in the photoreaction chamber. A correction of (!×!"
-‐!

!×!"-‐!
) = 0.11 was 

then applied; 

iii)  a CF for the m/e 29 mass fragment of 1.21 was subsequently applied to this 

value; 

iv) this determined pressure value in mbar was converted into a molecular 

density !
!"!  by applying Eqs. 3.2.3 Hence: 

!
!"!   = Ap where A = (100)/kT×10!                                                                           Eqs. 3.2 
  
 where p is in mbar and k Boltzmann’s constant JK-1. 

A photoreaction chamber volume of 3600 cm3 was determined and used to extract the 

molecular number n. This molecule number was divided by 3 seconds, the average time for the 

trace to reach the peak. The molecule number n could be converted to MLs-1 by dividing by the 

crystal surface area 0.09 cm2, taking into account that an ideal planar anatase TiO2(101) surface 

contains 5.2×1014 Ti5c atoms cm-2 in the first atomic layer. 

[2] This CF was determined using a procedure detailed in reference.16 
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Further analysis is detailed in Chapter 6 in connection with the use of the method in the 

quantitative treatment of acetaldehyde desorbing from the anatase TiO2(101) surface under 

photon irradiation. 

 

3.4.2 X-Ray Photoelectron Spectroscopy (XPS) 
	  

 

X-rays for XPS are typically generated by the bombardment of an Mg or Al anode by 

electrons, leading to the removal of core electrons and subsequent atomic relaxation of an 

electron with emission of X-ray radiation. The X-ray energy is dependent on the orbital from 

which the core electron is removed, with an intrinsic line width. The cross-section for removal 

is a function of the bombarding electron's energy.4 MgKα (1253.6 eV) and AlKα  (1486.6) 

(electron removed from the K1 orbital) were used in this thesis. The single Kα X-ray line is seen 

with minor satellites on a background of Bremsstrahlung irradiation, which contributes to the 

background observed in XPS spectra.4  

 The XPS measurements described in this thesis were performed in a dedicated UHV 

system with a base pressure of 1×10-9 mbar. This was equipped with a non-monochromatised 

SPECS XR50 dual anode X-ray source (Al Kα and Mg Kα). The Mg Kα X-ray source was used 

at a energy of 10 kV and power of 285 W. A Scienta R3000 hemispherical electrostatic energy 

electron analyser was used. A description of the hemispherical analyser is provided in this 

reference.4 The X-ray source and electron analyser were positioned close (3 cm) to the sample 

to maximise the X-ray flux reaching the sample and collection of photoelectrons. 

The resolution ΔE  FWHM is defined as a convolution of the natural line width, ΔE! , the 

resolution of the X-ray source, ΔE!, and the analyser resolution,   ΔE!. That is: 

ΔE = (ΔE!! +   ΔE!! +     ΔE!
!
)!/!           .                                                                                                                            Eqs. 3.3 

 

Therefore to maintain a good resolution of ~0.5 eV, all resolution components must be 

maintained at a low value.4  
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3.4.3 Auger Electron Spectroscopy 
	  

 

The Auger electron energy analyser employed in this study is the retarding field 

analyser (RFA), due to convenience, where the instrumentation is also used as LEED optics in 

the Omicron AFM/STM. A schematic is shown in Figure 3.7 adapted from Taylor.17 The RFA 

was first adopted for the study of Auger by Weber and Peria.18 In the instrument used in this 

thesis the electron beam is directed normal to the surface and the scattered and emitted electrons 

travel back to the optics.  

The instrument optics consists of four concentric grids. The first (closest to sample) is 

grounded, which results in a field free region, so the electrons travel radially. A retarding 

negative potential –V is applied to the next two grids, which prevents electrons of lower energy 

from passing, functioning as a high pass filter. The fourth grid is grounded and the electrons are 

collected by the screen resulting in a measurable current, which has a biased voltage several 

hundred V.17 The electrons collected as a function of the sweep -V would therefore be the 

integral I(V) of the energy spectrum N E ,19 where E is defined by the high pass filter and Emax 

the specular  reflection: 

 

I V =        N E dE!"#$
!          ,                                                                                            Eqs. 3.4 

 
 

The N(E) spectrum is obtained by differentiation of I(V). This is accomplished by 

applying a small sinusoidal modulation of V, then employing a phase sensitive lock-in amplifier 

tuned to the second harmonic (2ω) of the modulation, proportional to I(V)’’, and therefore  

!"(!)
!"

 , the derivative of the spectrum. Small peaks can be identified easily and the large sloping 

secondary electron background is reduced. A Taylor expansion of the current as a function of 

voltage V and additional modulating voltage ∆V = ksin  ωt,  after collecting terms first (ω) and 

second harmonic (2ω) terms, is defined below:9  
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I V + ∆V =
V +    I' V k + !'' !

!
k!… sinωt-‐    !

'' ! !!

!
+    !

!" ! !!

!"
+ cos2ω,                                                                                    Eqs. 3.5	  

	  

where  k  is the peak-peak modulation voltage. 

As the lock-in amplifier is tuned to the second harmonic (2ω), with a small enough k this is 

proportional to the second order derivative I'' V , k4 ≅ 0. 

	  
Figure 3.7: Retarding field Auger instrumentation using LEED optics.17 

 

The RFA is relatively insensitive compared to other electron energy analysers. This is 

broadly because the RFA is a high pass filter, allowing all electrons to pass of energy above the 

biased voltage |-V|. A rough calculation can determine the sensitivity in ML, where a maximum 

value of signal peak voltage corresponds to roughly 1015 surface atoms cm-2.19 As the tolerable 

S/N at ~1 (0.1 µV) (measured current is converted to a voltage) is equivalent to 1×1015/(5×103) 

= 1×1012 atomscm-2. This value of 0.1 % ML (1 ML ≈ 1×1015) is then the upper limit of the 

sensitivity. The S/N can be improved by increasing current as the noise has a square root 

dependence. In this thesis Auger spectroscopy is mainly used qualitatively for assessing sample 

cleanliness. 
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3.4.4 Low Energy Electron Diffraction (LEED) 
	  

 

Here we employed a reverse view LEED, where the diffracted electrons are filtered by 

the RFA, as described for AES. The instrumentation diagram is shown in Figure 3.8. The 

electron beam of energy +Ve is directed towards the sample. The diffracted electrons are 

scattered radially in a field free region. After passing though the first grid, the next two grids 

have an –Ve + ΔV applied to filter out any inelastically scattered electrons. The resulting 

diffraction spots are recorded on a fluorescent screen. In general, when comparing LEED results 

all focusing and beam parameters and sample positioning were maintained constant.	  

	  

	  
 
Figure 3.8:  A schematic of the LEED optics employed. An electron beam +Ve is incident 
normal to the sample surface, which is grounded, the electrons are scattered back radially in a 
field free region and are filtered by the middle two grids, -Ve +ΔV. The 4th grid is grounded.  
The electrons are accelerated towards the fluorescent screen ~3-7 kV and a LEED pattern is 
recorded.  
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3.4.5 STM Instrumentation and Operation 
 

 

The STM microscopes employed in this work were two commercial UHV models: the 

Omicron UHV AFM/STM and the SPECS Aarhus 150 HT UHV STM.  

The STM instruments employ piezo-actuators to adjust the tip (or sample) relative to 

the sample (or tip) for fine motion; with a sensitivity of position of 0.1 Å in X, Y (in-plane) and 

Z directions (out of plane). These are typically lead titanate ceramics (PZT, Pb[ZrxTi1−x]O3).20 

These materials will deform, extending and compressing in an applied electric field (~400-800 

V).21 The piezoactuators employed in this study for fine STM tip control are the tube type; 

which is compact with a high natural vibrational frequencies.20 A bias ΔVz is applied between 

the inner and outer electrodes to extend and compress for Z-motion of the tip and applied across 

to flex for in plane X-Y motion of the tip.  

The Omicron UHV AFM/STM was utilised to produced the images presented in 

Chapters 4 and 5. In fact, it was only used in STM mode so the AFM functionality will be 

neglected here. Imaging was undertaken at room temperature and Scala 5.0 software was used. 

This STM has the advantage that the macroscopic position of the sample with respect to the tip 

could be moved laterally (and forward) with a coarse piezoactuator (inertia slider) in steps of 

100 nm and STM tips could be readily exchanged. An automated approach procedure was used 

to advance the sample towards the tip after careful positioning of the tip (5 mm) with the aid of 

a camera. This approach was terminated when a tunneling current of ~0.3-4 nA at +1.6-2 V was 

achieved. Mechanical contact often occurred, evidenced by a typical surface disturbance in the 

first image. Presented in Figure 3.9 are top down and side view labeled photographs of the 

STM stage.  
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Figure 3.9: Photographs of the Omicron AFM/STM. (A) Top down view of the STM where the 
stage with STM tip (right) and sample (left) are visible. (B) Side view of the STM where the 
interlocking damping mechanism is visible, prior to stage suspension.  

 
 

The SPECS Aarhus STM was utilised to produce the images presented in Chapter 6. A 

photograph of the internal STM stage is shown in Figure 3.10A and a cross-sectional view of 

the STM sample mount and tip is shown in Figure 3.10B. It is a variable temperature (90-400 

K) microscope with a temperature stability of ± 2 K; however during the study it was only used 

at room temperature. The piezodrive was located behind the tip with a linear drive inchworm 

mechanism used to advance the tip in the mm range. The tip could not be moved laterally and 

thus for a certain sample position was limited by the fine piezoactuator with only a region of 

15000 × 15000 Å2 available to investigate, without repositioning the sample. During all 

measurements a single tungsten etched STM tip was used.  
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Figure 3.10: (A) A photograph of the SPECS Aarhus HT-150 STM stage (B) A 3D internal 
cross-sectional view of the scanner mount and coarse approach mechanism. (SPM Aarhus 
Series brochure)22 
  

Two types of STM tip were employed for use in the Omicron AFM/STM. The first was 

commercial PtIr machined to have a sharp apex. The second type was electrochemically etched 

from tungsten wire (0.25-0.4 mm diameter). A photograph of the apparatus and schematic used 

to conduct the tip etching is shown in Figure 3.11.  

 
Figure 3.11:  Apparatus for fabrication of tungsten etched tips. (A) A photograph of the support 
and base. Wires travel to the DC power supply. (B) The copper cathode with a hole punched. 
(C) The anode which had the W wire inserted. Inset: electrochemical circuit: a +1.65 DC bias 
was applied between the copper and W electrodes with a meniscus of NaOH (aq) 2 M until 
electrochemical etching resulted in a section of wire breaking contact and dropping off onto 
shaving foam. 
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The tungsten wire (anode) was straightened and abraded by emery paper then was 

placed in a hole in a copper plate (cathode) and supported in a vertical orientation. A meniscus 

of 4 mm diameter, 2 mm depth of 2 M NaOH(aq) solution was created. A DC voltage bias of 

+1.65 V was placed between the terminals, which resulted in (WO3 reduction potential -1.43 V 

with respect to H2/H+)23 a flow of current of ~10 mA and maintained by keeping a constant 

meniscus volume. The immersed tungsten wire dissolved with evolution of gas and after ~30 

minutes the section below the meniscus fell under its own weight (1 cm length) onto a 

collection of shaving foam. This ‘dropped off’ section was collected and used as the STM tip.  

The balanced equation for the electrochemical etching of the tungsten tip is shown 

below; Eqs. 3.6,  Eqs 3.7, indicating the overall reaction in Esq. 3.8: 23  

 

6H!O + 6e-‐     → 3H! + 6  OH-‐  Cathode                                                                               Eqs. 3.6 

W s +   8OH-‐   → WO!!-‐ + 4H!O +   6e-‐ Anode                                                                Eqs. 3.7 

W s + 2OH-‐ + 2H!O  ⟶ WO!!-‐ + 3H!(g)                                                                     Eqs. 3.8 

	  
	  

Tips were rinsed (water and iso-propanol) then spot-welded onto an AFM/STM 

Omicron tip holder and further sonicated in water. Inspection using an optical microscope was 

used to detect damaged tips. In UHV, the tips were heated to 370-470 K for 12 hours, by a 

filament placed behind, (2.0A, 1.4 V) to remove residual contamination and WO3. The majority 

of tips formed proved usable as adjudged by the ability to obtain atomic resolution on the 

surface of rutile TiO2(110) in STM. A single STM tip used for all imaging on the SPECS was 

prepared in a similar way. The wire thickness was 0.2 mm. Further treatment was achieved with 

high sample bias (+10 V) scans and tip pulses. 

To achieve a resolution ~ 0.1 Å in the z-direction or ~2-3 Å in x-y-direction, the 

vibrational oscillation amplitude which is transferred to the STM must be ≤ 0.01 Å. As typical 

building vibrations have an amplitude of 104 Å,20 without damping the periodic motion of the 

tip would be drowned out in the background.  
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As the STM scanning unit behaves as harmonic oscillator,24 the natural resonant 

frequency   ω! =    k/m , is required to be outside the range of high external amplitude 

vibrations to prevent resonance (0.5-1 Hz). In addition, a window (1 Hz to 10 kHz) of low 

transfer coefficient (10-6 to 10-8) between external vibrations and those experienced by the tip is 

required, achieved by vibrational instrumental damping.20 

The two UHV STM systems used different strategies to achieve vibrational isolation. In 

the AFM/STM, measurements were performed in the basement of the building (dep. chem. 

UCL), which had reduced vibrational amplitude. Devices such as rotary pumps, which resulted 

in mechanical sources of noise were located in a different laboratory room. The analysis 

AFM/STM UHV chamber was mounted on active damping elements (Halcynoics). The 

remaining part of the system chamber was connected by flexible bellow component in the long 

connecting cylinder. Further more, the STM stage was suspended by thin vertical springs to 

vibrationally isolate the STM. A concentric ring of interlocking permanent magnets provided 

additional damping by the induction of eddy currents. In the SPECS Aarhus HT-150 STM, the 

internal vibrational isolation proved sufficient to provide extremely stable, fast and well 

resolved high-resolution imaging.  

The heart of the STM is the feedback controller. Shown in Figure 3.12 is a generalised 

block diagram of the electronic feedback loop tip control applicable to the STMs used in this 

thesis.20 The STM tunneling current ~0.1-1 nA measured during incremental movement of the 

tip across the surface is electronically converted into a voltage signal and then amplified. This 

analogue voltage response is converted to a digital signal. The voltage is compared to a pre-set 

voltage to determine an error signal. Furthermore, a controller processes this error signal, where 

the factor k determines the responsiveness. The voltage is amplified and applied to the z-piezo 

to adjust the tip height. The tunneling current is measured and the cycle repeats. 20 The feedback 

control in the instruments employed here, was handled digitally by the computer software for 

the Omicron AFM/STM and SPECS Aarhus HT-150 STM. 
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Figure 3.12: A generalised electronic block diagram of the STM system under feedback 
control. This was adapted from reference.20  

 
 

In the ideal limit when the tunneling set point is maintained, so called constant current 

(CC) imaging results. All surface topographic and electronic information is encoded in the 

changing applied z-piezo voltage. An example CC STM topographic height image is presented 

in Figure 3.13A. In this thesis all images are CC. If a region of the surface is flat enough the 

feedback can be disabled, then assuming the sample is oriented normal to the tip raster direction 

and flat, constant height (CH) mode is obtained. The CC imaging is an ideal situation and the 

tunneling current varies due to inefficiency of feedback. The tunneling current variation (~0.7 

nA) in Figure 3.13B is sufficient to reproduce the surface features. A height line profile (green) 

is depicted in Figure 3.13C. In Figure 3.13D the tunneling line profile (green) is shown where 

the periodic rows and spikes in tunneling current as a step edge is traversed are observed. The 

latter is accompanied by a smearing of the step edge in the height profile. Analysis of the 

forward and backward scan images and many images was used to identify tip (e.g multiple 

apex) and instrumental (peizo drift, thermal drift)  related artifacts 

Set point

+

-

 Controller

w

Error 
signal

w-x

Measured 
signal

I  to V Current Amplifier

tunneling 

current

voltage
at z-piezo

DAC, Voltage Amplifier

ADC

STM
z-piezo

electronic 
subtraction

~k(w-x)



	  
82	  

 
Figure 3.13: An example 310 × 220 Å2 STM image (+1.6 V sample bias and constant tunneling 
~0.1 nA) from Chapter 4 of a tip modified anatase TiO2(101) surface. (A) The topographic 
height STM image, which is derived from the voltage applied to the z-piezo. (B) The 
simultaneously recorded tunneling current STM image which has a variation of ~0.7 nA.  
 

3.4.6 Image Preparation and Treatment 
 

 

A minimal amount of treatment was administered to the STM images. The images were 

processed in Gwyddion® and Image SXM® packages. As the sample is not aligned completely 

normal to the tip direction (or vice versa), or drift occurs; the images were adjusted until the 

three points were in a plane by deducting the plane defined by the three points from the image. 

25 An example image processing in Gwyddion® for an STM image (Figure 3.14A) of anatase 

TiO2(101) is shown in Figure 3.14. The adjusted image (Figure 3.14B) can be used to extract a 

step height (Figure 3.14C) used for calibration of the z-piezo height with reference to the 

known step height 3.8 Å.1 For some of the images, to present a large corrugated area, 

polynomial functions (order = 1-11) were fitted to the data in vertical and horizontal directions 

and deducted.  
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Figure 3.14: An example data treatment. (A) A tilting of an image of anatase TiO2(101), in the 
1000 × 1000 Å2 image (+1.6 V, 0.1 nA), the blue crosses indicate points chosen to tilt the entire 
image until they are in one plane. (B) A 1000 × 1000 Å2 image after the tilting. (C) The height 
histogram of image (B) the step edge height can be determined from the distance between peaks 
and is used for height calibration. (D) STM image 109 × 103 Å2 (E) Line profiles from image 
used from calibration (D). 	  

 

The calibration of the in plane dimensions was achieved by measuring many line 

profiles of the [101] (Figure 3.14D) and [010] surface directions on atomically resolved images 

of anatase TiO2(101); this was used for Chapters 4 and 6 and rutile TiO2(110) was used in 

Chapter 5. The mean average determined unit cell was used to calibrate the x-y dimensions 

taking into account the angle with respect to the vertical and horizontal image direction. The 

determined calibration factors were used to adjust images before measurements on the STM 

images were taken. 

 Noise in present in images was filtered by determining the Fast Fourier Transform 

(FFT) of the image, then subtracting high frequency noise from the FFT and carrying out the 

inverse function to obtain the clean STM image. 
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Figure 3.15: An example processing procedure used to obtain height histograms of surface 
adsorbates for ethanol/anatase TiO2(101) (Chapter 6). (A) 350 × 350 Å2 STM image (+2 V 
tunneling current, 0.420 nA) Inset: zoom 140 × 140 Å2  with blue height line profiles overlaid. 
(B) Uncalibrated height line profiles indentified in (A). (C) Calibrated particle histogram with a 
bin width of 0.1 Å, peaks of 1.2 Å,1.7 Å and 2.4 Å are identified. 

 

In order to determine an apparent height histogram of surface adsorbates as presented in 

the Chapters 6 studying ethanol on anatase TiO2(101), the following  procedure was used and an 

illustration is provided by Figure 3.15: The image to be analysed was adjusted so the terraces 

were in plane as described. Height line profiles were extracted from the image (Figure 3.15A 

inset), the minimum and maximum was determined from the individual profiles (Figure 3.15B) 

and a z-calibration factor applied determined from the step height. A histogram was compiled in 

Igor Pro® from this, to determine the resolvable peaks in the STM height distribution function, 

as shown in Figure 3.15C. 	  
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CHAPTER 4 
 
 
4.0 Synthesis and Reactivity of a Novel Rutile/Anatase Interface: An 
Electron Beam Damage and Tip Modification Study of Anatase TiO2(101)  

 

An STM characterisation of an e-beamed anatase TiO2(101) surface under different 

electron fluxes, at the outer edge and centre of the beam has been undertaken. Single row, 5 Å, 

half unit cell (unit cell = 10.24 × 3.78 Å2) width and double row 10 Å, unit cell width 

depressions elongated in the [010] direction are formed; a model is proposed formed by the 

removal of TiO2 units. Further electron irradiation results in the formation of a surface 

composed of small rectangular (101)-(1 × 1) terminated islands, predominately elongated in 

the [010] direction. In line with existing studies, the mechanism of formation is attributed to a 

Knotek-Feibelman radiolysis mechanism.1,2 The e-beaming does not lead to severe surface 

disordering as evidenced by the large domains of (101)-(1 × 1) surface that are retained, 

corroborated by a LEED diffraction pattern. 

STM tip-pulse modification at a sample bias of +10 V on the e-beamed anatase 

TiO2(101) resulted in a modified surface structure consisting of a large protrusion (~ 400 Å 

diameter, 30 Å height) in a surface hole surrounded by a pristine outer area of anatase 

TiO2(101)-(1 × 1). A crystalline ordered structure was formed on the e-beamed surface 

(embedded in the large protrusion) and characterised in-situ by STM. High-resolution images 

indicated one region had an atomically resolved unit mesh of (3.1 ± 0.2 Å × 14.2 ± 0.5 Å) and 

corrugation along the long spacing of ~2 Å. This is consistent with the surface structure of 

rutile TiO2(100)-(1 × 3). In-situ exposure and surface adsorption of acetic acid resulted in a 

monolayer coverage of adsorbates resulting in a (6.1 ± 0.3 Å × 14.7 ± 0.6 Å) unit mesh. 

Analysis of the STM images allowed the assignment of the reduced rutile TiO2(100)-(1 × 3)-β 

surface structure and by implication a well characterised rutile surface and interface formed on 

an anatase single crystal. Plausible epitaxial relationships of the ultrathin film on the anatase 
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(101) surface are proposed. The formed rutile/anatase interface was sharp with a maximum 

distance of ~ 30 Å between the top of the resolved anatase and rutile surfaces. 

 

4.1 Introduction  

 

The study of the interaction of electrons with surfaces encompasses a core component 

of surface science and the foundation for numerous techniques such as LEED and AES already 

described in the Chapters 2 and 3. The electron-surface interaction has also been used in the 

manipulation of atomic and molecular species3 and the creation of point defects and new 

nanoscale structures.4 Electron damage to materials is often an undesirable side effect of a 

measurement employing electrons such as in electron microscopy.5 The ability to fine-tune the 

surfaces of materials at the nano-scale with electrons has emerged as a large field and is hugely 

relevant for current and future applications in electronics. In addition, the ability to tailor metal 

oxide surfaces presents a useful tool for the fundamental study of photo-catalytic systems such 

as TiO2.6 The STM tip in tunneling mode presents a very localized source of electrons or holes, 

which can be applied to modify a surface with precise control and a means of high-resolution 

direct space characterisation. The high local field electric field ~ 0.2 VÅ-‐1 and injection of 

electrons is shown here to lead to surface transformations not yet observed with other 

techniques.  

4.2 Literature Review 

4.2.1 Electron Beam Modification of Surfaces 
 

Electron beams are used extensively in nanotechnology to modify the structure of 

surfaces.7,4 One example modification is electron beam surface deposition,8,9 where gas phase 

species are adsorbed at the surface and decomposed by the electron beam or the adsorption 

behaviour is modified by the electron exposure. Additionally, in many cases the action of the 

electron beam can lead to the sputtering of surface layers, resulting from elastic knock-on 
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collisions requiring energies of the order of 100 kV5 to remove light atoms from surfaces. This 

sputtering can be used in lithography to etch or disorder surface layers.7 In the lower energy 

regime below 100 kV, the ejection of surface atoms through processes such as radiolysis are 

important.1,2 Specific examples include the Si(111)10 and TiO2 surfaces.11 

 However, the interaction of an electron beam with a surface does not always result in 

more disorder or etching. The electron beam has also been observed to create local ordered 

structures. For instance, the beam/surface interaction has been shown to separate cationic and 

anionic components under the action of an induced electric field by electron bombardment (e-

beam) within a certain depth.5 The electron beam can also result in the synthesis of new phases, 

of zero (nanoparticles), one (nanowires) and two dimensions on the surface.4 Some of those 

ordered products have been evidenced by the observation of crystalline structure which could be 

determined by electron micrographs and selected area electron diffraction.12 Schirmer et al. have 

for example realised the synthesis of reduced transition metal oxide TiOx nanostructures (<1000 

Å) successfully on Si(100) by the deposition of titanium tetraisoproxide and decomposition in 

UHV induced by a highly focused electron beam.8 

4.2.2 Electron Beam Modification of Titanium Dioxide TiO2 
 

Electron beams have been used to induce structural and chemical changes to metal 

oxides. Vergara et al.13 studied the effect of a 3 keV electron beam on TiO2 during AES 

measurement and in this investigation observed an increase of Ti3+ ions induced by the beam. 

Smith et al. demonstrated that a highly energetic electron beam of 400 keV on a TiO2 sample 

could lead to its reduction and the formation of a TiOx phase on the surface.12 These products 

were characterised by electron microscopy, and the process was later shown to be a general 

phenomenon occurring on maximally valent transition metal oxides. An epitaxial relationship 

was eventually demonstrated by McCartney et al.14 The dominant mechanism was proposed to 

be a radiolytic O+ removal from TiO2, proposed by Knotek and Feibelman to involve an Auger 

decay.1,2 Recent work on radiolysis of TiO2 has been completed by Lee et al..15  
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Electron bombardment (e-beaming) has been demonstrated to produce oxygen 

vacancies on rutile TiO2(110) without affecting the Ti interstial defect density in an STM and 

XPS study by Yim et al.16 and STM and TPD by Petrik et al.17 Numerous other studies have 

shown that low energy electrons can produce oxygen vacancies on TiO2 surfaces.18-21 Pang et al. 

used low energy electron beams of 75 eV to modify rutile TiO2(110); the electron beam was 

used to increase the concentration of bridging oxygen row vacancies (Obvacs), in addition to 

electron stimulated desorption of the capping OHb. In the presence of water, the Obvacs are 

converted to OHb.16 

 Electron bombardment has been studied on the surface of rutile TiO2(110). Features of 

‘pitting’ on rutile TiO2(110), where an area of the surface is considered to be removed, have 

been indicated by SPM data.19 A greater flux of electrons at 300 eV results in the loss of oxygen 

from the rutile TiO2(110) selvedge. This results in the formation of sub-stoichiometric 

reconstructions, with STM indicating the presence of 1 × 2, 1 × 3, 1 × 4 and 1 × 5 

reconstructions.19 When e-beaming at 3 kV, Humphrey et al. evidenced another way that the 

surface can react to a loss of oxygen, namely an ordered ‘nano-crack’ zig-zag arrangements, as 

observed by STM.22 Under a greater electron flux, a partially disordered surface with (1 × 2) 

symmetry was found.22 At 720 K Mentes et al. formed a low temperature (LT) 1 × 2 

reconstruction using 60 eV electrons. A missing row model was proposed, invoking the lateral 

diffusion of oxygen vacancies at 720 K.11 

4.2.3 STM Surface Modification 
 

The scanning tunnelling microscope (STM) and other scanning probe techniques were 

used to modify the structure of surfaces very soon after its development.3 The STM can inject 

electrons (holes) into empty (filled) states of the surface to result in structural change. Structural 

modification can also result from the surface-tip force interaction, and even mechanical 

contact.3 The STM has been shown to be an ideal tool for nano-modification and in-situ STM 

characterisation. Much early work was undertaken on silicon surfaces: Avouris and co-

workers23 created protrusions and holes on the Si(111) surface with ±3 V sample bias pulses; 
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Lagally et al. carried out similar modifications of the Si(001) surface.24 In both studies at RT, 

field evaporation of ions was the implicated mechanism. Evidence was also presented of a 

bridge-like structure forming between tip and surface. The STM tip has been used in a wide 

range of precise atomic modification, including those involving Si surface dangling bonds such 

as on hydrogenated surfaces.3  

Ordered nanoscale architectures have been formed using STM. On GaAs(110), Cs 2D 

structures were formed by field induced effects at RT (+3 V for 0.1 s).25 At RT using a high 

sample bias of +6, +10 V at a low tunneling current, silicon islands were formed on Si(111) by 

Shyklyaev et al.26 The mechanism proposed was field-induced evaporation involving the 

transfer of atoms from the sample to the tip and from the tip to the sample. 

 The STM at higher temperature ~770-870 K, where lateral or bulk diffusion of material 

is promoted has been explored; Iwatsuki et al. (1992) formed facetted pyramid like structures on 

Si(111) and quadrangular structures on Si(100).27 Using a sample tunneling bias of -0.3 to -0.8 

V and tunneling current of 30-50 nA at high temperature, craters could be formed with an 

activation energy of 1-2 eV.27 The mechanism at low bias and close contact was mostly 

identified as field evaporation of material towards the tip centre. Whether a pyramid or crater 

like structure is formed depends on the bias polarity. These structures were often found to be 

epitaxial to the substrate. 

 Field emission has been shown to be a mechanism involved in etching the surface by 

the STM tip. On oxidised Si(100) at 970 K, Li showed that the oxide layer was removed by the 

STM tip.27 A linear relationship was found between the duration and the size of the quadrilateral 

nanoscale pits formed on Si(111) at 870 K.28 Clean flat Si(111) and Si(001) regions could be 

produced on the oxidised surfaces. These were formed at large tip-sample distances ~100 nm 

and high bias 30-160 eV, where the electric field does not have as great an effect.29 The 

mechanism of SiO2 removal was found to be due to a Knotek-Fieldemen mechanism, where 

O2(g) and SiO are formed. At high temperature the SiO is volatile and desorbs.30  
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4.2.4 STM Modification of TiO2 Surfaces 
 

 The STM has been used to modify the surface structure of TiO2 surfaces.6 Most work 

has been conducted on rutile TiO2(110). Scans at +3 V were able to desorb the capping OHb 

point defects.19 Other adsorbates have also been desorbed by the action of the STM tip.31 Pang 

et al. were able to form regions of a (1 × 2) surface by pulsing at +10 V; these could be 

transformed back to the (1 × 1) structure by further tip pulses.19 Humphrey et al. carried out a 

similar investigation on an electron bombarded (e-beamed) surface; the action of the tip pulse 

resulted in a reformation of the (1 × 1) surface.22 Klusek used repeated line scans above +4 V 

sample bias on the rutile TiO2(110) to convert the surface to a modified granular (20 Å 

diameter) surface, and STS indicated the modified region had a reduced Ti2O3 structure.32 

Diebold and co-workers also used repeated ~+4-5 V STM scans to manipulate sub-surface 

vacancies. Under the action of the electric field on anatase TiO2(101) these were pulled to the 

surface. A quantitative analysis indicated the involvement of “hot” non-thermalised surface 

electrons.33 

4.2.5 Anatase TiO2(101) 
	  
	  
 Anatase is the thermodynamically less stable form of TiO2 with respect to rutile under all 

temperatures and pressures. Anatase’s presence in nanomaterials34,35 is due to the interplay 

between bulk and surface considerations at the nanoscale.36 When anatase is heated a phase 

conversion to rutile can occur. The absolute temperature of this conversion (670-1470 K) to 

rutile is dependent on the impurities, crystallite size and other factors.36 There are relatively few 

studies on single crystal anatase TiO2 due to the limited availability of high quality single 

crystals, with the majority of work completed on thin anatase films grown on SrTiO3 and 

LaAlO3 substrates. The anatase (101) surface and can be prepared in UHV by annealing below 

the anatase to rutile conversion temperature to form a pristine (1 × 1) surface.37 There are 

numerous DFT studies of the surface; 38,39 STM studies routinely obtain atomic resolution of the 

(1 × 1) surface. The surface at RT does not from stable oxygen vacancies,40 resulting in its near 
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pristine appearance. E-beaming (300-500 eV) of the surface has been used to create surface 

oxygen vacancies at 107 K, imaged by STM.18,41 After heating the surface to 230 K, the surface 

oxygen vacancies start to migrate into the bulk and are not present at 300 K.18	  

4.2.6 Rutile TiO2(100)-(1 × 3) 
 

 Single crystal rutile TiO2(100) can be prepared at 1000 K, resulting in a (1 × 1) surface 

evidenced by LEED; further annealing (1200 K) results in the formation of a (1 × 3) 

reconstruction.42 SPM has identified three clear types of (100)-(1 × 3) reconstruction,42 as well 

as a (100)-(1 × 7) termination.43 A grazing incidence x-ray diffraction (GIXRD) study 

determined the ‘microfacet’ (100)-(1 × 3) structure formed of TiO2(110) facets.44 This 

polyhedral structure is shown in Figure 4.1A. This surface structure has no centre of inversion 

(i) ([010] and [010] inequivalent) and therefore the Ti5c are not symmetrically placed in the (1 × 

3) unit cell, explaining the asymmetry observed in STM. Figure 4.1B presents an STM image 

of a highly corrugated (5 Å) structure where the rows A and B are correspond to the unsaturated 

surface Ti positions in the model in Figure 4.1C, other Ti atom positions are identified by the 

black unit cell. The systematic absence of a bridging oxygen on the upper A site is deduced 

from STS and photoemission measurements.45,46  

                 In addition, a recent structure determination of the TiO2(1 × 3) was made by Landree 

et al.47 using direct methods GIXRD. A reduced reconstruction of edge-sharing octahedra was 

determined as the structure, with a single Ti5c per unit cell. This is analogous to the reduced 

Magnéli phases of TiO2-x. This is referred to here as the Landree model and shown in Figure 

4.1D, 4.1E and 4.1F, where Ti5c and Ti6c sites are indicated.  

                 Figure 4.1G depicts an STM image of a mixture of (100)-(1 × 1) and what was 

assigned as the (100)-(1 × 3)-‐α microfacet.42 The (100)-(1 × 3)-α was modeled as three bulk 

terminated rows, where two are separated by one unit cell (4.59 Å) in the [010] direction and the 

third row is shifted slightly (breaking Ti-O bond) towards the second.42 Figure 4.1H presents 

the reduced (100)-(1 × 3)-β structure formed after annealing the (100)-(1 × 3)-α surface. The 
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defining features of the (100)-(1 × 3)-β structure, which contains three rows; a, b and c, is the 

low corrugation of  ~2 Å and the appearance of rows b and c (rows of the lower Ti-O (1 × 1) 

surface) separated by one unit cell in the [010] direction, with b separated by half a unit cell 

from a.42 

 

Figure 4.1: (A) An octahedron model of the proposed TiO2(100) micro-facet (1 × 3). Adapted 
from reference.44 (B) A constant current image (+2 V sample bias, 0.3 nA). A unit cell of the 
TiO2(100)-(1 × 3) microfacet is overlaid on top of the image, rows A and B are labeled by 
arrows, identified in model (C). Adapted from reference.48 (C) Filled ball model where rows A 
and B are identified. Azimuths are defined with respect to rutile. Adapted from reference.48 (D) 
A more recent proposed octahedron model of the of the TiO2(100)-(1 × 3) structure. Adapted 
from reference.47 (E) A ball and stick proposed model of the more recent TiO2(100)-(1 × 3) 
structure, where Ti5c and Ti6c sites are labeled in one unit cell. Adapted from reference.47 The 
azimuth with respect to the TiO2(100) surface are presented. (F) Top view of the structure 
displayed in (E). Adapted from reference.47 (G) A 125 × 155 Å2  STM image (+1 V sample bias, 
0.8 nA) of the TiO2(100)-(1 × 1) and (1 × 3)-α structure. Adapted from reference.42 (H) A 50 × 
70 Å2 STM image (+1 V sample bias, 0.8 nA) of the TiO2(100)-(1 × 3)-β structure. Adapted 
from reference.42  
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4.2.7 Nucleation of Rutile from Anatase 
	  
             The rutile to anatase phase transition has been studied in depth;36 in particular the 

structural characteristics in relation to photocatalytic activity. As discussed in Chapter 1, Shao 

et al. observed the rutile phase incorporated in an anatase (001) polycrystalline film. Of 

particular relevance to this Chapter, high resolution STM images (Figure 4.2) and diffraction 

spots measured in transmission electron microscopy (TEM) indicated the presence of epitaxial 

rutile TiO2(100)-(1 × 3) domains.49 

 

 

Figure 4.2: (A) A differentiated STM image of four rutile domains embedded in an anatase 
TiO2(001) film of 50 nm thickness supported on a LaAlO3(001) surface. (B) High resolution 
STM image showing rutile TiO2(100)-(1×3) domains 3 and 4 that form a 114° angle. Adapted 
from reference.49 
           

              Modelling work has addressed the nucleation of rutile from anatase particles, finding 

that the (112) surface (ridge connecting {101} planes in particles) can support the TiO2-II phase 

(α-PbO structure), which is kinetically favorable.50 This is considered to be a pre-cursor to rutile 

growth and phase conversion. A junction of TiO2-II sandwiched between two (112) anatase 

planes with a rutile phase attached at the interface was studied and shown to be structurally 

favorable.51 Experimental evidence for such a system has been provided by Hosono et al. using 

SEM electron microscopy.52  

Deskins et al. applied molecular dynamics (MD) simulations to determine favorable 

matches between planar surfaces of anatase and rutile; relevant to this study the arrangement of 

A B
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anatase (101) to rutile (100) has a slightly lower negative adhesion energy (less stable) and 

mismatch % relative to the rutile TiO2(110) surface of a large super cell, although both were 

relatively stable.53 This former interface is presented in Figure 4.3 due to its relevance to this 

work presented in this Chapter. The interfacial region between anatase and rutile was shown in 

this study to display disorder of 4 Å depth. A more recent study of a simulated rutile / anatase 

interface using DFT methodology, has indicated the presence of tetrahedral Ti4c and oxygen 

vacancies (VO) at the interface as well as disordering.54 

 

Figure 4.3: The interface formed by MD simulated annealing from anatase TiO2(101) and rutile 
TiO2(100) in the orientation where rutile-[010] and anatase-[101] are parallel. In the lower 
anatase layer Ti atoms are silver balls, O atoms are red balls. In the upper rutile layer, Ti atoms 
are blue balls, O atoms are green balls. The black ovals identify completed Ti octahedron at the 
rutile interface. Adapted from reference.53 

  

4.3 Outline of Work 

	  
To study the technically important TiO2 rutile/anatase interface with STM, the 

suitability of e-beam and tip pulsing methodology to synthesise a model system has been 

investigated. These two methods rely on the ability to drive the anatase (101) surface to the 

thermodynamically stable rutile phase.                                                                                                                   

Direct modification of TiO2(101) with a defocussed electron gun (3 kV) was assessed. 

This resulted in a modified anatase (101) surface composed of many small non-equilibrium 

terraces, eventually forming a surface containing more amorphous features.  
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STM tip pulses were performed on this e-beamed surface. A new rutile crystalline 

surface phase was formed on the surface of the anatase TiO2(101) (others are presented in the 

Appendix A.4, A.5), where a periodic lattice structure could be resolved by STM and evidenced 

to be distinct from the anatase TiO2(101) surface. An epitaxial relationship to the anatase (101) 

is proposed and the mechanisms of surface structural change induced by the STM tip are 

discussed. 

 In an effort to further characterise the rutile TiO2(100)-(1 × 3) phase identified on 

TiO2(101) and resolve possible structural candidates, acetic acid was dosed in-situ onto the 

surface at RT and the adsorbed surface monolayer on the new surface phase was imaged by 

STM.  

 

4.4 Experimental Details 

 

All measurements were performed in a single UHV system, composed of a preparation 

chamber, to carry out cycles of sputtering and annealing, and an analysis chamber with an 

Omicron AFM/STM and LEED/AES optics. This system is described fully in Chapter 3. 

 The experiments were conducted at a pressure of 1×10-10 mbar. Argon and acetic acid 

were leaked into the chamber by backfilling UHV precision leak valves. The acetic acid was of 

99% purity, purchased from Sigma Aldrich. All gases leaked into the chamber were checked for 

purity using a quadrupole mass spectrometer (QMS). 

 A natural anatase TiO2 single crystal (Pi-kem) was used in this study with a (101) 

surface area of 3 × 3 mm2 and a thickness of 2 mm. The crystal was attached to an Omicron 

Tantalum plate with spot welded strips of tantalum.  

 The anatase TiO2(101) was cleaned in UHV by cycles of 20 minute 1 kV sputtering and 

10-15 minutes annealing to 970 K; the temperature was measured (on the tantalum plate) by a 

pyrometer set to an ε emissivity of 0.25. This preparation was repeated until the AES signal of 



	  
97	  

carbon and other impurities were reduced to near the noise level, and a flat terraced surface was 

obtained in STM, with atomic resolution possible. 

 Electron beam (e-beam) irradiation was performed using an electron gun (Thermo-

Electron) at RT. The source was thoroughly degassed prior to electron irradiation. The electron 

gun was positioned normal to the grounded anatase TiO2(101) crystal at a distance of 12 mm. 

The focusing parameters were tuned so that at 3 kV a maximum 60 µA drain current was 

measured with an ammeter placed between the sample and ground. During e-beaming the total 

pressure was below 5×10-9 mbar.  

            Figure 4.4A is a photograph of the sample evidencing a blue florescent beam spot 

observed during electron irradiation. This was focussed to a diameter (2.8 mm) (Figure 4.4B) 

equivalent to the exposed face of anatase TiO2(101) crystal. A beam spot of 0.19 cm2 and a 

current density of 0.2 mAcm-2 resulted in an average flux of electrons (1.602 × 10-19C/e) of 1.5 

× 1015 electrons s-1cm-2, with energy 0.7 Js-1cm-2. This is close to the 3.8-4.4 × 1015 electrons s-

1cm-2 flux used by Humphrey et al..22 The e-beam profile was not determined, but is assumed, as 

previously done,22 to be a Gaussian. Therefore a flux with a factor of 2-3 × 1015 electrons s-1cm-2 

and energy of 1.4 Js-1cm-2 at the centre of the beam is expected. This region is where the 

majority of STM measurements presented were taken and all atomic scale modifications with 

tip pulsing were realised. The temperature of the sample during the irradiation was measured 

using a thermocouple (K-type) connected to the sample plate housing. The temperature rise was 

~15 K after 5-10 minutes of irradiation. STM measurements were performed on the irradiated 

sample after durations of 5-10 minutes. A maximum single duration of irradiation (35 minutes) 

was shown to result in a completely disordered surface. Possibly an interplay of temperature 

and electron intensity, although the temperature rise is computed (see 4.5.3) to be small. 

           LEED was performed on the surface at a beam energy of 67 eV. The LEED electron 

beam spot was ~1.4 mm in diameter judged by the blue fluorescent sample spot and positioned 

in the centre of the e-beamed area. All LEED photographs were identically filtered in photo-

shop, inverted and made black/white.  
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Figure 4.4: (A) Photograph of the anatase TiO2(101) sample in-situ during electron irradiation. 
The blue fluorescence of the electron beam spot is evident. (B) The anatase TiO2(101) sample 
mounted on the tantalum plate. The exposed width of the crystal is 2.9 mm; a dashed white 
circle indicates the position of the electron beam with a diameter of ~2.8 mm. 
 

All STM measurements were performed with the same tungsten (0.4 mm diameter) 

electrochemically etched tip. The tip was inserted into UHV and degassed by heating with a 

filament at 370-470 K and conditioned by high sample bias +10 V scans at 1-5 nA. During 

experiments, the STM imaging was stable for ~12 hours. 

All STM images were processed in the SPM image package Gwyddion®. Images were 

made level with respect to one terrace by deducting from the image the plane formed by three 

chosen points on a single terrace. Calibration was achieved for the z-direction by comparison to 

the anatase step height ~3.8 Å, and in-plane using the row spacing in the 101  direction and 

resolution in [010] direction. An example of the way the calibration was performed is presented 

in the Appendix A.3.  Polynomial functions were deducted from some images to flatten the 

entire image so a larger height range can be viewed more easily.  

 Tip pulsing was performed either on a clean sample prepared as described or on the 

surface after a total (5 + 3×10 minutes) 35 minutes exposure to electron irradiation at 3 kV. 

STM was performed on the e-beamed surface 1-5 weeks after formation, with the same surface 

in a background pressure of 10-10 mbar. The tip pulses were performed with the Omicron 

Spectroscopy function. Shown in Figure 4.5 is a schematic of the pulsing process. The protocol 

was as follows; during a line scan in the formation of an STM image, the tip was halted in 

position and held at +1.6 V, 0.1 nA for 1 second. The feedback loop was disabled and the 
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voltage was ramped in increments of +0.2 V/100 µ seconds. After achieving the voltage set 

point of between +3-10 V sample bias, this was held for between 100-500 ms. During the tip 

pulse the current and distance were monitored and the former was measured to often be in 

excess of 50 nA, the limit of the STM current measurement. After an area was found to be of 

interest, standard STM experiments were typically run for 24-48 hours to best characterise the 

surface morphology. Images were recorded without moving the tip more than ~500-1000 nm 

from the pulsed region, during measurement (<100 hours), with the tip maintained in tunneling 

condition (+1.6V, 0.1 nA). 

 

 

Figure 4.5: Schematic of the ‘tip pulsing’ procedure. The tip traverses the surface according to 
the protocol (1-5). During the tip pulse the STM feedback is disabled and the sample bias 
voltage is set to the pulse bias voltage (+4-+10 V).  The concentric rings indicate the modified 
surface. 

 

During STM, one of the pulsed regions was characterised by dosing acetic acid 

(CH3COOH) in-situ. The acetic acid was leaked into the chamber through a precision leak 

valve. The acetic acid in the glass-to-metal sealed vial was purified by two cycles of: freezing 

(liquid nitrogen), evacuation by using turbo-molecular pump and warming to RT. The acetic 

acid purity was verified by using the RGA. The surface was imaged (+2 V, 0.1 nA,) in-situ 

during acetic acid exposure at RT, with a maximum pressure of 1 × 10-8 mbar (initial system 

pressure 2×10-10 mbar), while pumping the system using a turbo pump. A total time of 3000 s, 

equivalent to 22 Langmuir exposure resulted in a saturation coverage on all surface regions. 

 

+1.6 V, ~0.1 nA 1.

~750 Å

+1.6 V, ~0.5 nA, 1 s

3. 0 V        10 V  0.5 ms
2. Feedback off, 0 V

           4. +10 V, ~50 nA 100-200 ms
5. Feedback on, +1.6 V, 0.1 nA

+
-
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4.5 Results and Discussion:	  

4.5.1 Preparation of Clean Anatase TiO2(101) Surface 
 

As described in the experimental section, a natural single crystal of anatase TiO2 was 

used. STM measurements have been performed on this crystal within the Thornton group, in the 

work of Grinter et al.55,56 It has had approximately ~40 sputter and anneal cycles. The resulting 

reduced TiO2-x was coloured black (see Figure 4.4B). 

Cycles of argon sputtering and annealing at 870 K resulted in a LEED pattern with a 

high background and diffuse (1 × 1) LEED pattern; STM evidenced a surface covered in 

amorphous (oxide) material. The temperature was increased to 970 K and the LEED pattern 

reduced in background and a sharp (1 × 1) pattern was obtained, (Figure 4.6A) with a 

characteristic surface formed.  	  

Figure 4.6A presents an (inverted) photograph of a LEED diffraction pattern recorded 

at 67 eV after exposure  for < 1 hour at 2×10-10 mbar in the analysis chamber. A single set of 

sharp spots is obtained, identifiable with the unreconstructed unit cell of anatase TiO2(101)-(1 × 

1).56 These are the reciprocal representations of the real space primitive (green) unit cell or the 

centred unit cell 10.24 × 3.78 Å2  (black). The corresponding real space unit cells are identified 

in the surface model of anatase TiO2(101) (Figure 4.6B). The relationship between the real 

space vectors (a1, a2) and (b1, b2) and reciprocal space vectors (a1’, a2’) and (b1’, b2’) are 

shown in Figure 4.6C). The reciprocal mathematical relationship is described in Chapter 2.  

 The AES spectrum in Figure 4.6D displays a single scan from 180-580 eV at 100 µA 

and 1.4 kV. Minor peaks are evident at 220 eV and 280 eV, corresponding to argon embedded 

in the surface during the sputtering procedure and a very small residual quantity of carbon, 

respectively. The main prominent peaks can be identified with Ti LMM (385 eV) and O KLL 

(515 eV) of the TiO2 single crystal. The AES indicates a line shape and ratio of Ti/O 

comparable to previous work on anatase TiO2(101), including work undertaken with the same 



	  
101	  

crystal.56 A top down view of the (101) surface is shown in Figure 4.6B with the unit cells 

identified and azimuths labelled. 

 

Figure 4.6:  (A) LEED obtained at an electron beam energy of 67 eV. The primitive (green) and 
centred (black) unit cells are identified. The (101) azimuths are displayed. (B) Ball model of the 
top view of the anatase (101) surface; the black (3.78 × 10.24 Å2) and green primitive cells are 
indicated. Inset: tilted view ball and stick model of the anatase TiO2(101) surface. The light blue 
spheres are titanium atoms (5c), the dark blue spheres are the titanium atoms (6c), the red and 
beige spheres are the (3c) and (2c) oxygen atoms respectively. The (101) azimuths are 
displayed. (C) The real (left) and reciprocal (right) (101)-(1 × 1) LEED pattern. (D) AES 1.4 
keV spectra recorded with LEED optics.  

 

 STM indicated that some damage was occurring on the surface after exposure to the 

AES for 30-45 minutes at 1.4 kV, with similar phenomena to the e-beamed surface presented 

here. Therefore, LEED and AES were used sparingly in subsequent preparations of the clean 

and e-beamed surface. 

 Figure 4.7 presents empty states STM images of the surface after preparation at 970 K. 

The large-scale STM image (Figure 4.7A) depicts a surface composed of large terraces of 
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3000-5000 Å × 100-500 Å width. This surface roughness was acceptable for the tip and electron 

beam modification and gas dosing experiments, with routine imaging possible. 

 

Figure 4.7: (A) 300 K 3300×1650 Å2 empty states STM image (+1.6 V, 0.1 nA) of the anatase 
TiO2(101) surface after preparation. Inset: the (101) azimuth is shown. Impurities attributable to 
carbon are identified by the dashed black circles. (B) 300 K A representative high resolution 
165×160 Å2 image; tunneling conditions +1.6 V, 0.4 nA, displaying an atomically resolved step 
edge (green oval) and a point defect (pink circle) extended in the [010] direction. Inset: zoom of 
the (1 × 1) surface. Bright oval protrusions are Ti5c-O2c pairs, a blue square identifies a point 
defect (water), the non-primitive unit cell is identified (black rectangle). Theses images share 
the azimuth orientations in (A). (C) On-top view of a model of the (101) surface. Ti5c-O2c pairs 
are identified by translucent grey ovals. The unit cell (black rectangle) and O2c and Ti5c sites are 
identified. The red balls are O3c atoms and the light blue balls Ti5c atoms. The O2c are beige 
(grey because of the grey translucent oval). The azimuths with respect to the (101) surface are 
shown.  
 

Diebold and co-workers investigated the thermodynamic preference of step edges on 

anatase TiO2(101),57 where the theoretical prediction of the stability of the [111] and [111] step 

edges leads to triangular/trapezoidal terrace features ([101] direction directed to the large base). 
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Our images (Figure 4.7A) evidence strips of terrace running in the [010] direction and the 

triangular terrace structures, which allows the direction of the [101] to be determined. There is 

some contamination present at this scale, which is assumed to be the carbon identified in AES. 

High-resolution STM images are presented in Figure 4.7B, which display atomic resolution. 

Bright ovals with a repeating 5.1 × 3.7 Å2 arrangement are identified; the centred 10.24 × 3.78 

Å2 unit cell is shown by the black box in Figure 4.7B inset. A blue box indicates a point defect, 

with a depression centred at a Ti5c – O2c site,58 is characteristic of adsorbed water.59 A step edge 

with a resolved Ti features is observed (green oval). In addition a pink circle identifies is a 

feature attributable to impurities in the mineral sample. These latter features have also been 

reported previously.41,57,60 Recent evidence has demonstrated that in empty state images 

recorded at positive sample bias the Ti d-orbital states contribute most to the bright oval 

(Figure 4.7B) where geometrically, the region extends over the Ti5c-O2c site.58 The top view 

ionic ball model of the anatase TiO2(101) surface is shown in Figure 4.7C. The translucent 

ovals correspond to the ovals in atomically resolved anatase TiO2(101) images. 

	  

4.5.2 Preparation and Study of the 3 kV E-beamed Anatase TiO2(101) 
Surface 
	  

 

E-beaming of the anatase TiO2(101) surface was undertaken for two principal reasons. 

First, to assess whether any surface phase transition could be effected on the anatase surface as 

had previously been demonstrated on TiO2, albeit with a much higher energy.12 The second was 

to assess the efficacy of STM tip pulsing on an e-beamed (3 kV) disordered anatase surface in 

order to form a patch of rutile. A parallel study has been conducted on rutile TiO2(110) by 

Humphrey et al.22 It should be noted that a preliminary tip pulse experiment on as-prepared 

anatase TiO2(101) proved to be unsuccessful, resulting in amorphous structures, with no lattice 

structure resolvable by STM.  
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Figure 4.8: Centre of the anatase TiO2(101) sample after 15 (5 + 10) minutes total time of e-
beaming (2-3 × 1015 electrons s-1cm-2 electron flux). (A) 300 K STM image 400×400 Å2 (+1.6 V 
sample bias, 0.1 nA) after 15 minutes (5+10) e-beaming. A green line profile is overlaid along 
one terrace. A dotted green arrow depicts the [010] surface direction.  Top left inset: azimuths 
of the principal directions of (101) surface are shown. Top right inset: 1150 × 1150 Å2 zoom-out 
of the surface. (B) An enlarged STM image 60 × 60 Å2 displaying rows in the [010] direction. A 
blue line profile is overlaid across one island. (C) Line profile indicating the distance of the 
rows in the [101] direction. (D) Photograph of a LEED diffraction pattern (101)-(1 × 1) of the 
surface at 67 eV (1.5 mm beam d), the reciprocal space reflexes of the real space unit cell (10.24 
× 3.78 Å2) are identified (blue circles). (E) STM height line profile from the green line in (A), 
the double arrow indicates the apparent step height of ~4 Å, with three (top, middle, bottom) 
step height layers identified by the horizontal black dashed lines. 

 

The STM image Figure 4.8A depicts the centre of the anatase TiO2(101) surface after a 

15 min. total irradiation time (5+10) minutes of e-beaming (3 kV, 60 µA). The centre of the 

surface after 5 minutes is presented in the Appendix (A.1). The surface retains the characteristic 

trapezoidal anatase (101) terrace morphology (Figure 4.8A inset) and is now formed of small 

rectangular-like islands of length 40-80 Å and width 20-40 Å, in registry with the (101) surface. 

The presence of (101)-(1 × 1) terminated (~5.1 Å width) rows and amorphous features (see 

Figure 4.8B zoom and line profile Figure 4.8C) is apparent and corroborated by the faint (1 × 

1) LEED diffraction pattern recorded at 67 eV (Figure 4.8D); blue dashed circles outline the 

a1’ and a2’ reciprocal reflexes, as defined in Figure 4.6C. A height profile (green line) along 

the terrace (Figure 4.8E) demonstrates a single step height layer (~4 Å) of the islands and three 

anatase TiO2(101) layers of ~3.8 Å height existing simultaneously on what were (on the clean 
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surface) single layer terraces. The area percentages of the three layers as determined from a 

16000 Å2 area STM image are; top layer (44%); middle layer (52%) and bottom layer (4%).  

 The islands are of quasi-equilibrium geometry;57 irregular curved edges are present with 

prominent thermodynamically stable step edges identified by the green dashed arrow in the 

[010] direction in Figure 4.8A.57 The rectangular islands are extended parallel to the [010] 

direction. This observation indicates an electron beam formation process not controlled purely 

by the thermodynamic stability of the resulting surface, where apparent preferential 

removal/bulk migration of TiO2 layers in the [010] direction occurs, driven by a lower 

activation energy in forming [010] orientated step edges.  

 There exist no SPM studies of anatase TiO2(101) reconstructions or reports of e-

beaming at high exposure, as described here. This contrasts with the situation for rutile 

TiO2(110), for which Pang et al.19 at RT and by Mentes et al.11 at 720 K have reported thermally 

driven reconstructions.  

 The intermediate stage of electron beam surface damage was investigated in this thesis 

as previously Humphrey et al. observed an electron flux dependent behaviour at the centre and 

outer edge of an e-beamed (3 kV) rutile TiO2(110);22 with the outer edge studied by STM. 

Figure 4.9 depicts STM images recorded at the edge of the e-beamed anatase (15 minutes total 

irradiation time). An approximate electron flux of 5-7×1014 electrons s-1cm-‐2 is expected at the 

edge, which is 25% of that at the centre. In Figure 4.9A the anatase TiO2(101)-(1 × 1) 

atomically resolved surface is apparent in the STM image, with depressions of dimensions 

(5.12n × 3.78m), where (n, m) are integers. The mean width is 10 Å (n), and length is 14 Å (m), 

determined from a 500×500 Å2 image, equivalent to ~ n = 2, m = 4. The aspect ratio (m/n) of 

~1.3 indicates an extension of these features in the [010] direction. Two-row width (black 

dashed box) and single row width (green dashed box) dark features of lower height are 

identified. In addition, bright protrusions in close proximity appear that are absent from the as-

prepared surface. 

STM images from e-beamed surfaces were recorded with bias voltages ranging from 

+1.6 V to - 1 V and images are presented in the Appendix (A.2). No significant variation in 
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STM height was evidenced in the features, signifying a likely structural origin and not a feature 

of the local density of states (LDOS) resulting from the (101) subsurface.41,61 Line profiles in 

Figure 4.9B indicate an apparent depth of ~2 Å (half a TiO2 layer). These features are similar to 

the ‘nano-cracks’ unit cell width structures observed by Humphrey et al., after exposing a rutile 

TiO2(110) to a low flux of 3 kV e-beam; there an auto-compensated surface formed by the 

removal of TiO2 units was proposed.22  

 In recent studies33 Setvin et al.61 and Scheiber et al.18 identified depressions after 

annealing (450 K) an e-beamed (500 eV, 8 µA cm-2) anatase TiO2(101) surface at 105 K. The 

depressions were identified as clusters of sub-surface Ovacs. These Ovac are formed by e-

beaming, which then form clusters if the local temperature is sufficient to activate the process. 

We suggest that our features result from the same Ovac mediated process and are notably similar 

to a ‘pitting’ layer formed on rutile TiO2(110) after e-beaming at 75 eV.19 The bright protrusions 

are suggestive of adsorbates or unsaturated Ti and Ti4c/Ti5c sites produced at the edges of 

removed surface layers. These could be carbon, which would be in line with the formation of 

Ti-C demonstrated by Vergara et al. for electron irradiation of rutile TiO2(110) after e-beaming  

(3 kV and 30 mAcm-2).13 
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Figure 4.9: 300 K STM image (+1.6 V sample bias, 0.1 nA) at the outer edge of the e-beamed 
(5 +10 minutes) (5-7×1014 electrons s-1cm-2) anatase TiO2(101) surface. (A) A STM image 260 
× 260 Å2. The black dashed box identifies 10 Å width depression; the green dashed box 
identifies a 5 Å width depression. The (101) surface azimuths are identified. (B) STM line 
profiles corresponding to the coloured lines in (A). (C) Zoomed-in 77×82 Å2 image, where 
single row width (white dashed lines) are indicated. (D) Zoomed-in 81×87 Å2 , where double 
row width (white dashed line) are indicated. (E)(F) Anatase TiO2(101) ball and stick models 
with a single missing TiO2(101) row (E) ~5 Å width and double missing TiO2(101) row ~10 Å 
(F). Two step edges (1 and 2), parallel to the [010] direction are indicated by the dashed black 
lines. The (101) azimuths are shown for the models. 
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Shown in Figure 4.9C and 4.9D are zoomed in images of the anatase TiO2(101) 

surface containing rectangular depression features of 5 Å width (single row) and width 10 Å 

width (double row), extended in the [010] surface direction and identified by white dashed lines. 

Tentative anatase TiO2(101) stoichiometric surface structural models to explain the STM data 

are presented in Figure 4.9E and 4.9F. The structural models are formed by the removal of 

neutral TiO2 units, 2 O2c (1 Ti), Ti5c (3 O) and O3c (2 Ti) unit, where the parentheses indicate the 

number of bonds broken. These plausible structural models are presented on the basis of; i) the 

structures are formed by removing an integer number of neutral TiO2 units, hence preserving the 

surface stoichiometry and fulfilling Tasker’s rule of auto-compensation;62 ii) the structure 

results in the formation of thermodynamically stable non-identical step edges calculated by 

Gong et al.57 These previously modelled [010] direction steps have energies of 0.10 (step edge 

1) and 0.13 eV Å-1 (step edge 2) and the former forms the base of the observed trapezoidal 

terraces;57 iii) the models proposed are consistent with observations at low and high electron 

flux. 

Double row width (~10 Å) depressions would result from the removal of adjacent rows 

by the loss of TiO2 units. In our model the central separating TiO2 unit is removed, on the basis 

that the Ti site would be four coordinate and unstable.37 To fully determine the structure, further 

SPM and theoretical modelling studies are clearly required. 

To further disorder the surfaces; two additional 10 minute e-beam doses were 

completed without surface re-preparation. STM images (centre of the e-beam) are shown in 

Figure 4.10. Figure 4.10A is a 350 × 350 Å2 STM image; where the (101)-(1 × 1) surface is 

still present as indicated by the atomically resolved zoomed-in inset. An increase in amorphous 

patches (black dashed circle) to ~0.2 ML coverage is observed and removed sections of terrace 

(green dashed box) are identified. The ratio of the 1st, 2nd and 3rd areas of terraces defined 

previously indicates that the 1st makes up 21% surface area, the 2nd layer makes up 67% surface 

area and the 3rd layer below makes up 12%. Therefore, the protruding islands of TiO2 have been 

preferentially removed. After a further 10 minutes (Figure 4.10 B), the amorphous patches still 

occupy ~0.2 ML in which the 1st layer is 15%, the 2nd layer 43 %, and the 3rd layer 42 %. After a 
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total aggregate time of 35 minutes e-beam, the (101)-(1 × 1) surface is still present and 

corroborated by the (101)-(1 × 1) LEED diffraction pattern (Figure 4.10B lower inset), 

noticeably sharper than the intermediate stage after 15 minutes. 

 

Figure 4.10: (A) 300 K 350×350 Å2 STM images (+1.6 V, 0.1 nA) images of the anatase 
TiO2(101) surface after a further 10 minutes e-beaming (10+10+5 = 25 minutes). Upper inset: 
zoom at 110×100 Å2. Lower inset: the azimuths with respect to the (101) surface. (B) 300 K  
350×350 Å2 image (+1.6 V, 0.1 nA) of the surface after a further 10 minutes e-beaming (total: 
5+10+10+10 = 35 minutes). The green dashed boxes identify the areas where the third lower 
layer is visible, black dashed circles identify amorphous regions. Upper inset: a 90 × 90 Å2 

zoomed-in image  of the surface. Lower inset: LEED patterns obtained at 67 eV beam energy 
where blue circles identify reflexes of the TiO2(101)-(101) centred unit cell (10.24 × 3.78 Å2).   

 

4.5.3 Discussion of E-beam Mechanism 
 

An annealing process induced by the e-beam could be considered. Pittaway developed 

heat transport equations to describe the surface heating effect of an electron beam.63 This model 

assumes that the electrons impart all energy, the beam spot is a vanishingly thin disc with a 

Gaussian distribution and heat exchange with the surroundings can be neglected; the surface 

temperature rise at time t2 at the beam centre for a semi-infinite solid is defined as: 
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Here 𝐼!  (C s-1) is the current, 𝐸!  the beam energy (Cal C-1), K (Cal.cm-1K-1) the thermal 

conductivity, d (cm) is the std. deviation of the e-beam spot (~ radius), ρ (g cm-3) is the density, 

c (Cal g-1) the specific heat and t2 is the final time where t1 = 0. For bulk anatase TiO2 K is 0.02 

Cal.cm-1K-1.64 This results in a steady state (t2 ~ ∞, tan-12( !!!
!"!!

)!/! →   𝜋/2), 𝑇!/K = 
!!!!

!!
!
!!"

 

temperature rise. For our parameters of: 𝐼! = 60 µC s-1, 𝐸!= 720 Cal.C-1, d = 1.44×10-1 cm the 

maximum computed rise is ~4 K. This is in line with the temperature rise we measure on the 

sample holder of 15 K and insufficient to explain the STM observations. 

The energy of e-beaming of 3 kV is also far below the 100 kV required to cause ‘knock 

on’ sputtering of surface atoms with electrons. The transferred energy through collision is 0.5 

eV (two body), 1-5% of a reasonable atom desorption energy 10-50 eV.4 Therefore this 

explanation is neglected. 

A radiolysis mechanism involving an Auger process through the initial removal of a Ti 

core electron in our energy range, is the most likely explanation. This would involve the 

ejection of O+ from the surface. Subsequent bulk migration of Ti would lead to the half step 

height features (Figure 4.9) and full step height islands ~ 4 Å (Figure 4.8). The Ovac  migration 

and formation of sub-surface clusters at RT feature by Setvin et al.33 are also consistent with our 

results.  

 The e-beaming of rutile TiO2(110) (3 kV, 30 mA cm-‐2) by Vergara et al. resulted in the 

formation of surface Ti2O3 and TiC; this is in accord with observations by Pang of (n × 2) 

reconstructions,19 and the demonstration of increased Ti3+ in XPS by Wang et al..65 The 

expectation is that our anatase surface is reduced in comparison to the as-prepared surface. 

Overall, our data indicate a cyclic process where small rectangular islands are formed, 

which are then preferentially removed. This process is repeated, with the generation of 

amorphous material. Here less amorphous disordering of the surface occurs in comparison to 

work on TiO2(110) with a focused electron beam (15 kV and 3 nm diameter).66 Work on rutile 

TiO2(110) also demonstrated patches of amorphous oxide under similar conditions.22 
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During the e-beam procedure, LEED (67 eV) diffraction patterns were recorded at the 

sample centre, co-incident with e-beam spot centre. The (101)-(1 × 1) LEED pattern remains 

throughout the procedure, with an oscillation in spot brightness observed: brighter after 5 and 

35 minutes than the intermediate 15 minute stage. The surface at this intermediate stage, has a 

minimum terrace size, formed of small islands (ca. 50% area coverage) resulting in a 

diminished coherent diffraction. In addition, no apparent spot splitting due to periodic 

reconstructions or formation of new phases are evidenced by LEED. 

4.5.4 Tip Pulsing on the E-beamed Modified Anatase TiO2(101) Surface 
 

Here the intention is to use the STM tip to modify the surface of anatase TiO2(101) to 

produce a region of the rutile phase, providing a suitable system to investigate the rutile/anatase 

interface with STM/STS. There are some constraints: 

i) The anatase-rutile interface region is required to be of a sufficient size for 

adequate STM photochemical studies with adsorbed photo-reactive 

molecules; 

ii) characterisation can only be achieved in-situ by STM, therefore a sufficient 

domain size is required ~1000 Å2, where the periodic and/or lattice defect 

structure can be reliably identified.  

iii) A short interface with the underlying anatase (101) is desirable. 

 

There are limited reports of the effect of the STM tip electrical field to modify the anatase 

TiO2(101) surface,61 particularly under high tip-sample bias and current.33 It is clearly beneficial 

to investigate the fundamentals of this process and acquire mechanistic understanding to 

improve control. A large effort was made to form ordered structures (rutile or otherwise) by the 

effect of the tip pulse on the clean anatase TiO2(101) surface. The tip formed only amorphous 

surface morphology. 

STM tip modification was performed in the centre of the e-beamed anatase TiO2(101) 

surface (Figure 4.10B). The disordered surface where a large step edge density is present, is 
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likely to be conducive to the formation of a new crystalline surface. Principally, this is because; 

i) the step edge density results in a higher surface energy and therefore is more amenable to 

transformation; (ii) the additional step density could favourably influence the epitaxial 

nucleation and growth of new poorly-matched (compared to regrowth of anatase (101)) 

crystalline surfaces, allowing relaxation, as demonstrated in ultrathin films on metal 

substrates.67  

 In line with the clean surface, structural modification was observed only above a +4 V 

sample bias. A +4 V sample bias was also the threshold to cause structural modification to 

TiO2(110) in an STM report by Klusek et al.32 Our value is also coincident with the +4.3 V 

threshold observed by Setvin et al. required to pull sub-surface oxygen vacancies to the surface 

on anatase TiO2(101).61  

 Figure 4.11 displays STM images (3130 × 3130 Å2) of arrays of tip-induced modified 

(+4 V- +10 V sample bias, 100 ms, 3.5-50 nA) areas of surface. One such array (+4 V) is shown 

in Figure 11A. Some events resulted in no change, likely due to a change in the STM tip apex. 

Horizontal streaks in the image recorded during the tip pulses (not shown) indicated some tip 

surface interaction. The zoomed-in image Figure 4.11B (720 × 720 Å2) depicts the 

characteristic modification of the anatase (101); a poorly resolved mound (pink dashed circle) 

within a hole of displaced surface (green dashed circle). Crystalline features were detected at the 

outer edge of this mound. The outer area (dark blue dashed circle) is cleared of amorphous 

small features and composed of small 30 Å terrace, where the (101)-(1 × 1) (10.24 × 3.78 Å2) 

surface of resolved Ti5c-O2c rows are present as shown in the zoomed 65 × 65 Å2 Figure 4.11B 

inset. These rows are aligned with the LEED and STM determined principal crystallographic 

[010] surface direction. The diameter of the hole, mound, outer region and mound height 

monotonically increased with tip bias voltage as shown in the +6 V (Figure 4.11D,E) and +10 

V (Figure 4.11G,H) images. Red line profiles across the modified regions are displayed in 

Figure 4.11C, F, I. Here the typical mound heights (20-46 Å) and mound hole diameters (250-

700 Å) are indicated. A typical ‘volcano-like’ indentation at the centre of the pulse is indicated 

in Figure 4.11F, with further examples shown in the Appendix (A.4 , A.5). 
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Figure 4.11: 300 K STM images (+1.6 V, 0.1 nA) of tip-modified anatase TiO2(101) after e-
beaming (35 minutes, 3 kV, 0.2 mAcm-2). (A) 3130 × 3130 Å2 STM image of a surface 
modified by +4 V, 100 ms, ~3.5 nA, tip pulses (B) A high magnification 720 × 720 Å2 STM 
image of one modified region. Three pulsed regions are identified; the healed outer area (blue 
dashed circle); the inner hole (green dashed circle) and mound (pink dashed circle). A red line 
profile is overlaid. Inset: a 65 × 65 Å2 zoom-in image (blue box) of the healed region. (C) 
Height line profile from the red line in (B), where the height of the mound (20 Å) and diameter 
of the hole (250 Å) are indicated. (D) A 3130 × 3130 Å2 STM image of a surface modified by 
+6 V, 100 ms tip pulses, 50 nA. (E) A high magnification 720 × 720 Å2 STM image of one 
modified region with identical features identified as in (B). (F) Height line profile from the red 
line in (E) where the height of the mound (25 Å) and diameter of the hole (400 Å) are indicated. 
(G) A 3130 × 3130 Å2 STM image of a surface modified by +10 V, 100 ms pulses, 50 nA tip 
pulses. (H) A high magnification 720 × 720 Å2 STM image of one modified region, with 
identical features identified as in (B). (I) Height line profile form the red line in (H), where the 
height of the mound (46 Å) and diameter of the hole (700 Å) are indicated. Black-crosses 
identify the pulse centre in all images.  
 
[3] 50 nA was the maximum measured current in the Omicron spectroscopy measurements 
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The formation mechanism is uncertain, although field evaporation towards the highest 

electric field strength point, directly under the tip, is likely. This has been proposed in similar 

studies, where the surface dipole and tip-field attractive interaction were invoked to explain 

similar structures, such as Avouris et al’s report on Si(111).23 A localised heating resulting from 

field-emitted electrons no doubt has some effect; however, the central depressions in the mound 

structures would suggest that tip-surface mechanical contact occurs during the pulsing event. A 

flow of current upon mechanical contact is likely to lead to localised heating, explaining the 

annealed appearance of the outer anatase TiO2(101)-(1 × 1) and the formation of the mound. 

Under these conditions deposition of some tip tungsten oxide is conceivable. 

Figure 4.12 is a correlation between the mean diameter of the modified outer area (red), 

inner hole (blue) and mounds (green) (identified in image Figure 4.11 by the blue dashed circle, 

green dashed circle and pink dashed circles respectively) as a function of sample bias voltage 

pulse set point. The diameter data points in Figure 4.12 are mean averages of 10-30 pulsing 

event measurements, with the error bar determined from one standard deviation. For the oval 

pulsed areas an averaged diameter was used. The three diameter measurements are apparently 

closely correlated with bias voltage, indicating; i) all are sensitive to the electric field (VÅ-1) 

and power density (W.Å-2) of the pulses; ii) the correlation in hole/mound diameter suggests 

that the mound results from accretion of surface material and not deposition from the tip, as 

dropping of tip material would not be expected to require the removal of surface layers. 
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Figure 4.12: A correlation of the mean average diameters of holes (blue) and mounds (green) 
and outer area (red) of modified regions of the anatase TiO2(101) surface produced by tip pulses  
(sample bias +6 to +10 V, 100 ms, 3.5-50 nA) with bias V. The error bars were determined from 
the standard deviation. (A) As prepared clean TiO2(101) surface. (B) The total time 35 minute 
e-beamed TiO2(101) surface. 
 

A comparison of the results of pulsing the as-prepared and e-beamed anatase TiO2(101) 

surfaces indicates that the diameter of the mounds/holes for the latter are around twice as large, 

this surface structure sensitivity indicates that the material is unlikely to be simply deposited 

from the tip. This difference, likely arises from a reduction in terrace size (increase step edge 

density) leading to a reduced energy difference between the depressions created by pulsing and 

the initial surface. Mechanical contact between the tip and surface would be promoted by field 

evaporation of less strongly bound amorphous surface (assumed to be TiOx) towards the tip 

forming a tip-surface junction. 

 In comparison to a similar study on rutile TiO2(110) by Humphrey et al.22 of tip 

modification on an e-beamed surface of rutile TiO2(110), where a multi-stepped cross-linked 

(110)-(1 × 2) surface was created, no obvious reconstruction is observed here on anatase 

TiO2(101).  

Where oval outer regions were observed, these were typically directed with the longest 

axis in the [010] azimuth (two events in Figure 11C, Figure 11E). A measurement of 43 events 

resulted in an aspect ratio [010]/[101] of 1.2 ± 0.1. Previous work studying the desorption of 

capping hydroxyls on rutile TiO2(110) by pulsing of the tip demonstrated an oval shaped area of 
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effect, attributed to anisotropic surface electrical conductivity in the [001] direction. No 

previous measurements examining possible anisotropic surface electrical conductivity have 

been performed on anatase TiO2(101). 

The tip is initially located approximately within ~5 Å of the surface in tunneling contact 

and heights of mound exceeded ~50 Å. It is therefore highly probable that as the tip is not under 

z-position control a mechanical tip/surface junction is formed by the accretion of surface 

material under the tip. This proposal is supported by indentations observed in the mounds at the 

original location of the tip. The supplied current is dependent on this junction. Assuming this to 

be TiO2; the bulk resistivity of TiO2 ranges from 2000 to 10 Ωcm-1.37 If the junction connecting 

the tip and surface is assumed to be a cylinder of amorphous TiO2 (~10 Å thickness, 100 Å 

radius) a resistance of 108 –106 Ω results. If the anatase sample-TiO2-tip junction forms a 

resister series, where the 10 V potential drop occurs entirely in the junction region; the energy 

dissipated (Joule heating P ≈ IV) per second is therefore: 10 V × (0.04-10 μA) = ~10-7-10-5 Js-

1. STM evidence presented here suggests this energy is dissipated in a region of anatase surface 

which can be modelled by ~ 400 Å diameter × 50 Å height cylinder, of anatase containing 

2×105 TiO2 bulk unit cells. For a 200 ms tip pulse, this results in 109-106 eV per TiO2[4], orders 

of magnitude above the cohesive energy of TiO2 ~20 eV, sufficient to cause the re-

crystallisation.19 Such a mechanism would be highly dependent on the junction dimensions 

leading to the wide-ranging effects observed. As shown later, the crystalline phases created are 

in-line with the thermodynamic stability and the relatively low surface energies of TiO2(101) 

(Appendix A.4) and rutile TiO2(100)-(1 × 3). 

 

 

 

 

[4] This calculation uses the resistivity Ωcm-1 (ρ)  equation: ρ = R!
!
 (A = area cm2, l = length cm) to 

determine resistance R/Ω. The current is determined by ohms law: I = V/R (I = current A, V = volts /V) 
assuming it can be applied. The unit cell (3.7845 × 9.5143 × 4 Å3 of anatase is considered which contains 
4 TiO2 units.   
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4.5.5 Example of an Ordered Crystalline Modified surface:  

          Rutile TiO2(100)-(1 × 3) 

 

 
Some tip modified surface mounds displayed regions of crystallinity. This ranged from 

grain like features analogous to the work of Klusek et al.,32 to single crystalline regions of 7000-

10000 Å2, evidenced by repeating rows. This structural order was obtained relatively 

sporadically, it being difficult to obtain reproducible structures (morphology and surface type). 

The probability of forming an ordered crystalline structure is estimated at ~1/100 tip pulse 

events on the e-beamed surface. In practice 5 sets of ~20 pulses were required. This is heavily 

influenced by the quality of the STM tip apex with atomic resolution images usually coinciding 

with reproducible pulse features. Similar conditions were used throughout to produce different 

surfaces, indicting a subtle energetic kinetic growth dependence. Characterisation was achieved 

in-situ by STM and one structure, a rutile TiO2(100)-(1 × 3) surface is presented and analysed 

here. The characterisation of other phases: a TiO2 anatase (101)-(1 × 1) surface rotated by 64° 

in-plane (A.4) with respect to the underlying (101) surface and a second undefined surface are 

included in the Appendix (A.5).  

As a general rule, the ordered crystalline regions were found mainly at the perimeter of 

large (>400 Å diameter) mounds. This suggests a preference for formation at an intermediate 

distance from greatest electric field strength VÅ-1 and field emission current directly under tip 

apex. It is probable that the highly stepped surface is crucial in the nucleation and growth of the 

rutile crystallised regions. Similar studies have shown this effect on NiO/Ni(100), where growth 

of the film on steps relieved strain from a mismatch of unit cells.67  

STM images of a tip-pulse modified surface structure (+10 V sample bias, 200 ms, 50 

nA) are shown in Figure 4.13, recorded 1-18 hours after formation (background pressure was 

2×10-10 mbar). A 690 × 690 Å2 image (Figure 4.13A) depicts the full modified mound region, 

within a displaced region (max. depth ~24 Å) and surrounding region of apparently healed 

(101)-(1 × 1) anatase TiO2(101). A crystalline region (indicated by green oval) at the bottom 
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edge of the mound adjacent to the anatase surface is evidenced by the presence of rows, running 

directly away from the pulse centre (black cross), at 65° with respect to the [010] anatase 

substrate surface direction.  

Figure 4.13B is a zoomed in 380 × 390 Å2 representative image (the corner edge of a 

green box in the right hand corner of Figure 4.13A displays the position of the zoom in) which 

displays the modified structure, and surrounding region of formed pristine (101)-(1 × 1) anatase 

TiO2(101), the latter is orientated in the original (101) surface crystallographic orientation 

indicated previously by LEED and STM. Decorating the (101)-(1 × 1) region are features (0.035 

ML) with a bright-dark-bright motif, consistent with the STM appearance of water.59 Water 

would result from desorption from the W tip apex during the pulse event or derives from the 

residual vacuum, (18 hours ~ 2×1011 mbar Pwater ~1 Langmuir exposure). The stable adsorption 

of water on anatase TiO2(101) at 300 K is considered to rely on sub-surface oxygen vacancies 

or other defects, as discussed by Diebold and co-workers.59,68 These sub-surface oxygen 

vacancies are most likely created by the electrons of the tip during the pulse. The blue dashed 

lines outline a well-resolved terrace, which provides much of the subsequent detailed analysis.  

Line profiles[5] are overlaid on image Figure 4.13B running in the row directions 

(green) and across (dark blue) to determine the modified surfaces angle with respect to the 

anatase (101) substrate plane (light blue). Angles of 10° ± 1 (along rows), 3.5° (across rows) 

and 0° (anatase (101) terrace) were determined (shown in Figure 4.13C) (average and standard 

deviation determined from 10 measurements placed 5 Å apart on the terrace feature situated at 

the intersection of the blue and green line). Therefore the observed region of new structure (blue 

dashed outline) is not co-planar with the (101) surface, in line with the other modified surface 

structures characterised (included in the Appendix (A.4)). 

 High-resolution, drift free images of the modified surface are presented in Figure 

4.13D (220 × 120 Å2) and Figure 4.13E (125 × 125 Å2). A lattice parameter after calibration 

was extracted from those examples. An example lattice determination and error is shown in the 

[5] These were extracted from an identical image where the image was tilted until three points on one 

terrace formed a plane. 
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Appendix (A.3). The line profile Figure 4.13F displays the repeating saw-tooth structure with 

an average row separation of 14.2 ± 0.5 Å[6] between the high rows and an apparent maximum 

corrugation of ~1.5-2 Å. In Figure 12D a rare tip contrast mode is obtained at +1.6 V, 0.1 nA 

depicting resolution along the prominent higher rows. The line profile overlaid on such row 

shown in Figure 4.13G, indicates a small corrugation of ~0.3-0.4 Å with a separation of 3.1 ± 

0.2 Å. Therefore the unit cell lattice of this domain within the new surface is apparently 3.1 ± 

0.2 Å × 14.2 ± 0.5 Å. The dark blue dashed lines overlaid on the prominent ridges of Figure 

4.13E identify similar rows above and below the step edge (height 1.7-4 Å), a slight offset 

between the upper and lower terrace by approximately 4.3 ± 0.5 Å length from an average of 5 

measurements was determined and is indicated by the white lines and arrows in Figure 4.13E.  

In summary, the structural parameters of the small exposed terrace domain (blue dashed 

line outline in Figure 4.13B) in the STM height image are: i) lattice constants of  (3.1 ± 0.2 Å × 

14.2 ± 0.5 Å); ii) offset of the lower and upper terrace (white lines and arrows in Figure 4.13E 

(4.3 ± 0.5 Å); iii)  a maximum corrugation across the rows of ~1.5-2 Å in Figure 4.13E. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[6] Calibrated with respect to the resolved anatase TiO2(101)-(1 × 1) unit lattice within the same image. 
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Figure 4.13: 300 K STM images (+1.6 V sample bias, 0.1 nA) of a +10 V, 200 ms, 50 nA tip 
pulse modified e-beamed (35 minutes, 3 kV, 0.2 mAs-1cm-2) anatase TiO2(101) surface. (A) A 
690 × 710 Å2 image of the tip-modified anatase TiO2(101). Identified; pulse centre (black 
cross); green lines and oval identify the corresponding top left hand corner of zoomed in region 
in and crystalline region respectively in (B). Top inset: the principal (101) azimuths. (B) A 380 
× 390 Å2  image (polynomial subtracted) of the healed anatase TiO2(101)-(1 × 1) adjacent to a 
tip modified region of the mound. Identified; bright-dark-bright defects (blue circles); a terrace 
of a crystalline modified region (blue dashed lines); height line profile from the unfiltered 
topographic image (green, light blue, dark blue). Bottom inset: the principal (101) azimuths. (C) 
Height line profiles as indicated in (B). (D) A high resolution 220 × 120 Å2 image with 
resolution along the rows, green height line profile. The principal rutile TiO2(100) azimuths are 
shown. (E) A zoomed-in of 125 × 125 Å2 of a region of terrace as indicated by the blue square 
in (B), black dashed lines indicate ridges, a light blue height profile is drawn across the rows. 
The white lines indicate the off-set between the upper and lower terrace. The principal rutile 
TiO2(100) azimuths are shown. (F) Line profiles perpendicular to the row direction in (E). (G) 
A green line profile along the row in (D).  
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Considering possible candidates for the modified structure based on TiO2, no obvious 

known or integer multiples of anatase unit cell sizes are consistent; the (1 × 1) unit cell 

dimensions are (100)-(9.51 × 3.78 Å2), (101)-(10.24 × 3.78 Å2). The ~3 Å lattice separation 

suggests the rutile surface (1n0) plane orientation such as an (110) surface. A previous 

modelling study of stable rutile surfaces on the anatase (101) surface leads to similar favourable 

adhesion energies (ca. -1.7 Jm-2) of the rutile (110) and (100) surfaces.53 The 4.3 Å offset is 

consistent with a surface structure formed from the rutile TiO2(100) plane, where 4.3 Å is close 

to the lateral rutile unit cell parameter 4.59 Å.37  

Early STM evidence provided by Thornton and co-workers of the TiO2(100)-(1 × 3) 

reconstruction measured a unit cell of (3.3 × 15.3 Å2).45 In a separate study, the long spacing of 

~14 Å and step edge heights and adjacent step edge off-sets of one rutile unit cell of ~4.59 Å 

were measured.48 This STM data was consistent with GIXRD, which determined the atomic 

position within the (1 × 3) unit cell to consist of facets of {110}.44 STM evidence demonstrated 

apparent resolution of features consistent with the positions of the unsaturated (T5c) and six 

coordinated Ti atoms (see Figure 4.1B).48 Rows of oxygen vacancies, modifying the structure, 

are suggested to be present on upper ridge by inference of STS measurements45 and supported 

by photoemission.46 This structure is referred to as the (1 × 3) microfacet and is shown in 

Figure 4.14A and 4.14B. Klusek et. al. carried out an STM study of the system and measured 

an early stage (100)-(1 × 3) reconstruction with a 14.8 Å long spacing which after longer 

annealing decreased to 13.4 Å (100)-(1 × 3).43 Pang et al. used STM and non-contact atomic 

force microscopy (NC-AFM) to study the (100)-(1 × 3) reconstruction, obtaining a (3 × 14 Å2) 

unit cell.42 Here two further intermediate (100)-(1 × 3) reconstructions were determined with 

proposed models for (100)-(1 × 3)-α and (100)-(1 × 3)-β.  A more recent GIXRD study of 

(100)-(1 × 3) surface resulted in the unit cell of 2.96  × 13.77 Å2 structure which contains edge 

and face sharing octahedral. This structure is shown in Figure 4.1D and referred to as the 

Landree model.47 
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Figure 4.14: Structural filled ball models of two rutile TiO2(100)-(1 × 3) models from 
reference.42 (A) The tilted view rutile TiO2(100)-(1 × 3) microfacet model. (B) The side view 
model of (A). (C) The tilted view rutile TiO2(100)-(1 × 3)-β microfacet model. (D) The side 
view model of (C). Indicated by the black arrows are the rows a , b  and c  of Ti5c/Ti3c. The 
(2.96 × 13.77 Å) unit cell is indicated by the black rectangle. The Ti3c/Ti5c rows are identified 
by the black arrows. The inter-row separation of Ti5c/Ti3c (dotted lines) for both models are 
shown. (E) A 300 K STM image (79 × 76 Å2) (+1.6 V,  0.1 nA). Indicated are the three 
repeating rows a, b and c by the white lines. A blue line profile is drawn across the repeating 
structure. (F) A blue line height profile indicates a maximum corrugation of 1.5 Å. The 
distances between, |b-a|, |c-a’|, |c-b| and  |a-c| are indicated. The TiO2(100) principal azimuths 
are shown for both the STM image and model. 
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The area outlined by the blue dashed lines in Figure 4.13B indicates the (100)-(1 × 3) 

region, where the lattice parameters ~ 3 × 14.2 Å2 are reasonably close to the reported values. 

At this point the (100)-(1 × 3)-α can be neglected as a candidate for the structure from the 

evidence presented here, based on the absence of its characteristic STM motif (see Figure 

4.1G).42 The (100)-(1 × 3) microfacet, (100)-(1 × 3)-β model and (100)-(1 × 3) Landree model47 

are consistent with the unit cell dimensions measured and broadly the qualitative appearance in 

this study.  

Models of the ideal auto-compensated microfacet rutile (100)-(1 × 3) and (100)-(1 × 3)-

β are presented in Figure 4.14A, 4.14B and Figure 4.14C, 4.14D respectively. The unit cell 

dimensions are indicated (2.96 × 13.77 Å2) (black rectangle) in the models. An STM image 

(same region as Figure 4.13E) is presented in Figure 4.14E where a blue horizontal line profile 

is depicted, this highlights the presence of an asymmetrical three row repeating structure [7], 

these are labeled by the white lines as a, b and c.  It is tentatively assumed at this point given 

previous work on the rutile TiO2(110) surface69 that the unsaturated Ti3c/Ti5c rows (black arrows 

indicate position), would form the prominent a, b and c rows in the empty surface state, positive 

sample bias images, due to the Ti d orbitals main contribution to the conduction band. Therefore 

the image is inline with the structural models, in which the Ti5c are asymmetrically (no centre of 

symmetry) disposed within the (1 × 3) unit cell. 

 From the structural models (Figure 4.14A and Figure 4.14B) row c is positioned with 

an |a-c| (|c-a’|) distance of 9.18 Å (4.59 Å) and 6.18 Å (6.18 Å) between rows a to c and the 

next lateral a row, a’, for the micro-facet and reduced β-micro facet respectively, as indicated by 

Figure 4.14B and 4.14D. The three row, saw tooth motif observed in our STM images display 

a relationship of |a-c| (|c-a’|) of 8.1 Å (6.2 Å) in between the location of the two models. The 

rows a and c have been resolved in STM images of both the (100)-(1 × 3) and the (100)-(1 × 3)-

β micofacet42 (see Figure 4.1B), in the latter an asymmetry in distance of |a-c| (|c-a’|) of 8.9 Å 

(6.0 Å) is present. The discrepancy to the (100)-(1 × 3)-β structural model and STM image was  

[7] The forward and backward scans performed simultaneously demonstrated an identical structure, 

therefore eliminating the asymmetry in the image resulting from the tip structure. 
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previously attributed to a lateral relaxation from the bulk truncated structure and/or a feature of 

the c row Ti atoms position on the {110} facet and a similar argument would apply here.42 Our 

measured position of |b-c| of 5 Å is also close to the (100)-(1 × 3)-β structure. The maximum 

corrugation of ~1.5 Å is in line with the (100)-(1 × 3)-β structural model which is structurally 

2.3 Å, and corroborated by the STM image presented (see Figure 4.1H) by Raza et al. ~2 Å, 

where as images of (100)-(1 × 3) have tended to indicate a 3-5 Å corrugation. On this basis 

together with similar STM motif we can tentatively assign the exposed region of surface created 

in the tip pulse to rutile TiO2(100)-(1 × 3)-β.42  

 

4.5.6 In-situ Acetic Acid Adsorption and Reactivity of the Tip Modified    

         Rutile  TiO2(100)-(1 × 3) Surface 

 

 
In order to probe the reactivity of the modified structure and provide an additional 

probe of the modified surface structure, the modified anatase (101) surface was exposed to 

acetic acid (CH3COOH). The surface was exposed (22 L) at RT, in-situ, during imaging (tip 

continuously scanned the region Figure 4.13A). The adsorption of acetic acid on TiO2 surfaces 

is well studied,70 and is one of the few organic molecules studied on anatase TiO2(101).55 The  

molecule spontaneously dissociates and strongly adsorbs on TiO2(101), with bi-dentate 

coordination to the Ti5c along the [010] direction. There are limited adsorption studies of acetic 

acid on rutile TiO2(100),70 and no STM studies. As the (100)-(1 × 3) Landree and microfacet 

models contain unsaturated Ti5c sites, separated by 3.0 Å along the [001] direction, dissociative 

bi-dentate adsorption to these sites forming a (2 × 1) monolayer is expected. This is on the basis 

of studies of acetate on the (110) surface, where bi-dentate bonding to adjacent Ti5c is observed 

71, which are separated by 2.95 Å. Furthermore the (1 × 3) microfacet models have a close 

structural similarity to the rutile TiO2(110), since the microfacets are (110) terminated (see 

Figure 4.14).69  
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 Figure 4.15 presents STM images recorded after exposure (22 L) to acetic acid at 300 

K. In Figure 4.15A the modified mound region and healed outer ca. pristine (101) areas are 

now decorated with bright protrusion. The coverage on the tip modified mound region varies 

from a complete to partial monolayer. On the healed outer area: densely packed regions ~0.25 

ML and less densely packed regions ~0.05 ML are present. In the latter, upper step edge sites 

are occupied by adsorbate chains with patches of bare anatase TiO2(101)-(1 × 1) surface visible 

(black dashed oval). These have an appearance consistent with acetate imaged previously,55 of 

~1.5-2 Å apparent height (+1.6 V, 0.1 nA) and 6 Å diameter.  The reduced coverage most likely 

results from the tip being positioned in this region during acetic acid exposure, although a 

possible effect from the modified surface requires further investigation. The modified 

crystalline domain depicts rows of protrusions, where the rutile (100) [001] rows are orientated 

at 65° with respect to the substrate [010] (as shown in Figure 4.15F), co-incident with the rows 

analysed in Figure 4.13. The alignment of the anatase (101) and rutile (100) unit cells are 

shown in Figure 4.15F. A single direction of the rows on the modified surface suggests that it is 

a single crystalline domain. Other regions of the modified surface mound display the 

appearance of disordered protrusions, consistent with the amorphous region observed in STM 

prior to exposure. 
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Figure 4.15: 300 K STM images (+1.6 V, 0.1 nA) of the same area of the surface-modified 
anatase TiO2(101) surface imaged in Figure 4.13 after exposure of acetic acid (22 L) at 300 K. 
(A) Large-area image (400 × 400 Å2) of the region, where black dashed ovals indicate pristine 
TiO2(101). Lower inset: the principal (101) azimuths are indicated. (B) Zoomed-in (140 × 140 
Å2) of the terrace identified by the green box in (A). Blue and green dashed lines correspond to 
the line profiles in (D) along and across the rows. The distances between rows and bright 
features are indicated. (C) 300 × 150 Å2 region of densely packed acetic acid 0.25 ML. Overlaid 
are a green line profile in the 111   direction and a blue line profile in the [111] direction. (D) 
STM height line profiles across (blue dashed) and along (green dashed) the rows of protrusions 
in B. The distances representative of a rutile (100)-(2 × 3) are indicated. (E) STM height line 
profile along the rows of adsorbates from the lines in (C). (F) The alignment of the rutile 
TiO2(100) (4.59 Å × 2.96 Å) (blue) and the anatase TiO2(101) (10.24 × 3.78 Å) (red) unit cells. 
An angle of 65° is between rutile [001] and anatase [010] directions. 
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A zoomed-in image shown in Figure 4.15B depicts the same ~900 Å2 terrace imaged in 

Figure 4.13 displaying the same structural motif, where prominent and lower rows of bright 

protrusions are present. Line profiles along (green dotted) and across (blue dotted) the rows 

show the adsorbate separation and the profiles are shown in Figure 4.15D. The protrusions are 

separated by 6.1 ± 0.3 Å along the rows, twice the separation observed prior to acetic acid 

exposure (~3 Å). The prominent rows are separated by 14.7 ± 0.6 Å, with a deep 2 Å 

corrugation. The lower row of protrusions is slightly asymmetrically located (~ 0.76 Å/0.71 Å) 

in between. The above observations are consistent with acetate adsorbed on two neighbouring 

Ti5c-Ti5c pair sites, in line with studies of acetate on rutile TiO2(110).72 

The presence of an upper and lower row of identical adsorbate chains, indicates that the 

unit cell contains at least two unsaturated reactive Ti5c sites per (1 × 3) unit cell, which would 

suggest the structure is not the Landree  (1 × 3) structure, which has one Ti5c site per (1× 3) unit 

cell. Our evidence is, however, consistent with the microfacet derived models (see Figure 

4.14A and 4.14C) containing three unsaturated Ti5c sites per (1 × 3) unit cell. Overall a unit cell 

of  (6.1 ± 0.2 Å × 14.7 ± 0.6 Å) is observed. This is a (2 × 1) arrangement with respect to the 

modified region imaged before or (2 × 3) to the rutile (100) surface.   

Figure 4.15C is a zoom of a region of densely packed acetate adsorbed on pristine 

healed surface (see Figure 4.13) of 0.25 ML, qualitatively similar to a previous study of 

acetate/TiO2(101) by Grinter et al.55 The features are of a single apparent height (~ 2 Å) and of 

limited order. Rows of protrusions are evident in the (101) 111  and [111] surface vector 

directions and line profiles are overlaid in green and blue for these, respectively. The height line 

profiles in Figure 4.15E display a separations of ~5.5 Å in both directions. This indicates a 

slight ordering, where previously55 small domains of (2 × 1) were present after the surface was 

exposed at 420 K with an arrangement of bi-dentate co-ordinated acetate are also aligned in 

111  and [111].  
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Figure 4.16: STM images (+1.6V, 0.1 nA) of the modified region of anatase TiO2(101) before 
and after exposure to acetic acid. (A) 91 × 83 Å2 image of the modified 100-(1 × 3)-β region. 
Identified: three rows a, b and c (black parallel line). Top inset: the (100) azimuths. (B) A 91 × 
73 Å2 image of the modified 100-(1 × 3)-β-acetate region. Identified: three rows a, b and c by 
black parallel lines; the adsorbate rows (black parallel lines) assigned as a* and c*; circles 
overlaid on top of the upper (blue) and lower rows (green); parallel line profiles on the upper 
(green) and lower (blue) rows; black rhomboids overlaid on four nearest neighbours. (C) Line 
profiles displaying the phase difference of 1.8 Å ± 0.3 Å between the parallel rows of 
adsorbates. 

	  

Figure 4.16 provides a direct comparison of the STM images of the tentatively assigned 

TiO2(100)-(1 × 3)-β modified anatase TiO2(101) (Figure 4.14) and TiO2(100)-(1 × 3)-β-acetate 

surface after exposure to acetic acid Figure 4.15. In Figure 4.16A the repeating three rows a, b 

and c, as defined in Figure 4.14, are identified by the black lines. The STM image of 

TiO2(100)-(1 × 3)-acetate (Figure 4.16.B), horizontally aligned with Figure 4.16A indicates the 

location of the bright protrusion with respect to the underlying rows: a, b and c. It is apparent 

that the upper and lower rows of bright protrusion are approximately (± 0.5 Å) aligned with 

rows a and c: defined as a* and c*. The rows of protrusions on the upper and lower row 
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(identified by green and blue circles respectively) can be examined by parallel line profiles 

(green and blue) and these line profiles are displayed in Figure 4.16C. An analysis of the line 

profiles in Figure 4.16C indicates that the upper and lower adsorbate rows are out of phase by 

1.8 Å ± 0.3 Å (ca. half unit cell [001] direction), as indicated by the black dashed lines. This 

explains the non-hexagonal surface arrangement indicated by the overlaid black rhomboids on 

Figure 4.16B. 

Tilted and top view structural models of the rutile microfacet TiO2(100)-(1 × 3)-acetate 

and mircrofacet TiO2(100)-(1 × 3)-β-acetate surfaces are shown in Figure 4.17 in the 

crystallographic (100) surface orientation as indicated by the azimuths;42 here acetate species 

are positioned in a bi-dentate coordination mode on the Ti3c/Ti5c rows a, b and c assigned as 

rows a*, b* and c*, with STM only indicating the presence of a* and c*. Studies conducted on 

rutile TiO2(110) would suggest the acetates are coordinated perpendicular to the plane of the 

{110} microfacets with a Ti-Oacetate distance of ~2 Å69 (see Figure 4.17A). In the case of the 

microfacet TiO2(100)-(1 × 3) the exact orientation of the acetate, on the Ti3c site at the top of the 

microfacet is not clear, one orientation is shown and an alternative is shown in the inset in 

Figure 4.17A.  

 The STM image represents a top view and it is not obvious where the maxima in the 

empty surface LDOS of the adsorbates would be aligned (Ti5c, -COO-, -CH3). In Figure 4.17C 

and 4.17D top view structural models display blue and yellow circles overlaid on the acetates, 

centred halfway between the Ti5c and coordinating oxygen. If the adsorbate row on b* is 

present, the tip apparently cannot resolve this row; which would be expected from the short 

distance (2.3 Å) between a and b.  

Based on the analysis of the image, only the TiO2(100)-(1 × 3)-β structure can be 

consistent with the STM data, where the rhomboids in the model (Figure 4.17D) are reasonably 

reproduced with measured separations on adjacent rows in the [001] direction of ~1.8 Å ± 0.3 Å 

(and ~4.2 Å ± 0.3 Å) between adjacent adsorbates. This latter evidence would indicate that row 

c is structurally positioned half a unit cell lower in depth as the TiO2(100)-(1 × 3)-β model 

indicates. The TiO2(100)-(1 × 3) is ruled out on the basis that it would have a ~3 Å  separation 
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between the adjacent rows of adsorbates (see Figure 4.17A) resulting from and a full unit cell 

lower height of c compared to a.   

 

Figure 4.17: (A)(B) Tilted structural ball and stick models of the rutile TiO2(100)-(1 × 3)-β and 
rutile TiO2(100)-(1 × 3) with acetate molecules binding in a bi-dentate mode along the [001] 
direction to the Ti5c. Inset (A): acetate in a second possible co-ordination postion. Lattice is 
represented by red spheres (oxygen atoms) and blue spheres (titanium atoms). The carboxylic 
acid are represented by green spheres (oxygen atoms) the black spheres (carbon) and white 
spheres (hydrogen. Rows of Ti5c labelled a, b and c are identified. (C) (D) Top view of the 
upper respective structural models. Blue circles are overlaid on top of rows a* and c* and 
yellow on b* co-incident halfway between the –COO-Ti atoms. Black rhomboids identify 
geometry of four nearest neighbours and separation along is shown. The distances between the 
acetates across adjacent rows are identified. The principal azimuths of the rutile TiO2(100) 
surface are indicated.  
	  
 A large region of the modified mound surface appears to be single crystalline, identified 

by parallel rows. The total (lower estimate) of the domain size can be determined from the 

ordered rows after acetic acid adsorption of 6000 Å2 (35% of mound surface). This remaining 

area likely consists of rutile TiO2(100) or other rutile facets. 
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 The TiO2(100)-(1 × 3)-β domain studied is tilted by 10° with respect to the underlying 

anatase TiO2(101) substrate. Moreover, the rutile (100) [001] azimuth is rotated in-plane by 65° 

with respect to the anatase (101) [010] azimuth. It seems likely that this arises from the 

formation of the interface under extreme conditions. It is also conceivable that there is an 

intermediate surface phase between the underlying (101) and rutile TiO2(100).  Three phase 

systems with a buffer layer such as TiO2-II or a relatively disordered layer have been predicted 

to be stable at anatase/rutile interfaces.50,53,54 In addition, a study of the attachment of rutile and 

anatase nanoparticles of TiO2 indicated that rough stepped surfaces create a mixture of 

dislocations.73  

Figure 4.18 presents the simplest picture of the arrangement with an epitaxial 

relationship between planar anatase (101) and rutile (100) surfaces at the in-plane orientation 

angle. The anatase (101)-(1 × 1) (red) surface and the rutile (100)-(1 × 1) (black) surface unit 

meshes are overlaid in Figure 4.18A. The super cell coincident mesh 𝒃𝟏𝒃𝟐  is outlined in blue 

and the matrix relationship between the substrate a1 and a2 vectors is as defined is: 𝒃𝟏𝒃𝟐 =

−5 3
−3 −1

𝒂𝟏
𝒂𝟐 . The percentage mismatches between the overlayer and the substrate are 

2.43% in the b1 direction and 3.02% in the b2 direction. A pictorial representation is shown in 

Figure 4.18C, where an angle of 10° is indicated. The discontinuity between the upper and 

lower surfaces of unknown origin leading to the STM observed 10° angle is represented by the 

blue dashed line. 

  It is possible that the angle of 10° in the orientation indicated by STM with respect to 

the (100) results directly from the plane in epitaxial contact with rutile. The 10° angle is best 

represented by the theoretical (901) rutile miller plane slice of ~10.23°. This structure of the 

facet adhering to Tasker’s rules results in a vicinal surface formed of TiO2(100) facets, with a 

unit mesh of (2.96 Å × 13.51 Å). If this is overlaid on the anatase (101) it has a 1.35% mismatch 

in the b1 direction and 3.02% in the b2 direction. A pictorial representation is shown in Figure 

4.18D.  
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The percentage mismatches determined for contact of the (901) and (101) surfaces are 

reasonable based on previous molecular dynamic modelling of the rutile anatase interface, 

where a 3-0.5% was reported.53 In this previous study a rutile (100)/anatase (101) interface was 

considered where the rutile [010] direction was aligned parallel and perpendicular to the anatase 

[101] direction.53 Favourable adhesion energies of ~-1.7 Jm-2 and percentage mismatches of 

~1% were determined. Further work is required to determine the effect of the rotation by 25° of 

the two lattices. 

 

 

Figure 4.18: (A) The unit cells of the rutile (100) (black) and rutile (901) (green) unit cells 
overlaid on the anatase (101)  unit cells (red). The rutile [001] direction (green arrow) is at 65° 
with respect to the red anatase [010] direction (red arrow). The super cell is indicated by the 
blue rectangle. (B) The (901) (13.51 × 4.59 Å2) vicinal surface. The zig-zag dashed line 
indicates the auto-compensated (100) surface. The rutile [001] direction is indicated. (C) Model 
of a thin rutile layer supported on the anatase (101) surface, where (100) and (100) surfaces are 
present at the bottom and on the surface, with a dislocation indicated (blue dashed line). (D) 
Model of thin rutile layer where (100) and (901) surfaces are present at the surface and bottom 
respectively resulting in the 10° angle. 
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It is clear that further modelling work is required to present conclusive results about the 

nature of the rutile/anatase interface investigated here, as both discussed scenarios are plausible. 

STM observation of a thinner layer where a Moiré pattern or epitaxial surface registry is more 

apparent is required. 

 

Figure 4.19: 3D view of the topographic STM image (+1.6 V, 0.1 nA) of 170 × 320 Å2 of the  
rutile TiO2 / anatase TiO2(101) heterojunction. Identified are the two regions of interest the 
rutile rutile-(100) (blue) and anatase (green) a-(101) surfaces; the azimuths of rutile-(100) [001] 
(blue) and anatase-(100) [001] (green). A 2D STM image of the interfacial region defined by 
the blue dashed box is shown, where the green height profile is overlaid and displayed.  

 

The modified anatase TiO2(101) presents an apparently well defined  rutile (100) / 

anatase (101) heterojunction and a three dimensional view is presented in Figure 4.19. This 

heterojunction consists of buried vertical interface of rutile/anatase or rutile/ unknown phase 

/anatase inaccessible by STM and a sharp lateral interface between rutile (100) and anatase 

(101). The STM indicates that the there is no more than ~10 Å vertically and ~30 Å laterally 



	  
134	  

between the flat resolved top surfaces of single crystalline rutile and anatase (see inset zoomed 

in STM image in Figure 4.19 and line profile). This would indicate the two phases are in close 

enough (below the TiO2 electrical screening length ~100 Å)74 contact to explore electronic 

phenomenon such a band bending and electron exchange. 

 

4.6 Conclusion: 

	  
We have demonstrated the preparation of a well STM characterised e-beamed anatase 

TiO2(101) surface. STM analysis under different electron fluxes in UHV, at the outer edge and 

centre of beam allows a phenomenological process unique to the anatase TiO2(101) surface to 

be established. Single row width (5.12 Å) and double row width (10.24 Å) depressions are 

formed; under further electron irradiation these result in the formation of rectangular (101)-(1 × 

1) islands, predominately orientated in the [010] direction. The mechanism of formation is 

hypothesised to involve the Knotek-Feibelman radiolysis mechanism.1,2 Large domains of 

(101)-(1 × 1) surface are retained even after an accumulated total time of 35 minutes of e-

beaming at 3 kV (2-3×1015 electrons s-1cm-2) as corroborated by LEED. The e-beaming study 

presents a useful methodology for forming an anatase surface with a high density of step edges.  

STM tip modification at above +4 V on the e-beamed surface resulted in a reproducible 

characteristic modified structure: mound, hole, and healed outer area. This had a larger modified 

area than formed on the clean surface and contained crystalline ordered structures. Some 

mounds contained crystalline regions. One surface was formed and characterised in real space 

by STM and a single area (embedded at the edge of a mound) demonstrated an atomically 

resolved unit mesh of (3.1 ± 0.2 Å × 14.2 ± 0.5 Å) and corrugation along the long spacing of 

~1.5 Å. This was found to be consistent with the surface structure of the micro-facet rutile 

TiO2(100)-(1 × 3)-β model. In-situ adsorption of acetic acid resulted in a monolayer coverage of 

adsorbates resulting in a (6.1 ± 0.3 Å × 14.7 ± 0.6 Å) unit mesh. The acetate coordination allows 

the position of unsaturated Ti5c to be determined. Analysis of the STM images of the acetate 



	  
135	  

adsorbed modified surface allows the precise assignment of the rutile TiO2(100)-(1 × 3)-β 

surface. The boundary between the rutile and anatase phases is sharp and well defined. This 

discovery opens a new avenue in the experimental study of rutile and anatase TiO2 

heterojunctions for photocatalytic investigation and the study of the nucleation of rutile on 

anatase. Here titania rutile/anatase TiO2 nanoparticles in photocatalytic systems (P25) are 

modelled by a planar rutile/anatase TiO2-x single crystalline junction. 

	  

4.7 Perspectives 

To further support the assignment of a modified rutile surface in this Chapter a study of 

acetic acid adsorption on a single crystal surface of rutile TiO2(100)-(1 × 3) is required. A 

computational simulation of both the interface and tip pulsing process would also be of value.  

The formation of the rutile/anatase interface is of great interest. This system provides a 

model surface to study holes/electron pairs formed by UV light absorption. Such a study would 

require in-situ STM of photo-active adsorbed molecules such as ethanol or trimethylacetic acid 

(TMA),75 where reactivity as a function of UV light fluxes (~1 mWcm-2) can be studied. At low 

UV light flux a difference in the photo desorption of adsorbed molecules both on the exposed 

anatase (101) surface and formed rutile as a function of exposure and distance to the opposite 

phase might exist. This would provide a means to extract the photoreaction cross-section as a 

function of distance from the heterojunction, by knowing the initial and final surface adsorbate 

population. Whether the rutile or anatase surface provides the most reactive surface would also 

be of interest. The interfacial region in itself might likely also be identified as a photoreaction 

‘hotspot’.  

Additionally, characterisation of the rutile and anatase surfaces by scanning tunneling 

spectroscopy (STS) will demonstrate the reduction state, aid characterisation and directly 

provide the electronic structure, from which band-bending and band alignment at the interface 

of the two phases can be examined. This information would greatly support photochemical 

measurements by indicating the likely movement direction of photo-excited holes and electrons 
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between the rutile and anatase phase. Also it would further the understanding of the 

rutile/anatase VB and CB band alignment and perhaps determine the microscopic details, which 

control its nature (type I-V).	  
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CHAPTER 5 
 
 
 
5.0: Lepidocrocite-like TiO2 and TiO2(110)–(1 × 2) supported on W(100) 
 

Ultrathin films of TiO2 were grown on a W(100)-O-(2 × 1) substrate and characterised using a 

combination of scanning tunneling microscopy (STM) and low energy electron diffraction 

(LEED). In addition to islands of rutile TiO2(110) with (1 × 1) termination that were reported 

previously, we also observed rutile TiO2(110) islands with a (1 × 2) film termination. A 

lepidocrocite-like TiO2 nanosheet, closely related structurally to an anatase (001) bi-layer, was 

also observed on the W(100) surface simultaneously with  rutile TiO2(110) terminated (1 × 1) 

islands. High-resolution STM images show that the nanosheet grows in the principal 

orthogonal directions of the W(100) substrate and forms a commensurate (1 × 7) coincident 

cell. This two phase titania ultrathin film of rutile TiO2(110)/ lepidocrocite-like TiO2/W(100)-O-

(2 × 1) provides a model system to study the electronic properties of an interface between two 

titania phases and affect on photochemical reactivity.  

 
 
5.1  Introduction 

  

   As discussed in Chapter 1 there is great interest in the study of oxide surfaces;1 due to 

their use in a multitude of applications, including catalysis and electronics.2-5 In many of these 

studies, thin oxide films are used.2,6 Thin film alternatives to bulk oxides supported on 

conducting substrates are typically employed to make insulating oxides sufficiently conductive 

to allow charged-particle techniques, such as scanning tunneling microscopy (STM) to be used 

on otherwise insulating oxides.7,8 In some cases, such as for anatase TiO2, high quality crystals 

are difficult to grow and ultrathin and thin films provide an alternative to natural crystals.9-12 
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Structures with no bulk-counterparts are of great interest as new material properties may be 

discovered and exploited.3,4 

 As the most thermodynamically stable face of rutile TiO2, the (110) face has been 

studied extensively.13 Figure 5.1 presents filled ball models of the bulk terminated (1 × 1) and 

reconstructed (1 × 2) terminated (added row Ti2O3),14 where the unit cells are indicated by black 

rectangles of 6.49 × 2.96 Å2 and 12.98 × 2.96 Å2 size respectively.15 Ultrathin rutile TiO2(110) 

islands have been grown on various substrates and are usually terminated by the (3.0 Å × 6.5 Å) 

(1 × 1) surface (Figure 5.1A),8,16-24 but if the deposited Ti is not completely oxidised, the 

reduced (3.0 Å × 13.0 Å) (1 × 2) (Figure 5.1B) reconstruction can also be observed, where the 

unit cell mesh is doubled in the  [110] direction.18 As mentioned above, ultrathin films of 

anatase TiO2 have also been grown. The (001) surface generally displays a (1 × 4) 

reconstruction,9-12 consistent with measurements of the single crystal.25,26  

 

Figure 5.1: (A) Top down and side view of the filled ball ionic model of the bulk terminated 
TiO2(110)-(1 × 1) surface. The unit cell of 6.49 × 2.96 Å2 is indicated by the black rectangle. 
Blue spheres, bottom layer O atoms. Red spheres, bridging O atoms. Green spheres, O atoms 
top layer. Black spheres, Ti atoms. (B) Top down and side view filled ball ionic model of the 
‘Added row Ti2O3’ TiO2(110)-(1 × 2) mode with the unit cell of 2.96 × 12.98 Å2 indicated by 
the black rectangle. The light blue spheres are O atoms of the added row Ti2O3 unit. The black 
dashed line is co-incident with top (1 × 1) Ti layer. Adapted from reference.15 
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 TiOx films have also been reported that have no bulk counterpart, such as a quasi-

hexagonal TiOx phase on Ni94Ti6(110)27 or Ni(110)17,24 and TiOx nanodots on Ni(110).24 A series 

of TiOx phases have also been grown on Pt(111),28,29 several of which are related to 

encapsulation layers observed on TiO2(110)-supported nanoparticles.30,31 Of particular relevance 

to this Chapter are the family of lepidocrocite-like films that have been observed on Pt(110)-(1 

× 2), Ni(110), Ag(100), and Pt3Ti(111).17,19,28,32,33 This film is so-named due its structural 

similarity to the FeO(OH) lepidocrocite bilayer.34 In calculations, the lepidocrocite-like 

structure forms spontaneously from a (001) anatase bilayer,19,32 35,36  the top layer displacing by 

half a unit cell. The substrate-free bilayer has surface lattice parameters of ~3.75 Å × 3.00 Å. 

17,19,28,32,37,38 Figure 5.2 presents a structural model of the substrate free anatase bi-layer and 

lepidocrocite-like bi-layer. The anatase [100] bi-layer unit cell is shown from the top (Figure 

5.1A) and side (Figure 5.2B). The oxygen atoms (red circles) are either 2-coordinated (2c) or 3-

coordinated (3c) and the titanium atoms (blue circles are 5-coordinated (5c). A unit cell of (a = 

b = 3.78 Å) is indicated by the black rectangle. The lepidocrocite-like bilayer is shown from the 

top (Figure 5.2C and side (Figure 5.2D). An imaginary intermediate side view indicating the 

forming bonds (black dashed lines) is shown in Figure 5.2E. The described structural change 

results in a more stable bi-layer formed of 6-coordinated Ti ions. 
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Figure 5.2: (A) Top view of a ball and stick model of an substrate free anatase TiO2(001) bi-
layer. Unit cells identified by the black box (B) Side view of the anatase TiO2(001) bi-layer, the 
O2c and Ti5c atoms are labelled. (C) Top view of a ball and stick model of a substrate free 
lepidocrocite–like bi-layer. Unit cell identified by the black box. (D) Side view ([010] into 
page) of the anatase TiO2(001) bi-layer, the O2c and Ti6c atoms are labelled. (E) Side view of a 
notional intermediate stage, black dotted line the mid point in the bi-layer. Black arrow 
direction of transformation. In all models the red spheres are oxygen atoms and blue spheres 
titanium atoms. Azimuths are shown with respect to the anatase (001) surface. Adapted from 
this reference with the authors DFT derived lattice paramters.32 
 
  Here, we have studied ultrathin TiO2 films grown on W(100)-O-(2 × 1) surfaces using 

STM and low energy electron diffraction (LEED). The W(100)-O-(2 × 1) reconstruction is 

formed by removing (or adding) alternate rows of W along [001] or [010] to create {110} 

microfacets that contain O in the 3-fold hollow sites.39 This gives a primitive surface unit cell of 

6.3 Å × 3.2 Å that is nearly lattice matched with rutile TiO2(110). Apart from the (1 × 1) phase 

which was previously observed,20 we observed a TiO2 lepidocrocite-like structure as well as the 

TiO2(110)-(1 × 2) reconstruction for the first time on W(100). 

The anatase derived lepidocrocite-like supported films on W(100), which can also 

support rutile TiO2(110), provides a model system to study the electronic properties of the 

interface between two defined single crystalline titania polymorphs with both bulk sensitive and 
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macroscopic averaging techniques and microscopy to reveal mixed polymorph electronic and 

photo-chemical characteristics which could be generalised.40 The presence of the W(100) 

substrate provides a 3rd metallic component, integral to current photocatalytic model systems 

studied. These act as electron sinks and sites for reduction such as H2 formation.40 This would 

be an ‘inverse’ catalytic system.41 Mixed metal oxide photocatalysts of TiO2 and WO3 have 

been studied, where excited CB electrons are spatially separated from holes by transfer to the 

WO3 component. This lepidocrocite-like TiO2/ rutile TiO2(110) / W(100) system provides scope 

to examine the three components with potentially enhanced photo-reactivity reactivity at the 

interfacial regions of the three components.42 

 

5.2 Experimental Details 

 

 The experiments were conducted in an ultrahigh vacuum (UHV) system comprising a 

preparation and analysis chamber with base pressures in the 10-10 mbar range, equipped with 

quadrupole mass spectrometers for residual gas analysis (RGA). The analysis chamber housed 

an Omicron UHV AFM/STM, calibrated with a rutile TiO2(110) single crystal, and rear-view 

LEED optics that were also employed for retarding field Auger electron spectroscopy (AES). 

The rutile TiO2(110) single crystal was prepared by cycles of argon sputtering and annealing 

1100 K.  The films were grown in the preparation chamber, which was equipped with an ion 

sputter gun, an electron bombardment sample heater, and metal evaporators. Prior to the growth 

of the films, the W(100) sample (Surface Preparation Laboratory) was prepared by cycles of 

argon sputtering and annealing to ~1173 K in 2 × 10-8 mbar O2 and UHV, followed by flashing 

to 1500-1600 K, until a well-ordered W(100)-O-(2 × 1) was identified in LEED and STM and 

any contamination was below the detection limit of AES.20  

 STM images were recorded at room temperature using positive sample bias (tunneling 

into empty sample electronic states) and either etched tungsten or mechanically formed PtIr tips.  

Estimates of coverage are given in monolayer equivalents (MLE) where 1 MLE is defined as 



	  
145	  

complete coverage of the surface by a single layer of TiO2 that has a thickness of 3.25 Å. 

Likewise for the TiO2 lepidocrocite-like phase, 1 MLE is defined as the complete coverage of 

the surface by a bilayer, the thickness being estimated at 5 Å.  

 The first step of the film preparation was the deposition of 2-3 monolayers (ML) of Ti 

(determined retrospectively from the film coverages) onto the W(100)-O-(2 × 1) surface at 

room temperature from the vapour of a metal wire (Goodfellow) using a commercial evaporator 

(Omicron EFM) with a deposition rate of 10-2 MLs-1, an identical procedure was used as by 

Mathru.43 The second step consisted of annealing under 2-7 × 10-7 mbar O2 at 800-850 K 

between 1-1.5 hours, followed by cooling to room temperature in UHV. The final step was a 

UHV anneal to 920-980 K for 10 minutes. Sample temperatures were measured with an optical 

pyrometer (Minolta). Three TiO2 films were studied, each grown under slightly different 

conditions: (1) A TiO2(110)-(1 × 1) ultrathin film was formed by annealing to 840 K under 2-7 

× 10-7 mbar O2 for 1 hour and annealing in UHV at 970-990 K. (2) A TiO2(110)-(1 × 2) ultrathin 

film was formed by annealing in 2-7 × 10-7   mbar O2 for 1.5 hours at 840 K and annealing to 

920 K in UHV. (3) A TiO2(110)-(1 × 1)/lepidocrocite-TiO2 ultrathin film was annealed at 840 K 

at 2-7 × 10-7   mbar O2 for 1 hour, then annealing to 920 K in UHV.  

 

5.3 Results and Discussion 

5.3.1 Preparation of W(100)-O-(2 × 1) 
 

The procedure employed by Pang et al.20 to prepare the same W(100)-O-(2 × 1) was 

used. After a final flash anneal for 3 minutes at 1500-1600 K, a LEED diffraction pattern was 

recorded; this is presented in Figure 5.3. Two orthogonal sets of sharp (1 × 2) patterns are 

apparent in the LEED (50 eV) photograph; this is line with previous LEED of the surface by 

Matharu.43 The discussed the (1 × 2) reconstruction which occurs on the W(100) surface during 

preparation in the presence of gas phase O2 results in an ‘apparent’ (2 × 2) LEED pattern due to 

the four-fold surface symmetry.39,44,45 This (2 × 2)  pattern is deconstructed by the composite of 



	  
146	  

the simulated LEED pattern formed of two rotational domains of the W(100)-O-(2 × 1). Grids 

of black and red circles in Figure 5.3A and 5.3B in reciprocal space (a*, b*) are presented with 

the corresponding real space (a) distances, related by the equation, 𝑎∗ = !!
!

 , as defined in 

Chapter 2 and combined in Figure 5.3C which compares favourably with the photograph of the 

LEED in Figure 5.3D.  This LEED pattern was examined over a range of electron beam 

energies (40-100 eV) and demonstrated only the (1 × 2) pattern. 

 

Figure 5.3: Simulated LEED reciprocal patterns for two rotational domains (A, B) of W(100)-
O-(2 × 1) unit cell  (red and black circles). The respective real space W(100)-O-(2 × 1) unit cell 
distances are shown.(C)The composite pattern formed of (A) and (B). (D) LEED pattern 
recorded at 50 eV. Processed in Adobe Photoshop: colour inverted and converted to grey scale. 
(E) AES (100-600 eV) recorded with a 3 kV electron beam. Identified are Auger peaks at 182 
eV (W) and 275 eV (C).  
  

AES was recorded to determine the cleanliness of the sample after the preparation, 

(Figure 5.3E) apart from the strong tungsten (N5O3O3) 182 eV peak there is a weak peak at 275 

eV attributed to carbon impurity.  This carbon feature originates as a bulk metal impurity. 

 The W(100)-O-(2 × 1) surface was examined in UHV by STM to verify that an ca. 

identical surface, as formed in by Pang20 was indeed prepared and images are presented in 

Figure 5.4. The 290 × 290 Å2 empty sample state image in Figure 5.4A depicts terraces of 200 

Å width and 500-1000 Å length. A blue line height profile indicates a terrace step height of 2 Å 
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± 0.5 Å which is in line with other studies of the surface.20 The terraces are formed of discreet 

rectangular components of between 6-25 Å; terminated by domain boundary as also shown 

previously. This domain boundary is an apparent depression of lower ~1 Å height and ~3 Å 

length.  

Seen in the zoom (Figure 5.4B) are resolved features of the W(100)-O-(2 × 1) 

reconstructed surface, similar to that achieved previously by early empty state STM by Meyer et 

al.46 Black dashed black lines normal to the [001] direction indicate a 6.4 Å ± 0.3 Å separation, 

approximately 6.3 Å, twice the W(100)-(1 × 1) unit cell parameter and resolution along the row 

of oval features of ([001] direction in Figure 5.4C) of 3.1 Å ± 0.3 Å separation are indicated by 

blue dashed lines close to the W(100) unit cell length. The W(100)-O-(2 × 1) model presented 

in Figure 5.4C44 has a unit cell of 6.32 × 3.16 Å2 (black rectangle, containing two adsorbed 

oxygen atoms (green circle)); this can be overlaid exactly on repeating features of image Figure 

5.4B, as shown by the black rectangle. As the oxygen atoms are considered by structural 

characterisation44 to occupy three-point tungsten surface hollow sites and thus geometrically 

higher on the surface, each oval is likely representative of a pair of O atoms; simulated STM 

images would be required to prove this hypothesis.47 The separation of two W(100)-O-(2 × 1) 

rows of ca. 12.5 Å (4 unit cells lengths), is identified by the green dashed lines, which indicates 

that a single unit cell of W(100)–O-(2 × 1) is absent or modified in the domain boundary. 

Shown in Figure 5.4D are green dashed lines overlaid along the W(100)-O-(2 × 1) [001] 

direction to analyse the domains. The rows of W(100)-O-(2 × 1) form small domains (defined 

here by length of row × no of adjacent rows) and are noticeably smaller than Mathru; who used 

a lower final anneal temperature (10 minutes at 1275 K).43 The W(100)-O-(2 × 1) surface 

domain aspect ratio displayed a notable correspondence to the aspect ratio of the lepidocrocite 

islands in the titania films studied; where the lepidocrocite elongation surface directions are 

aligned with the elongated direction of the W(100)-O-(2 × 1) domains. This is in line with the 

epitaxial arrangement determined in that orientation. The blue circle identifies a feature of 

unknown identity; most probably the formation of the second layer of tungsten oxide, although 

AES indicates there is a small carbon surface contamination.  
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Figure 5.4: 300 K STM image (+1.2 V sample bias, 0.08 nA) of the W(100)-O-(2 × 1) surface 
prepared with a final UHV anneal 1500-1600 K. (A) 290 × 290 Å2 image, blue horizontal line 
indicates position of height profile. Upper inset: azimuths with respect to the W(100) surface. 
Blue line profile is overlaid across three terraces. Lower inset: blue height line profile with a ~2 
Å step height indicated. (B) 68 × 68 Å2 zoomed-in image, identified are blue, black and green 
dashed lines identifying resolved features to the W(100)-O-(2 × 1) unit cell. The black box and 
green circles is the overlaid unit cell of W(100)-O-(2 × 1) (as shown in (C)) with scale 
determined from the unit cell parameters. (C) Structural model of the W(100)-O-(2 × 1) surface 
model: 1st top W layer green, 2nd middle W layer blue, 3rd W bottom layer light blue, oxygen 
atoms are identified by the  green circles. (D) Zoomed-in 150 × 180 Å2 image  from  (A), green 
dashed lines are overlaid along the W(100)-O-(2 × 1) reconstruction (parallel to the [010] for 
the reconstruction depicted in direction in (C)). 
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5.3.2 TiO2(110)-(1 × 1) Ultrathin Film  

  

STM images of a titania film grown on the W(100)-O-(1 × 2) are displayed in Figure 

5.5. In the large area (1000 × 850 Å2) image of Figure 5.5A, islands with mean heights of 20 Å, 

lengths of 150-200 Å, and widths of 70-100 Å can be seen, the coverage being ~2.4 MLE. The 

heights corresponds to six TiO2(110) layers and the islands are elongated in the principal 

directions of the W(100) substrate. In the high resolution STM image (Figure 5.5B) taken from 

the top of one of the TiO2(110) islands, the characteristic TiO2(110) topography can be 

observed. Point defects resolved between bright rows (distance 6.5 Å) of Ti atoms are consistent 

with the observations of Pang et al.20 Given that the film was left in a UHV chamber with a 

background water pressure of 2 × 10-11 mbar (estimated from RGA) for 76 hr after forming the 

film (~3 Langmuirs), we assume that the defects are bridging hydroxyl (OHb), the coverage 

being 0.19 ML, where 1 ML is the density of Ti5c sites. One OHb is identified by the blue circle, 

of ca. 1 Å apparent height. A filled ball model of the rutile TiO2(110) surface is shown in 

Figure 5.5C. The unit cell is identified by the yellow rectangle. Figure 5.5D is a 76 × 76 Å2 

STM image of a rutile TiO2(110) single crystal prepared in UHV and exposed to a water (1 L). 

It displays a characteristic13 surface with OHb point defects after exposure to residual water in 

the chamber; one such feature (blue circle) of 0.8 Å is identified between the Ti5c rows. A 

similar STM tunneling imaging mode between the rutile single crystal and titania film 

supported on W(100)-O-(2 × 1) is evidenced. 
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Figure 5.5: 300 K STM images (+1.6 V sample bias, 0.05 nA) of the TiO2(110)-(1 × 1)/ 
W(100)-O-(2 × 1) film. (A) A large area (1000 Å × 850 Å) image, showing the rutile TiO2(110) 
island morphology with a coverage of 2.4 MLE. The azimuths are defined with respect to the 
W(100) surface. (B) A high resolution (62 Å × 55 Å) image of the surface of a rutile island, six 
layers thick. The image is characteristic of the native TiO2(110)-(1 × 1) surface: bright rows are  
Ti atoms, with point defects between on the bridging oxygen rows. The blue circle highlights a 
bridging hydroxyl (OHb). (C) A filled ball model of the rutile TiO2(110)  surface. Identifed are; 
Obr, ObrH and 5c Ti. The atoms are labelled by the legend. (D) A 76 × 76 Å2 STM image of a 
single crystal rutile TiO2(110) surface, a blue circle identifies a bridging hydroxyl (OHb). The 
azimuths are defined with respect to the rutile TiO2(110) surface. 

 

5.3.3 TiO2(110)-(1 × 2) Ultrathin Film  
 

 The second film was prepared in a similar manner to the (1 × 1) film described in the 

previous paragraph except the final UHV anneal was at a reduced temperature of 920 K (as 

compared to 970-990 K). In some areas, islands of rutile TiO2(110)-(1 × 1) were observed with 

the same characteristics as in Figure 5.5. In other regions the islands have a different structure. 

Figure 5.6A depicts a large area image of the film. As with the (1 × 1) islands, these are also 

elongated in the [001] and [010] directions of W(100). Within the islands, rows can be observed 
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and these run parallel to the direction of elongation, islands containing these rows are identified 

with green dashed boxes.  In the high resolution image Figure 5.6B, it is apparent that the rows 

have a spacing of 12.5 Å ± 0.5 Å which is consistent with the rutile TiO2(110)-(1 × 2) 

reconstruction.13 

The coverage of the film is 3.1 MLE. In Figure 5.6B, the surface shown contains three 

different layers, all displaying the (1 × 2) reconstruction. The line profile in Figure 5.6C shows 

that the height of the step (3 Å ± 0.2 Å) is consistent with a step edge of TiO2(110). This is the 

first time, to our knowledge, the (1 × 2) surface reconstruction has been observed on an ultrathin 

TiO2 film on W(100). The (1 × 2) reconstruction is a reduced phase of TiO2 and is thought to be 

composed of added rows of Ti2O3.48 

 Such a film containing a (1 × 2) reconstruction has been previously reported in 

connection with a Ni(110) substrate, where its appearance was attributed to incomplete 

oxidation of the as-deposited Ti.17 The growth conditions for the (1 × 2) film involved a longer 

oxidation step than for the (1 × 1) film, and a final anneal step at a lower temperature. The 

lower temperature of the final anneal step may lead to incomplete oxidation of the Ti.  
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Figure 5.6: 300 K STM images (+1.6 V sample bias, 0.05 nA) of the TiO2(110)-(1 × 
2)/W(100)-O-(2 × 1) film. (A) A large area (1000 × 1000 Å2) image of a 3.1 MLE titania film, 
displaying the TiO2(110)-(1 × 2) surface reconstructed islands, identified by green dashed 
boxes. Azimuths are defined with respect to the W(100) surface (B) A 95 × 95 Å2 image 
zoomed-in from the light-blue square in (A) displaying the (1 × 2) reconstruction. Azimuths are 
defined with respect to the rutile TiO2 (110) surface. (C) Line profiles taken from the image in 
(B). The black profile displays the step edge on the island (3.0 Å ± 0.2 Å) and the light-blue 
profile shows the 12.5 Å ± 0.5 Å periodicity in the [110] direction, as well as another 3.0 Å ± 
0.2 Å step edge.  
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5.3.4 TiO2(110)-(1 × 1)/Lepidocrocite-like TiO2 Ultrathin Film 

  

 

Figure 5.7: STM images (+1.6 V sample bias, 0.05 nA) of the TiO2/W(100)-O-(2 × 1) film. (A) 
A large area 1000 × 750 Å2 image of the titania film. TiO2(110)-(1 × 1) islands are present 
together with the lepidocrocite-like TiO2 nanosheet. A hole in one island is circled in green, and 
is presumably due to some interaction with the tip. The rutile TiO2(110) islands and 
lepidocrocite-like film have coverages of 1.7 MLE and 0.42 MLE, respectively. (B) The blue 
line profile taken from the blue line indicated in (A), shows the heights of a rutile TiO2(110)–(1 
× 1) island and the lepidocrocite-like phase, which are 20-25 Å and 5 Å, respectively.  
 

         Figure 5.7A shows a large area STM image of the third film. Two distinct overlayers 

were observed with quite different mean heights. These are indicated by the blue line profile in 

Figure 5.7B. The taller of these overlayers corresponds to islands of rutile TiO2(110). The 

islands have mean heights of 20-25 Å, a single step edge height inline with rutile TiO2(110) is 

indicated. Co-existing with these islands is a pseudo-2D or ‘nanosheet’ overlayer that has a 

uniform height of ~5 Å. This nanosheet has a similar appearance and height to the 

lepidocrocite-like phases reported previously.16 The rutile islands have an area coverage of 25% 
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and the nanosheet 42%. This corresponds to MLE coverages of 1.7 MLE and 0.42 MLE, 

respectively.  

Higher resolution images of the nanosheet recorded from a different region of the 

sample are displayed in Figure 5.8. Figure 5.8A is a large area image and shows a long-range 

periodicity of ~20 Å along the [010] direction of the W(100) substrate. This periodicity is more 

apparent in the zoomed-in image of Figure 5.8B. The image in Figure 5.8B resembles a Moiré 

pattern with a short lattice and a superlattice that is periodic in the W(100) [010] direction. The 

short lattice has dimensions of 3.7 Å ± 0.2 Å in the W(100) [010] direction while being  exactly 

matched with the substrate at 3.0 Å ± 0.2 Å in the W(100) [001] direction. The superlattice is 

22.0 Å ± 0.2 Å (or six times the short lattice) in the W(100) [010] direction. 
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Figure 5.8: 300 K STM images (+1.6 V sample bias, 0.05 nA) of the W(100)-O-(2 × 1)-
lepidocrocite-like film. Islands of 5 Å height, orientated in the principal directions of the 
W(100) crystal are observed, azimuths are defined with respect to the W(100) surface. (A) A 
large area (250 Å × 150 Å) STM image shows the islands have periodic stripes separated by 
~20 Å, with the islands elongated perpendicular to these stripes. (B) A (80 Å × 60 Å) filtered 
image zoomed in from the green rectangle in a, where the primary unit cell and superlattice are 
visible (identified by black rectangles). The minor and major ticks on the blue line highlight this 
further. (C) Line profile taken from black line in (B) displaying the [001] direction unit cell 
spacing of the lepidocrocite-like phase (3.0 Å ± 0.2 Å). (D) Line profile taken from the light 
blue line in (B) depicting the periodicity of the superlattice (22.0 Å ± 0.2 Å) in the [010] 
direction.  
 

Figure 5.9 shows LEED patterns simulated from the real-space lattice parameters 

together with a photograph of a LEED pattern recorded at 50 eV. Figure 5.9A and 5.9B depict 

two orthogonal W(100)-O-(2 × 1) reflexes which are calculated from the lattice parameters of 

W(100)-O-(2 × 1). Figure 5.9C and Figure 5.9D show two orthogonal patterns with (1 × 7) 
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periodicity with respect to W(100). These are assigned to the superlattice of the nanosheet 

phase. Figure 5.9E is a superposition of all of these, which reproduces accurately the LEED  

pattern presented in Figure 5.9F. The {0 , ½} reflexes are consistent with either TiO2(110) or 

W(100)-O-(2 × 1). According to our interpretation of the LEED pattern, the superlattice should 

be seven times the W(100) lattice (3.16 Å) which gives the periodicity of the superlattice as 

22.1 Å, consistent with the STM measurement.  

 

Figure 5.9: LEED patterns of the TiO2 and lepidocrocite-like films on W(100)-O-(2 × 
1).(A),(B) Schematics of the two orthogonal, calculated LEED patterns of W(100)-O-(2 × 1), 
with a real space unit cell of (3.16 Å × 6.32 Å).(C),(D) Schematics of the two orthogonal, 
calculated LEED patterns of a lepidocrocite-like film (L-TiO2) that has (1 × 7) periodicity with 
respect to W(100) and a real space unit cell of (3.16 Å × 22.1 Å). (E) A superposition of 
schematics in a-d forming the predicted LEED pattern. (F) LEED pattern of the film at 50 eV, 
which compares favourably with (E). Azimuths are defined with respect to the W(100) surface. 
 

A simple model derived from the LEED and STM data is shown in Figure 5.10. The 

substrate W(100)-(1 × 1) lattice is shown with black circles. Superimposed on this is the 

nanosheet layer. With respect to the azimuths of the W(100),  in the [001] direction, the two are 

exactly matched, whereas in the [010] direction, the nanosheet layer does not coincide and has a 
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spacing of 3.69 Å. This leads to a commensurate (1 × 7) lattice that has a period of six times the 

lattice parameter of the nanosheet layer and seven times the W(100) lattice.  

 The theoretical lattice parameters for the substrate-free TiO2 lepidocrocite-like phase is 

calculated at 3.73 Å × 3.02 Å by Vittadini et al. 35 and 3.766 Å × 3.007 Å by Atrei et al.. 19 Thus 

the long side of our nanosheet unit cell would only represent a very modest contraction of 1.1-

2.1% from the calculated values of the lepidocrocite-like phase. This compares to an expansion 

of 3.4-4.4% to 3.9 Å for the lepidocrocite-like phase on Pt(110)-(1 × 2)36 and a contraction of 

3.2-4.2% to 3.61 Å for the same film on Ag(100).  

 

Figure 5.10: TiO2 lepidocrocite overlayer schematic. A schematic representation of the TiO2 
lepidocrocite-like phase in red circles (3.69 Å × 3.16 Å) superimposed on top of the W(100)–(1 
× 1) surface (3.16 Å × 3.16 Å) in black circles. These parameters were derived from the STM 
and LEED data. Azimuths are defined with respect to the W(100) surface.  
 

 The short side of our nanosheet unit cell (3.16 Å) also only represents a small expansion 

from the theoretical values of 4.3-5%. For comparison, the lepidocrocite-like phase on Ag(100) 

has a maximum contraction of 4-4.6% to 2.89 Å, making the short direction commensurate with 

the substrate. The short side of lepidocrocite-like phase unit cell on Pt(110)-(1 × 2), was 

measured in STM to have a length of 3.0 Å. This had an identifiable ×14 super cell with respect 

to the substrate in the [001] azimuth (2.77 Å).  
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 As for the height of our nanosheet film, this was measured in STM to be 5 Å ± 0.5 Å. 

This is in agreement with the height of the lepidocrocite-like film on Ag(100) as determined by 

X-ray photoelectron spectroscopy and LEED intensity measurements.19 On the other hand, 

Agnoli et al.36 report an apparent height in STM of ~1.5 Å on Pt(110)-(1 × 2) but attribute this 

to electronic effects.  

 From this comparison, we conclude that our nanosheet phase is also a lepidocrocite-like 

phase. If the underlying substrate was W(100)-O-(2 × 1) this would imply a ×3.5 coincident 

lattice in the W(100) [010] direction. As such, we believe the oxygen from the W(100)-O-(2 × 

1) is incorporated into the lepidocrocite-like phase which is then formed directly on the W(100) 

surface. 

 Poor stability of a delaminated titanate bilayer was observed previously by a 

transformation into anatase crystallites above 1070 K,49 and we tested this on our film by 

annealing the sample to 1000 K. The (1 × 7) LEED spots were considerably weakened in 

intensity. Likewise, whereas before annealing the lepidocrocite-like overlayer had area coverage 

of 42 %, this was reduced to 3.3 % after annealing. A representative STM image after annealing 

is presented in the Appendix (A.6). The formation of the lepidocrocite-like phase may be related 

to the lower temperature of the final UHV step in comparison with the (1 × 1) film. In the two 

studies by Atrei et al.,19,37 for the same growth conditions, the lepidocrocite-like phase was 

observed for up to one ML of Ti deposition, beyond which rutile TiO2(110) islands co-exist on 

the surface. Thus another explanation for the appearance of the lepidocrocite-like phase in the 

current work could be related to a slightly lower coverage of Ti used to make this film in 

comparison to the two rutile TiO2 films presented. A systematic study of Ti coverage is required 

to demonstrate this. 

5.4 Conclusion 

On a well STM characterised W(100)-O-(2 × 1) surface rutile TiO2(110)-(1 × 2) 

terminated islands were grown. In addition, a TiO2 lepidocrocite-like nanosheet was also shown 

to grow on W(100) and was characterised by STM and LEED. The unit cell of the film was 3.69 
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Å × 3.16 Å. The short side of the lattice was directly coincident with the W(100) substrate in 

one of the principal directions. A commensurate superstructure with respect to the substrate of 

22.1 Å × 3.16 Å was observed. The modulation in height observed in STM had a period of 22.1 

Å, six times the unit cell of the film and seven times the unit cell of the W(100) substrate. A 

mixed phase ultrathin film formed of rutile TiO2(110) and lepidocrocite-like titania was 

prepared and characterised. 

	  
5.5 Perspectives 

  

 A systematic investigation of the ultrathin film growth with respect to the annealing 

temperature, O2 pressure, Ti coverage and time of the oxidation is required to understand the 

growth mechanism of the (1 × 2) terminated (110) islands  and lepidocrocite-like titania 

nanosheet. 

The lepidocrocite-like TiO2 phase is structurally related to the anatase (001) bi-layer. 

This rutile/ lepidocrocite-like TiO2 model system could be used to investigate the properties of a 

titania mixed-phase interface and its influence on photo-reactive molecules when exposed to 

above band gap UV light, this is perhaps of general relevance to the specific rutile/anatase 

interface present in photocatalytic P25 titania powders.40 The photo-oxidation of an organic 

molecule such as ethanol provides an excellent test molecule able to scavenge photogenerated 

holes. A study could use the methodology used in Chapter 6 for the single crystal anatase study. 

An analysis of the photoreaction cross-section by adsorbate desorption probed with STM might, 

on the TiO2 film, be expected to reveal the role of the interface between the to phases on photo 

reactivity. This would be expected to result from intrinsic band bending effects50 or electron 

migration favoured by any present differences of the conduction band minimum (CBM) and 

valence band minimum (VBM) band alignment.51 The supporting W(100) surface’s influence 

on photocatalysis could be probed by an examination of  photo-activity of ethanol as a function 

of titania film thickness. 
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CHAPTER 6 

 

6.0 Mechanism of Ethanol Photooxidation on Single-Crystal Anatase 
TiO2(101)  
 
 

Despite the proven characteristics of the anatase phase of TiO2 in photocatalysis, detailed 

mechanistic information regarding a photooxidation reaction has not yet been derived  from 

single-crystal studies. Within this Chapter, we have studied the photooxidation of ethanol (as 

a prototype hole-scavenger organic molecule) adsorbed on the anatase TiO2(101) surface by 

STM  and online mass spectrometry to determine the adsorbate species in the dark and under 

UV  illumination in the presence of O2 and to extract kinetic reaction parameters under 

photoexcitation. This is a necessary preliminary study before the investigation of a 

photochemical reaction on the tip modified rutile / anatase TiO2(101) surface. Here, the 

reaction rate for the photooxidation of ethanol to acetaldehyde was found to depend on the 

O2 partial pressure and surface coverage. An order of the reaction with respect to O2 was found 

to be close to 0.15. Carbon−carbon bond dissociation leading to the formation of CH3 radicals 

in the gas phase  was found to be a minor pathway, which is contrary, to the case of the rutile 

TiO2(110) single-crystal. Our STM images distinguished two types of surface adsorbates upon 

ethanol exposure that  can be attributed to its molecular and dissociative modes. A mixed 

adsorption is also supported by DFT calculations performed by Idriss et al. at SABIC, in which 

they determined similar energies of adsorption (Eads) for the molecular (1.11 eV) and 

dissociative (0.93 eV) modes. Upon UV exposure at (and above) 3 × 10-8 mbar O2, a third 

species was identified on the surface as a reaction product that can be tentatively attributed to 

acetate/formate species on the basis of C 1s XPS results. The kinetics of the initial oxidation 

steps were evaluated using the STM and mass spectrometry data.  
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6.1 Introduction  

 

Fundamental studies of well-defined oxide surfaces have not yet received the required 

attention to construct reliable mechanistic pathways, this is despite oxide semiconductors 

important role in photocatalysis as discussed in Chapter 1. Among all metal oxide surfaces, 

TiO2 is the most understood at the atomic level. The most relevant phase for photocatalysis, 

based on its dominance (80%) in existing used formulations (P25) is the anatase phase. Most 

photoreaction studies on well-defined single-crystal surfaces have been conducted on the rutile 

phase,6-8 with very little work on anatase surfaces. Alcohol chemistry on metal5,6,9 and oxide10-13 

surfaces can provide a wealth of fundamental information needed to understand catalytic 

reactions, particularly when conducted on model surfaces. Ethanol photochemical activity and 

its adsorption has been studied on powder polycrystalline TiO2 samples for decades,5,14-17 

however no existing experimental studies of ethanol on the TiO2 anatase (101) surface have 

been conducted (the most thermodynamically stable surface). There are reports of studies 

involving other molecules on the (101) surface. For example, methanol adsorption has been 

studied by temperature-programmed desorption (TPD),18,19 where molecular 

adsorption/desorption was evidenced. The photo-oxidation of methanol was studied using 266-

nm light at 100 K by TPD and time-of-flight (TOF) mass spectrometry. Infrared (IR) 

spectroscopy has also been used to determine the cross section for the photooxidation of CO to 

CO2 in the presence of O2 at 100 K, and this cross section was determined to be significantly 

greater than that for the rutile TiO2(110) surface.20 A recent study of acetaldehyde photoreaction 

at 100 K demonstrated the cross-coupled formation of 2-butanone.21 Finally, a recent density 

functional theory (DFT) study of ethanol22 on TiO2(101) predicts that molecular adsorption is 

favored over dissociation.  

The reactions of oxygenates on photoexcited TiO2 are considered to proceed through a 

hole-scavenging mechanism.23 Upon UV excitation, electrons are transferred from the valence 
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band (VB) to the conduction band (CB) of the semiconductor. In single-crystal studies of 

ethanol photooxidation, background O2 has been shown to be required for activity. The 

mechanism inferred involves excited electrons in the conduction band being transferred to O2 

forming O2
·− (oxygen anion radical), which leads to a decrease in the rate of electron−hole 

recombination.24 Under ultrahigh vacuum (UHV) conditions, the first step in the photooxidation 

of ethoxides to acetaldehyde on rutile TiO2(110) surfaces involves hydrogen atom removal from 

the hydroxyl carbon group. The amount of acetaldehyde detected in the gas phase was found to 

increase with an increasing dose of O2. Some of the acetaldehyde undergoes a further oxidation 

step and is ultimately converted, through carboxylate species, to CO2.25,26 The formation of 

formate/acetate intermediates on the surface was revealed by X-ray photoelectron spectroscopy 

(XPS), where the development of a −COOH feature in the C 1s spectrum is observed after UV 

light exposure in the presence of O2.27 These results on single crystal rutile TiO2(110) are 

similar to powder results where the photo-oxidation of primary and secondary alcohols and 

leads to the formation of carboxylate species as studied by in-situ IR spectroscopy.14,17,28-31  

In this study, we have investigated the photocatalytic decomposition of ethanol on an 

anatase TiO2(101) single-crystal to probe its reactivity and obtain accurate kinetic parameters 

(photoreaction cross section, reaction order, and rate constants) in a controlled environment. We 

used scanning tunneling microscopy (STM) and mass spectrometry to determine the reaction 

rates with complementary XPS measurements and DFT calculations. This provides an important 

initial study of photocatalysis of the hole scavenging ethanol molecule on the surface of anatase 

TiO2(101) prior to a study on the rutile / anatase STM tip modified surface synthesised and 

characterised in Chapter 4. Ethanol has the advantage of containing a single functional group a 

C-C bond and its decomposition is industrially relevant. 
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6.2 Experimental and Computational Details 

The mass spectrometry and STM measurements were performed in a single ultrahigh-

vacuum (UHV) system operating at a base pressure of 1 × 10-10
 
mbar. The setup was equipped 

with an Aahrus 15 HT variable-temperature scanning tunneling microscope by SPECS and a 

HALO 301 residual gas analyser (RGA) by Hiden Analytical. All STM measurements were 

carried out at room temperature. The system was also equipped with a sputter gun and separate 

oxygen, argon, and ethanol gas lines that were fitted with precision UHV leak valves. For mass 

spectrometry measurements, the RGA was mounted inside a Pyrex shroud with a 5 mm aperture 

to enhance detection from the surface as shown in detail in Chapter 3. During the mass 

spectrometry measurements (with or without UV illumination), the sample was positioned ≤1 

mm away from the aperture. A 300-W MAX-303 Asahi Spectra Xe lamp was used as a source 

of the UV light. The UV light produced by the Xe lamp was delivered to the sample using fiber 

optics and a focusing lens assembly. An illumination power close to 5 mW/cm2 was measured 

for wavelengths ranging from 310 to 400 nm.  

XPS was performed in a separate UHV system with a base pressure of 2 × 10-9 mbar 

equipped with SPECS XR50 dual- anode X-ray source (Mg Kα radiation was utilized) and a 

Scienta R3000 hemispherical electrostatic energy analyzer. Also, the system had a sputter gun 

and separate oxygen, argon, and ethanol gas lines fitted with precision UHV leak valves. A 

transparent standard UHV port window was positioned for UV illumination.  

The anatase TiO2(101) single crystal (3 × 3 × 1 mm3) (same single crystal studied in the 

Chapter 4) was purchased from Pi-Kem and was mounted onto a Ta sample plate using Ta foil.  

The standard procedure used for preparing the anatase surface was to perform cycles of Ar+ 

sputtering (1 × 10-5 mbar, 1 kV, 20 min, 6 µA drain current) and annealing at 700 °C for 15 min 

with the temperature of the sample being monitored using a Sirius pyrometer from Process 

Sensors and a calibrated K-type thermocouple.  

The cleanliness of the sample surface was checked by STM. The clean anatase 
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TiO2(101) surface displays a stepped sawtooth-like surface with unit-cell dimensions of 10.24 × 

3.78 Å2 and a step height of 3.8 Å. The unit-cell dimensions were used to calibrate the STM in-

plane dimensions, and the step height was employed for out-of-plane calibration. In this study, a 

monolayer (ML) is defined with respect to the number of Ti5c−O2c pairs on an ideal planar 

anatase TiO2(101) surface, namely, 5.17 × 1014 pairs of atoms per cm2. A glass vial containing 

ethanol was connected to the UHV chamber through a high-precision leak valve located 10 cm 

away from the sample in the dosing configuration. The ethanol (99.85% purchased from VWR) 

line was cleaned using standard freeze− pump−thaw cycles. The dose of ethanol exposure is 

given in Langmuir (L, 1 L = 1.33 × 10-6mbar s). Oxygen (99.9%) was introduced into the 

chamber using a high-precision leak valve. The anatase surface was exposed to O2 for ∼3 min at 

the designated pressure before the UV light shutter was opened. In the photoreactions conducted 

in the STM and photoreaction chamber, the time frame upon dosing and starting the 

measurements was 2 min, and each run was conducted for 2 min with monitoring of the gas-

phase molecules [m/e 44 (CO2, CH3CHO), 31 (CH2OH+), 29 (CHO+), and 15 (CH3
+)] by the 

mass spectrometer.  

Density functional theory (DFT) calculations were performed by Idriss and co-workers 

at SABIC.32 They employed the Quantum Espresso code.33 Calculations were performed using a 

generalized gradient approximation (GGA) for the ionic core description along with the 

Perdew−Burke−Ernzerhof (PBE) exchange correlation and GBRV ultrasoft pseudopotential.34 

All the atomic orbitals were considered filled and part of the core potential except for the 

titanium 3s, 3p, 3d, and 4s; the oxygen and carbon 2s and 2p; and the hydrogen 1s. For energy 

minimization, the specified total energy and total force convergence thresholds were 1 × 10-6 Ry 

and 1 × 10-4 Ry/ Bohr, respectively. The total kinetic energy cutoffs used for wave function and 

density were 50 and 200 Ry, respectively. A (3 × 3 × 1) Monkhorst−Pack k-point grid was used 

for all computations. To obtain smooth results, Gaussian smearing with 0.02 Ry (0.27 eV) 

spreading for Brillouin zone integration across the Fermi level was used. The convergence 

threshold employed for self-consistency was 1 × 10-6. A 2 × 2 five-layer slab of anatase 
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TiO2(101) was built from optimized parameters of the bulk TiO2 anatase unit cell. The 

optimized unit-cell parameters are a = 3.802 Å, c = 9.697 Å, and u = 0.2066, yielding a cohesive 

energy of 24.5 eV at a volume of 35.1 Å3. The computed bulk modulus (B0) is 185.2 GPa, and 

its derivative (B0′) is 4.47 GPa, calculated using the Murnaghan equation of state.35 The 

vacuum distance on top of the slab was set to 15 Å. In this study, the bottom layer was fixed to 

simulate bulk properties, and the top four layers were allowed to relax. Isolated gas-phase 

molecules were simulated in a 15 × 15 × 15 Å periodic cell. The surface adsorption energy 

(Eads) is defined by the Eqs 6.1: 

E!"# =   E!"#!!"#!       − (E!"#$!"#! + E!"#$)                                                     Eqs. 6.1 

where Eads+TiO2 is the energy of the adsorbed molecule on TiO2, EEtOH is the energy of 

isolated ethanol molecule, and Ebare TiO2 is the energy of the clean surface. In this study, the 

adsorbate coverage was set to 25%. Dispersion interaction forces were included through the use 

of the DFT-D2 method by Grimme to study the effects of weak interactions such as London 

forces in the adsorbate−semiconductor system.36  

	  

6.3 Results and Discussion  

6.3.1 Scanning Tunneling Microscopy (STM) of CH3CH2OH−TiO2(101) 
Anatase Single Crystal  
 

The surface morphology of a clean freshly prepared anatase (101) crystal, studied by 

STM, showed wide terraces of 300 Å size (Figure 6.1A) with straight step edges oriented along 

the [010], [111], and [111] principal directions forming triangular terraces from which the 

orientation could be identified (i.e., [101]  directed towards the base37). The atomically resolved 

STM image of the pristine surface shown in Figure 6.1B allows the identification of the “non-

primitive-centered” surface unit cell of 10.24 × 3.78 Å2 (indicated by the black rectangle) and 1 

× 1 periodicity. The bright round features observed on the surface are attributed to 

contaminants. These make up ca. 1% of surface coverage and are attributed to adventitious 
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carbon, consistent with the C 1s XPS data that also indicated the presence of carbon in trace 

amounts. The dark features indicated by the blue square in the same image are associated with 

more reduced TiO2-x anatase surfaces, namely, subsurface oxygen vacancies that resulted from 

vacuum annealing.24,38 These feature have been demonstrated in previous STM studies 

performed on anatase TiO2(101) single-crystal surfaces.  

 
Figure 6.1: 300 K STM of a clean TiO2 anatase single crystal. (A) A large scale image of a 
clean and prepared anatase TiO2(101) (at 2700×2700 Å2  resolution, 1.65 V, and 0.15 nA). (B) 
High-resolution image (at 100 × 100 Å2, 1.65 V, and 0.2 nA). The blue box identifies a 
depression centered on Ti5c−O2c in the empty state image, most likely due to a subsurface Ovac. 
The black box identifies the surface unit cell, 10.24 × 3.78 Å2.  
   

The surface shown in Figure 6.1 was then exposed to 18 L of ethanol at 300 K (Figure 

6.2A). Round bright features representing a coverage of 8.5% ML of ethanol were observed on 

the surface as both clusters and isolated features. A mean sticking coefficient, S of 0.03 from 3 

L exposure[8] was observed, and this value decreased to 0.007 after a 50 L exposure, indicating 

a relatively weak surface−adsorbate interaction. Images of the different ethanol coverage are 

presented in the Appendix (A.8). For comparison, using similar dosing conditions at a low 

exposure; Grinter et al.39 determined a mean sticking coefficient of ∼1 for a low coverage (0.1 

L) of acetic acid adsorbed at room temperature. A high saturating acetic acid  

[8	  ]Flux	   𝑧 = !  (!")
!!"(!")!!(!!!"#!!!!!)!(!)

( !
!",!!!

)/  𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠  𝑐𝑚!!𝑠!!	  at	  the	  pressure	  of	  1.3x10-‐8	  

mbar	  	  ethanol	  2×1012	  molecules	  cm-‐2	  s-‐1	  	  (5.17×1014	  Ti5c	  cm-‐2)	  	  
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coverage on anatase (101) is also shown in Chapter 4. The difference between the sticking 

coefficients of acetic acid and ethanol is related to the strong adsorption energy of the former 

compared to the latter.  

Two distinct tunneling modes were observed, with ethanol appearing as bright features 

of ∼6 Å diameter spread over the Ti5c−O2c positions (Figure 6.2A) or as bright−dark−bright 

features spanning three Ti5c−O2c pairs (see the Figure 6.2A inset, where a defect is circled, as 

well as the enlargement of the inset). These features were found to be equivalent in location by 

monitoring STM contrast changes. For example, several round surface species of ~1.6 Å 

apparent height in one mode could be unambiguously mapped directly to demonstrate this (see 

Appendix (A.7)). This discussed contrast behavior is found here to be independent of voltage 

bias for ethanol, as has been reported on anatase (101) for water, where it was attributed to the 

change in the metallic character of the tip, with coordination of H2O to TiO2 resulting in a 

redistribution and change in energy of the local density of states (LDOS) at the Ti−O site and 

observed as a depression in the empty state image.40,41 

A higher density of ethanol molecules was observed at the bottom of step edges as 

opposed to upper step edges, as a result of ethanol diffusion at room temperature. This is in 

contrast to the behavior of acetic acid, as shown by Grinter et al., which undergoes stronger 

binding and shows no preference for terrace lower step edges.39 Scanning tunneling 

spectroscopy (STS) measurements by Diebold and co-workers indicated that excess electrons 

can be trapped at the upper and lower step edges, leading to a preference for O2 adsorption in 

these locations.42  
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Figure 6.2: 300 K STM images of anatase TiO2(101) after exposure to 18 L of ethanol at 300 
K. (A) 350 × 350 Å2 resolution, +2 V sample bias, 0.420 nA, with 0.085 ML EtOH/EtO− 
coverage. The blue square represents a feature associated with O2. The black oval shows an 
example of ethanol clustering at the step edges. Upper inset: (70 × 70 Å2) ethanol on anatase 
TiO2(101) in “depression” contrast where the black circle indicates EtOH/EtO−; a zoom of this 
feature is shown. Lower inset: the principal azimuths of anatase TiO2(101). (B) Enlargement of 
panel A 240 × 280 Å2 image, species of height ~1.2 Å (green hexagon), ~1.7 Å (yellow 
hexagon) and ~2.4 Å (blue hexagon) are identified. (C) Histogram of the measured heights of 
495 particles from the 350 × 350 Å2 image in image A with a bin width of 0.1 Å. (D) Model of 
the (101) surface with EtOH/EtO- molecules coordinated to the Ti5c. (E) Enlargement of panel 
A: a (70 × 70 Å2) Blue and yellow lines: line of the STM profile shown in image A. White 
dashed lines: arrangements of protrusions in the [111] and [111] and directions. (F) Line 
profile from panel (E), where ca. 1.2 Å and ca. 1.8 Å (1.7 Å in figure) height species can be 
identified.  
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Short chains of the adsorbed ethanol molecules with separations of ∼5.5 Å were 

observed with preferential orientations along the [111] and  [111] directions. This suggests 

coordination of ethanol in adjacent sites along the [010] direction, with the C−C moiety oriented 

perpendicular to the titanium rows. Similar arrangements of acetic acid and water on anatase 

TiO2(101) have been demonstrated by STM.39,63 A simple steric requirement can explain this 

arrangement: The short side of the surface unit cell (∼3.7 Å) would prevent adsorption on two 

neighboring Ti cations. This is shown in the covalent radii ball-and-stick model of the (101) 

surface in Figure 6.2D, where ethanol molecules are coordinated to Ti5c, forming a chain in the 

[111] direction. In the model two molecules are shown positioned on Ti5c nearest neighbors.  

Ethanol imaged at positive sample bias in the protrusion mode on the surface at 300 K 

revealed three apparent heights, as shown in Figure 6.2B, where representative distinct height 

surface features are identified by the green, blue and yellow hexagons. These differing heights 

can be attributed to two adsorption modes of ethanol molecular and dissociated. A previous 

DFT study of ethanol adsorbed on anatase TiO2(101) indicated a preference for molecular 

adsorption with coordination of the ethanol to the Ti5c site.22 The different heights could also be 

due to ethanol and water being co-adsorbed together, but the possibility of a significant 

population of water is discounted by the lack of a water signal in the mass spectrometry data 

(although there is no guarantee that the water would be desorbed by UV irradiation). The STM 

heights of 495 adsorbates in the image of Figure 6.2A were measured (total area of 135000 

Å2). The histogram in Figure 6.2C, with a bin width of 0.1 Å height, allows the determination 

of a major Gaussian peak at 1.8 Å (92%) and two minor Gaussian peaks at 1.2 Å (5%) and 2.4 

Å (3%). Hansen et al.43 reported a difference in STM height of 0.5 Å between two species 

attributed to EtOH (2.6 Å) and EtO− (2.0 Å) bound to Ti5c on rutile TiO2(110). On the basis 

that the two surfaces can be compared the majority species on anatase TiO2(101) is assigned to 

EtO− 1.7 Å (yellow hexagons), with EtOH at 2.4 Å (blue hexagons) the minor contribution 1.2 

Å (green hexagons) could not be reliably assigned. Further low temperature STM and TPD 
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study at low temperature is required for further validation. The high magnification image 

Figure 6.2E depicts the three different species, where blue and yellow height line profiles are 

overlaid. For example the species of 1.2 Å and 2.4 Å height are shown by the blue line and 

example species of height 1.1 Å and 1.7 Å by the yellow line (Figure 6.2F). A DFT study by 

Zhang et al.22 indicated similar adsorption energies for the molecular and dissociative 

adsorptions of ethanol to Ti5c on a perfect surface, with an activation barrier for dissociation of 

0.95 eV (RT at 300 K = 0.0259 eV). In addition, the dark features that are associated with 

subsurface oxygen vacancies are apparently unreactive with ethanol (see Figure 6.2A, blue 

box). Features associated with surface hydroxyls such as Ti terminal OH identified recently by 

STM with distinctive dumb-bell motif,44,45 were not observed.  

6.3.2 Density Functional Theory of Ethanol and Acetaldehyde on 
TiO2(101) Anatase Surface [Performed in collaboration by SABIC]  

 
DFT calculations were performed at SABIC by Alghamdi and Idriss, to provide further 

theoretical under-standing of ethanol adsorbed on the surface of anatase (101).32 A coverage of 

0.25 ML was used, which is close to the upper saturation coverage observed by STM. A 

computational methodology similar to that used by Zhang et al.22 was employed by Alghamdi, 

following a GGA and PBE approach. In addition, weak interactions such as London dispersion 

forces were modelled using the DFT-D2 method of Grimme et al.36 Given the literature 

discussion, calculations were limited to coordination of ethanol to the Ti5c site and scission of 

the O−H bond in ethanol. Figure 6.3 depicts ball-and-stick models of the anatase TiO2(101) 

surface with relaxed atomic positions for adsorbed ethanol and acetaldehyde (the latter is a 

reaction product that is discussed in the following sections). The atomic positions of the clean 

perfect surface were obtained, and they compare favorably to previous theoretical DFT 

work.46,47 The DFT results indicate that the adsorption energies (Eads) are very close for 

dissociated and molecular adsorptions: 1.11 eV for molecular ethanol on Ti5c (Figure 6.3A) and 

0.93 eV for dissociated ethanol on Ti5c (Figure 6.3B). Additionally, acetaldehyde with a 

coordination identical to that of molecular ethanol (Figure 6.3C) was found to be less stable, 
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with an adsorption energy of 0.77 eV. The inclusion of the dispersion interaction between the 

adsorbates and the TiO2 lattice leads to greater instability (∼0.2 eV) of the dissociated form of 

ethanol when compared to the molecular form. Table 6.1 presents some selected geometric 

parameters for ethanol, ethoxide, and acetaldehyde adsorptions. Among the computed modes, 

only the dissociated mode of ethanol induces major changes in the TiO2 surface structure 

through the upward displacement of the Ti5c site (0.42 Å), which, in turn, increases the Ti5c−O3c 

distance by 0.38 Å. Acetaldehyde does not show any structural differences when compared to 

molecular ethanol other than a 0.23 Å shorter Oads−C1 bond.  

 

Figure 6.3: DFT GGA PBE + D computed parameters for the adsorption of ethanol on a 
relaxed anatase TiO2(101) surface. (A) Molecular adsorption of ethanol on Ti5c, Eads = 1.11 eV. 
(B) Dissociative adsorption of ethanol on Ti5c and coordination of H to the adjacent O2c, Eads = 
0.93 eV. (C) Molecular adsorption of acetaldehyde on Ti5c, Eads = 0.77 eV. Color designations 
are as follows: red, oxygen; cyan, titanium; brown, carbon; and white, hydrogen. [This figure 
was kindly prepared by Idriss and Alghamdi.32]  

Table 6.1: Adsorption energies of the bare slab, as well as molecular and dissociated ethanol 
and acetaldehyde on anatase TiO2 (101) along with selected geometry parameters (all distances 
in Å). Atomic labels are shown in Figure 3. 

Parameter Bare 
slab 

EtOH-
(a) 

EtO-
(a) 

MeCH
O-(a) 

Adsorption energy, eV -- 1.11 0.93 0.77 
Oads – Ti5c -- 2.22 1.79 2.25 
Oads – C1 -- 1.46 1.42 1.23 
Ti5c displacement in z-dir. w.r.t. relaxed slab +0.08 +0.18  +0.42 +0.13 
Oplane to Cplane (i.e. Ti5c

 – C1) -- 3.28 3.02 3.21 
Ti5c – O3c  1.78 1.87 2.16 1.84 
Ti6c – O2c 1.85 1.86 2.04 1.85 
O2c

 – Hads -- -- 0.98 -- 
 aAll distances in angstroms. bAtomic labels shown in Figure 6.3. cTi displacement here is with respect to 
the unrelaxed slab. Ti5c during relaxation moves downward with respect to the surface plane; yet, the top 
three layers slightly reconstruct during geometry optimization by moving upward in the z direction, 
making the absolute movement of Ti5c positive (i.e., upward). [This table was kindly prepared by Idriss 
and Alghamdi. 32]  
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6.3.3 STM of Ethanol Photoreaction on TiO2(101) Anatase Single Crystal.  
 

The effect of UV light exposure at 300 K in UHV on an anatase TiO2(101) surface 

dosed with 50 L of ethanol was studied by STM; the results are shown in Figure 6.4. Exposure 

to UV light in the absence of O2 showed negligible photoreaction products in the gas phase, 

namely, H2, CH3CHO, and CH3 (radical), in line with previous similar studies on rutile 

TiO2(110)27,48 and other studies of the reactions of organic molecules on TiO2(110) and 

TiO2(011) single-crystal surfaces.26,27 The photocatalytic reactions after UV exposure in the 

presence of molecular oxygen on an ethanol-covered surface at different partial pressures were 

studied. In each experiment, the freshly prepared surface had an identical exposure to ethanol 

prior to photocatalysis. For example, at an O2 pressure of 3 × 10-8 mbar, the depletion of a 

fraction of the surface could be determined from the coverage of ethanol before and after UV 

irradiation. A reduction in the total surface coverage from 0.12 to 0.08 ML was observed after 

13 min at an irradiation dosage of approximately 5 mW cm-2. Considering that the Ti5c density is 

~5.2 × 1014 cm-2 for anatase TiO2(101), a 0.04-0.06 ML decay (depletion rate) within 780 s 

gives a mean average surface depletion rate of ethanol/ethoxide of 2.7 × 1010 species s-1
 
cm-2. 

The 5 mW cm-2 irradiation in the range of 320−390 nm corresponds to approximately 9.2 × 1015 

photons s-1 cm2, which translates into a reaction rate of about 3 × 10-6 (molecules removed per 

photon) at an oxygen pressure of 3 × 10-8 mbar.  
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Figure 6.4: Representative STM images (350 × 350 Å2) of anatase TiO2(101) after exposure to 
50 L of ethanol at 300 K. (A) Before UV illumination (sample bias +2.1 V, 0.64 nA) with an 
ethanol coverage of 0.12 ML. (B) After UV illumination in 3 × 10−8 mbar O2 (sample bias +2.1 
V, 0.29 nA) with an ethanol coverage of 0.08 ML [13 min of irradiation at 5 mW cm-2 (360 nm 
λ)] 

 

6.3.4 Measurements of the Photoreaction Cross-Section by STM, 
Comparison with other Compounds and Surfaces.  
 

 Previous work by others has shown similar kinetics. For example, White and Henderson 

found that the photolysis of trimethylacetic acid (TMA) on rutile TiO2(110) gave a yield of 1.5 

× 10-5 (molecules depleted per photon) for the first 10 s of the reaction based on mass 

spectrometric data.49 It is important to note that this type of evaluation is based on the results 

from a single crystal, which has the smallest possible surface area-to-bulk volume ratio, that is, 

one layer of adsorbate in the unit area exposed to light. In fact under real catalytic conditions, 

particles of nanometer size stacked on top of each other are expected to react with the same 

number of photons. In other words, assuming a homogeneous particle size distribution of 10 nm 

for TiO2 and compact stacking perpendicular to the incident light, 100 layers of particles per 1 

µm depth (at greater distances, the light will be strongly attenuated) would expose over 200 

times the area (Figure 6.4).  

An expression for the decay of the ethanol concentration as a result of the reaction can 
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be proposed   d[EtOH]/dt   =   −k EtOH ![O!]~![9] Integrated  form:  Ct = C0 exp(−kt), where 

Ct is the number of ethanol molecules on the surface at time t and C0 is the number at time t = 0. 

By rearrangement of the above expression, the rate constant (k in s-1) of the decay can be 

extracted from the STM determination of surface coverage: ln(C0/Ct)/t = k or ln(0.12/ 

0.08)/(780 s) = 0.0012 s-1. Because k = FA, where F is the photon flux and A is the cross-

sectional area, a photon flux F of 9.2 × 1015 photons s-1 cm-2 gives a cross section of 1.3 × 10-19 

cm2. The cross-sectional areas for other reactions on TiO2 rutile single crystals have been 

calculated previously using on-line mass spectrometry, reflection absorption infrared 

spectroscopy (RAIRS), and C 1s XPS. Table 6.2 lists some of the values extracted from similar 

sets of experiments for comparison. 	  

	  
Table 6.2. Photooxidation of various oxygenates over the surfaces of oxide single crystals at the 
given O2 pressures (PO2).  

Molecule Surface Cross 
section 
(cm2) 

PO2 (torr) Comments 

O2OO O2 TiO2 (110) - rutile 1.5×10−15  -  
8×10−17   

PSD 50 

CO TiO2 (110) - rutile 3×10−18 5×10−6 51 

Ethanol TiO2 (110) - rutile 2×10−18 1×10−6 52 

Acetaldehyde TiO2 (011) - rutile 10−17  -  
10−19   

Pre-dosed 53 

Glycine ZnO (0001) - O 1.5-
2.5×10−18 

5×10−6 54 

TMAA TiO2 (110) - rutile ca. 10−18 - 4 
Acetic acid TiO2 (011) - rutile 9×10−22 1×10−6 55 
Acetone TiO2 (011) - rutile 10−18  -  

3×10−21   
5×10−7 56 

Ethanol TiO2 (101) - 
anatase 

1 ×10−19 4×10−8 This work 

aCross section A defined as k/F, where k is the rate constant in s-1 and F is the light flux in (number of 

photons)/(cm2 s). bPSD, photostimulated desorption; TMA, trimethylacetic acid.  

 

 [9] The validity of this equation is demonstrated in sections 6.3.6 and 6.3.7, the measured reaction order 

of 0.15 can be approximated as 0. 
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In another experiment, the results of which are shown in Figure 6.5A,B, the STM 

image of an ethanol-dosed surface after UV exposure at ∼7 mW/cm2 for 3600 s in the presence 

of 3 × 10-8 mbar oxygen indicated the existence of large (0.8 Å height) protrusions in the 

depression mode in addition to ethanol/ethoxides (bright-dark-bright features). These large 0.7-

0.8 Å height protrusions were not observed prior to UV exposure. These features of 0.01−0.02 

ML were arranged in a (1 × 2) formation along the [010] direction, where a row of three are 

displayed in Figure 6.5B (enlargement of Figure 6.5A), with the line profiles in Figure 6.5C 

indicating a separation of 10 Å. This individual feature is potentially attributable to a bi-dentate 

binding species, such as acetate.39 Further work is required to investigate these adsorbates such 

as a study in the protrusion STM mode and the co-adsorption of acetic/formic acid and ethanol 

onto the surface. 

 
Figure 6.5: (A) Filtered and polynomial-flattened STM image (180 × 180 Å2, +2.1 V, 0.25 nA) 
of anatase TiO2(101) after exposure to 50 L of ethanol at 300 K and UV illumination in 3 × 10-8 

mbar O2. Green arrows outside the cyan box indicate small fractions of different spacing. (B) 
Enlargement (50 × 50 Å2) of the region in image (A) identified by the cyan box, which contains 
features in a (1 × 2) arrangement. (C) Height profile of the line shown in image (B).  
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6.3.5 C 1s XPS of Ethanol on TiO2(101) Anatase Before and After 
Photoreaction. 
 

 To further study the origin of this species, we utilized XPS. The cleanliness of the 

freshly prepared anatase TiO2 surface was checked, and no significant contamination was found. 

A saturation coverage of ethanol was dosed onto the surface, after which the sample was 

subjected to UV exposure under 1 × 10-5
 
mbar O2. To monitor the reaction products on the 

surface, C 1s core-level spectra were collected before and after the excitation with UV light. 

Due to the small size of the crystal mounted with Ta wire, the spectrum of the clean surface 

contained a contribution from tantalum carbide at 282 eV that could not be removed by many 

sputtering cycles and that was subtracted from both spectra, before and after the UV excitation 

(see Figure 6.6). The XPS spectrum before the reaction (Figure 6.6A) exhibited the signature 

of ethoxides, as evidenced by the spectral features fitted by Gaussian peaks with a polynomial 

baseline at 286.5 and 285 eV due to –CH2O(a) and –CH3 groups, respectively as these two 

peaks were present in the study by Jayaweera,27 demonstrating no variation in core binding 

energy during heating to 440 K or UV light illumination. Therefore our spectral features and 

ratios are in accord with the XPS data reported for rutile TiO2(110).27 After UV exposure for 

360 s in the presence of O2, one can notice a decrease (of 50%) of the C 1s peaks attributed to 

ethoxides (Figure 6.6B) and the appearance of a peak at 289.5 eV representing about 10% of 

the total carbon species left on the surface. The latter is attributed to RCOO(a) species.55,57 

However, the decrease of the ethoxides was not mirrored by the increase in carboxylates. In 

other words, a large fraction of adsorbed ethanol/ethoxides was removed from the surface, 

whereas a small fraction was oxidized to carboxylates. This final point of the XPS findings is in 

line with the reaction of adsorbed ethanol under UV excitation studied by online mass 

spectrometry, which is presented in Figure 6.7.  
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Figure 6.6: XPS of the anatase TiO2(101) surface after a saturation exposure (ca. 100 L) to 
ethanol (A) before and (B) after exposure to UV light (light flux = 1017 photons cm-2 s-1 in the 
360−400-nm range) at 1 × 105 mbar O2. –CH2O, 286.5 eV (blue); −CH3, 285 eV (red); −COO, 
289.5 eV (purple). [This XPS data was collected and fitted by Y. Alsalik at SABIC.] 

 
 

6.3.6 Photooxidation of Ethanol on Single Crystal TiO2(101) Studied with 
Mass spectrometry 
 

To study the initial photoxidation reaction parameters, reaction rate, and reaction 

products, two sets of experiments were conducted. The first involved a saturation exposure of 

the anatase TiO2(101) single-crystal surface to ethanol at 300 K, followed by UV exposure at ∼5 
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mW/cm2 in the presence of molecular oxygen at different partial pressures. In the second set of 

experiments, an O2 partial pressure of 1 × 10-7 mbar was maintained as the surface coverage of 

ethanol was changed by the exposure of ethanol. For each experimental run, the surface was re-

prepared and cleaned by repeated Ar+ sputtering and annealing to 1000 K, and then surface 

cleanliness was checked with STM prior to each run.  

Three sets of control experiments were conducted to rule out any contribution to the 

mass spectrometer signal from the background. The desorption products of ethanol were 

collected (by monitoring m/e 44, 31, 29, and 15) (i) from the back of the Ta sample holder pre-

dosed with a saturation coverage of ethanol, (ii) from the surface of the clean anatase TiO2(101) 

crystal at 1 × 10-7 mbar of O2, and (iii) from the anatase surface in UHV pre-dosed with ethanol. 

In all three cases, the desorption products were negligible in quantity when compared to the 

signal detected from anatase TiO2(101) under the surface reaction conditions. The main reaction 

products seen at 300 K were acetaldehyde and CO2. This is based on their known fragmentation 

patterns of m/e 44, 31, 29, and 15 (CH3CHO) and m/e 44 (CO2), respectively, and thus, these 

values were monitored exclusively. Previous results on rutile TiO2(110) related to the 

photooxidation of acetaldehyde indicated the formation of CH3 radicals.1 We checked this route 

on the anatase surface of this work and found a negligible contribution. The CH3 radical (m/e 

15) was determined after removal of the contribution from acetaldehyde (∼39%).  

The desorption of photochemically produced acetaldehyde in the gas phase was found 

to correlate strongly with the presence of oxygen in the UHV chamber and the initial coverage 

(θ) of ethanol on the surface. Because aldehydes are more weakly adsorbed than alcohols on 

metal oxides in general and on TiO2 in particular21 (see Table 6.1; Eads,acetaldehyde = 0.77 vs 

Eads,EtOH = 1.11 eV), the former will desorb into the gas phase as soon as they are formed from 

an ethanol-covered surface. Figure 6.7A shows the production of acetaldehyde (m/e 29) 

(deducting 10% for the m/e 31 intensity arising from ethanol) on the (101) surface of anatase 

TiO2 as a function of O2 partial pressure (mbar). After the UV shutter was opened (UV on), a 
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sharp rise in the response at m/e 29 was observed; this signal then decayed toward a background 

elevated from the baseline. After the UV shutter had been closed (UV off), the response 

decayed to a baseline that was determined by the background O2 pressure and chamber pumping 

speed. Peak areas were computed by fitting a linear background in line with the pressure before 

and after UV light exposure and then integrating the total area as defined by the brown-shaded 

region in Figure 6.7B. A double-exponential fitting was found to best represent the desorption 

of acetaldehyde from the surface over the entire O2 pressure range.  

6.3.7 Effect of O2 Pressure on the Photooxidation of Ethanol on TiO2(101) 
Anatase Single Crystal 

 

The plot of total integrated area against O2 pressure (Figure 6.7C) displays a 

logarithmic function, indicating a limiting influence of gas-phase O2 on the reaction rate at ∼1 × 

10-7 mbar, at which point the adsorption sites on the anatase TiO2(101) surface would be 

saturated by O2. Similar results obtained using XPS for the ethanol photoreaction on the rutile 

TiO2(110) surface were reported. The finite nonzero intercept at 0 mbar O2 pressure either is 

suggestive of a small production of acetaldehyde in the absence of O2 or is simply due to the 

uncertainty of the fit. Shown in the inset of Figure 6.7C are the areas of the fast and slow decay 

processes (associated with the double-exponential fitting). The total area for the fast process 

was found to remain constant as a large fraction of ethanol was depleted within the first 100 s or 

more. The contribution of the slow process, however, increased with the O2 pressure. The total 

rate of depletion, rate = k[PO2
]a[θEtOH], where k is the average of the rate constants of the fast 

k1 and slow k2 processes, was analyzed by plotting the natural logarithm of the peak area against 

the natural logarithm of the oxygen partial pressure [ln(PO2)] at a constant initial ethanol 

coverage (θEtOH) (Figure 6.7D). The reaction order of this photocatalytic reaction with respect 

to the O2 partial pressure was found to be equal to 0.15.  
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Figure 6.7:  (A) Acetaldehyde formation upon photooxidation of ethanol on TiO2(101) anatase 
single crystal at a saturation coverage of ethanol at 300 K and the indicated molecular O2 
pressures in mbar. UV excitation flux ≈ 5 mW/cm2. (B) Example of an exponential fit for the 1 
× 10-7 mbar O2 run, with fast and slow exponential decays; the brown shaded region was used. 
(C) Computed peak areas from panel (A) as a function of O2 pressure in mbar. Lower inset: 
computed areas of the exponential fitted function, slow (red) and fast (blue) processes. (D) 
ln(reaction rate) taken from panel A as a function of ln(PO2). [The QMS mass spectrometry data 
was collected by Dr. K. Katsiev]  
	  
	  
	  



	  
184	  

6.3.8 Effect of Ethanol Surface Coverage on the Photooxidation of Ethanol 
on TiO2(101) Anatase Single Crystal.  
 

Figure 6.8A shows the production of acetaldehyde on anatase TiO2(101), where, in this 

case, the ethanol exposure to the anatase surface was varied in the range of 2.3−23 L at a 

constant O2 pressure of 1 × 10-7 mbar. Given the chamber volume (3.6 L), the number of 

acetaldehyde molecules desorbed was obtained and converted into a fractional coverage (crystal 

area = 0.09 cm3) desorption rate in (ML of ethanol) s-1 cm-2, where 1 ML s-1 cm-2 = 5.2 × 1014  

molecules s-1. Further details are presented in Chapter 3. Figure 6.8C shows a graph of the 

(initial) rate, r (ML s-1 cm-2) plotted against initial ethanol coverage, θEtOH on the surface. The 

rate can be expressed as  

r = kθ!"#$! P!!
!.!"

 

or 

ln r = ln k + aln θ!"#$ + 0.15ln  (P!!) 

Figure 6.8D presents a plot of ln(r) versus ln(θEtOH), giving a reaction order, a, of 1. 

The rate constant for the reaction could then be extracted and was found to equal 0.027 s-1, 

giving a cross section of  ~3 × 10-18 cm2, which is roughly (given experimental error and 

approximations) in line with the value that we obtained (1 × 10-19 cm2) from the change in 

surface coverage determined by STM at PO2 = 4 × 10-8 mbar (Table 6.2). The details of this 

calculation are shown below, with further explanation provided in Chapter 3.[10] 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
[10]	  ln 𝑟𝜃!"#$(ML  s!!) = ln 𝑘s!!    + 1×𝑙𝑛 𝜃!"#$(𝑀𝐿) + 0.15 ln 1𝐸 − 07           
ln 𝑟𝜃!"#$𝑀𝐿 = ln 𝑘 + 1×𝑙𝑛 𝜃!"#$𝑀𝐿 − 2.41            
−6.0 = ln 𝑘 − 2.41          
exp(-6.0 + 2.41)    = 0.027 s-1 = k 
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Figure 6.8: (A) Acetaldehyde formation upon photooxidation of ethanol on TiO2(101) at 1 × 
10-7 mbar O2 pressure, 300 K, and ethanol exposure between 2.3 and 32 L. (B) Ethanol coverage 
plot as a function of exposure in Langmuir. (C) Initial rate of reaction (in MLEtOH s-1) with 
respect to the initial ethanol coverage (in ML), with a linear regression fit. UV excitation flux ≈ 
5 mW/cm2. (D) ln(rate) vs ln(θEtOH) plot. [The mass spectrometry traces were collected by Dr. 
K Katsiev] 
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6.3.9 Proposed Reaction Mechanism for the Photo-oxidation of Ethanol to 
Acetaldehyde over TiO2(101) Anatase Single Crystal.  
 

The above results suggest the following reaction scheme: According to the STM and C 

1s XPS results, ethanol is first largely dissociatively adsorbed on Ti−O pairs as ethoxides and 

surface hydroxyls, the latter not identified or indistinguishable from ethoxides in STM. 

  

CH3CH2OH(a) + O(s) → CH3CH2O(a) + OH(a)                                                           Eqs 6.2 

where the indexes a and s stand for adsorbed and surface, respectively.  

Upon excitation with UV photons, electrons are excited from the VB of TiO2 to its CB where 

CB represents the conduction band and VB represents the valence band. 

2Ti −O + 2hν → 2e-(CB) + 2h+(VB)                                                                               Eqs 6.3 

[also written as Ti3+ and O-(1)] 

 In the presence of O2, excited electrons lead to the formation of O2
.-

 radicals 

2e- + 2O2(a)  → 2O2
.- (radical)                                                                                   Eqs 6.4 

which, in turn, give rise to HOO
.
 radicals, as previously observed in numerous work. 

 This allows for the first hole trapping by an ethoxide species to give a short-lived 

radical species. 

h+ + CH3CH2O(a) + Os  → CH3C
.
HO(a) + OH(a)                                                           Eqs 6.5 

 Molecularly adsorbed ethanol might behave similarly to dissociatively adsorbed ethanol 

(forming hydroxyl radical instead of an oxy radical). Idriss et al. has demonstrated the 
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favorability of this process in DFT studies58 of hydrogen peroxide and ethanol59 with the rutile 

TiO2(110) surface. This finding is in line with other results for oxygen containing organic 

adsorbates on TiO2 surfaces.60 

 The formation of the oxy radical species (Esq 6.5) is followed by a second hole trapping 

to give acetaldehyde 

h+ + CH3C
.
HO(a) → CH3CHO(g)                                                                                   Eqs 6.6 

 The two hydrogen atoms removed from ethanol (Eqs 6.2 and 6.5) would ultimately give 

water to close the cycle, although the initial pathway results in the formation of perhydroxyl 

radicals (Eqs. 6.7). 

2O2
.-(anion radical) + 2OH(a) → 2HOO(radical) + 2Os                                                     Eqs 6.7 

2HOO(radical) → 2OH
.
 (radical) + O2                                                                             Eqs 6.8 

The sum of Eqs. 6.2−6.8 gives CH2CH2OH(a) + O2 → CHCHO(g) + 2OH(radical). 

Oxygen-containing radicals would react with a small fraction of the acetaldehyde before 

desorption to (ultimately) convert the acetaldehyde to formate/acetate species. The dependence 

of the reaction rate with respect to PO2 was found to be approximately 0.15, which indicates that 

other limiting factors (in addition to the reaction stoichiometry as seen in the above equations) 

are involved, in particular the weak equilibrium (binding) constant of O on the surface of TiO2, 

which requires increasing pressure for reaction. Oxygen molecules are very weakly adsorbed on 

TiO2. In the case of rutile TiO2(110), they completely desorb at about 60 K61 and similarly on 

anatase TiO2(101).  

The formation of carboxylate species (as hinted by STM in Figure 6.5) and identified 

by C 1s XPS (Figure 6.6) is evidence of further reactions of the oxy radical species (as 
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previously seen in photo-oxidation studies of organic compounds26,62). This, in turn, indicates 

the participation of oxygen radicals in further reaction steps that ultimately lead to the 

production of CO2 and H2O for a complete catalytic cycle.  

6.4 Conclusion 

 
The photocatalytic reaction of ethanol over the (101) surface of an anatase TiO2 single 

crystal was studied by STM and online mass spectrometry in the presence and absence of 

molecular oxygen. Upon dosing of ethanol at 300 K, two types of species with distinct STM 

heights were observed. These were attributed to two adsorption modes: molecular and 

dissociated. UV illumination in the presence of oxygen resulted in the partial depletion of 

ethanol from the surface. Furthermore, the appearance of large protrusions in the depression 

mode was observed. These were arranged in a (1 × 2) structure and oriented along the [010] 

direction, which strongly suggests that the species were adsorbed in a bi-dentate manner, such 

as carboxylate species. Upon UV excitation in the presence of O2, the main reaction product of 

ethanol photooxidation at 300 K was found to be acetaldehyde. The reaction order with respect 

to O2 at near-saturation coverage of ethanol/ethoxide was found to be approximately 0.15. The 

reaction order with respect to ethanol was found to be equal to 1. The photooxidation cross 

section was calculated as (0.1−3) × 10-18 cm2 from STM and mass spectrometry measurements 

at O2 partial pressures of ∼(0.3−1.0) × 10-7
 
mbar.  

 

6.5 Perspectives 

Further investigation of the species present on the ethanol/ anatase TiO2(101) with low 

temperature (LT) ~78 K STM is required, combined with TPD to determine the species 

definitively where images at corresponding temperatures can be correlated with TPD desorption 

peaks for molecular and dissociative ethanol adsorbates.  In particular the technique of inelastic 

tunneling spectroscopy could be used to identify the vibrational signature of ethanol and resolve 

the dissociated form from molecular, with the aid of simulation. A UV light flux dependent 



	  
189	  

photo-oxidation study of the ethanol/TiO2(101) surface is required to resolve definitively the 

surface product species. The identification of the population of formate/acetate species in STM 

as a function of UV light flux would aided by TPD and XPS measurements. 

As alluded to in Chapter 4, the ethanol adsorbed tip modified surface of anatase 

TiO2(101) containing a rutile component could be studied in the dark and under UV light 

illumination with STM. Some qualitative and quantitative (photo-reaction cross-section) 

comparison could be made to the clean anatase TiO2(101) surface studied in this Chapter. 

Unfortunately the mass spectrometry could not be employed for this study. 

The dispersion of small Au clusters of ~ 10 Å height on the surface of anatase 

TiO2(101) and its effect on the photooxidation of ethanol would also be of interest. A recent 

study conducted on Au/rutile TiO2(110) within our group revealed the generation of H2(g) by 

mass spectrometry upon UV illumination in UHV. A comparison to this study would be of 

value as the anatase TiO2(101) surface makes a up a significant fraction of surfaces present in 

Au/TiO2 nano materials photo-catalysts. The same combination of STM and mass spectrometry 

would be used to afford comparison between the rutile TiO2(110) and anatase TiO2(101) 

surfaces. 
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A.0 Appendix 
	  
A.1 Chapter 4  

A.1.1 Electron Bombardment of Anatase TiO2(101) 
 

Shown in Figure A.1 (large-scale) and Figure A.2 (zoomed-in) are STM images 

recorded of the centre of the anatase TiO2(101) sample after 5 minutes electron irradiation. 

Features (black circle identify depressions, green circles protrusions) qualitatively similar to the 

outer edge of the e-beamed surface after 5 + 10 minutes are apparent. 

 

Figure A.1: The centre of the anatase TiO2(101) surface after electron bombardment for 5 
minutes at a flux of 1.5 × 1015 electrons s-1cm-2. (A) A 700 × 700 Å2 image  (+1.6 V, 0.1 nA) 
Shown in the inset are azimuths with respect to the (101) surface. (B) A zoomed-in area 190 × 
150 Å2 image where dark depressions (black dashed circles) and protrusions (green circles) are 
identified.  

 
 Shown in Figure A.2 are STM images recorded at the outer edge of the e-beamed 

surface after a total electron irradiation for 5 + 10 minutes. It is apparent that the dark 

depressions aligned in the [010] direction in the topographic image of 5-10 Å width are present 

at both +1.6 V sample bias empty states imaging and –1 V sample bias filled states images. 

Identical features are identified by the green dashed lines in the blue ovals. 
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Figure A.2: STM image of the outer edge of the anatase TiO2(101) after e-beaming with an 
electron flux of 1.5 × 1015 electrons s-1cm-2  for 5 + 10 minutes. (A) A 250 × 250 Å2 (+1.6 V 
sample bias, 0.1 nA), dark strips are present elongated in the [101] direction. (B) A 250 × 250 
Å2 (-1.0 V, 0.1 nA) with identical dark strips. In both imags several representative depressions 
are identified by the green dashed lines in the blue ovals. 

 

A.1.2 Example image calibration  
	  	  

Figure A.3 details an example calibration protocol used in Chapter 4 to analyse a tip 

modified anatase TiO2(101) surface. A large-scale tunneling current (+1.6V, 0.1 nA) image 

Figure A.3A displays a tip modified anatase TiO2(101) surface. The (100)-(1 × 3) region is 

visible in the top left hand corner. The lattice parameter of a region of the underlying anatase 

(101)-(1 × 1) surface was measured, as shown by the zoomed in Figure A.3B image where pink 

and blue line profiles overlaid on the image in the anatase TiO2(101) [010] and (101) [101] 

directions. To determine the correction factors to apply to vertical and horizontal image 

dimensions, the lattice parameters are extracted from the row spacing as shown in line profiles 

Figure A.3C and Figure A.3D and compared to the known anatase lattice parameters (3.78 × 

10.24 Å2), (taking into account the angle of the [010] and  [101] directions with respect the 

horizontal and vertical directions). A zoom of the calibrated STM image is shown in Figure 

A.3E. Measurements of line profiles across the rows of the rutile (100)-1 × 3 determined a 
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lattice parameter of 14.2 Å with a corresponding error of 0.4 Å estimated from the minimum 

(blue line) and maximum (pink line) distances. 

 
Figure A.3: An example of the calibration procedure performed on the tip modified STM 
images in Chapter 4. (A) A 300 K 388.3 × 388.3 Å2 STM tunneling current image (+1.6 V, 0.1 
nA) of a tip modified region of anatase TiO2(101). The green square is the region zoomed in 
image  (E). The red square is the region zoomed-in in image (B). The green arrows identify the 
angle between the [010] anatase direction and the horizontal image direction (vertical is 21°). 
Bottom inset: The (101) azimuths are shown.(B) Zoomed-in image of the anatase TiO2(101)-(1 
× 1) surface. Pink and blue line profiles are overlaid in the [101] and [010] direction 
respectively. (C) A line profile in the [101] direction. (D) A line profile in the [010] direction. 
(E) A zoomed-in image of the modified region defined by green square in (A). Overlaid are 
lines across the length of four unit cells of the (1 × 3) from which the maximum (pink line) and 
minimum (blue line) can determine a (1 × 3) lattice parameter 14.2 Å ± 0.4  Å. 
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A.1.3 Additional Structures Formed by Tip Modification: No. 1 
	  

 

Figure A.4: 300 K STM images (+1.6 V, 0.1 nA) of a tip modified (+10 V 200 ms, 50 nA) 
anatase TiO2(101) surface. (A) A (730 × 730 Å2) STM image, white cross indicates the centre 
of pulse. Top inset: the anatase TiO2(101) azimuths are identified. Blue box identifies an area 
zoomed-in in (B). The green rectangle indicates the area zoomed in in (C) (B) A (125× 125 Å2) 
STM image of an outer ‘healed’ region. Blue ovals identify bright-dark-bright point defects. 
Black rectangle identifies the anatase (101) unit cell. (C) A 280 × 190 Å2 area of the surface 
identified by the green box in (A). Blue circles identify bright-dark-bright point defects. Pink 
and green lines profiles are overlaid. (D) Line profile of step height (4 Å) in (C). (E) Pink line 
profile as defined in (C), where rows (5.2 Å) are identified. (F) Height line profiles from lines 
in (A) an angle of 10° ± 1° (green) [101] an angle of 6° ±1° (dark blue) [010] and substrate 0° 
(light blue) are shown.  

	  
A pulse (+10 V, 200 ms 50 nA) produced a mound/hole structure containing a large 

crystalline domain. Figure A.4A displays a large-scale 730×730 Å2 (polynomial deducted) 

image of the modified region. The mound contains a central region of small (~100 Å ) 

rectangular terraces, faceted into a dome shape (~23000 Å2 area). Blue and green lines are 

overlaid to compare the angle of a region of the structure with respect to the (101) substrate. 

The (1 × 1) healed outer region is shown in the atomically resolved zoomed in 250×250 Å2 
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image (Figure A.4B). The (10.24 × 3.78 Å2) unit cell is identified (black rectangle). Point 

defects with a bright-dark-bright motif in the empty state image, spanning three Ti5c-O2c units 

are identified (blue circles).  

 One representative area of the new modified surface is shown in the zoomed-in image 

Figure A.4C identified by the green box in Figure A.4A. Structural measurements were 

performed by extracting and measuring line profiles from the image and these are shown in 

Figure A.4D and Figure A.4E. It is apparent that; i) The steps edge height (30 line profiles on 

three steps) is of approximately 4 Å ± 1 Å as shown in Figure A.4E; ii) The lattice row spacing 

as shown in Figure A.4F is 5.2 Å ± 0.2 Å (average of 10 measurements).  

From STM characterisation a likely assignment is that of anatase TiO2(101)–(1 × 1) 

surface grown on-top of the (101) substrate. In addition depressions centred on the rows of  ~2-3 

Å length in the empty state image are identified (blue circles). Theses features on the new 

surface are similar to the defects present also on anatase TiO2(101).(see Chapter 4 and 

references therein)  

An analysis of row direction indicates that the modified anatase (101) substrate [010] 

direction is rotated by 64° with respect to the underlying (101) [010] direction (see Figure 

A.4C). The relationship with the underlying surface is further assessed by line profiles (Figure 

A.4F) drawn though a region of the newly formed surface in the (modified (101) ) [010] 

direction (dark blue) and [101] (green), inclined from horizontal by angles of 6 ° ± 2° and 10 ° ± 

2° respectively. This indicates a tilted relationship between the underlying (101) surface and the 

tip modified anatase surface. (see Chapter 4 and references therein) 

A.1.4 Additional Structure Formed by Tip Modification: No. 2 
 

A tip pulse modified region (+8 V, 100 ms, 50 nA) is presented in Figure A.5. The 

Figure A.5A STM image (1400 × 1200 Å2) indicates a large mound within a hole formed in the 

surface surrounded by cleared anatase TiO2(101). A crystalline domain (10000 Å2) exists in a 

hollow disc at the outer region of this mound, as seen in the zoomed in image Figure A.5B. In 
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Figure A.5A a black line height profile is overlaid on both the newly formed crystalline region 

and the outer anatase TiO2(101) surface, demonstrating a co-planar relationship. This profile is 

shown in Figure A.5C The lattice spacing of the newly formed crystalline region is distinct 

from anatase TiO2(101). In the zoomed in image Figure A.4D, the anatase TiO2(101) (1 × 1) 

surface can be identified (green dashed oval) where a line profile (blue) is drawn in the (101) 

[101] direction. An exposed region of new (white dashed oval surface) show resolved rows 

aligned with the substrate (101) [010] direction (~±2°). A representative height line profile in 

Figure A.5E (green line) indicates a mean average calibrated lattice constant of 9 Å ± 0.2 Å 

and corrugation of ~1 Å. These ordered regions are apparently all of the same row spacing size, 

in registry and orientated in the same direction. The black dashed circles in Figure A.5B 

identify example areas. In the high-resolution STM image (Figure A5B inset) a step edge with 

adjacent terraces formed of rows are identified by the black dashed ovals. It is apparent that the 

terraces above and below this step edge are directly out of phase as the dashed lines overlaid on 

the STM image for two step-edges indicate. It is not clear what this structure is and further data 

is required to characterise it. The co-planar relationship and alignment with the [010] direction 

would suggest an epitaxial arrangement to the surface. (see Chapter 4 and references therein) 
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Figure A.5: STM images (+1.6 V, 0.1 nA) of a (+8 V 100 ms, 50 nA) tip pulse modified e-
beamed (35 minutes total) anatase TiO2(101) surface. (A) 1400 × 1200 Å2 large scale image of 
the tip pulse, black dashed circle identifies the outer effected area, black cross depicts the centre 
of the pulse and the dark blue line a height line profile over a region of crystalline surface of the 
outer ‘healed' surface. (B) An STM image of the tip pulsed region where multiple crystalline 
areas can be observed (black dashed circle). Inset: region defined by the green box zoom 
indicates surface above and below a step edge are directly out of phase (C) A line profile from 
(A) (D) 280 × 280 Å2 STM image where a region of anatase (101) is identified (green oval) and 
modified surface white circle with blue and green line profiles overlaid. (E) Blue and green line 
profiles as defined in (D). 
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A.2  Chapter 5 

A.2.1 Lepidocrocite-like TiO2/ W(100) Surface after Annealing 
 

 Shown in Figure A.6 is an image of lepidocrocite-like TiO2 / W(100) surface after 

annealing to 1000 K for 10 minutes. The lepidocrocite-like TiO2 nanosheet (blue dashed boxes) 

demonstrates a thermal instability and now has a diminished area coverage of 3%. The rutile 

surface is identified by the rows of 6.5 Å (high resolution image Figure A.6B and line profile 

Figure A.6C.   

 

Figure A6.: 300 K STM images of the lepidocrocite-like TiO2/ W(100) surface after annealing  
to 1000 K for 10 minutes. (A) A large scale (500 × 410 Å2) STM image (+1.6 V, 0.1 nA). The 
blue dashed boxes identify remaining lepidocrocite-like islands of coverage 0.03 MLE. The 
higher islands are rutile TiO2(110)-(1 × 1).  The principal W(100) azimuths are indicated in the 
lower inset. (B) A high resolution (87 × 87 Å2) image on top of one of the rutile TiO2(110)-(1 × 
1) islands, where rows of 6.5 Å separation are present. A blue line identifies a line height 
profile. (C) Height line profile where rows of 6.5 Å are present. 
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A.3 Chapter 6 

A.3.1 Monitoring CH3CH2OH Adsorbate STM Contrast Changes on  

         Ethanol/Anatase TiO2(101) 
 

Shown in Figure A.7 are STM images of ethanol/anatase TiO2(101) recorded before 

and after a tip apex change resulting in a reversal of contrast of the ethanol adsorbates on the 

surface of anatase TiO2; where features can be identified in depression mode (Figure A.7A) 

with a bright-dark-bright motif and in the protrusions mode as protrusions (Figure A.7B). Two 

diagonal rows (green dashed lines) and a single adsorbate  (blue box) are identified in both 

images, with the contrast resulting from identical species in both images. A double tip is present 

in Figure A.7B. 

 

 

Figure A.7: 300 K STM images of anatase TiO2(101) after exposure to 50 L of ethanol at 300 
K. (A) 175 × 175 Å2 image recorded at +1.0 V sample bias  0.17 nA, in the depression mode, 
two rows of ethanol molecules in the bright-dark-bright mode are arranged in the [111] and 
[010] direction are identified by the green dashed line, a single feature is identified by the blue 
square. (B) 175 × 175 Å2 image recorded at +1.0V sample bias and 0.18 nA, matching features 
of ~1.6 Å height in the protrusion mode are identified by the green dashed line and blue square. 
Lower inset: the principal azimuths of anatase TiO2(101). A double tip is present in image (B). 
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A.3.2 CH3CH2OH Adsorbate Coverage on Anatase TiO2(101) as a 
Function  of Exposure 
 

 Shown in Figure A.8 are representative STM images of the ethanol/anatase TiO2(101) 

surface after a range of exposures (3-50 Langmuir). The ML coverage is defined with respect to 

the number of surface Ti5c-O2c pairs with individual bright round features attributed to single 

ethanol molecules. More images were used to determine average coverage for ethanol exposure, 

with the standard deviation used to determine the error bar. 

 

Figure A.8: 300 K STM images  (+2V, 0.2 nA) of anatase TiO2(101) are shown after various 
exposures to ethanol. (A) 250 × 250 Å2 STM image after 3 L ethanol exposure, 0.04 ML 
ethanol.  Insets: the principal (101) surface azimuths. (B) A 250 × 250 Å2 STM image after 18 L 
ethanol exposure, 0.085 ML ethanol. (C) A 250 × 250 Å2 STM image after exposure to 36 L of 
ethanol, 0.15 ML. (D) A 250 × 250 Å2 STM image after exposure to 50 L of ethanol. 
 
	  


