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Abstract

Both density functional theory calculations and numerous experimental studies demonstrate a

variety of unique features in metal supported oxide films and transition metal doped simple oxides,

which are markedly different from their unmodified counterparts. This review highlights, from

the computational perspective, recent literature on the properties of the above mentioned surfaces

and how they adsorb and activate different species, support metal aggregates, and even catalyse

reactions. The adsorption of Au atoms and clusters on metal-supported MgO films are reviewed

together with the cluster’s theoretically predicted ability to activate and dissociate O2 at the Au-

MgO(100)/Ag(100) interface, as well as the impact of an interface vacancy to the binding of an

Au atom. In contrast to a bulk MgO surface, an Au atom binds strongly on a metal-supported

ultra-thin MgO film and becomes negatively charged. Similarly, Au clusters bind strongly on a

supported MgO(100) film and are negatively charged favouring 2D planar structures. The adsorp-

tion of other metal atoms is briefly considered and compared to that of Au. Existing computational

literature of adsorption and reactivity of simple molecules including O2, CO, NO2, and H2O on

mainly metal-supported MgO(100) films is discussed. Chemical reactions such as CO oxidation

and O2 dissociation are discussed on the bare thin MgO film and on selected Au clusters supported

on MgO(100)/metal surfaces. The Au atoms at the perimeter of the cluster are responsible for cat-

alytic activity and calculations predict that they facilitate dissociative adsorption of oxygen even

at ambient conditions. The interaction of H2O with a flat and stepped Ag-supported MgO film is

summarized and compared to bulk MgO. The computational results highlight spontaneous dissoci-

ation on MgO steps. Furthermore, the impact of water coverage on adsorption and dissociation is

addressed. The modifications, such as oxygen vacancies and dopants, at the oxide-metal interface

and their effect on the adsorption characteristics of water and Au are summarized. Finally, more

limited computational literature on transition metal (TM) doped CaO(100) and MgO(100) surfaces

is presented. Again, Au is used as a probe species. Similar to metal-supported MgO films, Au

binds more strongly than on undoped CaO(100) and becomes negatively charged. The discussion

focuses on rationalization of Au adsorption with the help of Born-Haber cycle, which reveals that

the so called redox energy including the electron transfer from the dopant to the Au atom together

with the simultaneous structural relaxation of lattice atoms is responsible for enhanced binding.

In addition, adsorption energy dependence on the position and type of the dopant is summarized.
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I. INTRODUCTION

Metal oxides have long been considered as potential materials for large variety of appli-

cations ranging from gas sensing and protective coatings to electrodes in fuel cells, heteroge-

neous photo(electro) catalyst, and bio-compatible materials1. Compared to any other mate-

rial class both crystallographic and electronic properties of oxides display diverse behaviour,

e.g., electronic conductivity ranges from wide-gap insulators to materials with conductivity

comparable to metals2. The characteristics of oxides can be tailored to improve desired prop-

erties in various ways by introducing structural modifications like steps and grain boundaries,

adding impurity atoms as dopants, or removing atoms from the structure1,2. In particular,

point defects such as oxygen vacancies determine optical, electronic and transport properties

of insulating oxides, and they usually dominate the chemistry of its surface3. While tran-

sition metal oxides are utilized for their catalytic properties, simple oxides such as MgO or

CaO are intrinsically inert owing to their very deep valence band and very high conduction

band; thus, they are less exploited in applications. However, simple oxides are interesting

model systems whose properties have been thoroughly investigated1,4 and therefore they

form an ideal platform to explore the impact of different tailoring strategies to improve their

reactivity. One way to achieve this is to prepare oxides as metal grown thin films, which

provides an unique approach to modify structural, electronic and chemical properties as a

function of film thickness extensively, which is discussed in the reviews of Prof. H.J. Fre-

und, Prof. G. Pacchioni, and Prof. N. Nilius5–8. From the experimental point of view metal

supported thin-film systems create specific technical challenges to be tackled. The signifi-

cant benefit of ultra-thin arrangement of insulating oxides is that they can be studied with

scanning tunneling microscopy (STM), which is not possible for their bulk counterparts.

Ultra-thin oxide films such as MgO6,9, NiO10, CaO11, Al2O3
12,13, FeO14–16, and SiO2

17 have

been extensively studied. A comprehensive overview of metal-supported transition metal

oxide films can be found in reference18. Possible applications of metal supported ultra-thin

oxide films can be divided into two groups: support materials and active players in chemical

conversions. Gold clusters on metal supported ultra-thin films show distinct features com-

pared to clusters on bulk films5 and calculations predict that the perimeter of these particles

is highly reactive e.g., activating oxygen readily19. Supported films can also directly act as a

catalyst for CO oxidation20,21 and dissociate H2
22. Furthermore, metal-supported ultra-thin
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films are reactive towards water dissociation23.

Other ultra-thin insulating materials grown on metal surfaces include e.g., NaCl on

Cu(111), which is used as a substrate to explore charge transport to nanostructures in-

cluding Au adatoms24–26. While the stoichiometry and atomic structure of ultra-thin MgO

corresponds that of the bulk MgO, this is not always the case. The most prominent example

of this is an ultra-thin alumina film over a NiAl support for which determination of atomic

structure turned out to be particularly challenging owing to a complex atomic structure.

From the interplay between STM experiments and density functional theory (DFT) calcu-

lations, the peculiar alumina structure was revealed and it corresponds to Al10O13 being

oxygen deficient with respect to bulk Al2O3
12. Recently, the studies on thin film systems

have extended to solid oxide solution thin films on a metal substrate. In the case of NiO-

MgO/Mo it was found that the metal support increases the relative stability of the Ni solute

at the oxide film27.

Both experiments and calculations show that metal substrate grown thin oxide layers

introduce variable new phenomena. First and foremost charge transfer between electroneg-

ative adsorbates such as O2 and Au, and an oxide-metal interface is generally found to

significant activate an adsorbate and it depends on the film thickness8. The occurrence of

charge transfer to an Au atom on a Ag-supported MgO film was first predicted by DFT

computations28. The charge transfer was verified by employing STM measurements to anal-

yse the samples containing Au atoms deposited on a MgO(3ML)/Ag(100) surface at low

coverage and temperature29. The results highlight the formation of ordered Au adsorp-

tion structures owing to charge transfer from the substrate. This picture can be further

complicated by the presence of defects and low coordinated sites. The substrate’s response

to a charged adsorbate comprises the relaxation of lattice atoms near an adsorption site

to accommodate the extra charge30. Film thickness also affects the metal-oxide interface

adhesion, which can be further modified by suitable transition metal dopants31.

An alternative approach to modify the properties of oxides is to introduce dopant atoms

into a host oxide. This can be achieved by replacing a small fraction of the cations in an

oxide with different guest cations. Dopants modify the electronic structure and chemical

characteristics of an oxide32 via exchanging electrons with host oxides and adsorbed species.

However, dopant atoms can have either lower or higher valence compared to a cation they

substitute and this dictates their impact on host oxide characteristics. In the latter case, the
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influence of a dopant resembles that of a metal support in the ultra-thin oxide film. However,

the number of spare electrons depends on the concentration of dopants and the fact that the

dopants can be mobile, unlike the metal support. There is a large body of studies, where

the impact of substutional doping on catalytic properties of oxides has been examined for

example see references in32,33. In many cases it has been shown that the reactivity has

improved upon doping. Among the studied systems Li-doped MgO has received the most

attention owing to its use as a catalyst for oxidative methane coupling to ethane that is

often labeled as Holy Grail in catalysis34–36. Despite extensive research on this topic, many

questions have remained open, and there is not a conclusive understanding of the role of

the catalyst, let alone its structure. In the case of CaO, STM studies demonstrate that

tiny amounts of Mo embedded into the oxide introduce similar features as metal-supported

ultra-thin MgO films namely, Au atoms become negatively charged37,38 and Au aggregates

favour the 2D growth mode39. Calculations predict enhanced binding of Au adatoms, which

is due to electron transfer from Mo to the adsorbate and substantial lattice relaxations

near the dopant originating from increased attraction between more positively charged Mo

and surrounding anions40. Notwithstanding the similarities, TM-doped simple oxides and

metal-supported ultra-thin oxide systems show fundamental differences as impact of dopant

is more localised compared to metal support, and a number of electrons that the dopant

can provide is very limited, which means that the dopant concentration is a new adjustable

parameter.

II. PREPARATION AND PROPERTIES OF MODIFIED SIMPLE OXIDES

Here the preparation of oxide systems is briefly discussed and for a more detailed dis-

cussion on the preparation and experimental studies of ultra-thin films and simple doped

oxides refer to previous reviews5,6,8. Ultra-thin-oxide layers are synthesized by the vaporiza-

tion of metals such as Mg in a background of molecular oxygen on a metal support and they

typically have smaller optimal lattice parameters than bulk oxides41. By far the most ex-

tensively studied ultra-thin oxide film is MgO for which the best support is either a Ag(100)

or Mo(100) surface owing to small lattice mismatch, which amounts to 3% and 5.4 %, for

Ag and Mo respectively. In the thin film structure O anions are preferably located above

Ag/Mo atoms42 as displayed in Figure 1. Already a 3ML-thick MgO film on a Ag-support
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FIG. 1: Left: The side and top view of the 3ML thick MgO(100) film on a Mo(100)

surface. The size of the computational surface unit cell is (3x3), and aMo and

aMgO correspond to the lattice parameters of Mo and MgO, respectively43.

Right: The side view of a 10 ML thick CaO slab with a dopant cation in the

third layer. Atomic color codes: blue (Mg), red (O), and black (dopant).

is sufficient to reproduce the band gap of bulk MgO9.

Crucial to the characteristics of metal-supported ultra-thin oxide materials is the inter-

action between a metal substrate and an oxide film, which affects both the geometric and

electronic properties of the system. Furthermore, even a small lattice mismatch, like the

one for MgO/Mo, introduces strain effects into the oxide during the film growth. This leads

to substantial lattice relaxations and formation of complex network of abundant disloca-

tion lines as demonstrated by STM experiments44,45. They are not only important for film

morphology but drastically modify the electronic structure since they are rich in point de-

fects and impurities, and able to trap substantial amount of excess charges. To the best

of my knowledge, no computational studies exist for understanding dislocation lines in thin

films systems. Theoretical studies for bulk MgO demonstrates the importance of electron

trapping in extended defects46.

Calculations show that MgO layers attach loosely to the Ag(100) surface, whereas the

interaction between the regular MgO and Mo is stronger, owing to larger covalency contri-

bution of the oxygen anions and Mo28,42,47. This is seen in calculated MgO-metal distances,

which are shorter for MgO-Mo than for MgO-Ag systems28,48. The existing experimental

data indicates that MgO-Ag distance varies between 2.37 Å and 2.53 Å49–51. The calculated

equilibrium MgO-metal distance depends naturally on the substrate metal, and the choice of
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the exchange correlation functional. While PBE and RPBE functionals tend to exaggerate

the MgO-metal distance52, the inclusion of van der Waals interactions reduces the MgO-Ag

distance to 2.5 Å52, which is in line with experiments49,50. For a single MgO layer calcula-

tions give 0.2 (0.1) Å rumpling (either cations or anions are closer to the metal surface) on

a Mo(Ag) support42,48 but already in a bilayer system rumpling drops substantially being

only 0.1 Å for the Mo support. The detailed analysis of the MgO-metal interface attributed

rumpling to a structural response to the interfacial charge transfer and formation of the

interfacial dipole53.

Structural characteristics at the interface impact strongly on electronic properties of a

system, which is seen as changes in work function of support metal studied extensively

both experimentally54–56 and theoretically57–59. Three different factors are identified to be

responsible for observed changes owing to presence of the ultra-thin oxide film59,60. These

include (i) the suppression of electron density spillover from the metal due to Coulomb

repulsion by anions in oxide, which depends on the oxide-metal distance, (ii) charge transfer

from oxide (metal) to metal (oxide), and (iii) interfacial rumpling. All of these factors

modify the dipole moment at the interface and the work function, which in turn impacts

on charge transfer to an adsorbate. In addition, different types of imperfections at the

interface may also affect the work function. For MgO/Ag a substantial 1.1-1.4 eV decrease

in the work function has been measured and compared to the pristine Ag(100) surface61,62.

Calculations predict that the decreased values range from 1 to 1.4 eV depending on the

applied functional52,63.

Unlike line defects, the abundance of surface point defects such as oxygen vacancies in

ultra-thin MgO films is very limited being about 0.1 %64. Frequency-modulated dynamic

force microscopy and STM have assigned these defects to regular F0 (two electrons) and

singly occupied F+ (one electron) surface vacancies54. Moreover, the concentration of oxygen

vacancies can be artificially increased by bombarding the MgO films. Fabricated defects have

been distinguished on the MgO surface employing variety of experimental techniques. While

the electron paramagnetic resonance method65 is sensitive only to F+ vacancies and electron

energy loss66,67 and optical spectroscopes68 can separate the vacancies only with support

from computations , are F0 and F+ vacancies directly distinguishable in STM by their

appearance in topographic images and different spectroscopic signatures65,69. Despite the

control reached over the stoichiometry at the surface of metal-supported ultra-thin films, it
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is difficult to ensure that no vacancies are buried at the oxide-support metal interface as their

experimental identification is challenging and therefore experimental studies on interfacial

vacancies are sparse70.

Well-ordered transition metal (TM) doped oxides such as CaO are prepared by adding

transition metal atoms into Ca/O vapor grown as a tens of monolayers thick film on a

metal support, where the topmost layers are synthesized without dopant atoms to prevent

their segregation to the surface71. Mo doped CaO can also be formed by diffusion of Mo

from the Mo substrate used for oxide growth. Figure 1 displays a typical structure setting

used in computations. The presence of the dopant in the oxide matrix can be confirmed

experimentally e.g., with Auger spectroscopy71. Formally TM ions adopt the oxidation state

2+ in MgO or CaO. In reality they can exist in various oxidation states, which can be easily

changed. However, if a dopant adopts a different oxidation state, defect states must appear

to maintain electroneutrality. The comparison of the impact of doping simple oxides with

transition metal atoms Cr and Mo in MgO and CaO has been addressed by DFT calculations

employing both PBE and hybrid functionals PBE0 and HSE0672. Calculations show that in

Mo-doped CaO Mo favours a low-spin state with formal oxidation state 2+ and the impurity

atom introduces a small 4% contraction to the metal-oxygen distance. Cr also adopts a 2+

oxidation state. In this case, the high spin state is thermodynamically preferred and lattice

relaxations are small and mainly restricted to the nearest neighbour oxygen atoms owing to

the similar radius of a host atom. The relative stability of different oxidation state-vacancy

structures were analyzed with the help of atomistic thermodynamics at the PBE level. While

Cr3+ in MgO-Vm (= one cation vacancy in the system) is the most stable structure under

all reaction conditions, the oxidation state of Mo-CaO depends sensitively on the oxygen

chemical potential ranging from Mo3+ to Mo5+ with decreasing chemical potential72.

III. ADSORPTION OF ATOMS, MOLECULES AND CLUSTERS ON ULTRA-

THIN FILMS

A. Adsorption of individual Au atoms and clusters

Unlike bulk Au, nanosized Au exhibits high catalytic activity for various reactions73–76.

In the pioneering work of Haruta and Hutchings, it was found that Au nanoparticles can
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catalyze CO oxidation to CO2 at low temperature75,77 and acetylene hydrochlorination75,78,79.

Later, Au nanoparticles were found to be active in reactions such as propylene epoxidation80,

hydrogenation of unsaturated hydrocarbons81 and nitrocompounds82, oxidation of diols83

and alcohols84, and the water-gas shift reaction85. Different properties have been suggested

to be important for catalytic activity of Au including size and structure of particles86, low-

coordinated step and corner sites87, and the charge state of the active Au species88–91. The

catalytic activity of nano Au has been suggested to be sensitive with respect to the support

material92. However, the recent discovery of high catalytic activity of Au clusters on a

inert substrate indicates that the reducibility of a support is not a critical factor93. DFT

calculations suggest that MgO-supported Au particles are unable to activate a molecular

oxygen, binding it weakly and having a high activation energy for dissociation94. However,

tiny Au clusters containing only few metal atoms on the same support display high catalytic

activity towards CO oxidation88,95. The perimeter sites at the Au-support interface have

been suggested as active sites for CO oxidation on a TiO2 support96–98. At the interface, the

low-coordinated sites in a Au particle have been found to be pivotal for O2 activation99,100.

The studies on the adsorption of a Au adatom on a metal-supported MgO films highlight

the difference in chemical characteristics of supported MgO films and bulk MgO surfaces.

On the basis of DFT calculations, it was predicted that Au atoms on MgO(100)/Mo(100)

are negatively charged and their binding to the surface is stronger28 than on a bulk-like

MgO(100), where atoms stay neutral94 and have adsorption energy of ∼ -0.7 eV48. On the

supported thin film the adsorption site also changes: on the bulk MgO the Au atom is

located on atop of an oxygen anion and on ultra-thin MgO a hollow/Mg site is preferred48.

The prediction of Au charging and the change in adsorption site were experimentally verified

with STM measurements29,101.

Calculations from Honkala and Häkkinen show that Au adsorption energy depends sen-

sitively on film thickness being strongest on the thinnest film, Figure 2 with the exception

that a 2ML-thick MgO film binds Au more strongly than a 1ML-thick film48. In the case

of 5 MgO layers on the Mo(100) surface, the Au adsorption energy on the O-top site is still

twice as large as on the bulk-like MgO(100) surface. Figure 3 presents a density difference

plot, projected on the plane that includes the Au adatom, displaying a rich polarization

pattern for the 5ML-thick MgO film all the way from the MgO/Mo interface throughout the

oxide. Additionally, substantial charge accumulation around Au is seen as well as charge
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FIG. 2: Au adsorption energy at O-top, hollow and Mg-top sites on a Mo-supported

MgO film with the film thickness ranging from 1 to 5 ML. Atomic color

codes: yellow (Au), blue (Mo), red (O), and grey (Mg). Solid lines are just

to guide the eye. Figure adapted with permission from Ref. 48.

depletion at the surface.

On the 20ML-thick film, the most stable site is O-top and the difference in adsorption

energy between single crystal and supported MgO systems is only about 0.2 eV, that is the

supported film binds slightly more strongly102. If the Mo lattice constant is used for the single

crystal MgO the difference reduces to 0.1 eV, which is within the limit of accuracy in DFT

calculations. The Bader charge analysis103,104 shows that with increasing film thickness the

Au charging decreases, which is in line with decreasing electron tunneling with increasing

film thickness. This is also supported by the projected density of states as the Au 6s

state moves toward the Fermi level with an increasing number of MgO layers and is singly

occupied in the case of 20 layer system. On a bulk-like MgO surface the adsorption energy
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FIG. 3: Density difference plot for a Au atom at the hollow site on 5ML-thick

MgO/Mo.Blue (red) regions indicate charge depletion (accumulation).

Yellow, red, blue, and black balls mark Au, O, Mg, and Mo atoms,

respectively. The MgO-Mo interface is marked with the white line. The

scale is (±0.003 e/bohr3). Figure adapted with permissions from Ref.48.
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of metal atoms converges fast with film thickness105. Calculations predict that the preferred

adsorption site changes at the 10 ML- thick film of supported MgO102. This qualitatively

agrees with experimental observations for Au/MgO/Ag, where the change in adsorption site

takes place between three and eight MgO layers101.

Au charging introduces pronounced oxide relaxations, called polaronic distortion, around

the adsorbate, which help to stabilize the state occupied by an extra electron. XPS experi-

ments demonstrate the large deviation in the phonon structure of ultra-thin films and bulk

oxides106, which is associated to enhanced structural flexibility of the film being pivotal for

structural relaxations to occur. In the case of Au on 2ML MgO/Ag, the Mg cation to which

Au is bound to relaxes as much as 0.44 Å outwards according to calculations, and on the

other hand the O anion below the cation relaxes 0.2 Å but toward the support metal30.

The energy contribution of this relaxation is substantial being ∼ 0.7 eV for MgO(3ML)/Mo

and ∼0.95 eV for MgO(3ML)/Ag102. An unrelaxed substrate leads to weaker polarization,

reduced charge transfer, and weaker adsorption. Thus, charging of Au is crucial to enhanced

Au adsorption on the supported thin film. As the charge on the adsorbate originates from

the metal-support interface, the work function of the combined metal-oxide system should

be an important parameter. To understand how the work function variation affects adsorp-

tion energy of Au, the following systems were investigated: one Au atom on 2ML thick film

on Mo, Pd, Pt, Ag, Au surfaces102. In these calculations the equilibrium lattice constant

was employed for each metal, introducing unequal strain to the supported MgO film that

can potentially impact on the obtained results. Figure 4a) shows calculated work functions

for the clean (100) metal surfaces and for metal-supported 2ML thick MgO films. For the

studied metals the work function ranges from 4.1 eV (Mo) to 5.6 eV (Pt). The presence

of MgO film reduces the work function by ∼ 2 eV owing to polarization at the interface.

Figure 4b) displays the variation of Au adsorption energy. In general, the tendency is that

the low work function is associated to more exothermic adsorption energy but the values are

scattered. The adsorption energies range from ∼ -2.1 eV on a Mo-supported MgO film to ∼

-0.6 eV on Pd-supported MgO film. This highlights the fact that the selection of a support

metal is an adjustable parameter that can modify the binding strength of an Au atom in

addition to the thickness of the film. Interestingly, the Bader charge analysis shows that the

amount of charge transferred to Au is almost independent of the supporting metal and the

work function102.
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FIG. 4: (a) Calculated work functions for Mo, Ag, Pd, Au and Pt surfaces (stars)

and corresponding values for metal-supported MgO(2ML) systems

(diamonds).(b) Adsorption energies for Au (circles) and NO2 (squares) as a

function of work function. Note, that here positive adsorption energy values

stand for exothermic adsorption. Figure adapted with permission from

Ref.102.

The large modifications in adsorption owing to the metal support are not limited to Au

or other transition metal single atoms, but significant changes are also seen in Au cluster

geometries, charge states, and adsorption energies on metal-supported MgO films107–111. For

comparison, on bulk MgO the smallest AuN (N=2-6) clusters favour minimal wetting with
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one or two Au atoms in contact with oxide ions28,94,108,112,113. The internal atomic structure

follows the calculated structures of corresponding neutral gas-phase species114. The binding

is rather weak with adsorption energies ranging from -0.6 eV to -1.4 eV showing no clear

size dependence108. The nature of the weak Au-MgO interaction has been characterised to

be of polarization type115.

From an interplay between STM experiments and DFT calculations it was shown that

in the size regime of 2-6 atoms, the most stable Au clusters are linear chains on an Ag

supported MgO film109. The smallest Au aggregates also adopt linear structures on MgO/Mo

substrates111 as shown in Figure 5. For Au1−3 only chain isomers are stable and their

adsorption energies vary from -1.3 eV to -2.8 eV on MgO/Mo(100). The adsorption energies

of planar Au4−6 range from -1.1 eV to -2.1 eV108 while the chain structures of the same

size bind 1.2-1.5.eV stronger111. The Bader charge analysis shows that the charge state of

the adsorbed cluster depends on the atomic structure and impacts on adsorption energy.

The linear Au1−3 and planar Au4−6 aggregates are singly charged whereas the Au4−6 chains

are doubly charged. The singly charged isomers are structurally similar to their anionic

gas-phase counterparts43,108 while linear cluster shapes do not have counterpart in the gas-

phase or on a single crystal MgO surface. Charging behaviour of Au2−6 chains on supported

MgO films is independent of the support metal either Mo or Ag109. On Al2O3/NiAl, the

charging effect is larger as Au3 contains already two and Au5−6 three extra electrons117. The

electronic states of Au chains can be analyzed by means of one dimensional quantum well

state model. In such a model, the electronic structure of the aggregates is determined by

a potential well to which 6s1 valence electrons of individual Au atoms are delocalized and

confined. Au chains on Al2O3(2ML)/NiAl(110) display a particle in a box-type of behaviour

as shown by experiments and calculations117. Figure 6 exhibits similar behaviour for Au

chains on MgO(3ML/Mo), where HOMO and LUMO states of Au3 and Au6 chains are

shown together with the 1D harmonic oscillator potential and the probability density of

corresponding eigenstates. The LUMO state of Au3 has three lobes and two nodes and the

HOMO orbital has two lobes and one node. These equal to the HOMO and LUMO states of

the 1D harmonic oscillator with 4 electrons, each Au 6s orbital donates one electron while

the fourth electron comes from the substrate. This is in line with Bader charge of -1.03 for

the adsorbed chain. In the case of Au6, the LUMO state has 5 lobes and 4 nodes whereas

the HOMO state has 4 lobes and 3 nodes. This stands for the 1D harmonic oscillator with
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FIG. 5: The top and side view of the most stable Au1−6 adsorption geometries on

MgO-supported Mo are given in a-f, and the top view of less stable 2D

planar structures for Au4, Au5, and Au6 are presented in g-i. Au atoms are

yellow and Mg and O atoms are blue and red, respectively. Mo atoms are

not shown. Figure adapted with permission from Ref.116.
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eight electrons. Six out of eight electrons originates from Au atoms while the other two

electrons are from the substrate. Again, this agrees nicely with the calculated Bader charge,

which is -2.39 e for Au6
111.

FIG. 6: The spatial appearance of the HOMO and LUMO states of Au3 panel a and

Au6 panel c on MgO(3ML)/Mo together with their connection to a 1D

quantum well model panel b. The blue arrows stand for the valence

electrons from the atomic Au 6s states and the red arrows correspond the

electrons transferred from the substrate. Figure adapted with permission

from Ref.116.

The tendency of Au clusters to prefer 2D structures over 3D structures was first predicted

by DFT calculations for Aun (n=8,16,20) on Mo-supported MgO107 and later verified experi-

mentally with STM on an Ag-supported MgO film as a function of the film thickness101. The

strong interaction with the surface introduces reoptimization and straining in the internal

cluster geometry. Calculations show the favourably of planar structures compared to 3D ones

on the 2 ML thick film, but with increasing film thickness Au adhesion to the substrate weak-

ens leading eventually to the preference of 3D structures107. STM experiments demonstrate

that the cluster geometry is sensitive to the film thickness, and 3D clusters are seen on the 8

ML-thick film whereas 2D clusters are present on the 3 ML thick film101. DFT calculations
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predicted charge transfer to be present also on larger clusters107,118. While the direct exper-

imental verification of charge transfer is challenging the 2D shape of the adsorbed cluster

has been taken as an indirect indication of a charge transfer process. To further explore the

internal electronic structure and charger transfer of small MgO/Ag-supported Au clusters,

a combined STM-DFT study was undertaken119. Similar to Au chains, larger Au clusters

prefer to maximize their contact area with the support and become negatively charged with

the calculated average charge transfer of -0.2 e/ an Au atom. Charged Au aggregates need

to reduce substantial electron-electron repulsion originating from excess charges. This can

be achieved by separating extra electrons over long distances, which results, for example, in

the localization of electrons at the edges of the islands and leads to a further stabilization

effect of linear and planar structures120.

FIG. 7: Panel A) Measured STM images of a selected Au cluster on Ag-supported

MgO at bias voltage -0.4 V (HOMO), -0.1V, and +0.8V (LUMO). Panel B)

The calculated STM images of HOMO and LUMO states

Au18/MgO(2ML)/Ag. The atomic structure of the calculated system is

shown in the middle. Figure adapted with permission from Ref.119.
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Figure 7 A) displays measured constant-current-mode topographic STM images of a se-

lected Au cluster on an Ag-supported 2ML-thick MgO film. At low bias a featureless bright

image appears because tunneling is not in resonance with any cluster states. Adjusting the

bias to appropriate values, flower-like shapes appear and the increase in cluster height is

seen. Both effects suggest that the STM contrast is dictated by electronic structure of a

cluster whose exact atomic structure remains unknown. Theoretically, the electronic struc-

ture of a planar cluster can be predicted employing the 2D harmonic oscillator potential

model, which confines the atomic 6s valence electrons118. The eigenstates of the 2D har-

monic oscillator (HO) can be characterised by their principal quantum number together

with the projection of angular momentum on the normal vector of the plane, m. Thus, the

states have n-1 radial nodes and |m| angular nodes. The atomic nomenclature of the states

is adopted, which means that e.g., the 2P state has one radial node and two angular nodes.

Moreover, states such as 1F exhibit a very flower-like appearance. Again, each Au atom

brings in one 6s electron, therefore the number of atoms in a cluster can be obtained by

analyzing the nodal structure of frontier orbitals in a cluster within the 2D HO model.

FIG. 8: Selected highly symmetric candidate structures for Au8−20 clusters addressed

by DFT calculations. Figure adapted with permission from Ref.116.

To resolve the atomic structure of these clusters, an extensive DFT search for possible

structures was carried out at size regime of 6-20 Au atoms per a cluster. The aim was to

find clusters having similar HOMO and LUMO states as seen in STM images of unknown

species. The candidate cluster sizes were selected so that the 2D HO model predicts that

their HOMO and LUMO states resemble those seen in experiments. Furthermore, since

flower-like shapes are typical for symmetric planar clusters the computational search focused

on these structures. Similar to 1D Au chains Au clusters might have additional electrons

not originating from 6s states. Figure 8 collects some of the selected cluster sizes and shapes
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calculated. All of them experience thin-film effects that is having a planar geometry with

formation energies ranging from -2.1 - -2.5 eV/atom. The charge analysis suggests that

the smallest species are doubly charged, and the large ones can accommodate 3-4 electrons.

Calculations assign that Au18 contains altogether 21.5 electrons: 18 from 6s states and 3.5

from the support. Within the 2D HO model it was not possible to unambiguously distinguish

the charge state. However, comparison of calculated HOMO and LUMO states of Au18

shown in Figure 7B match perfectly with the HOMO and LUMO states of unknown species

in Figure 7A. The final confirmation was obtained by comparing the measured and calculated

dI/dV spectra from the same spot on the cluster showing the same sequence of states and

intensity modulation119. Calculations show that simulated STM images are highly sensitive

to the number and arrangement of Au atoms in the cluster116 and therefore the unknown

cluster was identified as Au18 and not to Au−2
20 , which according to the charge analysis should

not even exist as adsorbed Au20 gains 4 electrons. The electronic structure of larger, ultra-

thin film-supported, clusters containing 50-200 atoms has been analyzed combining STM

measurements, a theoretical particle-in-a-box model, and tight-binding DFT calculations

showing again a nice agreement between measurements and calculations121. Finally, the

charge transfer does not always occur from the metal-oxide interface towards the adsorbed

Au as reported for the FeO/Pt(111)surface, where Au atoms form positive ions122. The

formation of Au anions on metal supported MgO films and cations on FeO/Pt(111) highlight

the influence of the work function on the charge transfer in ultra-thin film systems. While

MgO reduces the work function of both Mo and Ag and thus facilitates electron transfer to

the 6s orbital of an Au atom, quite opposite happens in the case of the FeO/Pt(111) system,

which has very high work function and the 6s state is pushed above the Fermi level and

electron transfers to the surface122.

B. Adsorption of other atoms than Au

Despite Au adsorption on metal-supported ultra-thin MgO films have received majority

of interest, the adsorption of other atoms such as K, Pd, Pt, Ni, Cu, and Ag have been

addressed with DFT computations28,58,123. Coinage metals Cu and Ag exhibit completely

different adsorption behaviour on MgO and MgO(2ML)/Mo(100) surfaces: on a bulk oxide

surface they favour O anions, while on a metal-supprted thin film all adsorption sites (hollow,
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cation and anion) are almost equally favoured. The presence of Mo enhances the adsorption

energies by 0.5 eV and 0.8 eV for Cu and Ag atoms, respectively123. The analysis of charge

states shows that on bare MgO both species are neutral but become negatively charged

on the supported film. Changing the support metal to Ag introduces marked differences

compared to Mo: adsorption energies are close to values on bare MgO and no charge transfer

is observed meaning that atoms stay neutral.

At variance with coinage metals, group 10 atoms interact strongly with the bare MgO.

They have adsorption energies varying from -1.44 eV (Pd) to -2.56 eV (Pt), which favour

adsorption on anions and display strong corrugation of the potential energy surface123. The

Bader charge analysis shows nonzero values owing to the mixing of metal and oxide states.

However, it does not indicate charge transfer but merely demonstrates the formation of a

covalent polar bond. On MgO(2ML)/Mo(100), the adsorption of both Pd and Ni atoms

is enhanced (∼ 0.4 eV) and the Bader, density of states, and magnetic moment analysis

suggest the existence of a small charge transfer; yet neither of species cannot be classified

as a full anion because of the substantial mixing with the O 2p states and the covalent

nature of the bond. Pt becomes a full anion on MgO/Mo(100) with adsorption energy of

∼ -3.3 eV on a O-top site, and considerable, 0.3 Å, relaxation of the lattice O underneath.

The adsorption characteristics of all three group 10 atoms on MgO(2ML)/Ag(100) are very

similar to those on the bare support highlighting the fact that the nature of atoms can

be tailored by varying the substrate. The reason for all of these transition metal atoms

being neutral on MgO(2ML)/Ag(100) is the higher work function ∼ 3 eV compared to

MgO(2ML)/Mo(100) for which the cost to remove an electron is ∼ 2 eV.

Finally, the adsorption of a K atom on MgO(2ML)/Ag(100) is briefly discussed58. The

presence of Ag support stabilizes K adsorption by ∼ 0.3 eV on the most stable O-top position,

and large lattice relaxations are seen. Yet, adsorption is very weak being less than -0.5 eV.

Interestingly, the K atom becomes positively charged donating charge to the Ag support.

Positive charging is further supported by decrease in a K-O distance by 0.33 Å and decrease

in the work function of K/MgO(2ML)/Ag(100) system compared to MgO(2ML)/Ag(100).
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C. Adsorption of NO2 and O2 molecules

Enhanced adsorption on metal-supported ultra-thin film is not limited to metal species.

The phenomenon is more general in nature and present also for molecules with high electronic

affinity such as O2 and NO2. Understanding NO2 adsorption characteristics is important, for

example for NOx storage catalysts to control emissions from combustion in oxygen excess124.

On bulk-like MgO NO2 adsorbs weakly and stays neutral125, whereas DFT calculations ren-

der NO2 adsorption strongly enhanced on metal supported MgO126. The molecule becomes

negatively charged forming a NO−1
2 anion, which is also singled out by strong structural

changes in a N-O bond length and a O-N-O angle127. Figure 9 displays the most favourable

NO2 adsorption geometry on a MgO(2ML)/Pt(100) surface. Similar adsorption charac-

teristics are seen on a more complex Al2O3 film supported over Ag, where according to

calculations NO2 adsorption energy is enhanced by factor of 513. This takes place with con-

comitant substantial structural relaxations at the metal-oxide interface, where in particular,

the Ag-O distance is strongly reduced. Among the studied metal supported ultra-thin ox-

ides, BaO/Pt(100) shows the largest stabilization effect and NO2 adsorption energy is about

-2.4 eV on the 2ML thick film128. On 2ML Al2O3 (0001)/Ag and MgO/Ag(100) films the

corresponding adsorption energies are -2.0 eV and -1.8 eV, respectively102.

The extent of structural relaxations depends on oxide and support metal but also on

an adsorbate being more pronounced for NO2 than for Au even though both species are

singly negatively charged102. The binding strength of NO2 as a function of increasing film

thickness resembles that of Au, since it becomes weaker with increasing film thickness. The

unusual feature of the Al2O3/Ag system is that the calculated work function is larger than

that of the bare metal, which is in contrast what is found for metal-supported MgO102. The

increase results from the different interface structure: while in the case of MgO the metal

atoms are below anions, they are under cations in the Al2O3(0001)/Ag(111) system leading

to polarization towards oxide and increase in the work function102. The charging of species

on metal supported ultra-thin films has been linked to the reduced work function58 but the

Al2O3/Ag system shows that this is not necessarily the case.

Calculations predict that the stabilization, charging and internal structural modifications

of O2 adsorbed on metal supported MgO resemble that of NO2 and highlight the spontaneous

formation of an activated superoxo species20,111 owing to the low work function of the system.
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FIG. 9: The most favourable adsorption geometry of NO2 on Pt-supported MgO127.

Mo atoms are coloured dark blue, oxygen atoms red, magnesium atoms

green, and the bright blue atom stand for a nitrogen atom. Reprinted with

permission from Journal of Physical Chemistry B. Copyright 2006 American

Chemical Society.

While on a single crystal MgO(100) surface O2 adsorption is endothermic and the molecule

stays neutral, on a metal supported MgO(100) film O2 adsorption is exothermic, the molecule

becomes singly charged, and the O-O bond length increases20,111. O2 adopts a parallel

adsorption geometry bridging between two Mg cations with adsorption energy of -0.82 eV

on an Ag-supported film20. On Mo-supported MgO the adsorption energy is even more

exothermic being -1.5 eV111.The theoretical prediction of O−

2 formation was confirmed by

means of EPR spectroscopy129, where an unpaired electron is responsible for the signal. The

common feature of the species that show enhanced adsorption on metal-supported ultra-thin

films is that they have high enough electronic affinity. Molecules with lower electron affinity

such as CO do not show increased stability20.
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IV. CHEMICAL REACTIONS OF SIMPLE MOLECULES ON ULTRA-THIN

FILMS AND SUPPORTED AU CLUSTERS

Relatively little attention has been paid on chemical reactions on MgO due to its inertness

compared to more reactive reducible oxides such as TiO2. However, as discussed above ultra-

thin films display higher chemical reactivity compared to bulk MgO binding species with high

electron affinity more strongly. The question then arises: can thin films systems facilitate

chemical reactions ?

A. CO oxidation on ultra-thin films

Recent DFT calculations of Hellman et al. predict that CO oxidation proceeds over an

Ag-supported ultra-thin MgO(100) film with an activation barrier lower than the corre-

sponding barrier on Pt(111)20. While CO oxidation on Pt involves O2 dissociation before

CO oxidation130, on MgO/Ag O2 dissociation is highly unfavourable being endothermic by

1 eV. Also CO adsorption is weak being only -0.25 eV on bare MgO/Ag and -0.4 eV on the

oxygen preadsorbed surface. The calculations give an activation barrier of 0.7 eV if both

reactants are adsorbed to the surface prior the reaction but the barrier drops to only 0.3 eV

for the Eley-Rideal route, where gas-phase CO reacts directly with the adsorbed molecular

oxygen.

For comparison, on FeO/Pt(111) a completely different reaction mechanism has been put

forward15 owing to the high work function of Pt, which prevents the spontaneous formation

of O−1
2 anions. Calculations predict that O2 dissociation is a relatively easy process, where

the adsorption energy of O2 is -0.7 eV and the dissociation is strongly exothermic with a

modest activation barrier of 0.4 eV. At high O2 coverage this leads to the transformation of

a bilayer film to trilayer FeO2−x stoichiometry as seen in Auger electron spectroscopy and

temperature programmed desorption15. A similar transformation is seen when NO is used

as an oxidative agent21. On FeO2/Pt(111) CO oxidation involves the extraction of lattice

oxygen and the barrier for CO2 formation is only 0.2 eV according to DFT calculations15. At

the end, oxygen vacancies are healed via a reaction with a gas-phase oxygen, which returns

the original stoichiometry of the film. A combination of various experimental techniques

show that O-rich FeO2−x films produced by O2 and NO are virtually identical, the substantial
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FIG. 10: The potential energy surface for CO oxidation over

MgO(100)/Ag(100)20.The black line corresponds the

Langmuir-Hinshelwood reaction mechanism. The energies related to the

Eley-Rideal mechanism are marked with the red bars in reaction steps,

where Eley-Rideal and Langmuir-Hinshelwood energies differ. Atomic

color codes: green (Mg),red(O), and gray (C). Reprinted with permission

from Journal of American Chemical Society. Copyright 2009 American

Chemical Society.

difference in kinetics of CO2 production from CO+O2 and CO+NO reactions indicate that

the healing of oxygen vacancies is the rate-limiting step21. DFT calculations demonstrate

that this is indeed the case because NO adsorbs N-down on an oxygen vacancy and CO

reaction with the ”dangling” oxygen is a highly activated process21.
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B. Adsorption and reactivity of O2 and CO on Au clusters supported by ultra-thin

films

The adsorption and activation of O2 is known to be difficult on Au131, yet its pivotal role

in oxidation reactions on an Au catalyst is undeniable. Therefore, it is natural that first

reactivity studies on ultra-thin film supported Au clusters include molecular oxygen. O2 ad-

sorption and activation on thin-film supported Au clusters has been theoretically analyzed on

Au1−6/MgO/Mo111 (Figure 11), on Au14 and Au18 /MgO/Ag19, and on Au20/MgO/Mo132.

Calculations show that molecular oxygen slightly favours adsorption on the bare MgO/Mo

surface than on Au1−6/MgO/Mo111. While O2 adsorption on the supported Au2−6 chains is

exothermic with adsorption energies ranging from -1.5 eV to -0.7 eV and weakest adsorp-

tion found for Au4, no stable adsorption geometry could be found on a single Au atom. In

general, O2 prefers to adsorb to the end of the Au2−6 chains bridging simultaneously two

Mg cations, similarly to the bare MgO/Mo. Upon adsorption, O2 gains approximately one

electron, O-O bond length elongates to 1.39 - 1.47 Å depending the cluster size, and the O-O

bond length correlates linearly to the calculated charge state of the molecule as depicted in

Figure 12111.

Figure 13 shows that O2 adsorption on MgO/M-supported Au chains is more exothermic

than adsorption on neutral, anionic, and dianionic gas-phase clusters. The clear oscillatory

adsorption trend with respect to a number of Au atoms in the chain, that is typical for gas-

phase or Fs/MgO adsorbed clusters, is absent. Adsorption and dissociation of multiple O2

molecules was calculated at the edges of a flat Au14 cluster supported by MgO(2ML)/Ag19

and is strongly linked to bridge the materials and pressure gaps to discover potential mor-

phology changes of the catalyst particle under ambient conditions. The Au14 cluster has

an idealized C2v symmetry with ten atoms at the edge and four inner atoms forming a

rhombus-like structure. All the favourable adsorption sites reside at the edge of the cluster

as the adsorption on the top of the cluster is endothermic. For all the studied structures

adsorption energies range from from -1.15 eV for a single molecule to -0.6 eV for the 10’th

molecule. The best adsorption structures for 1, 2, 6, and 10 oxygen molecules are given in

Figure 14. Depending on the number of oxygen molecules two adsorption modes are iden-

tified: perpendicular and parallel, where either one or two oxygen atoms interact with Au

edge atoms. Electronic and geometric adsorption characteristics group into two categories
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FIG. 11: The top and side views of the optimal geometries for molecular oxygen on

Au1−6 aggregates on MgO(3ML)/Mo. the colour coding is as follows O2

green, Au yellow, Mg blue and lattice O red. The Bader charges of

selected atoms are marked in the atoms. Figure adapted with permissions

from Ref.111.
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FIG. 12: The O2 bond length as a function of the O2 Bader charge for

O2/Au1−6/MgO/Mo. Figure adapted with permissions from Ref.111.

mode O-O (Å) Bader (e) µB

parallel 1.44-1.53 -1.0 - -1.3 0

perpendicular 1.31-1.37 -0.7 1

TABLE I: The calculated O-O bond length in Å , a calculated Bader charge, and

magnetic moment for an O2 molecule adsorbed either on the parallel or

perpendicular fashion at the perimeter of the Au14 cluster over

MgO(2ML)/Ag(100)19.

relative to the orientation as shown in Table I.

All the analyses support an interpretation that in the perpendicular mode the electronic

state of O2 resembles superoxo, while the parallel mode corresponds to the peroxo-like

species. At low coverage O2 favours parallel adsorption mode at the perimeter of cluster.

With increasing O2 coverage, the perpendicular mode becomes dominating and it is the

only possibility to accommodate 10 molecules to the perimeter of Au14. Interestingly, the

differential adsorption energy of tenth O2 is still considerable being -0.75 eV exothermic

and highlights the ability of MgO/Ag-supported Au14 to bind and activate simultaneously
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FIG. 13: The adsorption energy of molecular O2 on chain-like clusters on

MgO(3ML)/Mo (blue triangles) as well as on selected neutral (red

squares)133, anionic (green circles)133, and dianionic (black diamonds)

gas-phase clusters. The horizontal blue line gives the adsorption energy on

the bare substrate. Figure adapted with permissions from Ref. 111.

multiple oxygen molecules. This theoretical prediction is yet to be experimentally verified

on thin film supported Au cluster. While for a MgO/Mo supported Au cluster this might

be impossible as O2 prefers to adsorb on a bare film to the cluster, from the thermodynamic

aspect experimental verification should be possible for the MgO/Ag(100) support, where the

O2 species clearly favour cluster edges over the bare support. The adsorption of multiple

oxygen molecules is not possible on gas-phase anionic clusters, since the adsorption of a

single oxygen molecule consumes the extra electron and makes the cluster inactive for further

oxygen adsorption134. In addition to strong adsorption and activation of oxygen molecules,

the perimeter of Au14 cluster also dissociates oxygen readily. The calculated barrier is 0.5

eV with respect to the adsorbed oxygen molecule. The final, dissociated state is markedly

exothermic by 1.8 eV compared to the initial molecular state and shows a formation of a

linear O-Au-O configuration at the edge of the cluster displayed in Figure 15.

A strong thermodynamic driving force for dissociation is seen e.g., for four oxygen
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FIG. 14: Optimal adsorption geometries of one, two, six, and ten oxygen molecules

on Ag-supported Au14 cluster identified in ref.119. Color code: red oxygen

in MgO, blue Mo, yellow Au, and green O in O2. Figure adapted with

permissions from Ref.19.

molecules, which is exothermic by 1.2 eV /molecule. The binding of atomic oxygen to

the perimeter of the cluster leads to a considerable structural distortion of the cluster and

formation of linear Au-O-Au chains. The Au atoms in Au-O-Au chains are chemically dif-

ferent, while in the absence of O2 perimeter Au atoms have excess negative charge of -0.2

to -0.3 |e| in the chains they become positively charged by 0.3 |e|. This is further supported

by the LDOS analysis showing different electronic structure. All these factors indicate the

oxidation of Au atoms in the presence of atomic oxygen. Recent DFT calculations predict

Au oxidation at the interface to a TiO2 support135. Conversely, on a bulk Au surface O2 ad-
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FIG. 15: Optimal adsorption geometries for two and eight O atoms at the perimeter

of the Au14 cluster supported on MgO(2ML)/Ag(100). Color code: red

oxygen in MgO, blue Mo, yellow Au, and green O in O2. Figure adapted

with permissions from Ref.19.

sorption is endothermic even on low coordinated sites94,136 and O2 adsorption on Au clusters

supported on MgO shows weak binding and mildly exothermic dissociative adsorption94.

The strong thermodynamic driving force together with the low dissociation barrier, 0.5

eV, renders the dissociation accessible on the supported Au14 even at low temperatures.

First principles atomistic thermodynamics137 was applied to calculate the Gibbs free energy

of oxygen adsorption to asses the relative stability of different structures under ambient

conditions of oxygen atmosphere. Figure 16 displays free energy plots as a function of

O2 chemical potentials, where temperature and pressure effects were calculated from first

principles with appropriate partition functions.

Among the calculated structures Au14O8,diss is thermodynamically the most stable one

being nearly 4 eV more favourable than the second best structure, Au14O2,diss at T=300 K

and O2 pressure of 1 bar. Metastable bulk and surface forms of gold(III) oxide Au2O3 are

known to form under special conditions138,139. DFT coupled with atomistic thermodynam-

ics calculations has indicated that atomic oxygen on the Au(111) surface can induce the

formation of a two-dimensional gold(I) oxide network as an overlayer on Au(111), predicted

to be stable up to 420 K at atmospheric pressure140.

Sensitivity of oxygen adsorption and activation on a planar or tetrahedral structure of

a Au cluster was computationally addressed via Au20 supported on a MgO(1ML)/Mo(100)

surface132. In both cases oxygen adsorbs to the perimeter of the cluster at the parallel
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FIG. 16: The free energy of oxygen adsorption, ∆Gads, as a function of oxygen

chemical potential, µO2
. Figure adapted with permissions from Ref. 19.

configuration, activates to a peroxo state, and dissociates with a barrier of about 0.3 eV with

respect to the molecularly adsorbed oxygen. A slight difference of 0.2 eV in O2 dissociation

barrier heights on Au14 and Au20 potentially originates from different metal supports as

oxygen binding on MgO/Mo is stronger than on MgO/Ag, or from different MgO film

thicknesses.

CO adsorption has been computationally addressed on Au3−7, Au12, and Au22 clusters

on MgO/Ag surfaces123. The adsorption energies range from -0.5 to -1 eV depending on the

cluster size and are more exothermic than on the bare MgO/Ag surface. CO does not bind

to the high coordinated Au atoms of 1D and 2D Au clusters or the central area of the larger

islands but favours solely the low-coordinated sites at the edge of these structures forming a

tilted orientation at the cluster boundary. Vibrational frequency analysis displays a red-shift

of ∼ 50-60 cm−1 in ω(CO) for MgO/Ag supported Au clusters compared to same clusters on

bulk MgO or in gas-phase counterparts. The shift is ascribed to the charge transfer to the

cluster agreeing nicely with experimental results, which also indicate that CO exclusively

binds to Au atoms at the island perimeter141. Similar to O2 adsorption, the favouring of

low-coordinated boundary sites means that for larger 2D clusters only a minority of Au

atoms bind CO; in addition, CO and O2 may exhibit mutual competition of these sites.
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The formation of adsorbed CO2 on planar Au20/MgO/Ag is essentially a non-activated

process involving a negligible barrier of 0.07 eV according to DFT calculations and the

desorption energy of CO2 is 0.27 eV132. Among the calculated barriers, the rate determining

step is the dissociation of the molecular oxygen, which is suggested to correspond to the

low temperature CO oxidation in experiments132. High temperature CO2 formation was

proposed to originate from the reaction of CO with an activated, peripherally adsorbed but

undissociated O2 with an activation energy of 0.66 eV132. A completely different reaction

mechanism was put forward for bulk MgO supported Au nanoparticles for which calculations

suggest that CO oxidation follows an Eley-Rideal mechanism, where CO adsorbs on the

nanoparticle and reacts with the coming oxygen molecule with activation energy of ∼ 0.2-

0.4 eV94. Similar activation energies are computed on flat Au surfaces94 and TiO2 supported

Au10
100. On defected bulk MgO Au8 was found to be the smallest cluster capable for CO

oxidation with the calculated barrier of 0.5 eV88. In conclusion, regardless of the support

used in calculations, the activation barriers for CO oxidation have about the same order of

magnitude but different reaction mechanisms.

C. Dissociative adsorption of water

Water is the most abundant natural resources and a candidate for generating hydrogen.

Under realistic reaction conditions many oxides are hydroxylated in air142 and surface hy-

droxyl groups may strongly impact on the chemical characteristics of oxide surfaces143. Wa-

ter dissociation on bulk MgO surfaces has been extensively studied both experimentally and

theoretically. Ab initio molecular dynamics has been applied to compare water adsorption on

flat and stepped MgO surface at low coverage144,145. The simulations show that water merely

physisorbs on bulk MgO(100) while on coordinately unsaturated step sites dissociation takes

places readily144,145. All DFT calculations indicate that water dissociation is thermodynam-

ically unfavourable due to fragment separation on MgO(100) at low coverage146–149, but

at 1ML coverage calculations suggest a collective dissociation process such that one third

of water molecules break down150–152. Experimentally, LEED and HAS measurements re-

vealed that water adopts a (3x2) superstructure153 and the combined HREELS and UPS

study demonstrated a partially dissociated water layer154. The first experimental studies

on submonolayers of water on a MgO/Ag(100) system employing spectroscopic methods
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showed evidence of facile hydrolysis155–157, where the active site was proposed to be at the

metal-oxide interface. This was further supported by the DFT study of the system158.

DFT calculations148 followed by a combined experimental and theoretical study23 on

water adsorption and dissociation on MgO/Ag(100) display many interesting features. Fig-

ure 17 compares the optimal adsorption structures of a molecular water on MgO(100) and

MgO(2ML)/Ag(100) surfaces. On the metal-supported thin film the oxygen atom of a water

molecule is favourably located above a Mg cation, which is in line with STM results,23, where

one hydrogen atom points asymmetrically towards a neighbouring surface anion23,148. The

adsorption energy is about -0.5 eV and indicates that the metal support does not enhance

the adsorption. Interestingly, calculations predict that in the presence of an Au cluster a

water molecule prefers to sit over the oxide to the Au cluster159. The bottom two figures

in Figure 17 depict adsorption structures for a dissociated water on both bare and Ag-

supported MgO. Energetics show that water dissociation is endothermic on both cases that

is again in agreement with observations in STM measurements. The calculated adsorption

geometries of dissociated water differ since on bare MgO both OH and H species reside on

top positions and on supported film OH prefers a bridge geometry between two Mg cations.

STM experiments give evidence for two distinct dissociation channels23 depending on the

film thickness. On the 2ML film the dissociation probability increase rapidly when bias

and tunneling current dependent threshold energy exceeds 0.48 eV that corresponds the

asymmetric O-H stretching mode energy. This strongly supports interpretation that vibra-

tionally induced excitation is responsible for dissociation to OH and H. The MgO film plays

a central role to facilitate vibrationally induced dissociation due to decoupling allowed by

the insulating MgO film therefore on the 2ML-thick film the dissociation barrier of water

is reduced below the energy of the doubly excited νOH mode. On the 3ML film higher, 1.5

V, bias voltage is needed to initiate dissociation, which is suggested to proceed via elec-

tronic excitation forming adsorbed oxygen. This is in line with spectroscopic experiments,

which indicate that under low relative humidity conditions water dissociates on 4-5.5 ML

thick MgO films at defect sites160 as predicted also by DFT calculations148. The DFT cal-

culations reveal the pivotal role of film thickness on barrier height23, which is about 1 eV

on MgO(3ML)/Ag(100) and bare MgO reducing to to 0.56 eV on MgO(1ML)/Ag(100).

The presence of under-coordinated step sites impacts substantially as they dissociate water

spontaneously on both MgO and MgO/Ag surfaces148.

34



0.99

2.24

2.08
0.97

0.98

0.97

1.01
2.25

0.981.92

0.97

FIG. 17: The most favourable adsorption geometries on MgO(100) and

MgO/Ag(100) surfaces. The selected distances are given in angstroms.

The colour coding is Ag atoms are blue, Mg atoms green, O atoms red,

and H atoms white. Figure adapted with permissions from Ref.148.
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Interestingly, calculations show that isolated H-bonded water dimers facilitate barrierless

water dissociation on a bare and Ag-supported MgO(100) surface161. Dissociation is further

stabilised on MgO ultra-thin films, which is attributed to two factors. The presence of metal

support stabilizes the final state of charged fragments owing to structural relaxations in oxide

that induce a strong corrugation of the film. Furthermore, based on the analysis of interac-

tion energies the ion-ion interaction is suggested to change to a dipole-dipole type interaction

ensuing a weakly bound ion pair161. At monolayer water coverages different structural mo-

tifs corresponding to surface cells with different sizes have been employed in calculations148.

An example applied structural model is given in Figure 18. The optimized structures show

that a part of monolayer is dissociated and molecular water adsorbs on Mg2+ sites with

one H pointing toward OHads. The adsorption energies are more exothermic by about 0.3

eV/H2O than those obtained at low coverage. For comparison, on FeO(111)(1ML)/Pt(111)

the enhancement in water adsorption is even more pronounced according to calculations

since one water molecule barely binds to the substrate, while the presence of the second

water molecule stabilizes the average adsorption energy by ∼ -0.5 eV16. In both systems

enhanced adsorption is attributed to the formation of strong hydrogen bonds. Recent STM

experiments on a water tetramer on NaCl(001)/Au(111) reveal directionality of the hydrogen

bonds at the orbital level162. The calculated fraction of dissociated water molecules is 1/3

on MgO/Ag that is in line with previous calculations on bare MgO150,151 and independent of

the computational surface cell used. This can be rationalized as follows: Upon dissociation

of one water molecule two strong HOH-OHads bonds are formed (a spare H is at the O-top

site) and the number of such bonds is maximized for a dissociation ratio of one-third.

V. MODIFICATIONS AT THE OXIDE-SUPPORT INTERFACE: OXYGEN VA-

CANCIES AND DOPANTS

The properties of metal supported ultra-thin oxide films can be tuned without varying the

film thickness via engineering the interface between the metal support and the oxide. This

can be achieved by introducing impurity atoms into the metal oxide interface and by varying

the species, which in turn has been predicted to modify the electronic characteristics of the

system and can be seen as changes in the work function163–165. Also, interfacial vacancies

can be induced in the supported oxide films. In these systems kinetic effects have been
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FIG. 18: The structural model of a (3x2) unit cell with a monolayer of water on

MgO/Ag(100) from top (left) and side (right). The surface cell is indicated

as dashed line and the coloring code is as follows: Ag blue, Mg green, O

red, and H white. Figure adapted with permissions from Ref.148.

identified to be important for reducing vacancies from the buried interface70. Figure 19

displays a structural representation of surface, central, and interfacial oxygen vacancies and

the interfacial dopant. Recent experimental studies demonstrate how to incorporate Mg

atoms to the MgO(100)/Ag(100) interface and identify the mechanism behind the work

function decrease (∆Φ) during Mg exposure166. The work function decrease can be, as large

as 0.5 eV, attributed to to Fermi level pinning and band bending effects. For non-modified

MgO/Ag(100) systems measured ∆Φ values ranging from 1.1 to 1.4 eV61 and from 0.7 to 0.8

eV55 have been reported; they depend both on film preparation and the method to measure

the work function. DFT studies unravel that oxygen vacancies decrease the work function

but ∆Φ depends sensitively on the charge state and the position of the vacancy52, and

therefore a direct comparison to experimental value -which is an average value- is difficult.

According to DFT results, oxygen vacancies are preferentially located at the interface

between the oxide and the support metal in MgO1−x/Ag and MgO1−x/Mo systems42,47,167,168.

The calculated formation energy of the vacancy on the surface of supported MgO is about 6

eV bur for an interfacial vacancy it is about 1 eV less42,48,167,168. Therefore in thermodynamic

equilibrium, interfacial vacancies constitute the majority of vacancies in the oxide. In this

case, an electron is transferred from the vacancy to an underlying metal, creating a singly

charged F+ center47,169. Calculations show that while regular MgO layers bind weakly to

the Ag substrate, the buried vacancies increase the adhesion energy between the metal and

the support42,47 as shown in Figure 20. The interaction between the regular MgO and Mo is

stronger, owing to on one hand the larger covalency contribution of the oxygen anions and
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FIG. 19: The schematic representation of an interfacial, central, and surface oxygen

vacancy (on the left) and the interfacial impurity atom (on the right) on a

metal supported MgO(3ML). Color code: red spheres stand for oxygen,

blue is for Mo, green corresponds Mg and brown stands for an impurity or

an oxygen vacancy.

Mo (Figure 20) and on the other hand to the increase of the interaction in the presence of

an interfacial oxygen vacancy.

The charge state of the interfacial vacancy has been addressed employing different func-

tionals, variable film thickness, and structure models47,52,169. The studies agree that the

F+ center is the most stable defect charge state for the interfacial vacancy. The analysis

of structural variations of surrounding ions show a distinct structural response to the va-

cancy charge state. While negligible distortion is seen around F0, the nearest neighbour

Mg ions are displaced outward by 7% around the F+ center and by 13 % around the F++

center52. The metal-oxide interface can also contain spare Mg and O atoms. The calculated

formation energies of interface impurities Mgimp and Ointr are only 0.45 eV and 1.49 eV,

respectively, highlighting the stabilization effect of the oxide and making them energetically

more favourable interfacial defects than oxygen vacancies168. Moreover, the chemical com-

position and structure can also be modified by substituting an Ag atom at the topmost layer

of the (100) surface with e.g., 3d TM atoms (Sc-Zn). Calculations render these structures

thermodynamically favourable for all other atoms except Zn, demonstrating the fact that the

MgO film stabilizes the interface dopants31. The overall amount of stabilization decreases

when moving along in the 3d series from Ti to Zn.

Extensive DFT calculations were employed to investigate the role of an interfacial oxygen

vacancy, Mg and O impurity atoms168, and the 3’rd row transition metal dopants31 on water
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FIG. 20: Panel on the left (right) displays adhesion energy of the MgO film on the

Ag(Mo) surface.Color coding: red non-defective film, green stands for an

interfacial vacancy, cyan is for a vacancy in the central layer, and blue

corresponds the vacancy at the surface. Adhesion energy is calculated as

follows for a non-defective film Eadh,u = (EMgO/M − EMgO − EM )/N , where N

is an interfacial MgO unit and for a defective film as

Eadh,d = EMgO1−x/M − EMgO1−x
− EM − NEadh,u. The positive values indicate

exothermic adsorption. Figure adapted with permissions from Ref.47.

adsorption and dissociation on Ag-supported MgO. In the latter two cases, an Ag atom in the

topmost Ag layer is replaced with either an impurity atom or a dopant atom. The oxide-

metal interface modifications change neither the reaction mechanism, nor the adsorption

geometries of the water molecule, nor the dissociation products OH− and H+; they remain

similar to those on the ideal MgO(100)/Ag(100) surface discussed in chapter IV C. Instead,

any kind of the interface defects introduce changes in energetics: smaller for the adsorption

energy of water and larger for the transition and final states. The transition state strongly

resembles the final state and actually describing it as a transition state is a controversial issue

since the H-OH bond is clearly already broken at this state. Comparison of the influence of

an interfacial oxygen vacancy and O/Mg impurity atoms shows that the vacancy introduces
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the largest stabilization effect: the barrier height drops 42 % compared to the ideal MgO/Ag

system. Actually, the dissociation does not require external thermal energy atall to proceed,

which means that even a small number of hidden vacancies is sufficient to enhance water

dissociation substantially. Among the studied 3d TM dopants, the Ti atom is the most

reactive one, and it stabilises the initial, transition and final states by 0.17, 0.51, and 0.48

eV, respectively31. This corresponds to the reduction of barrier height by 44 % compared to

the ideal MgO/Ag system. The variation of reaction and activation energies show non-linear,

double-humped-type behaviour along the 3d TM series, where the second most reactive

dopant is iron. The detailed analysis of the doped systems shows that the impurity atom

increases adhesion between MgO-Ag as well as rumpling at the interface, but decreases the

oxygen-impurity distances. The reactivity and adhesion are correlated in such a way that

the stronger adhesion corresponds to higher reactivity. The variation of adhesion energy

was shown to reflect the local hybridization between electronic states of the TM dopant and

the oxide film and was rationalized with the help of ligand field theory. The extend of d-

state splitting of the TM dopant originating from the ligand field of the oxide was shown to

fully correlate with the variation of chemical reactivity31. The example of water dissociation

highlights the fact that a chemical reaction can be controlled by interfacial defects even in

the case where the activation of the reactant is not driven by charge transfer. However, the

transition state resembles the final state, which consists of charged species.

The second system, for which the influence of interfacial modifications has been com-

putationally studied, is Au adsorption on Mo/Ag supported MgO films in the presence

of buried oxygen vacancies. Figure 21 compares Au binding energies on metal-supported

ideal and defected MgO films; positive energies refer to exothermic binding. On defected

MgO/Ag (Mo) surfaces Au adsorption strength depends on the position of the vacancy in

the system: the strongest adsorption is found for a surface vacancy and the weakest for the

interface vacancy47. While on MgO/Ag(100) Au binding is always stronger on a 2-3 ML

thick film with a buried vacancy than on the ideal surface, this is not the case for Mo. The

finding indicates that on MgO(100)/Ag(100) gold would preferentially decorate sites with

underlying buried vacancies. This offers a possible explanation why isolated Au atoms on

MgO/Ag(100) terraces have been identified as almost immobile species in STM images109.

Similar preference is not seen for Mo due to more covalent Mo-oxide anions interaction,

which locks the electron density in the interface. The extensive electronic structure analysis
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FIG. 21: The binding energy of Au to the Ag (Mo)-supported ultra-thin MgO films

in panel a(b). Color coding: red a non-defective film, green an interfacial

vacancy, cyan a central-layer vacancy, and blue a surface vacancy. Positive

values indicate exothermic adsorption. Figure adapted with permissions

from Ref. 47.

including the plane average density analysis, the electronic localization function, and the

Bader charge analysis, unravel that while one vacancy electron stays in a support metal

atom under the vacancy, the second electron goes to a Au atom; thus the vacancy is more

like a F++ center. The simple thermodynamic analysis -with charge transfer and electro-

static terms- renders the formation of F++ thermodynamically possible. According to the

calculations, the electron transfer process is independent of the film thickness (at the range

of 1-3 layers), and takes place similarly on both Ag and Mo support metals.

The fact that Au binding energy to the surface vacancy is always more exothermic than

to the site with a buried vacancy, leads to the thermodynamic driving force to extract the

vacancy from the metal-oxide interface to the surface. Despite thermodynamic preference,

the vacancy extraction from the interface to the oxide surface can be hindered by kinetic

factors, that is, too high diffusion barriers. The diffusion pathway of an oxygen vacancy

consists of jumps between two nearest neighbour sites. In bulk MgO this has been reported
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to be highly demanding with activation energy of ∼ 4.25 eV170. On two or three layers

thick, unsupported MgO slabs the barrier is markedly reduced being still, however, ∼ 2.5

eV167. On 2 or 3 ML thick Mo/Ag supported MgO films the barrier height ranges from 1.7

to 2.6 eV, where the highest barrier corresponds to vacancy diffusion to/from the central

MgO layer. DFT calculations show that the presence of an Au adatom strongly reduces

diffusion barriers, which means enhanced diffusion by a factor of two at room temperature.

Altogether, the calculations suggest that the extraction of oxygen vacancies in ultra-thin

MgO films is both thermodynamically and kinetically feasible. To further rationalize the

obtained results, the existence of a Brønstead-Evans-Polanyi (BEP) relationship, introduced

by Nørskov et al.136, was tested. The BEP relationship relates an activation energy for a

given reaction or an elementary step to its corresponding reaction energy in a linear manner,

and provides a way to identify thermodynamic-kinetic dependencies. Numerous DFT studies

show how the results fall on the BEP line for different reactions on metal surfaces136,171–174

and nanoparticles175, and for diffusion processes in oxide systems170,176. In the present

case, plotting the activation energy for oxygen vacancy diffusion as a function of the energy

difference between two vacancy positions, two BEP-type of relationships appear (Figure 22)

and the direction of the diffusion is from the support toward the adsorbate. The observed

two lines arise from high barrier values corresponding to vacancy diffusion in MgO1−x/Ag

and MgO1−x/Mo, and from lower values for Au/MgO1−x/Ag and Au/MgO1−x/Mo systems.

The reasons behind two BEP lines can be understood by analyzing the transition states for

vacancy diffusion. The ELF (electron localization function) and Bader analysis for diffusion

pathways give a constant, 2e charge for moving oxygen, while the charge left into the vacancy

depends on the system. It is one unit charge for the F+-like defect in MgO/Ag and MgO/Mo

systems and zero for F++ in Au/MgO1−x/Ag and Au/MgO1−x/Mo. The activation energy,

that is the energy difference between the initial and transitions state, is solely determined

by electrostatic terms, which on the other hand depend on the vacancy position and the

distances between charged species. Thus, the appearance of the two BEP lines implies two

differently charged species.
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FIG. 22: Left: a Brønsted-Evans-Polanyi plot. Energy barrier for diffusion, Ea, as a

function of the energy difference between two vacancy positions, ∆E. Blue

(red) symbols correspond to (Au)/MgO/M, and open (filled) symbols

stand for Ag (Mo). The thickness of the MgO film varies from one to three

monolayers. The crossed circles refer to vertical diffusion far away from Au

in the Au/MgO(2ML)/Ag system. Voi
stands for an interfacial vacancy, Voc

corresponds a vacancy in the center of the slab, and Vos
is a vacancy at the

surface. Right: panels a and b display ELF (electron localization function)

plots for the transition states with and without Au on the MgO(2ML)/Ag

substrate, respectively. Figure adapted with permissions from ref. 47.

VI. DOPING

Metal-supported simple oxide systems can be understood as an extreme case of doped

oxides having high concentration of extra electrons detectable in STM measurements. In

principle, a dopant has a similar effect as it can provide extra electrons into the oxide. How-

ever, in doped oxides the concentration of spare electrons is lower than in supported films

and they are also more localized. Furthermore, the distribution of these electrons might

be uneven. Altogether, this means that understanding the properties of doped oxides is

challenging but the knowledge gained from metal-supported thin-film systems give insight

on the characteristics of doped oxides. Calculations help to determine the composition and

morphology of oxide material since those are highly challenging to experimentally resolve

under working conditions. Simple ionic oxides are auspicious materials to probe the mod-

ifications introduced by dopants to characteristics of a host oxide. Possible dopant atoms
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can be divided into two groups: guest cations capable of providing less electrons than the

host cations and those that can provide more. Note, that one can not neglect the role of the

host oxide either: e.g., CaO is more reactive than MgO because of its larger lattice param-

eter and the smaller Madelung potential. Moreover, its band gap is smaller and ions more

polarizable. According to DFT calculations, transition metal dopants Mo and Cr adopt a

formal 2+ charge state in an ideal and neutral MgO and CaO slabs, reproducing the nature

of a host cation38. STM experiments on the other hand reveal, that it is possible to induce

charging and decharging of a Mo dopant sitting at the vicinity of the CaO surface with

a STM tip, hence making Mo3+ cations177. The presence of high valent dopants can also

introduce structural modifications to an oxide matrix, as they are known to increase the

number of cation vacancies. This is clearly seen in DFT calculations, where the vacancy

formation energy drops from 8 eV to 1 and 1.7 eV for MgOCr and CaOMo, respectively, and

leads to a loss of another electron to a host oxide38. This, naturally, has implications to

other possible electron transfer processes. Topographic STM images unambiguously show,

that high valent TM substitute doping of CaO leads to the formation of 2D Au islands37,

similar to a metal supported ultra-thin oxide film. DFT calculations highlight the enhanced

binding of an Au atom on Mo-doped CaO with adsorption energy nearly three times as large

as computed on the ideal CaO surface, despite the absence of a direct contact between the

Au and dopant atoms37. On pristine CaO, the Au is preferentially located on the oxygen

ion with adsorption energy of -1.35 eV, while the adsorption energy as large as -3.90 (-3.50)

eV is found when the Mo dopant is in the second (third) layer directly below the adsor-

bate. The enhanced bonding was ascribed to charge transfer from Mo to Au, leading to

strong electrostatic interactions and concomitant lattice relaxations near the dopant37. Ad-

ditional DFT studies were performed to understand the thermodynamic factors determining

Au adsorption energy on high-valence doped CaO40.

To rationalize the variation of adsorption strength as a function of a Au-dopant distance,

we employed the concept of acid-base interaction, where a high-valence dopant Mo acts as

a base donating charge and Au is the acid accepting charge40. In these calculations, the

10 ML:s layer-thick slab was used and the dopant was placed into the 3’rd layer or deeper

leaving at least 2 ML of ideal CaO for a protective capping as in experiments37. While

DFT studies in both references show that Au favours adsorption on an oxygen anion being

neutral, Andersin et al. reported that, according the Bader charge analysis, an Au atom
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FIG. 23: A) displays the side view of the 7 topmost layers of 10 ML layer thick

computational unit cell, which was used to model Au adsorption on

TM-doped CaO. The color coding as as follows blue stands for Ca atoms,

red is for oxygens, while yellow and gray are for a Au atom and a dopant,

respectively. Panels B) and C) The adsorption energy of a Au atom as a

function of dopant depth together with the different energy contributions.

Figure adapted with permissions from Ref. 40.

becomes negatively charged on a Ca-site over an pristine CaO(100). Moreover, the PDOS

analysis reveals that both 6s spin levels become occupied together with vanishing magnetic

moment, but the adsorption energy of Au is only -0.55 eV, which is ∼ 0.8 eV less exothermic

than found for Au on the O-top site. These results indicate that charging of Au cannot alone

be responsible for the increase in adsorption energy upon doping the oxide. Au adsorption

was further analyzed employing a Born-Haber cycle, where the Au-CaMoO interaction is

broken down to the three contributions shown in Fig. 24.

The first contribution is a direct iono-covalent interaction between the Au and the sur-

face ion on the pristine CaO, which involves direct orbital overlapping and charging on the

top of Ca-atom. The energy change related to this term is called ∆Eicov. The Au-dopant

interaction is divided into two terms: (a) the redox process between the Au and the dopant

(∆Eredox) containing an electron transfer from the overvalent dopant to the Au atom and (b)
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FIG. 24: The Born Haber cycle for Au adsorption on Mo-doped CaO. Au adhesion

on the substrate (=adsorption energy ∆Eads) is divided into three

contributions: ∆Eicov stands for the iono-covalent bonding of a Au atom

onto the pristine CaO surface, ∆Eredox is the redox interaction between Au

and Mo leading to charge species infinitely far apart, and ∆Ecoul

corresponds the screened electrostatic interaction between Au and Mo.

Figure adapted with permissions from Ref. 40.

the electrostatic interaction between the Au−1 and a positively charged dopant ∆Ecoul. Fig-

ure 23 B) and C) display adsorption energies together with above-described site-dependent

contributions on both Mo- and Cr-doped surfaces as a function of the Au-dopant distance.

Clearly, adsorption becomes weaker with the increasing distance between the Au and the

dopant. The term ∆Ecoul demonstrates approximately 1/r behaviour, where r is the Au-

dopant distance proving further support that energy change ∆Ecoul describes electrostatic

interaction. Owing to strong screening by the polarized oxide, the Coulomb interaction is

significant only at very short distances. In experiments the capping region is typically a few

undoped CaO layers37. If the Mo is in the third layer the Au-Mo distance is approximately

8 Å which corresponds the contribution of only ∼-0.5 eV while the adsorption energy is -3.0

eV, thus the electrostatic contribution to Au adsorption is minor on this oxide. The adsorp-

tion energy is dominated by the other two terms. The iono-covalent term is independent of a

dopant as it describes the interaction between Au and ions in the oxide matrix but depends

on the adsorption site. The ∆Eredox term represents energy gain related to the electron

exchange between Au and the dopant and corresponds to the dominant energy contribution

in adsorption energy. It can be divided into two cases. Since the Au gains charge already

upon the adsorption on a Ca-site of pristine CaO, the redox energy change is assigned to

the system stabilization due to Mo oxidation as the more cationic dopant binds stronger
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to anionic O2−. This is manifested as decreased distance between the dopant and the sur-

rounding oxygens. Since this is a local effect, it does not depend on the depth of the dopant

as seen in Figure 23. On an O-top site Au is initially neutral and thus the redox process

includes charge transfer and stabilization due to structural relaxations around the dopant;

again, the redox energy saturates quickly to a constant value. The redox energies differ by 1

eV such that the less exothermic value is found for the O-top site. This is due to Coulomb

repulsion between negatively charged Au and negatively charged O, manifested also in a

Au-O bond length, which increases ∼ 0.6 Å upon Au charging. Figures 23 B) and C) show

that the above discussion is independent of the dopant as both Mo and Cr display similar

behaviour. The comparison of Au adsorption energies on Mo and Cr doped CaO surfaces

show smaller stabilization on the Cr-doped than on the Mo-doped surface. The difference

is ascribed to smaller redox energy on CaOCr. While according to the Bader charges and

magnetic moments Cr donates altogether 3 electrons (2 to the oxide and 1 to the Au) and

geometric differences are minor, the smaller redox energy originates from higher 3rd ioniza-

tion energy. Actually, on the ideal CaO surface the redox energy correlates with ionization

energies of different high-valent transition metal dopants near Mo and Cr in the periodic

table as illustrated in Figure 25. The higher the 3rd ionization energy, the less exothermic

is the redox energy, which indicates that the cost of electron removal from the dopant in-

creases with increasing ionization energy. In real systems, the ideal correlation shown in

Figure 25 is not achievable due to the presence electron traps, such as cation vacancies,

that compete with adsorbates for electrons. In addition, the host oxide can affect electron

transfer unfavourably via crystal field splitting, which stabilizes the donor states too much

and hampers the electron transfer178. Calculations show that on a Mo3+-MgO surface with

one cation vacancy the adsorption is only 0.2 eV more exothermic than on pristine MgO,

whereas 0.75 eV energy difference is seen between Mo3+-CaO and CaO systems72. Molecular

oxygen is also a strong acid and thus it is not surprising that enhanced binding on Mo-doped

CaO is demonstrated in STM experiments, which is further supported by DFT calculations

featuring 0.8 eV increase in O2 adsorption energy and the formation of a superoxo species179.

The Born-Haber cycle analysis for O2 renders the redox energy as a main contribution in

adsorption energy on Mo-doped CaO180. While DFT calculations have so far mainly focused

on high-valence doped MgO and CaO systems, understanding undervalent doped oxides is

also essential. Particularly important is Li-doped MgO, which is an active catalyst for ox-
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idative coupling of methane34. The reaction has not been thoroughly understood yet and

for example, an active site for a homolytic CH3-H bond breaking step has remained elusive.

In the case of undervalent doped systems, the Born-Haber cycle analysis can also be applied

to unravel the relevance of different energy terms for e.g., Au adsorption, which has been

experimentally studied39. STM experiments show that depending on Li concentration on

Mo-doped CaO the Au growth mode is either 2D or 3D. On bare and Li-doped CaO, Au

aggregates favour 3D structures whereas on Mo-doped 2D structures are preferred39. The

observed changes can be explained with electron transfer from a dopant to a Au particle,

which takes place on Mo-doped CaO but which is not possible on bare or Li-doped CaO.

Adding Li to Mo-doped CaO will neutralize the impact of a Mo dopant and prevent the

charge transfer from Mo to Au.

The combined STM-DFT study illustrates that charge transfer strongly depends on the

nature of a dopant and an oxide: while Au becomes negatively charged on Mo-doped CaO it

stays neutral on Cr-doped MgO. This is manifested in the growth mode of Au, which 2D for

charged species and 3D for neutral ones38. Addition of Li dopants to Mo-doped CaO leads to

decrease in fraction of 2D Au islands with respect to 3D aggregates indicating that electron

transfer happens from Mo to Li atoms and not to adsorbed Au39. The shape of an Au cluster

has been computationally addressed on Al-doped MgO, where planar and tetrahedral Au20

configurations were compared181. Calculations demonstrate that with increasing dopant

concentration the binding energy of a cluster increases. The binding energy depends on the

position of the dopant being more exothermic when the dopant is in the second layer of the

oxide and under the cluster. In the all studied dopant concentrations a planar geometry

is more favourable than the tetrahedral one and the energy difference between these two

geometries depends linearly on dopant concentration displaying a larger difference at higher

concentrations. The electronic structure analysis shows substantial charge transfer from the

substrate to the cluster, which also increases with increasing dopant concentration.

The comparison of Au adsorption energies on doped MgO and CaO surfaces calculated

with different functionals (PBE, PBE0, HSE0 and PBE+U) shows that absolute values of

adsorption energies are functional dependent but charge transfer trends are similar in all

cases. On Cr2+-MgO and Mo2+-CaO Au becomes negatively charged, whereas on Cr3+-

MgO it stays neutral72. To separate the role of a guest cation from that of the oxide, Au

adsorption on two selected surfaces namely Mo3+-MgO and Cr3+-CaO were calculated. The
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FIG. 25: The calculated redox energy in the TM-doped CaO(100) surface as a

function of the measured 3rd ionization energy of the different dopants.The

notations µ(2+) and µ(3+), given after the name of the element, refer to

the magnetic moments of double and triple cations of the dopants,

respectively. Figure adapted with permissions from Ref. 40

results show that even in CaO Cr3+ is unable to donate an electron to Au regardless of

smaller crystal field splitting leading to favourable position of donor states. For comparison,

Au becomes negatively charged on Mo3+-MgO as well as on Mo3+-CaO. All these together

further support the suggestion40 that ionization energy, which stands for the cost of oxidation

of the TM ion, determines the dopant’s efficiency to transfer an electron to an acceptor in

the system.
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VII. CONCLUSIONS

Over the past years significant advances have been made in the preparation and experi-

mental studies of tailored oxides as well as in the modeling their properties. These modified

oxides have emerged as materials with unique properties, not encountered in their bulk coun-

terparts. The selected examples discussed highlight the potential of simple oxides. They can

be made chemically active and can operate as active catalysts or act as supports for catalyst

particles. Two different schemes to modify the properties of simple oxides are addressed,

namely growing oxides as ultra-thin films over metal supports and doping them with metal

impurities. The discussion mainly focuses on theoretical studies for metal supported MgO

films and in doped oxides on CaO and MgO systems, while other oxides are occasionally

brought in attention for comparison. All the reviewed systems underline the potential and

importance of density functional theory calculations and their role to unravel experimentally

seen features but even more importantly to predict material properties, especially activity.

Despite the fact that computational methods have their limitations, for certain cases, such as

buried vacancies, they are almost irreplaceable in addressing the characteristics and impact

of hidden defects on adsorption.

The key adsorbates elaborated include electronegative species such as Au atoms and

clusters, molecular oxygen, and NO2. The adsorption and dissociation of molecular oxygen

is considered both on a bare metal-supported ultra-thin MgO and on an Au cluster over

Ag-supported MgO. Interestingly, the calculations predict that the presence of the support

metal facilitates simultaneous activation of several oxygen molecules. The adsorption and

dissociation of non-electronegative water on ideal MgO/Ag is discussed both at low and

high water coverages. In the latter case, the formation of strong hydrogen-hydrogen bonds

leads to dissociation of a fraction of adsorbed water molecules. In addition, the modifica-

tions at the oxide-support interface are addressed in the two cases; on Au adsorption on a

MgO/Ag(Mo) surface with an interfacial oxygen vacancy and water adsorption on MgO/Ag

with an interfacial dopant. The role of thin-film systems is not limited to model systems

but they have a variety of applications including catalysis, solid oxide fuel cells, gas sensors,

corrosion protection, and biocompatible materials, just to mention a few. The spectrum

and composition of oxide materials developed for different application is broad; some of

these oxides are simple while there is an increasing number of fairly complex oxides. In the
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future, we need to compute the electronic structure of these complex oxides reliably, which

potentially have a variety of different defects, and simultaneously get a description for weak

van der Waals interactions. In particular, calculation of line defects increases the system

size, which in turn poses challenges for calculations.

On doped CaO and MgO oxides, the adsorption of an Au atom and an O2 molecule

is discussed. While the film thickness is an adjustable parameter in metal-supported thin

film systems, in doped oxides the corresponding parameter is the dopant concentration.

Moreover, unlike the metal support, dopants can be mobile and they are also predicted to

introduce vacancies into oxide. However, calculations indicate that the impact of over-valent

dopants on electronegative adsorbates such as Au atoms and O2 molecules, is similar to the

metal support. Thus adsorption is enhanced, the species become negatively charged, and on

both supports Au clusters favour planar geometries. With the help of the Born-Haber cycle

the enhanced binding is attributed to energy gain owing to simultaneous electron transfer

and lattice relaxations. In an idealized system, the ionization energy of the TM dopant

explains the variation of Au adsorption energy from one dopant to the other but in reality

dopant induced vacancies have an influence on electron transfer processes and modify this

ideal rule. While in metal-supported ultra-thin oxide films systems one can gain better

control over structural and electronic characteristics, the atomic structure of doped oxides

displays larger plasticity and uncertainty. The model system studies of these materials make

the basis to identify the key factors determining the function of the material, which paves

the way for examination of less-defined oxides.

Doped oxides also have a variety of applications ranging from catalysis and photovoltaic

to chemical sensing, solid oxide fuel cells, and coatings. In many cases the doped oxide is

in the thin-film arrangement. The presence of dopants typically affects a number of point

defects, such as oxygen vacancies, which then strongly impact on surface chemistry of an

oxide. From the theoretical point of view, the concentration and distribution of dopants and

vacancies substantially enhance the computational burden and add complexity. Although

possible, special care must be taken when the Born-Haber cycle is applied to rationalize

chemical reactions on complex, doped oxide surfaces. This is because sufficiently accurate

description of the electronic structure is needed and because the impact of vacancies must

be included to the analysis. Furthermore, the identification of an active site is usually more

demanding than on metal surfaces and nanoparticles owing to a larger number of different
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factors such as dopant and vacancy concentration, which might influence the nature and

characteristics of the active site. One more thing that makes DFT calculations particularly

challenging, is the lack of experimental methods, that could reveal the morphology and

composition of oxides under reaction conditions. Therefore, there is an urgent need to

develop computational methods and concepts to simulate oxide characteristics and establish

their key descriptors to advance in one of the most challenging areas of Material Science.
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