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ABSTRACT 

 

Surface Chemistry Studies of Transition Metal Oxides: Titanium Oxide 

and Iron Oxide 

 
Zhisheng Li 

 

Surface chemistry studies of two transition-metal oxides: titanium oxide and iron 

oxide are presented, which are focused on thermal induced chemistry using proximal 

probe imaging and spectroscopy. In the first, using single crystal of rutile TiO2 (110), 

arrays of nano-scale locally varying surface strain field were generated by introducing 

highly pressurized nanoscale argon clusters 4-11 layers below the surface. The 

characteristics of the argon clusters are explored through STM tip-assisted surface 

excavation, combining with a continuum mechanical model. This work experimentally 

demonstrates that surface elastic strain influences the adsorption energy of adsorbates 

significantly and, thus, can be used for applications of surface nanopatterning. As a 

comparison with work on nanoscale, two forms of titanium oxide in reduced 

dimensionalities are experimentally synthesized and investigated for their surface 

reactivity: 3D nano TiO2 crystals and monolayer TiO films, both of which are supported 

on single crystal Au(111) surface. This work demonstrates that both nano crystals and 

ultrathin films of titanium oxide exhibit distinctive surface structural and catalytic 

properties compared to the bulk surface terminations.  In particular, TiO2 nano crystals 

are more catalytically active and provide a new dissociation channel for adsorbed 2-

propanol, a probe molecule chosen for this study. In the process of undertaking this 



 

research, it was found that monolayer TiO film can be used to employ moire varied 

chemistry.   In particular, a long range pinwheel-shaped surface moiré pattern due to 

gradual shift of atom registry on Au (111), was found to further influence the adsorption 

geometry of adsorbates and to cause thereby smoothly varying sites for reactions.   

 

 In the case, of the second transition metal oxide surface, Fe3O4 (111), a 

comparison was made with rutile TiO2 (110) surface, Fe3O4 (111) is a polar surface with 

apparent surface charge, and thus undergoes various surface reconstructions. Therefore, 

its surface structure is of great complexity. Our work shows that the reaction of methanol 

on this iron-oxide surface is highly sensitive to atomic-level surface reconstructions. 
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1 

 

Introduction 

 

Transition metal oxides are fascinating, and yet complicated materials. They have 

been used in an extremely wide range of applications due to their rich catalytic 

properties. An incomplete list includes photocatalysis, gas sensors, protective or optical 

coatings, exhaust gas remediation in automobile, and selective oxidation of organic 

compounds. The surface chemistry of transition metal oxides plays a key role in these 

applications. Since, in practical applications, transition metal oxides exhibit a wide 

variety of surface structures, an atomic-level understanding of the surface chemical 

properties could lead to gaining a deeper insight into the performance of the transition 

metal oxides in these applications. Over the past decades, significant progress has been 

made in understanding the reactivity of several prototypical transition metal oxide 

surfaces, utilizing various in situ surface analytic techniques. Those studies have been 

able to relate surface reactions to specific surface structural properties. A central idea 

emerged in these studies is that coordinatively unsaturated metal and oxygen sites, as 

well as defect sites (such as vacancies and steps) are essential for surface catalytic 

properties. Despite the progresses mentioned above, our understanding of transition metal 

oxides surfaces is still far from complete and from the level that has been achieved for 

understanding metal surfaces. The general goal of this research is to examine TiO2 (110), 

an extensively examined transition metal oxide surface, from a new perspective (effects 

of strain and reduced dimensionality), as well as to gain more atomic level understanding 

of an often visited but less understood transition metal oxide surface (Fe3O4 (111)).    
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 Rutile TiO2 (110) is one of the most extensively studied prototypical metal oxide 

surfaces. Our knowledge of this surface includes its structural and electronic properties, 

surface defects, photocatalytic properties, and its interaction with inorganic and simple 

organic molecules. Among our understanding of this surface, one fundamental 

mechanical aspect is missing, namely strain/stress. Strain has been demonstrated to alter 

chemical, electronic and magnetic properties of materials in various systems. Moreover, 

strain is commonly present in practical materials and devices. Therefore understanding 

the effect of strain is an important aspect to achieve complete understanding of TiO2 

(110) surface. One limitation to addressing this question is the experimental difficulty in 

generating significant strain fields and distinguishing the effect of this strain from 

chemistry due to other changes in surface properties. We have overcome these difficulties 

by introducing nano inert gas clusters in near surface region. On one hand, the existence 

of the highly pressurized gas clusters cause the surface layers protrude outward to form a 

blister-like nanofeature and thus generating a large-value local strain field, which is ideal 

for investigation of effect of strain on surface reactivity. On the other hand, inert gas 

clusters are chemically inactive and are several layers under the surface. Therefore, their 

presence doesn’t introduce any chemical effects on the surface. It should be noted that we 

are not the first one to use this technique. Inert gas bubbles were first discovered in metal 

systems used in nuclear reactors, where inert gases generated during nuclear reactions 

dissolve into metals and cause swelling, which becomes a potential safety issue. Within 

the academic community, this problem is usually simulated by bombarding metals with 

highly energized ions (MeV) and inert gas bubbles are formed inside the bulk. It was later 

discovered that by bombarding the metal surface with low-energy ions (keV), nano gas 
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clusters could be stably formed in the near surface region and elastic deformations and 

associated train fields were generated on the surface. In this dissertation, we apply the 

similar technique on TiO2 (110) surface to study strain-related effects on surface 

chemistry.   

 

 Although a substantial number of investigations have been carried out on bulk 

faces of TiO2, studies of its nano forms with reduced dimensionality are limited. This is 

in contrast with the growing interest toward titania-based devices in nanometer scale 

(nanoparticles and nanosheets) with structural and electronic properties different from 

those with bulk surface termination. Specifically, nonstoichiometric and defective phases, 

which are unstable in bulk form, can be stabilized in their nano forms due to size-

confinement effects or interaction with the substrate. In this regard, our and other 

research groups have examined different methods of preparing nano TiO2 crystals and 

nano TiOx sheets with uniform phase and size distributions on single-crystal metal 

substrates. Those results suggest that nano forms of TiOx exhibit a large variety of 

phases, shapes and sizes, which are sensitive to the preparation conditions and the 

substrates. Some of those phases have been thoroughly characterized; some of them 

remain not well understood. This work presents two forms of TiOx in reduced 

dimensionalities, 3D nano crystals and monolayer sheets. Their surface properties and 

interactions with probe molecules are also discussed.  

 

 Finally iron oxide is another promising material for various applications, such as 

hydrogen generation for fuel-cell applications, water purification, etc. Among those 
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applications, many involve interactions between iron oxide surface and inorganic/organic 

molecules. Therefore many studies have been carried out on different surfaces of iron 

oxide, including those by our group. Examples of representative results include 

decomposition of H2O and CCl4 at Fe3O4 (111). Due to the excess charge associated with 

unsaturated Fe and O atoms at the surface, iron-oxide surfaces often exhibit many very 

complex reconstructions. Thus their structure can be very different from that of the bulk. 

A combination of different surface techniques is required to fully unravel surface 

structure and associated surface reactions.  This dissertation combines scanning tunneling 

microscope, temperature programmed desorption and density functional theory to 

investigate the reaction of a probe molecule (methanol) at Fe3O4 (111) surface.     
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Chapter 1: 

Experimental Techniques 

 

1.1 Ultrahigh Vacuum Systems 

 

Ultrahigh vacuum (UHV) conditions are generally regarded as being the vacuum 

regime below 10-9 mbar. Under UHV conditions, the number of gas molecules is much 

less than that of atmospheric air per unit volume at 300K, which reduces the collision rate 

of the gas molecules with the surface and minimizes surface contaminations. The 

correlation between collision rate with the surface and pressure can be summarized as 

𝐴 = 𝑃√
1

2𝜋𝑚𝑘𝐵𝑇
, where A is the number of collisions per unit time per area, P is system 

pressure, m is the gas molecular mass, kB is Boltzmann constant, and T is temperature.  

 

UHV is necessary for many surface analytic techniques, including Auger, XPS, TPD, 

etc., which require a pristine surface cleanness. The base pressure of our UHV chamber is 

~8×10-11 Torr, which is initially achieved by baking the chamber at 140 ºC for ~day. This 

pressure is maintained by a turbo-molecular pump and an ion pump. A titanium 

sublimation pump is also used when necessary. The high quality of the vacuum in our 

UHV chamber ensures that the sample surface remains free of contamination for hours 

after cleaning, which provides adequate time for typical STM and TPD experiments 

discussed through this dissertation.  
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1.2 Scanning Tunneling Microscope  

 

The scanning tunneling microscope (STM) is widely used in surface science 

studies to obtain atomic-resolution images of metal or semiconducting substrate surfaces. 

It provides a three dimensional profile of the sample surface, which allows for 

examination of surface defects such as missing sites and steps, and characterization of 

intentionally deposited impurities such as adsorbed molecules and aggregates. Its 

invention in 1981 at IBM Zürich earned its inventors, Binnig and Rohrer, the Nobel Prize 

in Physics in 1986.  

 

Figure 1.1. SEM image of a typical chemically etched W-tip. 

 

The physical principles entailed in STM are based on the concept of quantum 

tunneling. An extremely fine conducting probe tip is brought to very near proximity to a 

surface, which is to be investigated. A bias, applied between the sample and the tip, 
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allows electrons to tunnel through the vacuum gap between the two. The tunneling 

current can be expressed as  

𝐼 =
4𝜋𝑒

ℏ
∫ 𝜌𝑇

𝑒𝑉

0

(𝐸𝐹 − 𝑒𝑉 + 𝜀)𝜌𝑆(𝐸𝐹 − 𝑒𝑉 + 𝜀)|𝑀|2𝑑𝜀 

where I is tunneling current, e is electron charge, ℏ  is reduced plank constant, V is 

applied bias, 𝜌𝑇 and 𝜌𝑆 are electronic density of states of the tip and surface respectively, 

and M is tunneling matrix element that decays exponentially with tip-surface separation. 

The magnitude of the tunneling current is typically in the pico- to nano-ampere range.  

 

The tip is attached to a piezodrive, which consists of three piezoelectric 

transducers perpendicular to each other, for the control of its vertical as well as lateral 

movement. By applying a voltage to the x piezo and a voltage ramp on the y piezo, the 

probe tip scans the surface on the xy plane. Meanwhile, the vertical distance is controlled 

by a negative feedback loop in order to maintain a constant tunneling current. When the 

sample-tip distance changes, the tunneling current also changes accordingly, which 

generates a negative change in the vertical position of the tip to bring the tunneling 

current to its setting value. The topographic map of the surface is then obtained by 

monitoring the change in the tunneling current during scanning. The atomic-scale 

scanning capability is provided by the sharpness of the probing tip and the fine control of 

the movement of the tip realized by means of ferroelectric crystals in modern STM 

instruments. The most common ferroelectric crystals in piezoelectric scanners are a 

ceramic bicomposition of PbZrO3/PbTiO3. 
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 As one can imagine, an effective vibration isolation mechanism is one of the 

critical factors in order to achieve atomic resolution. In a practical STM instrument, this 

is typically realized by placing the STM chamber on a floating damped table as well as 

attaching the scanning setup to a spring suspended magnetically damped stage.   

 

 It should be noted that STM instruments can be adapted in order to achieve 

different studying purposes, such as using semiconducting STM tips instead of 

conducting tips and using multi-tips for simultaneous scanning. To avoid confusion, all 

STM experiments conducted in this dissertation used single W-tip prepared through 

chemical etching. STM images were taken at room temperature unless noted otherwise. 

  

1.3 Temperature Programmed Desorption 

 

 Another experimental technique used frequently in this dissertation is temperature 

programmed desorption (TPD).  It is a technique for observing desorption of adsorbates 

from a sample surface while the surface temperature is increased, in order to discriminate 

between processes with different activation energies or related parameters. TPD is often 

used to study adsorption and surface reactions of molecules on single-crystal surfaces. 

When combined with other surface techniques, such as STM, it can provide detailed 

aspects of adsorbate adsorption, diffusion and reaction on the surface. 

 

The basic experimental setup for TPD is very simple. It involves a dosing system 

to deposit one or more molecular species onto the sample surface at room temperature or 
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lower, a heating system to increase the surface temperature in a controlled manner, and a 

mass spectrometer to monitor the mass of the molecules desorbed from the surface as 

well as a computer-controlled data acquisition interface.  

 

 The deposition of molecules is achieved through a lab-designed and fabricated 

aperture-based gas system, in which the gas line, before a 5 μm aperture, was connected 

to a high-vacuum sealed glass tube filled with liquids of chemicals, which have 

sufficiently high vapor pressures for deposition to occur at a effective rate. The other side 

of the aperture opened to a 4 mm diameter tube leading toward the sample surface with a 

~5 mm distance. During deposition, the gas line before the aperture was filled with the 

molecular species vapor in the mTorr pressure range (pre-pressure) for a desired amount 

of time. The dosing could be accomplished either at room temperature or at a lower 

temperature. For lower sample temperature, the sample is cooled with the manipulator 

simultaneously by liquid nitrogen. The precise dosing was controlled by regulating the 

pre-pressure and the dosing time. For a typical molecular species, when using 3 mTorr 

pre-pressure, ~10 s deposition results in approximately 1 Langmuir exposure, which is 

about ~1 ML of surface coverage, if the sticking efficient is close to unity.   

 

 The heating of the sample surface is controlled by a PID loop feedback system, 

which connects the sample and a DC power supply. A K-type thermocouple is mounted 

to the sample, allowing for direct measurement of the sample temperature. For a typical 

heating rate 2 K/s during TPD experiments, this PID control mechanism provides 

rigorously linear heating of the sample, which is critical for TPD experiments.  
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 To monitor the masses desorbed from the surface, a differential-pumped 

quadrupole mass spectrometer is mounted on a custom-built retractable flange. During 

TPD experiments, the 3 mm-diameter aperture on a conical exit tip of the mass 

spectrometer encasement was brought within ~1 mm of the sample’s surface to reduce 

stray signals from other places of the sample holder. As mentioned previously, the base 

pressure in the UHV chamber is maintained under 8×10-11 torr, which is another 

important factor to obtain high-resolution TPD spectra.      
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Chapter 2: 

Nanoscale Strain Engineering on TiO2(110) Surface  

 

 Controlled elastic strain in solids can be used to fine-tune the chemical1 or 

electronic2 properties of materials. Surface elastic strain, for example, may be an 

important factor in determining chemical properties of nanostructured,3 supported,4 and 

metal-alloy-based catalysts.5 The main challenge in the investigation of strain-related 

effects is to achieve large elastic strain states while avoiding mechanical failure. High 

levels of strain can be created in nanowires,6 through thin film epitaxy7 and in 2D 

materials like graphene.8 However, in bulk samples only a ~0.1 % level of elastic surface 

strain can be accessed through macroscopic deformations.9 In this chapter, we show that 

arrays of locally strained nanometer size protrusions can be created through low-energy 

ion bombardment of the surface of rutile TiO2 – a brittle prototypical metal oxide.10-12 

The presented approach may be used in model studies of the strain effects and for 

nanopatterning applications.  

 

2.1 Abstracts  

 

Arrays of highly strained 5 - 25 nm-wide regions have been prepared on rutile 

TiO2(110) surface through a low energy Ar ion bombardment technique. Using scanning 

tunneling microscopy (STM) and an innovative STM tip-triggered nano-explosion 

approach we show experimentally that the protrusions arise from subsurface Ar-filled 
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pockets. Continuum mechanics modeling gives good estimates of the corresponding 

elastic deformation. Surface strain values of up to 4 % have been deduced.  

 

2.2 Experiments 

 

The experiments were performed in an UHV chamber with base pressure of 4 × 

10-11 Torr, which was equipped with an Omicron VT-STM, a combined LEED/Auger 

system, an Ar-ion sputtering gun, and a mass-spectrometer. The flood ion gun condensed 

into a 15 mm diameter ion beam produced ion currents of 5 μA at the sample. All STM 

images were acquired at room temperature at +1.5 V sample bias, using 

electrochemically etched W tips. A single crystal 5 × 5 × 1 mm, rutile(110) TiO2 sample 

was mounted on a commercial Omicron sample holder. The sample was attached to the 

Mo surface of a custom-built heating plate. A K-type thermocouple was attached to the 

edge of the sample to monitor the sample temperature. The sample surface was cleaned 

by cycles of 1 keV Ar+ sputtering and annealing at 950 K. The quality of the surface was 

examined by STM imaging. Note that STM studies of the TiO2 surface following this 

procedure showed that this cleaning procedure did not generate the surface protrusions 

discussed below.        

 

Our procedure for forming the subsurface cavities was initiated by exposing a 

pristine TiO2 surface to a 1 keV, 5 μA argon-ion beam, while the sample temperature was 

maintained at 900 K. This temperature enabled facile Ar diffusion in the TiO2 bulk, as 

separate experiments in our laboratory using temperature programmed desorption of 



 

13 

 

implanted Ar have demonstrated. After sputtering for 10 min., the sample was then post-

annealed at 950 K for 5 min. to further improve surface order. Following this procedure, 

the sample was imaged with our STM probe; a typical image is shown in Fig. 2.1 (a). The 

image shows that the surface exhibits elliptical or circular protrusions of ≤ 1 nm in height 

and with lateral dimensions of 5 - 25 nm. Variations in the sample temperature during ion 

bombardment within a 800 – 1000 K range alter the size distribution and areal density of 

the protrusions: higher temperatures during this procedure lead to on-average larger 

protrusions and larger average spacing between them and vice versa. Once formed, the 

protrusions exhibit remarkable resilience to thermal treatment; in fact, they are not 

removed even by the sample annealing at 1000 K. 

 

2.3 Results and Discussions 

 

Our STM images showed that individual elliptical protrusions are aligned 

exclusively with their major axis along a [001] crystallographic direction on the (110) 

surface. The 0.2 – 1 nm height of the protrusions excludes the possibility that the 

apparent elevation is solely due to variations in the local electronic density of states. 

Indeed, if an apparent 1 nm-high protrusion in the STM image was recorded on otherwise 

flat surface area, this elevation would correspond to highly unrealistic 2 × 109-fold 

increase in the local electron-state density. The observed deformations are typical for 

elastic, surface deformation, termed “blistering” in earlier works.19 Our preparation 

procedure is known to lead to the formation of interstitial Ar species in a crystal lattice.17 

Thus we propose that the surface deformations are due to buried Ar clusters, 
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agglomerated from individual Ar interstitials. Earlier reports on similar systems support 

our hypothesis.20-22 

 

Figure 2.1. STM topography images of TiO2 surface with blisters. (a) Overall surface 

appearance, 200 × 200 nm; (b) 15 × 15 close up of a blister;  (c) “local height” rendering 

of the image in (b) that highlight bridging-bonded oxygen vacancies, one of which is 

marked with the arrow. 

 

Our experiments also showed that protrusions, with heights taller than 0.5 nm, 

exhibit either a removed top atomic layer of rutile near the peak of the protrusion or 
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Ti2O3 suboxide strips23 grown across the surface of the protrusion. We attribute this 

surface change to the greater surface strain in such large protrusions (see below). 

However, due to the increased complexity that such reconstructions pose for mechanical 

modeling, we here consider only protrusions with atomically smooth surfaces, as shown 

in Fig. 2.1 (b, c). A close examination of the atomic structure of the surface of the 

protrusions in Fig. 2.1 (c) shows that, while the local atomic structure on the surfaces of 

the blisters is identical to that of the flat rutile(110) areas, their surfaces are completely 

devoid of bridge-bonded oxygen vacancies that appear as bright streaks between the 

atomic rows in the STM images.11 These vacancies are abundant on the flat areas of the 

crystal surface (13 % of ML in our experiments). This observation implies altered 

chemical bonding properties of the distorted TiO2 surfaces, as suggested in our 

introduction. A study of the effects of surface strain on chemical properties of TiO2 

surfaces is ongoing in our laboratory and its results will be presented in a separate 

publication. 

 

The mathematical simulations of the TiO2 surface deformations resulting from a 

subsurface Ar-filled crack were based on MATLAB code, kindly offered by Fialko and 

described in their publication.24 The model is based on continuum mechanics and it finds 

the analytical solution for the surface profile, resulting from a subsurface circular crack 

with diameter D at depth H, filled with an ideal liquid at pressure p, as illustrated in Fig. 

2.2 (b). For our model, we have simplified the elastic response by treating TiO2 as an 

isotropic material using directionally averaged elastic parameters for rutile; specifically, a 

shear modulus of μ = 113 GPa and a Poisson ratio of υ = 0.30 were used.25 Accordingly, 
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when comparing the results of the numerical simulations with the experiment, we have 

ignored the elliptical shape of the protrusions, which arises from the TiO2 anisotropy, and 

used an averaged dimension along the major and minor axes of the ellipses. As the 

internal-cavity pressure p could not be measured directly, we estimated this parameter 

from a simpler Griffith model of a penny-shaped crack in an infinite elastic solid (e.g. 

deep in the bulk).26 In this case, the equilibrium shape of the crack is dictated by the 

balance between the energy of the elastic deformation and the free energy of the internal 

surfaces of the crack. This model26 allows the pressure inside the cavity to be related to 

the radius of the crack as: 

D
p

)1(

2






 , 

where γ is the specific surface free energy. We used γ = 1.0 J/m2 taken as an average of 

several theoretical estimates for the relaxed and the unrelaxed rutile(110) surface.27 For 

each value of D, we calculated the internal cavity pressure p using the above equation, 

thus obtaining a full set of parameters (D, H, p) for our simulation.24  Each simulation 

generated a profile curve, from which the highest point was taken as the protrusion height 

h and the diameter d was derived by drawing a tangent at the point of the maximum slope 

and extending it to intersect with the base line, as illustrated in schematic in Fig. 2.2 (b). 

These two values could be directly related to the experimentally observed parameters. 

The estimates of the internal cavity pressure, corresponding to the individual protrusions, 

were in the range of p = 8 – 17 GPa. Note that at these pressures, argon exists in solid 

form.28 This result agrees with earlier observations of solid state noble gases in the 

cavities inside solid matrixes.14 
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Figure 2.2. Results of our continuum mechanics modeling.  (a) Distribution of 

dimensions of the blisters. X and Y coordinates of the points correspond to the height h 

and the width d of the protrusions, as illustrated by the schematic in (b). The gray points 

represent individual blisters from the collection of the STM images. The curved lines are 

the results of the mathematical simulations. Each curve shows the predicted dimensions 

of a blister produced by the subsurface cavities with a constant depth H (red curves and 

numbers) or a constant diameter D (green curves and numbers). The red stars correspond 

to the blisters that underwent successful blister explosion experiments, as described in the 

text.  The red numbers next to the crosses show the directly measured depths of 

respective subsurface cavities.  (b) Schematic of a blister.  (c) STM profile of a blister 

(black) with a profile, simulated by the continuum mechanics model (red). 
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Using this model, we simulated the TiO2 surface deformations above a series of 

subsurface cavities with parameters taken from a set of D and H values in the ranges of 3 

nm ≤ D ≤ 16 nm and 2 nm ≤ H ≤ 10 nm.  The simulation provided the height and the 

diameter, respectively, h and d, of surface protrusions. The mesh in Fig. 2.2 (a) presents 

the result of the calculations and allows us to relate the measurable quantities of height h 

and diameter d for the protrusion to the unobservable, corresponding dimensions D and H 

of the subsurface cavities. The gray data points on this plot represent the experimentally 

determined geometries of the individual protrusions on the TiO2 surface, found from a 

collection of the STM images as in Fig. 2.1. As an example, the black trace in Fig. 2.2 (c) 

shows a typical cross-section of a protrusion and the red curve is the corresponding 

simulation. It bears emphasis that the corrugations superimposed on the displacement 

measurement are due to the atomic scale periodicity of the crystal lattice. 

 

Since the proposed buried Ar clusters are otherwise inaccessible to direct imaging 

by an STM, we used a nm-scale ablative etching method, based on application of short 

voltage pulses to the STM’s tunneling gap. This approach has been previously reported to 

be a useful method for a nanoscale modification of surfaces.29 In combination with the 

mechanical stress in the protrusion area such pulses, allowed us to “excavate” the 

subsurface cavities. As a first step, we demonstrated that the protrusions indeed are 

caused by a volatile gas trapped under the surface.  For this purpose we positioned the 

STM tip in the vicinity of a typical protrusion, shown in Fig. 2.3 (a), and applied a 

square, 10 ms, +9 V electrical pulse (the sign here refers to the sample bias) with the 

feedback temporarily suspended. Figure 2.3 (b) shows an image of the surface after 
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application of the pulse; the height profiles of the surfaces before and after the pulse are 

plotted in Fig. 2.3 (c). As seen in the scan, the application of the pulse formed a crater 

with an apparent depth of 3 nm; note that the true depth of this crater is obscured by the 

finite curvature of the STM tip. The surface of the original protrusion was not damaged 

by the pulse, however the surface bulge of 0.23 nm receded and the surface planarity, 

within at least 0.03 nm, was restored, indicating that after the protrusion has “deflated” 

the surface returned to its former flat geometry. This restoration of planarity is not 

compatible with buried subsurface clusters of metallic impurities or other bond-forming 

elements such as, for example, Manegli phases of over-reduced TiO2. Instead these 

observations are consistent with the reversible elastic deformation originating from a 

subsurface crack filled with an inert gas atoms.   
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Figure 2.3. Blister “deflation” experiment. (a) 3D rendering of 22×15 nm STM image 

of a blister. (b) Image of the same area as in (a) after the blister deflation induced by the 

voltage pulse.  (c) Surface height profiles before and after the deflation along the lines 

marked in (a) and (b). 

 

A more complete validation of the model required direct experimental 

measurement of the depth of a cavity followed by comparison with the predicted value. 

For this purpose, the tip-pulse approach proved to be an effective tool as well. In these 

experiments, we applied 8 - 9 V, 1 - 10 ms pulses immediately above the center region of 

a protrusion. One such experiment is illustrated in Fig. 2.4. In experiments, in which the 

post-pulse STM image reveals an atomically flat bottom of the crater, the depth of the 

original Ar-filled cavity could be measured directly. Possible double tip effects were 

ruled out in our experiments, in particular, by post-imaging of the STM tip used in this 

study by scanning electron microscope (SEM) imaging with 3 nm resolution. The initial 

surface protrusion dimensions h and d in these experiments are marked with red stars in 

the chart in Fig. 2.2 (a). From the chart, the predicted depths of the corresponding Ar-

filled cavities are H = 4.7, 6.1, and 3.8 nm. The corresponding directly measured values 

of depth H are 5.0, 5.7, and 3.3 nm respectively; these values are shown numerically next 

to the red crosses in the chart. Considering the many approximations of the model, such 

as the assumption of mechanical isotropy of TiO2 and ignoring of the near-atomic scale 

of the structures, the close agreement, i.e. < 15 % discrepancy, between the 

experimentally measured and predicted values provides strong support to our mechanical 

model.  
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Figure 2.4. STM tip-induced explosion of an Ar blister.  (a) 30 × 40 nm topography 

image; the blister is outlined with the blue oval. The blue cross marks the location of the 

tip at the moment of the pulse.  (b) Image of the same area after the explosion.  (c,d) 3D 

cross-sectional renderings of the STM images in (a) and (b) respectively. The atomically 

flat bottom of the crater in (d) can be seen.  (e) Schematic illustration of a tip-induced 

blister explosion. 

 

Our model allows an estimate of the local elastic strain values on the surface of 

the protrusions. Figure 2.5 (a) shows the calculated color map of maximum strain on the 

surfaces of the experimentally observed protrusions, while Fig. 2.5 (b) shows the model-

derived radial distribution of different components of strain of a typical protrusion. In 

some cases the tensile surface strain reaches 4 %, which an order of magnitude larger 
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than values typically accessible through macroscopic deformations.9 By comparison, 

nanoindentation can induce 20 % strain in 2D graphene and MoS2,
8, 30 thin film epitaxy 

can result in up to 6.2 % strain7 and MEMS-based actuators can induce elastic strain of 

~1 % in metal nanowires.6 However, these methods require the preparation and 

manipulation of nanoscale materials and hence lack universality, while the approach 

described in present work can potentially be used for most solid bulk materials. Strain 

estimates derived from the model, such as shown in Fig. 2.5, can be compared with nano-

scale adsorption or reactivity data in order to establish strain-reactivity relationship, as 

mentioned in the introduction. Such experiments are ongoing in our laboratory. 

 

 

Figure 2.5.  Surface strain values derived from the continuum mechanics model.  (a) 

Color map of the maximum strain (at r = 0) as a function of the dimensions of the 

protrusions. The red points represent the dimensions of the blisters from the collection of 

the STM images.  (b) Strain components on the surface of a circular protrusion as a 

function of the radial distance r, calculated from the continuum model. The profile of this 

protrusion is shown with the black curve. The red, the green and the blue curves represent 
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tangent (eθθ) , radial (err) , and vertical (ezz) components of strain respectively. The 

maximum tensile strain is marked with the red circle; this value is presented in the color 

map in (a). 

 

2.4 Conclusions 

 

In summary, we report a new procedure for growth of arrays of strained regions 

on the surface of a rutile TiO2(110) crystal through formation of subsurface Ar-filled 

cavities. We have developed a continuum mechanical model of the deformations using 

the known TiO2 elastic properties. The subsurface cavities have been experimentally 

probed with an STM tip-controlled surface modification technique. The predicted depths 

of the Ar-filled cavities were found to be in good agreement with the values measured 

directly by nano-explosions triggered with the voltage pulses. We note that to the best of 

our knowledge this is the first work that utilizes an SPM technique for “unearthing” of 

objects located in a solid material at the depths of several nanometers. 
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Chapter 3: 

Controlling Surface Reactions with Nano-Patterned Surface Elastic 

Strain 

 

 Elastic strain is commonly present in nanostructured surfaces1-2 and on supported 

catalysts.3 In addition, strain has been found to change chemical and electronic properties 

in a broad range of material systems. For example, charge carrier mobility is significantly 

increased due to lattice strain in epitaxial silicon.4-5 On metal surfaces, the energetics of 

adsorption and dissociation of molecular adsorbates can also be greatly altered through 

surface strain.6-9 Despite its prevalence, the role of strain in altering chemisorption is a 

major unanswered question in hetero reaction systems. An important issue in catalytic 

studies of strain is the degree, to which strain in a substrate will affect chemisorption of 

molecular species on that surface. This chapter reports the role of strain in surface 

reactivity for single-crystal TiO2, an important two-component semiconducting oxide 

crystal, which is of intense interest due to its promising applications including 

photocatalysis,10 gas sensors,11 solar cells,12-13 and others.14 Strain is known to play a key 

role in several of these applications: for example, in hydrogenated black TiO2,
15-16 strain 

appears during its high-pressure processing and the resulting disordered outer layer is 

believed to be responsible for mid-gap states in the crystal, which enhances optical 

adsorption of visible and infrared light. The role of strain in many of these cases remains 

an open question. One limitation to addressing this question is the experimental difficulty 

in generating significant strain fields and distinguishing the effect of this strain from 

chemistry due to other changes in surface properties. 



 

28 

 

 

Our approach to generate controllable strain fields is based on the experiments 

discussed in detail in chapter 2, which have shown that bombarding a single-crystal TiO2 

(110) sample with low-energy (1kV) argon ions at an elavated temperature will produce 

an array of nanoscale-areas of subsurface argon clusters.17 In particular, our studies have 

found that each resulting intersitial argon atom migrates and accumulates in a subsurface 

region 6-20 monolayers below the surface, forming highly pressurized nanoclusters. As a 

consequence, the thin surface layer above these clusters protrudes or bulges outward to 

form a blister-like nanofeature and thus generating a large-value local strian field, which 

is ideal for investigation of the surface reactivity experiments examined here. Note 

although studies about noble gas bubbles in metal oxides  are relatively scarce, 

nanobubbles of high pressure noble gases are well known in metal systems based on 

studies of plasma wall interactions.18 In addition, subsurface argon nanoclusters 

introduced by bombardment of low-energy argon ions have also been observed in metal 

systems, including  Al, Cu and Ru,7, 19-20 where argon nanoclusters were found with 

similar size and depth as those observed in our experiments. 

 

3.1 Abstracts  

The application of elastic lattice strain is a promising approach for tuning material 

properties, but the attainment of a systematic approach for introducing a high-level of 

strain in materials so as to study its effects has been a major challenge. Here we create an 

array of intense locally varying strain fields on TiO2 (110) surface by introducing highly 
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pressurized argon nanoclusters at 6 - 20 monolayers under the surface. By combining 

scanning tunneling microscopy (STM) imaging and continuum mechanics model, we 

show that strain causes the surface bridge-bonded oxygen vacancies (BBOv), which are 

typically present on this surface, to be absent from the strained area and generated defect-

free regions. In addition, we find that the adsorption energy of hydrogen binding to 

oxygen (BBO) is significantly altered by local lattice strain. In particular, the adsorption 

energy of hydrogen on BBO rows is reduced by ~35meV when the local crystal lattice is 

compressed by ~1.3%. Our results provide direct evidence of the influence of strain on 

atomic-scale surface chemical properties, and such effects may help guide future research 

in catalysis materials design. 

3.2 Experiments  

 

All experiments were conducted in a customized UHV chamber, with a base 

pressure of 4 × 10-11 Torr, which was equipped with an Omicron VT-STM, a combined 

LEED/Auger system, and an Ar-ion sputtering gun. A single-crystal 5 × 5 × 1 mm, rutile 

TiO2 (110) sample was mounted on a commercial Omicron sample holder. The sample 

was attached to the Mo surface of a custom-built heating plate with Ta wires; silver 

powder was used as a contact layer to enhance heat conduction from the heating plate to 

the sample. A K-type thermocouple was attached to the edge of the sample to monitor the 

sample temperature. To generate stressed surface protrusions, the sample was bombarded 

with 1 KeV argon ions at elevated temperature (900K) for 10 min. The ion gun produced 

argon ion currents of ~5 μA at the sample surface.  Experiments with precise water 

exposure was administered through an aperture-based gas system, in which the gas line, 
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before a 5 μm aperture, was filled with water vapor in mTorr pressure range for a desired 

amount of time. The other side of the aperture was opened to a 4 mm diameter tube 

leading toward the sample; the latter faced the UHV-side opening of this tube with a 

∼5 mm distance.  We used a continuum mechanics model to simulate the surface 

deformation and strain distribution. More details can be found in our previous publication 

as Ref. 17. 

 

3.3 Results and Discussions  

 

Locally varying strain field. Prior to examining issues of surface reactivity, the surface 

of a single-crystal rutile TiO2 sample was prepared through bombardment with 1kV 

argon ions at 900 K for 10 mins. Fig. 3.1a shows an image of such a TiO2 (110) surface 

after argon-ion bombardment. Due to the subsurface argon clusters, locally deformed 

TiO2 regions, i.e. surface protrustions, appear as bright ellipses in our STM image.  As 

the image in Fig. 3.1a shows, most of the protrusions are enlongated along [001] 

direction due to the anisotropy in the stress tensor along different crystal orientations.21 

One important feature to note is that most of  protrusions retain their flat-surface-layer 

crystal structure despite the excessive stress that is obviously present; one clear example 

is shown in Fig. 3.1b. However, in Fig. 3.1a there are surfaces of protrusions, which have 

undergone a more significant local surface reconstruction (or more precisely the removal 

of 2-3 atomic rows). We attribute this reconstruncted sruface structure to the excess stress 

present on protrusions, which exceeds the elastic limit.  
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Measurements within the STM images showed that the lateral dimensions of the 

protrusions range from 8 to 20 nm and the height can reach up to 1 nm. Note that the 

height of the protrusions was found not to vary with a change in scanning bias voltage. 

Therefore, the possbiliby that these protrusions are due to local electronic effect can be 

excluded.  Fig. 3.1b shows a higher-resolution image of the surface, which includes one 

example of a protrusion. A side view of the STM image, along with a schematic drawing 

of the corresponding subsurface argon cluster, which is determined from a continuum 

mechanics model (see more details in Ref. 17), is shown in Fig. 3.1d.  
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Figure 3.1. Surface Protrusions after Argon bombardment. (a). TiO2 (110) surface 

after argon ion bombardment; (b). One typical example of a protrusion. Oxygen 

vacancies (BBOv’s) are marked by yellow arrows on flat areas. These vacancies are not 

present at the top of the protrusion; (c). Ball model of rutile (110) surface with a BBO 

vacancy, marked by black arrow; (d). Side view of image b, along with a sketch of the 

depth and diameter of the corresponding subsurface argon clusters, simulated by the 

continuum mechanics model.  

 

In the examination of our images, such as Fig. 3.1b, we observed that there were 

subtle but important nonuniformities in the distribution of oxygen vacancies (BBOv-
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schematically shown in Fig. 3.1c) across the crystal surface. As shown in Fig. 3.1b, 

oxygen vacancies appear as bright protrusions on the dark BBO atomic rows on flat 

surface area; for clarity, several of these BBOvs are marked with yellow arrows. Also 

note that oxygen vacancies and OH groups were clearly distinguishable from each other 

in our STM images, such that OH groups appear round and bright, while oxygen 

vacancies are bridge-like and paler. Thus the bridge-like protrusions in Fig. 3.1b can 

confidently be attributed to oxygen vacancies. The surface preparation of the sample used 

for this figure resulted in the formation of ~12% oxygen vacancies on typical planar areas 

of the surface. In contrast, oxygen vacancies are completely absent on the surface of 

protruding area. In fact, we have performed close examinations on more than 20 

protrusions, in which BBOvs were clearly identified and all protrusions were found to be 

free of BBOvs.  

 

Typically these BBO vacancies are formed on a virgin TiO2 (110) surface by 

annealing to high temperature in vacuum. The density of these oxygen vacancies depends 

on both the annealing temperature and annealing time. For transition-metal oxides, such 

oxygen vacancies are known to be important point defects, which are intrinsically 

coupled with magnetic,22 electronic23 and transport properties of materials. In case of 

TiO2, these sites have been reported to cause water dissociation,10 alcohol dehydration, 

etc.14 Obtaining experimental access to vary the concentration of oxygen vacancies as 

well as their spatial distribution can provide a major “tool” for the design of catalytic 

materials. To our knowledge, very limited theoretical and experimental studies have been 

reported on how strain affects oxygen-vacancy formation and migration. Among the 
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existing studies, it has been shown that by applying in-plane tensile/compressive strain, it 

is possible to alter the energetics for creating oxygen vacancies and to lower substantially 

the oxygen-vacancy migration barrier.24-25 Although our results do not conclusively show 

whether the absence of oxygen vacancies on the strained area is a thermal-equilibrium 

state or a kinetic-limited resulting state, we do show clearly that the oxygen vacancy 

distribution can be tuned by stress/strain. This approach may provide a path to controlled 

decoration of a TiO2 surface through oxygen-vacancy patterning.  

 

Experiments using water-vapor dosing. To further study the effect of strain on surface 

adsorption, we conducted a water-vapor-exposure experiment. H2O absorption on our 

BBOv patterned-surface provides a particularly clear example of how strain may 

influence chemisorption on the TiO2 surface. In our experiments, ~10L H2O vapor was 

dosed on the surface at room temperature. Many earlier studies have shown that H2O 

molecules adsorb dissociatively on BBOv sites, with the oxygen-atom filling the BBOv 

and with one H-O bond broken such that a hydrogen atom attaches to an adjacent BBO.26-

27 This process forms a pair of two adjacent bridging OH groups, which are free to 

migrate on the surface.28 After exposing our TiO2 surface to water vapor, our STM 

images show that the BBOvs are then fully refilled by water molecules. Thus after 

exposure, the final surface is covered by hydrogen atoms bonded to a BBO row of TiO2 

(110). Filling of BBOvs also has the other important result of limiting any uneven 

distribution of charges associated with BBOvs, which in turn can influence the diffusion 

of OH groups.  
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Figure 3.2a shows an STM image obtained from a planar area of the surface after 

water exposure. In the image, the OH groups derived from the H2O dissociation appear as 

bright dots on the BBO rows. The resulting surface OH groups are evenly distributed 

across the surface. This even distribution is attributed to H-H repulsion such as seen in 

surface diffusion measurements.28 Thus this uniform distribution is a consequence of the 

fact that these hydrogen atoms exhibit simple Coulomb repulsion rather than the complex 

structure-related inter-particle interactions that dominate other cases of adsorption 

process.29-30  

 

Figure 3.2. Diffusion of surface OH groups. STM images of the same area: (a). t=0s; 

(b). t=150s to illustrate the distribution and diffusion of hydrogen. (c). Line profiles of 

the same BBO rows. The bright feature marked with a circle is a solid impurity, which 

was immobile and was used as a reference point. During the time of examination, most 
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hydrogen atoms diffused away from their original absorption sites, indicating high 

mobility at room temperature.  

 

We can examine the mobility of OH groups derived from H2O dissociation by 

comparing consecutive STM images as seen in Fig. 3.2. During the time that these two 

images were taken, most hydrogen atoms diffused away from their original positions. 

Their high mobility ensures that the observed OH distributions reached a thermal 

equilibrium state, which is critical for thermal-statistic analysis performed later on. 

 

Figure 3.3 shows an image of a protrusion after the surface has been dosed with 

water vapor. Notice that after exposure, the top of the protrusion was covered with OH 

groups - despite the fact that the protrusion was free of BBOvs before water exposure. 

This observation further confirms that hydrogen atoms are mobile at room temperature, 

since our observations suggest that they migrate to the top of the protrusions after being 

produced on the flat terraces. Quantitative examination (see below) of the STM images 

reveals that H concentration on the protrusion is lower than that on flat terraces. 

Furthermore, H concentration on the protrusion has a non-uniform distribution.  
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Figure 3.3. Protrusions covered with surface OH groups after water exposure. Left: 

Schematics of H2O dissociative adsorption at BBOv on planer areas and diffuse to the top 

of the protrusion afterwards; Right: atomic-resolution STM image of a protrusion after 

water exposure. Hydrogen covers both the flat areas and the surface of the protrusion. 

 

In order to quantitatively analyze the data, plots of the OH concentration across 

the protrusion along the [1-10] direction were made as is shown in Fig. 3.4. In this plot, a 

window of surface sample width of 6nm was selected for study to minimize the local 

concentration fluctuation. Six consecutive images of the same area were averaged to get 

the final OH concentration distribution. The time interval between images was ~ 5 min. 

As just discussed, the positions of OH groups change from image to image and the final 

distribution is thus an equilibrium distribution, which directly reflects local variations in 

adsorption energy,9 as well as temporal fluctuations due to stochastic nature of the 

diffusion process.  
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Figure 3.4. OH distribution and strain distribution across the top surface of the 

protrusion. Plot of hydrogen distribution at the top of protrusion along with the local 

radial strain on the surface of the protrusion calculated from the continuum mechanics 

model. A positive strain indicates area with lattice expansion and a negative strain 

indicates an area with lattice compression. Hydrogen distribution follows the overall 

“W”-shape trend that the strain exhibits.  

 

In addition to a plot of the local OH concentration, Fig. 3.4 also shows the 

calculated radial strain along the [1-10] direction and across the center of the protrusion, 

calculated from the continuum mechanics model. The positive value of strain shows that 

the crystal lattice expands at the center of the protrusion. In the most highly strained area, 

the local lattice expansion reaches ~ 3 %. At the edge of the protrusion, the crystal lattice 

is compressed (negative strain) to nearly 1.3 %; this compression is a result of concave 

bending of surface layers. Both the radial strain and the OH concentration exhibit a “W”-
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shaped behavior for each of these quantities versus radial coordinate. This similarity in 

behavior shows the close correlation between strain and OH binding energy.  

 

As going from a flat terrace to the edge of a protrusion, the surface lattice is 

gradually compressed and the OH concentration decreases and reaches a minimum (~13 

% vs ~25 % on flat terraces) where the surface lattice is maximally compressed. For 

mobile adsorbates on nonuniformly strained area, the expected occupation probability of 

different sites is given by 𝑝 = 𝑝0e−
Δ𝐸𝑎
kT , where 𝑝0 denotes the occupation probability of a 

reference site and Δ𝐸𝑎 the adsorption energy difference compared to the reference site.9 

Since the high mobility of hydrogen atoms assures that different adsorbing areas are in 

thermal equilibrium with each other, the occupation probability is directly related the 

local concentration or coverage, thus 𝜃 = 𝜃0e−
Δ𝐸𝑎
kT , where 𝜃0 is hydrogen coverage at flat 

terraces, which is chosen here to be the reference site. To obtain a quantitative estimation 

of the strain effects on adsorption energy, the most compressed region was chosen to 

provide a comparison with a flat terrace region. Substituting the different hydrogen 

coverage gives Δ𝐸𝑎 = 17 𝑚𝑒𝑉 for the overall adsorption energy difference at these two 

regions.  

 

The overall adsorption-energy difference (Δ𝐸𝑎) originates from two sources, the 

change in the H-H repulsion energy (Δ𝐸𝑟) due to different coverage, and the change in 

the surface binding energy resulting from local strain (Δ𝐸𝑠), which can be summarized as 

the following:  Δ𝐸𝑠 = Δ𝐸𝑎 − Δ𝐸𝑟. To obtain the strain-related energy difference (Δ𝐸𝑠), 

the measurement of Δ𝐸𝑟 is discussed below. 
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Analysis of H-H repulsion. Since H-H interaction also affects the final distribution of H, 

we also performed analysis on H-H repulsion; this analysis allowed us to extract the 

effects solely due to substrate strain. After exposure to water, the surface coverage of H is 

~25% as each water molecule produces two OH groups upon adsorption at BBOv sites 

(~12%). In this process, partial charge is transferred from an H atom to a BBO row. The 

positively charged H then experiences repulsion from its H neighbors, which decreases 

monotonically as the H-H separation distance increases, an effect explored in other 

studies.28 The upper panel of Fig. 3.5 shows the H-H separation as a function of surface 

lattice constant, which is acquired through statistical analysis of STM images on planer 

areas of TiO2 (110). It is worth noting that the probability shown here is not an absolute 

adsorption probability 𝑝𝑛  but rather a conditional adsorbing probability 𝑃𝑛 =

𝑝𝑛 ∏ (1 − 𝑝𝑚)n−1
m=1 , which is to say it is the probability of hydrogen adsorbing at the nth 

neighbor when no hydrogen is found at previous neighbors, thus:  

𝑃1 = 𝑝1                                 

𝑃2 = 𝑝2 × (1 − 𝑝1)                  

𝑃3 = 𝑝3 × (1 − 𝑝1) × (1 − 𝑝2) = 𝑝3 × (1 − 𝑃1 − 𝑃2)       

      ⋮   

𝑃𝑛 = 𝑝𝑛 × (1 − 𝑝1) × ⋯ × (1 − 𝑝𝑛−1) = 𝑝𝑛 × (1 − ∑ 𝑃𝑚
𝑛−1
𝑚=1 )                     

To get the absolute adsorbing probability 𝑝𝑛, Eq. (1) is used. 

𝑝𝑛 = 𝑃𝑛/(1 − ∑ 𝑃𝑚
𝑛−1
𝑚=0 ) (1) 

The resulting absolute adsorption probabilities are shown in lower panel of Fig. 3.5, 

which are normalized by the highest value. The adsorption probability distribution can 



 

41 

 

easily be understood as that due to the repulsion between OH groups, the further two OH 

are separate, the higher adsorption probability is. We fitted the adsorption probability 

with a simple charge-charge Coulomb interaction. The H-H displacement probability is 

directly related to the repulsion energy through Eq. (2): 

𝑝𝑛 ∝ 𝑒−𝐸𝑟𝑛/𝑘𝑇   (2) 

where 𝐸𝑟𝑛
=

Q2

4πεrn
2 is the repulsion energy when two hydrogen are separated by n lattice 

constants, Q is the fractional charge residing on hydrogen, k is Boltzmann constant, rn is 

the distance between hydrogen at nth neighbor and T is temperature, which is room 

temperature in our case. The fractional charge, Q, is the only parameter used in the 

fitting. The inter-row interaction is considered negligible for influencing the H-H in-row 

displacement distribution, since the repulsion experienced from two sides of the row are 

cancelled. 



 

42 

 

 

Figure 3.5. H-H repulsion analysis. Upper panel: H-H separation distribution as a 

function of TiO2 (110) surface lattice constant. Lower panel: normalized H-H adsorption 

probability and corresponding Coulomb interaction fitting. 

 

The fractional charge on the H atom, which was determined from the fitting, is 

0.17e. Therefore, for ~13% (25%) of hydrogen coverage, the average H-H separation 

distance is ~8 (4) lattice constant and the repulsion energy difference for these two 

configurations is found to be Δ𝐸𝑟 = −18 𝑚𝑒𝑉. The surface binding energy difference, 

which can be attributed exclusively to strain, can then be estimated as Δ𝐸𝑠 = Δ𝐸𝑎 −

Δ𝐸𝑟 = 35 𝑚𝑒𝑉. Note, in calculating H-H repulsion the same local charge for H atoms 
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was assumed for flat and for strained areas, because this strain-induced deviation of the 

local charge can only be a small fraction of the total local charge on H atoms, just as the 

strain-induced deviation of the O-H bond strength (ΔE = 35 𝑚𝑒𝑉) is a small fraction of 

the bond strength itself (~3.86 𝑒𝑉).31 Therefore, the charge difference of H atoms at flat 

areas and strained areas  (~ 35 𝑚𝑒𝑉/3.86 𝑒𝑉 < 1%) can be safely neglected in our study. 

 

Thus, when the crystal lattice is compressed by 1.3%, the binding energy of OH is 

reduced by 35 𝑚𝑒𝑉. This energy difference between strained and unstrained surfaces is 

comparable to the thermal energy at room temperature (~25 𝑚𝑒𝑉) and thus it is expected 

to affect adsorption, diffusion, and distribution significantly.  

 

Note that in going from the compressed region to the most expanded region (the 

top of the protrusion), the OH concentration is again found to increase. As the top and the 

edge of the protrusion show different polarity of strain, a “reversed” chemical effect is 

expected at the top of protrusion; thus the OH concentration is expected to be higher on 

the top than that on the flat terraces. However, this behavior is not observed in the 

experiment. One possible explanation is that the layers of TiO2 above the argon clusters 

are isolated from the rest of the bulk by the presence of argon atoms. The confinement of 

electrons in this layer may impose a secondary effect on H distribution across the 

protrusion.  More theoretical and experimental studies are required to understand this 

effect in detail.  
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3.4 Conclusions  

 

To summarize, we have introduced a method to form a locally varying strain field 

on rutile TiO2 (110) surfaces through pressurized subsurface argon nanoclusters. With 

this surface, we have demonstrated a strongly strain-altered surface chemistry. In 

particular, STM imaging shows that oxygen vacancies, which are typically present on this 

surface, are fully absent from the strained regions of the surface. Also, we observed that 

the binding energy of adsorbates is controlled by the local strain. Specifically, using 

statistical analysis of STM images, we show that the adsorption energy of hydrogen on 

BBO rows is reduced by ~35 𝑚𝑒𝑉 when local crystal lattice is compressed by ~1.3%. 

Our experimental findings provide insight into the role of strain in driving surface 

reactions. 
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Chapter 4: 

In situ preparation and surface reactivity studies of TiO2/Au(111) 

nanocrystals 

 

Nanometer-scale forms of catalytically important materials have become an 

increasingly significant research area due to the prospects of tailoring the properties of 

catalysts through nano-scale size effects. Titanium dioxide has attracted particular 

attention due to its photocatalytic properties that enable many possible applications 

including water and air purification from organic pollutants, cathode material for dye-

sensitized solar cells, and potentially light-driven water splitting.1-5 In situ UHV 

preparation of nanoparticles on chemically inert single-crystal substrates, such as in this 

work, is a convenient approach for the exploration of mechanistic details of catalytic 

reactions since it allows application of surface science tools for atomic-scale 

characterization of the nanoparticles and their chemical processes.6-12 

 

Several methods for in situ preparation of TiO2 nanocrystals on Au(111) surface 

have been demonstrated including oxidation of titanium during or after deposition on a 

gold surface with O2,
13,14 and reactive H2O and NO2 layer-assisted deposition.15,16 Thus 

recently we have shown that TiO2 growth by Ti-Au surface alloy-assisted method offers a 

significant degree of structural homogeneity and a narrow size distribution of the 

nanocrystals on Au(111) surface.17 This approach is used in the present study to prepare 

nano-TiO2/Au(111) surfaces. 
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Alcohol,18-20 particularly 2-propanol,21,22 chemistry on single-crystal TiO2 surfaces have 

been extensively studied to acquire a fundamental understanding of the catalytic 

properties of titania. These studies have shown that, on a rutile(110) surface, 2-propanol 

can undergo dehydration to form propene. Two reaction channels were identified using 

thermal programmed desorption (TPD) experiments: a minor low-temperature path at 

450 K, which is attributed to a 2-propanol reaction with the 5-coordinated titanium rows 

at the surface and a more prominent high temperature path at 580 K, which is associated 

with bridge-bonded oxygen vacancies (BBOv).21,22 Methanol reactivity on nano-

TiO2/Au(111) has been explored previously and it was shown in that work that a fraction 

of methanol undergoes deoxygenation into methane.23 As a probe molecule, 2-propanol 

offers the important additional possibility of a dehydration reaction, thus enabling testing 

of a broader range of chemical reactions. 

 

Additional interest in alcohol chemistry on the TiO2-Au system stems from a 

series of recent reports on hydrogen production from ethanol over a nano-Au/TiO2 

catalyst.24,25 These reports showed that there is a strong dependence of the catalyst’s 

properties on both the size of Au clusters and the phase of TiO2 support.24 Given this 

interest, the reactivity of an alcohol with the reverse nano-TiO2/Au(111) system can bring 

a deeper understanding of the involved chemistry. 

 

In this chapter, we report preparing nanometer-size single-crystal TiO2 crystallites 

on a Au(111) substrate by surface-alloy-assisted synthesis. In addition, STM is used to 

characterize the geometry and structure of the crystals. The surface reactivity of these 
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supported nanocrystals is studied by temperature programmed desorption using 2-

propanol as a probe molecule. The results are interpreted by comparison with TPD data 

obtained from clean Au(111) and single-crystal TiO2 rutile(110) surfaces. 

 

4.1 Abstracts 

 

The reactivity of 2-propanol with TiO2 nanocrystals supported on Au(111) was 

studied by temperature programmed desorption (TPD) and scanning tunneling 

microscopy (STM). The nanocrystals, which are grown through oxidation of a Ti-Au 

surface alloy, had an average height of 1 nm and width of 15 nm with a dominantly 

hexagonal morphology. The desorption of propanol and propanol-derived products from 

the TiO2 nanocrystal surfaces was observed in the 270 – 570 K temperature range and 

could be distinguished from desorption of propanol from the Au(111) surface below 

270 K. With increasing propanol coverage, the TiO2-related TPD peaks were occupied 

before the appearance of any Au(111)-related peaks. Our calculations showed that the 

TiO2 nanocrystals were saturated at 0.4 ML of local propanol surface concentration, 

where 1 ML ≡ 5.2 × 1014 cm-2 refers to surface density of 5-coordinated Ti atoms on 

rutile(110). Our TPD measurements showed that 61 % of this adsorbed propanol 

desorbed molecularly at 310 K, while 23 % dehydrated into propene and 6 % 

dehydrogenated to form acetone, both products desorbing in the 370 – 570 K temperature 

range. The desorption temperatures of products from supported TiO2 nanocrystals were 

shown to depend strongly on the morphology of the nanocrystals. 
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4.2 Experiments 

 

The experiments were conducted in a UHV chamber, which was equipped with a 

commercial Omicron VT-STM, argon-ion sputtering gun, a LEED/Auger system, a 

differentially pumped, retractable VGQ mass-spectrometer, and an Omicron EFM 3 

metal evaporator, employing e-beam heating. Although not carried out in this chapter, 

XPS studies of nano-TiO2 had been undertaken earlier in a separate UHV system, using 

reactively prepared nanocrystals.16 The base pressure in the chamber was 8 × 10-11 Torr. 

Two dosing systems were used in this work. Oxygen exposure was performed through a 

variable leak valve ending with a 1 mm-diameter tube directed at the sample at ~ 5 cm 

distance. The flux in this case was monitored by the background ion gauge. More precise 

2-propanol doses were administered through an aperture-based gas system, in which the 

gas line, before a 5 µm aperture, was filled with alcohol vapor in mTorr pressure range 

for a desired amount of time. The other side of the aperture was opened to a 4 mm 

diameter tube leading towards the sample; the latter faced the UHV-side opening of this 

tube with a  ~5 mm distance. 

 

An Au(111) sample with a 5 mm circular polished face was mounted in a standard 

Omicron “radiative heating” sample holder, which was modified to allow direct 

temperature measurements by a K-type thermocouple, attached directly to the sample. 

The Au(111) surface was prepared by a number of cycles of 1keV Ar+ sputtering and 

annealing at 900 K. A TiO2 rutile(110) sample, used in a set of calibration experiments, 
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was mounted in a standard Omicron “direct heating” sample holder, also modified with a 

K-type thermocouple attached directly to the sample, and with a custom-made miniature 

resistive heating plate. The 5 × 5 mm rutile(110) sample was attached to the surface of a 

Mo heating plate with Ta wires and silver powder was used as a spacer to enhance the 

heat conduction from the heating plate to the sample. The rutile(110) surface was 

prepared by cycles of 1 keV Ar+ sputtering and annealing at 950 K. In both cases, the 

purity of the surfaces was monitored with the STM. 

 

The preparation method of the nano-TiO2 crystals on Au(111) surface is described 

in detail in our previous paper.17 The only difference in procedure from that previous 

method was that in this work an e-beam metal evaporator was used for Ti deposition and 

it was loaded with a 2 mm Ti rod (99.99%, Alfa Aesar), thus achieving better control 

over the Ti flux. During deposition the Au sample was placed ~2 cm away from the 

aperture of the evaporator.  

 

Before dosing, 2-propanol was purified by several freeze-pump-thaw cycles. 

After cleaning, the Au(111) or the rutile(110) sample was cooled by liquid nitrogen. The 

surface was then dosed with the alcohol at ~135 K. This dosing was controlled by the 

pre-aperture pressure and dosing time. To obtain the TPD spectra, the 3 mm-diameter 

aperture on a conical exit tip of the mass spectrometer encasement was brought within ~1 

mm of the sample’s surface to reduce stray signals from the sample holder. Linear 

heating rates of 2 K/sec, regulated by a PID-type temperature controller, were used in all 

TPD experiments. 
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4.3 Results and Discussions 

 

4.3.1 Synthesis 

 

The synthesis method for our TiO2 nanocrystals on Au(111) has been described in 

detail in our earlier paper.17 Briefly, titanium is evaporated on a pristine room-

temperature Au(111) surface to achieve a 0.5 - 3 ML coverage. The surface is then 

annealed to 850 K for 5 min, thus making a Ti-Au surface alloy. This alloyed surface is 

then exposed to flowing molecular oxygen at a near-surface pressure of ~10-6 Torr for ~ 

10 min. while the sample is kept at 700 – 900 K. Oxidation was ended by simultaneously 

terminating the oxygen flow and starting the cooling ramp. No additional UHV anneal 

was applied after oxidation was completed and sintering of the crystallites could occur 

only during the preparation stage since the TPD experiments were carried out only up to 

a temperature of 800 K, which was not higher than that used in the preparation, i.e. 800 

or 900 K. Oxidation of the Ti-Au surface alloy forms TiO2 crystallites with a typical 

width of 5 – 20 nm and height of 0.65 – 2 nm. Earlier, the chemical composition of TiO2 

nanocrystals, prepared by a closely related method, was shown by X-ray photoelectron 

spectroscopy (XPS) to be that of TiO2, since no Ti3+ or lower oxidation states of titanium 

was seen in the spectra after annealing above 700 K.16 Analysis of the crystal lattice via 

STM imaging strongly suggested that the nanocrystals had the rutile structure with their 

(100) crystal planes parallel to the substrate surface. By varying the initial Ti coverage 

and oxygen reaction temperature, different surface distributions of nanocrystal 
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dimensions could by achieved. Note that although not of importance in our experiments it 

is clear that the oxide nanocrystals did in some cases interact with the AU surface by 

pinning the step flow on Au(111). 

 

Figure 4.1. 200 × 200 nm STM image of Au(111) surface with TiO2 nanocrystals, 

denoted as Sample #1. Inset: higher-resolution, 13 × 13 nm STM image of an individual 

nanocrystal. 

 

Figure 4.1 shows a representative STM image of a nano-TiO2/Au(111) surface. 

This surface was generated by first depositing 0.8 ML of titanium, followed by 

application of an 800 K oxygen-anneal temperature; for subsequent comparison; we 

designate this Sample #1. Most crystallites exhibit hexagonal symmetry with an average 

lateral size of 13 ± 4 nm. Approximately 15 % of the surface area is covered with 

crystallites; note that17 describes typical distribution of crystallite sizes in more detail. In 

higher-contrast renderings of the STM image in Fig. 4.1, the undistorted herringbone 
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reconstruction of the Au(111) surface becomes visible (not shown). As we have 

discussed earlier, this undistorted reconstruction indicates that the surface concentration 

of Ti in Au(111) after oxidation is negligible.17 The top face of an individual crystallite is 

shown in the insert of Fig. 4.1. It exhibits a striped pattern oriented along [001] direction 

on Au(111) with 1.1 nm spacing and ~50 pm corrugation – a pattern observed earlier on 

the top faces of rutile(100) nanocrystals.15 Generally, there are many different TiOx 

phases that can be produced on Au(111) for various experimental conditions,14,15 but all 

of the known phases can be readily distinguished in the STM images. Thus the 

observation of hexagonal crystallites with the characteristic striped pattern confirms the 

identity of the majority of nanocrystals in our experiments as rutile(100).  

 

4.3.2 General TPD Results and Observations 

 

The top panel of Fig. 4.2 shows a series of TPD spectra from the surface shown in 

Fig. 4.1, each with a different initial coverage of 2-propanol. The ion signal for m/e = 41 

is selected for these overview spectra since it is present in the mass spectra as a cracking 

fragment in most of the more important 2-propanol reaction products – in particular, 

propanol itself, propene, propane, acetone, ketene and acetaldehyde. The plots of 

desorption spectra for surfaces with propanol coverages from 0.1 to 2.3 ML show that 

most of desorption occurs in the 150 – 250 K temperature range. In this range we can 

distinguish peaks at 160, 180, and 220 K. This TPD pattern repeats almost precisely for 

spectra observed on a pristine Au(111) surface (only lower coverage spectra are shown in 

the bottom panel of Fig. 4.2). This observation allows us to assign the 220 K peak to 
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desorption of propanol from the first layer on Au(111) surface, and 180 and 160 K peaks 

to desorption from the second and the third layers of propanol on gold, respectively. 
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Figure 4.2. TPD spectra of 2-propanol. (Top): TPD spectra from 2-propanol-exposed 

TiO2 nanocrystals on the Au(111) substrate. The initial coverages are indicated on the 

right. The signal for ion mass m/e = 41 a.m.u. is shown. (Middle): The two lowest 

coverage spectra from the top panel on the smaller Y-scale. (Bottom): TPD spectra from 

propanol-exposed pristine Au(111) surface. The dashed rectangle highlights peaks 

resulting from TiO2 nanocrystals and the vertical dotted line indicates the position of the 

single-layer propanol peak from the Au(111) surface. 
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Expanded-scale plots of the two lower-coverage TPD spectra from nano-

TiO2/Au(111) surface are shown in the middle panel of Fig. 4.2. In these expanded 

spectra, the higher-temperature-desorption features in the 270 – 570 K range become 

apparent. Three desorption maxima can be distinguished with peaks at 300, 450, and 510 

K, as shown by the arrows in Fig. 4.2. The two last peaks are broad and largely 

overlapping. For comparison, two TPD spectra from a propanol-exposed pristine Au(111) 

surface with similar coverages and having a similar scale are presented in the lower panel 

of Fig. 4.2. These spectra, from the bare Au(111) surface, clearly lack any desorption 

features above 270 K. Since this bare Au(111) surface was prepared by sputtering of 

TiO2 crystallites after a previous preparation procedure, the surface can in principle still 

have a trace of Ti alloyed with gold. However, as is apparent from the figure, this small 

amount of titanium cannot have contributed to the desorption above 270 K (see also the 

discussion about residual Ti alloying earlier in the paper). From these data we conclude 

that all of the desorption features from nano-TiO2/Au(111) in the 270 – 570 K 

temperature range originate from propanol molecules adsorbed on TiO2 crystallites. 

 

A second important observation regarding the middle panel of Fig. 4.2 is that the 

onset of the Au(111)-related TPD peak at 220 K, which appears with increasing propanol 

coverage, forms only after complete saturation of TiO2-related peaks in the 270 – 570 K 

range. This is a key result since the adsorption sites on TiO2 and on Au(111) can be 

spatially separated by distances as large as 20 nm. The consecutive rather than 

concomitant site filling of the TiO2 and Au(111)-related peaks can be explained only if 
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propanol molecules are mobile at some temperature below 200 K on both Au(111) and 

TiO2 surfaces so that the molecules that initially adsorb on the Au(111) areas during the 

exposure can then diffuse across the surface and find any unoccupied sites on TiO2 

crystallites. 

 

4.3.3 Identification of TPD Products 

 

Further analysis of the interaction of 2-propanol with TiO2 nanocrystals requires 

understanding of the chemical nature of the desorbing products. To identify the 

desorption products from our propanol-exposed nano-TiO2/Au(111) surface, we 

performed TPD experiments, in which we simultaneously recorded a set of ion signals at 

different masses.  Examples of these spectra are shown in Fig. 4.3. 

 

Among the traces in Fig. 4.3, the signals for m/e = 41, 43, and 45 can be singled 

out as representing three distinctly different types of behavior. As mentioned before, the 

trace for m/e = 41 has three peaks of almost equal height at 310, 450, and 510 K. The 

signal for m/e = 43 shows only the first two peaks at 310 and 450 K. Finally, the m/e = 

45 signal shows only the first peak at 310 K. Our preliminary identification of desorbing 

products was based on published mass spectra of relevant organic compounds such as 2-

propanol, 1-propanol (ion cracking pattern allows ready identification from 2-propanol), 

propene, propane, acetone, ketene and acetaldehyde.26 The signals at m/e = 41, 43, and 45 

were the strongest ion signals in the published mass spectra of propene, acetone, and 2-

propanol, respectively. However, this observation alone cannot guarantee the presence of 



 

60 

 

these three compounds in our desorption products, since each ion signal can originate 

from more than one compound. For example, while the ion signal of m/e = 41 is the most 

prominent in the propene mass spectrum, this ion is produced, albeit in a smaller relative 

intensity, from 2-propanol as well. For this reason the positive identification of the 

desorption products requires precise knowledge of the fragmentation patterns of the 

proposed compounds in our mass spectrometer.  
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Figure 4.3. TPD spectrum of 0.1ML of 2-propanol deposited on the nano-

TiO2/Au(111) surface shown in Fig. 4.1. Each trace corresponds to the ion mass 

indicated on the right.  
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In order (a) to confirm the identity of the desorption products in the nano-

TiO2/Au(111) TPD spectra as 2-propanol, propene, and acetone, and (b) to exclude the 

possibility of other products, we experimentally determined the electron-impact-

fragmentation patterns of these compounds in our mass spectrometer. The cracking 

patterns of 2-propanol and acetone were determined by analysis of multilayer TPD peaks 

of these compounds from the Au(111) and the TiO2 rutile(110) surfaces. However, 

propene multilayers could not be created on the samples even at the lowest temperature 

(130 K) achievable in our setup. For this reason the fragmentation pattern for propene 

was found from the 580 K TPD peak of 2-propanol on rutile(110) TPD spectrum, such as 

shown in the lower panel in Fig. 4.4.  Previous studies have demonstrated21,22 that 

propene is the only desorption product, near this temperature, from the rutile(110) 

surface. The fragmentation patterns determined in this manner suggest that there is very 

little contribution of propene to the m/e = 43 and 45 signals, and of acetone to the m/e = 

41 and 45 signals. The m/e = 45 signal was thus used as a reference signal for propanol 

and, after scaling based on our fragmentation data, it was subtracted from the m/e = 41 

and m/e = 43 signals to eliminate propanol-related component of these latter two signals. 

These corrected signals are plotted in Fig. 4.4 as “propene” and “acetone” traces.  
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Figure 4.4. TPD spectra from a nano-TiO2/Au(111) surface (top) and a rutile 

TiO2(110) surface (bottom) having 0.1 ML and 0.8 ML of 2-propanol coverage,  

respectively. Individual traces correspond to the desorption rates of propanol, propene, 

and acetone calculated from our recorded ion data. The inserts show the calculated 

distribution of the desorption products in terms of local surface concentration of 

propanol, as explained in the text. 
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All other collected ion signals (m/e = 15, 26, 29, 39, 42, 58, 59) could be matched within 

the experimental uncertainty to propanol, propene, and acetone signals, which are scaled 

using the fragmentation patterns. For example, the presence of the m/e = 29 signal could 

indicate the possible presence of propane in the desorption spectrum. However, this 

signal in the spectrum follows the sum of the properly scaled desorption traces of 2-

propanol and acetone.  With this point in mind, we summarize by concluding that if there 

are any products of reaction between 2-propanol and nano-TiO2/Au(111) other than the 

three identified above, their abundance must be below the detection level of the present 

study.  

 

4.3.4 Quantitative Analysis of TPD Spectra 

 

In order to quantitatively analyze the TPD spectra from our nano-TiO2/Au(111) 

surface, it was necessary to know the absolute sensitivity of our mass spectrometer for 2-

propanol, propene, and acetone. To find these absolute sensitivity coefficients, we 

performed a series of calibration TPD experiments, in which some TPD peaks could be 

related to a known surface concentration of a given compound. Thus, the saturated 310 K 

peak at m/e = 45 from 2-propanol on rutile(110) was taken as a reference for propanol 

(see the bottom panel of Fig. 4.4). Earlier studies had attributed this peak to the 

desorption of propanol molecules chemisorbed on 5-coordinated Ti atoms.21,27 Careful 

study28 showed that the saturation coverage of 2-propanol on these sites is 0.61 ML and 

this number was used in our analysis. Similarly, the area of the saturation coverage of the 
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190 – 400 K desorption feature of acetone on rutile(110) surface (not shown) was taken 

as a reference for acetone. As was shown previously,29 this TPD peak saturates at an 

acetone coverage of 0.65 ML.  

 

Determination of the sensitivity of our mass spectrometer to propene involved a 

two-step procedure. Earlier TPD studies of 2-propanol on rutile(110) surface21,22,27 had 

shown that bridge-bonded oxygen vacancies (BBOv), initially present on the surface, 

after 2-propanol deposition are filled with a propoxy species that, in turn, desorb as 

propene around 580 K. Thus the amount of propene desorbing in the vicinity of 580 K 

corresponds to the initial BBOv concentration. For purposes of determining our 

sensitivity coefficient for propene at m/e = 41, we first found the surface concentration of 

oxygen vacancies on our rutile(110) sample by dosing it with water and comparing the 

recombination and molecular desorption peaks at 500 and 280 K respectively, which is a 

standard procedure, discussed in prior work,30 to determine the number of BBOv. Using 

this method, the surface concentration of BBOv was found to be 0.056 ML. This same 

surface was then dosed with 2-propanol and the resulting TPD spectrum is shown in the 

bottom panel of Fig. 4.4. The area of propene peak at 580 K monitored at m/e = 41 could 

then be related to surface concentration of BBOv’s found earlier. 

 

The application of the sensitivity coefficients, found as described above, to the 

TPD spectrum of 2-propanol on nano-TiO2/Au(111) that is shown in the top panel of Fig. 

4.4, gives following results. The total amount of molecules that desorbed above 220 K as 

propanol, propene and acetone is equivalent to 0.06 ± 0.01 ML of propanol on rutile(110) 
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surface. Here we assume that each molecule of either acetone or propene is produced 

from one molecule of propanol (see the discussion of reaction mechanisms below). The 

relative distribution of desorption products is 61 ± 6 % of propanol (43 % in the main 

peak around 310 K and 18 % in the 350 – 560 K tail), 23 ± 5 % of propene, and 6 ± 2 % 

of acetone. The uncertainties of these numbers were estimated by considering both the 

limiting signal-to-noise ratio of the data and the uncertainty in the calibration procedures.  

 

Figure 4.5. Selected series of TPD spectra from three differently prepared nano-

TiO2/Au(111) surfaces exposed to 2-propanol.  Only ion mass 41 is shown. The 2-

propanol coverage varies from 0.02 to 0.5 ML for the spectra shown. The 1st and the 2nd 

traces from top show the 1st and the 5th TPD in sequence, while the other pairs of traces 

show consecutive experiments.  
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Since this study is motivated partially by catalytic applications, it is of interest to 

evaluate the stability of the titania nanocrystals in their interaction with 2-propanol. As a 

particular concern, our mechanistic discussion in the next section suggests that a possible 

consumption of lattice oxygen is occurring due to nano-TiO2 reacting with 2-propanol. 

Thus in order to monitor the persistence of the chemical properties of the nanocrystals in 

the possible consumption of lattice oxygen, we compared consecutive TPD experiments 

from the same sample in Fig. 4.5. The top two traces in Fig. 4.5 show the m/e = 41 signal 

of the 1st and 5th TPD runs, each involving full saturation of TiO2-related peaks. These 

results show that the positions of the peaks and their relative size do not change 

significantly even after five reaction cycles. This observation implies that even if 

formation of acetone from propanol leads to removal of lattice oxygen from the TiO2 

nanocrystals, it does not significantly alter their overall catalytic properties after a limited 

number or turnover reactions. This conclusion is reinforced by the comparison of TPD 

spectra obtained from different sample preparations of our nanocrystal surfaces, as 

explained below, shown in the other two pairs of traces in Fig. 4.5. The positions and 

sizes of the m/e = 41 peaks in the 350 – 600 K range differ for different samples; yet they 

are persistent in a series of consecutive experiments. 
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Figure 4.6. 200 × 200 nm STM images of two surfaces, denoted Sample #2 (left) and 

#3 (right) in Fig. 4.6, prepared differently from that in Fig. 4.1. The apparent different 

step density between samples #2 and #3 is an artifact of the choice of the scanning area – 

the average step density over the whole sample was constant as determined from STM 

images taken in different sample locations. 

 

From the perspective of catalysis, the identification of the structure-reactivity 

relationship of a catalyst is also an important issue that is necessary for comprehensive 

understanding of the involved reaction mechanisms. In an initial effort to find such 

relationship for our nano-crystal model system, we prepared two surfaces with different 

preparation parameters from those discussed so far in this chapter, i.e. 0.4 ML of initial 

titanium coverage and 800 K oxygen annealing temperature were used for “Sample #2” 

and 0.4 ML and 900 K were used for “Sample #3”. The STM images of these surfaces 

are shown in Fig. 4.6, while the selected traces from the corresponding TPD spectra are 

plotted in Fig. 4.5. One distinction between the samples, which is apparent in the STM 
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images, is the differences in the sizes of the TiO2 nanocrystals, i.e. the average width of 

the nanocrystal is 8 ± 5 nm in sample #2 and 15 ± 6 nm in sample #3. Note that the 

relatively small difference in the overall area of the TPD peaks in 350 – 600 K range for 

different samples could be explained in part by different TiO2 coverages. For example, 

the average area of the 350 – 600 K peaks for sample #3 is 70 % from that of sample #1, 

while the TiO2 surface coverage of sample #1 is about 80 % from sample #3. At the same 

time, a strong sensitivity in the chemical properties of the TiO2 nanocrystals, manifested 

by the positions of the TPD peaks, to the morphology is apparent from a comparison of 

the spectra of the three surfaces in Fig. 4.5. However, no obvious relationship between 

specific structural parameters of the nanocrystals and their reactivity with 2-propanol 

could be immediately deduced from the data, and determining such a relationship is the 

focus of an ongoing study in our laboratory. 

 

4.3.5. Discussion 

  

In this section we consider our results from the perspective of earlier studies. We 

discuss the possible origin of individual TPD peaks and reaction mechanisms for 2-

propanol on the surface of TiO2 nanocrystals.  To aid our discussion, we use Fig. 4.7 to 

show the proposed atomic mechanisms for the formation of propene and acetone. 
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Figure 4.7. A schematic diagram showing the proposed reaction mechanisms of 

formation of propene, acetone, and 2-propanol on the surface of TiO2 nanocrystals 

above 350 K. Red symbols indicate hydrogen atoms that participate in a given step. The 

gray oxygen in step 8 is present if the reaction proceeds from 5 and absent if the reaction 

proceeds from 7. 

 

To obtain a meaningful comparison of the quantitative TPD results from 

rutile(110) with those from nano-TiO2/Au(111), we normalized the TPD data for the 

nano-TiO2 surface using the fractional surface area of the TiO2 crystallites. The analysis 

of STM images, one of which is shown in Fig. 4.1, gave a fractional area of 15 ± 3 % for 

the titania nanocrystals on the Au(111) surface. The uncertainty, given here, arises from 

the ambiguity in interpreting the STM images of the crystals that are artificially 

broadened due to finite STM-tip curvature. The combination of this fractional area value 

with the overall 2-propanol coverage, required to saturate titania-related TPD peaks of 

the nano-TiO2/Au(111) surface – 0.061 ML, gives the local saturation propanol coverage 

on the faces of TiO2 nanocrystals as 0.4 ML. This is a reasonable concentration given, for 
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example, the single-layer saturation propanol coverage of 0.6 ML on rutile(110) 

surface.28 Multiplying 0.4 ML by the desorption product distribution numbers for the 

nano-TiO2/Au(111) surface presented in section 3.4 we obtain the product distribution in 

terms of local nanocrystal surface concentrations: 0.17 ML for 2-propanol in 310 K TPD 

peak, 0.07 ML for 2-propanol in the tail above 350 K, 0.09 ML for propene, and 0.024 

ML for acetone. These numbers are plotted as the histogram in Fig. 4.4. The histogram of 

the product distribution for the rutile(110) surface, obtained in a similar manner, is also 

plotted in Fig. 4.4 for comparison. 

 

Comparing the TPD spectra from nano-TiO2/Au(111) and rutile(110) surfaces in 

Fig. 4.4 provides some insight into the nature of the individual peaks. First, the precise 

coincidence of the temperature for propanol desorption from the two surfaces at 310 K 

strongly suggests the identical origin of these peaks. In case of rutile(110), it was shown 

that propanol desorption around 315 K is due to propanol molecules adsorbed on surface-

exposed, but relatively chemically inert, 5-coordinated Ti atoms.21,27 Presently there is no 

consensus in the literature about whether alcohols on these sites are adsorbed molecularly 

or dissociatively,18,28 but even if propanol dissociates into a propoxy and a hydrogen, the 

hydrogen atom is available for reverse recombination into propanol at 315 K.21,27 In a 

similar fashion, the propanol desorption peak at 310 K from nano-TiO2/Au(111) can be 

attributed to propanol molecules adsorbed on well-coordinated Ti atoms on the surface of 

the crystallites. 
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The long tail of propanol desorption from nano-TiO2/Au(111) that extends to 560 

K, at which temperature desorption of propene also ceases, could also be observed in the 

TPD spectrum from rutile(110).  The zero-signal level in the case of rutile(110) is 

emphasized by the dashed line in Fig. 4.4. Note however, that compared to rutile(110), 

the amount of propanol in the tail region as a fraction of the main peak at 310 K is 

significantly larger for nano-TiO2/Au(111). In fact, integration of the tail region shows 

that 18 % of propanol initially adsorbed on the TiO2 crystallites desorbs within this tail 

between 350 and 560 K. This tail arises from recombination of surface-bound propoxy 

and hydrogen (process 3 in Fig. 4.7).21,22 The latter hydrogen is produced during the 

initial dissociative adsorption of propanol and also during the dehydrogenation of 

surface-bound propoxy that leads to formation of propene and acetone, as discussed 

below.  

 

The evolution of propene from the propanol-exposed nanocrystal surface can also 

be rationalized by comparison with rutile(110) surface chemistry. Propene is known to be 

formed on a rutile(110) surface in a TPD peak centered around 580 K as a result of β-

hydride elimination process, i.e. removal of a hydrogen atom from one of the methyl 

groups of a propoxy species adsorbed on a BBOv site.21,22  This process is shown in panel 

4 in Fig. 4.7. The concerted cleavage of a C-O bond and the formation of the double C=C 

bond lead to desorption of a propene molecule (process 5).19 More generally, the 

formation of alkenes is a typical reaction of simple alcohols heavier than methanol on the 

BBOv sites of rutile(110). Further the temperature of alkene desorption varies depending 

on the choice of specific alcohol, from 640 K for ethanol to 470 K for t-butanol.19 In case 
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of nano-TiO2/Au(111) propene evolves from the propanol-exposed surface over a wide 

range, i.e. from 400 to 570 K, with two clear peaks at 450 and 510 K. By analogy, we 

propose that propene on nano-TiO2/Au(111) is also produced as a result of β-hydride 

elimination of propoxy molecules (shown in panel 2 in Fig. 4.7) adsorbed on the under-

coordinated surface Ti atoms. Note that in case of TiO2 crystallites, the edge sites also 

could contain such under-coordinated atoms along with the oxygen vacancy-like defects 

(implied in Fig. 4.7). 

 

One of our most important observations is that acetone desorbs from a propanol-

exposed nano-TiO2/Au(111) surface.  This desorption occurs in a broad peak centered 

around 440 K. Acetone desorption is a unique property of our surface since no acetone 

was detected in the desorption products of 2-propanol from rutile(110)21,22 or the even 

more reactive (WO3)3/rutile(110) surface.31 Acetone production apparently proceeds 

through α-hydride elimination (process 6 in Fig. 4.7), accompanied by breaking of the 

oxygen-surface bond and simultaneous formation of a double C=O bond (process 7). This 

α-hydride elimination is sterically hindered in 2-propanol due to the nearby location of 

the two bulky CH3 groups on the α-carbon. In contrast, ethanol and 1-propanol on rutile 

(110), both of which have only one bulky group on the α-carbon, can produce 

acetaldehyde and propionaldehyde, respectively, as results of α-hydride elimination.27 

The presence of acetone in the desorption products from nano-TiO2/Au(111) surface 

indicates the existence of sites on the nanocrystals that bypass the steric limitations of 

propoxy species and make their α-hydride accessible for interactions. Finally, enhanced 

reactivity of the nanocrystals due to alteration of the electronic properties compared to 
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those in bulk TiO2 remains an important area of consideration.  Such enhancement can, of 

course, be due to quantum size effects or factors such as support interactions. 

 

The observation of acetone evolution from 2-propanol on nano-TiO2/Au(111) 

surface is relevant to recent reports on  photocatalytic production of hydrogen from 

ethanol at ambient pressure over Au nanoparticles on TiO2 support.24,25 It had been 

shown that in this photoreaction, acetaldehyde is co-produced with hydrogen and that the 

anatase form of TiO2 is approximately two orders of magnitude more active than rutile. 

The latter observation was explained by the different electron-hole recombination rates in 

these two titania polymorphs.24 We note, however, that conversion of ethanol to 

acetaldehyde is mechanistically equivalent to conversion of 2-propanol to acetone.  Then 

the higher activity of anatase compared to rutile in photo-production of hydrogen from 

ethanol may be alternatively explained on a heuristic level by the differences in the 

chemical properties of the two TiO2 forms: acetone is produced from 2-propanon on 

anatase32 but not on rutile.22 Following this line of thinking, the observation of acetone 

evolution from primarily rutile nanocrystals on Au(111) in this study and the observation 

of non-zero hydrogen production rates from ethanol on nano-Au/TiO2(rutile) catalyst24 

suggest a hypothesis that the dehydrogenation of alcohols on surfaces of Au-rutile 

systems proceeds on the Au-TiO2 boundary or perimeter sites. Note that catalytic activity 

of Au-TiO2 boundary sites had been demonstrated for a number of other reactions 

including CO oxidation,33 the water-gas shift reaction,12 and hydrogen dissociation.34 

Clearly, more studies are needed to positively identify the surface sites, on which 

propanol-to-acetone conversion occurs on nano-TiO2/Au(111) surfaces. 
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We can use standard procedures based on a Redhead analysis of TPD peaks to 

estimate activation energies for our two proposed reactions of 2-propanol on the nano-

TiO2/Au(111) surface.35 Assuming first-order kinetics and using 1013 s-1 as a pre-

exponential factor, we obtain 118 and 136 ± 20 kJ/mol as the activation energies for 

propene formation, which is responsible for the TPD peaks at 450 and 510 K 

respectively, and a 115 ± 25 kJ/mol activation energy for the acetone formation. By 

comparison, the energy barrier for propene formation on the BBOv vacancies of 

rutile(110) surface is 155 kJ/mol,19 which implies a significant, 37 kJ/mol, reduction of 

this barrier for the TiO2 nanocrystals. 

 

Further analysis of our proposed mechanisms for 2-propanol reactions on the 

nano-TiO2/Au(111) surface suggests possible changes in the composition of TiO2 

nanocrystals in the course of a TPD run. We can deduce from the hydrogen balance in the 

processes that lead to acetone formation (Fig. 4.7, steps 1, 2, 6, 7, 8) that the production 

of each acetone molecule should ultimately remove one oxygen atom from TiO2 

nanocrystals. Note that this reasoning assumes that surface hydrogen desorbs only as 

water, a pathway which has been shown to be true for rutile(110).30 However in contrast 

to this line of reasoning, our experiments, shown schematically in Fig. 4.5, do not 

indicate any significant changes in the reactivity of the nano-TiO2/Au(111) surface after 

consecutive TPD runs that are expected to increase the number of oxygen vacancies on 

TiO2. One of possible explanation of this apparent paradox lies in the fact that at high-

temperatures (>800 K) TiO2 nanocrystals are in thermal equilibrium with Ti atoms 
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dissolved in the bulk of the gold substrate.17 Then, at the high temperature end of each 

TPD run, the removal of a small amount of oxygen as a result of acetone formation 

would be compensated by the dissolution of the corresponding amount of titanium in the 

Au(111) bulk thus preserving the TiO2 surface stoichiometry.  

 

Finally, in an earlier study of methanol reactivity on nano-TiO2/Au(111) 

surfaces,23 nanocrystals were prepared by various methods of O2-oxydation of titanium 

evaporated on a Au(111) surface without the preliminary anneal that drives titanium 

subsurface as is done in our experiments. In that study, methanol and/or methane were 

shown to desorb over broad temperature ranges - typically 300 K wide. In the present 

work, the width of the TPD peaks of single-layer propanol desorption from TiO2 

nanocrystals was ~100 K and that of propene desorption was ~ 200 K. In our prior 

morphological study, we already demonstrated that our Ti-Au surface-alloy-assisted 

method of TiO2-nanocrystal preparation gave a relatively narrow size distribution and 

high structural homogeneity of the nanocrystals.17 The data presented here show also that 

the TiO2 nanocrystals prepared through Ti-Au surface alloy method appear to exhibit a 

more consistent set of chemical properties compared to methods that involve direct 

oxidation of titanium. 

 

4.4 Conclusions 

 

We have explored the chemical properties of TiO2 nanocrystals, grown on 

Au(111) surface through the Ti-Au surface-alloy-assisted method, using 2-propanol as a 
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test molecule. The following observations could be made: (1) propanol completely fills 

adsorption sites on TiO2 nanocrystals before filling Au(111) sites; the local adsorption 

site density of the nanocrystals is 0.4 ML; (2) almost ½ of propanol molecules adsorbed 

on TiO2 nanocrystals desorb at ~310 K, exhibiting behavior, which is identical to 

propanol adsorbed on the 5-coordinated Ti atoms of rutile(110) surface; (3) more than ¼ 

of propanol molecules undergo chemical reactions either of dehydration to form propene 

or, in smaller part, dehydrogenation to form acetone. Some sites on TiO2 nanocrystals 

show almost 40 kJ/mol reduction in the reaction barrier for propene formation compared 

to BBOv on rutile(110), while acetone is not produced on rutile(110). Thus, in 

comparison with rutile(110), the nano-TiO2/Au(111) surface shows higher reactivity both 

in terms of the fraction of reactive sites and in terms of lower reaction barrier. At the 

same time, these nanocrystal surfaces, prepared through the surface-alloy-assisted 

method appear to show a higher degree of chemical homogeneity compared to 

nanocrystals prepared by other methods reported in literature. 
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Chapter 5: 

In situ preparation and surface chemistry studies of monolayer 

TiO/Au(111) 

 

 Recent experiments have shown that the interaction of two-dimension crystalline 

layers, with a single-crystal substrates (each having a similar lattice spacing) give rise to 

moiré patterns, which are readily seen directly by STM imaging1-2 or, indirectly using 

angle resolved photoemission.3 These moiré patterns exhibit periodicity on a spatial scale 

much larger than that of the fundamental lattice spacing of the 2D overlayer. This larger 

periodicity can, for example, lead to a substantial variation in the electronic-state density 

across the surface of the film.4-5 An important research question is then “Does this moiré 

pattern variation, in turn, influence other surface chemical phenomena such as surface 

reactions (or chemisorption) and hence catalysis, growth, etching, etc.” In this connection, 

a recent study has shown that site-selective islanding of metal-atom growth occurs on the 

moiré grid of epitaxial graphene on single-crystal metals;6 a related study by Merte et al. 

has suggested OH groups preferentially adsorb on one particular domain on a moiré-

patterned FeO film, with the moire pattern further influencing water clustering on the 

surface.7 The confluence of these prior results suggests then that moiré effects may be of 

more general importance in adsorption, surface patterning and, more generally, 

controlling surface chemistry.   

 

This chapter examines the effect of moiré patterning of epitaxial 2D-oxide films 

on a single-crystal metal substrate in influencing organic-molecule adsorption on this 
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surface. Our choice of materials system is that of a monolayer of TiO grown on a noble-

metal surface. Oxide thin films on metal supports have a long history of being the focus 

of many surface chemistry studies.2, 8-10 Such metal-supported oxide films provide a high-

quality surface, e.g. uniform stoichiometry, low defect concentration and controllable 

surface termination.2 The properties of 6-10 ML oxide films approach those of bulk 

materials since the influence of the substrate diminishes progressively with thickness. 

However, ultrathin films with a thickness of 1-5 ML can display striking structural and 

electronic properties, which are induced by strong interactions with the substrate. These 

unusual properties may lead to potential new applications in electronic devices and 

chemical sensors.11  

 

Titanium dioxide is an important transitional-metal oxide used in a wide variety 

of technological applications ranging from photocatalysis to solar cells and gas sensors.12-

15 As a result, the surface science of TiO2, as well as its reduced form, has been the 

subject of extensive surface studies, including STM imaging16-17 and many thermal 

desorption studies.18-20 However, although copious studies have been carried out on 

single crystal or nanocrystalline powders, its properties in the 1-4ML regime has only 

recently been examined. For example, recent studies have shown that by carefully 

choosing specific preparation conditions, monolayer TiO ultrathin films could be grown 

on metal surface.21-23 Further these films were shown to have a distinctly different surface 

structure and stoichiometry from those of a TiO2 single-crystal sample.  In particular, the 

surface of the film, when grown epitaxially on Au(111) exhibited a clear long-range 
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“pinwheel” (see below for details) moiré pattern, due to a small lattice-constant and a 

rotation-angle mismatch between the Ti lattice and its Au substrate.21 

 

In this chapter, it is shown that a moiré-patterned monolayer film of TiO on 

Au(111) is an ideal template for epitaxial preparation/growth of 2D arrays of organic 

adsorbates, in which the substrate-adsorbate interactions dominate the adsorbate spatial 

distribution. Using this substrate, our studies investigate the influence of the periodic 

moiré pattern on the adsorption geometry of chemisorbed TMAA, a convenient probe 

molecule previously used for numerous adsorption and photocatalysis studies on TiO2. 

Specifically, our experiments first determine the atomic structure of the moiré pattern and 

then show the evolution of the adsorption geometry of chemisorbed TMAA upon 

increase of its coverage.  By mapping the registration of the chemisorbed TMAA 

molecules to the atomic structure of the TiO film, it is shown that after deposition onto 

the film, chemisorbed moieties selectively fill fixed specific sites of the moiré unit cell as 

the coverage is increased, reflecting the variation of the surface binding energy of the 

chemisorbed TMAA at different sites. 

 

5.1 Abstracts 

 

A surface moiré pattern is used to examine the site-dependent variation in the 

surface reactivity of an organic molecule on an epitaxial-layered system. Our experiment 

examines chemisorption of trimethyl acetic acid (TMAA) molecules on epitaxial 

monolayers of TiO on Au(111).  This layered system is shown to exhibit a six-fold 
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pinwheel moiré pattern, such that each pinwheel consists of six interlocking triangles 

(with both a clock-wise and counter-clockwise orientation) around a central hub. The unit 

cell for this pinwheel moiré pattern is measured to be 28Å × 28Å. The evolution of the 

TMAA chemisorption geometry on these patterned layers as a function of coverage is 

investigated by atomic-resolution scanning-tunneling-microscopy (STM) imaging. 

TMAA is preferentially chemisorbed, most probably to form trimethyl acetate (TMA), at 

the center of the fixed pinwheels at low coverage (~0.02 ML). This chemisorption pattern 

evolves into a three-fold symmetric triad at the center of each pinwheel as the coverage 

of TMA increases to~0.06 ML. Finally at saturation coverage, the chemisorbed TMA 

leave an empty region in the central region of each triangle even, indicating a significant 

difference in adsorption energy between adsorption at the “hub” of pinwheel and at the 

center of each triangle. These results show the utility of moiré patterns in understanding 

the role of substrate-overlayer atomic registry to probe surface reactions. 

 

5.2 Experiments 

 

Our experiments were conducted in a UHV chamber, which was equipped with a 

commercial Omicron VT-STM, argon-ion sputtering gun, a LEED/Auger system, a 

differentially pumped and retractable VGQ mass-spectrometer, and a UHV controlled-

dose metal evaporator, employing e-beam heating. These instruments were contained 

within a chambers having base pressures of 8 × 10−11 Torr.  

   An Au(111) sample with a 5mm square polished face was mounted in a standard 

Omicron “radiative heating” sample holder. This holder was modified to allow direct 
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temperature measurements by a K-type thermocouple, attached directly to the sample. 

The Au(111) surface was prepared by multiple cycles of 1 keV Ar+ sputtering and 

annealing at 900 K. Surface cleanness was monitored with the STM imaging. Our 

experiments required the preparation of nanometer-size TiO2 crystals on the Au(111) 

surface; the preparation of these particles is described in detail in our previous paper.24 

These ML thick nanometer-scale single-crystal islands were used since they were found 

to lead to a more controlled TiO layer than simple blanket growth. Note that in the 

current work involving the islands, an e-beam metal evaporator was used for Ti 

deposition, since it achieved more precise control over the Ti flux; the evaporator was 

loaded with a 2mm Ti rod (99.99%, Alfa Aesar). During deposition, the Au sample was 

placed ~2cm away from the aperture of the evaporator. 

 

Two molecular dosing systems were used in our experiments. The first system 

was for O2 flow control during the oxidation step to form the TiO2 nanocrystals. In this 

case, oxygen exposure was performed through a variable-leak valve ending with a 1 mm-

diameter tube placed directed at the sample using a ~5cm stand-off distance. The relative 

flux was then monitored by the background ion gauge. For the second dosing system, 

molecular vapor, i.e. TMAA vapor, was dosed through an aperture-based gas system, in 

which the gas line, before a 5-μm aperture, was filled with TMAA vapor in the mTorr 

pressure range for a desired amount of time. The reverse side of the aperture was opened 

to a 4 mm-diameter tube leading toward the sample; the latter faced the UHV-side 

opening of this tube, with a ~5 mm stand-off distance. Before each dosing cycle, TMAA 
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was purified via several freeze–pump–thaw cycles. All STM images were taken at room 

temperature using W tips, which were prepared by electrochemical etching. 

 

5.3 Results and Discussions 

 

Voltage-dependent STM imaging was used to examine the sample surface, at 

different stages of preparation of the 2D oxide and after molecular dosing. All images are 

taken at room temperature.  The monolayer TiO film on Au(111) was prepared as 

described in detail below. STM measurements were then used to measure the dimension 

and geometry of the film so as to allow the atomic structural to be determined and the 

observed pinwheel moiré pattern to be explained. Subsequently this film was used to 

study the growth physics of the organic overlayer. 

 

Moiré patterned TiO film: Growth and Measurement 

 

Figure 5.1 shows images of several different stages of the surface during metal 

deposition and surface oxidation. The clean Au(111) surface was prepared by repeated 

sputter-annealing cycles to form the pristine surface shown in Fig. 5.1(a).  This surface 

showed a sharp herringbone pattern, characteristic of the Au(111) surface reconstruction.  

Subsequently, a ~0.9 ML Ti film was deposited onto this clean surface Au(111), which 

was held at room temperature in vacuum.  As seen in Fig. 5.1(b), Ti preferentially 

nucleated at the elbows of the Au(111) herringbone reconstruction and formed ordered 

arrays of islands after deposition. This surface was then converted into a selvedge Ti/Au 
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alloy via annealing at 800 K for 10 min.  Earlier experiments in our laboratory had shown 

that such an alloy could be controllably oxidized as the unreacted metal diffused out of 

the surface.22 In particular, the Ti/Au alloy was then converted to nanometer-scale single-

crystal 3D TiO2 islands via exposure to oxygen at 800K for 10 min in the presence of a 

background O2 pressure of ~ 3.0 × 10-8 Torr. As seen in Fig. 5.1(c), the dimensions of 

these crystals ranged from 2nm to 10nm with average heights of ~1 nm. The dominant 

forms of these nanocrystals were triangular and hexagonal shapes with flat-top surfaces. 

The structure of the crystals was identified via STM imaging of their atomic lattice, to be 

rutile TiO2 (100), as reported in our previous paper.24 Note however that a substantially 

lower oxidization temperature was used in this work, a process, which was found to 

render the nanocrystals easier to reduce upon annealing in vacuum, which is crucial in 

forming the final monolayer films. Figure 5.1(d) shows the surface after a second 

annealing in vacuum at 900 K; this additional annealing step transformed the crystals into 

the faceted ultrathin film islands. These film islands ranged from 5 nm to as large as tens 

of nm and were found to wet the Au substrate. Many earlier studies have shown that 

various factors will influence the phase, oxidization state, and surface structure of 

titanium oxide crystals, e.g. Ti coverage, oxidizing temperature, and oxygen pressure 

during oxidization. Using the procedures described above, a surface is prepared such that 

it is dominantly covered by these ultrathin film islands. Those film islands are found to be 

stable up to 950 K when annealed in vacuum. The surface structure and the composition 

of the film will be discussed further below. 
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Figure 5.1. STM images of the sample surface at different stages of preparation of 

the monolayer film. (a) Clean Au (111) surface with a herringbone reconstruction. (b) 

Surface covered with ~0.9 ML Ti, which forms arrays of islands at elbows of the Au 

herringbone. (c) TiO2 nanocrystals after oxidation of the Ti-Au surface alloy at 800K. (d) 

Pinwheel-structured films formed by reducing the nanocrystals through annealing in 

vacuum at 900K. (e) Close-up of the pinwheel-structured film. A unit cell (a = 2.8±0.1 

nm) and a clockwise pinwheel consisting of six triangles are drawn. The orientation along 

the centers of each pinwheel is rotated α = 16˚±1˚ with respect to the orientation of the 

close-packed [1-10] direction of the Au(111) lattice. 

 

Figure 5.1(e) shows a magnification of the region of the surface that contains a 

thin-film area. Although the full atomic structure of the surface pattern cannot be 
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resolved at this spatial scale, an overall periodic surface pattern can be clearly discerned. 

Closer examination shows that the periodic structures can be depicted as pinwheels, with 

each pinwheel consists of six interlocking triangles positioned around a central hub. 

Although not shown here, both clock-wise and counter-clockwise pinwheel structures 

were found to be present on the surface. STM imaging was then used to measure the 

spatial dimensions of the film structure.  Measurements of the height of the film showed a 

characteristic thickness of 0.23±0.1nm, indicating the monolayer nature of the film.  The 

unit cell for the pinwheel structure is measured to be ( 28±0.1)Å × (28±0.1)Å. 

The orientation along the centers of the pinwheels is measured to be rotated 16˚±1˚ with 

respect to the edge of the film that coincides with the direction of close packing of Au 

(111).  

 

Similar pinwheel-structured titanium-oxide films have also been observed in Wu 

(2011), where the deposited Ti was oxidized directly in oxygen without first forming an 

Ti/Au alloy. In this work, similar pinwheel structured films were found to coexist with 

other phases.21 This group determined the atomic structure of the pinwheel film via an 

approach often used for determining moiré patterns due to a small mismatch in lattice 

constants and rotation angle of the two overlapping layers.  

 

The same approach described in Ref. 21 is applied to determine the atomic 

structural model of our pinwheel film. This approach reproduces the pinwheel structure 

experimentally measured in our case as is shown in Fig. 5.2(a). In this structure, a 

hexagonal Ti adlayer with a lattice constant of 3.20 Å (confirmed previously via atomic-
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resolution STM imaging)21 is rotated clockwise by 1.7º with respect to the underlying Au 

(111) surface lattice. The structure is again such that each pinwheel consists of six 

rotating triangles with two atomic rows on edges of triangles. The atomic row that is 

shared by two adjacent triangles consists of ten Ti atoms. The bonding sites of Ti atoms 

at the Au (111) surface progressively shifts from atop on the Au atoms, near the vertex of 

the triangle, to a bridging site at the middle of the triangle’s edge, and then to a hollow 

site in the center of a triangle. As a consequence, the vertex appears brightest and the 

center of each triangle appears darkest in STM imaging, as seen in Fig. 5.1(e). This 

resulting structure has a long-range moiré periodicity of  28.3Å and is rotated 

15.3º with respect to the underlying Au (111) lattice. These results match precisely to our 

experimental observations, as measured from STM images. As seen clearly in the 

comparison of Fig. 5.2(b) and 5.2(c), the observed pinwheel patterns are due to this 

periodic moiré alignment of the two overlapping layers. Finally note that the Ti atoms 

located atop Au atoms at the “hub” of each pinwheel are missing, corresponding to the 

dark hollows in the “hub” observed in STM images. 

  

Note that although the same approach is applied to determine the structural model 

and the resulting structure looks similar to the model reported by Ref. 21, there are subtle 

but important differences between these two models. Namely, there are two atomic rows 

consisting of the triangle edges in our model, while there is a single atomic row in the 

model of Ref. 21. In addition, in our case, the atomic row shared by two adjacent 

triangles consists of ten Ti atoms, while in the model of Ref. 21 there are eight Ti atoms 

on the edge. Therefore, the periodicity and rotation angle of the resulting moiré pattern 
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are also different. These small differences yield somewhat better agreement between the 

model described here and our STM measurements then the use of the model in Ref. 21. 

Finally, as will be explained a section below the controlled and periodic variation of 

registration of overlayer atoms across the surface moire’ pattern offers an interesting 

surface for examining how atom registration affects surface reactivity.  

 

 

Figure 5.2. Atomic model of the pinwheel structure and a comparison with our STM 

images. (a) Atomic model for the pinwheel structure, in which hexagonal lattice of Ti 

atoms (silver), with 3.2Å periodicity, is rotated 1.7˚ clockwise with respect to the Au 

(111) surface (gold, 2.89Å periodicity).  These two layers result in a moiré pattern, which 

are also describable as a (√97×√97)R15.3˚ reconstruction. Oxygen atoms are not shown 

for reason of clarity. (b) Magnified STM image of one pinwheel structure. (c) The same 
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STM image was overlapped with a half-transparent proposed atomic structure of a 

pinwheel, for comparison. 

 

Finally it is important to comment on the stacking order of Ti and the O layers. 

First note that similar structures have been observed with other metal-supported ultrathin 

metal-oxide films. Examples are TiO on Pt (111),23 VO on Rh (111)25 and FeO on Pt 

(111).26-27 Considering the high electronegativity of Au, Au-O is not expected to form a 

strong chemical bond. Therefore, the Au-Ti-O stacking order will be preferred over the 

Au-O-Ti stacking; a closely related stacking order has been confirmed by XPD and DFT 

studies in the other systems mentioned above, where Pt, Rh and Au have similar 

electronegativity. Our structure, incorporating a Ti interfacial layer and O atoms localized 

at hollow sites of Ti atoms so as to terminate the surface suggests the relative ratio of Ti 

and O to be ~ 1:1, which is also consistent with the value of 1:1.19 reported in Ref. 21, 

using Auger measurements.21  

 

TMMA adsorption on our moiré patterned surface 

 

Based on the atomic structure of the pinwheel film, chemisorption of TMAA on 

this moiré-patterned structure was investigated. TMAA molecules were dosed onto the 

surface at room temperature through the vapor-dosing system described in experimental 

section. The evolution of registration and adsorption geometry of chemisorbed moieties 

on the pinwheel structure with an increase in coverage is shown in the sequence of 

pictures in Fig. 5.3. 
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First, a surface covered with ~0.02 ML TMAA (1 ML is defined as the coverage 

of surface Ti atoms in pinwheel structure.) is shown in Fig. 5.3(a). In this image, the 

adsorbed moieties appear as bright protrusions and preferentially absorb near the center 

of each pinwheel. The chemisorbed TMAA species were also found, through temporally 

sequential STM images, to exhibit very low mobility at room temperature, suggesting 

therefore a strong-binding state. In fact, chemisorption of TMAA has been thoroughly 

studied on the related surface of rutile TiO2 (110).28-31 TMAA molecules are found 

readily dissociate on TiO2 (110) surface at room temperature, while physisorbed TMAA 

molecules will desorb at ~235K. Since Ti atoms are more under-coordinated in our 

pinwheel film, the film is expected to be more reactive than a bulk-crystal surface. 

Therefore, the observed low mobility of TMAA-derived moieties strongly suggests a 

dissociative binding state, such that the TMAA molecules dissociate into trimethyl 

acetate (TMA) groups and H atoms via O-H bond scission, to leave the oxygen atoms of 

TMA attached to surface Ti atoms.29-31 Note in addition to this typical absorption 

chemistry, in rare cases, chemisorbed TMAA is found to adsorb at the center area of one 

of triangle regions on our TiO surface. An example is shown in Fig. 5.3 (a), as marked by 

a green circle. This adsorption configuration may be explained as adsorption associated 

with TMA groups adsorbing at an oxygen vacancy site, as oxygen vacancies are a 

common defect in epitaxial metal-oxide films. Such O-vacancy-mediated adsorption is 

often seen in the case of TiO2 (110) surfaces.31-33 
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Figure 5.3. Adsorption geometry of TMAA at different coverage. (a) 0.02 ML. (See 

text for definition of ML.) TMA groups appear as bright protrusions marked by dotted 

circles. Green dotted circle marks a rare TMA group adsorbed at the center of a triangle. 

(b) 0.06 ML. Triangles mark two equivalent 3-fold symmetries. The inset shows a section 

of image with sufficiently high contrast to reveal the pinwheel structure of the underlying 

film. (c) 0.15 ML. A mesh constructed with a 2.8Å periodicity is drawn to show the long-

range geometry of the TMA groups. The inset shows a 2D FFT of the image. The clear 

hexagonal pattern, corresponding to the pinwheel periodicity, is marked by a red arrow.  

   

As the coverage of TMA groups increases to ~0.06 ML, the TMA groups were 

found to cluster at the center of the pinwheels and at the perimeter of the TiO-film islands 

as shown in Fig 5.3(b). Thus as seen in the figure, three TMA groups adsorb around the 

six-fold pinwheel center to form an array of symmetric triads with two equivalent 

orientations. The fact that the six-fold symmetry of the pinwheel structure was reduced 

into the observed three-fold TMA triads with two equivalent orientations prompted us to 

consider a bidentate adsorption configuration for chemisorbed TMA groups, such that a 

pair of oxygen atoms of a TMA group cover two Ti sites and thus break the six-fold 
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symmetry into three-fold. This assumption is also further supported by the analysis 

discussed in the following paragraph.  

 

Since TMA groups appear as circular shapes in STM image (see Fig. 5.3(b)), it is 

possible to measure the inter-adsorbate distance and the orientation of the TMA triads 

with respect to the direction along the centers of pinwheels. The measured relative 

position of adsorbed TMA groups is then mapped onto the atomic structure of the 

pinwheel film, as discussed previously. This mapping is shown in Fig. 5.4(a). The centers 

of adsorbed TMA groups are found to be in the bridging position of two Ti atoms. Given 

the observed circular shape of TMA groups, the center of the circular moiety will be at 

the middle of two Ti atoms for a bidentate adsorption configuration, while it would be at 

the location of the atop Ti atom for a monodentate adsorption configuration. Thus, our 

mapping image is consistent with a bidentate adsorption configuration. Note that the 

bidentate configuration has also been observed for chemisorbed TMAA as well as other 

carboxylic acids at TiO2 (110) surface,29-31 where the Ti-Ti spacing (0.3 nm) is similar to 

Ti-Ti spacing of the pinwheel film (0.32 nm) described here. By analyzing the atomic 

structure of the pinwheel film, another possible highly symmetric but closer-packing 

adsorption geometry was found, as shown in Fig. 5.4(b). The fact that this closer-packing 

geometry is not observed at this coverage in our experiment is due to steric effects and 

intergroup repulsion between the carboxyl groups.  
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Figure 5.4. Adsorption sites of TMAA at 0.06 ML coverage. (a), (b) Atomic models of 

possible adsorption sites for observed symmetric triads. (a) One loosely-packed model, 

which reproduces the orientation and intermolecular distance of our STM observations. 

(b) A denser-packed model, which is not observed at this coverage due to steric repulsion 

between TMA groups. The red balls represent TMA groups and the red dotted lines 

indicate the orientation along the lines connecting the centers of the pinwheels. 

 

Finally, Fig 5.3(c) shows a surface image of a TiO film after a saturation dose of 

TMAA molecules. A spatial 2D FFT was made of this image and it revealed a clear 

hexagonal pattern as shown in the inset of Fig. 5.3(c), which corresponds to the moiré 

unit cell of the pinwheel structures (28 Å × 28 Å). However, the adsorption geometry of 

the TMA groups within each pinwheel appears, at first glance, to be irregular when 

examined at a shorter-length scale. 

 

To better understand this shorter-length-scale site-specific adsorption geometry, a 

close-up of one building block of the long-range hexagonal adsorption pattern is shown 
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in Fig. 5.5(a). By measuring the inter-adsorbate distance and orientation of the clusters, 

the adsorbed TMA clusters were mapped onto the atomic structural model. The result of 

this mapping is shown in Fig. 5.5(b), in which the adsorption geometry is more 

immediately understandable. First note, all TMA groups are localized on the bridging site 

of two Ti atoms, which is, as mentioned earlier, consistent with the didentate adsorption 

configuration. Secondly, TMA groups are highly ordered in a three-fold symmetry. The 

three TMA groups at the center now forms a close-packing triad, which is not observed at 

lower coverage. As the adsorption of TMA begins from the center, the adsorption 

sequence for different sites is highly ordered and denoted by the numbers within the red 

circles that represent the TMA groups, as shown in Fig. 5.5(b). The observed low 

mobility of adsorbed TMA groups and yet highly ordered growth sequence is suggesting 

the existence of a mobile precursor, which samples a few sites until reaching the 

preferred site.  

 

 

Figure 5.5. Adsorption sites of TMAA at 0.15 ML coverage. (a) STM image of TMA 

clusters adsorbed within one pinwheel. (b) The corresponding atomic model, which 

reproduces the adsorption geometry observed in (a). This image shows that the 
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arrangement in (a) is a highly ordered arrangement of triads of TMA groups. The red 

balls represent TMA groups and the numbers within the balls denote the sequence of the 

site filling. The red lines show the orientation along the centers of pinwheels. 

 

Note also that the final coverage of TMAA molecules after saturation is ~0.15 

ML and the center areas of the triangles remain uncovered; since each TMA group cover 

two Ti atoms, the maximum coverage will be 0.5 ML. As the repulsion between carboxyl 

groups is expected, the fact that TMA cluster at the center of the pinwheel in an ordered 

sequence indicates a substantially higher binding energy at these sites. The difference in 

binding energy at different sites can be understood by considering the variation of 

registry of Ti atoms on the Au (111) surface across the pinwheel moiré pattern. First, the 

film consists of a close-packed Ti layer at the interface and a close-packed O layer 

terminating the surface. Due to the vertical separation between the charged Tiδ+ and O δ- 

planes, the film surface has a polar character, directing from Ti plane to O plane.  

Secondly, the Ti-O separation and thus its surface dipole are modulated by the variation 

of registry of Ti atoms at Au (111) surface. In particular, at the center of pinwheel, Ti 

binds on top sites of Au (111), while O sits in hollow sites of Au (111).  In contrast, at the 

center of triangles, Ti binds on hollow sites of Au (111), while O sits in top positions. 

The layer separation and surface dipole is, therefore, expected to be smallest at the center 

of pinwheel. In case of FeO/Pt(111), the vertical separation between Fe and O planes is 

found to be 15%-20% smaller when Fe binds on top sites and O sits in hollows sites of Pt 

(111).27, 34    
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As a result of the inter-layer distance modulation, Ti atoms at the center of 

pinwheels are more accessible to TMA groups due the smaller Ti-O plane separation.  

Additionally, a TMA group is also polarized, directing from carboxyl carbon to the center 

of two carboxyl oxygen atoms. After adsorption, this dipole will point towards the 

surface of the film, which is opposite to the direction of the surface dipole and therefore, 

is repelled by the surface dipole of the film. Since the surface dipole is smallest at the 

center of pinwheel, TMA groups are expected to bond strongest at these sites, which 

explains the observed preferential adsorption of TMA at the “hubs” of the pinwheel.   

   

Thus, the adsorption sequence that is seen in our experiments is consistent with it 

being a consequence of a gradual shift in the relative atomic positions of TiO film with 

respect to the Au (111) surface. A similar phenomenon was examined on FeO/Pt(111) by 

Merte et al.7 The adsorption energy of OH groups and H2O molecules at different sites 

and domains of the film was found to be the result of balancing the adsorbate-substrate 

and adsorbate-adsorbate interactions. 

 

5.4 Conclusions 

 

To summarize, ultrathin TiO films on Au (111) are grown such that they exhibit a 

pinwheel moiré structure with a unit cell of (28 Å × 28 Å). The chemisorption of TMAA 

molecules on these films was investigated as a function of coverage by atomic-resolution 

STM imaging. After chemisorption, TMA groups are found to preferentially adsorb at the 

“hub” of pinwheels and leave the center area of triangles uncovered even after saturation. 
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By measuring the inter-adsorbate distance and orientation of TMA groups with respect to 

the underlying pinwheel structure, the patterned TMA groups could be mapped onto the 

atomic structural model of the pinwheel structure.  

 

In conclusion, the observed pinwheel moiré structure is due to lattice-constant and 

rotation angle mismatch between Ti adlayer and Au (111) surface. The vertical Ti-O 

plane separation and thus the surface dipole are modulated by gradual shift in the registry 

of Ti atoms at Au (111) surface. The preferential adsorption of TMA at the center of 

pinwheel is explained by the smallest Ti-O layer separation and surface dipole at these 

sites.  

 

From a more general perspective, the evolution of the TMAA chemisorption 

geometry provides an excellent example, which demonstrates that a moiré-patterned thin 

film can be a useful template for investigating the surface reactivity of thin film with an 

organic adsorbate as a function of atomic registry on an underlying metal lattice. This 

same morié-pattern approach can be used to study processes such as self-assembly or 

epitaxial growth of organic overlayers. 
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Chapter 6: 

Reactions of Deuterated Methanol (CD3OD) on Fe3O4(111) 

 

 The reaction of simple molecules with different iron oxide surfaces has been the 

subject of numerous studies, primarily due to the importance of iron oxide as a model 

mineral crystal for studying basic environmental processes but also due to its potential 

importance in hydrogen generation for fuel-cell applications.1 Considering first the 

motivation for molecular-scale environmental research, there have been many recent 

studies of the decomposition of H2O and other organic species such as CCl4 on magnetite 

surfaces using scanning tunneling microscopy (STM), temperature programmed 

desorption (TPD), and synchrotron X-ray photoelectron spectroscopy (SXPS).2-9 One 

particularly important area of interest has been the variation of reactivity with the many 

surface reconstructions of magnetite. Despite the importance of reactions of common 

waste organic species that are mediated via iron-oxide surfaces, an investigation of 

alcohols with these same surfaces has been lacking.  

 

The motivation for fuel-cell related studies of alcohols with iron oxides10-14 is that 

alcohols have become very promising candidates as reforming substrates for on-demand 

H2 production. In particular, the reactivity of the Fe3O4 (111) surface with methanol is of 

interest for fuel-cell technology applications since methanol is easy to store and transport, 

and can be derived from a variety of sources such as biomass.15 There are three main 

processes by which methanol can be used to produce H2: oxidative reforming (ORM), 

decomposition (DOM), and steam reforming (SRM)16-17 of methanol; our experiments 
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are focused on DOM. Thus, DOM has recently been investigated using model single-

crystal iron-oxide surfaces in ultrahigh vacuum to further our understanding of the more 

complex heterogeneous reaction taking place on metal particles supported on reducible 

and irreducible oxide surfaces.10 

 

In this chapter, we report the decomposition (partial oxidation) of fully deuterated 

methanol (CD3OD) on a natural single-crystal Fe3O4(111) surface. The crystal is 

composed of majority areas of the Fe-terminated Fe3O4(111) surface as well as smaller 

regions consisting of O-terminated FeO(111) or the bi-phase surface reconstruction.18-20 

Our study employs scanning tunneling microscopy, temperature programmed desorption, 

and density functional theory (DFT) calculations to investigate this catalytic surface 

reaction. The combination of TPD and STM imaging on the same surface allows us to 

relate specific reactivity patterns to different surface phases of Fe3O4(111). These phases 

could be easily distinguished from one another in the STM images.  Our studies show 

that the reaction of methanol on an iron-oxide surface is highly sensitive to atomic-level 

surface reconstructions.  

 

6.1 Abstracts 

 

We report an experimental and theoretical investigation of the decomposition 

(partial oxidation) of deuterated methanol (CD3OD) on a single-crystal Fe3O4(111) 

surface. The crystal surface contains majority areas of a Fe-terminated Fe3O4(111) 

surface as well as smaller regions of O-terminated FeO(111) or bi-phase surface 
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reconstruction. Our investigation uses combination of scanning tunneling microscopy, 

temperature programmed desorption, and density functional theory calculations to 

examine the surface reactions and adsorbates as a function of coverage. Our studies show 

that the reaction of methanol on this iron-oxide surface is highly sensitive to atomic-level 

surface reconstructions. 

 

6.2 Experiments 

 

The TPD experiments were conducted in a UHV chamber, which was equipped 

with a commercial Omicron VT-STM, an argon-ion sputtering gun, a LEED/Auger 

system and a differentially pumped retractable VGQ mass-spectrometer. The base 

pressure in the chamber was 8 × 10-11 Torr. A 5 × 5 mm Fe3O4(111) sample was 

mechanically cut from a natural mineral crystal (purchased from SurfaceNet GmbH, 

Germany). The sample was attached to the surface of a Mo heating plate using Ta wires, 

and the plate was resistively heated via ceramic-potted nichrome wires. Direct 

temperature measurements were made using a K-type thermocouple, which was attached 

directly to the sample. Newly mounted samples were prepared in a UHV chamber by 20 

cycles of sputtering with Argon (1 keV, 10 min) and high-temperature annealing (1000 K) 

in oxygen (1 × 10-6 Torr). When cleaned according to this approach, the surface exhibited 

a sharp, ordered (2 × 2) LEED pattern. After initial preparation, one cleaning cycle was 

applied prior to reagent exposure. The cleanliness of the surface was checked by both 

LEED and STM imaging before dosing experiments were performed. Precise deuterated-

methanol doses were administered through an aperture-based gas system, in which a gas 
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line followed by a 5μm aperture was filled with alcohol vapor in the mTorr pressure 

range for a desired amount of time. The other side of the aperture opened into a 4mm-

diameter tube leading toward the sample, which faced the UHV-side opening of this tube 

at a distance of approximately 5 mm. Before dosing, CD3OD was purified by several 

freeze-pump-thaw cycles. After cleaning, the Fe3O4 (111) sample was cooled by liquid 

nitrogen. The surface was then dosed with CD3OD at ~134 K. This dosing was controlled 

by the pre-aperture pressure and dosing time. To obtain the TPD spectra, the 3mm-

diameter aperture on a conical exit tip of the mass spectrometer encasement was brought 

within ~1 mm of the sample’s surface to reduce stray signals from the sample holder. 

Linear heating rates of 2 K/sec, regulated by a PID-type temperature controller, were 

used in all TPD experiments. 

 

Some STM images were collected in a second separate UHV chamber with a base 

pressure of 3 × 10-10 Torr. The chamber was equipped with an ion gun, rearview LEED 

optics (Princeton Research Instruments), a quadrupole mass spectrometer, and a 

commercial VT STM (Omicron GmbH) capable of scanning at temperatures ranging 

from 25 to 1500K. The surface exhibited the same sharp, ordered LEED pattern after 

surface preparation as mentioned above, indicating the same level of surface cleanliness 

was obtained in these two chambers. 

The theoretical simulation results in this chapter were based on plane wave expansions 

using the computational program VASP (Vienna Ab-initio Simulation Package).21 The 

energy cutoff for the plane-wave basis was set to 500 eV. Scalar relativistic effects are 

included with the PAW-PBE potentials22-23 available in the distributed code. The 
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Brillouin zone was sampled by Monkhorst-Pack meshes of 9×9×1 for GGA+U (Ueff=4.0 

eV) calculations.24 Convergence of the electronic degrees of freedom was met when the 

total (free) energy change and the band-structure energy change between two steps were 

both fractionally smaller than 1×10-5. All structural parameters (atomic position, lattice 

constants) were relaxed using a conjugate-gradient algorithm until the Hellmann-

Feynman forces were < 0.01 eV/Å. To investigate reaction mechanisms on an iron-oxide 

surface with adsorbed alcohols, the climbing-image-nudged-elastic-band (CINEB) 

method was performed to search for transition states.  The reaction path was discretized 

with eight intermediate images between the two minima connected by elastic springs, in 

order to prevent the images from sliding to the minima during the course of optimization. 

The corresponding activation energy for a reaction is set by the energy difference 

between initial and transition state. 

 

6.3 Results and Discussions 

 

Temperature programmed desorption experiments  

Organics 

After preparing a clean iron-oxide surface as described above, the sample was 

dosed with fully deuterated methanol and a set of temperature-programmed-desorption 

experiments was performed.  Fig. 6.1 shows a series of TPD spectra for seven specific 

deuterated-methanol-dosed surfaces, each with a starting temperature of 134 K. For any 

given CD3OD exposure, the TPD spectrum was found to be repeatable for consecutive 
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experiments, suggesting that the surface was not altered by exposure to CD3OD during 

TPD experiments, for final ramping temperatures up to 1000 K.  

 

 

Figure 6.1 TPD spectra of molecular methanol on a Fe3O4(111) surface, monitored 

at m/z = 30 (CDO+), for seven dosing values. 

 

The lowest–temperature desorption peak in these experiments was measured to be 

165 K.  This peak appeared after a 0.6 ML dose (1 ML is defined as the onset coverage of 

multilayers), and then increased in amplitude as exposure increased, and remained 

unsaturated for exposures as high as 2.7 ML. We assign this peak to multilayer 

desorption, based on a comparison of our CD3OD desorption peaks with those from other 

metal-oxides.25-26 In addition, a small peak was measured at 180 K for coverages below 
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1 ML; this peak is attributed to physisorption at O-terminated areas as will be discussed 

in the section on STM measurements below. 

 

Two strong TPD peaks are observed at 255 K and 290 K. The 290 K peak first 

appears at an exposure of approximately 0.6 ML. With increasing coverage, it grows in 

intensity and saturates at 0.9 ML. At this same coverage, the 255 K desorption peak 

becomes noticeable. This second peak saturates at 1.2 ML methanol coverage. 

Importantly, both peaks stay at constant temperature positions with changing initial 

methanol coverage, which is characteristic of first-order desorption kinetics. A Redhead 

analysis of these two peaks reveals an approximate binding energy of 0.69 eV and 0.79 

eV corresponding to the 255 K and 290 K TPD peaks, respectively. These desorption 

energies are comparable to those expected for physisorbed species (see for example 

physisorbed methanol on TiO2(110)25) and are of comparable magnitude to the DFT 

calculated value (-0.84 eV) for molecular-methanol adsorption at Fe sites of Fe3O4(111) 

domains. We thus assign both of these peaks to molecular desorption from different Fe-

terminated domains of the sample surface. The presence of two peaks and the small 

discrepancy between the DFT-calculated and experimentally observed binding energies 

will be addressed in the following sections. 
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Figure 6.2 TPD spectrum with 0.35 ML methanol coverage showing different values 

of m/z. The changing ratio between m/z = 30, 32, 34, and 36 signals indicates the 

presence of formaldehyde CD2O in the 630 K peak. A water desorption peak (m/z = 20) 

is observed at 280 K, which coincides with the rising edge of the methanol desorption 

peak. 

 

In addition, two additional TPD peaks, one at 360 K and one at 630 K, are 

observed at low exposure (e.g. 0.15 ML) of this surface to CD3OD, as shown in the data 

of Fig. 6.1. Both peaks increase in intensity with increasing exposure, but the peak at 360 

K progressively shifts toward a value of 330 K as exposure increases. This shift of the 

360 K peak is characteristic of second-order desorption. We assign this peak to 

recombinative desorption of CD3OD, an assignment supported by our STM experiments 

and DFT calculations. This recombinative desorption follows molecular methanol 
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(CD3OD) dissociative adsorption (Eq.1) on Fe3O4(111) with a calculated adsorption 

energy of -1.38 eV (see DFT section). Our assignments are also supported by 

observations of the dissociation of methanol into a methoxy radical bound to metal ions, 

and a hydrogen atom bound to lattice oxygen ions on oxide surfaces such as MgO26 and 

TiO2(110).25 We will also argue below that this recombination reaction most likely 

involves methoxy and D as denoted in Eq. 2; again this assignment is attributed to 

observations of comparable behavior on other oxides such as TiO2(110).25   

CD3ODgas   → CD3Oads + Dads      (1) 

CD3Oads + Dads → CD3ODgas      (2) 

 To consider the highest-temperature desorption peak at 630 K, a sample spectrum at a 

coverage of 0.35 ML and at higher magnification is shown in Fig. 6.2. Our mass 

spectroscopy indicates that this peak involves further surface reactions. To identify this 

peak, we use the fact that the mass-spectroscopy ion-signal ratios for this 630 K peak are 

distinctly different (see Fig. 6.2) from the lower-temperature peaks.  In particuar, for 

example, for all the TPD peaks below 500 K, the signal ratios for ion masses m/z = 30, 

32, 34, and 36 remain nearly constant for all experiments, indicating that the only CO-

containing desorption product was methanol CD3OD. However, m/z = 32 has the lowest 

signal among the four mentioned ion masses of the 330 K peak but is the second highest 

signal for the peak at 630 K. More detailed analysis shows that if we take m/z = 34 as a 

reference signal, representing fully deuterated methanol, and subtract methanol 

contributions from the other three signals, only m/z = 30 and 32 signals, with 

approximate 1:1 ratios, remain in the 630 K peak. These signals indicate the presence of 

an additional product other than methanol, in the 630 K TPD peak. In fact, the ion 
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fragmentation pattern closely resembles the published fragmentation pattern of 

formaldehyde CD2O.27 Thus, we interpret our TPD data as simultaneous desorption of 

CD3OD and CD2O at around 630 K. This attribution is also supported by measurements 

on other oxide surfaces. In particular methanol has been shown to partially oxidize to 

formaldehyde on a CeO2-supported vanadium oxide surface. Depending on the vanadium 

oxidation state, the formaldehyde desorption peak appeared from 525 to 610 K, a value 

close to that of 630 K in our experiments.28  

 

At a more detailed level, our TPD measurements suggest that as the surface 

temperature increases, methoxy (CD3O) attached to FeIII sites is further dissociated into 

formaldehyde (CD2O) and D atoms via C-D bond scission. Because of its weak surface 

bond (see Fig. 6.5), formaldehyde formed from methoxy dissociation at high temperature 

can be expected to desorb immediately from the surface. The D atoms formed from the 

dissociation of methoxy can, in turn, recombine with excess, unreacted methoxy to 

desorb as methanol (CD3OD) since this desorption channel is activated already at 360 K 

(see Eq. 2). The proposed surface reaction mechanism at high temperature can be written 

as follows: 

 

CD3Oads   → CD2Oads + Dads      (3) 

CD2Oads  → CD2Ogas      (4) 

CD3Oads + Dads  → CD3ODgas      (5) 
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In this set, Eq. 3 is the rate-limiting step for the group of processes that would account 

for the observed first-order desorption kinetics. The surface reactions described by Eqs. 

3, 4, and 5 can be summarized as a disproportionation reaction shown in Eq. 6: 

 

2 CD3Oads  →  CD3ODgas + CD2Ogas                 (6) 

 

Water 

 

In addition to the organic species discussed above, we have also observed a D2O 

desorption peak in our TPD spectra over the 220 – 330 K temperature range. In 

particular, Fig. 6.2 shows thermal desorption traces for 0.35 ML of CD3OD on a 

Fe3O4(111) surface. The m/z = 30, 32, 34, and 36 traces are fragmentation products from 

methanol and formaldehyde, as explained earlier. However, the shape of the m/z = 20 

trace is not replicated by any of these four higher mass signals and thus did not originate 

from ionization processes in the mass spectrometer but rather must be a product of 

surface reactions. By analysis of the concurrent detected m/z = 18 and 17 signals, we 

conclude that the m/z = 20 trace originates from desorption of water D2O. Separate TPD 

experiments with a Au(111) sample, which are not shown here, were used to show 

conclusively that neither our methanol source nor residual gases in the chamber deposited 

any detectible water on the surface during methanol dosing. 

 

In order to establish the origin of the D2O water desorption, we consider two 

observations that follow from our TPD data. First, the temperature of the D2O desorption 
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peak coincided with the rising edge of methanol desorption in the 200 – 400 K range. 

This relation can be seen for the 0.35 ML coverage experiment in Fig. 6.2 and is 

summarized for all coverages in Fig. 6.3(a). Such a dependence implies a common 

desorption mechanism for water and methanol over this temperature range. The 

interrelation between water desorption and the low-temperature methanol desorption, 

presented in Fig. 6.3 (a) involves competing reactions since at low coverages (0.15 and 

0.35 ML) the rising edge of methanol desorption corresponds to the recombination 

reaction, Eq. 2, while at higher coverages this edge corresponds to molecular desorption. 

Our data allows only a tentative explanation for this observation. In particular, we 

propose that D2Oads molecules form from Dads as a result of methanol chemisorption and 

extraction of some weakly bound O atoms on the Fe3O4(111) surface at temperatures 

below 220 K (perhaps during deposition). Thus, the sample surface is partially reduced 

after each TPD run and this change is expected to cause variations in the TPD spectrum 

in following experiments. Surprisingly, such a change is not observed in our TPD 

experiments, rather, the consecutive TPD spectra were very consistent. This absence of 

change suggests that the surface reduction is compensated by oxygen diffusing out from 

the bulk during high temperature annealing (1000K, the end temperature of each TPD 

experiment). Therefore, the surface structure is recovered after each TPD experiment, 

making reduction of the sample unobservable with either TPD or STM. A similar 

reaction channel of extracting surface oxygen was also observed for CCl4 adsorbed at this 

surface.5 In particular, it was shown that CCl4 dissociated into CCl2 upon adsorption and 

desorbed as OCCl2 with removal of surface oxygen. The onset of this desorption was 

~250K, which falls into the same temperature range as our observations.    
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Figure 6.3 Analysis of water desorption peak. (a) Comparison of the water desorption 

peak temperature with the position of the rising edge of methanol desorption (i.e. the 

temperature of the maximum slope) for the seven TPD experiments shown in Fig. 6.1. 

The dashed line marks the y = x line. (b) Comparison of the TPD peak areas of water 

desorption at 220 – 320 K monitored at m/z = 20 and the methanol desorption at 630 K 

monitored at m/z = 34. The dashed line is a linear fit to the data. 

 

The second observation derived from our TPD experiments using different 

methanol exposures is that the total area of the TPD peak from water desorption scales 

linearly with the area of the peak from the high-temperature (630 K) desorption of 

methanol, as shown in Fig. 6.3(b). Note, as discussed earlier, the mass signal of m/z=34 is 

used for analysis of Fig. 6.3 since it can be safety attributed to only the fragmentation 

from methanol. This observation can be explained by considering the elemental mass 

balance for the methanol-exposed Fe3O4(111) surface. Chemisorption of methanol (Eq. 1) 

creates an equal surface density of Dads and CD3Oads. Without any additional loss channel 

for adsorbed D, all methoxy would recombine with Dads during the temperature ramp to           

500 K following recombinative desorption as Eq. 2. Thus, no peak would be expected at 
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temperatures >500 K, an observation, which is contrary to our experimental 

measurements. However, desorption of D2O at temperatures below 330 K provides an 

alternative depletion channel of for Dads, thus causing incomplete desorption of CD3Oads 

species, which remain undesorbed above 500 K. Instead these unrecombined methoxy 

species desorb through the disproportionation reaction, shown in Eq. 6, at 630 K. Note 

that methoxy species have also been observed to remain to comparatively high 

temperature (610K) before further oxidizing to CH2O at VOx/CeO2 surface. From 

analysis of the relative TPD peak areas, we have calculated that at a coverage 

corresponding to saturation of the TPD peaks, only ~ 0.08 ML of methanol is needed to 

account for the 630 K desorption channel. Thus, our model requires a ~ 0.04 ML surface 

concentration of these weakly bound O atoms on the as-prepared Fe3O4(111) surfaces. 

Once D2Oads molecules are formed, they compete with adsorbed methanol molecules, as 

both bind through OD groups, for the same dissociative and molecular adsorption sites. 

Under these conditions the data in Fig. 6.3(a) are consistent with methanol occupying the 

highest binding-energy sites and with water being desorbed from lower binding-energy 

sites. The fact that water molecules desorb before methanol molecules (peak temperature 

vs. rising temperature) could be attributed to the stronger intermolecular interactions 

between methanol and methoxy species compared to the interaction between water 

molecules and methoxy species. The above hypothesis is consistent with earlier studies of 

water interaction with Fe3O4(111), which show the presence of a wide range of both 

dissociative and molecular adsorption sites on Fe3O4(111) that lead to thermal desorption 

in the 200 – 350 K temperature range.29   
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Scanning tunneling microscopy experiments  

 

In order to examine the site- and surface-termination dependence of this 

methanol/iron-oxide reactive system, a series of room-temperature STM imaging 

experiments were undertaken. These studies benefited from the many reconstructions that 

are realizable on a magnetite surface. This (111) surface of Fe3O4 is a Tasker’s type III 

polar surfaces30-32 with apparent surface charge and an infinite dipole moment for the 

stoichiometric unreconstructed surface. Thus the Fe3O4(111) surface is stabilized via the 

introduction of defects, reconstruction, and adsorbates. Such a surface, upon preparation 

in UHV, exhibits several different phases with different terminations: a Fe3O4(111) phase 

with Fe-termination; a FeO(111) phase with O-termination; and a bi-phase with mixed 

Fe/O terminations.  

 

The STM images in Fig. 6.4 (a, b) show two macroscopically separated 50 × 50 

nm areas of a Fe3O4(111) surface, prepared according to the procedure described in the 

experimental section above. This same surface was used in our TPD experiments. The 

resulting images of the bare surface demonstrate a variety of surface reconstructions. In 

particular, areas denoted with (A) show the “bi-phase” reconstruction, which in turn is 

the ordered array of three different surface terminations.33-34 The area marked (B) shows 

islands of a “regular” (2×2) Fe-terminated Fe3O4(111) surface structure growing on top of 

a bi-phase area.33 This same Fe-terminated phase appears as an almost continuous surface 

structure in the image areas marked (C). Finally, islands are also identified (see the region 

marked with a D) in the STM image in Fig. 6.4(c) of a surface reconstruction with an O-
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terminated FeO(111) local atomic structure.35-36 STM area scanning, in addition to the 

nearly perfect (2 × 2) LEED pattern obtained following our surface preparation, allows us 

to conclude that the “regular” Fe-terminated Fe3O4(111) surface phase (marked with C) 

was the majority structure on this surface.  

 

 

Figure 6.4 Surface reconstructions of Fe3O4(111). (a) and (b) 50 × 50 nm2 room 

temperature STM images of as-prepared Fe3O4(111) surface, acquired at +1.7 V and 10 

pA, that show several iron oxide surface reconstructions. “A” in the images denotes the 

bi-phase domains, “B” denotes a bi-phase area with islands of Fe-termination, “C” 
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denotes an almost continuous (2 × 2) Fe-terminated Fe3O4(111) surface. (c) Room 

temperature STM image (10 × 10 nm2) acquired at + 1.7 V and 1.0 nA, of a Fe3O4(111) 

surface exposed to 0.15 ML of methanol. The image shows that methanol species, three 

of which are indicated by the blue arrows, are only observed on Fe-terminated 

Fe3O4(111) areas. Note that the O-terminated FeO(111) domains, marked by “D” do not 

have any methanol species. (d) Schematic of adsorption geometry of chemisorbed 

methoxy (the right molecule) and molecular methanol (left) on a FeIII site for a (2 × 2) 

Fe-terminated Fe3O4(111) surface, as discussed in the text. 

 

To identify the adsorption sites of methanol on Fe3O4(111), we have obtained 

STM images of the surface after a 0.15 ML dose of deuterated methanol at room 

temperature. Fig. 6.4(c) shows a typical constant-height STM image of an iron-oxide 

surface with adsorbed methanol species. This topograph indicates that the Fe-terminated 

Fe3O4(111) phase, with the characteristic 0.6 × 0.6 nm unit cell over a majority of the 

surface area, exhibits bright features that appear only after dosing the iron-oxide surface 

with CD3OD. On the other hand, the area marked (D) does not have any bright features. 

These areas are O-terminated FeO(111) domains and, in agreement with the rationale 

given in the previous paragraph, we did not see any methanol species on such areas at 

room temperature, a conjecture supported by the absence of adsorbed species in the 

figure. In contrast, however, we observe bright features on Fe-terminated Fe3O4(111) and 

interpret these features as adsorbed methanol species; examples are marked with arrows 

in Fig. 6.4(c). In addition, we observe two distinctly different adsorption geometries. One 

exhibits atop-on-FeIII-ion adsorption geometry, denoted (1) in the figure. Our DFT 
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calculations suggest that dissociative adsorption, with methoxy remaining on the atop Fe 

sites, is the most stable adsorption configuration. In fact, note that previously water has 

been observed to dissociate on this surface with OH attached to the Fe sites.4, 20 Thus, the 

features found atop the FeIII-ion are attributed to methoxy species formed by the 

deprotonation reaction in Eq. 1. Note also that dissociated D-atoms are likely mobile and 

not observable at room temperature, as has been inferred above from the temperature of 

recombinative methanol desorption. In addition, the elongated features, one of which is 

marked (2) in Fig. 6.4(c), are harder to assign to a specific molecular arrangement on the 

basis of STM images. Possible assignments include two methoxy species occupying 

neighboring Fe sites or a more complex, perhaps surface-defect-related, feature. 

 

The complex surface structure revealed by STM imaging further enables us to 

interpret the subtle details observed in the TPD experiments.  Note that one possible 

explanation for the two different molecular adsorption states of methanol, as manifested 

in the 255 and 290 K TPD desorption peaks, is that these two states originate from 

different surface phases. As shown in Fig. 6.4(a), besides the dominant domain of Fe-

terminated Fe3O4(111), the “bi-phase” structure also contains domains with Fe-

terminated areas, which may be responsible for the relatively small molecular desorption 

peak (< 0.1 ML) observed at 255 K in the TPD experiments. Also, the STM images 

suggest the presence of a wide variety of defect sites, such as Fe-vacancies or phase 

boundaries, as the source of weakly bound O atoms, necessary for D2O desorption in the 

range 220 – 340 K. Finally, note that the trace methanol desorption peak (≤ 0.03 ML) 

coincides with the multilayer peak at 180 K; this small desorption peak appears well 
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before the completion of a single layer (see Fig. 6.1). Since neither the small peak area (≤ 

0.03 ML) nor its coexistence with sub-monolayer peaks are expected for second layer or 

multilayer desorption, this peak is attributed to adsorption on a spatially separated O-

terminated region of the surface. In particular, in the absence of exposed Fe ions on such 

areas, the binding of methanol molecules to surface O atoms can be expected to be driven 

by hydrogen bonds, as occurs in the binding of methanol to itself in solid form; hence the 

overlap of desorption peaks occurs from these areas at 180 K and from multilayers at 165 

K. 

 

Finally recall that the recombination reaction (Eq. 2) would be the rate-limiting 

step of the desorption process in order to account for the observed second-order 

desorption process. This reasoning implies that at least one of the species CD3Oads or Dads 

is mobile on the surface at the temperature of the onset of desorption, ~250 K. Since 

Fe3O4(111)-adsorbed CD3Oads species are expected to be bound to FeIII sites, which are 

twice as far apart compared to the spacing of the O sites to which Dads are bound, we 

conclude that D atoms are the mobile moieties on Fe3O4(111) at 250 K. 

 

DFT calculations  

 

Density functional theory simulations were employed to calculate the adsorption 

energy of methanol on the Fe-terminated Fe3O4(111) surface. The results of the 

calculations are presented schematically in Fig. 6.5. In the calculations, methanol is found 

to be adsorbed on the Fe3O4(111) surface molecularly with an adsorption energy of -0.84 
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eV via Fesurf - Omol bond formation as shown in Fig. 6.5(a). However the dissociative 

adsorption process (Fesurf – OCD3, Osurf - D) shown in Fig. 6.5(b) is calculated to be more 

favored than molecular adsorption with Eads = -1.38 eV and a dissociation barrier of ~ 

0.10 eV, indicating that methanol molecules will experience dissociation promptly upon 

adsorption onto surface terminating FeIII sites, as shown in Eq. 1. 

 

Figure 6.5 Schematic representation of the results of DFT calculations for methanol 

adsorption on a Fe-terminated Fe3O4(111) surface. Inserts (a) and (b) show the 

optimized surface bonding configurations of the molecular methanol and the CD3Oads + 

Dads complex, respectively. (O-atoms: red; Fe-atoms: green; C-atoms: black; H(D)-atoms: 

grey) 
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If we use the calculated potential barrier of 0.64 eV for the recombination reaction 

in a straightforward Redhead analysis, we find that the predicted desorption maximum at 

saturation is ~240 K – a value which is contradictory to our observed peak value of 330 

K. However, in an earlier study of water interaction with Fe3O4(111), it was shown that 

for water recombinative desorption the prefactor was about 6 orders of magnitude lower 

than normally assumed in the Redhead analysis due to a sterically demanding transition 

state.29 Since recombinative desorption of methanol and water have identical 

mechanisms, a similarly low pre-exponential factor for methanol desorption may exist 

and thus may explain the observed discrepancy in the peak temperature for desorption. In 

addition, note that there is a commonly accepted ~0.1 eV error for DFT calculations; this 

error could be another contributing factor to the observed discrepancy. Our calculations 

suggest that at low exposures methanol will undergo deprotonation upon adsorption on a 

Fe-terminated Fe3O4(111) surface, and the resultant methoxy species will assume atop 

bonding on FeIII ions.  

 

Prior studies on metal oxides, e.g. TiO2, have shown that surface metal ions are 

the expected absorption sites for both chemisorbed and molecular absorption states. First, 

the terminating Fe ions are under-coordinated compared to their full coordination 

configuration (3 coordinated vs 6 coordinated). Thus they are strong Lewis acid sites, 

capable of receiving more than one Lewis base. Second, the low density of FeIII surface 

sites (even if filled) leaves available surface-area for physisorption of intact CD3OD after 

chemisorption occurs on each FeIII site, so as to form attached methoxy. Thus, the steric 

repulsion between methoxy and intact methanol molecules should be minimal and can be 
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compensated for by their strong interaction with Fe ions and also possible hydrogen 

bonds between intact methanol molecules with the surrounding molecules. Therefore, it 

is proposed that molecular methanol forms complexes with iron ions of the CD3O - FeIII-

 CD3OD type, as shown schematically in Fig. 6.4 (d). Note that the presence of the 

adsorbed methoxy group would be expected to weaken the Lewis acidity of the FeIII sites, 

thus causing the second adsorbed molecule not to deprotonate.  

 

The above tentative model would predict a 1:1 ratio between the molecularly and 

dissociatively adsorbed methanol molecules at full monolayer coverage. To confirm this 

model, we determined the intensity of the total integrated TPD peaks in Fig. 6.1. In doing 

these calculations, we took into the account the fact that dissociatively adsorbed methanol 

is responsible for both the 330-360 K and 630 K desorption features. This prediction is 

confirmed within our experimental uncertainty by our measured ratio of 1.1:0.9. Finally, 

note that the binding energy of 0.69 - 0.79 eV, derived from the positions of our 

molecular desorption TPD peaks, is lower than the 0.84 eV value calculated for an 

isolated methanol molecule (see Fig. 6.5). This decrease in binding energy is reasonable 

since the presence of an additional methoxy moiety on the same FeIII site will be expected 

to decrease the molecular binding energy as a result of steric hindrance in accord with our 

model of the absorption process.  

 

Finally we consider the reactions observed at the highest temperatures used here, 

i.e the disproportionation reaction.  During methanol deposition, the chemisorption 

process expressed in Eq. 1 leaves an equal number of methoxy and Dads species on the 
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surface. If both species remain intact on the surface up to the temperature that allows the 

reverse process (Eq. 2) to occur, all methoxy groups would desorb as methanol through 

recombinative desorption at ~360 K. However, in our experiments we detected 

desorption of D2O below 320 K that depletes the Dads population. For this reason some 

methoxy species are not able to desorb through recombination due to the lack of Dads; 

such methoxy groups survive to the temperature at which further decomposition routes 

become activated. The dissociation barrier of methoxy (CD3O) to formaldehyde (CD2O) 

through C-H bond scission is calculated to be ~1.9 eV according to DFT simulations, as 

shown in Fig. 6.5. On the other hand, Redhead analysis suggests that the activation 

barrier for a 630 K desorption peak is ~1.75 eV, thus providing support of our proposed 

mechanism, which is summarized by Eqs. 3-5. In addition, as mentioned above, the 

binding energy of an adsorbed formaldehyde molecule was calculated to be 0.71 eV, thus 

confirming the immediate desorption after formation at 630 K, as observed in our TPD 

experiments. 

 

6.4 Conclusions 

 

In summary, our experiments show that methanol adsorbs through deprotonation 

on a Fe3O4(111) surface up to ~0.5 ML; it then adsorbs to the surface non-dissociatively 

for higher coverages up to 1 ML. The methanol deprotonation leaves methoxy CD3Oads 

and hydrogen Dads species on the surface. Any excess molecular methanol will desorb 

from a temperature-ramped surface at temperatures below 300 K, while the methoxy 

species are stable up to room temperature. Surface methoxy species also recombine with 
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Dads species and desorb as methanol in the 330 – 360 K temperature range. STM imaging 

has clarified the nature of the adsorbed species.  For example, atomic scale imaging 

shows that only Fe-terminated areas chemisorb methanol, while O-terminated FeO(111) 

domains remain methanol free at room temperature. STM images also show that methoxy 

binds to the surface via the atop site of surface FeIII ions.  

 

Chemical transformation of methanol was only observed via formation of 

formaldehyde as a result of a disproportionation reaction between two adsorbed methoxy 

species at ~ 630 K, as shown in Eq. 6. We attribute the continued adsorption of methoxy 

groups on the surface at this relatively high temperature to the fact that some Dads species 

react with surface oxygen atoms Osurf and desorb as D2O below 320 K. Due to the partial 

removal of Dads species, only a limited amount of methoxy radicals recombinatively 

desorb at 330 – 360 K, and the remainder stays on the surface to higher temperatures.  

Thus, the overall reaction can be written as: 

CD3ODgas  +  Osurf → D2Ogas  +  CD2Ogas   (7) 

 The extent of this reaction is limited by the surface concentration of weakly-bound Osurf 

species, estimated to be 0.04 ML. These species are apparently replenished each time 

the sample is heated to 1000 K. We cannot identify the specific nature of these oxygen 

atoms, but the wide variety of Fe3O4(111) surface reconstructions seen in STM images 

suggests that these Osurf species could be related to surface defects such as those found at 

phase boundaries.  
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At the atomic level, formation of formaldehyde proceeds through C-D bond scission (see 

Eq. 3). Yet, no further thermal decomposition of formaldehyde via C-D bond scission 

was observed in the current experiments. Also, no hydrocarbon CxHy species were found 

in the desorption products, although it is known that a competing reaction channel exists 

involving the scission of a C-O bond resulting in hydrocarbon species.10 We thus 

summarize the observed catalytic chemistry of methanol on a Fe3O4(111) surface as 

partial oxidation to formaldehyde (shown in Eq. 7). Similar chemistry has been 

demonstrated on a CeO2-supported vanadium oxide surface.28 
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Summary 

 

 Reactions on solid surfaces are ubiquitous in nature and central to various 

chemical processes, including electrochemistry and chemical catalysis. In this 

dissertation, STM and TPD studies of surface chemistry have been presented for two 

transition metal oxide systems, titanium oxide and iron oxide. For titanium oxide, a novel 

approach to generating intensive strain field through near-surface argon implantation has 

been demonstrated. In particular, arrays of nano argon clusters have been introduced in 

the subsurface region to cause surface protrusions. The locally varying strain fields 

associated with the protrusions provide an ideal template for studying strain-induced 

surface chemistry. By comparing adsorption of hydrogen on a flat region with that for a 

stressed region of the crystal, it has been shown that strain affects surface adsorption and 

reaction significantly.  

 

 A second and major national research area is nanometer-scale forms of 

catalytically important materials, which allow tailoring of their chemical response of the 

catalysts through size confinement and selection of exposed surface atoms. Titanium 

dioxide has attracted particular attention due to its wide range of applications. In Chapter 

4 and 5, in situ preparation of two forms of titanium oxide with reduced dimensionality 

has been presented, via using 3D nanocrystals and monolayer sheets. Their surface 

structures have been characterized with atomic-resolution STM imaging. Using 2-

propanol and TMAA as probe molecules, their surface chemical reactivity has been 

explored. In comparison with that of a bulk surface termination, nanocrystals are more 
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reactive in the decomposition of 2-propanol than single TiO2 crystals. Due to the wide 

variety of surface atoms in nanocrystals, a new reaction channel becomes available, 

which was not accessible in single-crystal form.  

 

 Iron oxide is another important catalyst for many applications. Through atomic 

resolution STM imaging, it has been shown that the Fe3O4 (111) surface underwent 

various surface reconstructions due to excess surface charge. By combining STM 

imaging, TPD and DFT calculation, the contributions of different surface sites to the 

overall reactions have been identified. It has also been shown that surface reactions are 

very sensitive to surface atomic reconstructions. Since iron oxide is widely used in 

various catalysis applications, obtaining knowledge of the correlation between reactivity 

and surface atomic structure is crucial for future rational design of catalysis materials.       

 

Future Directions  

 

For strain-induced surface chemistry studies, although strain has been 

demonstrated by investigating hydrogen adsorptions at strained area, our understanding is 

far from complete. With regard to generating an intense strain field, the mechanism of 

forming subsurface argon clusters was still not clear and the research issue as to whether 

defects or impurities were involved in this process was not fully investigated. This is not 

an easy task, since it requires spatial resolution smaller than the argon cluster diameter (~ 

6nm) at ~10 layers beneath the surface, which cannot be achieved by typical surface 

detection tools. However, we may bypass this obstacle by comparing argon clusters 
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prepared on different samples with various concentrations of defects/impurities. High-

resolution TEM studies can also shed light into this process. In addition to acquiring a 

better understanding of the formation mechanism, a more thorough and precise analytic 

approach to analyze the hydrogen-hydrogen interaction is also needed. An improved 2D 

model, which considers dipole-dipole interaction and takes cross-row repulsion into 

account, is currently being explored. 

 

In order to fully explore the catalytic properties of nano forms TiO2, it would also 

be of interest to further develop atomic-resolution analytical tools to characterize their 

surface structure and site-dependent surface chemistry.  Furthermore, nano forms TiO2 

exhibit novel properties not only in thermal-driven chemistries but also in photo-catalytic 

reactions. The interaction between nano crystals and metal substrate is expected to play a 

crucial role in this process. Ongoing research, which employs TMAA as a “probe” 

molecule (a photo-reactive molecule used in many photocatalysis studies) to characterize 

the photocatalytic properties of nano forms TiO2, is currently under investigation. 
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