
Chapter 5
Ultrathin Oxide Films on Au(111)
Substrates

Chen Wu and Martin R. Castell

Abstract The Au(111) surface is an excellent substrate for the growth of ultrathin
oxide films. Although it is chemically relatively inert, the high electronegativity of
Au tends to give rise to strong interactions between the oxide film and the substrate
via charge transfer processes. Many new surface oxide structures with unique
properties have been observed in ultrathin film form that have no analogues as bulk
crystal terminations.

Abbreviations

2D Two-dimensional
3D Three-dimensional
AES Auger electron spectroscopy
CVD Chemical vapor deposition
FCC Face centered cubic
HCP Hexagonal close packing
LEED Low-energy electron diffraction
MBE Molecular beam epitaxy
ML Monolayer
PVD Physical vapor deposition
RHEED Reflection high energy electron diffraction
RLAD Reactive-layer-assisted deposition
RT Room temperature
SMSI Strong metal-support interactions
STM Scanning tunneling microscopy
STS Scanning tunneling spectroscopy
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TMAA Trimethyl acetic acid
TPD Thermal programmed desorption
UHV Ultrahigh vacuum
XPS X-ray photoelectron spectroscopy

5.1 Introduction

Ultrathin oxide films consist of only a few monolayers (MLs) of oxide material with
a typical thickness ranging between 1 and 2 nm. They are of extensive interest in
the context of new technologies and fundamental research. Oxide ultrathin films can
be incorporated into various advanced technologies including plasma display
panels, microelectronic devices and metal-oxide catalysts [1–3]. For these appli-
cations, ultrathin films provide novel properties, decreased component size for
device miniaturization, and significantly increased surface-to-volume ratios for
enhanced catalytic performance.

One of the difficulties in the study of native oxide surfaces is that many of them
are electrically insulating, and therefore do not lend themselves to be characterized
with electron-based probes such as X-ray photoelectron spectroscopy (XPS),
scanning tunneling microscopy (STM), or low-energy electron diffraction (LEED).
However, this problem can be circumvented through the growth of very thin oxide
films on metal substrates. Oxide thin films also provide model surfaces, since a much
wider range of oxides can be grown in the form of thin layers than are available as
bulk crystals [4]. Ultrathin films can have novel surface structures which do not
correspond to the thermodynamically favored terminations of bulk crystals [5]. For
example, polar planes of some bulk oxides have been considered to be unstable since
the repeat unit of the stacking sequence perpendicular to the surface has a non-zero
dipole moment. Alternating cationic and anionic layers of the bulk crystal leads to an
infinite surface energy. The polarity is usually compensated by various surface
mechanisms including substoichiometry, reconstruction and molecular adsorption
[6]. However, in principle, a stoichiometric and unreconstructed polar surface can be
achieved in ultrathin films because there is no macroscopic dipole. New structures of
ultrathin films also arise due to the strong template effect of the substrate, which
opens up the opportunity for fabricating a broad variety of epitaxial oxide materials
with novel physical and chemical properties.

Noble metal crystal surfaces serve as an important type of substrate for ultrathin
oxide film growth due to their relatively simple preparation procedures, chemical
stability, and high electrical conductivity that eliminates charging effects. Oxides
grown on metal substrates can be considered as inverse models for catalytic
oxide-supported metal nanoparticles. The complexity of real-world catalyst mate-
rials tend to hinder in-depth investigations of their active sites and reaction mech-
anisms. However, inverse model catalysts with ordered oxide structures deposited
on metal substrates allow for the exploration of some fundamental steps in
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heterogeneous catalysis using a variety of surface science tools. An oxide/metal
system that has attracted much attention is that of oxide-supported Au nanoparticles
which acts as an excellent catalysts in the conversion of CO into CO2 at remarkably
low temperatures (200 K) [7, 8]. Another important area is the catalytic activity of
the Au/oxide systems towards the water-gas shift reaction (H2O + CO→ H2 + CO2)
[9, 10]. Au catalysts supported on a variety of oxides are also active for many other
reactions such as NO reduction, selective oxidation of propene to propene oxide and
the production of ethyl acetate from ethanol, etc. [11–13]. The unique catalytic
properties of oxide-supported Au catalysts have also stimulated extensive studies
into inverse model catalysts that consist of oxide thin films supported on Au single
crystal substrates, and recent research indicates that such inverse systems are cat-
alytically active themselves. Excellent performance has been reported for CeOx and
TiOx nanoparticles grown on Au(111) with respect to the water-gas shift reaction
[14, 15]. A further example is CO oxidation promoted by Fe2O3 or TiO2 nan-
oclusters grown on Au(111) [16, 17]. The catalytic activity for both Au/oxide and
oxide/Au systems has stimulated research into the Au-oxide interaction. To gain a
better understanding of this system, the growth of oxide thin films on Au(111) can
provide some valuable insights.

5.2 Preparation and Characterization Methods

5.2.1 Thin Film Growth

The growth of oxide ultrathin films on noble metal substrates usually involves
evaporation of the component materials onto the substrate. Since the oxide gen-
erally possesses a higher sublimation temperature than the corresponding metal,
thermal evaporation of the metal is often carried out either from an electron-beam
evaporator or an effusion cell. The evaporation is sometimes carried out in an
oxidizing atmosphere. An alternative method is to evaporate the metal in UHV and
then post-anneal the sample in an oxidizing gas environment using, for example O2

or NO2. This latter method tends to be the most widely-used process for the
formation of oxide thin films [18–22]. The oxidation process may vary for different
methods, e.g. in reactive-layer-assisted deposition (RLAD), Ti is evaporated onto a
Au(111) substrate pre-deposited with a layer of H2O or N2O and post-annealing
then gives rise to TiOx structures [23, 24]. RLAD has also been reported for the
CeOx/Au(111) system where a pre-deposited H2O or NO2 layer was used [25].
Oxidation of an alloy substrate such as Ti–Au has also been reported in the
preparation of TiO2 crystallites on Au(111) [26]. Recently, chemical vapor depo-
sition (CVD) has been used to sublime gaseous titanium tetrasopropoxide. The Ti
(OC3H7)4 precursor decomposes on the Au(111) substrate and forms an ultrathin
TiOx film [27]. CVD has also been used to deposit Mo clusters using Mo(CO)6 as a
precursor followed by oxidation in NO2 to form MoO3 on Au(111) [28].
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5.2.2 Thin Film Characterization

The conductive nature of the Au substrate allows various surface characterization
techniques to be used that involve electrons, enabling in-depth investigation of the
ultrathin films. Classical techniques for surface structure determination involve
electron diffraction at different energies. Both LEED and reflection high energy
electron diffraction (RHEED) provide convenient ways to determine the crys-
tallinity and periodicity of the oxide films. Atomically resolved surface structure
images can be obtained by STM. Meanwhile, scanning tunneling spectroscopy
(STS) provides information on the local electronic properties of the films. Apart
from structural investigations, determination of the chemical composition of the
film is often also necessary. Electron-based spectroscopy including XPS, Auger
electron spectroscopy (AES) and ultra-violet photoelectron spectroscopy (UPS) are
surface sensitive, and are extremely useful in understanding the chemistry of the
oxide films and the substrate-film charge transfer [29]. Theoretical analysis of
proposed atomic models and prediction of the electronic structure can be carried out
using density function theory (DFT). DFT is also used for calculation of the charge
transfer at the substrate-film interfaces and the work function of the films.

5.3 Structural Features of the Oxide Films

5.3.1 The Au(111) Substrate Reconstruction

The nature of the substrate surface plays an important role in the determination of
the film structure. The surface atoms of the clean substrate metal are not usually
located in the positions of a simple bulk termination. This is because the atoms on
the surface have a lower coordination number compared with those in the bulk [30].
The surface relaxes or reconstructs to minimize the surface free energy. Relaxation
involves a subtle adjustment of the layer spacings perpendicular to the surface, but
the periodicity or the symmetry parallel to the surface remains unchanged.
A reconstruction refers to the rearrangement of the surface atoms to form a structure
that differs from the bulk crystallographic planes.

Unreconstructed Au(111) planes consist of hexagonal lattices, as Au has a face
centered cubic (fcc) crystal structure. For the reconstructed Au(111) surface, a
complex structure consisting of paired rows is observed, as shown in the STM
images in Fig. 5.1. The bright lines are boundaries between unfaulted fcc and
faulted hexagonal close packed (hcp) stacking [31]. This faulting arises because the
surface atomic bonds undergo a uniaxial contraction by 4 % along the 1!10h i
direction and the surface therefore contains more atoms than a bulk (111) plane. For
every 22 atoms along the 1!10h i direction in the bulk there are 23 surface atoms,
resulting in a ð22"

ffiffiffi
3

p
Þ unit cell. This reconstruction is also sometimes erro-

neously called the ð23"
ffiffiffi
3

p
Þ reconstruction because of the 23 atoms in the surface
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layer, however reconstructions should always refer to the bulk crystallography, and
hence ð22"

ffiffiffi
3

p
Þ is the correct expression. Long-range forces on this surface fur-

ther complicate matters in which the lowest energy configuration involves a peri-
odic change in the direction of the reconstruction, and this results in a zig-zag
appearance that is called the herringbone reconstruction.

5.3.2 Structure of the Oxide Films

A variety of oxide thin films have been fabricated on the Au(111) surface including
TiOx [18, 23, 24, 27], FeOx [22, 34], VOx [35–38], CoO [39–41], MoO3 [28, 42, 43],
MgO [19, 44–46], CeOx [25], ZnO [47] and BaOx [48]. The growth of ultrathin oxide
films on the Au(111) surface usually lifts the herringbone reconstruction due to the
strong interaction between the film and the substrate. This effect has been observed in
various systems including TiOx/Au(111) and MoO3/Au(111) [18, 27, 49]. For cases
where there is less than a monolayer coverage of the oxide, the herringbone lines
wind around the oxide islands without going underneath them. This indicates that by
forming the oxide-Au interface there is no longer an energetic advantage in com-
pressing the top layer of Au atoms that results in the herringbone reconstruction and
therefore the original Au(111) hexagonal lattice forms the template for film growth.

The phases obtained for the oxide films mainly include honeycomb, pinwheel,
hexagonal, and row-like structures. The structure of the initial oxide monolayer of
the film is strongly affected by the hexagonal symmetry of the Au(111) substrate.
For the TiOx/Au(111) system, STM reveals the co-existence of a honeycomb
structure and a pinwheel structure as shown in Fig. 5.2 [18, 27]. The honeycomb

Fig. 5.1 STM images showing a large scale herringbone reconstruction of the Au(111) surface
(Image size: 80.2 × 79.5 nm2) and b atomically resolved ð22"

ffiffiffi
3

p
Þ unit cells on Au(111) (Image

size: 14.1 × 13.5 nm2; Vs = −0.04 V; It = 1.55 nA) [32, 33]
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structure is formed with the Ti atoms occupying the three-fold hollow sites of the
Au lattice and the O atoms located at the bridge sites of the Ti atoms, resulting in a
stoichiometry of Ti2O3. The unit cell of the honeycomb structure aligns with the
crystallographic directions of the Au substrate and corresponds to a (2 × 2)
reconstruction. The pinwheel structure consists of six interlocking triangles. The
atoms at the spokes occupy the Au bridge sites instead of the three-fold hollow sites
of the lattice underneath. Consequently they are higher and appear brighter than the
atoms within the triangles (Fig. 5.2b). The pinwheel structure originates from a
Moiré pattern formed through the superposition of a metal/O lattice over the Au
(111) surface [18]. The metal/O lattice is rotated by a certain angle with respect to
the Au(111) lattice. Depending on the angle of rotation (whether clockwise or
anticlockwise), two domains can be obtained for the pinwheel structure as shown in
Fig. 5.2b. Two types of periodicities are observed by STM for the pinwheels: the
unit cells by connecting the coincident points for the two lattices (Fig. 5.2b) and the
atomic periodicity of the overlayer (Fig. 5.2c). The formation of the Moiré patterns
may also lead to other appearances of the surface structure depending on the angle
of rotation between the film and the substrate lattice. The most commonly observed
Moiré patterns exhibit a hexagonal shape such as FeO(111) [34], CoO(111) [39, 41]
and ZnO(0001) [47, 50] films on Au(111).

A hexagonal lattice has also been found for V2O3(0001)/Au(111) (Fig. 5.3), and
for a number of years there were conflicting views concerning the detailed atomic
structure of the film [51, 52]. While XPS and STM suggested a surface terminated
with a vanadyl (V=O) group [37, 53], ion scattering investigations and ion beam
triangulation supported the reconstructed O3 model [35, 36, 38]. More recently, this
controversy on the V2O3(0001) termination has been revisited and resolved via a

Fig. 5.2 STM images showing a the (2 × 2) honeycomb Ti2O3 structure on Au(111) (Image size:
8.5 × 8.5 nm2; Vs = 0.98 V; It = 0.2 nA), b the pinwheel TiO monolayer with two domains
indicated (Image size: 31 × 14 nm2; Vs = 1.41 V; It = 0.18 nA) and c atomically resolved pinwheel
structure on Au(111) (Image size: 11 × 5 nm2; Vs = −0.12 V; It = 0.5 nA) [18]
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combination of I-V LEED, STM, fast atom scattering and DFT, indicating that the
vanadyl termination is thermodynamically more stable [54]. It has also been
reported that electron irradiation removes the O-involved termination, resulting in a
vanadium terminated surface with three-fold symmetry and higher catalytic reac-
tivity [55].

Other structures of vanadium oxide on Au(111) include V2O5(001) and
V6O13(001) which exhibit row structures with rectangular or rectangular-like unit
cells as shown in Fig. 5.4 [20, 21]. The V6O13(001) phase grows as a double-layered
film after completing the first layer of the V2O5(001) structure. Both phases do not
exist as a bulk termination and it is interesting that the second layer does not adopt
the same unit cell as the first layer, demonstrating the significant influence of the Au
(111) substrate on the structure of the first layer.

Monolayer MgO islands with both hexagonal (111) and rectangular-like
(001) lattices exist on the Au(111) substrate depending on the deposition temper-
ature and oxygen partial pressure [19, 44, 45]. The MgO(001) monolayer adopts a
(6 × 1) superlattice with a stripe pattern, while triangular islands are seen for MgO
(111) ultrathin films. Detailed total-energy calculations suggests that the MgO
islands adopt the square lattice configuration with the perimeter formed by nonpolar
[100] edges, while the MgO(111) islands are stabilized by hydroxylated polar
zigzag edges [44, 46]. Different edges of the two types of oxide islands may be
linked to molecular adsorption behavior and determine the catalytic reactivity. In
the MoO3/Au(111) system, the first monolayer of MoO3 on Au(111) exhibits a c
(4 × 2) structure [43, 49]. Increasing the Mo coverage gives rise to a bilayer MoO3

film with a 11.6 Å × 5 Å rectangular unit cell. Beyond the bilayer structure,

Fig. 5.3 STM image
showing the V2O3(0001)
surface on an Au(111)
substrate (Image size:
20 × 20 nm2; Vs = −1.5 V;
It = 0.2 nA) [52]
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MoO3(010) crystallites grow as the Mo dose is further increased, similar to the case
of V2O5(001) on Au(111) [21].

The observed structures of ultrathin oxide films grown on Au(111) can be
roughly divided into two categories. In the first category the structures possess
three-fold symmetry, which can be attributed to the strong interaction between the
film and the substrate lattice. The second category structures exhibit a stripe-pattern
with rectangular (-like) unit cells. There are multiple reasons for the formation of
these different phases, such as film stoichiometry, film thickness, and growth and
processing conditions. These factors are discussed in turn in the following sections.

5.3.3 Structural Transitions of the Oxide Films

There are a number of factors that determine the growth behavior of ultrathin films,
including the substrate-film lattice mismatch, the surface and interfacial energy of
the system, the stoichiometry and thickness of the film, and the growth conditions
of the oxide. These factors can interact with each other, making an understanding of
the growth behavior even more challenging. Here we focus on the individual factors
that can be manipulated in order to shed some light on how to influence the
structure of oxide ultrathin films on Au(111).

5.3.3.1 Stoichiometry-Driven Structural Transitions

A significant variation of the chemical composition of a film inevitably leads to a
change in its atomic structure. This is most easily achieved with metal elements that
have multiple oxidation states, in which case the stoichiometry drives the formation
of different structures of the oxide film. For example, for the first TiOx monolayer
grown on Au(111), a stoichiometry of Ti2O3 is obtained for the honeycomb

Fig. 5.4 STM images of a a V2O5 monolayer (Image size: 6.3 × 5.8 nm2; Vs = 2 V; It = 0.2 nA)
and b a V6O13 ultrathin film (Image size: 3.4 × 3.4 nm2; Vs = 2 V; It = 0.2 nA) on Au(111)
prepared by oxidation of deposited vanadium [20, 21]
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structure, whereas the pinwheel pattern corresponds to a stoichiometry of TiO
[18, 56]. Another example are the rather different stoichiometry-driven phases
observed for V2O3 (hexagonal), V2O5 (rectangular) and V6O13 (rectangular-like) on
Au(111) [20, 21, 35–38]. A change in the stoichiometry can be achieved by varying
the growth conditions including the growth temperature, oxidation species, oxygen
pressure and post-annealing process. For example, it has been found that increasing
the growth temperature from 200 to 500 °C gives rise to preferential growth of 3D
TiO2 nanocrystals with rectangular unit cells rather than the 2D (2 × 2) honeycomb
Ti2O3 lattice [27]. The oxidation method also plays an important role in the film
stoichiometry. Ce metal nanoparticles on Au have limited reactivity toward
molecular O2 and NO2 due to the formation of Ce–Au alloys, resulting in the
formation of substoichiometric 3D CeOx particles. Complete oxidation can be
achieved by Ce deposition on to the Au substrate at elevated temperatures in an O2

background pressure. This gives rise to ultrathin flat and ordered CeO2(111)
nanoislands with a hexagonal surface structure [25]. For the FeOx/Au(111) system,
oxidation of Fe deposited on Au(111) with molecular O2 at room temperature
(RT) gives rise to the growth of an FeO monolayer, while the Fe2O3 phase forms by
oxidation with NO2 at elevated temperatures [22, 34]. STM images reveal a
hexagonal Moiré pattern for the FeO(111) phase and an O-terminated α-
Fe2O3(0001) surface for the Fe2O3 phase. The oxygen pressure is also an important
factor in the control of the stoichiometry of ultrathin oxide films on Au(111). It has
been reported that Pb deposited on Au oxidizes to form PbO in an oxygen pressure
(PO2) less than 10−6 Torr. Increasing the PO2 to 10−4 Torr leads to the transition
from PbO to PbO2 [57]. Also, the ultrathin lead oxide film can be oxidized or
reduced reversibly by thermal oxidation or vacuum annealing cycles. Similar effects
of post-annealing on the stoichiometry have also been found for the CoOx/Au(111)
system [41] where the transition between the 2D CoO phase and the 3D Co3O4

phase can be tuned by oxidation and reduction annealing.

5.3.3.2 Lattice Mismatch-Driven Structural Transition

The degree of lattice mismatch between the film and substrate partially determines
whether a wetting film with an ordered surface structure can be obtained. On the
one hand, the lattice mismatch can be optimized by choosing an appropriate
combination of oxide film and substrate to allow epitaxial growth to occur. On the
other hand, a large lattice mismatch between the film and the substrate may be
overcome by the formation of completely different structures from the bulk for the
ultrathin films. For example, hexagonal Moiré patterns arise for the ZnO (0001)/Au
(111) system due to the large lattice mismatch (approx. 12 %) [47]. The lattice
mismatch may also give rise to the formation of different structures by varying the
growth conditions. For MgO on Au(111), hexagonal symmetry arises with low
temperature and O2 partial pressure. MgO(001) with a stripe pattern forms with a
higher temperature and oxygen pressure due to the symmetry mismatch of the
square overlayer and the hexagonal substrate [19].
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The influence of the lattice mismatch becomes weaker as the film grows thicker.
For the TiOx/Au(111) system, triangular islands start to grow as the second
monolayer instead of the honeycomb Ti2O3 and pinwheel TiO wetting layer [18]. It
is difficult to reveal the atomic structure of the second layer due to limited resolution
of the STM images. One can however, infer that the second ML is still affected by
the lattice of the Au(111) substrate because it nucleates as bright triangular islands
that have inherited the three-fold symmetry of the substrate. Further increased Ti
coverage results in the formation of a row structure on the triangular islands with a
rectangular unit cell [18, 27], indicating a weakened influence of the substrate.
Similarly, transitions between 2D Moiré-patterned CoO and 3D Co3O4 spinel
clusters on Au(111) have also been reported by controlling the Co coverage
[39, 41]. The strain introduced in the film by the substrate-film lattice mismatch can
be relaxed with increased film thickness due to the introduction of crystal defects
including point defects and misfit dislocations. Beyond a certain thickness the oxide
film will tend to adopt its bulk structure. For example, a bulk-like CoO layer has
been obtained for a coverage of 7 MLs on Au(111) [40]. This may even give rise to
a different crystal orientation of the thicker film compared to the substrate in order
to minimize the overall energy of the system. However, we will not discuss this
phenomenon further in this chapter as it is devoted only to ultrathin films of
thicknesses less than a few monolayers. A comprehensive understanding the
influence of the film-substrate interaction, film stoichiometry and coverage on the
stability of different oxide structures can be used to influence the oxide phase.

5.4 Interactions Between the Film and the Substrate

Apart from epitaxial effects of the substrate, interactions between the oxide ultrathin
films and the substrate mainly consist of mass transport and charge redistribution
[29]. In some instances ultrahigh vacuum (UHV) annealing of an Au substrate with a
metal (M) deposited on it may lead to the formation of an M–Au alloy [25] in which
case the oxide film can be grown by oxidation of the metal (M) extracted from the
alloy [26]. The film-substrate mass exchange is usually neglected once the oxide has
been formed due to the chemically inert nature of the Au substrate. The interfacial
structure, however, needs to be considered for the first monolayer of the film on
Au(111). Whether the oxide film starts with a densely packed layer of O or with one
of the metal (M) atoms results in the different stacking sequences of Au–O–M or
Au–M–O. The bonding energetics between Au and O or M need to be considered for
the interfacial structure. Formation of M–Au alloys, the weak adsorption of O on Au
and the fact that Au oxide easily decomposes indicate that Au prefers to bond with
the metal (M) atoms, resulting in most cases in an Au–M–O interface [18, 40, 58].

Another important factor to consider for the film-substrate interactions is the
charge transfer which is driven by the minimization of the system energy and the
continuity of the electric potential in the solid [59]. For example, interfacial charge
transfer between the oxide film and the electronegative gold surface, results in a
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decreased work function of Au(111) following deposition of a MgO(001) monolayer
[19]. A change in the work function is determined by the electronegativity of the
substrate. A large decrease in work function has been reported for MgO/Au(111)
compared with MgO/Mo(001) and MgO/Ag(001), indicating that Au substrates can
be responsible for significant charge transfer between the adsorbates and the sub-
strate [60]. For MgO/Au(111), DFT calculations indicate that the charge transfer
compensates the polarity of the film [61]. Conversely, changes of the opposite sign
can be induced in the work function of the substrate depending on the metal-oxide
interface [60]. While MgO thin films decrease the substrate work function, growth of
SiO2 and TiO2 films lead to raised work functions of the substrates. Consequently, a
change in the work function of the substrate can be tuned by an appropriate choice of
the metal-oxide interface. This can be explained by the electronegativity of the
substrate which determines the sign and extent of the charge transfer at the
metal-oxide interface [62]. These effects will be further discussed in the following
section. Charge transfer is common for oxide-Au interfaces and has been reported
for a number of systems including V2O3/Au(111) [53] and MoO3/Au(111) [49, 63].

5.5 Properties and Potential Applications

Thin oxide films have applications in energy conversion, microelectronics and
spintronics. Transition metal dopants such as Mn, Fe, Co and Ni have been pre-
dicted by DFT to induce magnetic moments in MgO films resulting in dilute
magnetic semiconductors [64]. RT ferromagnetism has also been reported for
various oxide systems including TiO2, ZnO and SnO2 [65]. The most important
application is probably related to the catalytic properties of the oxide-metal systems.
Most studies involve heterogeneous catalysts consisting of noble metal nanoparti-
cles supported on oxides. The strong metal-support interaction (SMSI) proposed by
Tauster et al. [66–68] has stimulated many investigations on the growth of oxide
ultrathin films on metal substrates as an inverse catalyst model [18, 36, 47]. These
models serve as excellent systems to allow the investigation of oxide-Au interac-
tions and their influence on the catalytic performance.

Recent research demonstrating that the so-called inverse catalysts are reactive or
catalytically active themselves has stimulated further interest in these systems.
Enhanced catalytic reactivity has been found for CeOx/Au(111) and TiOx/Au(111)
over Cu(111) and Cu(100) as the typical industrial catalysts towards the water-gas
shift reaction [14, 15]. Also, reduced V2O3(0001) and V2O5(001) films on Au(111)
enable oxidation of methanol into formaldehyde and/or methane [52, 69]. STM
allows identification of the active sites and research has been conducted into
methods for improving the catalytic activity. For example, oxygen vacancies serve
as the absorption sites for CO, propane and propene molecules on V2O3(0001) and
V2O5(001) films on Au(111), which can be created by electron irritation of the
surface to promote a variety of reactions [51, 70, 71]. CO oxidation that may take
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place at the Fe2O3/Au and titania/Au perimeter interface can be enhanced by
optimization of the coverage of Fe2O3 or TiOx [16, 17].

Thermal programmed desorption (TPD) experiments are usually employed to
examine the chemical nature of the desorbing products, providing information on
the reaction processes. Figure 5.5 shows the desorption species and their concen-
tration (inserts) after depositing 2-propanol onto the TiO2/Au(111) and the rutile
TiO2(110) surfaces [72]. The 2-propanol molecules attach to the Ti atoms on both
surfaces and desorb at around 300 K. The tail of propanol desorption extends to 560
and 450 K for the TiO2/Au(111) and the rutile TiO2(110) surfaces respectively,

Fig. 5.5 TPD spectra taken
from the TiO2/Au(111) (top)
and a rutile TiO2(110) surface
(bottom) deposited with
2-propanol molecules,
showing the traces
corresponding to the
desorption rate of propanol,
propene and acetone. The
inserts show the distribution
of the desorption products
referred to the local surface
concentration [72]
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corresponding to the recombination of surface-bound propoxy and hydrogen.
Propene is formed by removing a hydrogen atom from one of the methyl groups of
a propoxy species adsorbed on the bridge-bonded oxygen vacancies. Propene
desorption has been observed on both TiO2/Au(111) and the rutile TiO2(110)
surface whereas an additional desorption peak at 450 K appears for the former. This
may result from the under-coordinated atoms at the edges of the TiO2 overlayer in
addition to the oxygen vacancy-like defects as the adsorption sites. More impor-
tantly, acetone desorption has been observed on the TiO2/Au(111) surface which
was not detected for the rutile TiO2(110) system. The acetone arises from α-hydride
elimination, breaking the oxygen-surface bond and the formation of a double C=O
bond. The production of acetone on the TiO2/Au(111) surface suggests the exis-
tence of sites which allow interactions for the α-hydrides. The enhanced reactivity
of TiO2/Au(111) compared with the bulk rutile TiO2(110) surface may be due to
changes in its electronic properties. Despite the picture of active sites and chemical
process, many questions remain open, such as the function of Au during the
reaction, and how the film-substrate interaction affects the reactivity. Further
investigation on the electronic structure may be necessary to uncover the important
mechanisms and to provide more information to allow tailoring of the catalytic
properties of oxide-Au systems.

Ultrathin films can have crystal structures that are stabilized through the inter-
action with the substrate and where there are no bulk analogues. This opens the
door to the opportunity of fabricating a rich class of oxide surface structures that do
not exist in nature. Such novel structures are potentially of great importance in
nanoengineering as templates for the self-assembly of adsorbed metal atoms, metal
clusters, and molecules. Investigations on the adsorption behavior of metal atoms
on ultrathin oxide films include Fe, Au, Pd and Ba on monolayers of MgO, TiOx,
FeO and CeOx [62, 73–78]. The degree of charge exchange of the metal adsorbates
is determined by their electronegativity and plays an important role in the
adsorption behavior [62]. For neutral adatoms, e.g. Pd deposited on FeO/Pt(111),
random adatom distributions are observed [74]. For the cases where charge transfer
takes place, the adatoms tend to form regular arrays and can be either cationic or
anionic. For example, electrons are transferred from Au adatoms to the support
when deposited on FeO/Pt(111) [74], while conversely the Au adatoms acquire
electrons from the support in the MgO/Ag(001) and TiOx/Pt(111) systems [60, 76].
This charge transfer behavior is illustrated schematically in Fig. 5.6. The oxide film
grown on a substrate with high electronegativity donates electrons to the metal
substrate (Fig. 5.6a) while the negative charge goes in the opposite direction for the
oxide film deposited on the substrate with low electronegativity (Fig. 5.6b). Similar
effects come into play when depositing metal adatoms on the supported oxide
monolayers. Electronegativity determines the charge state of the metal adatom, its
adsorption mode, and it will either reinforce, reduce or even invert the rumpling of
the supported oxide films as shown in Figs. 5.6c, d.

The charge transfer behavior is not only determined by the adatom/support
species, but is also affected by the coverage of the adatoms. It has recently been
reported that structural and electronic characteristics can be controlled by tuning the
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Ba deposition on Ti2O3 monolayers grown on Au(111) [78]. Figure 5.7 shows the
evolution of Ba adsorption on Ti2O3/Au(111) with the Ba coverage increased from
0.07 to 0.62 ML. For low Ba doses (0.07 ML), the adatoms are randomly dis-
tributed, and have as their adsorption site the hollow location of the honeycomb
Ti2O3 lattice (Fig. 5.7, 0.07 ML). Two well-ordered surface structures are generated
at coverages of 1/3 and 2/3 ML. The 1/3 ML order arises when the Ba adatoms fill
the six second nearest neighbor hollow sites (Fig. 5.7, 0.35 ML), whereas the 2/3
ML ordering occurs when the three first nearest hollow sites are occupied (Fig. 5.7,
0.62 ML). A labyrinth-like phase is observed for Ba coverages between 1/3 and
2/3 ML (Fig. 5.7, 0.43, 0.49 ML). The structural configurations are determined by
Ba–Ba repulsion through dipole-dipole interactions induced by charge transfer. The
overall charge transfer from Ba to the Au substrate increases with raised Ba dose,
which also results in steadily increased Ti2O3 film rumpling and a decreased Au
work function. The findings that the adsorption behavior can be tuned by choosing
the combination of metal adatom species and the oxide thin film, as well as varying
the adatom coverage, open up the possibility of designing metal-oxide interfaces
with specific and novel properties.

Molecular self-assembly is another important area of nanostructure engineering
where the surface structure of the substrate has a significant influence. For trimethyl
acetic acid (TMAA) on the pinwheel reconstructions of TiO/Au(111), the mole-
cules preferentially occupy sites near the centers of the pinwheels as shown in
Fig. 5.8a [56]. With increased coverage, the adsorption pattern evolves into a triad

Fig. 5.6 a and b Sketches showing interfacial charge transfer (DCT) and the film rumpling (DR)
dipole moments for an oxide monolayer (small black circles represent cations, white circles
represent anions) grown on a metal substrate (large grey circles). Depending on the
electronegativity of the substrate, charge can transfer from (a) or into (b) the film. The adatom
can either (c) adsorb directly on the oxide surface, resulting in increased separation of the
anion-cation planes, i.e. reinforce the rumpling, or (d) locally reduce or even invert the rumpling.
Such structural changes are driven by charge transfer between the adatom and the support [62]
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with three-fold symmetry (Fig. 5.8b). Further increasing the TMAA dose gives rise
to an extended molecular network that avoids the sites at the centers of the triangles
of the pinwheels (Fig. 5.8c). Apart from the pinwheel TiO/Au(111) system, many
other ultrathin film structures may serve as templates for substrate-directed
molecular self-assembly. Potential candidates include the honeycomb Ti2O3/Au
(111) surface with hollow sites and the rectangular-like phases with gaps between
the row structures. The richness of the various oxide structures on Au(111) provides
a progressive step towards molecular engineering on the nanoscale.

Fig. 5.7 STM images showing the Ba adsorption on the honeycomb Ti2O3 monolayer grown on
Au(111). The Ba coverage is determined as 0.07, 0.29, 0.35, 0.43, 0.49 and 0.62 ML as indicated
on each image. (Image sizes: 10 × 10 nm2; Vs = 0.35–1.00 V; It = 0.18–0.28 nA) [78]

Fig. 5.8 Adsorption of TMAA on the pinwheel TiO/Au(111) surface at coverages of a 0.02 ML,
b 0.06 ML and c 0.15 ML [56]
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5.6 Conclusions and Perspectives

This chapter has explored the rich variety of structures and properties observed in
ultrathin oxide films on Au(111) surfaces. The ultrathin film structures may be
divided into two categories, namely those which follow the hexagonal symmetry of
the substrate and those that have row structures with rectangular-like surface unit
cells. Multiple factors determine the surface structure of the oxide layers among
which stoichiometry and substrate-film lattice mismatch tend to dominate. These
factors can be controlled by selecting combinations of oxide and substrate materials,
as well as optimizing the growth conditions such as the growth temperature, oxidation
environment, post-process annealing steps and film thickness. The development of a
comprehensive understanding of all the aspects that determine the film growth and
properties will enable the future fabrication of precisely controlled oxide thin films.
This is one of the critical materials challenges for nano-engineering of oxides.
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