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Reducible oxides as ultrathin epitaxial films 

Paola Luches, Sergio D’Addato 

 

Abstract 

This chapter reviews and discusses recent work on two-dimensional films of reducible oxides 
supported on metal substrates. In  general, peculiar chemical and structural phases, different from 
the bulk ones, can be stabilized depending on the oxygen chemical potential, on kinetic processes 
and on the specific substrate used. A peculiarity of reducible oxides is that the observed phases can 
often be reversibly transformed one into the other by applying reducing and oxidizing treatments. 

   

1. Introduction 

An oxide is defined reducible if it can be easily and reversibly reduced depending on the ambient 
conditions. Reducibility is linked to the existence of two or more oxidation states with comparable 
stability for the cations. Prototypical reducible oxides are represented by cerium and titanium 
oxides, although also other transition metal and rare earth oxides can be considered reducible; 
among these for example other rare earth oxides, like PrOx, SmOx, TbOx, and other 3d metal oxides, 
like VOx, MnOx, FeOx, CoOx, but also HfOx, TaOx, NbOx, WOx and many more.  

Indeed, reducibility is very relevant for catalysis, since materials based on reducible oxides can act 
as oxygen buffers, which can store and release oxygen and/or charge, promoting redox reactions 
with a unique regeneration ability [1]. Furthermore, reducibility is an important property also in 
view of the application of oxides in other fields, like for example energy conversion and storage,1 
biomedicine [2] and memories [3]. Reducibility is not only linked to the material capacity of easily 
forming oxygen vacancies but also to the reversibility of the process and to oxygen transport 
properties within the material.  

The influence of reduced dimensionality on the reducibility of an oxide is certainly relevant in view 
of the optimization of the properties of the material through the understanding of the modifications 
which arise with confinement. Pronounced changes of the electronic structure of oxides at reduced 
dimensionality have been widely investigated, and interesting properties have been observed on 
reducible oxides in particular [4,5]. In cerium oxide particles of nanometric size the oxygen vacancy 
formation energy has been found to be greatly reduced and to reach a minimum at a specific size 
[4], thereby causing a surprisingly enhanced reactivity of catalysts made of metal nanoparticles 
supported on nanocrystalline cerium oxide [6], possibly also facilitated by easy oxygen transfer to 
the supported metal nanoparticles [7]. 

If only one of the dimensions of the considered material is confined to the nanoscale, i.e. if the 
system under study is a two-dimensional film, several interesting modifications are introduced and 
intriguing phenomena can take place. The stabilization of metastable structural phases by epitaxy or 
by the mere spatial confinement, the presence of lattice strain or rumpling, the interaction with the 
substrate, in terms of charge transfer but  possibly also of interfacial atom exchange, the different 
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stability of structural defects, are all expected to determine relevant changes in the electronic 
structure, which give origin to systems with different properties compared to the corresponding bulk 
phases.  

The studies of two-dimensional reducible oxides are typically carried out on model systems, i.e. on 
ultrathin films supported on single crystalline substrates, prepared and analyzed in high or ultrahigh 
vacuum. The investigations aim at identifying interesting aspects on simple systems, which can be 
analyzed by surface science techniques and understood with the help of theoretical descriptions. A 
proper modeling of the systems under investigation often represents a crucial step for a complete 
atomic level understanding of the material properties and potential performances. Only through the 
fundamental insight of the new properties which arise on simple systems, the much more complex 
real systems, based on the same materials, can be understood and optimized in their functionality. 
For example, catalysts made of metallic nanoparticles supported on reducible oxides typically 
involve some degree of encapsulation of the metal within the oxide and the formation of very thin 
oxide layers on the metal nanoparticle surface, through the so called strong metal-support 
interaction (SMSI) [8]. Ultrathin oxide layers exposing different facets, with different structures and 
morphologies can be prepared in the form of model systems to identify the most active species 
towards the considered reaction. The results of these studies can be used to design the catalysts with 
an optimized activity and selectivity by finding suitable synthetic routes to maximize the density of 
required active sites for the chosen specific functionality.  

In this chapter recent studies on the properties of ultrathin films of reducible oxides are reviewed, 
focusing on the aspects which influence the reducibility of the materials at the two dimensional 
limit. New properties of cerium oxide two-dimensional films are discussed in section 2. Section 3 
reports studies of titanium oxide two-dimensional films, which are interesting for comparison and 
for complementing the concepts outlined on cerium oxide based systems. Selected studies of 
ultrathin films of different reducible transition metal and rare earth oxides are finally reported in 
section 4.  

 

2. Cerium oxide two-dimensional films 

The most stable cerium oxide phase is CeO2, also known as ceria, which has a fluorite structure 
with cerium ions in the 4+ oxidation state. The Ce2O3 phase, with an orthorhombic structure (A-
type phase), is relatively less stable at ambient conditions. Several additional metastable phases 
with different stoichiometry can be stabilized in specific conditions [9], among them the Ce2O3 
bixbyite (c-type) phase deserves a particular relevance, since it can be obtained from the most stable 
fluorite-type CeO2 phase by removing 25% of the oxygen lattice atoms in an ordered way and 
allowing for a slight structural rearrangement [10]. 

The (111) surface of the CeO2 phase is the thermodynamically most stable one, followed by the 
(100) and (110) surfaces, the latter two being polar [11]. The repeating unit along the (111) 
direction is an O-Ce-O triple layer, which in the following will be referred to as a monolayer (ML). 
Cerium oxide ultrathin films exposing the (111) surface can be obtained by epitaxial growth on 
metallic single crystal substrates with six-fold surface symmetry such as (111) surfaces of cubic 
structures [12-18], or hcp (0001) surfaces [14,19,20]. The lattice mismatch between cerium oxide 
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and most of the metal substrates is quite large and it amounts to approximately 30-40%. 
Nevertheless, films with a (111) surface orientation and a very good epitaxial quality have been 
obtained [15,17,21,22]. The (100) and (110) surface orientation can be stabilized through epitaxy 
using substrates with a very small lattice mismatch with CeO2. These are typically non-metallic and 
include Si [22,23], YSZ [24] and SrTiO3 [25,26]. However, most of the studies performed using non 
metallic substrates focus on thick films with several tens of nm thickness, possibly because of the 
difficulties in applying surface science techniques, necessary to obtain information at the ultrathin 
limit, on substrates with low conductivity.  

The first and main part of this section will be dedicated to studies of cerium oxide (111) ultrathin 
films, and the final part to the investigations concerning ultrathin films exposing less stable 
surfaces. Important aspects connected to reducibility at the two- dimensional limit will be reviewed 
and discussed, with focus on: i) structure, morphology and defectivity, ii) charge transfer and 
intermixing at the interface, iii) modifications in structure and morphology induced by reduction, 
iv) stabilization of metastable structures induced by dimensionality and/or epitaxial constraints. 

Pioneering works studying ultrathin cerium oxide films on the Pt(111) surface date back to the mid-
nineties and they were motivated by the idea that a deep understanding of ceria-based materials 
obtained from studies of single crystalline surfaces and films of different thickness, structure and 
morphology could help improving the activity of cerium oxide supports in three way catalytic 
converters [12,13,27,28]. Cerium oxide films were grown either by deposition of metallic cerium 
followed by post-oxidation [12,27] or by oxidation of Ce-Pt surface alloys [13,28]. Already these 
early works pointed out that ultrathin films in the ML and sub-ML range contain a non negligible 
Ce3+ concentration, while thicker films can be fully oxidized [12,13].  As will be clearer in the 
following, this aspect is rather crucial in trying to identify a charge transfer from the metal substrate 
and/or a dimensionality-induced decrease of oxygen vacancy formation energy induced by the 
lower average O coordination of Ce ions at the early stages of the growth. The structure of the films 
was found to be disordered unless thermal treatments at temperatures higher than 700 K, which 
stabilize the fluorite (111) phase, are performed [12,13]. Thermally-induced instabilities were 
observed above 1000 K [12,13]. Interestingly, films which fully cover the substrate showed a 
significant activity towards CO oxidation, higher than the one of the bare Pt(111) surface [12]. An 
important role of the metal-oxide interfacial sites and of non-(111) oriented surfaces was also 
hypothesized, based on the high activity of films which do not fully cover the substrate [12]. 

The results of the early studies provided a strong motivation for subsequent works, using more 
controlled growth procedures, combined with a variety of techniques for surface characterization 
down to the atomic level. Cerium oxide ultrathin films with the (111) fluorite structure were grown 
on Pt(111) [17,21,28,29], Rh(111) [15,16], Ru(0001) [14,20], Ni(111) [14], Cu(111) [30,31], 
Au(111)  [32], Pd(111) [33] and Re(0001) [34] substrates. On one side these studies confirmed the 
enhanced reactivity of bidimensional cerium oxide films compared to the clean substrates and the 
importance of metal–oxide interface sites [31,35], on the other they clarified important fundamental 
aspects linked to the reducibility of low-dimensional supported cerium oxide systems [15,29,30].  

In general, the studies of ultrathin supported cerium oxide films and islands were motivated by the 
need to identify the active sites in real catalysts made of metallic nanoparticles supported on cerium 
oxide. Several works specifically addressed the reactivity of metal-supported cerium oxide systems 
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and towards selected reactions [31,35,36,37]. A catalytically active role of the interface between 
cerium oxide and Rh(111) in CO oxidation was suggested for example by Eck et al., who identified 
preferential CO adsorption sites near the phase boundaries of the oxide islands [36]. Suchorski et al. 
showed that the catalytic activity towards CO oxidation of cerium oxide nanoislands on Pt(111) is 
remarkably increased compared to the bare Pt(111) surface [35]. By comparing systems with 
different density of step edges they suggested the observed increase to be due to the different 
electronic properties at the islands perimeter [35]. A similar role for the oxide metal interface, 
combined with the low dimensionality of cerium oxide, was identified for the CO oxidation reaction 
and for the water gas shift reaction on the cerium oxide/Cu(111) inverse catalyst model system 
[31,37]. Studies of this kind stimulated more accurate work on cerium oxide bidimensional 
structures and systematic investigation of the influence of the preparation conditions and of the 
substrate used on the structure, morphology, defectivity and reducibility of the investigated systems.  
 
On most substrates post-growth thermal treatments in O2 have been found to improve the surface 
morphology, stoichiometry and structure of the cerium oxide terraces obtained [17,20]. The 
ultrathin films have relatively large coincidence cells with the underlying metal surface giving 
origin to moiré patterns in scanning tunneling microscopy (STM) images [20,38] or in low energy 
electron diffraction (LEED) patterns [15]. The coincidence cells with the lowest strain typically 
involve 5×5 ceria surface cells and 7×7 substrate surface cells (hereafter termed 5:7 coincidence), 
however at the ultrathin limit smaller coincidence cells, implying a larger strain, can be stabilized. 
This phenomenon has been observed for example on the Pt(111) substrate, where ultrathin films 
have a compressed surface structure and an interatomic distance comparable with the 3:4 
coincidence cell, while thicker films have the relaxed bulk structure [17,21,39]. At the ultrathin 
limit a contraction of the in plane lattice parameter has been observed also using Rh(111) as a 
substrate [15], and even on Cu(111) substrates [38]. The evidence for a lattice contraction also on 
Cu(111), on which cerium oxide could adopt a 3:2 coincidence with the substrate with negligible 
strain, demonstrates that the tendency for lattice contraction is probably an intrinsic property linked 
to reduced dimensionality [38]. 

The deposition of cerium oxide amounts in the ML range typically results in the formation of large 
flat islands of ML or multi-layer height [15,17,20]. Procedures to obtain continuous films of 
monolayer thickness with almost complete coverage have been identified on the Cu(111) substrate, 
using low temperature (110 K) growth in O2 followed by post-annealing in O2 at 770 K [18]. 
Ultrathin cerium oxide films grown in strongly oxidizing conditions contain a non-negligible 
concentration of Ce3+ ions on the Pd(111) [33], Pt(111) [17] and on the Rh(111) substrate [15]. In 
the latter case a preferential localization of the Ce3+ sites at the interface was deduced by 
comparison of x-ray photoemission spectroscopy (XPS) and resonant valence band photoemission 
spectra. Valence band resonant photoemission, having a smaller probing depth than XPS, does not 
show any significant Ce3+ concentration on the surface. The non-negligible Ce3+ concentration 
detected by XPS is therefore ascribed to interface sites [15]. This represents a strong evidence of 
possible charge transfer from the metallic substrate towards the cerium oxide films. Effects such as 
charge transfer can indeed significantly alter the properties of two-dimensional cerium oxide films, 
and a definite assignment of the origin of reduced interfacial states requires a theoretical description 
of the system. On the Cu(111) substrate density functional theory (DFT) calculations showed that a 
very relevant charge transfer from the metal to the oxide takes place, yielding to the reduction of a 
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full layer of interfacial Ce ions [40]. DFT calculations on a 1 ML cerium oxide film supported on 
Pt(111), instead, evidenced electrostatic interactions between the topmost Pt layer and the 
interfacial oxygen atoms in the oxide, which cause a significant corrugation of both the film surface 
and of the interfacial Pt layer [41]. The charge transfer between Pt and Ce ions is significant only in 
the interfacial sites where the distance between the two atoms is short [41]. 

Not only the size, but also the shape and defects of the terraces obtained on the surface of ultrathin 
cerium oxide films seem to depend on the preparation conditions. On Ru(0001), using high 
temperature (T>800 K) growth and post-growth annealing (T~1000 K) in oxygen atmosphere 
(P>10-7 mbar), ultrathin films with point defects, linear defects ascribed to grain boundaries and 
round terrace step edges have been obtained [20]. The presence of grain boundaries, possibly 
induced by three-dimensional growth mode at the early stages of film formation [20], is not 
suppressed by room temperature growth followed by annealing of ceria films using a Pt(111) 
substrate [17]. On this substrate ultrathin films present terraces with straight edges, oriented along 
the substrate main symmetry directions [17]. Thicker films instead show more rounded terrace 
edges [17]. This is possibly caused by the stabilization of less stable step edges by the proximity of 
the metallic substrate in ultrathin films. A detailed characterization of the film step edges for 
various preparation conditions showed that depending on the heating temperature different step 
types can be obtained. The different steps are rationalized in terms of stability of the exposed facets 
and analyzed in terms of electronic properties [42]. One–dimensional electronic states have been 
found to develop on specific step types, and at domain boundaries as shown in figure 1, which 
reports STM images acquired at different sample biases.  

  
Fig.1: 65 ×65 nm2 STM topographic images of a 6 ML cerium oxide film grown on Ru(0001) with islands and holes 
exposing different step edge orientation. Steps indicated as I and domain boundaries show an increased apparent height 
at 4.4 V sample bias, while steps indicated as II do not change apparent contrast with bias. Reprinted with permission 
from Nilius et al. [42] Copyright 2012 American Chemical Society.  
 
The step edges exposed by cerium oxide two-dimensional films show similarities to those exposed 
by bulk ceria surfaces, although in this case depressions rather protrusions are most frequently 
observed on the surface [43]. A non-negligible density of point defects has been often observed on 
ultrathin film terraces [21]. The defects are very similar to the ones formed on bulk surfaces, the 
most common being surface oxygen vacancies, also imaged as trimers and as linear arrays, and 
subsurface oxygen vacancies [21]. Defects can also be intentionally induced by electron 
bombardment of the film surface [44]. A work by Jerratsch et al. identified some degree of 
delocalization of the charge left after O vacancy formation [44]. The delocalization of charge after 
O release has been highly debated also on bulk surfaces [45,46], and at reduced dimensionality 
some non negligible degree of delocalization has been clearly identified [5,47]. 
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Cerium oxide films can be reduced by different procedures, including thermal annealing in vacuum 
[15,17,29,35], growth of metallic Ce in low oxygen background pressure [14,16,48], ion 
bombardment [49] or exposure to reducing gases [49-51]. Vacuum thermal treatments often induce 
also a structural and morphological modification, pointed out to be strongly dependent on the initial 
film thickness [15,29]. In particular, the temperature at which reduction starts is lower for thinner 
films, which also show an apparently higher final degree of reduction [15,29]. Indeed it is difficult 
to determine the absolute amount of Ce3+ ions formed in the different samples by the different 
treatments, given the unknown shape of the depth profile of O vacancy concentration, and the 
different depth sensitivity of the techniques used to measure the Ce3+/Ce4+ ratio. However, the idea 
of having a higher density of Ce3+ sites in the surface layer after reduction is generally accepted 
[29]. A dependence of the onset of cerium oxide surface reduction on the growth temperature of the 
film, and hence on the density of reduced coordination sites, has been pointed for films grown on 
the Cu(111) substrate [38]. A very interesting effect, shown to take place on the surface of a thin 
ceria film on Rh(111) after reduction, is the formation of an ordered array of surface defects, clearly 
visible in the STM images (figure 2), and ascribed to triple oxygen vacancies [52]. The smaller 
energy for the formation of vacancies at specific sites of the 5:7 coincidence lattice is ascribed to 
the local surface stress [52]. 

  

Fig.2: STM images of a 0.5 ML CeO2-x film grown on the Rh(111) surface after annealing at ~ 900 K. (a) 200 × 200 Å2; 
0.93 V; 0.86 nA. (b) 100 × 100 Å2; 0.80 V; 1.05 nA. The grid of black lines evidences the superlattice of defects, 
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ascribed to triple oxygen vacancies. Reprinted with permission from Casterllarin-Cudia et al. [52] Copyright 2004 
Elsevier. 

The surface of reduced ceria films on Pt(111) instead shows a corrugated morphology with bias-
dependent features tentatively ascribed to electronic modifications induced by reduction [29]. 
Interestingly, ultrathin reduced cerium oxide phases show peculiar surface reconstructions (figure 
3), whose origin is still under investigation and appears to be linked to the presence of the 
underlying substrate [29]. The effect of the heating time and heating rate on the final degree of 
reduction of the films has been also pointed out to be very important [29]. Some extra-periodicities 
have been observed also on the Cu(111) substrate after deposition of variable amounts of metallic 
cerium on a CeO2 buffer layer, followed by annealing in UHV [53]. Some of them are commonly 
observed also on the surface of thick films after reduction [54] and correspond to metastable bulk 
phases such as the Ce7O12 phase and the c-type bixbyite phase.  

 

Fig.3 LEED patterns (Ep = 80 eV) of a 2 ML cerium oxide film (a) as prepared, (b) after intermediate reduction by 
heating in UHV at 770 K for 30 min (cCe3+ ~ 40%, as measured by XPS), showing the (3 × 3) and the 9/4(√3 × √3)R30° 
phase (c) after strong reduction by heating in UHV at 1040 K for 15 min (cCe3+~60–80%) showing the 9/4(√3 × 
√3)R30°  phase (d) after re-oxidation by heating in O2 at 1040 K. Luches et al. [29] - Reproduced by permission of the 
PCCP Owner Societies.  

The full reversibility of the reduction process was demonstrated for ceria films of different 
thickness on Pt(111) [29]. We note here that this aspect is not trivial, and it is linked to the 
reducibility of the films. Cerium oxide films on a Si(111) substrate reduced by vacuum thermal 
treatments under conditions similar to those used in ref. 29, showed a non reversible reduction of Ce 
ions from the 4+ state to the 3+ state [23]. This process was ascribed to the formation of interface 
cerium silicate phases which are not reducible [23]. Interfacial atom exchange during growth was 
also observed using Ni(111) and Cu(111) substrates, and they were shown to have a non-negligible 
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influence on the stoichiometry of the films at the ultrathin limit [14,31]. On the Au(111) substrate 
the formation of Au/Ce alloys hinders the good ordering of extended two-dimensional films [32]. 

Substoichiometric films were also obtained by evaporation of Ce on Ru(0001) and on Ni(111) in 
low oxygen pressure (PO2~10-8 mbar) and they were found to have the fluorite structure with a high 
concentration of oxygen vacancies in at least the topmost oxygen atom layers compatible with a 
bixbyite structure rather than to a hexagonal Ce2O3 structure [14]. 

As reported above, several works have shown some degree of reducibility of cerium oxide ultrathin 
films, which is typically higher than the bulk, but they also evidenced that fully reduced states are 
very difficult to be achieved [15,29]. This may be linked to the fact that it is easy to form oxygen 
vacancies in the fluorite structure up to a certain density, or to the fast (partial) reversibility of the 
reduction process when high Ce3+ concentrations are obtained. The cubic c-type bixbyite phase, 
with 25% oxygen vacancies is in fact unstable in the bulk form and a full cerium oxide reduction 
may require a transition to the most stable hexagonal A-type phase. A metastable epitaxial cubic c-
type Ce2O3 phase has been stabilized on the Cu(111) surface by deposition of metallic Ce on a 
CeO2 buffer layer followed by 900 K annealing [55]. The film shows a well ordered surface with a 
(4x4) reconstruction with respect to the CeO2(111) surface (figure 4). The reconstruction is ascribed 
to ordered arrays of quadruple oxygen vacancy clusters and corresponds to the bulk termination of 
c-Ce2O3 [55].  Although the film thickness is as high as a few nm, the influence of the substrate is 
considered to be determinant for the stabilization of the observed phase, ascribed to the effect of the 
tetragonal strain induced by the Cu substrate [55]. A phase with a similar c-type bixbyite structure 
in the form of an ultrathin film was also stabilized on a Cl-passivated Si(111) surface [22]. 
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Fig.4: STM images showing the different stages of formation of c-Ce2O3 films on Cu(111). (a) CeO2 buffer, (b) CeO2 
buffer with subsequent metallic Ce deposition, (c) ordered c-Ce2O3 layer obtained by annealing (b) in vacuum at 900 K. 
Inset: high-resolution image and surface unit cell (red rhombus) of the c-Ce2O3 layer. Images a−c are to scale. Image 
width (a,b) 60 nm, (c) 120 nm, (inset) 6 × 6 nm2. Reprinted with permission from Stetsovych et al. [55] Copyright 2013, 
American Chemical Society.  

The exposed works show that ultrathin cerium oxide films offer new opportunities in view of 
obtaining modifications of the material properties, and in particular for the stabilization of 
metastable structural phases. This last issue has been investigated also in a rather recent theoretical 
investigation aimed at identifying the most stable Ce2O3 structures at the ultrathin limit [56]. The 
work, using simulated mechanical annealing searches and DFT calculations, shows that different 
ultrathin film structures are stable at different values of the in plane lattice parameter and it 
identifies in particular a new structure, which does not correspond to any known bulk crystalline 
polymorph, which is more stable than the A-type and than the c-type Ce2O3 structures at specific, 
relatively large, in-plane lattice parameters (figure 5) [56]. 
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Fig.5: Results of DFT calculations for 4 ML Ce2O3 films with different structure: A-type (circles), bixbyite (squares) 
NF1 (triangles), NF2–4 (diamonds). Energies (relative to that of the optimized bixbyite film) and lattice parameters are 
given per Ce2O3 unit. Vertical dotted lines indicate lattice parameters of possible supports for film growth (multiplied 
by 3/2 for transition metals – highlighted by italics). Kozlov et al. [56]  - Published by The Royal Society of Chemistry. 

As mentioned at the beginning of this section, a few studies have also been focused on the 
stabilization of ultrathin cerium oxide films exposing surfaces different from the (111) on metal 
substrates. For example, the stabilization of cerium oxide nanoislands exposing (100) facets, with 
thickness down to 1 ML, has been shown to be possible using a Cu(111) surface and highly 
oxidizing growth conditions [57]. The stabilization mechanism invoked is the formation of a copper 
oxide with a rectangular unit cell at the interface, which imposes an epitaxial constraint and shares 
an O layer with cerium oxide to compensate polarity (figure 6) [57]. On the same substrate the 
presence of an interfacial CeO2(100) layer supporting three dimensional CeO2 nanoislands with 
(100) surface orientation has also been observed to coexist with the (111) CeO2 orientation [58].  
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Fig. 6: High resolution STM images of CeO2(100) phases prepared by Ce deposition in 5×10-7 mbar of O2 at 650 K on a 
copper oxide surface, formed by oxidizing Cu(111) with NO2 at 600 K. The large-scale images with size 40×40 nm2 is 
shown in the derivative mode. Reprinted with permission from Yang et al. [57] Copyright 2011 American Chemical 
Society.  
 
 A recent study pointed out  the formation of ceria nanocrystallites exposing (100) facets after 
thermal treatments in vacuum of continuous (111) cerium oxide films grown on Ru(0001) [59]. The 
nanostructures, of nanometric height and several tens of nm lateral size, compensate their polarity 
through surface reconstructions similar to those hypothesized for the bulk (100) orientation [11]. 
Open aspects which may contribute to a better understanding of  less stable surfaces, also in view of 
preparing two-dimensional films with less stable orientation, are the understanding of the 
mechanisms which preferentially stabilize this phase under highly reducing conditions compared to 
other phases, and the possible reasons for the existence of the (001) orientation only at relatively 
large heights of a few nm. Although studies of cerium oxide films exposing less stable surfaces at 
the two-dimensional limit are in general rather scarce, they have a great potential interest in view of 
the expected smaller surface oxygen vacancy formation energy, due to the lower coordination of 
surface O atoms. Furthermore, the possible formation of new structural phases driven by the 
compensation of polarity at reduced dimensionality may also open up new perspectives, in analogy 
with the case of non-reducible oxides [60]. 

 
 

3. Titanium oxide two-dimensional films  

Titanium oxide is another case study for reducible oxides. Unlike cerium ions which are stable only 
in the 3+ and 4+ oxidation states, titanium ions can have different oxidation states, the most 
common ones being Ti2+, Ti3+, Ti4 , giving rise to various oxides.  The most stable oxide is TiO2, 
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also known as titania, which can present different structural phases, the most important ones being 
rutile, anatase and brookite.  

Ultrathin titanium oxide films grown on metal substrates have been the subject of extensive 
research over the last twenty years, as they can give rise to novel nanostructures and to a rich 
variety of phases which have been studied using surface science techniques. Stoichiometric and 
non-stoichiometric phases with different atomic structures can be obtained through the growth on 
single crystal metal surfaces, using simple experimental procedures: deposition of Ti in a vacuum 
chamber in controlled pressure of residual oxygen, i.e. reactive deposition, post-oxidation of Ti 
metal films, reduction in vacuum by heating the films in UHV or in controlled residual hydrogen 
pressure. A selection of results reported in the literature, with focus on peculiar properties arising at 
two-dimensions and in particular on reducibility-related issues, are hereby reported and discussed. 

Experiments on titanium oxide ultrathin films grown on Cu(100) were carried out by different 
groups [61-63]. Maeda et al. [61] deposited metallic Ti on the Cu surface previously exposed to O2 
(P= 1 × 10-6 mbar at T=330 K), and oxidized the resulting film  by post-growth O2 dosage (P= 1 × 
10-7 mbar at T=623 K). A two-dimensional growth of an O2-/Ti4+/O2- trilayer with TiO2 
stoichiometry was deduced from XPS data. LEED patterns showed a hexagonal geometry with two 
domains rotated by 90º with respect to each other, and an in-plane lattice constant of 0.29 nm. The 
study also indicates that this phase is unstable for coverages beyond a single O2-/Ti4+/O2- trilayer. 
The model proposed by Maeda et al. [61] for the atomic geometry of the trilayer is analogous to the 
one deduced  for the quasi-hexagonal structure formed by titanium oxide on the oxidized (110) 
surface of the NiTi alloy [64]. A quasi-hexagonal phase was also observed for titanium oxide films 
obtained by reactive deposition of Ti (P= 1 × 10-6 mbar, T=573 K) on Cu(100) previously saturated 
with chemisorbed oxygen [63,65]. The chemisorption resulted in a (√2 × 2√2) R45º LEED pattern 
with Cu missing-row reconstruction. At low Ti coverage (θTi < 0.5 ML) the same group observed a 
LEED pattern with a centred rectangular unit cell indicated as  c-(√2 × √2) R45º. STM data showed 
that the rectangular phase is associated with flat islands of uniform thickness, embedded within the 
outermost layer of the substrate. The stabilization of this phase is probably favoured by the missing-
row reconstruction of the O-Cu(100) surface used as substrate [63,65]. The quasi-hexagonal phase 
is observed at θTi > 0.5 ML (figure 7), however when the whole substrate surface is covered by the 
film (θTi=2.0 ML) a regular hexagonal pattern is visible in the LEED, very similar to the one 
observed by Maeda et al. [61] An in-deep X-ray photoelectron diffraction (XPD) and LEED 
intensity analysis of the quasi-hexagonal phase, compared with DFT calculations, confirmed the O-
Ti-O trilayer model, allowing to identify also the specific registry of the titanium oxide film with 
respect to the Cu(100) surface (figure 7) [65]. Interestingly, DFT provided also information about 
the electronic properties of the film, showing that the O 2p and Cu 4sp states overlap and that the 
film does not show an insulating behaviour because of an upshift of the O 2p bands and a downshift 
of the Ti 4s states, compared to the case of the ideal unsupported films. 
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Fig. 7. a) LEED pattern observed a TiO2 film with the quasi-hexagonal structure on the Cu(001) surface. b) Atomistic 
model of the quasi-hexagonal phase of the O-Ti-O trilayer, with a rectangular p(2×7) unit cell, showing the registry of 
the film with the substrate. Reprinted with permission from Atrei et al. [65] Copyright 2009 American Chemical 
Society.  
 

A TiO2 lepidocrocite-like structure was instead obtained at submonolayer coverage when the 
substrate used for the growth was Ag(100) [66]. Again, LEED, XPD and STM experiments results 
were compared with the results of DFT calculations. At coverages higher than 1 ML, islands with 
the rutile (110) surface begin to form [67]. Single domain titania nano-sheets with lepidocrocite 
structure were also observed when TiO2 films were grown on the (1×2) Pt(110) surface [68]. 

Rutile TiO2 (110) films were also observed to grow on W(100) [69,70] and O(2×1)-W(100) [71] in 
two orthogonal domains along the W[010] and [001] directions. In the first case, the TiO2 films at 
coverage values between 5 and 30 ML reverted to the bulk structure, and a systematic splitting of 
the spots in the LEED pattern was attributed to the formation of a stepped surface, probably caused 
by a strain relaxation mechanism due to the compression of the long axis of the TiO2 unit cell. In 
the case of oxygen-reconstructed W(100) surface, STM images showed the formation of  titanium 
oxide islands at low coverage following the orientation of the original missing rows induced by the 
O(2×1) reconstruction (figure 8). At increasing coverage, the islands extend and become higher, but 
TiO2 does not form a continuous film. The presence of point defects on the rutile islands, 
characteristic of the native rutile TiO2(110)-(1×1) surface was observed in high resolution STM 
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images. TiO2 was also grown by reactive deposition and annealing on Mo(100) [72,73]. At 
coverage values below 10 nm, LEED showed a (2√2 × √2) R45º pattern, while STM images showed 
ordered atomic rows along the [010] and [001] substrate direction. Annealing procedures allowed 
reduction of the film, with the Ti ions oxidation state changing from Ti4+ only, to a mixture of Ti4+, 
Ti3+ and  Ti2+ valence states, as evidenced by XPS. Similar studies were carried out also on 
Mo(110) [74,75], on which films of TiO2 with (100) orientation or Ti2O3(0001) were obtained, 
depending on the preparation method. In particular the Ti2O3(0001) phase was stabilized by initial 
deposition of a metallic Ti layer on the Mo(110) surface, followed by reactive Ti growth in O2 in 
the same conditions which lead to the formation of the TiO2(100) phase [74]. STM images 
evidenced smooth surfaces with distinct flat terraces and well-defined step edges after annealing in 
O2 at T = 900-1100 K, while XPS data showed that the oxide films remained partially reduced after 
the treatment. In contrast, thin films annealed in oxygen at T=1200 K were fully oxidized but they 
exhibited a three-dimensional rough surface morphology [75]. 

 

Fig. 8. STM image of a 0.2 ML film of TiOx(110) on W(100)-O(2×1). An area of TiOx(110) and an area of the W(100)-
O(2×1) substrate are indicated. White lines are drawn over some of the W(100)-O(2×1) rows then duplicated, in black, 
over the TiOx rows to highlight the similar periodicity. The crystal directions correspond to those of the W(100) 
substrate. Reprinted with permission from Pang et al. [71] Copyright 2013 American Chemical Society.  
 

The same group also reported formation of a well-ordered (8×2) TiOx film on Mo(112), obtained by 
depositing Ti on SiO2(ML)/Mo(112) followed by oxidation/annealing and a final anneal at 1400 K 
to completely remove residual Si [76]. This phase shows peculiar properties, including a strong 
interaction with Au, which allowed a complete wetting of its surface, at variance with other oxide 
supports [71,76]. 
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Fig. 9. Summary of the TiO2 phases grown on Ni(110).  Reprinted with permission from Papageorgiou et al.	[78] 
Copyright 2007 American Chemical Society.  
 
Using a Ni(110) substrate for titanium oxide ultrathin films growth either a quasi-hexagonal phase 
or (110) rutile rods on a TiO2 wetting layer could be obtained, depending on the initial titanium 
coverage [78,79]. In both cases, XPS and x-ray absorption near edge spectroscopy (XANES) results 
demonstrated that Ti was fully oxidized. Figure 9 gives a summary of the TiO2 phases reported in 
ref. 76. The rutile and wetting layer phases showed a similar behaviour with respect to exposure to 
water at P=10-8 mbar, which resulted in coadsorption of both molecular water and hydroxyl groups. 
By dosing water at P=10-6 mbar hydroxylation of the thin films was observed. The process was 
found to be reversible by annealing at T=490 K. STM images on rutile rods revealed a (1×2) 
reconstruction in some areas, ascribed to a reduced phase, very close to the one observed on the 
surface of bulk rutile TiO2(110) single crystals [79]. The (1×2) islands disappear completely after 
annealing at T=773 K in O2 [79]. Further reduction of the surface could be induced by annealing in 
UHV at T=1110 K, with observation of {132} and {121} families of crystallographic shear planes. 
In this respect the behaviour of ultrathin films is analogous to the one of the TiO2 (110) single 
crystal surface [80]. 

The study of titanium oxide films on Pt surfaces is particular relevant, in view of a deeper 
understanding of the phases formed in oxide-supported metal catalysts as a consequence of SMSI 
[8]. Experiments of Pt nanoparticles grown on TiO2(110) surface revealed that the (111) oriented Pt 
islands were encapsulated within TiO2 regular films after annealing at T=1100 K with a subsequent 
change of the catalytic activity [81].  The encapsulation was observed and studied in detail also in 
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the case of Pd on (1x2) TiO2(110) [82]. Some of the structures obtained in these systems were also 
observed on the reverse catalyst model TiOx/Pt systems. 

Matsumoto et al. used a number of experimental techniques for a complete study of titanium oxide 
grown on Pt(100) [77,83]. In particular, two different routes for film synthesis were used: in the 
first one a Pt3Ti surface alloy was oxidized with O3  and annealed at T=1000K. The result was a 
smooth film composed of one layer of Ti2O3 with (3×5) superstructure, with flat terraces without 
islands, and with a structure similar to  the (1×2) strands formed on the reduced TiO2(110) surface. 
The second route was reactive deposition of Ti in O2 (p=6.7 × 10-7 mbar) followed by annealing 
above 750 K in vacuum. In this case, a (3×5) structure could be observed for coverages lower than 
1 ML, while a (4 × 3√5)R60º structure was obtained after deposition of 2 ML. The proposed model 
for the observed reconstruction consists of TiO2 tetragonal nets with some O atoms in the second 
layer. The (3×5) structure was re-obtained after annealing  above 950 K in vacuum. At increasing 
coverage and after annealing a T=1000 K, TiO2 clusters were observed, coexisting with Ti2O3 (3×5) 
and clean Pt(100) domains. Finally, after further annealing at T=1300 K the TiO2 clusters 
decomposed to form a (2√2 × 2√2)R45º structure, proposed to be Ti5O8, and (3 × 5) domains. 

Boffa et al. investigated titanium oxide films grown on Pt(111) for coverages ranging from 1 to 5 
ML [84]. Two different structures were obtained depending on the sample pretreatment. In 
particular, annealing at temperatures between 770 and 970 K in O2 gave a (√(3 × √43)R7.6º three 
fold symmetric structure, with TiO2 stoichiometry and primitive cell 18.2 Å × 18.2 Å size. 
Annealing in vacuum (820 -1120 K) gave a second ordered overlayer with primitive cell of 18.2 Å 
× 13.9 Å size and Ti4O7 stoichiometry. Partial dissolution of Ti in Pt was observed after annealing 
at high temperatures, reducing the thickness of the films to approximately 1 ML [84].  

A systematic work on titanium oxide films grown on Pt(111) was carried out during the last years 
[85-90]. The study first concentrated in ultrathin layers, with an amount of Ti lower than 1.2 MLE, 
where 1 MLE corresponds to the surface density of Pt atoms per unit area on the Pt(111) surface. 
By varying the Ti dose and the annealing conditions (temperature and oxygen pressure) six 
metastable phases with different long-range order were originally found [85]. The conditions 
leading to the different phases are summarized in figure 10. 
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Fig.10: a) Summary of the different ultrathin titanium oxide phases obtained on Pt(111) in different conditions.  k 
stands for kagomè, z for zig-zag, rect for rectangular and w for wagon-wheels. b) Summary of the structural and 
chemical transitions observed to occur under different thermal treatment conditions. The prime symbol indicates a 
reduced phase. Reprinted with permission from Sedona et al.	[85] Copyright 2005 American Chemical Society. 
 
The different phases are identified by the geometry of the surface structures observed in atomically 
resolved STM images. Some of the observed structures include reduced titanium ions. Upon 
thermal treatments the films could undergo some structural transformations while in O2-rich and 
O2-poor conditions reversible film oxidation and reduction were observed (figure 10). All the 
identified phases, with the exception of the stoichiometric TiO2 phase with rectangular surface 
symmetry, correspond to a film composed of a Ti-O bilayer, with interfacial Ti. The TiOx phases 
wet the Pt substrate, and present long-range order with complex superstructures, observed in LEED 
patterns. The combination of LEED, XPD and STM data with DFT calculations allowed to identify 
the atomic geometry of all the studied phases [88].  For instance, the z-phase has an 
incommensurate unit cell with 6.8 Å × 8.6 Å size, and a Ti6O8 geometry, while the z’-phase has a 
commensurate unit cell of 16.6 Å × 14.4 Å size (with Ti24O30), geometry (figure 11). Ti 2p and O1s 
core level XPS and valence band photoemission studies [86] allowed also to separate the observed 
phases in two main groups: a group of three stoichiometric films (k’, rect and rect’) and a group of 
sub-stoichiometric films (z, z’ and w). The valence band photoemission data also revealed some 
peculiar aspects of the electronic properties, like for instance the mixing of the Ti-Pt states near the 
Fermi level in the sub-stoichiometric films, a clear indication of the presence of the Pt-Ti interface 
in this group.  
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Fig. 11 a) atomically resolved image of the z- and z’-TiOx phase on Pt(111). b) simulated STM image and structure of 
the z’ phase, as obtained by DFT calculations. Reprinted with permission from Barcaro et al. [88] Copyright 2009 
American Chemical Society. 
 
Another interesting phase is the stoichiometric TiO2 rect phase, showing an incommensurate 
rectangular  unit cell of size 3.8 Å × 3.0 Å. STM revealed also that the apparent height of the rect- 
TiO2  islands can be only explained by a multilayer sequence, with oxygen atoms at the interface 
with Pt occupying only top and bridge sites, an arrangement similar to the one proposed for rect -
VO2 [89]. Recently, other reduced hexagonal phases h(6x6) and h(9x9) were discovered by 
annealing z’ phases at high temperature [90]. 

 

4. Two-dimensional films of other reducible oxides 

4.1 Transition metal oxide two-dimensional films 

Indeed, most transition metals, due to their specific electronic structure, can have different oxidation 
states and can form oxides which are reducible. Within the wide number of studies done in the field 
of two-dimensional reducible transition metal oxide films, we will here focus on those reporting 
aspects strictly related to reducibility and we will limit to the strictly two-dimensional case, i.e. to 
films with thickness of the order or below 1 nm. 

A very interesting example of a study of this kind is represented by the work by Li et al. on 
manganese oxide two-dimensional films [91]. By STM, LEED and XPS analyses different low 
dimensionality phases were identified in films of approximately 1 ML thickness as a function of the 
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oxygen chemical potential during preparation on a Pd(100) substrate. Figure 12 summarizes the 
obtained results. Among the observed structures, some represent the two-dimensional limit of bulk 
truncated structures, like the hexagonal structure observed under mildly oxidizing condition, which 
recalls the MnO(111) structure. Most of them on the contrary do not resemble any known 
manganese oxide phase and they are often found in coexistence on the Pd surface [92]. 

 

Fig. 12: Schematic phase diagram of the two-dimensional Mn oxides, presented as a function of the 
oxygen pressure p(O2) and of the oxygen chemical potential µO. The nominal coverage of Mn on 
Pd(100) is 0.75 ML. © IOP Publishing. Reproduced with permission from Li et al. [91]. All rights 
reserved. 

Also vanadium cations in vanadium oxide can have different oxidation states (from 2+ to 5+), 
giving a wide variety of phases. The most important ones are V2O5, VO2, V2O3 and VO, each one 
having a different crystal structure and showing a variety of physical and chemical properties [92]. 

Furthermore, mixed valence oxides can also be formed, with the cations in two possible oxide 
states, like for example V5+ and V4+ in V6O13. Of peculiar interest is the crystal structure of V2O5 
(layered orthorhombic), which is essentially composed of zigzag double chains of square VO5 
pyramidal units sharing edges and running along the b direction. The VO5 pyramid has the 
vanadium atom in the centre, four oxygen atoms in the basal plane and a vanadyl-type oxygen atom 
at the apex (see also inset of figure 14d).  The layers of chains are stacked along the [0 0 1] (c) 
direction. The resulting solid is composed of distorted tetrahedrally coordinated VO6 unit. The VO6 
unit is also present in the tetrahedral rutile and monoclinic phases of VO2 which are stable below 
and above T=340 K respectively, while the V2O3 phase has a corundum structure above 160 K. All 
these structures can be found in ultrathin films grown either on oxides or on metals, but other 
phases can also be stabilised by the interaction with the substrate [89,92]. 

A systematic work was carried out on vanadium oxide nanostructures and films deposited on 
Rh(111)  by Netzer and co-workers. The experimental results were supported by ab initio DFT 
calculations in order to obtain complete information the structure and on the thermodynamics of the 
different phases obtained [89,93-96]. A phase diagram of the vanadium oxide nanostructures on 
Rh(111) is reported in figure 13.  Concentrating on the two-dimensional phases, it was found that (√7 
× √7)R 19.1º or (√13 × √13)R 13.8º structures can be formed under highly oxidative conditions, 
with  PO2= 2 × 10-7 mbar and by keeping the substrate temperature at 670 K. 
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Fig. 13: Phase diagram of vanadium oxide nanostructures on Rh(111) as a function of vanadium coverage 
and of substrate temperature. © IOP Publishing. Reproduced with permission from J. Schoiswohl et al.	
[89]. All rights reserved. 

As obtained  by careful analysis of STM images and by DFT calculations, the (√7 × √7)R 19.1º  nanolayer 
consists on a V3O9 oxide phase with VO5 square pyramids as building blocks. The same holds for the (√13 × 
√13)R 13.8º phase, which has a V6O18 stoichiometry. 

By exposing the film to reducing conditions (i. e. to annealing in UHV or in hydrogen atmosphere) reduced 
two-dimensional phases can be obtained with V11O23, V13O21, V2O3 and VO stoichiometry. The reduction 
process occurs essentially by removing the vanadyl groups. 

Zero-dimensional structures could also be obtained by evaporation of small quantities (less than 0.2 ML) of 
vanadium on O(2×1)-Rh(111) and by flashing at 250ºC in UHV. The obtained structures are identical planar 
star-shaped  V6O12 molecules [96]. It was shown also that under high substrate temperature the clusters can 
diffuse and assemble in 2-D overlayers with well determined phases, like (5×5) or the (5×3√3)-rect. The 
different phases are obtained either in oxidizing or in reducing conditions [89]. 
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Fig. 14: a) Large scale (100 x 100 nm2) and b) high resolution STM images of the (√7 X √7)R 19.1º  
vanadium oxide nanolayer on Rh(111). Inset simulated STM image obtained by DFT calculations. c) Top 
view and d) side view of the structural model obtained by DFT. Inset: the VO5 square pyramid constituting 
the building block of the film. © IOP Publishing. Reproduced with permission from J. Schoiswohl et al.	
[89]. All rights reserved. 

Another interesting example is the growth of V2Oy (y≈5) and V2O5 on Au(111) reported by the Freund group 
[97,98]. The films were obtained by physical vapour deposition of vanadium, subsequent oxidation under 50 
mbar of oxygen at 670 K and annealing in UHV at 470 K. The high oxygen pressure used allowed to obtain 
a high oxidation state (V5+) even for films thicker than 1 MLE (1 MLE corresponding to the same number of 
V atoms as one layer of Au(111)), at variance with previous studies, where the standard reactive deposition 
and post-oxidation procedures gave V2+, V3+ or V4+ states (see for example ref. 89,93,99-101). At low 
coverage, from 0.26 to 1.04 MLE, two different coincidence monolayer structures could be observed by 
STM and LEED, which are determined by the interaction with the Au(111) substrate. The first structure has 
a rectangular unit cell, with size 3.6 Å × 15 Å, while the second one (observed at 0.52 MLE of V/Au(111) 
which correspond to one full layer of oxide film),  has a 3.6 Å × 10.8 Å (α = 60º) oblique unit cell. In 
analogy with the case of vanadium oxide monolayers on Rh(111) [89,93-96], it was supposed that the full 
monolayer film consisted of VO5 pyramid building blocks sharing corners and edges at their bases, and on 
the basis of the XPS and XANES measurements it was also shown that the oxidation state in the V cations is 
close to V5+, characteristics of V2O5. Increasing the coverage again to 1.05 MLE, a different structure was 
observed, which was found to be similar to V6O13 with (001) orientation, while for higher coverage V2O5 
islands were formed, extending in size and giving rise eventually to V2O5 (001) films containing a low 
number of point defects. These films were composed of large (20 nm size) single crystal domains with some 
azimuthal disorder (figure 15) [97]. 
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Fig. 15: STM images of  a) 100 X 100 nm2, b) 44 X 20 nm2 of a film formed by the oxidation of 1.56 MLE V/Au(111). 
The images show the presence of V2O5(100) islands growing on V6O13(001) film. Reprinted with permission from S. 
Guimond et al. [97] Copyright 2008 American Chemical Society. 

4.2 Rare earth oxide two-dimensional films 

In analogy with cerium oxide also in other rare earth oxides (REOs), like praseodymium, terbium 
and samarium oxide the cations can have different oxidation states, and the oxides can be defined as 
reducible. For samarium oxide the most stable oxidation state is Sm2O3, which can form different 
structural phases. Samarium oxide is the only REO which can also form a monoxide, SmO, with a 
rock-salt structure, stable under reducing conditions. The most stable valence state for terbium is 
3+, leading to the Tb2O3 phase, however also the dioxide TbO2, as well as intermediate phases like 
Tb4O7, can form. Praseodymium can have the 2+, 3+ and 4+ oxidation states and the most stable 
oxides are Pr2O3, PrO2 and Pr6O11. The sesquioxides are typically stable in the c-type bixbyite 
structure, at variance with cerium oxide, for which the hexagonal A-type phase is favoured in the 
Ce2O3 stoichiometry.  

Some studies report the growth of REO in the form of ultrathin films on metallic substrates and 
point out interesting aspects related to those observed in cerium oxide ultrathin films. Temperature 
programmed desorption (TPD) allows to monitor oxygen release in these REO films, while in the 
case of cerium oxide the release is considered to be too fast to be monitored [102,103]. 

Samarium oxide in the form of an ultrathin film has been shown to form by controlled oxidation of 
surface SmRh and SmRu surface alloys, in turn obtained by heating metallic Sm films deposited on 
Rh(100) and Ru(0001) surfaces respectively, leading to a SmOx phase [102-104]. On both 
substrates specific sites for CO absorption have been shown to form at the perimeter of the 
samarium oxide ultrathin islands, due to the interaction with the underlying metal [102,103]. A 
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more recent study by Jhang et al. investigated samarium oxide films grown on a Pt(111) substrate 
by reactive deposition at 600 K followed by annealing in O2 (P~10-7 mbar) at 1000 K [105]. In 
close analogy with cerium oxide films grown in similar conditions, the LEED pattern for 
submonolayer coverage shows a (1.37 × 1.37) structure. Interestingly, for coverages between 1 and 
3 ML the LEED pattern shows additional faint spots in the so called quasi-(3×3) superstructure, 
very similar to the one observed in reduced ultrathin cerium oxide phases on Pt(111) (figure 16) 
[17,29]. The authors ascribe this features to a Sm2O3(111) phase with a defective fluorite structure, 
in which the oxygen vacancies are randomly distributed within the crystal, and to the formation of a 
8:11 coincidence with the underlying Pt. A similar origin may be invoked also for the LEED pattern 
of reduced cerium oxide films, although in the latter case a similar coincidence may be expected 
also when the films are oxidized, and the reasons for its appearance only when the films are reduced 
are not clear. Reduction by thermal treatments in UHV at 1000 K for 30 min of the Sm2O3 films 
lead to the coexistence of Sm2O3(111) phase and of a SmO(100) phase, giving a superstructure 
rotated by 30° with respect to the (111) spots in the LEED pattern [105]. The reversibility of the 
structural and morphological modifications is observed also in this case [105]. 

  

Fig.16: LEED patterns obtained after growing Sm2O3(111) films on Pt(111) to the coverages indicated followed by 
annealing in 7 × 10−7 mbar of O2 at 1000 K for 10 min: (a) 0.4 ML of Sm2O3 shows a hexagonal (1.37 × 1.37) 
superstructure in registry with the Pt(111) (1 × 1) spots, E = 58 eV, (b) 1.1 ML, E = 48 eV, (c) 1.7 ML, E = 56 eV, (d) 
3.0 ML, E = 52 eV exhibit a quasi-(3 × 3) superstructure, (e) 4.2 ML, E = 56 eV; the quasi-(3 × 3) becoming blurry, and 
(f) shows a schematic representation of the quasi-(3 × 3) pattern that is determined from FFT analysis of a structural 
model of superposed, hexagonal Sm and Pt lattices that form a hexagonal (8 × 8) coincidence lattice with respect to the 
Sm lattice, i.e. (11 × 11) with respect to the Pt lattice. Reprinted with permission from Jhang et al. [105] Copyright 2013 
American Chemical Society. 

Terbium oxide films were prepared with similar methods, i. e. using reactive deposition and post 
growth annealing in O2 [106]. The LEED pattern up to 4 ML thickness shows the (1.32 × 1.32) 
structure, compatible with the terbium oxide lattice parameter of the Tb2O3 phase in a fluorite 
structure with disordered oxygen vacancies in close analogy with the case of samarium oxide [107]. 

In this case however diffraction from possible coincidence superlattices could not be observed. The 
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films could not be oxidized by using thermal treatments in O2 at P ~ 7×10-7 mbar and temperatures 
from 95 to 1000 K, while plasma-generated atomic oxygen was shown to be effective in oxidizing a 
film at 300 K to TbO2 and in generating weakly bound surface O species. The reduced Tb2O3 phase 
could be re-obtained by annealing TbO2 in vacuum at 1000 K [106]. 

Praseodymium oxide has been studied only in the form of relatively thick films on Si(111) 
substrates [107-109]. As for terbium oxide thin films, also in this case, an oxidizing treatment in 
oxygen plasma was shown to be necessary to oxidize the Pr2O3 phase to the PrO2 fluorite phase 
[107]. UHV thermal treatments to reduce the PrO2 phase have been shown to give origin to a phase 
including a mixture of Pr6O11 and Pr5O9, the latter being unstable in the bulk phase [109]. 

 

5. Conclusions 

The studies discussed in this chapter show that reducible oxides at two dimensionality may show 
important modifications of their properties, and indeed also of the reversible reduction and 
oxidation processes. Ultrathin films, typically supported on metal substrates, at different degree of 
reduction show new structural and chemical phases, often unstable in the bulk, which have been 
deeply characterized by surface science techniques, combined with the extremely important support 
of theoretical modeling. In some cases the different phases can be reversibly transformed one into 
the other by reducing and oxidizing treatments. The studies point out interesting challenging 
aspects, on which future studies might be focused, such as for example the stabilization of phases 
with less stable surface orientation, or more complex systems such as ternary two-dimensional 
compounds or mixed oxide phases. We believe that investigations following these lines may open 
up unexpectedly interesting aspects within the field of reducible oxide based materials. 
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