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Abstract

The present study is a comprehensive systematic theoretical investigation of the water
adsorption on the Fe2O3(0001) surface. It covers a broad number of problems inherent to
the initial stage of the water adsorption on the transition metal oxide surface: clean sur-
face stability, the influence of surface oxygen defects, the role of the crystallographic and
electronic structures on the adsorption configuration, elementary kinetics of the adsorbate
species on the surface, the particular qualities of the low and high adsorption coverage
regimes and the effect of the hydrogen bonding on adsorption and on the XPS spectra sim-
ulation. The comprehensive study was performed within a unified theoretical approach
and computational settings, employing a large number of techniques, which were com-
bined to obtain a general and reliable theoretical description of the interaction between
water and iron oxide surface in the deficiency of the available clear experimental results.
The low and high coverage regimes from 0.25 up to 1 monolayer water coverage were
considered to form a basis for the following increase of water loading mainly observed in
experiments. For all the coverages the single adsorption energy picture was expanded to
take into account the water vapour environment through the Gibbs free energy. The sta-
tistical ensemble was employed to classify and interpret the statistically averaged values
of the adsorption configurations set rather than the “invisible” in experiment quantities
intrinsic to the particular single adsorption configuration. The approach based on ad-
sorption energies of each distinct configuration seems to be even inapplicable to the high
coverages in the presence of a large number of the energetically degenerate adsorption
configurations of different kinds. In order to make the statistical analysis feasible and to
consider as many adsorption structures as possible, an effective distance matrix scheme
was developed. It helped to determine the different adsorption configurations with the
same adsorption free energies based on the surface symmetry and thereby to some ex-
tent reduced the total number of structures to consider without loss of generality. Based
on the statistical contribution of each individual adsorption configuration, the O 1s XPS
was simulated for the various water vapour environments. A good agreement between
the simulated and experimental spectra was found. Minor differences are discussed and
explained and the main features of the experimental XPS, manifested upon the increase of
relative humidity, were quantitatively described. Wherever it was important, the similar-
ities and differences between water adsorption on the Fe2O3, Al2O3 and Fe3O4 surfaces
were stressed and the main tendencies were deduced. Based on the present study, the
whole picture of the initial stage of the Fe2O3(0001) surface wetting process was estab-
lished.

Keywords: Fe2O3(0001), transition metal oxides, hematite surface stability, oxygen
vacancy, water adsorption, relative humidity, statistically weighted XPS, low and high
water coverage regimes, effective distance matrix approach
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Zusammenfassung

Diese Arbeit ist eine umfassende und systematische Untersuchung der Adsorption von
Wasser auf der Fe2O3(0001)-Oberfläche. Sie deckt eine Vielzahl der Probleme auf, die
während des Anfangs der Wasseradsorption auf den Übergangsmetalloxidoberflächen
auftreten. Dazu gehören die Stabilität der reinen Oberfläche, die Rolle der Oberflächen-
defekte, der Einfluss der kristallographischen und elektronischen Strukturen, die elemen-
tare Kinetik der adsorbierten Arten von Wasser auf der Oberfläche, die Eigenschaften bei
niedrigem und hohem Bedeckungsgrad und die Auswirkungen der Wasserstoffbrücken-
bindung auf die Adsorption und das XPS-Spektrum. Die umfassende Untersuchung wird
mithilfe einer vereinheitlichten theoretischen Methoden durchgeführt, um eine allgemei-
ne und zuverlässige theoretische Beschreibung der Wechselwirkung des Wasser - Fe2O3
- Systems zu bekommen. Niedrige und hohe Bedeckungsgrade von 0.25 bis 1 Monolage
werden untersucht, um die Grundlage für die folgende Erhöhung der Wasserbedeckung,
die normalerweise in Experimenten beobachtet wird, zu ermitteln. Das Einzeladsorpti-
onsregime wurde erweitert, um eine echte Wasserdampfumgebung mittels der Gibbs-
Energie zu berücksichtigen. Die Ensemblemethode wurde benutzt, um die durchschnitt-
lichen Werte der Adsorptionskonfigurationen zu interpretieren. Die Methode, die auf
Einzeladsorptionsenergien basiert, ist ungeeignet für hohe Wasserbedeckungsgrade, bei
denen viele energetisch entartete verschiedenartige Adsorptionskonfigurationen möglich
sein könnten. Der Abstandsmatrixansatz wurde entwickelt, um die statistische Analyse
zu ermöglichen. Die Methode reduziert mithilfe der Oberflächensymmetrie die Gesamt-
zahl der Adsorptionskonfigurationen, die zu berücksichtigen sind. Das XPS-Spektrum
wird für verschiedene Wasserdampftemperaturen und Drücke simuliert. Es wird eine gu-
te Übereinstimmung zwischen theoretischen und experimentellen Spektren erreicht und
die geringen Unterschiede werden erklärt. Die Hauptmerkmale des XPS-Spektrums beim
Anstieg von relativer Feuchtigkeit des Wasserdampfs werden beschrieben. Die Ähnlich-
keiten und Unterschiede der Wasseradsorption auf Fe2O3 und α-Al2O3 werden betont
und die wichtigsten Tendenzen werden abgeleitet. Auf Grund dieser Arbeit kann der An-
fangsprozess der Fe2O3(0001)-Oberflächenbenetzung erklärt werden.

Schlagwörter: Fe2O3(0001), Übergangsmetalloxide, Stabilität der Hämatit-Oberfläche,
Sauerstofffehlstellen, Adsorption des Wassers, relative Feuchtigkeit des Wasserdampfs,
XPS-Spektren, niedrige und hohe Bedeckungsgrade, Abstandsmatrixansatz
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1 Introduction

Iron oxides have an invaluable significance for industry and for fundamental academic re-
search. They have a lot of chemical applications [1], particularly, they are used for the CO ox-
idation process [2], styrene production [3], photoelectrolysis [4, 5] and heterogeneous cataly-
sis [6,7]. Iron oxides play an important role in geochemical and environmental processes [8,9]
and they readily react with water from the atmosphere and become covered with molecularly
adsorbed water or hydroxyl groups that may affect the surface catalytic properties [10–12].

Bulk Fe2O3. Among the iron oxides, hematite (α-Fe2O3) is one of the most abundant in
soils. It has the corundum (α-Al2O3) crystal structure, the R3c space group [13] and the
following parameters of the unit cell: a = 5.034 Å and c = 13.752 Å. Along the [0001] crys-
tallographic direction it has a layered structure with distorted hexagonally close-packed layers
of oxygen ions separated by the iron double-layer in antiferromagnetic order (see Figure 1.1).
The Fe3+ ions occupy two thirds of the available octahedral sites. Top of the valence band is
dominated by the O-2p states, while the conduction band is built from the Fe-3d states. That
allows to classify Fe2O3 as a charge-transfer insulator with a moderate band gap of 2 eV [14].

The theoretical description of Fe2O3 is challenging. Sophisticated approaches, beyond the
conventional Density Functional Theory (DFT) with local and semilocal exchange correlation
functionals, are required for the proper description of the electronic structure with the strongly
correlated Fe-3d electrons [14, 15]. Moreover, the magnetism and the large unit cell make an
accurate theoretical description of the Fe2O3 properties computationally demanding. A con-
ventional Hartree-Fock (HF) study [16] predicted too strong hybridisation1 of the O-2p and
Fe-3d states, strongly overestimated the band gap and showed too narrow bandwidth. The
ab initio DFT study within the Local Spin-Density Approximation functionals (LSDA) was
also unsuccessful in predicting the Fe2O3 electronic structure properties like the band gap, iron
magnetic moments and the overlap of the Fe-3d and O-2p states [17]. Thus, Fe2O3 might be
erroneously attributed to the Mott-Hubbard class of insulators that is in contradiction with the
experimental spectroscopic data [18]. The correct valence and conduction bands composition
as well as the experimental band gap can be reproduced by an addition of the Hubbard type
model Hamiltonian [14, 19] to DFT (the so-called DFT with on-site Coulomb repulsion cor-
rection (DFT+U) [20–23]). This correction partially takes the strong intra-atomic electronic
correlations into account, which essentially inherent to the transition metal d-states.

1 The term “hybridisation” is adopted in solid state physics. In quantum chemistry the term “overlap” is more
common. In the current work both terms are considered as interchangeable and used equally throughout the
dissertation.
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Fe

Fe

O

[0001]

a b

Figure 1.1: The hexagonal unit cell of bulk Fe2O3 (a) and its polyhedron model (b). The oxygen ions are
marked with big red spheres, the iron spin-up and spin-down ions with small blue and green spheres,
respectively. The [0001] crystallographic direction is shown with an arrow.

The Fe2O3(0001) surface. The Fe2O3(0001) surface is one of the most thermodynamically
stable and predominant grown faces [1]. Due to its important catalytic properties, it was a sub-
ject of the intensive theoretical [14, 24–40] and experimental [24, 41–62] studies. The surface
structure was experimentally investigated at various oxygen atmospheres by means of a num-
ber of experimental techniques such as Low-Energy Electron Diffraction (LEED), Scanning
Tunneling Microscopy (STM) and X-ray Photoelectron Spectroscopy (XPS), to shed more
light on the surface chemical reactivity, particularly, towards water. Nevertheless, a clear and
comprehensive quantitative experimental picture is still missing. A lot of experimental works
contradict each other. Thus, even an apparently trivial question about the determination of
the Fe2O3(0001) surface stability turned out to be an extremely difficult task. Some experi-
mental works [27,54,60], where LEED and STM were used, concluded that the Fe2O3(0001)
termination consists of two different domains, whose area on the sample strongly depends on
the oxygen environment. These domains were attributed to the different Fe2O3(0001) surface
terminations, namely, the half-iron (Fe−O3−Fe−R) and oxygen (O3−Fe−Fe−R) or even fer-
ryl (OFe−O3−Fe−R) terminations (see Figure 1.2 for notations). The iron-rich termination
(Fe−Fe−O3−R) was reported to be energetically unfavourable even at strong oxygen defi-
ciency. Other works [10,45,52,53,62,63] combining the experimental LEED, STM and O 1s

X-ray Photoelectron Diffraction (XPD) techniques with theoretical simulations resulted in the
only one stable termination, the half-iron one. To disentangle ambiguous predictions, more
complicated surface models consisting of two iron oxide phases were proposed [47,50,64–67].
The reason of such discrepancies is that the experimental preparation of the clean surfaces with
well-defined structures and stoichiometries requires high oxygen pressures that are incom-
patible with the common experimental techniques at Ultra-High Vacuum conditions (UHV).
Moreover, the power of the XPS and STM techniques were hindered due to the insulating
character of the Fe2O3 surface. The Fe2O3 sample handling [68], like heating and cooling,

2



 a) O3-Fe-Fe-R

 b) Fe-Fe-O3-R

 c) Fe-O3-Fe-R

 d) OFe-O3-Fe-R
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Figure 1.2: The structural models of the Fe2O3(0001) terminations. The side view on the pristine termi-
nations, corresponding designations and bulk cuts are presented on the left side of figure. The top views
are presented in the middle and right sides: (a) O3−Fe−Fe−R, (b) Fe−Fe−O3−R, (c) Fe−O3−Fe−R,
(d) OFe−O3−Fe−R, where R stands for the rest of perfect crystal. Only atoms, which are attributed to
the surface, are shown. From now on, all iron ions are shown with the small blue spheres for both spins.

is also difficult. Although it is usually assumed that these problems can be avoided by using
thin oxide films grown on metal substrates, it became clear that this is only true if the films
are beyond a certain critical thickness [69]. Unfortunately, the actual thickness of used films
is always smaller than the critical value that means that the surface may display a lot of novel
properties, which make them very different from their respective bulk counterparts.

A theoretical study of the Fe2O3(0001) surface stability is also not an easy task. The ab ini-

tio calculation based on the Generalised Gradient Approximation functionals (GGA) predicted
the half-iron terminated surface to be stable at the low oxygen chemical potential. Upon
increasing the oxygen atmosphere, the transition to the oxygen-terminated surface was pre-
dicted [27, 34]. The on-site Coulomb correction to DFT, i.e. the DFT+U approach, leads to
stabilisation of the iron-terminated surfaces making them thermodynamically the most stable
over almost all the allowed oxygen chemical potential range. Only at extremely high oxygen
atmosphere, the ferryl termination was predicted to become stable [32, 70, 71]. The surface
electronic properties predicted from the DFT and DFT+U calculations are drastically differ-
ent. While the conventional DFT describes the Fe2O3(0001) surface as a metallic surface with
strongly reduced magnetic moments, the DFT+U demonstrates the significant band gap and
much less reduction of the surface magnetic moments [32, 71].

Since the surface reactivity towards molecular species in the environment gas phase strongly
depends on the structure of the surface valence band, the choice of a suitable theoretical
method is of crucial importance for the investigation of the adsorption phenomenon. As it
follows from the literature, the DFT+U method significantly improves an accuracy of elec-
tronic structure description for the bulk Fe2O3 crystal. Therefore, the DFT+U approach is
believed to work well also for the Fe2O3(0001) surface.
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1 Introduction

The H2O/Fe2O3(0001) system. Water and oxygen are the most ubiquitous reactants since
they are always to some extent present in environment. Moreover, the metal oxides readily
react with water that significantly affects the catalytic properties of the surface by changing
surface structure, composition and reactivity [10–12, 72]. The effect of defects on wetting
of the metal oxide surface is poorly understood. Thus, formation of vacancies, defects and
steps were found to be indeed energetically favourable for some oxides like SnO and TiO2 but
not essential for water adsorption [73, 74]. However, for Fe2O3 it seems to be not the case
and under the UHV environment, water was found to adsorb dissociatively basically at the
defect sites [51]. The following experiments [25, 51, 55, 75], using the STM and XPS tech-
niques, investigated the water reaction with the Fe2O3(0001) surface at humid environments.
They showed that the wetting process depends on the water coverage and the presence of the
surface defects. Below the ca. 10−4 Torr threshold of the water vapour partial pressure, the
dissociative water chemisorption is mainly occurring at the defect sites. Above the threshold
pressure, the extensive hydroxylation was found at the surface terrace sites. At the high water
coverage, the two hydroxylated surfaces were believed to coexist: the fully hydroxylated half-
iron termination and the hydroxylated oxygen termination or the half-iron termination with
the random partial occupancies of the topmost iron sites [24].

In the most experiments the Fe2O3 surface was not in the thermodynamic equilibrium with
the water vapour because the corresponding measurements were performed at the UHV con-
ditions only after exposure of the surface to a water atmosphere in the experimental chamber.
The surface reactivity towards water is expected to be drastically different at ambient condi-
tions and at UHV. The recent ambient-pressure XPS study [76] was performed to provide
quantitative information on the in situ H2O/Fe2O3 system composition at the thermodynamic
equilibrium with respect to relative humidity. It was found that the hydroxylation is initiated
at the poor water atmosphere (3× 10−8 Torr and 295 K). The OH coverage was reported to
monotonically increase upon the increasing relative humidity up to 1 Monolayer (ML) with-
out any threshold vapour pressure as it was found in Ref. 51. The hydroxylation was reported
to occur only at the topmost layer of the Fe2O3 half-iron termination. The molecular water
adsorption begins at the higher water pressure (ca. 4×10−6 Torr at 295 K) and monotonically
grows competing with the dissociative adsorption upon the relative humidity increase.

The aim of the thesis. The Fe2O3(0001) surface is a challenging system for both the the-
oretical and experimental investigations. The wide number of controversial and ambiguous
results available in literature does not allow to make clear conclusions about the processes
occurring during the surface interaction with water. Many theoretical works employing dif-
ferent computational methods, approximations, computational parameters and codes cannot
be strictly compared with each other. Different experiments with slightly different settings
also lead to other results. Thus, the main aim of the present study is the detailed theoretical
investigation of the initial stage of the water adsorption process on the Fe2O3(0001) surface
within a unified theoretical approach taking into account the actual water environment. A
lot of basic problems preceding the actual water adsorption, like the surface stability and the
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effect of the oxygen defects, are addressed since they are of crucial importance for the fol-
lowing investigation of the adsorbate – surface interaction. The moderate water coverages
(0.5 – 0.75 ML) were considered to build a bridge between the artificial but demonstrative
low coverage regime, where the water – surface interaction may be considered at the sim-
plified level within the single adsorption energy picture2, and the experiment-related high
coverage regime, where the calculated properties may be directly compared with the available
experimental data.

Thesis outline. The overview of the theoretical concepts used in this study is presented
in Chapter 2. These methods were used “as they are” without any modifications. Most of
these theoretical techniques are well known in surface science and are implemented in Vienna
Ab Initio Simulation Package (VASP) [77–79] code used throughout this work.

Chapter 3 contains modified and new methods developed throughout the present study.
These methods are: Effective Distance Matrix approach (EDM), the application of the ensem-
ble distribution to the nonequivalent adsorption configurations and the statistically weighted
XPS simulation. At the end of the chapter the computational settings for the VASP calcula-
tions and the main designations are presented.

Chapter 4 is devoted to the presentation of the results. It starts from the discussion of
the clean Fe2O3(0001) surface, its stability and surface oxygen defects. Then the investi-
gation of the structure and kinetics of the isolated water molecule adsorption on the most
stable Fe2O3(0001) pristine and defective terminations is presented. The comparison with
aluminium (α-Al2O3) and other iron (Fe3O4) oxides is discussed. The medium and high cov-
erage regimes and XPS simulation under various water vapour environments are shown at the
end of the chapter. The main conclusions are compiled in the Conclusions section.

The complete list of the nonequivalent adsorption configurations is presented in Appendix.
The adsorption free energies at 0 K and at ambient conditions together with the O−D vi-
brational frequencies of the adsorbed species are presented for each structure. The Infrared
spectra (IR) are not discussed in the present study since no available experimental results for
comparison were found in literature. Nevertheless, the corresponding O−D vibrational fre-
quencies are shown to make them accessible for future comparison.

2 The term “single adsorption energy picture” is used here in contrast to the thermodynamic approach and it
means the theoretical analysis of adsorption phenomenon based on the adsorption energies of each distinct
adsorption configuration.
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2 Theoretical Background

2.1 Schrödinger Equation

The nonrelativistic quantum chemistry description is entirely based on the Schödinger equa-
tion, which, in the most general case, has the following form:

ih̄
∂

∂ t
Ψtot (r,R, t) = Ĥ tot (r,R, t) Ψtot (r,R, t) , (2.1)

where r = {ri} is a set of coordinates of all electrons in the system, R = {R j} is a set of
coordinates of all nuclei and Ψtot is the many-particle wave function of the whole system. The
operator Ĥ tot is called Hamiltonian and has the following general form:

Ĥ tot (r,R, t) =−∑
j

h̄2

2M j
∆R j

−∑
i

h̄2

2mi
∆ri

−∑
j,i

Z j q2
e∣∣R j − ri

∣∣+

+
1
2 ∑

j, j′ 6= j

Z j Z j′ q
2
e∣∣R j −R j′
∣∣ +

1
2 ∑

i,i′ 6=i

q2
e

|ri − ri′ |
+V (t), (2.2)

where M j and mi are masses of nuclei and electrons, respectively, Z j is a charge of the j-th
nucleus and qe is the electron charge. In a typical chemical task, the Hamiltonian does not
depend on time explicitly, i.e. V (t) = 0 and, therefore Ĥ tot (r,R, t) = Ĥ tot (r,R), then Eq. (2.1)
may be solved with respect to the time variable:





Ψtot (r,R, t) = ∑
n

Cn exp
[
− i

h̄
E tot

n t

]
Ψtot

n (r,R)

Ĥ tot (r,R) Ψtot
n (r,R) = E tot

n Ψtot
n (r,R) ,

(2.3)

where Cn are constants to be defined from the initial conditions, E tot
n is the total energy of the

state with a set of quantum numbers n. The second equation in Eq. (2.3) is called the stationary
Schrödinger equation and is used to define the energy levels of the system and its stationary
wave functions Ψtot

n .

Unfortunately, the solution of the stationary Schrödinger equation is usually not possible
without further approximations. The most important one, which is ubiquitously used in theo-
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retical investigations, is the Born-Oppenheimer approximation [80, 81]:
{

Ĥ tot (r,R) = Ĥnuc (R)+ Ĥel (ri,R
)

Ψtot
n (r,R) = Ψnuc

n (R) Ψel
n

(
r,R

)
,

(2.4)

where the “nuc” and “el” superscripts denote the quantities related to the nuclei and electrons,
respectively, and R are parameters attributed to the fixed nuclear positions. The essence of the
approximation is that due to considerable difference in the masses of nuclei and electrons, the
simultaneous motion of these subsystems is decoupled. That leads to the following decoupling
of the stationary Schrödinger equation of the whole system into the two equations related to
the nuclear and electronic subsystems, respectively:





Ĥel (r,R
)

Ψel
n

(
r,R

)
= Eel

n

(
R
)

Ψel
n

(
r,R

)

Ĥel (r,R
)
=−∑

i

h̄2

2mi
∆ri

−∑
j,i

Z j q2
e∣∣R j − ri

∣∣ +
1
2 ∑

j, j′ 6= j

Z j Z j′ q
2
e∣∣R j −R j′
∣∣ +

1
2 ∑

i,i′ 6=i

q2
e

|ri − ri′ |
(2.5)

and 



Ĥnuc (R) Ψnuc
n (R) =

(
E tot

n −Eel
n

(
R
))

Ψnuc
n (R)

Ĥnuc (R) =−∑
j

h̄2

2M j
∆R j

.
(2.6)

The fast moving electrons feel the instant nuclear position and the latter may be introduced
to the electronic Schrödinger equation as slow changing parameters. The nuclei, in its turn,
see fast moving electrons as a smeared negatively charged cloud, which fixes them at their
positions through the chemical bonding. The justification of the Born-Oppenheimer approx-
imation is that in the thermodynamic and chemical equilibrium the only possible moving of
nuclei (except moving the system as a whole, which is not an interesting case for chemistry) is
the relatively small vibrations at their equilibrium positions. Only these, equilibrium positions
of nuclei, are effectively felt by electrons.

The material science is mostly focused on solution of the electronic part of the stationary
Schrödinger equation (Eq. 2.5). The nuclear part is usually replaced with the vibration energy,
which is also implicitly included into the electronic equation. Note, the only meaningful
energy is the total energy of the whole system E tot. The separation of the whole system into
the electronic and nuclear parts is artificial and ambiguous. We employed this ambiguity and
attributed the nucleus – nucleus interaction term to the electronic part, although it has nothing
to do with electrons. However, it is this separation of the total Hamiltonian that enables to
reduce the nuclear movements only to vibrations and to introduce the important concept of the
Potential Energy Surface (PES) described in the following section.
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2.2 Chemical Reaction in Computational Chemistry

2.2.1 Potential Energy Surface

The central concept of the contemporary theoretical chemistry and solid state physics is the
PES [82]. The PES is the hypersurface, which reflects the potential energy of the ion-electron
system and depends on the nuclear coordinates (the Eel

n

(
R
)

term in Eq. (2.5)). Thus, it estab-
lishes a close relationship between the system structure and its energy and provides a descrip-
tive and intuitive understanding of how the optimised crystal or molecular structure may be
calculated. One of the main prerequisites of the PES approximation is that the system struc-
ture is entirely defined only by nuclear coordinates neglecting the electron positions. These
averaged nuclear coordinates are also meant by the notations R in Eqs. (2.5) and (2.4), which
are a consequence of the Born-Oppenheimer approximation. That fact allows to call the PES
rather as the Born-Oppenheimer PES. The nuclear kinetic energy missed in the PES is almost
completely represented by the energy of nuclear vibrations. Thus, the system is actually never
at the bottom of the local minimum. It is permanently vibrating even at 0 K due to the Heisen-
berg uncertainty principle. The higher vibrational levels may become populated upon heating
of the system. Many key and mathematically complicated concepts may be clearly introduced
based on the PES model.

There are special points on the PES of great importance. All of them are stationary points,
where the hypersurface is flat. Mathematically, the definition is as follows:

∂Eel
n (R)

∂Ri
= 0, (2.7)

where {Ri} are the coordinates of each atom that belongs to the system. Such points define the
stable and quasistable structures1, in which the system may stay either forever or within some
finite life-time, respectively. The difference between the stable and quasistable structures
is that in the latter case there is at least one such a direction, in which even an infinitely
small force will make the system undergo a transition to another stationary point. For the
classification of the stationary point to the stable and quasistable structures the knowledge
of the local hypersurface curvature is needed. This information is provided by the second
derivatives and is stored in a matrix, which is called the Hessian matrix:

H =

(
∂ 2Eel

n (R)

∂Ri∂R j

)
. (2.8)

The Hessian matrix may be diagonalised that results in a number of the force constants ki and
normal coordinates corresponding to the normal modes. The normal modes are the simplest,
independent of each other, vibrations of the system which, in combination, define the actual

1 A stationary point could also be a local maximum. In this case any infinitely small shift of the system in any
direction will cause immediate relaxation of the system to the closest local minimum. However, since the
PES is locally flat, the system “lives” at that point for some, essentially small, time.
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complex vibration that the system undergoes. The normal coordinates are the elementary
direction of the corresponding normal mode vibrations. The force constants define “stiffness”
of the system towards the corresponding normal mode displacements. The frequency inherent
to each such normal mode vibration ωi is proportional to the square root of the force constant
ωi ∼

√
ki. Based on the set of normal mode frequencies, the stationary points may be divided

into the following three groups:

1. If all frequencies {ωi} are real, then the stationary point is called the local minimum.

2. If only one frequency ω j is imaginary, then the stationary point is called the transition

structure or the saddle point.

3. If there are n imaginary frequencies, then the stationary point is called the n-th order

saddle point or n-th order hilltop.

In chemistry only the first two types of stationary points are of importance. The local
minimum is the state at which the system exists for some time. Any small displacement of
the system from the local minimum will cause the response force bringing the system back to
the same local minimum. For any other point of the PES, there is at least one direction, along
which even an infinitely small shift will cause the system rolls towards the region of lower
potential energy (the nearest local minimum). The local minimum with the smallest potential
energy within the PES is called the global minimum. At the global minimum the system will
remain infinitely long unless any external perturbation of the system. The life-time at any
other local minimum is finite, but may be quite large.

There is a clear distinction [81] between the transition structure introduced here and the
transition state of Eyring Transition State Theory (TST) [83–85] (see Sec. 2.2.3). The transi-
tion structure is the point on the PES, which reflects only the potential energy of the system.
The transition state is a thermodynamic concept and is based on the Gibbs free energy and
reflects the equilibrium between species of the thermodynamic ensemble.

At the transition structure the system stays just for an instant and then it moves towards a
local minimum. There is the preferred direction, called the Minimum Energy Path (MEP) or
the intrinsic reaction coordinate, connecting the two local minima and the transition structure
(see Figure 2.1). The MEP corresponds to the most probable way the system changes from one
local minimum to another. This MEP has the minimum possible activation energy of reaction
but, if enough energy is supplied the system may stay outside the MEP [80]. The transition
structure is a maximum along the MEP and, therefore, defines the activation energy of the
reaction. The MEP are usually plotted against the reaction coordinate, which corresponds to
the composite of different parameters such as bonds and angles between different species. The
reaction coordinate in such a way denotes the progress of the reaction.

The normal mode analysis presupposes that the amplitudes of vibrations are so small that
the PES at the local minimum may be approximated by a parabola (the harmonic approxima-

tion). This approximation becomes less and less valid when the temperature increases. The
deviation of the PES at the local minimum from the quadratic dependency is called the an-

harmonicity effect. The anharmonicity corrections are often needed for calculation of the IR
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Figure 2.1: The illustrative hypothetical PES of a system with two degrees of freedom. The white solid
line shows the MEP, which goes through the three local minima and the two transition structures.

spectra and may be relatively simply taken into account by scaling of the calculated normal
mode frequencies with a semiempirical factor. Although this scaling factor is strongly system
and method sensitive, the typical values fall between 0.89 and 0.99 [86].

The fact that the curvature of the PES at the local minima reflects the vibrational frequen-
cies, which are the consequences of the kinetic energy of nuclei, makes it, in principle possible
to construct the surface of the total energy of the system. The occupation of the vibrational
levels with temperature would mean the temperature dependence of such hypersurface unless
the lowest possible vibration levels are concerned. Such zero point vibrational energy is usu-
ally not small as compared to the reaction or activation energies but it is cancelled to large
extent by subtraction between the reactant and product states. Similarly to the scaling of the
normal mode frequencies, the scaling of the zero point energies is common practice [86].

Thus, the PES is a hypothetical artificial concept, which provides a connection between the
structure of the system and its energetics. The contemporary chemistry is preliminary focused
at studying stationary points on the PES. Wherever the equilibrium structure is concerned the
local minima are of importance, wherever the chemical reactions are under investigations the
transition structures come into play.
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2.2.2 Nudged Elastic Band Method

The concept of the MEP is one of the central in chemistry since it defines the reaction and
activation energies and thereby the reaction rate constant [83–85]. One of the most common
approaches to calculate the MEP with the DFT based codes is the Nudged Elastic Band (NEB)
method [87–89] and its modifications [90, 91]. In NEB the fixed reactant and product struc-
tures are connected with each other by a sequence of images, which is called a chain or band.
To compensate the real (true) force acting on an image from the PES, which pulls the im-
age towards the reactant or product structure, the spurious spring force ~Fs is introduced. The
coordinates of each image are to be optimised during the calculation.

In such a formulation NEB has two shortcomings: the sliding-down phenomenon, when the
resolution of the chain at the saddle point is less than at the local minima structures and the
corner cutting, which is induced by the spurious spring force at the curved PES regions. Both
problems may be solved by projecting out the component of the spring force perpendicular to
the chain and the tangent component of the true force. Thus, the total force acting on the i-th
image is defined as follows:

~Fi = ~F
s‖
i +~F∇⊥

i , (2.9)

where ~F∇⊥
i is the perpendicular component of the true force and ~F

s‖
i is the parallel component

of the spring force. The former one is represented as follows:

~F∇⊥
i = ~F∇

i − (~F∇
i ·~τi)~τi, (2.10)

where~τi is the unit tangent vector at the image i.

In the first implementations of NEB [87–89] the spring force was given by:

~F
s‖
i =

{
k
[
(~Ri+1 −~Ri)− (~Ri −~Ri−1)

]
·~τi

}
~τi, (2.11)

where ~Ri is the radius-vector pointing out at the i-th image and k is the force constant. In the
Improved Tangent Nudged Elastic Band (IT-NEB) modification [91, 92] the spring force is
given by the following expression:

~F
s‖
i = k

(∣∣∣~Ri+1 −~Ri

∣∣∣−
∣∣∣~Ri −~Ri−1

∣∣∣
)
~τi, (2.12)

which improves the spacing between images in the case of high curvature.

In the original version the tangent~τi was given as:

~τi =
~Ri+1 −~Ri−1∣∣∣~Ri+1 −~Ri−1

∣∣∣
. (2.13)

Eq. (2.13) was improved in the Bisection Nudged Elastic Band (B-NEB) method to provide
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more even spacing between the images at high curvature regions of the MEP:




~τi =
~Ri −~Ri−1∣∣∣~Ri −~Ri−1

∣∣∣
+

~Ri+1 −~Ri∣∣∣~Ri+1 −~Ri

∣∣∣

~τi →
~τi

|~τi|
.

(2.14)

In Ref. 92 it was proposed to use only one image with the highest energy instead of two in
Eq. (2.14). The new tangent takes the form:

~τi =





~Ri+1 −~Ri∣∣∣~Ri+1 −~Ri

∣∣∣
, Ei+1 > Ei > Ei−1

~Ri −~Ri−1∣∣∣~Ri −~Ri−1

∣∣∣
, Ei+1 < Ei < Ei−1,

(2.15)

where Ei is the energy at the i-th image. In the latter case, the convergence of the chain to the
MEP is good if a large enough number of images is involved.

For an accurate calculation of the saddle point and the activation barrier, the Climbing
Image Nudged Elastic Band method (CI-NEB) [91] is used. The change is due to the total
force acting on only one, the highest in energy, image (see Figure 2.2). Instead of Eq. (2.9)
the total force for that image is given by:

~Fi = ~F∇
i −2~F∇‖

i . (2.16)

The highest-energy image is not affected by the spring force at all and the second term in
Eq. (2.16) drives the highest-energy image up towards the saddle point. The forces acting on
other images are given by Eq. (2.9).

The main shortcoming of CI-NEB is that an accurate estimation of the tangent vector de-
mands a good resolution of the image grid. Since the saddle point is of special interest in the
CI-NEB method the better resolution in the region at the saddle point is desirable. This is
possible to accomplish by manipulating the force constant ki in Eq. (2.12). Indeed, since the
force constant affects only the distribution of images along the band, the choice of different
ki for different images does not affect the convergence of the chain to the MEP, as far as the
number of images is large enough. Thus, in Ref. 91 the linear dependency of ki on the energy
of an image was used. This results in the stronger spring constants at the saddle point region
and more dense image grid than they are at the images with lower energies. Such unevenly
distribution of the force constant leads to the more efficient distribution of the images along
the MEP for some reactions, where the MEP has both a sharp peak and a flat region.
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Figure 2.2: The total forces (FNEB
i and FCI

l ) acting on the ordinary “i” and climbing “l” images in the
CI-NEB approach. The dashed line marks the “true” MEP, the solid line marks the intermediate band to
be converged to the MEP. Reproduced from Ref. 93, with the permission of AIP Publishing.

2.2.3 Transition State Theory

The knowledge of the PES not only provides the detailed information about the equilibrium
structure of a system but also allows to calculate the rates of chemical reactions i.e. the tran-
sition from one local minimum to other. In practice, an accurate calculation of the PES is a
difficult task, so in the most cases only the information about the local minima and transition
structures, obtained within the common iterative schemes and CI-NEB, is available. It was
shown by H. Eyring, M. Evans and M. Polanyi [84, 94, 95] that this information is enough for
an estimation of absolute rates of the elementary chemical reactions. The resulting approach,
called TST, successfully incorporates a few fields of physics and chemistry such as: (i) ther-
modynamics, (ii) kinetic theory and (iii) statistical mechanics. It is based on the following
assumptions:

1. The system is in thermodynamic equilibrium.

2. The reaction is proceeding along one coordinate – the reaction coordinate, which corre-
sponds to the MEP.

3. The excited state of a system at the transition structure on the PES, called the activated

complex, is in quasiequilibrium with the reactants.

4. The formation of the product from the activated complex is an irreversible process.
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Figure 2.3: Chemical reaction from the TST point of view. On the left, a two dimensional PES, which is
cut through the MEP, is shown. On the right, the corresponding projection of the PES onto the cutting
plane is presented.

Thus, the elementary reaction within TST looks as follows (see Figure 2.3):

A
K‡

←→ A‡ r−→C, (2.17)

where A are reactants, A‡ is an activated complex and C are products. Since the activated
complex is in equilibrium with the reactants, the relative concentration of the corresponding
species is described by the equilibrium constant K‡ as follows:

K‡ =

[
A‡

]

[A]
= exp

(
−G‡

kT

)
, (2.18)

where the square brackets indicate the concentration of the corresponding species and G‡ is
the activation free energy, i.e. G‡ = GA‡ −GA.

The rate of the irreversible reaction r from the activated complex to the product equals to the
concentration of the activated complex and reversed time needed to overcome the transition
structure. The latter may be estimated with the imaginary frequency ν :

r = ν
[
A‡

]
= ν K‡ [A] . (2.19)
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This vibrational frequency may be estimated according to the semiclassical equipartition
theorem, which states that energy is distributed equally among the harmonic oscillators:

hν = kT. (2.20)

Eqs. (2.18-2.20) result in the following expression for the rate constant k:




r = k(T ) [A]

k(T ) = κ
kT

h
exp

(
−G‡

kT

)
,

(2.21)

the factor κ is the quantum tunnelling correction, which was neglected during the derivation.
TST became a common accepted tool for an estimation of the reaction rates. Nevertheless,

the approximations made along the derivation of Eq. (2.21) preclude the applicability of TST
to several kinds of reactions and systems:

1. Systems which are not in the thermodynamic equilibrium. In this case the reactant –
activated complex ratio cannot be described with the equilibrium constant and Eq. (2.18)
is not valid. Moreover, nonequilibrium conditions may exhibit nonlinear dependency of
the reaction rate with respect to the concentration of species, i.e. for such processes
Eq. (2.19) is not valid anymore.

2. Systems with a complicated PES. In this case more than one dimension is needed to
describe the reaction.

3. High temperatures and fast reactions. The problem is the same like for the compli-
cated PES, i.e. consideration of a few almost degenerate reaction paths is needed.

4. Systems with light atoms. In these systems the tunnelling effect may significantly
affect the reaction rate. Treating such systems with Eq. (2.21) is possible but an accurate
estimation of the κ constant is needed. The calculation of this constant is outside the
scope of the TST theory.

Because of the approximations the reaction rates obtained within TST have rather qualitative
meaning and should be compared with each other with a certain amount of care. Nevertheless,
the TST theory provides a reasonable insight into how the elementary chemical reactions
proceed, thereby giving the basis for the chemical kinetic theory.

2.3 Density Functional Theory

The nonrelativistic quantum mechanics is based on the Schrödinger equation and the wave
function of the whole system composed of nuclei and electrons. The Born-Oppenheimer ap-
proximation (see Sec. 2.2.1) makes it possible to separate the nuclear and electrons subsystems
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into different equations which may be considered independently. In Sec. 2.2, the interconnec-
tion between the nuclear positions and the system properties was addressed. In this section
the electronic subsystem is of the main interest. However, an exact solution of the electronic
Schrödinger equation for any system containing more than one electron is impossible. A lot of
wave function based methods were proposed to overcome this problem introducing different
approximations. The actual problem is not due to finding the way to calculate the many-
electron wave function, but rather in the description of the interacting system with the wave
function themselves. Indeed, the concept of the wave function has a few main shortcomings:

1. The complex multiconfigurational wave function is not an observable object. It cannot
be directly measured in any kind of experiment.

2. The wave function is not an unique function. It is defined with respect to an arbitrary
unitary transformation.

3. The wave function of a quite large system cannot be calculated with satisfactory accu-
racy. Thus, if we define the error inherent to the one-electron wave function through
the deviation of its norm from unity, i.e. as (1− ε), where ε is a small number, then
the error introduced in the N electron wave function is proportional to (1− ε)N . This
quantity vanishes extremely fast for any large enough N ≈ 103 even for relatively small
deviations ε , which always exist due to the numerical errors or applied approximations.

4. Even if the wave function of an appropriate accuracy may be calculated, it cannot be
saved for large systems. Indeed, if we assume that q = 3 bits is enough to save a variable
then the full wave function of N = 103 electrons would need q3N = 271000 bits that is
indeed an unrealistic value.

The last two problems are sometimes called the Van Vleck catastrophe [96, 97] and bring us
to the conclusion that the wave function for a large system is not, at least, a feasible descrip-
tion, even if it is fundamentally correct. The first two problems suggest that the wave func-
tion contains more information than it is actually needed to describe the measurable physical
properties of the system and, therefore, the nature of the wave function is not completely
understood [98–100].

The idea to find such a quantity, which on the one hand is connected with the wave function
in a simple manner and on the other hand is experimentally observable and depends on a small
number of independent variables, brings us to the formulation of the DFT approach. Indeed,
the electron density is observable [101] and an intuitively clear quantity, which depends only
on three dimensional coordinates for a system of any size. Even before DFT was formulated it
had been clear [101] that a lot of the atomic and molecular properties may be calculated with
only knowledge of the electron density. With the advent of DFT “the electron density, and
only the electron density, starts to play the key role” [102].

The main shortcoming of DFT is that the exact mathematical form of the fundamental
exchange-correlation functional is not known. This does not allow, strictly speaking, to call
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DFT an ab initio method. However, as far as at some day the exact form of the exchange-
correlation functional is, hopefully, found, DFT becomes an ab initio approach. So far, it may
be called “asymptotically in time” ab initio method.

The DFT concept is based on the two Hohenberg-Kohn fundamental lemmas. The first
lemma states [103, 104]: “The ground-state density ρ̃(r) of a bound system of interacting
electrons in some external potential v(r) determines this potential uniquely”. If the external
potential may be restored from the ground state electronic density then the full Hamiltonian as
well as any other properties of the electronic system are implicitly included in the electronic
density. Thus, any ground-state property is a functional of the electronic density, particularly,
the total energy E[ρ̃]. In that sense the first lemma is a proof of existence in its nature. It
ensures that the proper functional exist but does not provide any recipe to find it.

The Rayleigh-Ritz minimal principle is known as an alternative to the Schrödinger equation
way to calculate the wave function of the system. The reformulation of that principle in terms
of the electronic density is an essence of the second Hohenberg-Kohn lemma [103]. It states
that any trial electronic density ρ(r) results in a higher energy E[ρ] than the true electronic
density ρ̃(r) of the ground state.

The second lemma provides the way to calculate the ground-state electronic density if the
functional E[ρ] is known. Nevertheless, computationally more convenient approach is an-
other formulation of the minimum principle leading to the self-consistent Kohn-Sham equa-
tions [105] formally similar to the Hartree equations. Thus, it brings us back to the one-
electron wave functions, which move in an artificial effective external potential veff formed by
nuclei and all other electrons. The electron density is connected with the fictitious one-electron
wave functions ϕi(r) as follows:

ρ(r) =
N

∑
i=1

|ϕi(r)|2 , (2.22)

where N is the number of electrons. The wave functions ϕi(r) satisfy the equations:
(
−1

2
∆+ veff(r)

)
ϕi(r) = εiϕi(r), (2.23)

where εi is the Kohn-Sham energy of the i-th electron, veff(r) is defined for an atom with
nuclear charge Z as follows:

veff(r) =−Z

r
+

∫
ρ(r′)
|r− r′| dr′+ vxc(r), (2.24)

where

vxc(r) =
δExc[ρ]

δρ

∣∣∣∣
ρ=ρ̃

(2.25)
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is the local exchange-correlation potential, which implicitly depends on the electronic density
ρ̃ and Exc[ρ] is the exchange-correlation energy functional, which accounts for not only all
exchange and correlation effects but also includes corrections due to differences in the kinetic
energies of the interacting electron system and the fictitious noninteracting electron gas.

The Kohn-Sham one-electron wave functions as well as their energies (except the highest
occupied state which energy is equal to the ionisation energy [106]) are in nature unrealistic
and unobservable. They are introduced as a convenient way to obtain the electronic density
through Eq. (2.22). The Kohn-Sham wave functions are also used wherever the mean values
of some experimental quantities cannot be formalised entirely in terms of electronic density,
such as transition probabilities.

The Kohn-Sham equations are similar to the Hartree and Hartree-Fock equations. In all
three approaches the one-electron wave functions are fictitious mathematical objects aimed to
obtain the desirable quantity. That desirable quantity in the Hartree and Hartree-Fock theories
is the many-electron wave function, which gives the lowest possible total energy of the system
within one determinant representation. In such a way, the HF one-electron wave functions
are called optimal in energy. In the same way, the Kohn-Sham orbitals are optimal in the
electronic density.

The Hartree-Fock equations give the approximate total energy since the electronic corre-
lation is completely neglected. The Kohn-Sham equations provide the exact total energy,
provided the exact form of Exc[ρ] is known. Thus, the main difference between both meth-
ods is well expressed in Ref. 107:“... while solutions to the [Hartree-Fock equation] may
be viewed as exact solutions to an approximate description, the [Kohn-Sham equations] are
approximations to an exact description!”.

Besides the electronic correlations, the vxc functional also includes the exchange interaction
in a local way. This inexact character of vxc for treating electronic exchange causes a lot of
inaccuracies called the self-interaction problem, which is just partially overcome in hybrid
functionals.

All complicated many-body effects due to the electronic correlations are now placed in the
vxc term. If the exact form of vxc is found, the Eqs. (2.23) provide the solution of the original
electronic Schödinger equation (see Eq. 2.5). Thus, all following development of DFT is
focused specifically on the exchange-correlation term, which should be efficient, simple and
at the same time accurate.

2.4 Exchange-Correlation Functionals

All existing exchange-correlation functionals may be classified according to one of two similar
schemes. In the first classification, mostly known as “Jacobs’s ladder” [108], all functionals
are distributed along steps of the “ladder” as it is shown in Figure 2.4. The Hartree approach,
which completely neglects any exchange and correlation, is at the ground of the “ladder”
and the exact exchange-correlation functional is in the “heaven”. Another way to categorise
functionals was proposed by Scuseria [109] and is based on the way Exc is designed:
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Figure 2.4: The classification of exchange-correlation functionals according to their achievable accu-
racy. On the left side of the “ladder”, the classes of functionals are presented. On the right side, the
key electronic structure quantities, which are needed (as compared with the lower step of the ladder)
for evaluation of the corresponding functional are shown. Note: The term “achievable accuracy” em-
phasises that there is no systematic improvement in accuracy for the higher steps in Jacobs ladder
as compared with the lower ones. However, because of the more degrees of freedom the maximal or
achievable accuracy is generally higher for the former functionals.

• Local Density Approximation functionals (LDA). The group of functionals based on
the exact analytical expressions for the uniform electron gas, which has the form:

ELDA
xc [ρ] =

∫
εxc(ρ)dr =

∫
ǫxc (ρ)ρ(r)dr, (2.26)

where εxc(ρ) is the exchange-correlation energy density and ǫxc (ρ) is the exchange-
correlation energy per electron.

• Density Gradient Expansion functionals (DGE). These functionals are based on the
direct three dimensional Taylor series expansion of the exchange-correlation energy
with respect to the electronic density:

EDGE
xc [ρ] =

∫ (
ε
(0)
xc (ρ)+ ε

(1)
xc (ρ)∇ρ + . . .

)
dr. (2.27)
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2.4 Exchange-Correlation Functionals

Although the calculation of the expansion coefficients ε
(n)
xc (ρ) is computationally ex-

pensive, the actual accuracy of the DGE functionals is questionable and in many cases
does not exceed the accuracy of LDA [110].

• Generalised Gradient Approximation. The generalisation of the DGE approach. In-
stead of the direct expansion to the Taylor series, a new form of the exchange-correlation
energy density depending on the electronic density and its gradient is assumed. The gen-
eral expression is:

EGGA
xc [ρ] =

∫
εxc(ρ,∇ρ)dr. (2.28)

The specific form of the exchange-correlation energy density εxc(ρ,∇ρ) is chosen to
satisfy some important constraints of the exact functional. If higher derivatives in εxc
are included, the corresponding functionals are called meta-GGA.

• Empirical functionals. A chosen analytical ansatz is parametrised by a number of
fitting parameters, which suppose to reproduce some experimental thermochemical or
atomic properties of benchmark systems. The functionals, which are a linear combina-
tion of other functionals are also attributed to this group. The general form is:

Exc[ρ] = ∑
k

Ck

∫
ε
(k)
xc (ρ,∇ρ, . . . ;ak,bk, . . .)dr, (2.29)

where {Ck},{ak},{bk}, . . . are fitting parameters.

• Hybrid functionals. The functionals with a certain amount of the exact exchange:

E
hyb
xc [ρ] =

∫ (
aεHF

x (r)+(1−a)εDFT
x (r)+ εDFT

c (r)
)

dr, (2.30)

where εHF
x is Hartree-Fock-like exchange, which, nevertheless, is related to the Kohn-

Sham wave functions. This term sometimes is called “exact exchange” to emphasize the
difference from the “true” Hartree-Fock exchange on the Hartree-Fock wave functions.
Throughout this work, the both terms are considered as interchangeable, but the related
quantities are symbolically noted with “HF”.

Local Density Approximation. Obviously, LDA is exact for the uniform electron gas and,
therefore, is supposed to work well for systems where the electronic density changes slowly

within the characteristic region called the local Fermi wavelength λF(r) =
[
3π2ρ(r)

]− 1
3 . The

exchange-correlation energy is usually divided into the exchange and correlation parts:

ǫxc (ρ) =ǫx (ρ)+ ǫc (ρ), (2.31)
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where the expression for exchange is known exactly [111, 112]:

ǫx=−9α

8
3

√
9

4π2

1
rs
, (2.32)

where α = 2
3 , rs is the effective radius of an electron, i.e. the radius of a sphere containing one

electron if the system is the uniform electron gas with density ρ(r). Other values of α are also
used. For example, the Slater and Xα approaches are based on the parameter α equal to 1 and
3/4, respectively. The effective electron radius depends only on the electronic density:

rs(ρ) =
3

√
3

4πρ(r)
. (2.33)

The LSDA is a generalisation of LDA for spin-polarised systems. The exchange-correlation
functional rather depends on the electronic densities with different spins independently, than
only on the total density. Convenient designations are the relative spin polarisation ζ and the
total electronic density ρ , which are related to the spin up ρ↑ and spin down ρ↓ densities as
follows: 




ζ =
ρ↑−ρ↓

ρ↑+ρ↓

ρ = ρ↑+ρ↓.

(2.34)

In the new notations Eq. (2.26) takes the form:

ELSDA
xc [ρ,ζ ] =

∫
ǫxc (ρ,ζ )ρ(r)dr. (2.35)

The corresponding expression for the exchange potential is an interpolation between the
paramagnetic (ζ = 0) and ferromagnetic (ζ =±1) limits:

ǫx (ρ,ζ ) =ǫ
P (ρ)+

[
ǫ

F (ρ)− ǫ
P (ρ)

]
(
(1+ζ )

4
3 +(1−ζ )

4
3 −2

2( 3
√

2−1)

)
, (2.36)

where ǫ
P and ǫ

F are the para- and ferromagnetic exchange potentials (see Eq. (2.32)).

An unique analytical form of the correlation part does not exist even for the uniform elec-
tron gas. Thus, the main difference between the majority of the existing LDA functionals
stems from the way how the correlation contribution from the many-electron calculations is
interpolated. One of the first and simplest estimations was given in Ref. 113:

ǫc (ρ) =− 0.44
rs +7.8

. (2.37)

So far, the analytical expressions are known only for the paramagnetic and ferromagnetic cases
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2.4 Exchange-Correlation Functionals

at the high and low density limits. Moreover, the corresponding accurate numerical values for
some intermediate densities are known from the quantum Monte Carlo technique [114]. Based
on these results, a few interpolations between the low and high densities were suggested:

• Perdew and Zunger (PZ81) [115].

• Voskov Wilk Nusair (VWN) [116].

• Perdew and Wang 1992 (PW92) [117].

and two schemes for interpolation between para- and ferromagnetic states:

• Von Barth and Hedin [118], which is similar to the corresponding interpolation for ex-
change (see Eq. (2.36)).

• Voskov Wilk Nusair [116], which is more complicated and accurate than the Von Barth
and Hedin scheme.

The LDA works reasonably well for simple metals. Overall, the accuracy of LDA was
found to be surprisingly good even for a much broader class of systems due to the systematic
error cancellation between the underestimated correlation and overestimated exchange con-
tributions. Thus, atomic ionisation, cohesive and dissociation energies are calculated with an
accuracy of ca. 20 %. Lattice constants are reproduced much better with an accuracy of ca.
2 %. Exceptions are transition metal compounds with the strongly localised d- and f - states
and systems, where the dispersion forces are of crucial importance.

Generalised Gradient Approximation. The LDA functionals are good for systems with
slowly changing density. The next step is to take the density gradient into account for more
rapid behaviour. However, the direct expansion of the exchange-correlation energy density
into the three dimensional Taylor series led to dissapointing results due to too rapid variations
of the electronic density in the systems of interest like molecules and atoms. This is why so far
the original DGE class of functionals based on such expansion serves only as an exact smooth
density limit for the GGA functionals. The GGA functionals have more general form (see
Eq. (2.28)). The additional freedom due to the choice of the form of the exchange-correlation
energy density εxc(ρ,∇ρ) is employed to fulfil a number of important analytical properties of
the exact exchange-correlation functional. The most important properties are:

1. The asymptotic behaviour of the exchange potential vx(r):

lim
r→∞

vx(r) =−1
r
+C. (2.38)

2. The asymptotic behaviour of the exchange energy density εx(r):

lim
r→∞

εx(r) =−ρ(r)

2r
. (2.39)
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3. The normalisation of the exchange-correlation hole hxc(r1,r2):
∫

hxc(r1,r2)dr2 =−1, (2.40)

where the exchange-correlation hole is defined as an electronic density deficiency with
respect to the mean value ρ(r2) at the point r2 caused by the presence of an electron at
the point r1.

4. The approximate GGA functionals should reduce to direct expansion of the exchange-
correlation energy density into the Taylor series at the low density gradient limit.

5. Due to semilocal character of the GGA functionals, they are supposed to reproduce the
correct van der Waals interaction (vdW) at medium range distance.

The exchange part of the GGA functionals is usually represented with respect to the ex-
change in the LDA approximation:

EGGA
x [ρ] =

∫
ǫ

GGA
x (ρ,s)ρ(r)dr =

∫
ǫ

LDA
x (ρ)Fx(s)ρ(r)dr, (2.41)

where s = |∇ρ| ·ρ− 4
3 is called reduced density gradient and Fx(s) is an enhancement factor.

The different GGA functionals have different form of the enhancement factor and, therefore,
fulfil different constraints of the exact exchange functional. Unfortunately, it was proved that
neither GGA functional is able to reproduce all exact properties simultaneously and including
the higher derivatives is needed. Thus, the Eqs. (2.39) and (2.38) are incompatible within
GGA [119]. This fact accounts for such a large number of the existing GGA functionals,
where one constraint was neglected in favour of others, which seems to be more reliable.

The correlation functional has the following general form:

EGGA
c [ρ,ζ ] =

∫ [
ǫ

LSDA
c (ρ,ζ )+H(ρ,ζ , t)

]
ρ(r)dr, (2.42)

where t is the reduced gradient:




t =
|∇ρ|

2φksρ

φ(ζ ) =
3
√

(1+ζ )2 + 3
√

(1−ζ )2

2

(2.43)

and ks =
√

4kF/π , where kF = 3
√

3π2ρ . The gradient correction H(ζ , t) is supposed to satisfy
the following important conditions [120]:

1. At the low gradient limit, it should reduce to the correct second order term in the direct
expansion of the correlation energy to the Taylor series.
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2.4 Exchange-Correlation Functionals

2. At the high gradient limit, the correlation energy should be zero.

3. It should satisfy the uniform scaling of density [121]:

{
ργ(r) = γ3ρ(γr)

lim
γ→∞

Ec[ργ ]>−∞.
(2.44)

In the nonempirical PW91 exchange functional [122,123] the correct asymptotic behaviour
of the exchange energy density (see Eq. (2.39)) is neglected to satisfy a number of other
constraints. One of which is the exchange-correlation hole normalisation (see Eq. (2.40)),
which is achieved by the cutoff procedure in real space [124, 125]. So far, the more accurate
and widely-used functionals are Perdew-Burke-Ernzerhof functionals (PBE) [120]. They have
a simplified enhancement factor that leads to a better reduction of GGA to LDA at the small
gradient limit.

Overall, the PW91 and PBE functionals give similar results and are considered as inter-
changeable. Both functionals satisfy the maximal number of exact conditions, which may be
fulfilled within GGA. The higher orders of density derivatives are needed to implement more
constraints valid for the exact exchange-correlation functional. Thus, the condition that the
correlation energy vanishes for any one-electron density, so-called self-correlation correction,
may be imposed only if the second derivatives of the electronic density are included [126,127].
However, the meta-GGA functionals are computationally much more demanding than LDA
or GGA and less numerically stable. Moreover, as LDA or GGA functionals, they suffer from
a number of problems typically inherent to the semilocal approaches like the self-interaction
problem. Thus, the inclusion of higher derivatives does not significantly improve the accuracy.
This is why the GGA functionals, such as PBE, which give more accurate results than LDA
and at the same time are not so computationally expensive as meta-GGA, are the basic class
of functionals used in computational chemistry and solid-state physics.

Hybrid functionals. The main shortcoming of the exchange-correlation functionals in its
local or semilocal approximations is the self-interaction error. The straightforward way to
overcome such a problem is to add a fraction of the exact exchange. This leads to the class
of hybrid functionals, whose accuracy is significantly improved as compared to the standard
GGA or meta-GGA functionals and whose computational costs are still feasible. All hybrid
functionals are divided into two groups: global hybrid and local hybrid functionals.

For the former group the fraction of the exact exchange does not depend on the posi-
tion. Thus, for one of the most successful three-parameter hybrid functionals, B3LYP [128],
Eq. (2.30) reduces to the form:

EB3LYP
xc [ρ] = a0EHF

x [ρ]+ (1−a0)E
LSDA
x [ρ]+ax∆EB88

x [ρ]+

+(1−ac)E
VWN
c [ρ]+acELY P

c [ρ], (2.45)
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where a0 = 0.20, ax = 0.72 and ac = 0.81 are empirical parameters fitted to a number of ioni-
sation potentials and atomisation energies [129] and EVWN

c is the VWN correlation term. The
well known simplified version of Eq. (2.45) is implemented in the PBE0 [130,131] functional:

EPBE0
xc [ρ] = a0EHF

x [ρ]+ (1−a0)E
PBE
x [ρ]+EPBE

c [ρ]. (2.46)

It is almost as accurate as the original B3LYP but has only one empirical parameter a0 = 0.25
fitted to atomisation energies of a number of typical molecules.

The PBE0 functional reproduces the properties of molecules and solids well, however it
becomes computationally expensive for the calculation of crystals with a narrow band gap,
especially metals. To reduce the computational resources the exact Coulomb interaction was
proposed to be separated into the short- and long-range parts:

1
r
=

1− erf(wr)

r
+

erf(wr)

r
, (2.47)

where w is a parameter and the first term is attributed to the fast decaying “screened” short-
range exchange-correlation functional ESR

xc , and the second term is the long-range counterpart
ELR

xc . The exact exchange is applied only to the short-range part while the slowest decaying
long-range contribution is replaced with that of the PBE functional, which can be obtained
in analytical form [132]. It results in the wPBEh class of functionals, which are called the
screened hybrid functionals and have the following form:

EwPBEh
xc [ρ] = a0

(
EHF, SR

x [ρ]+EPBE, LR
x [ρ]

)
+(1−a0)E

PBE
x [ρ]+EPBE

c [ρ]. (2.48)

For the limit cases w = 0 and w = ∞ the wPBEh functional is identical to the PBE0 and PBE
functionals, respectively. The well known Heyd-Scuseria-Ernzerhof functionals (HSE) [133],
which significantly improves the description of semiconductor electronic structure [134], also
belongs to the wPBEh class of screened hybrid functionals.

The division of Coulomb interaction into the short- and long-range parts is also used in
the Coulomb attenuated hybrids [135–137]. In opposite to the wPBEh functionals, there the
short-range part is approximated by DFT, while the long-range contribution is kept exact to
reproduce the correct asymptotic behaviour of the exchange energy density. This partially
accounts for the vdW interactions as well.

The self-interaction problem is just partially reduced in the global hybrid functionals due
to a fraction of the exact exchange, however it is not completely solved. This problem may
be overcome [138] by the generalisation of the global hybrids expression, where the mixing
parameter a0 is replaced with a local mixing function a(r), i.e. the general expression of the
local hybrid functional takes the form:

E loc
xc [ρ] =

∫ [
a(r)εHF

x (r)+ [1−a(r)]εDFT
x (r)+ εDFT

c (r)
]

dr. (2.49)

The specific choice of a(r) should eliminate the self-interaction in the one-electron regions.
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The contemporary exchange-correlation functionals reproduce a great number of properties
of molecules, atoms and crystals with reasonable accuracy. However, there are broad classes
of systems, where even the most sophisticated and advanced functionals fail to reproduce
the correct experimental quantities. To such a system we can attribute the broad class of
layered structures, where the long-range vdW interaction is of crucial importance. For the
investigation of adsorption phenomena, the correct description of the dispersion force is often
needed to account for the dipole-dipole interaction between polarised adsorbed molecule and
surface. The broad class of the transition metal oxides is poorly described by the local and
semilocal approaches due to the lack of description of the strongly correlated localised d- and
f - orbitals. As far as the exact exchange-correlation functional is not found, the problematic
systems may be treated either within the accurate wave function based methods or by virtue of
empirical corrections to DFT taking specific physical processes or interactions into account.
The wave function based methods are extremely expensive, so that only the consideration of
small systems is currently possible. Empirical corrections to DFT are strongly system-specific
and need one or more fitting parameters. It is also not always obvious, which corrections
should be included for a certain system of interest without preliminary investigation. However,
the computational costs of calculations within DFT and its empirical corrections are of the
same order of magnitude as the costs of standard DFT calculations, so that the quite large
systems of interest are possible to consider. In the same time, if corrective methods are chosen
properly with well fitted parameters, the adequate theoretical description of the problematic
system is possible to achieve. Thus, two of the most important corrective methods for the
water adsorption on the Fe2O3 surface are considered in Sec. 2.5.

2.5 Electronic Correlations

2.5.1 Model Hamiltonians

In Sec. (2.3) it was discussed that an approximate exchange-correlation functional cannot sat-
isfy all constraints valid for exact Exc[ρ]. The violation of such exact constraints leads to a
number of problems inherent to the conventional LDA and GGA functionals. One such prob-
lem is the self-interaction error, which stems from the incomplete cancellation of the Coulomb
repulsion and exchange interaction contributions. The rest of such artificial interaction makes
different parts of the same electron repel each other leading to the overdelocalisation of the
electronic density and thereby to the overstabilisation of a metallic-like ground state. Illus-
trative examples of the problematic systems are the Mott insulators [139], where the spurious
overdelocalisation predicted by DFT leads to the metallic ground state. The self-interaction
error is directly connected to the wrong curvature of the energy functional with respect to the
occupation numbers, while the exact functional is supposed to demonstrate linear behaviour.
Another important constraint imposed to the exact functional is the exchange-correlation dis-
continuity with respect to the occupation numbers of the localised atomic-like states, which
is reflected in the fundamental band gap of semiconductors and isolators. The violation of
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these constraints leads to an unsatisfactory description of the broad class of materials. The
cheapest, in computational sense, way to improve the DFT description of these problematic
strongly correlated materials is based on an addition of the corrective part based on model
Hamiltonians to the DFT functional [140]. The following classification of such methods is
based on the two particle electronic interaction term in the second quantisation form:

Eint =
1
2 ∑

I,J,K,L
∑

i, j,k,l
∑

σ ,σ ′
V IJKL

i jkl

(
nKIσ

ki nLJσ ′
l j −δσσ ′ nKJσ

k j nLIσ ′
li

)
, (2.50)

where 



nLJσ
l j = ∑

nk

f σ
nk 〈ψσ

nk |φ J
j 〉 〈φ L

l |ψσ
nk 〉

V IJKL
i jkl = 〈φ I

i φ J
j |V̂ee |φ K

k φ L
l 〉 ,

(2.51)

V̂ee is the Coulomb operator, ψσ
nk are Kohn-Sham crystal orbitals with nk quantum numbers

and σ is spin, f σ
nk are the corresponding occupation numbers of the Kohn-Sham orbitals, nLJσ

l j

are generalised occupation numbers related to two localised atomic-like basis functions φ L
l

and φ J
j , I,J,K,L are site indexes and i, j,k, l are quantum numbers excluding spin.

All the corrective methods of such kind are based on the substitution of the wrong DFT
electron-electron interaction part by the improved Hubbard-like model for the subset of the
strongly localised d- and f - states, while the other electrons in the systems are described with
the standard DFT functional. Thus, the general expression takes the form:

E[ρ] = EDFT[ρ]+Eint[{nIJσ
i j }]−Edc[{nIσ}], (2.52)

where EDFT is the DFT total energy functional usually in the LDA or GGA form, Edc is the
double-counting term, i.e. the part of the interaction modelled by Eint and included in DFT in
a wrong manner and nIσ = ∑i nIIσ

ii .
The double-counting term is not uniquely defined. There are two common approximations:

• The Around Mean-Field (AMF) approximation [141–144].

• The Fully Localised Limit (FLL) approximation [20, 145–147].

The former formalism is more suitable for the weakly correlated systems like metals. The
latter one fits well to the strongly localised states. As the model Hamiltonian in Eq. (2.50) is
designed to describe the localised atom-like d- and f - states, it is not a surprise that the FLL
form is much more popular and wider-used than AMF. So from now on only the FLL case will
be considered.

DFT+U . The simplest method among the ones based on the Hubbard model Hamiltonian [148–
151] was described in detail in Refs. 22,141,145,146,152. The first proposed formulation was
not invariant with respect to the arbitrary unitary transformation (or, in other terms, rotation)
of the localised basis set used to define the occupation numbers. Thus, the Hubbard correction
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appeared to be basis set dependent and, therefore, poorly comparable from case to case. The
first fully orbital dependent rotational invariant form of the DFT+U method was proposed in
Ref. 147, where the Hubbard and double-counting terms keep close resemblance to the corre-
sponding Hartree-Fock Coulomb and exchange integrals. That formulation was also not well
accepted since the direct calculation of the respective Coulomb integrals brings us back to
hybrid functional computational costs. The consideration of these integrals as fitting param-
eters is impossible because of the large number of such integrals. This is why the simplified
formulation proposed in Ref. 20 becomes the most widely used. It may be obtained from the
full interaction Hamiltonian of Eq. (2.50) under the following approximations:

• Only the on-site terms survive.

• The exchange contribution is just partially taken into account, leading to one “effective”
parameter which is the repulsive Coulomb interaction reduced by exchange.

• The orbital-dependent two-electron integrals are replaced by their average values over
the magnetic quantum number.

• The corrective part is formulated in the rotationally invariant form to get rid of its de-
pendance on the choice of localised atomic basis set.

Thus, the general form is:

EDFT+U

(
[ρ],{nIIσ

i j }
)
= EDFT[ρ]+∑

I,σ

U I
eff

2
Tr

[
n̂Iσ (1− n̂Iσ )

]
, (2.53)

where n̂Iσ = {nIIσ
i j } is the on-site occupation number matrix and U I

eff =U I −JI is an effective
parameter, which incorporates the averaged Coulomb U I and exchange JI integrals. Essen-
tially, U I

eff is the averaged gap between the corresponding occupied and unoccupied states. The
potential associated with the Hubbard contribution is repulsive for the states with nIIσ

ii < 1/2
and attractive for all other states. Thus, the Hubbard correction encourages the integer occupa-
tion numbers, either 1 or 0, which leads to localisation of the electronic density on the specific
atomic orbitals. Increasing the occupation number at the site I by 1 leads to an increase of
energy by approximately U I

eff. This discontinuity of the potential is responsible for the appear-
ance of the band gap in the Density Of States (DOS) and is one of the main advantages of the
DFT+U approach. Although the value of U I

eff can be calculated [141, 153–155], it is often
considered as a fitting parameter. The latter way was also adopted for the present study.

DFT+U + J. The DFT+U approach was successfully applied to a number of systems with
a pronounced localisation character of the valence and conduction states. However, the “ef-
fective” inclusion of the exchange interaction in Eq. (2.53) makes it impossible to describe
a number of systems, where the intra-atomic Hund’s coupling is of importance. These are
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the systems with noncollinear magnetism [156,157], heavy fermion systems with strong spin-
orbit coupling [157, 158], iron based superconductors [159] and multiband metals [160, 161].
For such systems a more accurate consideration of the exchange interaction is needed. Such
method is called the DFT+U + J approach and the corresponding corrective term is obtained
from the general interaction Hamiltonian of Eq. (2.50) under the same approximation as for
the DFT+U approach but without neglecting respective exchange integrals:

EDFT+U+J

(
[ρ],{nIIσ

i j }
)
= EDFT[ρ]+

+∑
I,σ

U I − JI

2
Tr

[
n̂Iσ (1− n̂Iσ )

]
+∑

I,σ

JI

2
Tr

[
n̂Iσ n̂I−σ

]
. (2.54)

The DFT+U + J approach differs from the DFT+U one only by the last part at the right side
of Eq. (2.54). This additional term acts on the states with different spins, destabilising the
paramagnetic ground state of the system and leading to the parallel orientation of spins of
the localised states belonging to the same site according to Hund’s rule. Note that while the
DFT+U correction is just a simplification of the Hartree-Fock approach, the second term in
Eq. (2.54) is essentially beyond the Hartree-Fock approximation and cannot be justified within
the single determinant total wave function, thus, it accounts for on-site electronic correlation.

DFT+U +V . The straightforward generalisation of the DFT+U approach is to go beyond
the on-site Coulomb interaction and include the inter-site terms. This is done in DFT+U +V

method [162] based on the “extended” Hubbard model Hamiltonian. The respective interac-
tion Hamiltonian may be obtained from Eq. (2.50) under the same approximations as for the
DFT+U approach but the Coulomb interaction between two neighbouring sites is allowed:

EDFT+U+V

(
[ρ],{nIJσ

i j }
)
= EDFT[ρ]+

+∑
I,σ

U I
eff

2
Tr

[
n̂Iσ (1− n̂Iσ )

]
− ∑

I,J∈I ,σ

V IJ
eff

2
Tr

[
n̂IJσ n̂JI σ

]
, (2.55)

where n̂IJσ = {nIJσ
i j } is the general occupation number matrix, I is a set of sites neighbouring

the I-th site and V IJ
eff is the “effective” interaction between the I-th and J-th neighbouring sites.

While the second term (in fact DFT+U) in Eq. (2.55) leads to localisation of electrons on the
atomic states of the same site, the third term favours the localisation of the electrons on the
molecular states, which are a linear combination of the atomic states from the distinct neigh-
bouring sites, thereby encouraging the inter-site hybridisation (overlapping in terms accepted
in chemistry). It may seem that both terms are competing with each another and give rise to
different tendencies. In fact they are complementary. While the “+U” term prevents the spu-
rious delocalisation of the electron over the states belonging to the same site, the “+V ” term
prevents the electron delocalisation over molecular orbitals, thereby improving the covalent
character of the chemical bonding.
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General comments. The DFT+U , DFT+U +J and DFT+U +V corrective approaches are
often considered as a physically justified fitting of the electronic structure of problematic sys-
tems, which cannot be accurately reproduced with DFT. Indeed, DFT+U favours the electron
localisation on the specific f - and d- atomic orbitals and opens a gap between corresponding
occupied and unoccupied states. Since either the top of the valence band or the bottom of the
conduction band is typically formed by such orbitals the fundamental band gap in the total
DOS is also affected. The DFT+U + J approach stabilises the on-site magnetic ground state,
thereby accounting for the Hund’s rule, which is essentially attributed to electronic correlation
and cannot be reproduced correctly either within standard DFT or within hybrid functionals.
The DFT+U +V method goes beyond the on-site interaction and favours electron localisation
on the specific molecular orbitals, thereby giving rise to the covalent character of the chem-
ical bonding and inter-site hybridisation. All these methods have fitting parameters enabling
tuning the electronic structure to available experimental or theoretical data.

On the other hand the second term in Eqs. (2.53), (2.54) and (2.55) suggests the substi-
tution of the wrong quadratic dependence of the total energy functional on the number of
electrons with the correct linear one for the electrons with parallel aligned spins. The third
terms of Eqs. (2.54) and (2.55) compensate the quadratic behaviour for the on-site electrons
with antiparallel spins and for electrons localised at the neighbouring sites, respectively. Such
linear dependence of the energy functional on the number of electrons as well as potential
discontinuity for occupied and unoccupied states (i.e. improved band gap) are properties of
the exact exchange-correlation functional. In this way, the corrective methods based on the
Hubbard-type model Hamiltonian add the exact constraints to the approximate LDA or GGA
functionals, which cannot be met only within DFT. From the general Eq. (2.50) it becomes
clear that such quadratic term is nothing else than the spurious self-interaction, which is essen-
tially inherent to DFT and leads to electron overdelocalisation. The fact that the functionals
corrected by the DFT+U , DFT+U +J and DFT+U +V terms satisfy larger number of the ex-
act constraints and that the corresponding exchange-correlation potential vxc(r) = δE[ρ]/δρ
of the Kohn-Sham equations may be easily obtained, suggests that such corrective approaches
may be considered rather as the generalised Kohn-Sham formulation of DFT than as post
DFT corrections. It should be noted that the parameters of such DFT+U , DFT+U + J and
DFT+U +V methods are not essentially empirical. They may be computed ab initio but it
would significantly raise the computational costs to hybrid functional level and even higher.
Thus, the empirical spirit of such parameters should be treated rather as an unnecessary but
convenient simplification than the empirical nature of the methods.

The shortcomings of the DFT+U , DFT+U +J and DFT+U +V methods are directly con-
nected with the approximations made to obtain a specific method from general Eq. (2.50).
First of all, the corrections are applied only to a subset of the orbitals, which are usually
highly localised and for which, therefore, the self-interaction correction is the most important.
The next shortcoming comes from the averaged character of the U I , JI and V IJ parameters
over projections of the orbital momentum Lz and k-points. Finally, the linearisation of the
functional is restored rather with respect to the occupation numbers of atomic-like orbitals
than with respect to the total number of electrons. The justification is based on the represen-
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tation of the electronic structure as a “frame” consisting of localised d- and f - atomic states
immersed into the “bath” of the delocalised s- and p- crystal orbitals. Since the bottom of
the conduction band usually has the d- and f - character, the variation of the total number of
electrons is usually directly connected with the occupation numbers of such localised states.

2.5.2 Dispersion Interaction

The DFT theory itself is an exact formalism and is able to provide a description of a system
of any kind with an arbitrary accuracy. However, the actual accuracy is restricted by approx-
imations made for the exchange-correlation functional, which is usually chosen in its local
or semilocal form strictly valid only for the uniform electron gas. The artificial “locality” of
functionals causes a lot of problems for many kinds of systems. Some of these problems are
due to the self-interaction of an electron with itself and may be overcome using either a part of
the exact exchange or model Hamiltonians like it was discussed in Sec. 2.5.1 and 2.4. Other
problems are due to an incorrect asymptotic behaviour of the exchange-correlation potential
at long distances. Thus, the reaching of the “chemical accuracy” of large systems or systems
with distinct dipole-dipole interactions is impossible without direct accounting for the vdW
interactions. The vdW forces are electromagnetic forces between electric dipoles and may be
divided into the three following groups:

• The interaction between two permanent dipoles – the Keesom interaction.

• The interaction between one permanent and induced dipoles – the Debye interaction.

• The interaction between two induced dipoles – the dispersion or London interaction.

The first two effects are implicitly included into DFT through the Coulomb interaction of
charge densities. The last one is completely neglected within standard DFT. The dispersion
interaction originates from the quantum electrodynamic effect of the zero point energy fluctu-
ation of the vacuum. The vacuum fluctuation induces the dipole moment of the charge density
at some point r. The induced electric dipole, in its turn, induces another dipole at the point r′.
The resulting electrostatic energy gain integrated over both the coordinates r and r′ gives rise
to the total energy of the system and is called the dispersion energy. Obviously, by its origin
it is attributed to the electronic correlation. This explains why this interaction is not included
neither in DFT nor in HF. The electronic density in the Kohn-Sham theory is based only on
the occupied states and completely neglects any excitations. The electric dipole moments,
induced by vacuum fluctuation, may be described as an excitation of the ground state and,
therefore, need virtual orbitals being taken into account.

We will dwell on the most crucial dispersion interaction. The characteristic properties of
the dispersion forces is that they are much weaker than any other electrostatic forces in the
short-range region, where charge densities of different molecules overlaps. Nevertheless, it
is the extremely long-range acting force and dominates at the long-range limit accounting for
the ∼ 1/R6 asymptotic behaviour of the electrostatic potential. The structures of many weakly
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Figure 2.5: The four groups of the dispersion correction methods. The expressions below each group
reflect the quantity to be corrected.

bound layered systems or systems with pronounced dipole-dipole interactions strongly depend
on such long-range interaction and cannot be described within the semilocal DFT or hybrid
approaches. This is why the development of the appropriate theories, which explicitly account
for the dispersion correction was an active field of research in the last few decades [163–165].

All existing approaches may be divided into the four groups presented in Figure 2.5. The
main advantages/disadvantages of each group of corrections are summarised in Table 2.1. In
what follows, the only one method, which was used in the present study, will be discussed.

Semiclassical DFT+D method. The simplest way to account for dispersion is just to add
some semiclassical and semiempirical pairwise long-range dispersion contribution to the DFT
energy [166,167]. In general, the dispersion contribution is given by the following expression:

E+D
tot =−∑

AB
∑
n

sn
CAB

n

Rn
AB

fdamp(RAB), (2.56)

where the first sum runs over all atom pairs of the system, CAB
n is n-th order dispersion coef-

ficient for atoms A and B, fdamp(RAB) is the damping function, RAB is the distance between
atoms and sn is a global scaling factor, which is usually fitted to the used functional [168].

The damping function is given in one of the following two forms [169, 170]:

f
(1)
damp(RAB) =

1

1+6
(

RAB

sr,n·RAB
0

)−γ (2.57)
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Table 2.1: The advantages/disadvantages of each group of approaches accounting for the dispersion
interaction.

Property
Nonlocal Reparametrised Semiclassical One-electron

vdW GGA Corrections Potentials

Empirism Low Medium Medium High
Forces calc. Hard Easy Easy Easy
∼ R−6 asymptote Yes No Yes No
Thermochemistry Unknown Good Good Unknown
System specific Yes Yes Yes No
ρ(r) changes Yes Yes No Yes

or

f
(2)
damp(RAB) =

1

1+ exp
[
−γ

(
RAB

sr,n·RAB
0
−1

)] , (2.58)

where RAB
0 is the cutoff radius, sr,n is the global scaling factor and γ is a constant, which defines

steepness of damping. Damping is one of the most crucial parts of the DFT with semiclas-
sical dispersion correction (DFT+D) approach. The local and semilocal functionals are able
to reproduce the dispersion forces at the short distances, while the asymptotic expression in
Eq. (2.56) is designed to reflect the correct long-range asymptotic behaviour (see Figure 2.6).
In the medium range region both the short-range functional and asymptotic correction con-
tribute to some extent. The main aim of the damping function is to cut the asymptotic term
of Eq. (2.56) at the short distances to prevent the divergence of the potential and the double
counting of the dispersion at the small distances. The proper choice of the damping func-
tion lets also connect the dispersion contribution with the functional at the important medium
range. Typically, the damping function cuts off approximately 15 % of dispersion at the equi-
librium geometries of dispersion-bound complexes and approximately 90 % for systems with
hydrogen bonds. Thus, the equilibrium structure may turn out to be extremely sensitive to the
choice of the proper damping function for some systems. The specific damping is controlled
by the scaling factor, vdW radius and the shape of damping at the medium range region. Too
flat damping leads to overestimation of dispersion in systems with hydrogen bonds with re-
spect to the dispersion-bound ones. Too steep damping is not able to properly connect the
asymptotic term with the applied functional. Moreover, wrongly chosen damping may exhibit
a spurious repulsive behaviour, thereby affecting the equilibrium structure.

The CAB
6 dispersion coefficient should represent the correct asymptotic behaviour of the

dispersion interaction. The higher order coefficients are more short-ranged and operate at
the medium distances. They also are used to provide the correct connection between the
asymptotic 1/R6 behaviour with the functional. The maximal order of dispersion coefficients
needed is not yet clear. However, it is established that using only CAB

6 is not enough for a
correct representation at the medium distances. Thus, CAB

8 and CAB
10 contributions represent
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Figure 2.6: The qualitative separation of interaction ranges with respect to the dominating forces. The
electrostatic interaction dominates at short distances, while the dispersion force dominates at long
ranges. At medium ranges both interactions are comparable with each other. The arrows note the
distances, at which each group of the dispersion corrections correctly contributes.

approximately 20 – 30 % of the total dispersion energy at the equilibrium position of typical
systems. Nevertheless, inclusion of the higher orders leads to the divergence of potential at
short distances and to the numerical instabilities.

In spite of its semiclassical origin and wrong dependency on nucleus – nucleus distances
instead of correct density – density ones the DFT+D dispersion correction is able to provide a
very accurate description of weakly-bound complexes with an accuracy sometimes exceeding
the accuracy of MP2 calculations with medium and large basis sets [171]. However, DFT+D

methods are known to suffer from certain systematic errors especially in the description of
the hydrogen-bond complexes [171]. The biggest disadvantage of the DFT+D approach is
that the electronic density is not affected by dispersion. Hopefully, the effect of dispersion
on the electronic density is negligible. The most recent DFT+D method is DFT+D3 [172],
where some improvements were introduced to obtain higher accuracy and less empiricism. It
is claimed as a general tool for dispersion corrections in both solids and molecules and for any
kind of DFT functionals.
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3.1 Termination Stabilities

At the experimental conditions a surface is always in contact with a gaseous atmosphere. Un-
less on purpose, heating and any other change in conditions take place relatively slowly, so
the whole system is expected to be in thermodynamic equilibrium. The Fe2O3(0001) surface
stability is considered in thermodynamic equilibrium with the bulk Fe2O3 phase and oxygen
gaseous environment in the common accepted way [173]. Both the oxygen environment and
bulk phase act as infinitely large reservoirs of O and Fe species, which can donate or withdraw
particles from the surface region, thereby changing the surface composition without any con-
sequences for themselves. Nevertheless, the surface is modelled by a finite slab with relatively
small number of layers. Since the oxygen atmosphere is regulated by oxygen partial pressure
p and temperature T , the appropriate thermodynamic potential to describe the slab state is the
Gibbs free energy G(p,T,{Nν}), which implicitly depends on the slab composition, i.e. the
total number of iron NFe and oxygen NO particles. The appropriate quantity to describe the
surface stability is the surface free energy γ(p,T,{Nν}), which is defined as the Gibbs free
energy the system gains upon formation of the corresponding surfaces from the bulk phase:

γ(p,T,{Nν}) =
1
S

[
G(p,T,{Nν})− ∑

ν=Fe,O
Nν ·µν(p,T )

]
, (3.1)

where S is the total surface area, µν(p,T ) is the chemical potential of the species ν . The
chemical potentials of the iron and oxygen species are in fact the Gibbs free energy per corre-
sponding species in the bulk Fe2O3 phase and are interconnected with each other as follows:

2 µFe +3 µO = µFe2O3
, (3.2)

where µFe2O3
is the Gibbs free energy per formula unit of the bulk Fe2O3 phase. Employing

Eq. (3.2) it is possible to get rid of the iron chemical potential in Eq. (3.1):

γ(p,T,{Nν}) =
1
S

[(
3
2

NFe −NO

)
·µO +

(
G(p,T,{Nν})−

1
2

NFe ·µFe2O3

)]
. (3.3)

Now the surface free energy depends entirely on the oxygen chemical potential. Although
it is in principle possible to reach almost any oxygen partial pressure in the experiment, it is
worth to define the reasonable bounds the oxygen atmosphere is varied within. Indeed, at too
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high oxygen atmosphere, it starts to condensate at the surface. Thus, the oxygen rich limit is
defined as:

µmax
O =

1
2

µ
gas
O2

(p,T ), (3.4)

where µ
gas
O2

(p,T ) is the Gibbs free energy of the O2 molecule in the gas phase.
Two possible oxygen poor limits are considered here. The first one corresponds to the com-

plete decomposition of the Fe2O3 sample into the gaseous oxygen and metallic iron phases,
so that:

µmax
Fe = µmet

Fe (p,T ), (3.5)

where µmet
Fe (p,T ) is the Gibbs free energy of the metallic iron per one Fe.

The second oxygen poor limit corresponds to the reduction of the Fe2O3 sample to mag-
netite (Fe3O4). In the thermodynamic equilibrium with the bulk Fe3O4 phase the iron and
oxygen chemical potentials are connected as follows:

3 µFe +4 µO = µFe3O4
, (3.6)

where µFe3O4
is the Gibbs free energy per formula unit of bulk Fe3O4. The Eqs. (3.2, 3.4 – 3.6)

together determine the range of the oxygen chemical potential, it is allowed to vary within:

1
3

(
µFe2O3

−2 µmet
Fe

)
< 3 µFe2O3

−2 µFe3O4
< µO <

1
2

µ
gas
O2

. (3.7)

Note, strictly speaking, the bounds as well as the slab free energy are functions of pressure
and temperature. For simplicity reasons, we get rid of this dependency with the substitution
of the Gibbs free energies with the DFT total energies:





G(p,T,{Nν})→ E({Nν})
µFe2O3

(p,T )→ EFe2O3

µ
gas
O2

(p,T )→ E
gas
O2

µmet
Fe (p,T )→ Emet

Fe .

(3.8)

Thus, the oxygen atmosphere is entirely defined with the oxygen chemical potential as an
independent variable. The oxygen partial pressure and temperature are implicitly included
through the µO quantity.

3.2 Effective Distance Matrix Approach

The computational investigation of adsorption phenomena is strongly restricted by a number
of factors, such as: approximations inherent to the method, numerical errors, crystal model im-
perfection and available computational resources and time. While the former three factors are
usually carefully discussed in the literature and well known for the specific material, the latter
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two factors are usually the matter of choice in each particular case. It is a common practice to
sacrifice the generality of consideration in order to optimise computational resources and time.
In the study of adsorption, it is accepted to consider only a small number of adsorption struc-
tures, which seem to be the most energetically favourable either from experiment or following
the chemical or physical intuition. The shortcomings of such an approach are obvious: the
experimental conditions may be quite different to the ideal model system; the chemical intu-
ition strongly depends on the particular person and characteristic values obtained by different
researchers cannot be safely compared with each other because of different computational set-
tings, implementations and approximations. This often leads to the absence of the one general
unambiguous point of view on the problem, even when a wide literature overview is avail-
able. In spite of the obvious weakness, the loss of generality is considered as a reasonable
and sometimes even unavoidable compromise, since taking into account a large number of
configurations is often not feasible or possible. Here we suggest a different, optimised way to
partially overcome such sorts of problems.

Let us estimate a total number of possible adsorption configurations for various water cov-
erage regimes within a (2×2) hexagonal unit cell of the Fe2O3(0001) surface. The half-iron
termination has four surface iron sites, to which water molecules or water hydroxyl groups
may be bound, and twelve surface oxygen ions, which may form surface hydroxyl groups
with water protons. A water molecule, in principle, may form more than one bond with the
Fe2O3(0001) surface and it actually does, but for our qualitative estimation we assume that
each adsorbate occupies only one surface site. Employing trivial combinatorics expressions
one may get the total number of possible configurations as follows:

H2O/Fe2O3 :

{
mol. C1

4 = 4

diss. C1
4 ·C1

12 = 48
(3.9)

2H2O/Fe2O3 :





mol. C2
4 = 6

mix. C1
4 ·C1

3 ·C1
12 = 144

diss. C2
4 ·C2

12 = 396

(3.10)

3H2O/Fe2O3 :





mol. C3
4 = 4

mix. C2
4 ·C1

2 ·C1
12 +C1

4 ·C2
3 ·C2

12 = 792

diss. C3
4 ·C3

12 = 880

(3.11)

4H2O/Fe2O3 :





mol. C4
4 = 1

mix. C3
4 ·C1

1 ·C1
12 +C2

4 ·C2
2 ·C2

12 +C1
4 ·C3

3 ·C3
12 = 1324

diss. C4
4 ·C4

12 = 495,

(3.12)

where Cm
n stands for the number of combinations or binomial coefficients. Each such con-

figuration is just an initial guess and should be further optimised to a local minimum using a
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Figure 3.1: The EDM algorithm.

code for electronic structure calculations. From Eqs. (3.9–3.12) it becomes clear that for such
system as Fe2O3(0001) half-iron termination only isolated water molecule adsorption can be
considered, taking into account all possible configurations.

To proceed to high and medium coverages additional assumptions are needed. The straight-
forward way is to find out, which adsorption configurations are degenerate in energy. Because
of high surface symmetry there should be a number of adsorption configurations, where adsor-
bates are in the completely identical chemical environment. From chemical intuition it follows
that such configurations should have identical adsorption energies as well. The algorithm pre-
sented in Figure 3.1 is suggested to distribute all possible adsorption configurations between
groups with the same adsorption energies employing the high space symmetry of the surface.
In what follows, the comments to each step are given:
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1. The first step is to define which atomic layers of the slab should be considered as surface
layers. If adsorbate diffusion to the deeper surface layers is not permitted, then only the
topmost atomic layers, exposed to the adsorbates, should be attributed to the surface. In
what follows, we consider only the topmost iron and oxygen layers of Fe2O3(0001) as
a surface.

2. The key step to employ the surface symmetry is to get rid of the adsorbate coordinates.
This may be done under the assumption that each adsorbate is bound to only one surface
site. In what follows we will assume “the distance between adsorbates” to be identical
to the distance between the corresponding surface sites, to which adsorbate species are
bound.

3. The set of all possible combinations {χ}χ=1..N , where Nk
ads adsorbed species of type

k are distributed over Nl
sr f surface sites of type l for any considered k and l has to be

generated.

4. For each such combination χ , the single matrix Dχ consisting of the distances between
all adsorbates is compiled. This distance matrix is invariant with respect to any point
group symmetry operation but it does not take into account surface lateral translation
symmetry.

To include the periodic boundary conditions in the distance matrix, the nearest unit cells
together with the original one should be considered. The single distance matrix Dχ

should be compiled only from the shortest distances among all translated images of two
species. Finally, the matrix Dχ takes the following form:




OH(1) ··· OH(NOH) H(1) ··· H(NH) H2O(1) ··· H2O(NH2O)

OH(1) 0 · · · d1 d2 · · · d3 d4 · · · d5...
. . .

...
...

. . .
...

...
. . .

...
OH(NOH) 0 d6 · · · d7 d8 · · · d9

H(1) 0 · · · d10 d11 · · · d12...
. . .

...
...

. . .
...

H(NH) 0 d13 · · · d14

H2O(1) 0 · · · d15...
. . .

...
H2O(NH2O) 0




(3.13)

where dm denotes the distance between two species in the sense mentioned at item 2.
The other elements of the matrix Dχ are defined according to the relation Dχ = DT

χ .

Another symmetry which can be easily employed is due to the indistinguishable nature
of particles and species of the same type. To adopt our approach to that kind of symme-
try the set of distance matrices Di =

{
Dχ

}
rather than a single distance matrix should
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be attributed to each nonequivalent configuration i (see the following items for defini-
tion). This set consists of single distance matrices of type Dχ , where the columns and
corresponding rows of each adsorbate species is exchanged with other adsorbate species
of the same type. Such sophisticated set of matrices Di accounts for both surface space
symmetry group and for indistinguishability of particles.

5. Let us call two configurations i and j to be equivalent when there are two identical
matrices between two sets Di and D j related to corresponding configurations. It is
obvious that all equivalent configurations have identical adsorption energies because
they are connected by symmetry operations belonging to the surface symmetry space
group or may be obtained from each other by exchanging coordinates of two adsorbed
species of the same type, which are in principle indistinguishable.

6. In such a way, all possible adsorption configurations may be divided into a few groups of
equivalent configurations with identical adsorption properties. Each such set may be en-
tirely represented by any configuration belonging to the corresponding equivalent group.
In its turn, the set of such “representative” configurations forms the list of nonequivalent

configurations, which adsorption properties reflect the adsorption properties of the orig-
inal adsorption configuration set but which number is significantly reduced by virtue of
the surface space symmetry.

Let us have a look to which extent it is possible to reduce the number of configurations to
consider applying the EDM scheme to water adsorption on the Fe2O3(0001) surface:

H2O/Fe2O3 :

{
mol. 4 → 1

diss. 48 → 4
(3.14)

2H2O/Fe2O3 :





mol. 6 → 1

mix. 144 → 12

diss. 396 → 36

(3.15)

3H2O/Fe2O3 :





mol. 4 → 1

mix. 792 → 78

diss. 880 → 76

(3.16)

4H2O/Fe2O3 :





mol. 1 → 1

mix. 1324 → 123

diss. 495 → 38.

(3.17)

We came up with a more than ten times lower total number of configurations for the most
interesting mixed and dissociative adsorption cases. In this way, the general consideration of
two water molecules is definitely reasonable. The general consideration of higher coverages,
i.e. three and four water molecules per the (2×2) hexagonal unit cell, is indeed expensive but
already feasible.
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The main drawback of the EDM approach is a bad scaling with increasing a system size.
A number of intermediate distance matrices Dχ grows as a factorial of the number of sur-
face sites and is inversely proportional to the factorial of the number of the surface sites free
from adsorbates. Such strong factorial dependency makes it impossible to employ the EDM
approach “as it is” for any system bigger than ours, either in the sense of more adsorbed
molecules or in the sense of larger unit cells.

3.3 Ensemble of Configurations

An analysis based on the single structure adsorption energies is relevant for one water molecule
considered within the surface unit cell. A small number of possible nonequivalent adsorption
configurations (just 5 in total, see Eq. (3.14)) with well separated adsorption energies (see
Sec. 4.2.1) make such an approach feasible and descriptive. However, already the second wa-
ter molecule makes such consideration much more complicated and even ambiguous. Since
adsorbates break the surface symmetry, the total number of possible nonequivalent adsorption
configurations grows significantly (up to 49, see Eq. (3.15)). Moreover, at the same condi-
tions a few different nonequivalent configurations may and, usually do have close adsorption
energies (see Tables A.1–A.4) that makes them indistinguishable within the single adsorption
energy picture. The most stable configurations are often not obvious because of the inter-
play of different factors like adsorbate – adsorbate, adsorbate – surface interactions and the
influence of the surface crystal and electronic structures. The consideration of adsorption free
energies instead of the DFT total energy may partially improve the situation and reduce the
degeneracy of the adsorption configurations due to different vibrational contributions. The
proper consideration of the adsorption free energies introduces in a natural way the depen-
dency on the environment variables: temperature and pressure. That makes the theoretical
consideration more complicated but closer to experiment. The introduction of the temperature
effect blurs up the single adsorption energy picture even further, since the excited adsorption
configurations may now become populated. That brings us to the conclusion that the statistical
consideration is the only possible solution for high coverages. On the one hand it helps us to
keep the consideration at an intuitively clear level (since a few types of adsorption rather than
a complete number of the adsorption configurations are now of importance), on the other hand
it is more experimentally oriented and makes the abyss between theory and experiment a little
bit smaller.

In the DFT studies the adsorption energy is usually defined as follows:

Eads =
1
n

[
EDFT

(
n ·H2O/Fe2O3(0001)

)
−EDFT

(
Fe2O3(0001)

)
−n ·EDFT

(
H2O

)]
, (3.18)

where EDFT
(
n ·H2O/Fe2O3(0001)

)
is the total DFT energy of the whole system under inves-

tigation, EDFT
(
Fe2O3(0001)

)
is the energy of the slab without water, EDFT

(
H2O

)
is the total

energy of one isolated water molecule and n is the number of the adsorbed water molecules.
Eq. (3.18) is convenient since it provides just a single number related to each individual ad-
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sorption configuration. Thus, the single adsorption energy approach consists of the consid-
eration of a few of the most important adsorption configurations, calculating their adsorption
energies according to Eq. (3.18) and focusing the whole attention on the most favourable
configuration. However, as it was noted, usually there are a lot of energetically degenerate
configurations. Moreover, the experimentally measured values reflect rather the thermody-
namically averaged properties than the properties of an individual configuration. The most
favourable adsorption configuration may change upon variation of the experimental environ-
ment (temperature or/and pressure) due to the dominating contribution of the vibrational part
of free energy. All these important features are completely neglected in the formalism based
on Eq. (3.18).

Eq. (3.18) may be improved upon consideration of the Gibbs free energy rather than the
electronic DFT total energy:

Gads(p,T ) =

=
1
n

[
G
(
T,n ·H2O/Fe2O3(0001)

)
−G

(
T,Fe2O3(0001)

)
−n ·µH2O (p,T )

]
, (3.19)

where T, p,µH2O are the temperature of the system, the water vapour partial pressure and
chemical potential, respectively. Overall, the Gibbs free energy may be expressed as follows:

G(p,T ) =U + pV −T S, (3.20)

here p,V,S,U are the pressure, volume, entropy and internal energy, respectively. The pV

term may be neglected for the first two terms of Eq. (3.19). Indeed, the simple analysis shows
that its contribution normalised to the surface area is pV/S ∼ 10−6 eV/Å2, which is negligible
compared to the surface free energy or adsorption free energy at pressures below 100 bar [173].
The rotational and translational contributions in the slab model are also irrelevant. Thus, the
Gibbs free energy of the first two terms of Eq. (3.19) takes the form:

G(T ) = EDFT +Gvib(T ), (3.21)

where the vibrational term Gvib(T ) consists of the zero point vibrational energy and the vibra-
tional entropy contribution. The expression for Gvib(T ) may be derived from the vibrational
partition function [112, 173, 174]:

Gvib(T ) = ∑
i

[
h̄ωi

(
1
2
+

1

eh̄ωi/kT −1

)
−
(

h̄ωi

eh̄ωi/kT −1
− kT ln

(
1− e−

h̄ωi
kT

))]
, (3.22)

here {i} is a set of normal modes corresponding to the frequencies {ωi}.
The water chemical potential µH2O may be considered as an independent variable and used

to vary the water vapour atmosphere [27,32,34,71,173,175]. On the other hand the connection
between the water chemical potential and the experimental observed temperature and partial
pressure is desirable. The µH2O(p,T ) dependency may be established in two ways. The first
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way is widely accepted in literature [34, 173] and is based on combination of the theory and
experimental data. Neglecting the molecule – molecule interaction the water vapour may be
considered as an ideal gas obeying the ideal gas equation of state pV = NkT . Under such
an assumption the water chemical potential as a function of temperature and pressure may be
expressed with respect to the “standard state”:

µH2O(p,T ) = µH2O(p = 0,T = 0)+µH2O(p = p0,T )+
1
2

kT ln
(

p

p0

)
, (3.23)

where µH2O(p= 0,T = 0) is a reference chemical potential of the water, which is usually taken
as the DFT total energy of an isolated water molecule, p0 is the “standard state” pressure,
which may be in principle chosen arbitrarily, the temperature dependency of µH2O(p0,T ) is
taken from experimental data and is given in the standard thermodynamic tables [176].

The alternative way used in the present study is based on the following representation of the
water chemical potential:

µH2O(p,T ) = EDFT +Gvib(T )+Gtr(V (p),T )+Grot(T ), (3.24)

where Gvib(T ) is vibrational contribution, which is calculated according to Eq. (3.22), Grot(T )
and Gtr(V (p),T ) are the rotational and translational contributions to the free energy. The
translational contribution may be obtained from the translational part of the particle partition
function considered in a three-dimensional box of the volume V [112]:

Gtr(V (p),T ) = kT

[
1− ln

((
2πMkT

h2

) 3
2

V (p)

)]
, (3.25)

where M is the mass of the particle. Since Eq. (3.25) was obtained assuming the ideal gas
model, the ideal gas equation of state may be used to replace the V dependency with the water
partial pressure p dependency. In Sec. 4.3.1 and 4.3.2 we used Eq. (3.25) with V = 3559 Å3

corresponding to the unit cell volume used in our DFT calculations per one water molecule.
For the XPS simulations in Sec. 4.3.3 we used the substitution V (p) = kT/p with water pres-
sure corresponding to the experimental pressure. Note that this is the only contribution to
the adsorption free energy, which depends on volume or pressure. Thus, the variation of vol-
ume or pressure allows to vary the water chemical potential independently of other terms in
Eq. (3.19). That is completely identical to variation of the water chemical potential as an
independent variable.

The rotational contribution to the water chemical potential is obtained by a generalisation
of the classical mechanical three-dimensional rigid-rotor problem to the quantum case [112]:

Grot(T ) = kT

[
1− ln

(√
πIAIBIC

σ

(
2kT

h̄2

) 3
2
)]

, (3.26)
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where IA, IB and IC are the principal moments of inertia, which are 1.02×10−40, 1.92×10−40

and 2.94× 10−40 g·cm2 [177, 178], respectively, σ is a parameter, which for the C2v point
group symmetry of water molecule is 2.

Now, based on Eq. (3.19) the statistics on the set of a total number of nonequivalent adsorp-
tion configurations obtained within the EDM approach (see Sec. 3.2) may be introduced as
follows. The total number of nonequivalent configurations is always finite and constant. That
corresponds to the statistical ensemble with the following distribution function:

f j =
1
Z
·N j · exp

[
−G

j
ads

kT

]
, (3.27)

where f j is the probability (contribution) of the system in thermal equilibrium to be in one
of the distinct configurations corresponding to the j-th nonequivalent configuration, N j is the
number of physically distinct configurations corresponding to the j-th nonequivalent configu-
ration and Z is the partition function, which takes the form:

Z = ∑
j∈G

N j · exp

[
−G

j
ads

kT

]
, (3.28)

where G is a set of the nonequivalent configurations on which the statistics is introduced. Then
the averaged adsorption free energy may be calculated according to the following expression:

〈Gads〉= ∑
j∈G

G
j
ads · f j. (3.29)

For the theoretical interpretation of results two choices of the G set are considered:

1. If G = Mν , where Mν is a set of the nonequivalent configurations belonging to the
particular ν-th adsorption type, then the 〈Gads〉 quantity is the mean adsorption free
energy corresponding to the ν-th adsorption type.

2. If G is a set of all possible adsorption configurations corresponding to the particular
coverage, then 〈Gads〉 is the total averaged adsorption free energy and the contribution
of the ν-th adsorption type Fν may be calculated as follows:

Fν = ∑
j∈Mν

f j . (3.30)

The effect of temperature on the averaged values and contributions is complex since tem-
perature is included in any term of Eq. (3.19) and in Eqs. (3.27), (3.28) and (3.29). Thus, it has
an effect on the vibrational part of the adsorbate – surface interaction, on all terms of the water
chemical potential and on the distribution of the configurations due to heating. In contrast, the
water partial pressure affects only the water chemical potential and, therefore, may be used
for independent manipulation with the water environment.
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Figure 3.2: The illustrative scheme for the XPS spectra simulation within initial- and final-state approx-
imations (shown in black and red colours, respectively). The potential of the nucleus acting on the
outer (with respect to the orbital to be excited) core and valence electrons may be quantitatively repre-
sented as the potential of the Z-th and Z+1-th nucleus within the initial- and final-state approximations,
respectively. Here Z is the atomic number of the atom to be excited.

3.4 Statistically Weighted XPS

The XPS spectroscopy is a powerful technique widely used in surface science. It makes pos-
sible to perform not only an element analysis of the sample composition but also to probe
the local chemical environment of the species through their chemical shift. Therefore, the
development of realistic modelling of the XPS spectra was an active field of research for the
last few decades [179–189]. However, so far an adequate theoretical treatment of XPS is an
extremely complicated problem due to a large number of many-body and dynamical effects
accompanying the x-ray transition.

Absorbing an x-ray quantum, a core electron gets excited, leaves the sample and then may
be detected (see Figure 3.2). From the one-electron point of view the photoelectron process is
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simple and is described by the following fundamental expression:

Ekin = h̄ω − εc −ϕ, (3.31)

where Ekin is the kinetic energy of a photoelectron, ω is the frequency of the incident X-ray
quantum, εc is the Binding Energy (BE) of an excited core electron and ϕ is the work function
of the material. The work function is constant for each compound and it is often neglected
since it only leads to a shift of the XPS line as a whole along the energy scale. The incident
photon energy is known from the experimental set up or is arbitrarily chosen in calculations.
The kinetic energies of photoelectrons are to be measured in the experiment. The plot of
the number of the photoelectrons detected with particular kinetic energy against this kinetic
energy forms the XPS line of some shape, usually consisting of a number of distinct single
peaks. The energy position of the whole XPS spectrum defines the chemical composition of
the sample, since the core electron BE is specific for each atomic species. The line shape (or
the relative positions of each single peak forming the whole XPS spectrum) defines the local
chemical environment of the particular atom in the sample. This effect is called the chemical
shift and is based on the electrostatic screening of the core electrons by the electrons from
the valence band, thereby determining the dependency of the core-state BE on the electronic
density localised at the probed species.

The one-electron picture is not always able to describe the experimental XPS lines. In
fact, during the X-ray transition an effective Coulomb field of the excited atom immediately
changes. Other core and valence electrons start to screen the field, thereby reducing the de-
tected BE of the core electron. The amount, to which the unscreened BE is reduced upon
screening strongly changes from system to system and depends on many factors like: the
metallic character of the sample, the energy of the absorbed X-ray quantum etc. The key
quantity is the ratio between two characteristic times: the time needed for the core electron to
leave the system and the time needed for other electrons in the system to screen the positively
charged core-hole. From this point of view, there are two straightforward ways to model XPS:
the initial- and the final-state approximations. The former one assumes that the core electron
transition is much faster than any relaxation process in the latter. Thus the core state BE ap-
pears to be completely unscreened and according to the Koopmans theorem [190] is equal to
the Kohn-Sham orbital energy. This is the simplest possible way to simulate the XPS spectra
within DFT. It is usually valid either when the photoelectron has a very high kinetic energy
and leaves the sample so fast that the system does not have time for response or when there are
no available electrons in the valence band to screen the core-hole. The latter means that the
initial-state approximation is a good approximation for insulators and semiconductors such as
Fe2O3. The final-state approximation is an opposite limit case, when the photon – electron
interaction is adiabatically slow and the electronic subsystem transfers from the “old” ground
state to the “new” one before the x-ray transition takes place. This approximation is good
for low energy x-ray quanta and metallic systems, where the conduction electrons screen the
core-hole immediately. There is an intermediate approach based on the Slater-Janak transition
state equation [191], where only half an electron is excited and the obtained system is relaxed
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to its ground state. The accuracy level of all these methods is approximately the same and the
success of the particular method strongly depends on the system under consideration. There
are more sophisticated theories based on self-energy (i.e. many-body effects) calculations or
dynamical approaches [181, 184–187, 192–202], where the real dynamics of the response of
the electronic subsystem during the x-ray transition is taken into account.

The DFT implementation of the initial-state approximation is simple [203, 204]. After the
calculation of the ground state within the Projector Augmented Wave (PAW) method, the
Kohn-Sham equation is solved only within the PAW sphere for the core electrons. The ob-
tained Kohn-Sham orbital energies are BE with the reversed sign. The final-state approxima-
tion implies two independent calculations. The first one is the standard ground state calcula-
tion. The second one should be performed either within the Z + 1 approximation [179, 180],
where the ionised ion core Z is approximated by the ground state core Z+1, or upon changing
the PAW pseudo-potential of the excited atom [184, 204]. In this case, the core state energy
is equal to the difference in total energies of these calculations. Both approaches do not take
into account the intra-atomic screening by the core electrons. The dynamical XPS may also
be relatively simply calculated based on the DOS in the initial- and final-state approxima-
tions [185–187].

To simulate the experimental XPS, the environment dependent statistical analysis described
in Sec. 3.3 was combined with the initial-state approximation. The O 1s XPS spectrum of the
single j-th configuration may be obtained according to the following expression:

I j(E) = ∑
a∈O j

δ (E −EO1s( j,a)), (3.32)

where a runs over all water and surface oxygen ions O j from the topmost oxygen layer of
the Fe2O3(0001) surface, EO1s( j,a) is the BE of the O 1s core state and δ is the Dirac delta
function. The statistically weighted XPS takes the form:

J(E, p,T ) = ∑
j∈G

f j(p,T ) · I j(E), (3.33)

where f j(p,T ) is the contribution of the j-th nonequivalent configuration to the total ensemble
of configurations G (see Eq. (3.27)). To compare the theoretical spectrum from Eq. (3.33) with
experiment, it is convoluted with the Gaussian function:





Jsim = J ∗G

G(E) =
1

σ
√

2π
exp

[
− E2

2σ2

]

σ =
FWHM

2
√

2ln2
,

(3.34)

where the Full Width at Half Maximum (FWHM) is equal to the total experimental resolution
(0.4 eV) reported in Ref. 76.

49



3 Computational Details

Eq. (3.32) is an approximate equation. Within the initial-state approximation, all the relax-
ation effects on the core BE are ignored. Moreover, the intensity should be proportional to the
x-ray transition matrix element between the core state and the free photoelectron state, which
is also neglected. This is a common practice for the XPS simulation using DFT plane wave
codes since the calculation of the matrix elements in this case is not an trivial task. It is be-
lieved not to cause a large error since the XPS lines are relatively narrow and the modulation
of the transition matrix elements within width of the line is extremely small. The contributions
from the deeper oxygen layers to the XPS line are also neglected. In principle, they could be
easily taken into account in Eq. (3.32) by introducing a damping factor of the form:

W (a,ε) = exp
[
− da

λ (ε)cosθ

]
, (3.35)

where da is the “depth” of the a oxygen ion with respect to the surface plane, λ (ε) is the
inelastic mean free path of the photoelectron with kinetic energy ε = h̄ω − EO1s and θ is
the angle between the surface normal and the wave vector of the photoelectron. The mean
free path may be either taken from the universal element independent curve [205, 206] or
calculated explicitly for Fe2O3 [207]. All other parameters in Eq. (3.35) are known from the
experimental set up. The problem with that approach is due to the accurate determination of
the surface plane. The resulting XPS spectrum appeared to be very sensitive to that parameter
due to strong exponential dependency in Eq. (3.35). Moreover, the position of the surface
plane unpredictably changes upon increasing the water adsorption coverage since the adsorbed
species attenuate the photoelectrons coming from the surface and the deeper oxygen layers.
Therefore, to compare the XPS at different coverages and to get rid of an additional fitting
parameter, the damping factor was neglected. This could cause a wrong Surface Core-Level
Shift (SCLS) and wrong width of the O 1s peak, but like it is shown in Sec. 4.3.3 the calculated
BE of the O 1s core levels of bulk and surface oxygen ions are identical.

3.5 Computational Settings

General settings. All calculations were performed with the VASP [77–79] code based on a
plane wave basis set and spin-polarized DFT (see Figure 3.3). The basis set consisting of plane
waves with energies not exceeding the cutoff energy of 500 eV was adopted. The exchange-
correlation functional was treated at the GGA level of accuracy as proposed by PBE [120].
The electron-ion interaction was described using the PAW pseudo-potentials [208], where the
Fe(3d, 4s), Al(2s, 2p, 3s, 3p), O(2s, 2p) and H(1s) states were considered as the valence states.
For a rough ionic relaxation from an initially guessed structure we used the conjugate-gradient
algorithm [209]. Then obtained structures were further relaxed using the more accurate quasi-
Newton scheme [210]. The force threshold for ionic relaxation and the energy threshold for
convergence to the electronic ground state are 0.01 eV/Å and 10−4 eV, respectively. An inte-
gration over the Brillouin-zone was performed on the Γ-centred symmetry reduced 4×4×1
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periodic

PAW potentials

spin-polarised

PBE

PW91+U

PBE+U
HSE06

HSE(12%)

plane waves

Figure 3.3: The DFT implementations used in the presented study. Note that although the dispersion
correction was also used, it is not shown here since within the Grimme correction it contributes only to
the total energy of the system.

Monkhorst-Pack k-mesh [211] using the Gaussian smearing with σ = 0.05 eV. For an accurate
single point calculation of the total energies and DOS the linear tetrahedron method with the
Blöchl correction [212] was used for treating partial occupancies and their redistribution over
each orbital. The energy convergence criterion was tightened to 10−6 eV and the k-mesh was
8× 8× 1. The computation settings were checked by the single point test calculation for a
benchmark surface using 1000 eV cutoff energy and a 16×16×1 k-mesh. The differences in
total energies were found to be less then a few meV per atom and no differences were found
for the iron magnetic moments.

To account for the strong Fe-3d electronic correlation we adopted the on-site Coulomb
repulsion correction (the GGA+U approach) in the form proposed by Dudarev [20,146]. The
distinctive feature of this method is that there is only one “effective” semiempirical parameter
Ueff = U − J to be fitted. In this work we assumed the same Ueff value for all the Fe ions
in a system and fitted it to reflect both the crystal and electronic properties of bulk Fe2O3.
The value Ueff = 4 eV was found to be in the best overall agreement between the calculated
and experimental properties. It is similar to the values used by other authors for the bulk
Fe2O3 [14] as well as for the Fe2O3 surfaces [32].

The ionic relaxation predicted the following lattice constants: a = 5.07 Å and c = 13.87 Å ,
the Fe magnetic moment of 4.2 µB and a band gap of 2.1 eV, in good agreement with the
experimental values, a = 5.04 Å and c = 13.75 Å [213], 4.6 µB [214] and 2.1 eV [1, 215].

Surface stability. The compensated polar Fe2O3(0001) surface [216] was represented by a
symmetric slab with a large vacuum gap of 26 Å to reduce the spurious dipole-dipole interac-
tions throughout the slab and between two periodic slab images, respectively. The number of
atomic layers depends on the particular surface termination and varies between 19 for oxygen
terminated and 23 for ferryl terminated surfaces. All slabs were checked with respect to the
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number of atomic layers in the model and it was found that 19 atomic layers are enough to re-
produce the bulk-like behaviour for DOS, magnetic moments and crystal structure parameters
of the middle layers of the slab1. For all the terminations 13 middle layers of the slab were
fixed at their bulk positions during the ionic relaxation, while the topmost iron layer Fe−, fer-
ryl layer FeO−, topmost oxygen −O3− layer and deeper iron double-layer −Fe−Fe− from
both sides of the slab were free to relax. Any crystal structure changes for deeper layers upon
surface formation were found to be less than 1 % with respect to the bulk crystal parameters.

The (2× 2) hexagonal unit cell in the lateral directions was adopted to allow a sufficient
degree of freedom for a surface reconstruction and noninteger composition ratios. To check
the lateral size of the unit cell on surface reconstruction, the (4× 4) unit cell was tested for
some benchmark terminations and properties such as the surface iron magnetic moments,
partial DOS and structure were compared with the corresponding properties obtained for the
original (2×2) unit cell. No differences were observed.

It is well known that the band gap without the Hubbard correction is only 0.4 eV and it
becomes 3.4 eV when the HSE06 hybrid functional [132] is used. According to Ref. 220, the
agreement of electronic properties with experiment may be improved by reducing the Fock
exchange in the HSE06 functional to 12 % instead of the standard value of 25 %. Since the
composition of top of the surface valence band has a large effect on the termination stability
of the transition metal oxide surfaces [32], the surface stability in present study was computed
using all of the following functionals: PBE, PBE functional with on-site Coulomb repulsion
correction (PBE+U), HSE06 and HSE(12%) with the same computational settings.

Water adsorption. The proper evaluation of the polar water molecule interaction with the
polar Fe2O3(0001) surface demands accurate accounting for the long-range vdW interaction
between the water and surface electric dipoles. Therefore, wherever a water molecule is con-
cerned, we add the dispersion correction in the form proposed by Grimme [169] (D2) to the
PBE+U functional unless otherwise indicated. The results obtained with the PBE+U and
PBE+U +D2 approaches were found to be identical for the clean Fe2O3(0001) surface with-
out water. For all adsorbed structures the bottom side of the slab was fixed to represent the
clean Fe−O3−Fe−R termination (see Figure 1.2 for designations) and water adsorption was
considered only on the top side of the slab.

Kinetics and the normal mode analysis. The MEP and transition structure calculations
were performed by means of the CI-NEB approach [88, 91, 92]. At the first step, only one
image was created by linear interpolation between the reactant and product structures and the
NEB procedure was performed. At each following step, the linear interpolation procedure
was employed to generate one intermediate image between each pair images obtained at the
previous step until a total number of 7 images was reached. At the last step, the highest-energy

1 The number of layers is of crucial importance especially for layered magnetic systems like Fe2O3, where the
spin-correlated iron layers are strongly coupled with each other through an oxygen layer according to the
Goodenough-Kanamori rules [217–219].
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image was driven to the saddle point along the reaction coordinate by means of the CI-NEB
method.

The ground state and transition structures were confirmed by means of the normal mode
analysis. The normal frequency calculations were performed only at the Γ-point. The Hessian
matrix was calculated numerically employing the central difference scheme with a 0.015 Å
displacement in positive and negative directions. The four topmost surface atomic layers
together with all degrees of freedom of adsorbed species were allowed to move during the
vibrational analysis.

The oxygen defect formation energy and electron redistribution maps. The oxygen de-
fect formation energy (∆EVO

) of the Fe2O3(0001) surfaces was calculated according to the
following equation:

∆EVO
= EFe2O3−x

+
1
2

EO2
−EFe2O3

, (3.36)

where EFe2O3−x
is the total energy of the defective slab, EFe2O3

is the total energy of the pris-
tine slab and EO2

is the total energy of the oxygen molecule. The systems Fe2O3-x(0001),
Fe2O3(0001) and O2 were independently relaxed to the corresponding ground states.

The electron redistribution map of the H2O/Fe2O3(0001) system was calculated according
to the following equation:

∆ρ = ρH2O/Fe2O3
−ρFe2O3

−ρH2O, (3.37)

where ρH2O/Fe2O3
is the electronic charge of the complex system with a water molecule ad-

sorbed on the Fe2O3(0001) surface, ρFe2O3
is the electronic charge of the clean Fe2O3 slab and

ρH2O is the electronic charge of the isolated water molecule. The H2O/Fe2O3(0001) system
was relaxed to its ground state. The Fe2O3(0001) and H2O systems were kept unchanged at
their initial positions according to the H2O/Fe2O3(0001) system.

3.6 General Designations

In this section the designations of the adsorption configurations used throughout the work are
introduced. The adsorption types are marked with two letters, M and D, which mean the
molecular and heterolytically dissociative adsorption modes, respectively. Before each letter
there is the number of water molecules adsorbed according to the corresponding adsorption
mode. The number “1” is omitted. If neither molecule adsorbed according to the particu-
lar mode, the corresponding letter is omitted. Thus, the 0.25 ML water coverage regime is
simulated by the adsorption of one water molecule on the (2× 2) hexagonal unit cell. The
possible adsorption modes are M and D, where the water molecule is either molecularly or
dissociatively adsorbed, respectively. For the 0.5 ML coverage simulation already two water
molecules are involved. Therefore, the possible adsorption modes are 2M, DM and 2D for the
fully molecular, mixed and fully dissociative adsorption modes, respectively.
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The designation of a particular adsorption nonequivalent configuration consists of the name
of an adsorption mode and a serial number of the nonequivalent configuration after the “−”
symbol. This number is unique within the particular mode of adsorption. For an adsorption
configuration with at least one molecularly adsorbed water, there is a second number after
the second “−” symbol. This is a serial number of conformation2. Thus, for the 0.25 ML
coverage there is only one M molecular adsorption configuration, because of the C3 rotation
symmetry axis, which does not change the local chemical environment of the adsorbed water
molecule upon rotations of 120 and 240 degrees around the axis going through the surface iron
ion. However, already the second adsorbed water molecule for the 0.5 ML regime breaks the
surface symmetry and each nonequivalent adsorption configuration (e.g. DM-12) predicted
by the EDM scheme splits into three conformations (DM-12-1, DM-12-2 and DM-12-3).

Some special configurations, generated “by hand”, were also considered. These adsorption
configurations have special letters marking them. For example the configurations for water
molecule adsorption on the defective half-iron termination are marked with the special letter
“-d” after the letters denoting the adsorption mode. Thus, the typical adsorption configuration
for 0.25 ML water coverage regime looks like M-d or D-d-13. Moreover, a few special con-
figurations, where a water molecule is bound to the surface only through the hydrogen bonds
with other water molecule residues, are considered. They are marked with the symbol “-h”
in a similar way to the adsorption on the defective termination, i.e. the typical configurations
considered in Sec. 4.3.1 are DM-h-1 and DM-h-2.

The subscripts “S” and “w” are adopted to indicate the species attributed to the surface and
adsorbed water molecule residues, respectively. The more specific designations, used in the
particular section, will be described directly in the corresponding section.

2 As it is discussed in Sec. 4.2.1 a water molecule forms two bonds with the Fe2O3(0001) surface: the strong
covalent bond with the surface iron site and the weak hydrogen bond with the surface oxygen site from
the second coordination sphere. There are exactly three possibilities for each water molecule to form the
hydrogen bond with the three different surface oxygen ions, which correspond to water molecule rotations of
120 degrees around the axis perpendicular to the surface plane and going through the surface iron site. These
possibilities form three different conformations for each particular nonequivalent adsorption configuration,
which was predicted by the EDM approach. The separation into the configuration and conformation numbers
is on the one hand conditional, since for the high coverages the energy difference between two conformations
may be quite large, even more than between the different configurations. On the other hand the conformations
differ from each other by only a hydrogen bond, while to change the configuration at least one covalent
bond should be broken. Another point is that different conformations are indistinguishable within the EDM
approach. Indeed, as we mentioned in Sec. 3.2, we omitted the second bond of any kind between an adsorbate
and a surface. Thus, the actual number of the considered adsorption configurations is three times larger per
molecularly adsorbed water molecule than it is according to Eqs. (3.15-3.17).

3 The surface defect breaks the surface symmetry. So in fact, a few M-d-1-1, ..., M-d-2-1 etc. configurations
and conformations are, in principle, possible. However, very few of them, which are similar to the adsorption
configurations on the corresponding pristine terminations, are considered.
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4.1 Clean Fe2O3(0001) Surface1

4.1.1 Termination Stabilities

Because of the layered structure of Fe2O3 along the [0001] crystallographic direction, two
iron (Fe−O3−Fe−R, Fe−Fe−O3−R) and one oxygen (O3−Fe−Fe−R) terminated bulk-
cleaved structures are possible (see Figure 1.2). In addition, the ferryl terminated structure
(OFe−O3−Fe−R) and the defective counterparts to the corresponding pristine terminations
were also taken into account. One oxygen vacancy was created in the topmost oxygen −O3−
layer from both sides of a slab in the symmetric way to produce the following terminations:
Fe−O3-x−Fe−R, O3-x−Fe−Fe−R and OFe−O3-x−Fe−R. The oxygen vacancy in the fer-
ryl layer of the OFe−O3−Fe−R termination was also taken into account that results in the
O1-xFe−O3−Fe−R termination.

The stability diagrams obtained with different theoretical approaches are presented in Fig-
ures 4.1 and 4.2. The comparison between the PBE and PBE+U approaches is worthwhile
to find the best functional for treating the Fe2O3(0001) surface. The PBE+U approach is
supposed to fit better [14, 32, 71, 222] because it takes the strong electronic correlation be-
tween well localised Fe-3d electrons into account. Although the pure GGA functionals are
not suitable to describe the electronic structure of iron oxides, the simulated thermodynamics
properties were found to surprisingly good fit some experimental results [222]. The dashed
black vertical lines bracket the allowed range of the oxygen chemical potential. The upper
limit of oxygen chemical potential is shifted to zero and corresponds to the formation of oxy-
gen molecules on top of a surface. The lower limit corresponds to the thermodynamic stability
of the Fe2O3(0001) surface with bulk Fe3O4 and metallic iron phases. The PBE calculations
predict the Fe−O3−Fe−R termination to be stable at the oxygen poor atmosphere. At the
oxygen rich conditions the O3−Fe−Fe−R termination becomes the most stable. At moder-
ate conditions there is a narrow transition region, where the ferryl-terminated surface with
its defective counterpart are stable. The predictions of the PBE+U method are drastically
different. The presence of on-site Coulomb repulsion shifts the oxygen terminated surfaces
towards higher surface energies. Thus, the half-iron terminated surface becomes the most sta-
ble over the whole allowed oxygen chemical potential region. The tendency of destabilisation
of the oxygen terminated surfaces with respect to the transition metal terminations when the
U correction is applied, was also observed earlier for the Fe2O3 and Cr2O3 oxides [32]. This

1The presented in this section results have been published in Ref. 221.
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Figure 4.1: The stability diagrams obtained using different functionals. The bright area marks the
oxygen chemical potential region, where the terminations are in thermodynamic equilibrium with bulk
Fe2O3. On the left of the bright region, the terminations are in thermodynamic equilibrium with bulk
Fe3O4 and then with bulk iron phases, respectively. On the right of the bright region, oxygen molecules
start to condensate on the surface.
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Table 4.1: The distribution of available experimental results on stability of the Fe2O3(0001) surface
termination over groups based on the experimental conditions, at which the corresponding samples
were prepared. The thickness of the Fe2O3 films, kind of substrates, experimental techniques, which
were used for investigation, and the reported the most stable terminations are also presented.

No. of
Refs.

Fe2O3 Substrate
Experimental Stable

group thickness techniques termination

1 [27, 54, 60] ∼ 50−70 Å Pt(111 ) LEED, STM, IR biphase
2 [52, 53] ∼ 2000 Å Al2O3(0001) XPD half-iron
3 [10, 45, 62, 63] single crystal – LEED, STM half-iron

4 [47, 50, 64–67]
contaminated

–
LEED, STM

biphase
crystal XPS

is the consequence of drastic changes of the electronic structure. The U correction shifts the
occupied Fe-3d band towards higher BE. Upon formation of the topmost oxygen layer, the
oxidation state of the surface iron ions becomes higher and the BE becomes lower that conse-
quently leads to a destabilisation of the surface. The phase diagrams are consistent with other
works, where the corresponding terminations were investigated [27, 32, 34, 71]. The PBE+U

results are in good agreement with the hybrid functional calculations for the benchmark ter-
minations presented in Figure 4.2.

The overall stability of the half-iron termination within the PBE+U approach has a simple
qualitative explanation. During the structure optimisation the topmost iron layer significantly
relaxes inward, which decreases the surface electric dipole moment and stabilises the termi-
nation. In contrast, the oxygen terminated surface has the largest surface dipole moment and
has, therefore, unfavourable energetics. The oxygen and ferryl terminations may become more
stable upon oxygen vacancy creation. Thus, the O1-xFe−O3−Fe−R and O3-x−Fe−Fe−R ter-
minations demonstrate lower free energies than their pristine counterparts, but they are still
only stable outside the region of interest. The creation of an oxygen vacancy (VO) in the iron
terminations destabilises the respective surfaces. Note that the creation of VO in the −O3−
layer of the ferryl termination also leads to destabilisation. This indicates that the key value is
the surface electric dipole moment. The half-iron termination is the most favourable from this
perspective.

The comparison with an experiment is ambiguous. The detailed analysis of available litera-
ture shows that all experiments should be divided into four groups according to the preparation
conditions of the Fe2O3(0001) surface (see Table 4.1). The experimental studies on the thin
epitaxial α-Fe2O3 film grown on the platinum (111) substrate [27, 54, 60] showed that:

• The Fe2O3(0001) termination consists of two different domains.

• The area covered with each domain strongly depends on oxygen environment.

• One domain was attributed to the half-iron termination, another to either the oxygen [54]
or ferryl [60] termination.
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4.1 Clean Fe2O3(0001) Surface

However, the experiments performed on the thick Fe2O3 film grown on the α-Al2O3(0001)
substrate predicted only one, the half-iron terminated surface, to be stable [52, 53]. The lat-
ter experiments were done at various conditions to favour first the iron and then the oxygen
terminated surfaces. Oxygen termination appeared to be unstable at all used experimental
conditions. The only stable one, the half-iron termination, was also found to be the most
stable in experiments on synthetic and natural Fe2O3 single crystals [10, 45, 62, 63]. How-
ever, contaminants, dopants and Ar+ sputtering may change the stabilities. Thus, under the
latter conditions, several phases of iron oxides form domains with the hexagonal superlattice
and long-range periodicity (for example (40×40) Å [50, 64, 65] and (22×22) Å [66]). Some
works suggest the coexistence of the Fe2O3(0001) and Fe3O4(111) phases at the low temper-
ature limit [47, 67]. Others report the stable Fe2O3(0001) and FeO(111 ) biphase structure at
high temperatures [50, 64]. Under certain experimental conditions such biphase terminations
may become stable because of surface defects or impurities, which are consequences of the
Fe2O3(0001) surface preparation. Such an assumption would explain the wide variety of the
reported stable Fe2O3(0001) surface terminations in the experimental studies. However, fur-
ther theoretical and experimental investigations are needed to clarify the actual situation. The
investigation of the biphase structures is outside the scope of the presented study.

The wide variety of the experimental works, concluding different numbers as well as kinds
of the stable Fe2O3(0001) terminations, indicates that experimental stabilities are extremely
sensitive to the experimental settings. Moreover, it is believed to be impossible to make clear
conclusions about termination stability based entirely on the experimental STM pictures, es-
pecially for oxides. Oxide single crystals of a suitable size are often difficult to obtain [68],
sample handling like heating and cooling is difficult and the charging problem of insulating
oxide samples upon exposure to charged particle probes is experimentally difficult to over-
come. It is usually assumed that these problems can be avoided by using thin oxide films
grown on metal substrates for the investigation of surface properties. Nevertheless, it became
clear that this is only true if the films are beyond a certain critical thickness [69] (of order
200− 300 Å). The Fe2O3 films on the Pt(111 ) support from the first group of experiments
were always much thinner than this critical value and may display a lot of novel properties,
which make them very different from their respective bulk counterparts.

Our slab models are designed to reflect the Fe2O3(0001) termination of a single crystal
without impurities. Thus, the PBE+U calculations are in good agreement with the corre-
sponding experiments from the second and third groups. The overstabilisation of the oxygen
terminated surfaces from the experiments of the first group is attributed to the influence of the
metal substrate and small thickness of the films. So far, it is not completely possible to ex-
clude the biphase structure formation observed in experiments from the fourth group. Further
investigation is needed. However, it does not affect the study of water adsorption in this work
because of the following four reasons:

1. A biphase termination is most probably a consequence of contaminants in the crystal or
impurities in the surface region.

2. The half-iron termination is always a part of any suggested biphase surface.
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3. If a biphase structure exists, it exhibits a long-range periodicity. Therefore, the water
adsorption process should be considered at each phase independently, at least at first
glance. The subsequent consideration of the adsorption on the borders of two phases is
a matter of further advanced steps.

4. If the second phase is the oxygen or ferryl terminated surface, according to some mod-
els [66], water adsorption on the iron terminated surface will dominate because of the
strong metallic adsorption centres.

Therefore, from now on, for the investigation of water adsorption on the Fe2O3(0001) sur-
face, we adopt the PBE+U functional and focus particularly on the Fe−O3−Fe−R termina-
tion and its defective counterpart Fe−O3-x−Fe−R.

4.1.2 Oxygen Vacancies

It is demonstrated in Refs. 223–228 that the oxygen/metal vacancies play an important role in
the surface chemistry of oxides and they are able to drastically change the termination prop-
erties and surface reactivity. The oxygen formation energies for a number of terminations are
presented in Table 4.2. The defect formation energies weakly depend on the chosen functional
and demonstrate a pattern similar to the phase diagrams:

• The creation of an oxygen vacancy in the topmost oxygen layer of the oxygen and ferryl
terminated surfaces is an exothermic process, which leads to the stabilisation of the
corresponding terminations.

• A huge energy is needed to create an oxygen vacancy in the −O3− layer of the iron-
and ferryl-terminated surfaces. This makes them much less stable in comparison with
their pristine counterparts.

For a number of d-transition metal oxides strong structural and electronic modifications
upon the neutral oxygen vacancy creation were found [223]. It was shown that the localisation

Table 4.2: The oxygen defect formation energies (∆EVO
), as obtained for the different Fe2O3(0001)

surface terminations at the PBE+U and HSE06 levels of theory.

Termination
∆EVO

/ eV

PBE+U HSE06

Fe−O3-x−Fe−R −3.491 −3.03
O3-x−Fe−Fe−R −0.531 −
OFe−O3-x−Fe−R −1.721 −
O1-xFe−O3−Fe−R −0.941 −1.04

1 3.67 if dispersion is taken into account.
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Figure 4.3: The top views of the relaxed pristine Fe2O3(0001) half-iron termination (a), defective
Fe2O3-x(0001) half-iron termination (b) and defective Al2O3-x(0001) half-aluminium termination (c). The
electronic densities of the localised defect states in the corresponding DOS of the defective terminations
(see Figure 4.4) are also shown. The large red, small blue and small light blue spheres denote the
oxygen, iron and aluminium ions, respectively.

of the extra electrons, left behind upon oxygen vacancy formation, is governed by the magni-
tude of the Madelung potential at the vacant site. Thus, for TiO2-x and V2O5-x the Madelung
potential is not strong enough to retain the extra electrons at the vacant site and, therefore,
they tend to occupy the d-states of metal ions next to the defect site. For some other transition
metal oxides such as ZrO2-x, the situation is different and the extra electrons are localised at
the defect site forming the F-like defect centre. The behaviour similar to the latter case was
also established for the isostructural to the stable Fe2O3-x(0001) surface the Al2O3-x(0001)
half-aluminium termination [174]. Since the Madelung potential to high extent depends on
the crystal structure, the extra electrons in the Fe2O3-x(0001) surface are expected to localise
at the oxygen vacant site.

First, let us consider the change of the crystal structure of the half-iron termination upon
oxygen vacancy formation. The coordination number of the three iron ions close to the defect
site is reduced. The triangle formed by these three iron ions shrinks. The FeS ion (see Fig-
ure 4.3 for notations) relaxes inwards while both the FeS-1 and FeS-2 ions are simultaneously
moving upwards. As a result, all three iron ions move closer to the former oxygen position.
Similar changes were observed for the Al−O3−Al−R and Al−O3-x−Al−R terminations of
the Al2O3-x(0001) surface [229].

The electronic structure of the defective half-iron termination is affected by the extra elec-
trons [223], left behind upon vacancy formation. These extra electrons occupy the well lo-
calised defect state at the Fermi level in the band gap (compare Figure 4.4 (a) and (b)). From
the partial DOS it is clear that the defect state belongs to the deeper iron double-layer, i.e. to
the FeS-1 and FeS-2 atomic layers. The spatial localisation of this defect state is shown in Fig-
ure 4.3 (b). These electrons occupy the available d-states of the closest Fe ions from the iron
double-layer underneath the surface −O3− oxygen layer in agreement with the partial DOS.
Therefore, the oxygen vacancy formation in the Fe2O3(0001) surface may be schematically
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Figure 4.4: The partial DOS for pristine (a) and defective (b) half-iron terminations of the Fe2O3(0001)
surface and pristine (c) and defective (d) half-aluminium terminations of the Al2O3(0001) surface. The
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represented as follows2:

[
3Fe3+,O2−]→

[
FeS

3+,FeS−1
2+,FeS−2

2+,VO

]
+

1
2

O2 . (4.1)

The partial DOS of the Al2O3-x(0001 ) half-metal termination has also a strongly localised
defect peak in the band gap [229] (compare Figure 4.4 (c) and (d)). The defect peak is sym-
metric for spin-up and spin-down states and consists of the aluminium and oxygen states from
the topmost layers. Thus, the spatial localisation of the extra electrons is qualitatively different
than in the case of the Fe2O3-x(0001) termination. In the absence of the available localised
d-states, the electron excess occupies the vacancy site. Therefore, the vacancy formation has
the following schematic form:

[
3Al3+,O2−]→

[
3Al3+,2e−

]
+

1
2

O2 . (4.2)

As a result, the calculated vacancy formation energy for aluminium oxide is as large as 5.70 eV
that is much larger than for reducible iron oxide, i.e. Fe2O3 (3.67 eV). As it will be shown in
Sec. 4.2.2, the effect of the electronic structure determines the reactivity of the defective iron
and aluminium oxide surfaces towards water.

4.2 Isolated Water Molecule Adsorption3

4.2.1 Pristine Termination

We considered a water molecule per the (2×2) unit cell. That corresponds to 0.25 ML water
coverage. Since all the surface iron sites of the Fe−O3−Fe−R termination are identical, only
one nonequivalent molecular adsorption configuration (M) is possible (see Sec. 3.2). The
corresponding structure is presented in Figure 4.5 (a,b). The water molecule forms two bonds
with the Fe2O3(0001) surface: a covalent bond with an iron ion of 2.17 Å and a hydrogen
bond with the distant surface oxygen ion of 1.74 Å . The presence of the second bond does
not satisfy the assumption made in the EDM method. Thus, the three different conformations,
obtained from each other by a rotation of the water molecule of 120 and 240 degrees around
the axis going through the surface iron site, should be considered. However, since the C3 axis
belongs to the surface point symmetry group, all these conformations are identical.

2 The presented in this and following sections reaction models suppose an integer value for an oxidation state
of the Fe, Al and O species, what is an approximation. The assignment of a particular oxidation state is
based on the electron density redistribution maps and DOS, which provide only a qualitative information
about localisation of the electronic density at the particular atomic species. Thus, the presented reactions
should be considered only as qualitative models, which are the most consistent with the electronic structure
calculations. However, since no quantitative information about charge localisation is taken into account, the
actual reactions may be different.

3The presented in this section results have been published in Ref. 221.
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Figure 4.5: The top and side views of the molecular water adsorption (M) on the Fe2O3(0001) (a,b)
and Al2O3(0001) (c,d) surfaces and the top views of the dissociative adsorption (D) on the Fe2O3(0001)
surface (e-h). The dark green and orange large spheres denote an oxygen of a water molecule and a
hydroxyl group, respectively. The small light green spheres denote hydrogen atoms. The side view cuts
are made perpendicular to surfaces through the dashed lines. The adsorption energies are given in eV.
The corresponding results for Al2O3(0001) are shown in parentheses.

The water molecule in Figure 4.5 (a,b) is significantly shifted from the surface iron site
towards the surface oxygen ion and tilted with respect to the surface plane. One of the water
hydrogen atoms points out to the surface oxygen ion. The other one forms a bond with the
water oxygen atom, which is almost parallel to the surface plane. The tilted configuration was
previously found to be less favourable than the parallel one [38]. The discrepancy may be a
consequence of the following two factors:

• The PES along the reaction coordinate corresponding to the intact water molecule shift
is rather flat (see Sec. 4.2.5). Therefore, the position of the molecule is sensitive to a
force criterion for an ionic optimisation. We tested a few values: 0.09 eV/Å , 0.03 eV/Å
and 0.01 eV/Å . For the former case no shift was observed, for the middle criterion the
molecule just slightly shifts and for the latter one we obtained the structure shown in
Figure 4.5 (a,b). The force criterion in Ref. 38 is not specified, however it might be not
tight enough.

• In Ref. 38 the PBE functional without the U correction was used. That leads to the
wrong surface relaxation and may prevent the water molecule shift and the formation of
the hydrogen bond. In Ref. 70, where the PBE+U method was used, the corresponding
hydrogen bond was reported.
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The tilted adsorption structure found for Fe2O3(0001) is different to the adsorption on
the Al2O3(0001) surface (see Figure 4.5 (c,d)), where the parallel configuration was found
to be the most energetically favourable among the molecularly adsorbed water configura-
tions [174, 230]. Because of the larger Fe3+ ionic radius as compared to Al3+ (0.65 Å vs.
0.54 Å [231]), the FeS−Ow bond in Fe2O3(0001) is longer than the corresponding AlS−Ow
bond in Al2O3(0001) (2.17 Å and 1.97 Å , respectively). Moreover, the topmost metal layer
in the half-iron termination is less relaxed inward than in the half-aluminium one by ca. 0.1 Å.
This results in overall shorter distances and stronger repulsion between the Ow and OS for ad-
sorption on Al2O3(0001). Because of stronger electrostatic interaction of water oxygen with
the surface and the strong Ow−AlS bond, the water molecule on aluminium oxide is less mo-
bile than on iron oxide and cannot shift towards the distant surface oxygen site to form the
hydrogen bond. The less mobility of a water molecule on top of the Al2O3 surface is also re-
flected in larger activation barriers for the intact water translation (see Sec. 4.2.5 and Ref. 174
for the Fe2O3 and Al2O3 activation barriers, respectively).

Since the homolytic water dissociation (H2O → OH·+ 1
2H2) was reported to be strongly

energetically unfavourable with the positive adsorption energy 0.28 eV [38, 39], we restrict
ourselves to a consideration of only the heterolytic (H2O → OH−+H+) dissociation. The
EDM approach (see Sec. 3.2) predicts that only four nonequivalent dissociative configurations
are possible (see Figure 4.5 (e-h)). In all the structures OH−

w forms a bond of 1.84 Å length
with the surface iron site and lifts it from the surface by ca. 0.45 Å that is twice as large
as in the case of the molecularly adsorbed water (0.28 Å). The water proton goes to one
of the surface oxygen ions from the first (D-1), second (D-2), third (D-3) and fourth (D-4)
coordination sphere. Upon protonation, the surface O2−

S ion is lifted from the surface by
ca. 0.09 Å. The length of the OS−Hw bond is close to the common value of 0.98 Å.

Although Figure 4.5 demonstrates a similar stability pattern (D-1 > M > D-2) for the ad-
sorbed water on Fe2O3(0001) and Al2O3(0001), in the latter case the binding is much stronger.
This again is due to differences in the ionic radii for the Fe3+ and Al3+ ions. For the aluminium
oxide surface the energy gain of the D-1 configuration with respect to M is ca. 0.4 eV, while
for iron oxide this quantity is of order of 0.1 eV. The additional stabilisation of the molecularly
adsorbed water on Fe2O3(0001) is provided by the hydrogen bond of the water molecule with
the surface oxygen ion.

The D-3 and D-4 adsorption configurations have nearly identical unfavourable adsorption
energies and distances between H+

w and OH−
w . Looking at the dissociative adsorption con-

figurations in Figure 4.5, the clear empirical tendency may be deduced: the further away the
water residues are from each other, the less favourable the configuration is. This tendency
also holds for all available adsorption structures on α-Al2O3(0001) and means that the key
quantity determining the stability of the dissociative water adsorption configurations on the
pristine Fe2O3(0001) and Al2O3(0001) surfaces is electrostatic interaction between the posi-
tively charged water proton and the negatively charged water hydroxyl group.

For a deeper analysis of changes in electronic structures upon a water adsorption, the partial
DOS and the electronic density redistributions are presented in Figures 4.6 and 4.7. The
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Figure 4.6: The partial DOS of the molecular adsorption configuration for the Fe2O3(0001) and
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Figure 4.7: The partial DOS of the two most energetic favourable dissociative adsorption configurations
of water on top of the Fe2O3(0001) and Al2O3(0001) surfaces.
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strongest charge redistribution takes place for the most energetically favourable D-1 adsorp-
tion configurations of both the Fe2O3(0001) and Al2O3(0001) surfaces. The smallest changes
are observed for the molecular adsorption. In the partial DOS of the M configuration on iron
oxide (see Figure 4.6), the two molecular orbitals at approximately −5.3 eV and −8.5 eV are
clearly distinguishable. The overlap of the former water molecular orbital with the surface
states is negligible. The latter water orbital strongly interacts with both the surface iron and
oxygen sites it is bound to (the site decomposition of the partial DOS shows that the surface
localised states at −8.5 eV belong exactly to the surface iron and oxygen sites, which form
bonds with the adsorbed water molecule). The localised, molecular character of the water
orbitals indicates a relatively weak surface – water interaction, which does not affect the elec-
tronic structure of water molecule too much. This is consistent with the small changes of
the electronic density upon water adsorption. The largest changes are localised at the water
molecule and only weak charge accumulation at the FeS−Ow bond is observable. The re-
distribution of the electronic density at the water molecule is explained by stretching of the
Ow−Hw bond upon formation of the hydrogen bond with the surface oxygen site Hw · · · OS.
The charge redistribution at the hydrogen bond and the hybridisation of the water molecule or-
bital with the surface oxygen ion indicate that the corresponding bond has, at least partially, a
covalent character. In the DOS of aluminium oxide, only one molecular orbital at ca. −6.3 eV
survives, which is a consequence of the stronger surface – adsorbate interaction in the case
of Al2O3(0001) than in the case of Fe2O3(0001). This molecular orbital is hybridised with
only the surface aluminium site, which indicates the absence of chemical bonding of the ad-
sorbate with surface oxygen. The largest charge redistribution takes place along the covalent
AlS−Ow bond that shows the stronger water molecule bonding with a cation site in the case
of aluminium oxide as compared to iron oxide.

The charge redistribution map of the D-1 dissociative adsorption on the Fe2O3(0001) sur-
face (see Figure 4.6) shows significant accumulation of the electronic density at the FeS−Ow
and OS−Hw bonds, which indicates a strong adsorbate – surface interaction and is compatible
with the fact that the D-1 adsorption configuration is the most energetically favourable one.
The corresponding partial DOS in Figure 4.7 shows one narrow peak at ca. −7.8 eV, which
is localised at OHS oxygen and hydrogen sites. The molecular orbitals of the OHw are not
distinguishable, which is a consequence of the strong OHw−FeS interaction. Overall, the D-1

adsorption configuration on Al2O3(0001) shows a pattern similar to Fe2O3(0001) in the sense
of electronic charge redistribution and in the sense of the partial DOS. The main difference
is that the OHS molecular orbital in the case of aluminium oxide surface consists of states of
both spins, which results in the higher electronic density accumulation at the OHS species.
The same conclusion directly follows from the comparison of the corresponding electronic
redistribution maps (see Figure 4.6).

The partial Ow-2p DOS of the D-2 adsorption configuration of both oxides (see Figure 4.7)
demonstrates a few narrow peaks at the Fermi level, which corresponds to the atomic-like
oxygen states localised at Ow. The corresponding electronic charge accumulations are clearly
seen in the density redistribution maps in Figure 4.6. The molecular OHS state at −8.3 eV
for water adsorption on Fe2O3(0001) consists of the corresponding atomic states of both spins
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4.2 Isolated Water Molecule Adsorption

similar to the corresponding adsorption configuration on Al2O3(0001) and in contrast to the
D-1 adsorption configuration on Fe2O3(0001). Overall, the charge redistribution maps and
partial DOS of both the D-1 and D-2 adsorption configuration for both oxides demonstrate a
similar pattern. However, the changes in electronic structures for the D-1 adsorption configu-
rations are more pronounced than for the D-2 or M configurations.

4.2.2 Water Adsorption on Defective Surface

The defective Fe2O3-x(0001) surface binds the water molecule much stronger than the pristine
one (compare Figures 4.8 and 4.5, respectively). In the molecular adsorption (M-d) the water
molecule is shifted towards the oxygen vacancy and is significantly bent (see Figure 4.8). The
hydrogen bond between the water hydrogen and the surface oxygen ion becomes shorter than
for the pristine termination (1.53 Å vs. 1.74 Å) and stronger. Nevertheless, the vacancy site
remains unchanged and the defect-induced electrons stay localised at the two iron ions from
the deeper iron double-layer (see Figure 4.8 (a,b)) according to the following reaction:

[
FeS

3+,FeS−1
2+,FeS−2

2+,VO

]
+H2Og →

[
FeS

3+,FeS−1
2+,FeS−2

2+,VO

]
H2Oa. (4.3)

The partial DOS shows only one molecular state of water at ca. −9.1 eV (see Figure 4.9),
which, however, weakly interacts with the surface. The electronic redistribution map demon-
strates the higher electronic charge deficiency at the surface iron site the water molecule
is bound to, as compared to the molecular adsorption on the pristine Fe2O3(0001) surface
(see Figure 4.6). The electronic density redistribution maps for the molecular adsorption on
the pristine and defective aluminium oxide terminations are identical (compare Figures 4.6
and 4.9). The partial DOS of the Al2O3-x termination preserves the spatially localised defect
peak at the Fermi level, but the molecular orbital, observed in the DOS of the M adsorp-
tion configuration at −6.3 eV, disappeared. The less overlap between the water and surface
states is responsible for the weaker adsorbate – surface binding for water adsorption on the
Al2O3-x(0001) termination as compared with the Al2O3(0001) one (the adsorption energies
are −1.29 and −0.90 eV for the pristine and defective terminations, respectively).

In the dissociative adsorption for Fe2O3-x (Figure 4.8 (c-e)) the water OHw
− tends to spon-

taneously occupy the surface vacancy site during ionic optimisation that results in two almost
identical surface hydroxyl groups. No differences were observed for both hydroxyl groups in
the local crystal structure (see Figure 4.8 (c,d)), and just small changes were observed for their
partial DOS (see Figure 4.10). The charge redistributions around these two hydroxyl groups
were also found to be similar. For such healed iron oxide surface all the iron ions from the
iron double-layer, i.e. FeS-1 and FeS-2, become identical and one of the extra electrons goes
to the surface FeS site (see localised state at the Fermi level in the partial DOS of the D-d-

1 configuration in Figure 4.10). The second extra electron is shared between both hydroxyl
groups. The significant electronic charge accumulation at the corresponding sites is clearly
seen in the electronic charge redistribution map in Figure 4.9. Thus, the dissociation process
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a 

M-d: -1.44 (-0.90) D-d-1: -2.45 (-1.20) D-d-2: -2.19 (-0.40)

D-d-3: -0.51 (-2.98)

b 

c 

d 

e 

f 

Figure 4.8: The top views for the molecular (a) and dissociative (c, e, f) adsorption structures of the
Fe2O3-x(0001) surface. The side views for selected adsorption configurations with a cut made through
the dashed line on the corresponding top-view structures are also presented. The arrow indicates the
oxygen vacancy site. The iron ions with the additional occupied d-states due to the oxygen defect
are shown in black. The corresponding adsorption energies for water adsorption on the Al2O3-x(0001)
surface are shown in parenthesis.

looks as follows:
[
FeS

3+,FeS−1
2+,FeS−2

2+,VO

]
H2Oa →

[
FeS

2+,FeS−1
3+,FeS−2

3+,OH−] Ha
+. (4.4)

Such surface healing is energetically very favourable because of the large positive oxygen
vacancy formation energy (see Table 4.2) that makes both the D-d-1 and D-d-2 configurations
(see Figure 4.8) energetically the most stable. Similar to the dissociative water adsorption
on the pristine Fe2O3(0001) termination, the closest possible position of the water molecule
residues is energetically the most favourable, i.e. D-d-1 is more stable than D-d-2. The D-d-1

adsorption configuration for Al2O3-x(0001) leads to a charge accumulation at the oxygen ions
forming hydroxyl groups (see localised peak at the Fermi level in the DOS in Figure 4.10 and
the electronic charge redistribution map in Figure 4.9). However, the changes in electronic
structure are much less pronounced in the case of aluminium oxide as compared to iron oxide,
which accounts for much weaker water molecule bonding in the former case.
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Figure 4.9: The partial DOS of the molecular adsorption configuration for the Fe2O3-x(0001) and
Al2O3-x(0001) surfaces (upper panels) and the electron density redistribution maps upon water adsorp-
tion on the corresponding defective surfaces (lower panels). The electronic densities are given in e−/ Å3.
The cut-off value for all maps was taken 0.0035 e−/ Å3.
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Figure 4.10: The partial DOS of two dissociative adsorption configurations of water on top of the
Fe2O3-x(0001) and Al2O3-x(0001) surfaces. OS∗ denotes the surface oxygen ion, which forms the sur-
face hydroxyl group with one of the water protons (HS). Ow indicates the water oxygen atom, which
occupies the vacancy site and forms the surface hydroxyl group with one of the water proton (Hw).

72



4.2 Isolated Water Molecule Adsorption

In the D-d-3 configuration the hydride (H–) species is formed. It is created by transfer of the
two defect-induced electrons to the water proton in the vacancy position (see electronic redis-
tribution maps for Al2O3-x(0001) and Fe2O3-x(0001) in Figure 4.9) according to the reaction:

[
FeS

3+,FeS−1
2+,FeS−2

2+,VO

]
H2Oa →

[
3Fe3+,H−] OHa

−. (4.5)

This process is not favourable in the Fe2O3-x(0001) case and the D-d-3 configuration is the
least stable one in contrast to the case of Al2O3-x(0001) (see Figure 4.8).

Overall, in contrast to the iron oxide surface, for the aluminium oxide surface, both the
molecular and dissociative adsorption, except for the D-d-3 configuration, are less favourable
at the defective surface than at the pristine one (compare Figure 4.8 and Figure 4.5). The
reason is due to the electrostatic repulsion between the electronic density localised at the va-
cancy site and the negatively charged oxygen atom of water or hydroxyl group. This also
explains why the D-d-3 adsorption configuration is extremely favourable for Al2O3-x(0001).
The electronic density excess localised at the vacancy site attracts the water proton, signifi-
cantly reducing their electrostatic energy. Moreover, the electrostatic interaction between H−

and the neighbouring water or water hydroxyl group is less repulsive than the corresponding
interaction between the water residues and two extra electrons localised at the vacancy site.
The energy gain upon reaction of the water proton with the two electrons at the vacancy site
accounts for the large adsorption energy (−2.98 eV) for the Al2O3-x(0001) surface.

4.2.3 Comparison with Aluminium Oxide Surface

The half-iron termination of Fe2O3(0001) is isostructural to the half-aluminium termination
of Al2O3(0001). Moreover, both oxides demonstrate the same trends in the surface stabilities:

• The half-metal terminations are the only energetically stable ones over the whole al-
lowed oxygen chemical potential region.

• The creation of an oxygen vacancy in the −O3− layer of metal-terminated surfaces
destabilises the corresponding terminations.

• Among the oxygen terminations, those containing less oxygen ions are more stable.

However, the electronic structure of the iron oxide surface is much more complicated than it
is for the aluminium oxide because of the strongly correlated Fe-3d electrons. Therefore, the
comparison of the behaviour of a water molecule on top of both oxides reveals the pure effect
of the electronic structure on the water adsorption.

The water splitting reaction paths on top of the pristine and defective iron and aluminium
oxide surfaces are shown in Figure 4.11. The presence of a water molecule on top of the
iron oxide surface in both the molecular and dissociative configurations reduces the oxygen
defect formation energies and enhances the reducibility. For aluminium oxide surface the
molecularly adsorbed water hinders the defect formation, while the dissociative adsorption
promotes the creation of the surface defect. The molecularly adsorbed water on the pristine
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Figure 4.11: The energy diagram (in eV) for the water splitting in the presence of the pristine and defec-
tive iron and aluminium oxide surfaces. The energies for iron oxide are given in black, the corresponding
energies for aluminium oxide are given in blue colour. For comparison the results for iron and aluminium
oxides have been obtained within PBE+U +D2 and PBE+D2 functionals, respectively.

and defective aluminium oxide surfaces dissociates easier than on the iron oxide ones. For the
Fe2O3-x(0001) surface the energy gain on water dissociation is two times smaller compared
to the corresponding Al2O3-x(0001) surface. For the pristine Fe2O3(0001) surface the energy
gain on dissociation is extremely small approaching the DFT accuracy limit4.

The molecular adsorption is considered here as an initial step for the water adsorption pro-
cess from the gas phase. Particularly, this step in many respects determines the adsorption
rate. The molecular adsorption is promoted on the defective Fe2O3-x(0001) surface as com-
pared to the pristine one. The energy released upon water dissociation on top of the de-
fective termination is also larger than it is on top of the pristine Fe2O3(0001) termination.
Thus, the Fe2O3-x(0001) surface binds the adsorbed water molecule much stronger than the
Fe2O3(0001) surface. For aluminium oxide surface the results are not so straightforward. Al-
though the molecular adsorption is more favourable for the pristine termination, however, be-
cause of large energy gain upon the dissociation process on top of the defective Al2O3-x(0001)
surface the latter one binds the adsorbed water molecule stronger.

4 This may account for the qualitative differences in water adsorption on Fe2O3(0001) and Al2O3(0001) at high
coverages, where water – water interaction may affect the dissociative type of adsorption. For Al2O3(0001)
this is not the case, and all the water molecules up to 1 ML water coverage dissociate [174, 230, 232, 233].
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4.2 Isolated Water Molecule Adsorption

The reaction paths for water adsorption process on top of the pristine Fe2O3(0001) and
Al2O3(0001) surfaces are completely identical. For their defective counterparts the most en-
ergetic favourable dissociative adsorption configurations are qualitatively different. We con-
clude here that while the similar adsorption behaviour of water on top of the half-metal ter-
minations of pristine iron and aluminium oxides is explained by resemblance of their crystal
structure, the differences in their electronic structures cause the qualitatively different adsorp-
tion on the corresponding defective terminations.

4.2.4 Comparison with Other Iron Oxide Surfaces

While the comparison between iron and aluminium oxides is worth to identify only the ef-
fect of the electronic structure on the water adsorption phenomenon, the comparison between
different iron oxides should reveal both effects: the difference in the crystal and electronic
structures. For example the Fe3O4 unit cell is the spinel face-centred cubic unit cell, which
contains both tetrahedrally (FeA) and octahedrally (FeB) coordinated iron sites. All the FeA
sites are assigned to the Fe3+ oxidation states, while the FeB sites are in the mixed Fe3+ and
Fe2+ valence state. Thus, different choices of the iron-terminated surfaces are possible, par-
ticularly the octahedrally iron-terminated one (see Figure 4.12). However the surface crystal
structures are different. In this section, the qualitative water adsorption behaviour is analysed
with respect to the coordination numbers of the originally octahedrally coordinated surface
iron ions of the different Fe2O3 and Fe3O4 terminations. The overview is compiled in Ta-
ble 4.3. We showed here some our PBE+U results without the dispersion correction to com-
pare them with results available in literature for Fe3O4. The dispersion correction leads to an
overall shift of the adsorption energies towards lower values without any qualitative changes
in the adsorption configurations.

The most energetically favourable adsorption type for all the considered surfaces is the
heterolytic dissociative adsorption. For Fe3O4(111) the local minimum for the molecular ad-
sorption does not exist [234]. The water molecule on top of the three-fold coordinated surface
Fe site of Fe3O4(111) dissociates spontaneously and binds stronger to the surface than it is for
the adsorption on Fe2O3(0001). In the case of the Fe3O4(001) surface, the favourable molec-
ular adsorption configuration is flat [236], whereas for Fe2O3(0001) it is tilted and bound with
the hydrogen bond to the surface oxygen ion. For both the surfaces the homolytic dissocia-
tion was found to be unfavourable with positive adsorption energies (0.28 eV and 0.51 eV for
Fe2O3(0001) [38] and Fe3O4(001) [236], respectively). The heterolytic dissociative adsorp-
tion on the pristine Fe3O4(001) surface does not depend on the relative positions of OHw and
Hw. This is not the case for the pristine Fe2O3(0001) surface, where the distance between
the water molecule residues after dissociation is of crucial importance. For both defective
iron oxide surfaces the water hydroxyl group occupies the vacancy site and the adsorption is
strongly favoured upon oxygen vacancy formation. The degeneracy of the dissociative adsorp-
tion structures with respect to the OHw

−−Hw
+ distances observed for the pristine Fe3O4(001)

surface is removed. The surface hydroxyl groups exhibit a repulsive character that results in
the distribution of OH– at an averaged distance of 5.95 Å [236]. This is quite different to the

75



4 Results and Discussions
(1
00
)

(010)

(110)

(010)

(110)(1
00
)

a b

Fe
oct

Fe
tet

O

Figure 4.12: The half-iron termination of Fe2O3(0001) (a) in comparison with the octahedrally iron-
terminated surface of Fe3O4(111) (b). The surface unit cells are shown with the yellow rhombus. The
side cuts are made through the (100), (010) and (110) crystallographic planes with respect to presented
unit cells. The octahedrally coordinated surface iron sites are shown in blue, the tetrahedrally coordi-
nated surface iron sites are shown in green and the surface oxygen ions are shown in red. The deeper
layers are shown in white.

dissociative adsorption on the defective Fe2O3-x(0001) surface, where both OH– tend to stay
at neighbouring surface sites. Upon healing the surface vacancy by OHw for both oxides a sig-
nificant charge redistribution of the extra electrons localised at the subsurface iron ions is ob-
served (see Ref 237 for the Fe3O4-x(001) surface and Figure 4.8 (c) and 4.9 for Fe2O3-x(0001)
termination). However, in Fe3O4-x(001), in contrast to Fe2O3-x(0001), both OHS and OHw are
not completely identical. Overall, Table 4.3 demonstrates the strong dependency of the water
molecule binding on local coordination of the surface iron site: the three-fold coordinated iron
of the α-Fe2O3(0001) and Fe3O4(111) surfaces binds both molecular and dissociated water
stronger than the five-fold coordinated iron of the Fe3O4(001) surface.
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Table 4.3: The adsorption energies for iron oxide surfaces at the PBE+U level of accuracy. The
available PBE+U +D2 values are shown in parentheses.

Surface
Coordination Adsorption

∆Eads / eV
number of FeS type

α-Fe2O3(0001)1 3 molecular −0.86 (−0.98)
α-Fe2O3(0001)1 3 dissociative −1.04 (−1.08)
α-Fe2O3(0001) [38] 3 homolytic dissociative +0.28
α-Fe2O3-x(0001)1 3 molecular −0.00 (−1.44)
α-Fe2O3-x(0001)1 3 dissociative −0.00 (−2.45)
Fe3O4(111) [234] 3 molecular not stable
Fe3O4(111) [234, 235] 3 dissociative −1.45 (−1.73)
Fe3O4(001) [236] 5 molecular −0.39
Fe3O4(001) [236] 5 dissociative −0.76
Fe3O4(001) [236] 5 homolytic dissociative +0.51
Fe3O4-x(001) [236] 5 molecular −0.51
Fe3O4-x(001) [236] 5 dissociative −1.73

1 this work.

4.2.5 Kinetics: Elementary Reactions on the Surface

We restrict ourselves to only a few “representative” reactions, which are supposed to cover all
relevant possibilities of movement of a water molecule and its residues on the surface. The
actual number of elementary reactions is much higher because of the breaking of the surface
symmetry by the presence of the adsorbed species. Moreover, we neglect such reactions as:
the proton migration to the bulk Fe2O3 and its diffusion to the distant surface oxygen ions
from the third (D-3) and fourth (D-4) coordination spheres. The former process is supposed
to be much less favourable than the diffusion along the surface sites and the latter one goes
outside the scope of this work, where we are rather interested in the processes during the water
adsorption event than in the subsequent reactions on the surface.

The MEP for the representative reactions were obtained using the CI-NEB method. The M,
D-1 and D-2 structures were used as the product and reactant structures for the dissociation
reactions (Dis-H2O-D-1, Dis-H2O-D-2) and for the water proton diffusion along the surface
(Dif-H-D-12). For diffusion of the water molecule and its OH– (Dif-H2O, Rot-H2O and
Dif-OH), the product structures were prepared by the application of the corresponding sym-
metry operation and following reoptimisation of the whole system. The reaction and activation
free energies and the corresponding rate constants for each reaction in the direct and reverse
directions were calculated according to TST (see Sec. 2.2.3). The MEP are presented in Fig-
ures 4.13–4.14. The MEP for the rotation of the intact water molecule is rather symmetric
with respect to the transition structure. At the first step of the rotation process, the hydrogen
bond Hw−OS breaks and the molecule moves towards the surface iron site. At the FeS ion it
starts to rotate around the axis perpendicular to the surface and going through the surface iron
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Figure 4.13: The MEP of the water molecule diffusion on top of the Fe2O3(0001) termination. For each
reaction the reaction free energy (∆G = GP −GR) and the activation free energy (∆G‡ = G‡ −GR) are
given for the ambient conditions (T = 300 K) under the corresponding MEP in the form ∆G(∆G‡). The
GP, GR and G‡ are the product, reactant and transition structure free energies, respectively.
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Figure 4.14: The MEP of the water dissociation on top of the Fe2O3(0001) termination. For the notations
see the caption of Figure 4.13.
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Figure 4.15: The MEP of the water residues diffusion on top of the Fe2O3(0001) termination. For the
notations see the caption of Figure 4.13.
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ion. At the transition point the water molecule plane is parallel to the surface and the Ow−Hw
bonds are on opposite sides of the FeS−OS bond. This process is not accompanied with any
covalent bond breaking and this results in the small activation barrier and huge reaction con-
stant of 1012 s−1 leading to the “rotational degeneracy” of the adsorption configuration, like it
is in aluminium oxide [174].

The intact water molecule diffusion to a neighbouring surface iron consists of two steps. At
the first step, the hydrogen Hw−OS bond breaks and the molecule moves towards the surface
iron site it is bound to. Then, the water molecule starts to rotate and moves towards the next
surface iron site through the neighbouring surface oxygen ion. At the transition structure one
of water Ow−Hw bonds is directed perpendicular to the surface forming the hydrogen bond
with the surface oxygen site. This part of the reaction is similar to the water diffusion on top of
the Al2O3(0001) surface (see Figure 4 (a) in Ref. 174). Nevertheless, the activation energy for
Fe2O3(0001) is lower than for Al2O3(0001) (0.52 vs. 0.88 eV [174]) because of the weaker
Ow−FeS bond as compared to the Ow−AlS bond in aluminium oxide. This results in the much
higher reaction constant for the iron oxide surface 104 s−1 than for the aluminium oxide one
10−2 s−1 [174].

Both the dissociation reactions (Dis-H2O-D-1 and Dis-H2O-D-2) have comparable acti-
vation barriers (0.17 and 0.21 eV, respectively) with the former being a little bit smaller.
The activation energies for the competing dissociations on Al2O3(0001) are almost identi-
cal and smaller than on Fe2O3(0001) (0.13 and 0.14 eV [174, 238] for the Dis-H2O-D-1 and
Dis-H2O-D-2 paths, respectively) or even with the latter dominating (0.29 and 0.10 [239,
240]). The flat region of the Dis-H2O-D-1 MEP corresponds to the water molecule rotation
around the axis perpendicular to the surface and going through the surface iron site. Reach-
ing the OS from the first coordination sphere the water Ow−Hw bond breaks and the water
molecule residues moves in the opposite directions: OHw towards the surface iron ion, Hw
towards the surface oxygen site. The Dis-H2O-D-2 dissociation is accompanied by changes
of the local surface structure that explains the stepwise character of the corresponding MEP.
At the first step, the water molecule moves away from the surface iron site it is bound to,
towards the surface oxygen ion belonging to the second coordination sphere. To maintain the
covalent bond the surface iron ion follows the molecule. The surface oxygen shifts towards
the water molecule to form a covalent bond with the Hw. The transition structure corresponds
to the breaking of the water Ow−Hw covalent bond. At the final step, the dissociated water
molecule residues move in opposite directions and the surface relaxes back to its ground state
structure. The similar dissociative mechanism OS· · ·Hw−Ow→ OS−Hw· · ·Ow was already
reported for the Dis-H2O-D-2 dissociation [70] on Fe2O3(0001). However, the activation en-
ergy was much lower (0.05 eV) and the reaction was found to be exothermic with 0.25 eV
energy gain upon dissociation. The reason of the discrepancy is due to the much higher cov-
erage in Ref. 70, where the (1×1) unit cell was used. It corresponds to 1 ML water coverage
compared to 0.25 ML in our calculations.

The diffusion of the water molecule residues OHw and Hw shows huge activation barri-
ers of 2.31 and 0.54 eV, respectively, that makes such processes almost impossible with the
10−26 and 104 s−1 rate constants. The corresponding reactions on Al2O3(0001) are even less
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Figure 4.16: A kinetic diagram for elementary reactions of the water molecule on top of the Fe2O3(0001)
and Al2O3(0001) surfaces. The dominating direction of each reaction is shown in bold. The rate con-
stants for Fe2O3(0001) (in s−1) are shown in black, for Al2O3(0001) [174] in blue.

favourable with the 3.41 and 0.70 eV activation barriers and 10−45 and 101 s−1 rate con-
stants [174], respectively. That supports the assumption that the Ow−AlS bond is stronger
than the corresponding Ow−FeS bond due to the difference in the ionic radii of the Al3

+ and
Fe3

+ ions. The OHw rotation demonstrates no barrier and fits easily to the water proton po-
sition during an ionic optimisation, so-called “weather vane” behaviour, which also holds for
the OHw species on top of the aluminium oxide surface.

A schematic diagram for the two dissociative and molecular adsorptions is shown in Fig-
ure 4.16. The molecularly adsorbed water on top of both the Fe2O3(0001) and Al2O3(0001)
surfaces undergoes the dissociation following one of two possible ways with comparable prob-
abilities. If the dissociation goes along the Dis-H2O-D-1 dissociation path it results in the D-1

final structure and stays there most of the time since there is no appropriate way to leave this
state. Indeed, the probability for D-1 configuration to recombine back to the water molecule
is low and the probability to transfer to the D-2 dissociative structure is even less. For the D-2

dissociative configuration, there are two competing ways for the water molecule to undergo
the transition to the thermodynamically more stable D-1 structure: through the direct pro-
ton transfer (the reversed Dif-H-D-12 reaction) or through the intermediate molecular water
state (M) following the two sequential transitions (the reversed Dis-H2O-D-2 and following
Dis-H2O-D-1). Since all these ways seem to have comparable probabilities it is hard to ex-
clude any of them at the first glance. The only thing which is clear is that the “life time” of the
D-2 structure is small as compared to the D-1 and M configurations.

The diagram in Figure 4.16 is a good approximation for the water molecule microkinetics.
Other reactions are not relevant. Indeed, the water molecule rotation is degenerate in energy,
and there is no preferable orientation. Therefore, this process should not affect the water
dissociation. The OHw and H2O translations are almost forbidden. The diffusion of Hw

+ to
the more distant surface oxygen sites is difficult since the Hw−OS bond is strong and the D-3

and D-4 adsorption structures are less favourable than the D-1 and D-2 ones.
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4.3 Environment Dependent Water Adsorption

4.3.1 Low Water Coverage

If water coverage increases the adsorption energies of each distinct adsorption configuration
become less and less useful because:

• Fast increase of the total number of configurations to be considered.

• Some configurations are degenerate in energy.

• Only time-averaged thermodynamic quantities are actually measured in experiment.

Since so far there is no experiment to compare with, for further statistical analysis let us sup-
pose that the half-iron terminated Fe2O3(0001) surface is placed in a closed chamber with
some amount of water vapour at 0 K. The chamber gets heated. Upon heating the volume of
water vapour inside is constant, while the pressure increases5 and the water chemical potential
decreases. The adsorption free energies averaged over configurations for each type of adsorp-
tion (see Sec. 3.3 for details) are presented in Figure 4.17 as functions of temperature in the
chamber. The probabilities (called here contributions), with which a particular adsorption type
may be measured in experiment are also presented for one and two water molecules adsorbed
per the (2×2) hexagonal unit cell that corresponds to the 0.25 and 0.5 ML water coverages.

In fact, the statistical analysis for one water molecule is unnecessary because there are only
a very small total number of nonequivalent adsorption configurations (see Sec. 3.2), which
have well separated adsorption energies (see Sec. 4.2). Nevertheless, the analysis is presented
here to demonstrate that in this simple case the statistical analysis asymptotically gives the
same results as the standard approach based on the single adsorption energies. Thus, the plots
in Figure 4.17 corresponding to the 0.25 ML coverage regime show that the molecular water
adsorption is less favourable than the dissociative one over the whole possible temperature-
pressure range. Because of the much lower mean adsorption free energy the dissociative
adsorption type almost exclusively dominates (ca. 98−100 %) at any water vapour environ-
ment. At approximately 800 and 1200 K for the molecular and dissociative adsorption types,
respectively, the mean adsorption free energies become zero that means that the majority of ad-
sorption configurations get energetically unfavourable under these conditions. In other words,
800 and 1200 K are the temperatures of desorption of molecularly and dissociatively adsorbed
water, respectively.

For the 0.5 ML water coverage, the fully molecular adsorption is also energetically un-
favourable at any temperature – pressure conditions. The mixed molecular-dissociative ad-
sorption type is almost everywhere degenerate in energy with the fully dissociative adsorp-
tion. At the low temperature – pressure region, below 200 K, the mixed adsorption is more

5 The water vapour is considered as an ideal gas and, therefore, its temperature, pressure and volume are
connected according to pV = NkT .
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Figure 4.17: The temperature dependency of the averaged adsorption free energy (top plots) for each
particular type of adsorption and its contributions (middle plots) to the total averaged value. The 0.25 ML
(left plots) and 0.5 ML (right plots) water coverages are presented. The bars above each adsorption free
energy plot show the most stable structures within the specified range of temperature. The most stable
structures for the 0.5 ML water coverage are shown at the bottom of figure. The D-1 structure for the
0.25 ML coverage is presented in Figure 4.5.
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Figure 4.18: The water chemical potential as a function of temperature and pressure is presented at
the left side. At the right side, the most stable dimer water adsorption configurations on top of the
octahedrally iron-terminated Fe3O4(111) [234] and Fe2O3(0001) surfaces.

favourable than the fully dissociative one. Above this temperature, the fully dissociative ad-
sorption starts to dominate. The contribution plot shows that the mixed adsorption dominates
at the region below 200 K, around that point the contributions are equal, above 300 K the con-
tributions of both types of adsorption reach the plateau of the constant ratio of 60 %:40 % for
the fully dissociative and mixed adsorption types, respectively. The desorption temperatures
are ca. 900, 1100 and 1200 K for the fully molecular, mixed and fully dissociative adsorptions,
respectively. Among the most stable adsorption configurations, the dissociative configuration
dominates at the intermediate region between 300 and 900 K, while the mixed structure is
more stable at the high temperature (> 900 K). At the low-temperature region (< 300 K)
both the fully dissociative and mixed configurations are degenerate in energy within the pre-
cision of 0.01 eV. The water molecule residues are more evenly distributed over the surface
for the DM-12-1 and 2D-36 structures, which are stable at the low temperatures than for the
high-temperature structures, i.e. DM-5-2 and 2D-26. When the temperature increases, the
vibrational part of the adsorption free energy starts to dominate over the electrostatic interac-
tion between the water molecule residues. The increase in temperature leads to the breaking
of the hydrogen bond between the water hydrogen and the surface oxygen ion (compare the
DM-12-1 and DM-5-2 structures) that gives rise to the high frequency vibration of the corre-
sponding Ow−Hw bond as compared with the Ow−Hw· · ·OS case.

For an ideal gas in a closed chamber the increase in temperature leads to the decrease in the
chemical potential of gas species (see Sec. 3.3 and Figure 4.18). As it was shown in Sec. 4.2
the resemblance between the crystal structures of the pristine Fe2O3(0001) and Al2O3(0001)
surfaces leads to the qualitatively similar behaviour of the water adsorption on these surfaces,
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despite the drastic difference in their electronic structures. The effect of the difference in the
crystal structure of the surfaces on the water adsorption may be demonstrated in comparison of
the water adsorption on the Fe2O3(0001) and the octahedrally coordinated iron termination of
Fe3O4(111). For the later, the dimer adsorption structure was found to be energetically more
favourable as compared to the monomer adsorption [234, 235]. The corresponding dimer
adsorption structures for Fe2O3(0001) and Fe3O4(111) are presented in Figure 4.18. In the
case of the adsorption on Fe3O4(111), the surface crystal structure allows the second water
molecule to adsorb molecularly forming two hydrogen bonds of ca. 1.65 Å length with the
residues of the first dissociated water molecule. Because of the suitable distance between the
surface iron and oxygen ions, the Ow1· · ·Hw2−Ow2· · ·Hw1 complex is not distorted and the
oxygen atom of the second water molecule (Ow2) is located right above the Hw1 proton. There
are two similar configurations for the dimer water adsorption on Fe2O3(0001):

• The first water molecule may dissociate according to the D-1 configuration with the
water proton bound to the surface oxygen from the first coordination sphere (DM-h-1).

• H2Ow1 dissociates according to the D-2 configuration with the water proton going fur-
ther away to the surface oxygen site from the second coordination sphere (DM-h-2).

The former configuration appears to be less favourable than the monomer adsorption D-1

by 0.1 eV because of the small FeS−OS distance. The molecularly adsorbed water with its
hydrogen bonds of length 1.67 Å does not fit in the available free space between surface
iron and oxygen sites. The Ow1· · ·Hw2−Ow2· · ·Hw1 complex appears to be distorted and the
two protons are located one right above another that is electrostatically not favourable. On
the contrary, in the DM-h-2 configuration the Ow1· · ·Hw2−Ow2· · ·Hw1 complex is distorted
because of the too large FeS−OS distance. Although the dimer DM-h-2 configuration is by
0.1 eV more favourable than the corresponding monomer adsorption, i.e. D-2, it is still by
0.2 eV less favourable that the most stable D-1 monomer configuration. Thus, the difference in
the surface crystal structures between Fe2O3(0001) and Fe3O4(111) leads to the qualitatively
different water adsorption mechanisms on these surfaces at the low water coverage.

4.3.2 High Water Coverage

For the low coverages (0.25 and 0.5 ML) we considered all possible nonequivalent configura-
tions. Taking all possibilities into account for the high coverages (0.75 and 1 ML) is indeed
feasible but computationally expensive and not necessary. The analysis of the adsorption con-
figurations for the low coverages shows a few reasonable tendencies:

• A water proton tends to stay as close to the corresponding water hydroxyl group as
possible.

• The configurations with more than one water proton next to the same water hydroxyl
group are not favourable.
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• The configurations with a water proton next to the molecularly adsorbed water species
are not favourable.

Table 4.4: A list of the nonequivalent adsorption
configurations for the high coverage regimes with
the Gibbs adsorption free energies at ambient con-
ditions, i.e. T = 300 K and p = 1 bar (∆GAC

ads), close
to the most favourable adsorption configuration is
presented. The corresponding DFT adsorption en-
ergies (∆Eads) are also shown.

Conf. ∆Eads / eV ∆GAC
ads / eV

0.75 ML

2DM-56-1 -1.17 -0.74
3D-74 -1.12 -0.71
2DM-30-1 -1.14 -0.71
2DM-3-1 -1.14 -0.70
2DM-5-1 -1.14 -0.70
3D-1 -1.13 -0.70
3D-19 -1.12 -0.70

1 ML

3DM-1-1 -1.14 -0.71
3DM-10-1 -1.14 -0.70
2D2M-7-3 -1.14 -0.70
4D-1 -1.14 -0.70
3DM-35-1 -1.13 -0.70
3DM-57-1 -1.12 -0.69
4D-13 -1.12 -0.69
2D2M-1-2 -1.13 -0.68
2D2M-1-3 -1.14 -0.68
2D2M-7-2 -1.13 -0.68
3DM-21-1 -1.13 -0.68
3DM-38-1 -1.12 -0.68
3DM-47-1 -1.12 -0.68
4D-4 -1.10 -0.68
4D-21 -1.09 -0.67
2D2M-1-1 -1.13 -0.67
2D2M-13-1 -1.13 -0.67
2D2M-30-1 -1.12 -0.67

The discarding of such, in advance un-
favourable, configurations significantly re-
duces the total number of configurations to
be considered. Moreover, the unfavourable
conformations with a molecularly adsorbed
water were also excluded. Because of the
restricted unit cell size, for the high cov-
erages only very few configurations satisfy-
ing such assumptions are possible. The con-
sideration of such a restricted ensemble is
a good compromise between the computa-
tional costs and accuracy. This may be jus-
tified for the low temperatures, where the vi-
brational term in the adsorption Gibbs free
energy (see Sec. 3.3 for details) is not so im-
portant and may be neglected. Moreover, be-
cause of the strong exponential dependency
of the probability of each configuration on its
adsorption free energy, even a small differ-
ence in the adsorption energy leads to drastic
changes in the contribution of this particu-
lar configuration to the averaged quantities.
Thus, at the low temperatures only the most
stable configurations actually contribute to
the averaged quantities measured in exper-
iment. At the high temperatures, even un-
favourable configurations become populated
and to some extent contribute to the averaged
thermodynamic values. Moreover, the vibra-
tional term may start to dominate in the ad-
sorption free energy and the aforementioned
assumptions may become not strictly valid
anymore. For the high temperatures, the cor-
rections for the vibrational frequencies con-
cerning anharmonicity are also needed. The
complete sets of the single point adsorp-
tion configurations for each adsorption type,
which are taken into account during averag-
ing, are presented in Appendix A.3 and A.4.
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Figure 4.19: The top views on the most stable adsorption configurations at the high coverage regimes.

Already for 0.5 ML coverage we have seen that the most favourable adsorption config-
urations become degenerate in Gibbs free energy (see Sec. 4.3.1). For the high coverages
the situation gets even more complicated. In Table 4.4 the adsorption configurations, whose
adsorption free energies are inside the interval [∆GAC

ads(Stable);∆GAC
ads(Stable)+0.04eV], are

presented. Here ∆GAC
ads(Stable) is the lowest adsorption free energy at the ambient conditions

for the corresponding water coverage. The energetic parameter 0.04 eV corresponds to the
so-called chemical accuracy. Since the accuracy of our DFT calculations is definitely worse
than the chemical accuracy, the configurations presented in Table 4.4 should be considered
as degenerate. The large number of such degenerate configurations hinders the common ap-
proach of choosing a single “representative” configuration, that would reflect the thermody-
namic properties of the whole population. Note that not only the adsorption configurations are
mixed up, but also different adsorption types. Thus, the most favourable adsorption configu-
rations for 0.75 ML consists of the fully dissociative (3D) and mixed (2DM) adsorption types.
In the case of 1 ML already three adsorption types contribute, i.e. fully dissociative (4D) and
two mixed (3DM and 2D2M) .

We will continue our analysis in two ways. According to the first one we still stick to the
single adsorption configuration picture. In order to reduce the total number of configurations
to be considered we tight up the distinctive parameter from 0.04 eV to 0.01 eV and trace the
changes in the most favourable adsorption configurations with the temperature and pressure.
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Figure 4.20: The temperature dependency of the averaged adsorption free energy (top plots) for each
particular type of adsorption and its contributions (bottom plots) to the total averaged value. The 0.75 ML
(left plots) and 1 ML (right plots) water coverages are presented.

The configurations, which become the most stable at some temperature-pressure conditions,
are marked with red in Table 4.4. The top views on these configurations are shown in Fig-
ure 4.19. The environmental conditions at which this or that configuration become stable may
be seen from the top panels in Figure 4.20. The analysis for 0.75 ML coverage is straight-
forward. The 2DM-56-1 mixed adsorption configuration is the most stable at the wide range
of the low and medium temperatures (< 900 K). At the higher temperatures the molecularly
adsorbed water of the 2DM-56-1 configuration (see Figure 4.19) dissociates resulting in the
3D-74 fully dissociative configuration. The 3D-74 configuration exhibits a strong electrostatic
correlation on top of the surface. Each OHw, after the water molecule dissociation, rearranges
in such a way to point with its hydrogen towards the oxygen of the next OHw group away from
its surface proton.

The single adsorption configuration analysis for 1 ML regime is hindered even for the tight
energetic parameter. At the low temperatures three adsorption configurations compete with
each other. Moreover, all of them come from different adsorption types: the fully dissocia-
tive (4D-1) and two dissociative-molecular (3DM-10-1 and 2D2M-7-3). Upon heating two
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configurations (3DM-1-1 and 3DM-57-1) from the same adsorption type, where three water
molecules adsorb dissociatively and one molecularly, survive. We point out here again that the
presented discussion is just of a qualitative nature, since the distinctive energetic parameter is
too tight for an accuracy expected from the DFT calculations. In fact there are more degener-
ate adsorption configurations at each temperature-pressure conditions, but a consideration all
of them is neither informative nor feasible.

To summarise the water adsorption on the Fe2O3(0001) termination from the single adsorp-
tion energy point of view we present a p−T phase diagram for all coverages (i.e. 0.25, 0.5,
0.75 and 1 ML) in Figure 4.21. The phase diagram shows four different areas. The area below
the black solid line corresponds to the low water chemical potential at which the clean half-iron
pristine termination is the most stable phase. The high water chemical potential region above
the red solid line corresponds to the 1 ML water coverage adsorption with three dissociative
and one molecularly adsorbed water molecules (see Figure 4.19). In the small area between
the red and black solid lines the 0.75 ML water coverage adsorption phases were found to be
the most favourable. At the low temperature and pressure the 2DM-56-1 adsorption configu-
ration, where two water molecules dissociatively adsorb and one molecularly, dominates. On
the following heating the molecularly adsorbed water molecule of the 2DM-56-1 configura-
tion dissociates, that results in the stable fully dissociative 3D-74 configuration. Note that the
phase diagram in Figure 4.21 is incomplete in the sense that no coverages higher than 1 ML
were considered.

In the presented phase diagram there are no regions corresponding to the stable 0.25 or
0.5 ML adsorption phases. This reflects the fact that at the low water coverages the adsorbate
– adsorbate interaction is negligible so that the adsorption proceeds at each metal site inde-
pendently. If the water chemical potential makes the water adsorption energetically favourable
than at least 3 of 4 available metal adsorption sites in the unit cell become populated. On the
contrary, for the high water adsorption regimes (i.e. for 0.75 and 1 ML) the adsorbed water
molecules and its residues start to interact with each other so that the clear interface between
both coverages is formed. Nevertheless, this interaction is so weak that no clear symmetric
patterns or water molecule residues arrangements become the most favourable. Small wa-
ter residues interaction on the Fe2O3 surface is also seen from the weak dependency of the
averaged Gibbs adsorption free energies on coverage presented in Figure 4.21. The detailed
inspection shows that the adsorption energies for high coverages are in general lower than
those for low coverages. However, the difference does not exceed 0.1 eV, what shows just
a marginal gain in energy and, consequently, a weak electrostatic interaction even for 1 ML
loading.

The second way is to split the whole population of adsorption configurations into a few
groups and to compare the thermodynamic properties averaged over each such a group inde-
pendently. The natural choice is to group all configurations according to their type of adsorp-
tion and to compare averaged Gibbs adsorption free energies. An assessment of a contribution
of each group to the whole population would also be informative. The corresponding tem-
perature dependency of these properties are presented in Figure 4.20. For the 0.75 ML water
coverage, the fully molecular 3M adsorption is the least favourable in the whole allowed
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Figure 4.21: Calculated phase diagram for the H2O/Fe2O3(0001 ) system (top). The red line separates
adsorption configurations belonging to 1 and 0.75 ML water coverages. The black line separates the
0.75 ML adsorption configurations from the clean Fe2O3(0001) half-iron termination. A green line at
800 K denotes a border between two adsorption configurations belonging to 0.75 ML water coverage.
And the averaged adsorption free energies for each coverage (bottom).
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temperature-pressure region. The adsorption type with only one dissociated water molecule is
close to the most stable type in the low temperature region and becomes less and less stable
upon temperature increasing. The 2DM and fully dissociative 3D types are nearly degenerate
in energy at any temperature. Nevertheless, the former one is a little bit more favourable at
temperatures below 600 K. For the higher temperatures the fully dissociative configurations
becomes the most stable. The contributions demonstrate a similar pattern. Only two adsorp-
tion types really contribute to the averaged quantities: the 2DM type, which dominates at the
temperature below 800 K, and the 3D type, which dominates at the higher temperatures.

The analysis of the 1 ML water coverage regime is more complicated. The adsorption
types 4M and D3M are unfavourable at any temperature-pressure conditions and contribute
nearly nothing. The other 2D2M, 3DM and 4D adsorption types are strongly competing
with each other. They are degenerate at temperatures below the room temperature. On further
heating, the 2D2M type becomes less and less favourable, while the 3DM and 4D types remain
degenerate at the whole temperature scale. At the low temperatures the 3DM type exclusively
dominates and on heating it reaches the constant value of ca. 40 %. The 2D2M adsorption
type is the second dominating type of adsorption at the low temperatures (< 550 K). At higher
temperatures, the 2D2M contribution reaches the plateau at ca. 25 %. The fully dissociative
4D type is the only type of adsorption, which grows monotonically upon heating. Above 550 K
its probability becomes higher than the probability of the 2D2M adsorption type. However
the water desorbs before the 4D contribution becomes larger than the 3DM contribution. This
is the only coverage regime, where the fully dissociative adsorption type is not dominating
at the high temperatures. As it was shown, the most stable adsorption configurations exhibit
the same tendency. While at the low temperatures the 3DM adsorption configurations are
highly degenerate with configurations from other types of adsorption, at the high temperatures
only the 3DM configurations become the most stable. Thus, the 1 ML water coverage regime
at the high temperatures demonstrates the qualitatively transient behaviour towards the water
adsorption between mostly dissociative adsorption for the coverages below 1 ML and the
molecular adsorption for the coverages above 1 ML.

4.3.3 XPS Simulation of the H2O/Fe2O3(0001) System

There are a few conventional experimental techniques for an investigation of an adsorption
phenomenon on a surface: Temperature-Programmed Desorption technique (TPD), IR spec-
troscopy and XPS. The former method allows to assess the relative amounts of adsorbed
species, i.e. OHw, OHS or H2O, based on the adsorption energies. The main shortcoming of
TPD is that the experiment is carried out under UHV conditions that does not allow to vary the
water vapour atmosphere, i.e. the water chemical potential or relative humidity. The IR spec-
troscopy is the most sensitive method and it allows the clear separation of adsorbed species
based on the strength of the bond. It is possible to distinguish the same adsorbed species upon
the hydrogen bond formation that is essential for water adsorption on Fe2O3(0001). The iso-
tope marking makes even further separation of adsorbed species possible according to their
origin: gas phase or surface species. Similar information about the local chemical environ-
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ment of the particular atom may be also obtained employing the XPS technique. Different
electronic charge redistribution upon the chemical bond formation (see Sec. 4.2) allows in
most cases the clear separation between the different species on the surface. The XPS ex-
periment may be performed at ambient conditions, the ambient-pressure XPS technique, that
makes it possible to investigate the water adsorption at various water atmospheres. The de-
tection of the hydrogen bonding is also possible within XPS, although this technique is much
less sensitive to such a weak bonding than the IR spectroscopy. Moreover, in contrast to the
IR method, XPS is not sensitive to the atomic mass of species, which sometimes leads to
the mixing of the different peaks with close BE coming from contaminants in the experimen-
tal signal and, consequently, to the misleading interpretation of the XPS spectra. In many
cases, the simplest initial-state approximation [179,203,204], which connects the BE with the
Kohn-Sham core-orbital energies (the Koopmans theorem [190]), is satisfactory for qualita-
tively treating of semiconductors or dielectric systems like Fe2O3. Other, more sophisticated
approaches, like the final-state approximation [179,184], transition [241] and generalised tran-
sition state [242] theories and dynamical theories [179, 185–188, 193, 243–247] are essential
for metallic systems, where there are free electrons, which may screen the core-hole during
an electron transition. The main advantage of the XPS spectra simulation is that within the
initial-state approximation and DFT it is easy and straightforward to model and interpret.

To our knowledge, there are no available experimental data for the water adsorption on
Fe2O3(0001) using TPD or IR techniques and there are very few works for the XPS experi-
ments [49, 51, 76, 248]. Since the question about the most stable Fe2O3(0001) termination is
still under debate (see Sec. 4.1.1), special attention should be paid to the experimental con-
ditions used for the clean Fe2O3(0001) surface preparation. In what follows we will mainly
stick to the experiment presented in Ref. 76 for a few reasons:

• In Ref. 76, a single crystal sample of α-Fe2O3 was used instead of the thin film. The ion
sputtering for surface preparation was avoided. This allows us to attribute this experi-
mental work to the group of experiments, where the half-iron termination was found to
be the most favourable one, that as well corresponds to our calculations (see Sec. 4.1.1
for details).

• The temperature-pressure range used in Ref. 76 corresponds to an oxygen chemical
potential between −1.3 and −1.4 eV, at which the half-iron termination was predicted
to be the most stable within all functionals used in the present study (PBE, PBE+U ,
HSE(12%) and HSE06).

• The experimental coverage calibration allows us to compare the experimentally obtained
coverages with the calculated ones.

The simulated XPS spectra for various water coverages up to 1 ML are presented in Fig-
ures 4.22 and 4.23 in comparison with experiment. The spectra (a) and (b), according to
the assignments of Ref. 76, correspond to the 0.25 and 0.1 ML coverages, respectively. Both
the spectra (c) and (d) correspond to the 0.5 ML coverage at different temperature-pressure
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a

b

Exp. 0.25 ML

Calc. 0.25 ML

Calc. 1.00 ML
Calc. 0.75 ML

Calc. 0.50 ML

Exp. 0.10 ML

c

d

Exp. 0.50 ML

Calc. 0.25 ML

Calc. 1.00 ML
Calc. 0.75 ML

Calc. 0.50 ML

Exp. 0.50 ML

Figure 4.22: The experimental [76] and calculated O 1s XPS of the H2O/Fe2O3(0001) system at various
water vapour environments. Temperature and pressure are given in K and bar, respectively. The (a) and
(b) spectra correspond to the 0.25 and 0.1 ML experimentally assigned water coverages, respectively.
The (c) and (d) spectra correspond to the same 0.5 ML coverage but different temperature-pressure
conditions (see text for an explanation of differences).
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Exp. 0.85 ML

Calc. 1.00 ML

Figure 4.23: The experimental [76] and calculated O 1s XPS of the H2O/Fe2O3(0001) system for 0.85
and 1 ML water coverage, respectively. Temperature and pressure are given in K and bar. The XPS peak
is separated into contributions from the different oxygen species on the surface. Each single contribution
is a line with a height proportional to probability of the corresponding configuration.

conditions. The coverage of the spectrum in Figure 4.23 is close to 1 ML. Separation of the
calculated 1 ML XPS spectrum into contributions from the different surface species is also
presented in Figure 4.23.

It is clearly seen that the 0.1 ML experimental spectrum in Figure 4.22 (b) is well described
by the 0.25 ML simulated XPS spectra. Since for the 0.25 ML coverage, neither of the adsorp-
tion configurations has a negative adsorption free energy at T = 295 K and p = 3×10−12 bar
water vapour conditions, the corresponding simulated XPS spectrum actually reflects only the
surface Ox peak at 530 eV [249–251]. The spectrum fits well to the experimental XPS at low
BE (< 531 eV). However, the experimental XPS has a small shoulder at 531.2 eV. A similar
peak with a chemical shift between 1.0− 1.3 eV with respect to the surface Ox peak is typi-
cal for the clean iron oxide surfaces at UHV conditions [52, 65, 252]. This feature is usually
attributed to the nonstoichiometric oxygen or many-electron effects like shake-up. This peak
also overlaps with a contribution from the surface hydroxyl species OHS that comes from dis-
sociatively adsorbed water (see Figure 4.23), which is always to some extent present in the
experimental chamber. The latter suggestion is also along the fact that the simulated 0.5 ML
spectrum improves the agreement with experiment in this particular BE region. Calculated
BE for the OHS species (531.2 eV) is in excellent agreement with the experimental values of
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531.5 eV [49, 53, 253]. For the higher water vapour partial pressure (see Figure 4.22 (a)) the
high energy shoulder grows and the experimental spectrum is satisfactorily described by the
0.75 ML calculated XPS spectrum. The small differences at the binding energies higher than
532 eV, which are also observed at the lowest water partial pressure, may be attributed to the
oxygen-containing carbon contaminants (C−O and O−−C−O) [254–256], whose BE are close
to that region. On the other hand it was demonstrated in Sec. 4.3.2 that for the 0.75 ML water
coverage the mixed dissociative-molecular adsorption becomes significant and the calculated
BE of the molecularly adsorbed water is located at 532 eV.

Both the (c) and (d) spectra of Figure 4.22 correspond to the same relative humidity and the
same coverage according to the experimental assignment of Ref. 76. However, the shapes of
the spectra are different. The highest BE peak at 535.5 eV corresponding to pressure 10−3 bar
comes from the gas phase water and, therefore, it is absent in calculated XPS and in the
experimental spectra obtained at the lower water vapour atmosphere. Experimental XPS has
a long slowly decaying high energy tail at the lower temperature (295 K) as compared to
higher temperature (553 K) XPS or to the simulated spectra. This feature is attributed by
experimentalists to the molecularly adsorbed water species [76]. However, according to our
calculations the oxygen of the molecular adsorbed water has a 1s BE mainly below 532 eV
and, therefore, cannot contribute to the intensity of this shoulder.

In Figure 4.23, experimental XPS corresponding to the experimentally defined 0.85 ML
water coverage is presented in comparison with calculated XPS for the 1 ML regime. The
simulated spectrum describes the experiment well except for the discussed peak corresponding
to the molecularly adsorbed water. From Figure 4.23 it is also clear that each contribution (i.e.
H2O, OHS, Ox and OHw) has rather a broad distribution of the adsorption configurations over
energy. For further analysis we will distinguish each oxygen species not only by their origin
but also by the number and kind of chemical bonds, which it forms with the surface or other
water molecules (see Figure 4.24 for notations). Thus, a surface oxygen Ox splits into two
species (Oxc and Oxc–h), where the former one is a standard surface oxygen, which does not
interact with adsorbates, and the latter one is a surface oxygen, which forms a hydrogen bond
with an adsorbed water molecule. In the same way the OHw and OHS groups split into the
following species: OHw

c, OHw
c–h and OHS

c, OHS
c–h, respectively. A molecularly adsorbed

water forms three distinct groups: H2Oc, H2Oc–h and H2Oh–h. The former two species are
water molecules with only one covalent bond and one covalent and one hydrogen bonds,
respectively. The H2Oh–h denotes a water molecule, which forms two hydrogen bonds, one
with the surface oxygen and another one with other adsorbed water molecule or its residues.
Since in the most contributing adsorption configurations with a molecularly adsorbed water,
the water molecule forms a hydrogen bond with a surface oxygen ion, the only that kind of
contribution is actually reflected in the simulated spectrum in Figure 4.23. The configurations,
where such a hydrogen bond is absent are energetically less favourable. However, the BE of
the water molecule oxygen in that case is much higher, like it is showed in Table 4.5. The
value 2.1 eV is closer to the experimentally attributed molecularly adsorbed water BE shift
of 3.2 eV [49, 65, 257]. Therefore, there are two possible explanations for the discrepancy
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Figure 4.24: The designations of oxygen containing species contributing to the O 1s XPS spectrum.
The top and side views of the DM-12-1, DM-5-2, DM-h-1 and 2M-h-1 adsorption configurations are
presented from the left to the right, respectively.

between the experimental XPS spectra for high (p = 10−3 bar, 553 K) and low (p = 10−7 bar,
295 K) water partial pressure and temperature:

• The hydrogen bonded molecular water has lower adsorption free energy than the molec-
ular water with only one covalent bond with the surface iron site. Therefore, upon heat-
ing, only the more favourable hydrogen bonded molecular water configurations survive.
Since the BE of such water molecules are closer to the Ox peak, the high energy tail of
the spectrum in Figure 4.22 (c) is shorter than it is in the spectrum in Figure 4.22 (d).

• At the higher water partial pressure, the possibility to form a dimer structure is higher
than for the lower water vapour atmosphere. Thus, in Figure 4.22 (c) a signal from the
hydrogen bonded water molecules may dominate in the XPS spectrum, that leads to the
less pronounced high energy tail in Figure 4.22 (c) as compared to (d).

A simulation of the latter effect demands a consideration of the higher than 1 ML water cov-
erages and dimer adsorption configurations, that goes outside the scope of this investigation.
The former effect is taken into account for calculated XPS through the statistical weighting

Table 4.5: The calculated chemical shifts (in eV) of the oxygen containing species with respect to the
bulk oxygen ion (for notations see Figure 4.24 and 4.23).

Species
H2O OHS Ox OHw

H2Oc H2Oc–h H2Oh–h OHS
c OHS

c–h Oxc Oxc–h OHw
c–h OHw

c

BE shift +2.1 +1.9 +0.8 +1.2 +0.8 +0.0 +0.0 -0.1 -0.3
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(see detail in Sec. 3.4). The presented study shows that for both experimental conditions the
population of the configurations without hydrogen bonded molecular water is negligible as
compared to the population, where the water molecule forms a hydrogen bond with the sur-
face oxygen ion. However, we could miss some possible configurations, where, for example,
the water molecule and OHS form hydrogen bonds with a gas phase water independently of
each another. Such configurations may become stable at the experimental conditions and,
therefore, contribute to the experimental spectrum.

The coverages obtained by fitting of the simulated XPS spectra with the experimental ones
differ from the coverages reported in Ref. 76. This may be explained by the approximations
made for the coverage calibration of experimental XPS. The largest error comes from the
multilayer electron attenuation model [256, 258, 259], where the H2O/Fe2O3 system is rep-
resented by the three component H2O/OH/Fe2O3 multilayer interface with the Fe2O3(0001)
surface covered first by the hydroxylated layer and then by the molecularly adsorbed water.
Such model fits better to the coverages exceeding 1 ML, where the molecularly adsorbed wa-
ter starts to form the second ice-like layer atop the already hydroxylated surface. In all our
configurations this is not the case, and the molecularly and dissociatively adsorbed water form
one layer with the mixed adsorption mode. The uniform distribution of the adsorbed water
within one layer, adopted in Ref. 76, is also questionable [260–262].

The FWHM and shape of experimental spectra are determined by several factors such as
different chemical environment of species (chemical shift), diversity of adsorption config-
urations, dependency of the core-level natural width with a number and kind of relaxation
channels (radiative or Auger decay channels), screening effects during X-ray transition and
phonon broadening [263, 264]. In the presented study a shape of the simulated XPS spectrum
is governed by chemical shifts of species and contributions of different adsorption configura-
tions. The other factors are supposed to give rise only to the FWHM of each peak but not to
the spectrum shape (number and relative positions of distinct peaks). Therefore, they are mod-
elled by convolution of the calculated spectra with a Gaussian function of constant FWHM.
In result, the simulated spectra are more narrow than experimental ones. Nevertheless, the
overall agreement between the experimental and calculated spectra shapes is good.

There are a few unexplained spectral features of the experimental XPS spectrum presented
in Ref. 76. Authors observed the monotone shift of the OH peak position to lower BE upon
increasing relative humidity. They proposed several explanations for that:

1. The Fe2O3(0001) surface may consist of several distinct domains [47,50,64–67], whose
ratio at the surface depends on the environment conditions. Upon changing the relative
humidity this or that domain may dominate, thereby causes the observed OH peak shift.

2. The water heterolytic dissociation results in two kinds of surface hydroxyl groups. One
of them is called here surface hydroxyl group (OHS) and it is formed when the water
proton from the dissociated water molecule is bound to the surface oxygen ion. The
second species is the water hydroxyl group (here OHw), which is bound to the surface
iron site. These species are in different local chemical environment and, therefore, the
ratio between their contributions may be responsible for the experimental OH peak shift.
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3. Upon increasing the relative humidity level, the surface hydroxyl group may form a
hydrogen bond with an adsorbed water molecule.

Regarding the first explanation, it was discussed in Sec. 4.1.1 that the stable surface ter-
mination strongly depends on the way it was prepared. The conditions presented in Ref. 76
should strictly result in the half-iron termination of the Fe2O3(0001) surface (see discussion
in Sec. 4.1.1).

The contributions of the different OH groups are, indeed, different. However, as it is clearly
seen in Figure 4.23 and Table 4.5, the chemical shifts of different OH species have different
sign with respect to the surface Ox peak and, therefore, cannot explain the shift of the OH
peak in the experimental spectrum.

The only possible reason is that surface OHS forms a hydrogen bond with a water molecule
upon increasing the water vapour atmosphere. This is in good agreement with the formation
of a hydrogen bond of the molecularly adsorbed water upon water partial pressure increase
discussed early in this section. In the literature, there are examples of the chemical shifts of
different sign corresponding to the OH species upon hydrogen bond formation. Thus, for the
OH groups on Cu(110) the O 1s peak shifts by 0.5 eV to higher binding energy [265]. A
similar shift (by 0.2 eV) was observed for the Cu2O thin film [266]. For TiO2(110) no shift
was observed at all [267]. The calculated chemical shift of the OH species for Fe2O3(0001)
reduces upon H-bonding from ca. 1.2 to 0.8 eV (see Table 4.5) that is opposite to the Cu(110)
and Cu2O cases, but is in satisfactory agreement with observable experimental changes on
Fe2O3(0001) (from 1.6 to 1.0 eV for the low and high relative humidities, respectively [76]).
From Table 4.5, it is also clearly seen that the corresponding shift of the OH peak may be
due to a growing contribution from the gas phase water H2Oh-h bound with the two hydrogen
bonds to the dissociated water residues on the Fe2O3(0001) surface.

The second unexplained experimental feature in Ref. 76 is the decrease of the surface Ox
peak width upon increase of the relative humidity. Such behaviour was explained by an adsor-
bate induced SCLS. Indeed, the core-level BE of the surface and bulk ions may be different
due to the difference in the electron density distribution before the X-ray photoelectron pro-
cess takes place (initial-state effect) and the screening efficiency of the core-hole during the
X-ray transition (final-state effect). Moreover, the BE of the surface oxygen ions may change
upon adsorption, approaching the chemical shift of bulk-like oxygen ions. However, as it is
seen in Table 4.5, this is not the case for Fe2O3(0001) and the surface oxygen 1s BE (Ox) is
the same as for bulk oxygen ion. It does not change upon the hydrogen bond formation with a
water molecule (Oxh). Figure 4.23 shows that the Ox peaks is actually formed by the two con-
tributions: the signal from the surface oxygen ions and from the water hydroxyl group bound
to the surface iron site. Upon formation of hydrogen bond the peak of water hydroxyl group
shifts towards the Ox peak, thereby decreasing the width of the experimentally observable Ox
peak. The calculated value of this shift (0.2 eV) is in excellent agreement with the reported
experimental range of FWHM peak changes (1.15−0.9 eV).
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The current study represents a detailed step by step investigation of the initial stage of water
adsorption phenomenon on the most stable Fe2O3(0001) termination. It addresses a broad
number of questions such as stability of clean and defective surfaces, the role of their electronic
and crystal structures, an adsorption at the low and high coverage regimes and the XPS spectra
simulation at various ambient conditions. A large number of computational techniques were
combined for a reliable theoretical description of the H2O−Fe2O3(0001) surface interaction
in deficiency of clear experimental results available in literature.

The half-iron termination was found to be the most energetically favourable one at any
oxygen atmosphere. In spite of a large number of controversial experimental results, the ex-
periments, which used either the single Fe2O3 crystal or thick films grown on the insulation
substrate, are in good agreement with the stability suggested by theory. The oxygen vacancy
in the subsurface oxygen layer of the iron and ferryl terminated surfaces destabilises the cor-
responding terminations. The oxygen vacancy in the topmost surface layer of the oxygen and
ferryl surfaces reduces their surface free energy but does not change the termination stability.
The extra electrons, left behind after removing an oxygen atom from the half-iron termination,
are strongly localised at the two closest to the vacancy iron sites from the iron double-layer.

The resemblance between crystal structures of Fe2O3(0001) and Al2O3(0001) leads to the
qualitatively similar water adsorption configurations and kinetics on these pristine surfaces.
However, the smaller ionic radius of the Al3+ ion as compared to the Fe3+ ion results in the
overall stronger adsorbate – surface interaction for Al2O3(0001) than for Fe2O3(0001). There-
fore, the hydroxyl groups and a water molecule are less mobile in the former case. The het-
erolytic dissociative adsorption with the closest possible distance between the water molecule
residues after dissociation was found to be the most energetically favourable for the pristine
surfaces of both oxides at the low adsorption coverage regime.

The differences in the electronic structures of Fe2O3-x(0001) and Al2O3-x(0001) result
in qualitative differences of the most stable water adsorption configurations on these sur-
faces: while on the Fe2O3-x(0001) surface the water OH tends to heal the surface, on the
Al2O3-x(0001) surface the extra electronic density in the vacancy site attracts the water pro-
ton, which refills the vacancy. Overall, the defect promotes the water adsorption for both
surfaces. Moreover, the reducibility of the Fe2O3-x(0001) surface may be enhanced upon the
presence of the adsorbed species on the surface. The comparison of the water adsorption
on the Fe2O3(0001) surface with an adsorption on the Fe3O4(001) and Fe3O4(111) surfaces
demonstrates the strong correlation between the adsorbate binding to the surface and the lo-
cal coordination of the surface iron site. The three-fold coordinated iron ions bind both the
molecular and dissociated water stronger than the five-fold coordinated Fe ions.
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The analysis of the high coverage regime consisting of a large number of degenerate ad-
sorption configurations of different kinds under various water vapour environments was done
by the introducing the Gibbs adsorption free energy instead of the DFT adsorption energy and
employing the statistical approach to the ensemble of nonequivalent adsorption configura-
tions. The computational costs were significantly reduced using the surface symmetry within
the developed effective distance matrix approach. The analysis of the statistically averaged
values is easy and demonstrative. Moreover, the statistical approach allows the intuitively
clear classification of the adsorption structures.

At any water vapour environment the heterolytic dissociative adsorption type dominates
over the molecular adsorption at the 0.25 ML water coverage. For both intermediate 0.5
and 0.75 ML coverages, the mixed adsorption exclusively dominates at the low temperatures,
while upon heating it becomes highly degenerate with the fully dissociative adsorption. The
1 ML adsorption regime is the only exception, where the mixed dissociative-molecular mode
with only one molecularly adsorbed water (out of four water molecules forming a monolayer)
dominates at any water atmosphere and the fully dissociative adsorption at the highest tem-
perature contributes just ca. 30 %. Moreover, the phase diagram and small energy gain for
adsorption at high coverages as compared to low ones suggest a weak mutual water molecule
residues interaction on the surface even for high coverages.

The O 1s XPS spectra of the H2O/Fe2O3(0001) system were simulated with respect to
relative humidity and compared with an experiment. The overall agreement between theory
and experiment is good. The only obscure difference comes from the disagreement in the
shoulder at the high O 1s binding energy at the low water vapour pressure and temperature.
For further investigation of this effect the consideration of water coverages more than 1 ML is
needed. Overall, the hydrogen bonding appears to play a crucial role in the description of the
O 1s XPS spectra. Thus, the chemical shift of the surface OH group is in excellent agreement
with the experiment at the low water vapour atmosphere and the changing of this shift upon
the hydrogen bonding is in quantitative agreement with the observed shift of the OH peak in
the experimental XPS upon increasing relative humidity. The hydrogen bonding of the OH
group on top of the surface iron site is responsible for the experimentally observed change
of the FWHM of the Ox peak with increase of water vapour atmosphere. Regardless of the
approximate experimental coverage calibration model, an overall good agreement between the
experimentally defined coverages and the coverages corresponding to the best fitted simulated
spectra was achieved.

The present theoretical study of the H2O/Fe2O3(0001) system performed within unified
theoretical approach, one computational setting, similar approximations lets us to generalise
the scattered knowledge about this particular system, look at it as a whole and compare the
quantities, which is usually spread over a number of papers and, therefore, cannot be strictly
compared with each other. Moreover, such an overview makes it clearer what is already done
and what still remains to be done helping to choose the most effective strategy for the further
investigation. It is believed that the present study forms a good basis for the following research
of such a complicated system like iron oxide and its interaction with water.
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Adsorption Configurations

All considered nonequivalent adsorption configurations are presented in the following sec-
tions. For the low water coverages, i.e. for the 0.25 and 0.5 ML regimes, all possible struc-
tures were taken into account. For the high coverages, only several, the most energetically
favourable configurations, were considered. Note that the 2D-15 and 2D-24 configurations,
which belong to the full dissociative adsorption regime, partially recombined during ionic opti-
misation to the DM-3-3 and DM-5-2 mixed dissociative-molecular adsorption configurations,
respectively. Therefore, they are not shown in the corresponding section. The adsorption
energies calculated according to the Eq. (3.18) are given in Tables. A.1–A.4. The effect of
the zero-point vibrations on the adsorption energetics is reflected by the ∆E0

ads quantity. The
effect of the environment is taken into account through the Gibbs adsorption free energy at
ambient conditions (∆GAC

ads), i.e. at T = 300 K and pH2O = 1 bar. The latter two quantities
were calculated according to Eq. (3.19). The characteristic O−D vibrational frequencies for
each adsorption configuration are shown to make possible the following comparison of the
calculated IR spectra with an experiment, when experimental data will be available.

The designations of adsorption configurations are consistent with these in Secs. 3.6 and 4.
The large red, orange and green spheres denote the surface oxygen ion and oxygen ions from
the OH group and water molecule, respectively. The small blue and light green spheres mark
the surface iron sites and water protons, respectively. The atomic layers below the iron double-
layer are not shown. In case of the 0.75 ML coverage regime, a few additional adsorption
configurations were included. In the 3M-br and 2DM-br configurations one of the adsorbed
water molecule form a “bridge” between two other water molecules and their residues, in
such a way that all three molecules are aligned along a line. In the 3M-cor and 2DM-cor

configurations, a water molecule is also bound to others only with hydrogen bonds but the
Ow1−Ow2−Ow3 structure forms a “corner” of approximately 105 degrees.
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A.1 0.25 ML Water Coverage

A.1.1 H2Omol

M

A.1.2 H2Odis

D-1 D-2 D-3 D-4 

A.1.3 Adsorption Energies and Wave Numbers

Table A.1: The adsorption configurations for 0.25 ML water coverage, i.e. 1 water molecules per the
(2×2) hexagonal unit cell, are shown. The corresponding adsorption energy with (∆E0

ads) and without
(∆Eads) zero-point vibration contribution as well as the Gibbs free adsorption energy at T = 300 K and
p = 1 bar (∆GAC

ads) are also presented. The wave numbers correspond to the O−D stretching modes.

Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

abs / eV Wave num. / cm−1

H2Omol

M -0.98 -0.88 -0.50 2709; 2137

2 H2Odis

D-1 -1.08 -1.02 -0.67 2748; 2658
D-2 -0.74 -0.69 -0.35 2739; 2618
D-3 -0.65 -0.61 -0.30 2743; 2635
D-4 -0.67 -0.63 -0.33 2743; 2668
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A.2 0.5 ML Water Coverage

A.2 0.5 ML Water Coverage

A.2.1 2 H2Omol

2M-1-1 2M-1-2 2M-1-3

2M-h-1 2M-h-2

A.2.2 H2Odis + H2Omol

DM-1-1 DM-1-2 DM-1-3
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DM-2-1 DM-2-2 DM-2-3

DM-3-1 DM-3-2 DM-3-3

DM-4-1 DM-4-2 DM-4-3
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A.2 0.5 ML Water Coverage

DM-5-1 DM-5-2 DM-5-3

DM-6-1 DM-6-2 DM-6-3

DM-7-1 DM-7-2 DM-7-3
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DM-8-1 DM-8-2 DM-8-3

DM-9-1 DM-9-2 DM-9-3

DM-10-1 DM-10-2 DM-10-3
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A.2 0.5 ML Water Coverage

DM-11-1 DM-11-2 DM-11-3

DM-12-1 DM-12-2 DM-12-3

DM-h-1 DM-h-2
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A.2.3 2 H2Odis

2D-1 2D-2 2D-3

2D-4 2D-5 2D-6

2D-7 2D-8 2D-9
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A.2 0.5 ML Water Coverage

2D-10 2D-11 2D-12

2D-13 2D-14 2D-16

2D-17 2D-18 2D-19
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2D-20 2D-21 2D-22

2D-23 2D-25 2D-26

2D-27 2D-28 2D-29
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A.2 0.5 ML Water Coverage

2D-30 2D-31 2D-32

2D-33 2D-34 2D-35

2D-36
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A.2.4 Adsorption Energies and Wave Numbers

Table A.2: The adsorption configurations for 0.5 ML water coverage, i.e. 2 water molecules per the
(2×2) hexagonal unit cell, are shown. The corresponding adsorption energy with (∆E0

ads) and without
(∆Eads) zero-point vibration contribution as well as the Gibbs free adsorption energy at T = 300 K and
p = 1 bar (∆GAC

ads) are also presented. The wave numbers correspond to the O−D stretching modes.

Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

2 H2Omol

2M-1-1 -1.01 -0.91 -0.53 2705; 2704; 2058; 2044
2M-1-2 -0.99 -0.89 -0.51 2712; 2709; 2260; 2060
2M-1-3 -0.97 -0.86 -0.48 2673; 2652; 2184; 2032
2M-h-1 -0.96 -0.87 -0.50 2735; 2691; 2089; 1924
2M-h-2 -0.91 -0.82 -0.48 2738; 2735; 2055; 1821

H2Odis + H2Omol

DM-1-1 -1.02 -0.95 -0.58 2737; 2719; 2614; 1832
DM-1-2 -0.90 -0.82 -0.46 2738; 2722; 2592; 2009
DM-1-3 -1.01 -0.91 -0.53 2715; 2388; 2284; 1937
DM-2-1 -1.02 -0.94 -0.57 2748; 2747; 2661; 2628
DM-2-2 -1.07 -0.99 -0.62 2747; 2714; 2663; 2135
DM-2-3 -1.11 -1.02 -0.65 2736; 2665; 2651; 2202
DM-3-1 -0.94 -0.87 -0.51 2752; 2723; 2682; 2348
DM-3-2 -0.88 -0.80 -0.43 2748; 2711; 2695; 2329
DM-3-3 -0.90 -0.81 -0.47 2742; 2703; 2655; 2214
DM-4-1 -0.95 -0.88 -0.53 2750; 2721; 2666; 2362
DM-4-2 -0.87 -0.80 -0.45 2742; 2710; 2618; 2240
DM-4-3 -0.94 -0.85 -0.49 2742; 2683; 2651; 2305
DM-5-1 -1.11 -1.02 -0.65 2747; 2671; 2656; 2228
DM-5-2 -1.03 -0.96 -0.63 2748; 2738; 2658; 2592
DM-5-3 -1.09 -1.00 -0.63 2737; 2710; 2652; 2112
DM-6-1 -0.96 -0.89 -0.50 2748; 2734; 2631; 1895
DM-6-2 -0.86 -0.79 -0.45 2742; 2725; 2585; 2100
DM-6-3 -1.00 -0.93 -0.55 2751; 2650; 2625; 1987
DM-7-1 -0.92 -0.86 -0.53 2752; 2724; 2666; 2309
DM-7-2 -0.77 -0.71 -0.34 2863; 2701; 2688; 2307
DM-7-3 -0.90 -0.83 -0.46 2751; 2719; 2687; 1814
DM-8-1 -0.98 -0.90 -0.56 2744; 2724; 2629; 2399
DM-8-2 -0.91 -0.83 -0.47 2738; 2713; 2658; 2258

Table A.2 – continued on the next page
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Table A.2 – continued from the previous page

Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

DM-8-3 -0.99 -0.91 -0.56 2741; 2665; 2643; 2247
DM-9-1 -0.94 -0.87 -0.53 2747; 2719; 2662; 2275
DM-9-2 -0.93 -0.86 -0.49 2747; 2721; 2661; 1653
DM-9-3 -0.92 -0.84 -0.49 2742; 2651; 2643; 2230
DM-10-1 -1.00 -0.92 -0.56 2736; 2723; 2524; 2234
DM-10-2 -0.91 -0.83 -0.47 2737; 2714; 2633; 2180
DM-10-3 -0.95 -0.87 -0.51 2740; 2674; 2667; 2284
DM-11-1 -0.95 -0.88 -0.50 2751; 2727; 2610; 2134
DM-11-2 -0.95 -0.88 -0.52 2740; 2707; 2630; 1886
DM-11-3 -0.93 -0.85 -0.49 2739; 2637; 2625; 2084
DM-12-1 -1.13 -1.05 -0.69 2749; 2721; 2652; 2296
DM-12-2 -1.09 -1.00 -0.64 2740; 2708; 2657; 2187
DM-12-3 -1.12 -1.03 -0.67 2751; 2673; 2652; 2231
DM-h-1 -0.98 -0.90 -0.53 2753; 2707; 2182; 2066
DM-h-2 -0.85 -0.78 -0.42 2749; 2737; 1872; 1592

2 H2Odis

2D-1 -1.11 -1.04 -0.68 2740; 2739; 2633; 2624
2D-2 -0.91 -0.85 -0.49 2749; 2742; 2644; 2609
2D-3 -0.89 -0.84 -0.51 2748; 2747; 2638; 2603
2D-4 -1.05 -0.98 -0.64 2753; 2748; 2651; 2636
2D-5 -1.07 -1.01 -0.66 2751; 2740; 2638; 2596
2D-6 -0.92 -0.86 -0.53 2756; 2741; 2650; 2607
2D-7 -0.92 -0.86 -0.52 2750; 2738; 2638; 2625
2D-8 -0.87 -0.80 -0.44 2767; 2741; 2681; 2587
2D-9 -0.94 -0.88 -0.55 2745; 2742; 2625; 2617
2D-10 -1.06 -0.99 -0.62 2748; 2741; 2642; 2594
2D-11 -1.10 -1.03 -0.67 2745; 2744; 2654; 2644
2D-12 -0.74 -0.68 -0.33 2736; 2734; 2693; 2692
2D-13 -0.89 -0.83 -0.48 2739; 2736; 2674; 2648
2D-14 -0.89 -0.83 -0.49 2738; 2734; 2651; 2595
2D-16 -0.74 -0.68 -0.32 2735; 2732; 2701; 2669
2D-17 -0.74 -0.68 -0.32 2737; 2732; 2687; 2682
2D-18 -0.73 -0.67 -0.33 2736; 2735; 2630; 2627
2D-19 -0.84 -0.77 -0.42 2739; 2731; 2715; 2675
2D-20 -0.92 -0.86 -0.51 2740; 2730; 2654; 2642
2D-21 -1.10 -1.04 -0.68 2740; 2738; 2656; 2656
2D-22 -0.95 -0.89 -0.57 2737; 2732; 2652; 2609

Table A.2 – continued on the next page
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Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

2D-23 -0.92 -0.86 -0.50 2740; 2730; 2686; 2646
2D-25 -0.89 -0.83 -0.49 2740; 2739; 2649; 2614
2D-26 -1.10 -1.03 -0.68 2751; 2742; 2656; 2649
2D-27 -0.99 -0.93 -0.59 2739; 2730; 2631; 2629
2D-28 -0.78 -0.71 -0.37 2729; 2728; 2571; 2570
2D-29 -0.73 -0.68 -0.34 2735; 2729; 2622; 2617
2D-30 -0.74 -0.69 -0.34 2747; 2742; 2680; 2663
2D-31 -0.79 -0.73 -0.36 2860; 2735; 2632; 2169
2D-32 -0.96 -0.89 -0.54 2735; 2733; 2658; 2629
2D-33 -0.75 -0.70 -0.37 2736; 2735; 2607; 2605
2D-34 -0.93 -0.87 -0.52 2740; 2730; 2678; 2651
2D-35 -0.91 -0.85 -0.51 2744; 2742; 2660; 2613
2D-36 -1.12 -1.05 -0.69 2738; 2736; 2656; 2655
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A.3 0.75 ML Water Coverage

A.3.1 3 H2Omol

3M-1-1 3M-br 3M-cor

A.3.2 H2Odis + 2 H2Omol

D2M-3-1 D2M-5-1 D2M-7-1

D2M-h-1 D2M-h-2
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A.3.3 2 H2Odis + H2Omol

2DM-3-1 2DM-3-2 2DM-5-1

2DM-12-1 2DM-20-1 2DM-30-1

2DM-31-1 2DM-39-1 2DM-43-1
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2DM-56-1 2DM-br 2DM-cor

A.3.4 3 H2Odis

3D-1 3D-6 3D-7

3D-12 3D-19 3D-28
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3D-43 3D-48 3D-52

3D-67 3D-74

A.3.5 Adsorption Energies and Wave Numbers

Table A.3: The adsorption configurations for 0.75 ML water coverage, i.e. 3 water molecules per the
(2×2) hexagonal unit cell, are shown. The corresponding adsorption energy with (∆E0

ads) and without
(∆Eads) zero-point vibration contribution as well as the Gibbs free adsorption energy at T = 300 K and
p = 1 bar (∆GAC

ads) are also presented. The wave numbers correspond to the O−D stretching modes.

Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

3 H2Omol

3M-1-1 -1.04 -0.94 -0.55
2706; 2705; 2702
2072; 2033; 1994

3M-br -1.00 -0.89 -0.52
2738; 2689; 2624
2246; 2108; 1738

3M-cor -0.91 -0.80 -0.45
2734; 2720; 2255
2240; 2148; 2126

Table A.3 – continued on the next page
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Table A.3 – continued from the previous page

Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

H2Odis + 2 H2Omol

D2M-3-1 -1.09 -1.00 -0.63
2741; 2716; 2711
2664; 2219; 2112

D2M-5-1 -1.11 -1.02 -0.64
2739; 2719; 2678
2644; 2214; 2139

D2M-7-1 -1.11 -1.02 -0.65
2738; 2721; 2703
2649; 2288; 2113

D2M-h-1 -1.00 -0.90 -0.53
2735; 2705; 2697
2211; 2096; 2006

D2M-h-2 -0.95 -0.86 -0.49
2746; 2711; 2710
2638; 1920; 1846

2 H2Odis + H2Omol

2DM-3-1 -1.14 -1.06 -0.70
2744; 2740; 2701
2646; 2629; 2397

2DM-3-2 -1.13 -1.04 -0.68
2743; 2736; 2679
2639; 2634; 2219

2DM-5-1 -1.14 -1.06 -0.70
2747; 2737; 2684
2657; 2654; 2336

2DM-12-1 -1.10 -1.02 -0.65
2743; 2741; 2703
2665; 2658; 2270

2DM-20-1 -1.11 -1.03 -0.66
2740; 2726; 2677
2662; 2660; 2245

2DM-30-1 -1.14 -1.06 -0.71
2755; 2743; 2690
2651; 2646; 2315

2DM-31-1 -1.13 -1.05 -0.69
2740; 2732; 2722
2661; 2657; 2212

2DM-39-1 -1.11 -1.03 -0.66
2745; 2742; 2718
2662; 2655; 2314

2DM-43-1 -1.12 -1.05 -0.68
2748; 2745; 2723
2657; 2638; 2251

2DM-56-1 -1.17 -1.09 -0.74
2752; 2747; 2679
2655; 2645; 2547

2DM-br -1.05 -0.96 -0.58
2735; 2735; 2645
2493; 2338; 1736

Table A.3 – continued on the next page
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Table A.3 – continued from the previous page

Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

2DM-cor -1.07 -0.99 -0.62
2757; 2747; 2651
2584; 2306; 2221

3 H2Odis

3D-1 -1.13 -1.06 -0.70
2744; 2735; 2731
2657; 2635; 2621

3D-6 -1.12 -1.05 -0.69
2740; 2737; 2729
2648; 2640; 2625

3D-7 -1.09 -1.02 -0.67
2741; 2739; 2728
2659; 2646; 2624

3D-12 -1.09 -1.02 -0.67
2758; 2744; 2741
2656; 2629; 2626

3D-19 -1.12 -1.05 -0.70
2743; 2740; 2734
2658; 2647; 2641

3D-28 -1.02 -0.96 -0.60
2776; 2775; 2774
2622; 2620; 2619

3D-43 -1.10 -1.03 -0.67
2752; 2737; 2736
2646; 2642; 2637

3D-48 -1.11 -1.03 -0.68
2755; 2738; 2737
2652; 2642; 2603

3D-52 -1.10 -1.03 -0.68
2751; 2740; 2738
2650; 2640; 2627

3D-67 -1.11 -1.04 -0.68
2746; 2745; 2745
2639; 2639; 2638

3D-74 -1.12 -1.06 -0.71
2750; 2745; 2742
2650; 2650; 2649
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A.4 1 ML Water Coverage

A.4.1 4 H2Omol

4M-1-1 

A.4.2 H2Odis + 3 H2Omol

D3M-1-1 D3M-1-2 

A.4.3 2 H2Odis + 2 H2Omol

2D2M-1-1 2D2M-1-2 2D2M-1-3
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A Appendix: List of Nonequivalent Adsorption Configurations

2D2M-7-1 2D2M-7-2 2D2M-7-3

2D2M-13-1 2D2M-16-1 2D2M-16-2

2D2M-30-1 2D2M-35-1 2D2M-35-2
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A.4 1 ML Water Coverage

A.4.4 3 H2Odis + H2Omol

3DM-1-1 3DM-10-1 3DM-13-1

3DM-21-1 3DM-35-1 3DM-38-1

3DM-47-1 3DM-57-1
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A.4.5 4 H2Odis

4D-1 4D-4 4D-13

4D-14 4D-18 4D-21

A.4.6 Adsorption Energies and Wave Numbers

Table A.4: The adsorption configurations for 1 ML water coverage, i.e. 4 water molecules per the
(2×2) hexagonal unit cell, are shown. The corresponding adsorption energy with (∆E0

ads) and without
(∆Eads) zero-point vibration contribution as well as the Gibbs free adsorption energy at T = 300 K and
p = 1 bar (∆GAC

ads) are also presented. The wave numbers correspond to the O−D stretching modes.

Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

4 H2Omol

4M-1-1 -1.04 -0.94 -0.56
2706; 2706; 2705; 2705
1956; 1956; 1955; 1944

Table A.4 – continued on the next page
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Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

H2Odis + 3 H2Omol

D3M-1-1 -1.08 -0.99 -0.61
2743; 2719; 2706; 2674
2654; 2201; 2035; 2008

D3M-1-2 -1.09 -1.00 -0.62
2746; 2716; 2707; 2680
2663; 2159; 2045; 1984

2 H2Odis + 2 H2Omol

2D2M-1-1 -1.13 -1.04 -0.67
2740; 2739; 2678; 2677
2643; 2642; 2107; 2102

2D2M-1-2 -1.13 -1.05 -0.68
2747; 2738; 2709; 2689
2639; 2635; 2556; 1952

2D2M-1-3 -1.14 -1.05 -0.68
2742; 2741; 2702; 2702
2645; 2644; 2309; 2308

2D2M-7-1 -1.11 -1.02 -0.65
2744; 2743; 2677; 2776
2663; 2662; 2102; 2097

2D2M-7-2 -1.13 -1.04 -0.68
2745; 2743; 2705; 2697
2661; 2657; 2567; 1913

2D2M-7-3 -1.14 -1.06 -0.70
2740; 2739; 2698; 2697
2652; 2651; 2273; 2271

2D2M-13-1 -1.13 -1.05 -0.67
2733; 2732; 2718; 2718
2662; 2662; 2187; 2183

2D2M-16-1 -1.10 -1.01 -0.64
2757; 2747; 2676; 2671
2655; 2648; 2120; 2068

2D2M-16-2 -1.10 -1.01 -0.64
2740; 2731; 2722; 2688
2670; 2661; 2300; 2130

2D2M-30-1 -1.12 -1.04 -0.67
2754; 2741; 2724; 2671
2659; 2639; 2276; 2135

2D2M-35-1 -1.10 -1.01 -0.65
2756; 2728; 2675; 2670
2666; 2658; 2127; 2070

2D2M-35-2 -1.11 -1.03 -0.66
2741; 2724; 2687; 2665
2657; 2540; 2471; 2125

3 H2Odis + H2Omol

3DM-1-1 -1.14 -1.06 -0.71
2736; 2735; 2731; 2701
2663; 2644; 2629; 2405

3DM-10-1 -1.14 -1.06 -0.70
2748; 2737; 2730; 2696
2657; 2640; 2630; 2315

Table A.4 – continued on the next page
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Table A.4 – continued from the previous page

Conf. ∆Eads / eV ∆E0
ads / eV ∆GAC

ads / eV Wave num. / cm−1

3DM-13-1 -1.11 -1.03 -0.66
2753; 2742; 2729; 2703
2657; 2655; 2604; 2485

3DM-21-1 -1.13 -1.05 -0.68
2745; 2742; 2739; 2691
2661; 2651; 2646; 2544

3DM-35-1 -1.13 -1.05 -0.70
2750; 2747; 2726; 2690
2665; 2658; 2639; 2404

3DM-38-1 -1.12 -1.04 -0.68
2735; 2734; 2733; 2711
2661; 2660; 2659; 2281

3DM-47-1 -1.12 -1.04 -0.68
2757; 2742; 2735; 2696
2657; 2642; 2635; 2276

3DM-57-1 -1.12 -1.04 -0.69
2755; 2752; 2747; 2683
2652; 2641; 2639; 2378

4 H2Odis

4D-1 -1.14 -1.06 -0.70
2732; 2730; 2730; 2730
2631; 2630; 2630; 2630

4D-4 -1.10 -1.03 -0.68
2760; 2741; 2738; 2733
2638; 2635; 2632; 2615

4D-13 -1.12 -1.04 -0.69
2736; 2735; 2732; 2731
2646; 2646; 2634; 2634

4D-14 -1.09 -1.02 -0.65
2750; 2737; 2733; 2731
2653; 2651; 2649; 2612

4D-18 -1.08 -1.01 -0.65
2737; 2736; 2732; 2732
2655; 2655; 2643; 2642

4D-21 -1.09 -1.02 -0.67
2747; 2746; 2741; 2740
2643; 2643; 2634; 2633
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