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entusiasmo y ahora sé que es lo que quiero hacer en mi vida.
Como persona siempre ha estado disponible y comprensiva en
mis malos momentos.

Mi querida Lucia por su presencia en este ultimo año. Siem-
pre tendrás un lugar especiál en mi corazón. Sé que la distancia
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Chapter 1

Introduction

1.1 Importance of catalysis

A catalytic process proceeds faster than the non-catalytic reac-
tion, up to several orders of magnitude. Since many processes
are too slow for practical applications, the modern chemical in-
dustry could not exist without catalysis; more than 90% of its
products are made through a catalytic way. The catalyst can
affect the reactants in different ways, usually weakening their
intramolecular bonds, but also disposing them close to each
others and with the correct arrangement. Once the product is
formed, it will detach from the catalyst, leaving it unaltered
and ready for another cycle. A good catalyst is therefore quite
challenging to obtain, since the bond with the reactants must be
strong enough to make them react but not too much that they
will be stuck on it. A weak interaction is also needed with the
product, for it must leave the surface easily. It has to be noted
that the overall change in free energy is the same in both the
catalytic and the non-catalytic reaction. Thus, if a reaction is
thermodynamically unfavorable, a catalyst cannot change this
situation, for it modifies the kinetics but not the thermodynam-
ics. Both the catalytic and non-catalytic processes are shown

3
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4 CHAPTER 1. INTRODUCTION

in Figure 1.1.

Figure 1.1: Representation of the catalytic (blue) and non-
catalytic (red) ways for the process Ra+Rb → P . The catalytic
way is more complex and comprehend at least three steps: 1)
Adsorption, 2) Reaction and 3) Separation. The two paths
show the same difference in free energy but the catalytic way
is energetically more convenient.

It is common practice to divide the catalysis into three
types: bio-, homogeneous and heterogeneous catalysis. The
boundary between them is somewhat blurred, since some sys-
tems can belong to more than one group. Biocatalysis is con-
fined to living systems and comprehends enzymes, probably the
most specific and efficient catalysts. The other two types refer
to the phases of catalyst, reactants and products. If they are in
the same phase (usually gas or liquid), we are in the domain of
homogeneous catalysis; otherwise we talk about heterogeneous
catalysis. In this case, liquid or gas reactants operate on a solid
catalyst.

Perhaps the most noted process in homogeneous catalysis
is the transformation of ozone (O3) to molecular oxygen cat-
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1.2. THE PROCESS OF ADSORPTION 5

alyzed by chlorine atoms; the investigation of this process was
essential in the prediction of ozone depletion. Also known for
its environmental impact is the heterogeneous oxidation of CO
to CO2 on the surface of noble metals such as platinum, pal-
ladium and rhodium, which takes part in the automotive ex-
hausts. Industrially, it is worth to stress the employment of
TiO2 as electrode in the photo-decomposition of water into H2

and O2;
1 despite still not commercially competitive, it inspired

successive investigations in the field.
The entire investigation carried out in this thesis will focus

on heterogeneous catalysis. As solids are usually impenetra-
ble (unless they are porous), catalytic reactions occur at the
surface. In this case, the catalytic active material (which is
usually expensive) is applied in small quantity over a cheap
support. Employed supports include TiO2

2–5 and α-Al2O3,
6

which have been investigated in the next chapters. It has to be
noted that the interaction between support and active phase
can have strong influence in the final catalytic effect.

The first step in any catalytic reaction on solids involves the
adsorption of the reactants on the surface. As described in the
next section, the process itself can be very complex to model.

1.2 The process of adsorption

Adsorption is the result of an attractive interaction between an
atom/molecule and a surface, strong enough to overcome the
effect of thermal motion. When this interaction is essentially
the result of van der Waals forces, it is called Physisorption.
The resulting bonds are characterized by vdW energies below
∼ 0.50 eV for small compounds. Chemisorption on the other
hand takes place when there is an overlap between the molec-
ular orbitals of the adsorbate and the ones of the substrate,
which yields the formation of strong chemical bonds. The ef-
fect of vdW forces is not limited to the energy but it also affects
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6 CHAPTER 1. INTRODUCTION

the molecular titling angle and it is responsible of distortions
and possible isomerizations. It has to be noted that chemisorp-
tion is often an activated process, and there is a weakening of
intramolecular bonds that can lead to the dissociation for the
adsorbed species. Both processes are sketched in Figure 1.2.

Figure 1.2: Sketch of the energies in the adsorption process. In
red we have the chemisorption and in blue the physisorption.
The chemisorption often need to overcome a barrier (Ea); A
dissociation of the interatomic bond with energy Edis can result
afterwards.

Experimentally, there are a number of techniques that pro-
vide reliable information concerning adsorption energetics and
geometries, such as Low Energy Electron Diffraction (LEED),
microcalorimetry measurements,7–10 and most important, Tem-
perature Programmed Desorption (TPD). It has to be noted
that most of these methods refer to a statistical ensemble of
adsorbed molecules, therefore a comparison with with theoret-
ical calculations is not straightforward. For this reason, it is
of primary importance to represent the experimental structure
and coverage in the simulations as close as possible. Special
attention must be paid in the interpretation of experimental
adsorbate geometry, binding (adsorption) energy and electronic
properties. The situation is further complicated by steps, kinks,
and defects which are always present in a real surface indepen-
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1.3. THE INTERFACE AT THE ADSORPTION SITE 7

dently of the care taken in the preparation of the sample. These
are competitors site for the adsorption and can greatly affect
the properties of the system adsorbate-substrate.

1.3 The interface at the adsorption

site

The interface between substrate and adsorbate combines the
characteristics of two distinct materials, i.e. the electrical con-
ductivity of the surface with the tunable properties of the mole-
cules.11 This dual nature can be exploited in the so-called hy-
brid inorganic/organic systems (HIOS). Important applications
include light-emitting diodes, single-molecule junctions, molec-
ular sensors and switches and photovoltaics.12–16 Another ex-
ample of such hybrids is found in the employment of oxides like
SnO2 as gas sensors.17,18 These materials have naturally high
bulk electrical resistivity but the adsorption of certain mole-
cules can produce changes in surface conductivity large enough
to be measured. Finally, HIOS based on oxides are important in
high-Tc superconductors (based on Cu oxide),19 to understand
the effect of environmental degradation.

Density Functional Theory (DFT) is the most promising
approach to study complex systems, since it can be applied to
both molecules and solids comprising thousands of atom. Un-
fortunately, at the interface vdW forces are almost the only
interaction present in physisorption and a fundamental com-
ponent in chemisorption. These are due to the correlation be-
tween electrons and they are long range in nature. Standard
DFT implementations describe the electron correlation in a lo-
cal (LDA) or semi-local (GGA) way, therefore van der Waals
forces are neglected. Several workaround to this problem have
been developed in the years, and it is still an open field of inves-
tigation. A detailed description of these methods is reported in
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8 CHAPTER 1. INTRODUCTION

the following chapter. This is a fundamental problem regard-
less of the type of surface. Except for the last chapter, where
we analyze metal surfaces, all the systems investigated compre-
hend metal oxide surfaces. As described in the next Section,
the study of metal oxides present many underlying difficulties.

1.4 Challenges in metal oxides

Setting up theoretical models for metal oxides is far more com-
plex compared to metals. First, even a simple structure such as
corundum (α-Al2O3) has a ten-atom primitive unit cell. Also,
there is a complex combination of chemical and physical prop-
erties. Especially transition metals display a range of possi-
ble oxidation states and hence a series of oxides with different
compositions; these can be either stoichiometric or character-
ized by non-integer ratios between the oxygen and the metal.
This means that even bulk samples of many oxides may be
difficult to obtain with reproducible composition and proper-
ties. They often have high defect concentrations which may
dominate the physical properties of even the purest available
materials. As expected such difficulties will be greatly exacer-
bated at surfaces and can contribute to the problems in sur-
face preparation. Another consequence is the wide range of
chemical interactions possible with chemisorbed molecules. Fi-
nally, the electronic structure is also much more complex than
that of metals and semiconductors. In fact, the bulk electronic
structure of the late 3d-transition-metals oxides lies somewhere
between itinerant and localized, and neither of these two de-
scriptions is entirely appropriate. All these factors stress the
intrinsic difficulties in setting reliable theoretical models.

Retrieving experimental data for comparison can be also
troublesome. As an example, many of the most interesting
metal oxides are very good electrical insulators. α-Al2O3 is
of tremendous importance in the industry20 but it is a wide-
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1.5. SCOPE OF THE THESIS 9

bandgap insulators that cannot made conducting by doping or
reduction. Many of the most powerful techniques involve the
emission or absorption of charged particles and therefore cannot
be employed if the material has a negligible bulk conductivity.
Another problem emerges in the surface preparation. In fact
the preparation of nearly perfect surface of any compound is
difficult and the establishment of geometric order on the sur-
face is not sufficient, since the stoichiometry can be different
compared to the bulk. The most promising technique consists
in cleavage in UltraHigh Vacuum (UHV) which yields well or-
dered surfaces having nearly the composition of the bulk. Still
an analysis with Scanning Tunnelling Microscopy (STM), ca-
pable of depicting a surface at atomic level, shows that surfaces
prepared this way are still far from being perfectly stoichiomet-
ric. The previous points stress the importance of characterize
the stoichiometry and the geometric structure as completely
as possible before meaningful interpretations of the data can
be made. Even so, extremely caution need to be taken in the
comparison with theoretical models.

1.5 Scope of the thesis

This thesis is structured in the following way. In Chapter 2,
a description of the theoretical basis employed is presented.
The following three chapters are focused on the study of ti-
tanium oxide, TiO2. In Chapter 3, the phenomena of doping
has been investigated for this compound and also for other
three rutiles. In particular, the migration of impurities and the
growth of overlayers have been addressed. In the first part of
Chapter 4 the adsorption of a series of small alcohols of increas-
ing complexity on TiO2 has been investigated. Dependence on
the length of the chain and the number of hydroxyls with the
adsorption energies have been analyzed. Also we have consid-
ered defective surfaces and the competition between different
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10 CHAPTER 1. INTRODUCTION

adsorption sites. A mechanism for the dehydration of polyalco-
hols on titania has been proposed in the second part. The last
two chapters focus on different topics. Chapter 5 analyzes the
behaviour of rare-earth oxides in aqueous environment. In par-
ticular, an explanation for their strong hydrophobicity has been
presented along with a way to tune such property. Finally in
Chapter 6, a simple and cheap methodology to compute accu-
rate van der Waals coefficients for metals has been illustrated.
The procedure is completely first principles and is applicable to
both pristine and defective surfaces. The parameters have been
employed in the calculation of the adsorption energy of benzene
and yielded results in good agreement with experimental data.
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Chapter 2

Theoretical Background

In this chapter, the methodologies employed throughout the
rest of the work are described. First, a general description of
the Density Functional Theory is reported. Particular atten-
tion has been focused on the choice of the exchange functional
and the implementation of dispersion forces. Afterwards, it
follows the implementation of DFT on solid systems. Finally,
some important techniques are explained: the theoretical and
practical aspects of the search of a transition state, followed by
the method employed to extract adsorption energies from TPD
experiments.

2.1 Ground state energy

Given a generic system described by the wave function (WF)
Ψ, it is possible to evaluate its energy by solving the time-
independent Schrödinger equation:

ĤΨ = EΨ (2.1)

where Ĥ is the Hamiltonian operator

11
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12 CHAPTER 2. THEORETICAL BACKGROUND

Ĥ = − h2

2m
∇2 + V̂ (2.2)

Due to the fact that the nuclei are much more massive than
the electrons, we can separate their motion with a negligible
loss in accuracy. This is known as the Born-Oppenheimer ap-
proximation (BO) and it is of fundamental importance in com-
putational chemistry. It follows that the total wave function is
now the plain sum of the electronic and the nuclear one

Ψ = Ψe + Ψn (2.3)

It is therefore possible to define a new equation for the Ψe:

ĤeΨe =
[
T̂e + V̂ext + Û

]
=

=

[
N∑
i

− h2

2m
∇2

i −
N∑
i

V (ri,R) +
N∑
i<j

U(ri, rj)

]
Ψe =

= EeΨe (2.4)

where the first term is the electronic kinetic energy (T̂e), fol-

lowed by the external potential (V̂ext) and the electron-electron

interaction (Û). The electronic energy eigenvalue Ee depends
on the positions of the nuclei (R); varying these in small steps
and repeatedly solving Equation 2.4, one obtains Ee as a func-
tion of R.

This is know as the potential energy surface (PES) and it is
employed as external potential in the nuclear time-independent
Schrödinger equation

[Tn + Ee(R)]Ψn = EΨn (2.5)

which finally yields the total energy of the ground state.
Even with this improvement, an analytical solution exists

only for few simple cases, for the motion of a single electron
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2.1. GROUND STATE ENERGY 13

is affected by the others as expressed by the interaction term
U(ri, rj); more complex systems require a numerical treatment.

The simplest of these is the Hartree-Fock (HF) method. It
is based on the assumption that that the many-body WF can
be approximated by a single Slater determinant of independent
spin-orbitals, one for each electron. Employing the variational
method, one can then derive a set of coupled equations for the
spin orbitals; once we have solved them, we obtain the total
WF and the energy of the system. Unfortunately, the result of
a standard HF calculations yields quite inaccurate results. This
is due to the poor description of the WF as a single determinant
which neglect almost completely the interaction between the
single electrons. This effect is called electronic correlation and
it can be divided in two components:

• Static correlation arises when there are small energy gaps
between the ground state and other states, e.g. in the
potential energy curve of a diatomic molecule until bond
breaking.

• Dynamical correlation refers to the effect of the instan-
taneous electron repulsion, mainly between opposite-spin
electrons.

The HF method includes a small portion of the electronic
correlation, as it obeys antisymmetry, so two electrons of the
same spin have a zero probability of being in the same loca-
tion at the same time. Still the results are unsatisfactory and
extensions to this method are required. These are collectively
called post Hartree-Fock and can be quite different in the for-
mulation. For the static correlation, we have to include a few,
but very important determinants, while the dynamical effect
is rectified including a large number of determinants with very
small weight.

All these methods can reach noticeable accuracy but they
are also very expensive. They are usually employed when very
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14 CHAPTER 2. THEORETICAL BACKGROUND

good accuracy is needed, such as in benchmark for cheaper ap-
proaches. HF and its extensions imply the correct Hamiltonian
operator while approximating the WF to solve the Scrödinger
equation. Another approach consists in simplifying Ĥ. This
approximation is the basis of the Density Functional Theory
(DFT). This method cannot reach the accuracy of post Hartree-
Fock expansions but it is far cheaper and it yields satisfying
results for most cases.

2.2 The Density Functional Theory

DFT, bases its premises on the use of electronic density to
evaluate the ground state energy. This is formulated into two
theorems by Hohenberg and Kohn21 which read:

• the ground state properties of a many-electron system are
uniquely determined by its electron density

• it exists an energy functional for the system and it is
minimized by the correct ground state electron density.

As a first step, a series of functions φi (the basis set) are
chosen for the representation of the real WF. Among others we
can use a linear combination of plane waves; the condition is
that they have to reproduce the density n(r) of the original
system:

n(r)
def
= neff (r) =

N∑
i=1

|φi(r)|2 (2.6)

the functions defined this way are used to solve the so-called
Kohn-Sham (KS) equations[

−1

2
∇2 + Veff (r)

]
φi(r) = εiφi(r) (2.7)
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2.2. THE DENSITY FUNCTIONAL THEORY 15

with Veff being the effective potential in which the electrons
move

Veff (r) = Vext(r) +

∫
n(r′)

|r − r′|
dr′ + Vxc[n(r)] (2.8)

where Vext is the external potential generated by the nu-
clei, the second term represents the electron-electron Coulomb
repulsion (Hartree term) and the last (Vxc) is known as the
exchange-correlation potential. The exact definition of the lat-
ter is unknown and an approximation is due before proceeding
with the KS equations. Therefore the whole sequence is treated
self consistently:

• an initial guess is chosen the density n(r)

• an approximation for Vxc is selected and n(r) is used to
evaluate it and Veff solving Equation 2.8

• the KS equations 2.7 are solved and the energies εi and
the φi are retrieved.

• the obtained φi are used to compute a new density n(r)
through Equation 2.6

• the whole cycle is repeated until the energy difference
between two steps is smaller than a defined threshold.

2.2.1 The Correlation-exchange Potential:
Hierarchy of the Vxc

Along with the basis set, Vxc is responsible for the accuracy,
while the numerical algorithms affect the efficiency. The hierar-
chy of available exchange-correlation functionals was described
by John Perdew in ”the Jacobs ladder of DFT”22 where each
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16 CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.1: Hierarchy of the different Vxc leading to increasing
accuracy.

rung yields more accuracy but it is also more computational
expensive (see Figure 2.1).

The simplest part of the ladder is the local density approx-
imation (LDA),23 where the exchange-correlation energy (Exc)
is that of a homogeneous electron gas of the same density, n(r).

ELDA
xc [n(r)] =

∫
εhomxc [n]n(r)d3r (2.9)

The correlation part of Exc is parametrized from quan-
tum Monte-Carlo simulations.24 A spin polarized version of
LDA is also available, named Local-Spin Density Approxima-
tion (LSDA)25 and allows difference between the spatial parts of
n↑ and n↓. It is needed for atoms and molecules with unpaired
electrons and for magnetic condensed materials:

ELSDA
xc [n↑, n↓] =

∫
εhomxc [n↑, n↓]n(r)d3r (2.10)
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2.2. THE DENSITY FUNCTIONAL THEORY 17

LDA is adapt for many bulk26 and surface systems but it
usually leads to over-binding.27

The second rung is formed by the generalized gradient ap-
proximation (GGA) methods.28,29 In this case, Exc depends
both on the electron density n(r) and its local gradient, ∇n(r).

EGGA
xc [n(r)] =

∫
εxc[n,∇n(r)]n(r)d3r (2.11)

As well as in LDA, it is possible to treat spin-polarized
systems; Exc becomes

Exc[n↑, n↓] =

∫
εxc[n↑, n↓,∇n↑,∇n↓]n(r)d3r (2.12)

The GGAs solves some of the shortcomings of LDA, but
tends to underestimate bond energies;30 nevertheless, it is ac-
curate enough for many chemical reactions.31 Among the differ-
ent methods in this group, PW9132 and PBE33 have been the
standard in reactivity during the last decade. Unfortunately
GGAs have two serious drawbacks. First, they do not account
for van der Waals (vdW) interactions resulting from dynamical
correlations between fluctuating charge distributions.34 On the
other hand, there is a non-zero interaction of a single electron
with its own density, known as self-interaction error (SIE). SIE
is the cause of many of the failures of approximate functionals,
such as excessively narrow band gaps,35,36 wrong dissociation
energies for molecules,37 and incorrect description of systems
with localized f electrons.38 Some of them can be fixed by in-
troducing a strong intra-atomic interaction in a screened man-
ner. This is known as the DFT+U39 method, where U is the
parameter which control the added electronic repulsion. The
main concern is that this depends on the particular observable
to be calculated, in contradiction with the universality claimed
for the functional.
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18 CHAPTER 2. THEORETICAL BACKGROUND

Meta-GGA includes higher-order terms of the gradient of
the local kinetic energy density, ∇2n(r), and constitutes the
third rung on the DFT ladder.40 Unfortunately, such meth-
ods lack consistency as they do not systematically improve the
properties compared to GGA. Examples of this behaviour have
been reported, such as the adsorption of small molecules on
metal surfaces34 and the hydrogenation of benzene on Ni(111).41

The next step in the ladder corresponds to hybrid func-
tional, that mix exact exchange (EXX), as in HF) while the
correlation is kept at the standard DFT level. The most pop-
ular hybrid in chemistry has been for more than one decade
the B3LYP functional,42,43 providing high accuracy for almost
all properties of molecules, but failing when applied to solids,
because the correlation part is incorrect in the homogeneous
electron gas limit.44,45 Hybrid functionals specific for this prob-
lem have been developed, such as PBE046 and HSE03,47 which
show better estimates for lattice parameters and bulk moduli
of solids, and for the band gaps in semiconductors and insu-
lators.44,45 In general, these hybrid functionals properly de-
scribe both insulating antiferromagnetic rare-earth and transi-
tion metal oxides which are not correct with GGAs.48,49

The best way to treat correlation effects is represented by
the Random Phase Approximation (RPA). It is one of the old-
est non-perturbative methods for computing the ground-state
correlation energy, being developed between 1951 and 1953 by
Bohm and Pines.50–52 The basic idea is to reduce the many-
electron problem for the uniform electron gas to a much sim-
pler coupled harmonic oscillator for long range plasma oscilla-
tions (plus a short-ranged correction). Its application to DFT
is much more recent, thanks to Langreth and Perdew, which
showed that RPA arises as a natural approximation when the
Adiabatic Connection framework25,53,54 is combined with the
fluctuation-dissipation theorem. Strictly speaking it is not a
new definition of the Exchange-Correlation functional, so it is
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2.3. APPLICATION TO SOLIDS 19

not present in Figure 2.1; in fact a standard DFT calculation is
needed as a starting point for the method. The downside is that
it is very expensive which strongly limits its use as benchmark.
RPA was also the basis for the development of the first van
der Waals density functionals,55 employed by Dobson for the
seamless treatment of long-range dispersion interactions.56,57

Only in 2001, RPA using a KS reference was first applied to
molecules.58

2.3 Application to solids

Practical aspects of DFT implementation can deeply vary based
on the system. In the following sections the necessary details
required in the case of solids will be described. The first as-
pect to consider is the basis set used for the expansion of the
WF. This is followed by the description of the pseudopoten-
tial model, a cheap way to treat the large number of electrons.
Finally the supercell approach is explained; it is used to deal
when the periodicity is broken along one or more directions.

2.3.1 Basis set

Solid systems are characterized by a periodic potential. We can
exploit this character to choose the basis set for the expansion
of the WF. This was formulated by Bloch in his theorem:59

given a particle in a periodic potential, its WF, ψi(r), can be
expressed as the product of an exponential, eikr, and a periodic
function, Un(r), which has the same periodicity of the potential.
Therefore, we have

ψi(r) = eikrUn(r) (2.13)

The periodic part can be further expanded in a discrete set
of plane waves (PW) whose vectors are the reciprocal lattice
vectors G of the crystal,
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20 CHAPTER 2. THEORETICAL BACKGROUND

Un(r) =
∑
G

cn,Ge
iGr (2.14)

and the G vectors are defined by Gl = 2πm for all the l
lattice vectors of the crystal. m can take only integer values.

Finally, the electronic wave function can be rewritten as

ψi(r) =
∑
G

cn,k+Ge
i(k+G)r (2.15)

where k is the wave vector. Using plane waves with pe-
riodic boundary conditions we get rid of the infinite number
of wave functions but end up having an infinite number of G
vectors. However, the coefficients cn,k for the PW with small
kinetic energy are much greater than those with a large one.
Therefore, their number can be safely truncated with negligi-
ble loss of accuracy. We still have to deal with infinite wave
vectors k; fortunately wave vectors with close values are very
similar, therefore only a discrete set of k points is needed for
the complete description of the system. We can further reduce
the number of these points exploiting the high symmetry of
the system; these define a smaller region of the most important
points which are needed to effectively describe the WF of the
system, called Brillouin zone.

2.3.2 Pseudo-Potentials

In a solid we usually have to deal with a huge number of elec-
trons. Moreover, the valence electronic WF varies rapidly in
the core region and are characterized by the presence of nodes;
the correct description would need a very large number of PW.
However, we are only interested in the explicit description of
the valence electrons, for these are the ones that take part in
the chemical process and bonds. The pseudo-potential (PPS)
approximation60 exploits this by removing the core electrons
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2.3. APPLICATION TO SOLIDS 21

and replacing the strong ionic potential by a weaker pseudo-
potential in the core region. This situation is illustrated in
Figure 2.2. This greatly reduces the computational effort as we
only have to explicitly consider the valence electrons; moreover
their WF are much simpler close to the nuclei so they need a
few PW for a correct representation. These new functions are
called pseudo-wave functions.

Figure 2.2: Representation of the Pseudo-Potential and the cor-
responding Pseudo-wave function. The strong ionic potential
(in blue) is substituted by a weaker PPS (Vpseudo, in red). This
approximation modified the Ψ in the core region; the resulting
Ψpseudo is smoother and easier to reproduce.

2.3.3 Supercell approach

The use of the PW basis set requires to have the same peri-
odicity in all the directions. Apart from few cases, we usually
deal with systems non-fully periodic in one or more directions.
The most common example is represented by surfaces, where
the periodicity is broken along the z direction. We can easily
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22 CHAPTER 2. THEORETICAL BACKGROUND

overcome this limit considering also the vacuum region as part
of the same repeating unit (slab); the latter has to be chosen
big enough to avoid interactions between the periodic images.
This can easily be extended to the cases of adsorbates or de-
fects as long as we can enlarge the unit cell, but also increasing
the computational cost. In Figure 2.3 it is shown an example
of the supercell approach applied to a surface.

Figure 2.3: Application of the supercell approach for a metal
surface (slab).
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2.3. APPLICATION TO SOLIDS 23

2.3.4 Van der Waals Interactions

As previously stated, a serious shortcoming of the standard
DFT based methods is that they do not account for van der
Waals interactions. In fact, calculations fail to reproduce the
binding energies of the weakly interacting systems, e.g. organic
molecules on metal surfaces.61 Different extensions have been
developed to solve this problem.62–70 We can classify them
based on the rigor of the treatment, which goes opposite to the
computational effort.

The simplest approach considers the dispersion contribu-
tion as an additive term to the DFT energy. The most famous
example of this group is the Grimme vdW-D2 method.71 It is
based on the London formula72 for the pairwise interaction be-
tween two atoms, which leads to a sum over C6

R6 . The coefficients
C6 are derived from atomic properties, therefore they yield an
over-binding when applied to metals, due to their screening
which is completely neglected.73 The natural evolution of this
method, the vdW-D3), includes the next terms (C8 and C10)
in the expansion.74 In this version, a range of precalculated
coefficients for various elements is available, as a function of
different reference states and number of neighbors. Despite
these improvements the water-metal interaction is still largely
overestimated.73

Based on the same principle, the group of Tkatchenko and
Scheffler have developed a series of related methods. The first
of them is known as DFT-vdW.75 In this approach, the C6 co-
efficients and R are determined non-empirically from the elec-
tron density; also, to obtain environment dependency, effec-
tive atomic volumes are used. However, it was not clear if the
scaling of the properties would yield accurate results for more
complex systems, such as metal surfaces. A possible remedy
is to determine a metal surface C6 coefficient taking into ac-
count the collective response (screening) of the substrate elec-
trons, employing the Lifshitz-Zaremba-Kohn (LZK) theory;76
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24 CHAPTER 2. THEORETICAL BACKGROUND

this method is known as DFT-vdWsurf .77

Alternatively, different functionals including dispersion have
been constructed. Lundqvist et al.55,78–81 proposed a non-local
correlation functional that accounts for dispersion interactions
approximately (vdW-DF). The results were found to depend
on the particular combination between the exchange and the
nonlocal correlation functionals (see e.g. Hamada et al.82).

Finally, the most rigorous approach is offered by the Ran-
dom Phase Approximation (RPA) The method has been de-
scribed in Section 2.2.1; it is capable of correctly describing
both the correlation effect between the electrons and it includes
the vdW energy seamlessly and accurately; unfortunately, it
implies a tremendous computational effort, therefore its use is
limited to benchmarks.

2.4 Estimate of Adsorption Energies

from TPD experiments

Despite the already stated concerns, experimental data are fun-
damental to evaluate the theoretical models. In relation to
this work, a special role is constituted by adsorption energies.
It is possible to extract such information from Temperature
Programmed Desorption (TPD) Experiments. Basically, the
system (surface + adsorbate) is placed in Ultra-High Vacuum
(UHV) and it is heated at a constant rate β (usually around
3 K/s) and the partial pressure of atoms and molecules evolv-
ing from the sample are measured, e.g. by mass spectrometry.
When at a given temperature, a certain substance exit from the
chamber, it generates a peak which is recorded (Tmax). From
this value and the heating rate β, it is possible to compute the
adsorption energy for the species.

In this work, we have actuated the following procedure:
An initial guess for the adsorption energy (EI

ads) is obtained
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2.5. SEARCH FOR THE TRANSITION STATE 25

through the Arrhenius formula

EI
ads = −

[
RTmax ln

(
kr
v

)]
(2.16)

where for the reaction constant kr is used a default value
of 1s−1 and for the prefactor v a default value of 1x1013s−1.
The result is introduced in the equation from Redhead,83 to
calculate a more refined value for the energy in a self consistent
way (EF

ads), till convergence is reached:

EF
ads = RTmax

[
ln
vTmax

β
− ln

EI
ads

RTmax

]
(2.17)

It must be stressed that the default value for the prefac-
tor v has been demonstrated to be often grossly inaccurate.
Campbell and Sellers84 developed a procedure to improve the
parameter, including the entropy effect

v =

(
kbTmax

h

)
exp

{
0.30S0

g

R
+ 3.3+

− 1

3

{
18.6 + ln

[(
m

mAr

)3/2(
Tmax

298K

)5/2
]}}

(2.18)

2.5 Search for the Transition State

As stated in the Introduction, the study of adsorption processes
and the evaluation of the related energies is of primary impor-
tance in this work. However, a different matter arises when we
consider the path followed by a species in a determined reaction
as we did in Chapter 4.2. In this case, we also need to evaluate
the energy barriers involved in the single steps of the path, the
so-called activation energies Ea.
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26 CHAPTER 2. THEORETICAL BACKGROUND

The simplest approach to evaluate such quantities is given
by the Arrhenius rate law,85 which connects the rate constant
of a reaction with the apparent activation energy Eapp:

k = Ae−Eapp/(RT ) (2.19)

The energy differs from the actual activation energy Ea since
its equation originates from empirical observations, ignoring
any mechanistic considerations, e.g. if more than one interme-
diates are involved in the conversion to products. It is usually
employed to have a first guess about a determined process.

In order to have a more precise approach is necessary to
further develop the two parameters associated with Equation
2.19, the pre-exponential factor A and the activation energy
itself. These issues are addressed by the Transition State The-
ory (TST), simultaneously developed by Eyring86 and Evans
and Polanyi.87 Qualitatively, the reaction proceeds through an
activated complex, the transition state (TS), located at the top
of the energy barrier between reactants and products. The pro-
cess is described by a single parameter, called the reaction co-
ordinate, e.g. the stretching vibration between the two atoms
in the dissociation of a diatomic molecule. The reaction can
thus be visualized as a journey over a potential energy surface,
where the transition state lies at the saddle point.

The application of the TST to complex system such as mole-
cules adsorbate on surfaces is far from straightforward. Differ-
ent methods have been developed; here we focus our attention
on the Nudged Elastic Band (NEB). Once the initial and the
final states are well defined, a series of ”images” of the system
are created along the reaction path. These images are then
optimized to find the lowest energy possible, while maintaining
equal spacing to neighboring images. This constrained opti-
mization is achieved adding spring forces between images and
projecting out the component of the force due to the potential
perpendicular to the band. The method employed in this thesis
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2.5. SEARCH FOR THE TRANSITION STATE 27

is a slight improvement of the NEB method, called Climbing-
Image NEB (CI-NEB). Once a NEB is carried out, the image
with the higher energy is driven up to the saddle point. This
image does not feel the spring forces; instead, the true force at
this image along the tangent is inverted. This way, the image
tries to maximize its energy along the band, and minimize in
all the other directions. To check if the retrieved structure is
a true TS, its normal mode of vibration are calculated; all the
frequency must be real value except for the one along the reac-
tion coordinate which has to have an imaginary value, being a
saddle point.
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Chapter 3

Rutiles

Rutiles are a particular class of metal-oxides with common
chemical formula MO2 which has attracted a lot of attention in
recent years.88–92 Despite having the same structure shown in
Figure 3.1 (TiO2 also has two other polymorphs, anatase and
brookite), they have quite different chemical properties (metal-
lic and semiconductors), determined by the composing metal.
Not only they have quite different properties and applications
as isolated compounds, but also due to the structural similar-
ity, they can easily combined to form new materials with tuned
properties. Despite being largely employed in the industry and
especially in heterogeneous catalysis, a systematic investigation
of this class is still missing. To this end we have therefore chosen
four of its compounds (Ir, Ru, Sn and Ti oxides) and studied
them both as isolated nanoparticles and in combinations with
each other. Some fundamental properties along with the most
important applications of these four has been reported in Table
3.1

29
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30 CHAPTER 3. RUTILES

Figure 3.1: Bulk unit cell of rutile species. They are charac-
terized by the same structure but different lattice parameters,
reported in Table 3.1.

Table 3.1: Summary of information on four important Rutiles.

MO2 L. P. (Å) Conductivity Applications

RuO2
a = 4.490

metal
Capacitor devices,93,94

c = 3.140 Cl2 synthesis95–107

IrO2
a = 4.510

metal Cl2 synthesis105,107
c = 3.110

SnO2
a = 4.747 semi-

Redox gas sensors
17,18

c = 3.186 conductor

TiO2
a = 4.594 semi- Photocatalyst1

c = 2.958 conductor Br2 Synthesis,108 Support3–5

3.1 Rutiles: isolated compounds

As stated in the introduction and shown in Figure 3.1, rutiles
are characterized by the same unit cell. However, the crys-
tal formed in thermodynamical equilibrium is different for each
of the compounds and can easily be determined following the
Wulff construction.109 Basically, the lower the surface energy,
the more extended will it be in the crystal. In this case, different
lattice parameters and the chemistry of the element are funda-
mental factors: the difference between the surface energies will
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3.2. RUTILES: ALLOYS 31

vary, therefore quite different nanoparticles will be obtained,
as shown in Figure 3.2. As an example, in the RuO2 crystal,
(110) and (101) facets have an equivalent surface, while in TiO2

the (110) is far more extended up to 80 % of the total surface.
The study of the different facets is of primary importance, since
they possess different reactivity.

Figure 3.2: Wulff Structure for a) RuO2 and b) TiO2. Despite
having the same unit cell, the rutiles end with quite different
crystals.

3.2 Rutiles: alloys

Along with the use of the pure compounds, the employment
of mixtures is a common practice and alloys can easily be
formed for these rutiles possess the same stable structure. Sec-
ondary components can enhance the chemical and electrochem-
ical properties, along with stability and selectivity.110 The im-
proved properties and the applications of some available com-
binations are reported in Table 3.2. For this reason, along with
studying the rutiles as pure nanoparticles is very important
to investigate the possible alloys. In the next sections, some
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32 CHAPTER 3. RUTILES

important properties related to the formation of alloys will be
assessed.

Table 3.2: A summary of some important rutile alloys, with
the applications and enhanced properties compared to the pure
compounds.

primary secondary enhanced
applications

component component properties

RuO2 SnO2
support

HCl oxidation105,107
(cheaper)

RuO2, IrO2

activity Electrocatalysis111

stability Dimensionally Stable
conductivity Anodes (DSA)102,110,112,113

TiO2 IrO2, RuO2 stability
Cl2 production

anodes114

TiO2 SnO2
enhanced Dimensionally Stable
design Anodes (DSA)115

3.2.1 Solubility

First of all, we have to determine if one element is easily soluble
into a host compound. As previously stated, despite having the
same structure, these materials have different lattice parame-
ters and different conductivity, as shown in Table 3.1. These
two factors can hinder the formation of the alloy and this in
turn will affect the maximum concentration of impurities al-
lowed. From our analysis solubility is promoted only for the
two metals, Ir and Ru oxides;116 for all the other alloys the
formation of mixture is unfavored but to a small extent. The
conclusions drawn from these findings only refer to the ther-
modynamical aspect of this property. Also, the neglect of con-
figurational entropy explains the difference with experimental
results, where at least for low concentration, a solid solution is
formed (see Table 3.3).
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3.2. RUTILES: ALLOYS 33

Table 3.3: Experimental maximum percentage of total solubil-
ity for different rutile pairs.

dopant host percentage

RuO2, IrO2 any116

IrO2 TiO2 5 %117

TiO2 IrO2 10 %117

SnO2 IrO2 1-2 %117

SnO2 TiO2 0.23 %118

3.2.2 Segregation

Once we have established the concentration of the dopant into
an alloy, it is time to focus on the surface composition. It is
not easily to evaluate nor to predict it, since the concentration
of the impurity on the surface can greatly differ from the one
in the bulk; this phenomena is known as segregation and it is
illustrated in Figure 3.3

For metals, only one method exist to directly measure the
segregation energy, called photoemission spectroscopy of sur-
face core-level shifts.119 It is limited to mixture with metal
with close atomic numbers. Theoretically, different methods
have been developed, such as the Langmuir-McLean relation:120

it relates the segregation energy to the impurity concentration
in the surface and the bulk. Other approaches have been pro-
posed, based on Miedema theory121 or tight-binding approxi-
mation. All these methods are only able to predict the sign of
the segregation, or they are only applicable for late transition
or noble metals.

As stated in the Introduction, metal oxides knowledge is
limited compared to metals. In this case as well as in more
complex metals,122–124 we need to build an extensive database
to find available trends and understand the general behavior.
This has been done previously for some metal oxides,125 but
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34 CHAPTER 3. RUTILES

Figure 3.3: Scheme representing the segregation phenomena.
In a) the impurity (blue sphere) is found in the bulk while
in b) it migrates to the surface. The quantity Eseg gives an
estimate of such process. This process can be greatly affected
by the environment (in this case the oxygen, which forms a
stronger bond with the substituent).

no studies have been made on rutiles. To this end, we have
generated a database of Eseg of the four rutiles. An example is
shown in Figure 3.4, where this quantity is reported for three
different impurities (Ru, Sn, Ti) in IrO2; a negative value means
that the species tend to be on the surface.

The calculation has been extended to all the possible com-
binations, with the rutiles acting either as guest or host and to
four low-index surfaces. To make the results more clear and to
highlight possible trends, we have also employed a heat colour
scale, where colder colours correspond to more likely processes.

From the analysis it turns out that for the metal hosts (Ru
and Ir oxides), the semiconductors migrate strongly towards
the surfaces (in the case of IrO2, this also applies to Ru). With
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3.2. RUTILES: ALLOYS 35

Figure 3.4: Segregation energy, Eseg in eV, of different guest
(column) on different facets (row) for IrO2. Colder colours
correspond to more exothermic values (the element segregates
more).

a few exception facet related, the semiconductor always acts as
hosts, and they keep the other metals into the bulk; TiO2 is
also preferentially found on the surface within Sn oxide.

3.2.3 Adsorption induced segregation

The segregation phenomena can be greatly affected by the envi-
ronment; in fact, molecules can adsorb and change the relative
total energies. We refer to this process as adsorption induced
segregation. This is due to the fact that impurities can bind
preferentially with the adsorbates, therefore they will tend to
stay on the surface. This phenomena is very important to assess
the thermal stability of a particular alloy.
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Quantitatively, we can describe the phenomena as following:
Given an impurity A in a AxB1−x alloy, its condition to be at
the surface can be expressed by the following:

Eseg(A) + Eads(A)− Eads(B) < 0 (3.1)

where Eseg(A) is the segregation energy of A and Eads(A)
and Eads(B) are the adsorption energies of the adsorbate on
element A and B respectively. This means that if the differ-
ence between the adsorption energies is too high, it will yields
a reversed segregation. A scheme of the oxygen induced segre-
gation was presented in Figure 3.3.

Again, a complete database is needed in order to understand
the property. The most important adsorbate in the case of
rutiles is oxygen, for these compounds are often used in oxygen
rich environments and Ir and Ru oxides can easily adsorb it.
Not surprisingly, the results are almost opposite of the ones
obtained for the compounds in vacuum: the metal hosts (Ir
and Ru oxides) tend greatly to be on the surface when acting
as impurities, while as hosts they block the segregation of the
semiconductors (Sn and Ti oxides), which stays into the bulk.

3.2.4 Overlayers

Finally, the epitaxial growth of a rutile on top of another is
addressed; this phenomena is shown in Figure 3.5 for one and
two layers. This property is very important, since these ru-
tiles (especially Ti and Sn oxides) are extensively employed as
supports.3–5,105,107 This phenomena could be hinder by the
mismatch between different lattice parameters, as reported in
Table 3.1; an evaluation of its extent is needed. To do so, we
have evaluated the Adhesion energy Eadh, which is related to
the surface energies at the interface (γ) and of the native sur-
face (γ0):

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



3.2. RUTILES: ALLOYS 37

γ/γ0 = (γint − γh)/γ0 = 1 + Eadh/(A · γ0) (3.2)

where γint us the interface energy and γh is the surface en-
ergy of the oxide support.

The Adhesion controls the possibility for bidimensional or
tridimensional growth. A negative (exothermic) value of its en-
ergy means that a bond is formed between the layers, therefore
a second layer can easily grow on top of another one. From
our study it is clear that this is not the case, as the adhesion
energy, is exothermic in all the cases. This means that there
is always the formation of a bond between a host rutile and a
layer of a guest from the series. The same applies to the for-
mation of another layer on top, and we can extend this result
to any amount of layers.

Figure 3.5: Epitaxial grow of a guest rutile on top of a host
one. a) clean host rutile, b) one layer of guest on top and c)
two layers.
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3.2.5 Conclusions

Metal oxides are employed in a great range of applications but
their understanding is quite limited compared to metals. This is
due to more complex structure and chemical properties. Rutiles
are a class within the metal oxides which are characterized by
the same structure but different conductivity.

We have carried on a rigorous study on these compounds,
especially focusing on the formation of alloys. In fact, this is
easily achieved due to the structural similarity and yield to
the design of brand new materials with fine tuned properties.
The amount of impurities is somewhat limited by the different
nature of the metals involved, therefore only for Ru and Ir
oxide, a mixture is readily obtained with any composition.

Surface composition can be very different compared to the
one in the bulk, due to a phenomena known as segregation.
This is quite hard to evaluate experimentally and to model
theoretically even for metals. However, a grasp on the ther-
modynamic properties can be obtained by DFT. To investigate
this for metal oxides and rutiles it is therefore needed to build a
full database with all the possible combinations. In the specific
case, the semiconductor Ti and Sn oxides tend to stay on the
surface and block the metals in the bulk.

This phenomena can be affected by the bond with adsor-
bates. For rutiles, oxygen greatly influence the segregation
since it preferentially bind with Ir and Ru, pushing them on
the surface. At the same time, when RuO2 and IrO2 act as
hosts, they keep the semiconductor deep behind the surface.

Finally, it is possible to epitaxially grow any rutile on top
of another despite the mismatch between the lattice parame-
ters; this means that any of them can be used as a support for
another one and this is very useful since some of the rutiles are
quite expensive.
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Chapter 4

Alcohols adsorption and
reactions on titanium
dioxide

Alcohols can be the precursor of a great variety of compounds,
when reacting on Titanium Dioxide. In fact the hydroxyl can
be converted to important functional groups,126–128 as shown
in Figure 4.1. Alcohols also possess applications ranging from
probes of reactive sites,129–133 to models for the investigation of
photoxidation of organic contaminants.134,135

In this chapter, the interaction of small mono- and poly-
alcohols on Titanium Dioxide is analyzed. In the first part, the
phenomena of adsorption is deeply investigated for a series of
alcohols with increasing chain length and number of hydroxyls.
For a more complete analysis, both molecular and dissociative
adsorption are assessed. Also, the study has been carried on
stoichiometric as well defective surfaces. Next, the dehydra-
tion process is studied for Ethylene glycol and 1,3-Propanediol;
a reaction profile is generated and a mechanism explaining the
difference between the two compounds was proposed. The stoi-
chiometric and defective (vacancy on the surface and the bulk)

39
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Figure 4.1: Possible reaction products of alcohols on TiO2.

structures of TiO2 are shown in Figure 4.2.

4.1 Adsorption

On titania, two sites are available for the adsorption, the Ti-
tanium in Coordinatively Unsaturated Site (Ticus) and the va-
cancy (VO) formed when one oxygen in bridge position (Ob) is
missing. This process has been deeply investigated and a large
amount of experimental data is available, summarized in Table
4.1

Despite this abundance of information, to model the ad-
sorption phenomena can be challenging. This is particularly
evident for quite different values are found for the same alco-
hol. Among other properties, this is primary due to the dif-
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4.1. ADSORPTION 41

Table 4.1: Experimental adsorption energies, Eads, in eV, for
different alcohols, ROH on TiO2 (110). Additional information
on the type of adsorption, Typeads, Position of the substrate
and the Coverage, in ML, are reported when available.

ROH Typeads Eads Coverage Position

MeOH
M

-0.96136 0.22 Ticus
-0.95137 - -

D1 -1.32137 - -

EtOH

M

-0.68, -0.48128 0.75, 3.75 -
-0.99136 0.20 Ticus
-0.91138 - VO

-0.81, -1.03139 0.80 Ticus , VO

-0.93, -0.80131 Saturation Ticus, VO

D1

-1.67, 1.64131 Saturation Ticus, VO

-1.66139 0.80 VO

-1.10, -0.68128 0.75, 3.75 -
-1.64138 - VO

1-PrOH
M

-1.08136 0.19 Ticus
-0.93, -0.94131 Saturation Ticus ,VO

D1 -1.62, -1.57131 Saturation Ticus, VO

1-ButOH M -1.11136 0.17 Ticus

i-PrOH

M

-1.03136 0.23 Ticus
-0.93, -0.86140 0.20 Ticus

-0.92141 0.18 Ticus
-1.03139 0.60 VO

-0.93, -0.94131 Saturation Ticus, VO

D1

-1.66139 0.60 VO

-1.47131 Saturation -
-1.33141 0.18 VO

- -0.96, -1.53142 0.90 -
2-ButOH M -1.11136 0.17 Ticus
t-ButOH M -0.99136 0.27 Ticus

1,2-EtOH M
-1.26143 0.25 Ticus
-1.08131 Saturation Ticus, VO
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Figure 4.2: TiO2 (110) facets: the stoichiometric surface (S,
left side) can lose one oxygen and create a vacancy (right side,
represented by blue shadowed spheres), either on the top layer
(Vs) or in the second layer (Vss).

ferent coverage and to the different adsorption site. The latter
problem is a consequence of the formation of vacancies, which
is very common in titanium dioxide and will be described in de-
tails in the next section. In this study, we investigated the ad-
sorption phenomena of a series of mono-(linear and branched)
and poly-alcohols on the (110) facet (the most stable) of TiO2.
In particular, we want to assess the possibility to employ the
simplest members of the series like methanol, as surrogates for
more complex molecules. This in turn allows the construction
of scaling relationships, i.e. to express the adsorption energy
as a function of the number of CH2 and functional groups.144

4.1.1 Titanium dioxide (110)

As previously stated, the study of metal oxides can be particu-
lar challenging and their knowledge lays behind that of metals.
In particular, the presence of different acid (the metal) and ba-
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4.1. ADSORPTION 43

sic (the oxygen) centers is of primary concern; regarding TiO2

(110) there are two other factors to consider: the corrugation
of the surface and the formation of vacancies.

The corrugation refers to the particular termination of the
(110) facet. The packing of Titanium ions in Coordinatively
Unsaturated Site (Ticus) and in-plane oxygens is attenuated
by rows of oxygens in bridge position (Ob). These rows can
both sterically hinder the adsorption of reactants (which usu-
ally takes place on the Ticus) and reinforce the bonding (e.g.
through hydrogen bonds). The formation of vacancy is very
common in TiO2; in fact, this compound can easily be reduced,
with some Titanium becoming formally Ti3+, but generating a
delocalized charge. The reason behind this is rooted in the na-
ture of Titanium which almost lose all the electrons at the d
and s levels upon oxide formations. We can either have them
on the surface, or in the bulk and in both cases there are two
electrons left by the missing oxygen, affecting the electronic
structure. If the leaving oxygen is a Ob, it also produces a new
site which can compete for the adsorption of the substrate. The
three surfaces, stoichiometric (S ), with vacancy on top (Vs) and
with the vacancy in the subsurface (Vss) are shown in Figure
4.2 We have calculated the adsorption energies of a series of
mono- (linear and branched) and poly-alcohols on TiO2 (110),
stoichiometric, and with both kinds of vacancies. Moreover, we
have also considered the dissociation of the molecules on the
surface upon adsorption, for this is an important step in the
reaction paths of Figure 4.1. In the next section, the results of
this analysis has been reported.

4.1.2 Results

Once the adsorption energies have been computed, the results
have been analyzed following different parameters, such as the
degree of dissociation, the length/encumbrance of the hydro-
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carbon part and the number of hydroxyl groups. An exam-
ple is represented in Figure 4.3: on top it has been reported
the molecular adsorption, while on the bottom the dissocia-
tive. The data are also subdivided between linear, branched
(both mono-alcohols) and poly-alcohols.

The obtained results warn against the use of surrogates i.e.
small molecules as models for more complex systems. This
is especially true in this case, since the surface corrugation is
comparable with the length of the molecules. It is clear that
primary and secondary alcohols are perfect to fill the vacancies,
somehow further confine the active sites along the [001] chan-
nels. However, this is no longer true for tertiary ROH because
steric hindrance greatly limits the accessibility to vacancy po-
sitions. Polyalcohols behave in a more complex way, thanks to
internal hydrogen bonds which can stabilize some of the con-
figurations. When the adsorption is molecular, all the alcohols
prefer the Ticus sites, and need two of these for a proper in-
teractions. Upon dissociation instead, the alcohols with two
hydroxyls close to each other greatly prefer the vacancy sites,
while the others can equally pick both sites. Finally, we want
to stress that the energies are almost constant for the monoal-
cohols, independently on the chain length, again the tert-butil
being less stable. Polyalcohols are less stable with the increas-
ing number of hydroxyls or if these are not next to each other.
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Figure 4.3: Results of the analysis of alcohols adsorption on
TiO2. a) molecular adsorption and b) dissociative. The data
have also been subdivided between linear, branched (both these
two are mono-alcohols) and poly-alcohols.
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4.2 Dehydration of diols on titanium

dioxide

Once adsorbed, small polyalcohols can take part to different
reactions and a particularly useful process is the catalytic de-
hydration to alkene, with the formation of water

R-CH2-OH → R=CH2 + H2O

The group of Dohnálek proposed a mechanism based on
Scanning Tunneling Microscope (STM) experiments coupled
with DFT simulations. Small diols like ethylene Glycol and 1,3-
propanediol (1,2-EtOH and 1,3-PrOH in this text) were used
as surrogates for more complex system.145 TPD experiments
were also reported, see Figure 4.4.

The described pathway turns out to be very complex for
it includes the migration of vacancies, for it need two vacan-
cies to be next to each other. This situation is unlikely, since
the total concentration of vacancy is 5-10% in the total sur-
face.146,147 The mechanism also comprehends the formation of
radical species, which require very high energies (almost 3 eV
for 1,3-PROH). In the light of these factors, we have investi-
gated an alternative route for the process, by means of DFT
simulations. As shown in the next sections, this mechanism
includes only few simple steps and far lower energy barriers. In
particular, only one vacancy is needed for a cycle.

4.2.1 Proposed Mechanism

We can divide the whole process in two parts. In the first,
1,2-EtOH and 1,3-PrOH adsorption on a vacancy VO is readily
followed by the hydroxyl dissociation; the freed hydrogen is
subject to diffusion and ends bound to the bridge oxygen Ob

next to the second hydroxyl. In the second part, the two diols
take different paths which yield alkenes and water molecules
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Figure 4.4: From Reference of Acharya et al.:145 TPD spectra
of the desorbing species observed following the 0.05 ML dose of
(A) ethylene glycol and (B) propylene glycol OH at 90 K. The
desorption of EG-OD was monitored at 32 amu, which is the
most intense cracking fragment. Desorption of D2O at 20 amu,
ethylene (CH2CH2) at 27 amu, and acetaldehyde (CH3CHO)
at 29 amu. The desorption of 1,3-PG-OH was monitored at 31
amu, which is the most intense cracking fragment. Desorption
of H2O at 18 amu, propylene (CH2CHCH3) at 41 amu, and
propionaldehyde (CH3CH2CHO) at 58 amu.

as final products. The whole reaction profile is represented in
Figure 4.5.

Initial state: Adsorption at the vacancy

In the first step, the diols adsorb on the surface, with one of
the hydroxyl filling a vacancy (OH-1) while the other (OH-
2) is weakly bound to the closest Titanium in Coordinatively
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4.2. DEHYDRATION OF DIOLS ON. . . 49

Unsaturated Site (Ticus); this is shown for the 1,3-PrOH in
Figure 4.6.

Figure 4.6: 1,3-PrOH adsorbed on TiO2. One of the hydroxyl
(OH-1) is filling the vacancy, while the other (OH-2) is slightly
bound to one Ticus. The most important elements have been
highlighted.

The adsorption process has been deeply investigated in Chap-
ter 4.1. Here there are reported the adsorption energies (Eads,
in eV) for both the diols on stoichiometric and defective sur-
faces, see Table 4.2. Negative values represent exothermic pro-
cesses.

From the results it is shown that the molecular adsorption is
favored (slightly in the case of the glycol) on the stoichiometric
surface, for both the species. However for the 1,2-EtOH the
dissociation process favors the binding of the substrate to the
vacancy, being more stable than on the stoichiometric. 1,3-
PrOH on the other hand turns out to be favored on the latter
(i.e. bound exclusively on the Ticus) in both its molecular and
dissociative state. This difference can be explained among other
factors with the different distance of the substrate from the
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Table 4.2: Adsorption energy, Eads in eV, of 1,2-EtOH and 1,3-
PrOH on TiO2 (110). The value for both stoichiometric (S)
and defective (Vs) surfaces are reported. Molecular (M) and
dissociative (D) type of adsorption have been considered.

Substrate Surface Type Eads

1,2-EtOH
S

M -1.35
D -1.61

Vs
M -1.30
D -2.13

1,3-PrOH
S

M -1.34
D -1.65

Vs
M -0.82
D -1.26

surface. In the case of 1,2-EtOH, the distance Ticus-O increases
with a molecular adsorption, from S to Vs. Upon dissociation,
the molecule can accommodate better, and there is a decrease
in the distance, hence lower energy. For 1,3-PrOH the distance
is always larger when adsorbed in the vacancy; the system is
less stable and Eads is higher. Once the molecule is bound the
surface the two compounds follow a common path for the first
steps.

First Dissociation and Diffusion

The oxygen in the vacancy can lose the hydrogen to a close
Oxygen in Bridge position (Ob). The freed hydrogen can easily
migrate for diffusion, therefore we find it bound to the Ob close
to OH-2. This first part is shown in the Figure 4.7

The energy profile between the two compounds is almost the
same, separated by a constant energy value. A small difference
in the diffusion state is retrieved since in 1,2-EtOH the rotation
of OH-2 around the C-O bond is hindered and its arrangement
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Figure 4.7: Common path of the reaction profile of Ethylene
glycol (1,2-ETOH, in blue) and 1,3-propanediol (1,3-PrOH, in
red) dehydration on TiO2. The O-H bond of the hydroxyl OH-
1 (see Figure 4.6) is broken and the released hydrogen migrates
for diffusion to the Ob to the side of OH-2.

with the Ob-H is not perfect; on the other hand, for 1,3-PrOH
such rotation is almost free.

After the hydrogen diffusion the two systems enter different
pathways, as illustrated in the next sections.

Different paths to the products

In the last part the two compounds follow different reaction
paths. In the case of 1,2-EtOH, a single step is needed to get
to the products. The hydrogen found on the Ob next to the OH-
2 binds to such hydroxyl. the oxygen is now connected to two
hydrogens, therefore can easily leave as water. This determines
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the rearrangement of the electrons to form the double C=C
bond as well as the breaking of the second C-O bond. At the
end of the step, ethylene and water are formed on the surface
and the vacancy has been healed with the oxygen from the
hydroxyl OH-1. The reaction step is shown in Figure 4.8.

Figure 4.8: Second part of the dehydration for 1,2-EtOH. The
system evolves to the products in a single step, with the si-
multaneous formation of water and breaking of both the C-O
bonds.

For 1,3-PrOH the path is more complex. Like the smaller
alcohol, there is the formation of water. However, in contrast
with 1,2-EtOH, a high energy intermediate is obtained and a
second step is needed to get to the products. Such process
consists in the formation of the double bond C=C, which in-
cludes an H-shift between the central carbon and the terminal
one connected to the OH-1. This finally results in the breaking
of the second C-O bond and the formation of the alkene (see
Figure 4.9).
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Figure 4.9: Second part of the dehydration for 1,3-PrOH. This
is more complex than the path for 1,2-EtOH and includes an
high energy intermediate with the water still bound to the
molecule. This system evolves to the products with a second
step, where the migration of the hydrogen is coupled with the
breaking of both C-O bonds.

4.2.2 Discussion

The described mechanism shows that, although the two reac-
tants are very similar, two different paths are followed. In fact,
1,3-PrOH dehydration comprehends three steps and passes for
an high-energy intermediate, while 1,2-EtOH just evolves to
the products in two steps. The highest barrier is retrieved for
both the compounds after the hydrogen diffusion step, follow-
ing the first dissociation. This corresponds to a value of 0.89 eV
for 1,2-EtOH and 1.61 eV for 1,3-PrOH. The formation of the
high-energy intermediate is the reason why 1,3-PrOH requires
more energy compared to 1,2-EtOH (see Figure 4.4). This ex-
planation, along with the analysis of the adsorption process (see
Section 4.1), strongly advice against the use of smaller surro-
gates as models for more complex systems, especially when the
corrugation of the surface is comparable with the lengths of the
reactants.
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Another important point is the oxidation state of the sur-
face. At the beginning of the process one vacancy is present,
but it gets restored at the end of the reaction. This means
that the process is actually non-catalytic and also explains the
high temperature, which is needed to form new vacancies. This
explain the high temperature (> 600 K) found in the TPD ex-
periment shown in Figure 4.4.

4.3 Conclusions

Alcohols on TiO2 show a very rich chemistry, where the hy-
droxyl group can be converted to a variety of functional groups.
The initial step is the adsorption of alcohols on the surface. To
shed a light on this process, we have carried out a systemati-
cal investigation of a series of mono- and poly-alcohols. For a
more complete analysis we have considered molecular and dis-
sociative adsorption on both stoichiometric and defective sur-
faces. The results warn against the use of small molecules as
surrogates for more complex systems, especially when the cor-
rugation of the surface is comparable with the length of the
molecules. Primary and secondary alcohols are perfect to fit
the vacancies but this is not true anymore for sterical hindered
molecules such as tert-butanol. Polyalcohols behave quite dif-
ferently, the ones with two hydroxyls close to each other pre-
ferring the vacancy only upon dissociation. Instead, polyalco-
hols with distant or more than two hydroxyls are equally dis-
tributed. The energies are almost constant for the monoalco-
hols, again the only exception represented by the tert-butanol.
In the second part of this chapter, we have proposed a mecha-
nism for the conversion of ethylene glycol and 1,3-propanediol
to ethylene and propene, respectively. After adsorption on a
vacancy for both compounds, there follows the dissociation of
the hydroxyl; the released hydrogen is subject to diffusion and
ends bound to a Ob next to the second hydroxyl. Successively,
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the two diols follow different paths: 1,2-EtOH evolves rapidly
to the products in a single step, while 1,3-PrOH evolution in-
cludes a high energy intermediate, followed by the migration
of hydrogen from C-2 to C-1 and the formation of the double
bond. This description is in line with the experimental find-
ings, which yield a higher energy needed to dehydrate 1,3-PrOH
compared to the other. The different paths again strongly warn
against the use of smaller surrogates to study more complex
systems. Also the process turns out to be non-catalytic since
the vacancy is restored at the end of the reaction.
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Chapter 5

Wetting of hydrophobic
rare-earth oxides

Many reactions involving metal oxides take place in aqueous
environments. This is particularly true for biomass derived
compounds. For this reason, the interaction with water is im-
portant in the analysis of the adsorption phenomena and we
investigated such process in Rare-Earth Oxides (REOs). Since
Rare-Earth metals react with oxygen vigorously to form ox-
ides,148 REOs turn out to be thermally very stable. They
are also characterized by a strong hydrophobicity which allows
them to be employed in harsh conditions.149 As expected, this
class of compounds has a variety of technical applications. As
an example, lanthanides oxides could replace silica as dielectric
in field effect transistors.150,151 In particular CeO2 is important
in catalysis, as support that can have also a more active role.152

It is also frequently doped with promoters to improve its prop-
erties like ionic conductivity (with Gd and Sm),153 reducibility
and oxygen storage (with Zr and Hf).154–156 The effect of pro-
moters on the electronic conductivity and the vacancy forma-
tion energy have been investigated by Farra et al..157 A com-
prehensive review on REOs has been published by Adachi and
Imanaka,158 while the electronic properties have been studied

57
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by means of first principles by Jiang et al.159

As for the composition, most of the lanthanides are stable
as sesquioxides with formula R2O3 and at ambient pressure, dif-
ferent structures are available. Light lanthanide oxides usually
are found in an hexagonal arrangement, while heavier elements
organize in a cubic one, called bixbyte. Both the structures are
shown in Figure 5.1. An intermediate monoclinic form is also
available; medium-weight oxides tend to adopt it but also one
of the others, depending on the position in the row.

Figure 5.1: Two of the polymorphs of rare-earth sesquioxides
of formula R2O3; a) hexagonal of P3̄m1 symmetry and b) cubic
bixbyte of Ia3̄ symmetry.

Not all the rare-earth metal are trivalent when forming ox-
ides. Some of them can be divalent or tetravalent. The latter
is typical of Cerium, in fact its most stable oxide is CeO2 and
its structure is sketched in Figure 5.2
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Figure 5.2: Cerium dioxide (CeO2) bulk structure, a cubic
of symmetry 4

m
3̄ 2
m

(fluorite). This rare-earth metal adopt a
tetravalent form.

5.1 Contact angle as a measure of

hydrophobicity

The hydrophobicity of REOs was experimentally investigated
by Azimi et al.160 To evaluate this property, the contact an-
gle (θ) formed by water and other liquid interacting with the
surface was measured; hydrophobic materials have a value of
θ > 100◦, while hydrophilic compounds have very small value
(∼ 10◦). This is sketched in Figure 5.3.

The results of the investigation have been reported in Figure
5.4.

An explanation for the phenomena has also been proposed,
and the primary factor responsible was supposed to be the elec-
tronic structure of the surface. In fact, in hydrophilic materials
(such as α-Al2O3), empty 3p orbitals can accommodate the
oxygen lone pairs of the water molecules; the result is a strong
interaction with the surface. In the REOs on the other hand,
the empty 4f orbitals are surrounded by the 5s electrons and
therefore they are inaccessible; a weaker adsorption between
the surface and the water is determined. The process is sum-
marized in Figure 5.5.
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Figure 5.3: Sketch of the interaction of a liquid with a surface.
The contact angle θ is usually small for hydrophilic materials
(a) and large for hydrophobic ones (b).

In this chapter, we present an alternative interpretation,
primary related on the geometrical features of the system. One
of the most stable arrangement of water molecules in the ice
structure consists of hexagons where the molecules are either
parallel to the plane or perpendicular to it. The distance be-
tween two molecules in the same configuration is equal to 4.806
Å; the structure is not completely planar and two adjacent
molecules are displaced of 0.2 Å along the z direction.

Since the water oxygens tend to be affected by the position
of the metals, the closer the distance between these (dMe−Me)
is to the one in the ice, the better can this be accommodated,
hence the stronger the adsorption. In the case of alumina,
dMe−Me has almost exactly the value of the water distance in
ice, therefore an optimum interaction is obtained. On the other
hand, this distance in the REOs is shorter and the ice turns
out to be compressed, weakening the bond between it and the
surface, resulting in a strong hydrophobicity. A similar effect
is expected if dMe−Me is larger than the ideal value; this would
determine the stretching of the hexagonal structure, i.e. a poor
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Figure 5.4: From Azimi et al.:160 Measured advancing water
contact angle (left axis) and the polar component of the surface
free energy (right axis) of sintered REOs.

interaction. A representation is presented in Figure 5.6.
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Figure 5.5: From Azimi et al.:160 Schematic of the orientation
of water molecules and the associated wetting properties of a
surface. a) Hydrophilicity and schematic of the water molecules
next to an alumina surface. b) Hydrophobicity and schematic of
the water molecules next to a REO surface. As the 4f orbitals
of rare-earth atoms are completely shielded, they have no ten-
dency to interact with water molecules. Thus, water molecules
next to the surface cannot maintain their hydrogen-bonding
network and are expected to have a hydrophobic hydration
structure. The photograph shows a water droplet beading up
on a smooth neodymia surface. Scale bars, 1 mm.
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Figure 5.6: Ice layer adsorbed on top of a) α-Al2O3 and b)
CeO2. The distance metal metal in alumina is close to the
ideal value in the water bulk, while such distance in Ceria is
shorter. As a result, the water layer is perfectly disposed on
the former while on the latter the structure is compressed and
there is a tetragonal distortion.
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5.2 Results and Discussion

In order to validate our model we first computed the contact
angle for a small series of REOs, CeO2 (111) and Nd2O3 (0001).
As a comparison, it also has been computed the same angle for
α-Al2O3, a well known hydrophilic material. On a second step
we modified dMe−Me by doping with external ions (La and Zr)
in order to tune the hydrophobic property.

The Young formula expresses the contact angle θ of a liquid
on an ideal solid surface as a function of the surface tensions
present at the interface (see Figure 5.3)

cos(θ) =
γSG − γSL

γLG
(5.1)

where γXX represent the surface energy of the different in-
terfaces (with S, L and G stand for Solid, Liquid and Gas
phases).

In fact an ideal solid surface has zero contact angle hystere-
sis, implying that the advancing and receding contact angles
are equal. Therefore, there is only one thermodynamically sta-
ble contact angle. In theory, the direct evaluation of the mixed
term γSL is quite complex; however, the liquid close to the sur-
face adopts the typical ice configuration and its interaction is
just the ice adsorption energy divided by the covered area

γSL = γSG +
Eice

ads

Area
(5.2)

Substituting this result in Equation 5.1 we finally obtain

cos(θ) =
−Eice

ads

Area · γLG
(5.3)

where we only need to calculate is the adsorption energy,
Eice

ads, of the ice layer on top of the different surfaces. This
quantity is defined negative for an exothermic process and its
value is obtained from a series of DFT calculations

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



5.2. RESULTS AND DISCUSSION 65

Eice
ads = Esys − Eice − Esurf (5.4)

where Esys, Eice and Esurf are the energy of the total sys-
tem, of the ice layer and of the clean surface, respectively.

5.2.1 CeO2 and Nd2O3

Special care need to be employed with the first water layer in
contact with the surface. In fact, the water close to the facet
will tend to dissociate to some degree, breaking the ice hexagon
(see Figure 5.6 b). To simplify our problem, we consider the
surface plus this dissociated layer as the basis on top of which
we adsorb the successive layer. We will analyze the distance
between water molecules in this second layer. In order to pro-
ceed, we therefore have to find the most stable configuration
of the basis surface, i.e. the degree of dissociation of the first
layer. To do so, we have calculated the adsorption energies Eads

of this first layer for an increasing number of dissociated water,
from one to four. The results are shown in Table 5.1; for both
the REOs the most stable configuration is obtained when half
of the molecules are dissociated.

Table 5.1: Energies relative to the different degree of dissocia-
tion of CeO2 and Nd2O3 (Eads in eV). In bold are reported the
most stable configurations; for Nd2O3, the dissociation of more
than two water makes the system particularly unstable.

Dis. H2O Eads(CeO2) Eads(Nd2O3)

0 -0.20 -0.31
1 -0.39 -0.27
2 -0.42 -0.55
3 -0.37 -
4 -0.35 -
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Once we have established the reference configuration, we
added an ice layer on top of it and computed the adsorption
energy. We employed this value to calculate the contact angle
using Equation 5.3. The results are reported in Table 5.2 and
are in perfect agreement with the experimental data.160 As
previously stated, we applied the described method to tune
the hydrophobic character in Ceria by doping the surfaces with
different ions, La and Zr. The results confirm our hypothesis.
In fact, if a smaller ion like Zr is inserted into Ceria, the distance
between the metals is reduced, therefore the ice structure will
be further compressed, determining a wider contact angle. On
the other hand, when inserting a larger ion as La, dMe−Me is
increased and closer to the optimal distance in the ice bulk;
in this case, the water structure is less distorted and a smaller
contact angle is retrieved.

Table 5.2: Summary of the results obtained for CeO2 and
Nd2O3. The contact angle versus the metal-metal distances are
reported for the stoichiometric surfaces along with the doped
ones. Experimental results calculated by Azimi et al.160 are
also present as comparison.

System Doping % Stoich. dMe−Me θcal θexp

CeO2

La (0.08 %) 1.02 3.927 98.9 -
Stoich. - 3.890 99.9 103 ± 2

Zr (0.08 %) 0.97 3.772 112.9 -

Nd2O3 Stoich. - 3.860 103.2 101 ± 3

5.2.2 α-Al2O3

Concerning α-Al2O3, the water is able to subtract an Al ion,
therefore the surface ends hydroxilated, ”gibbsite-like”, see Fig-
ure 5.6 a. The mechanism behind this process has been investi-
gated by Ranea et al.161 As previously done for the REOs, once
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we have established the basis, we added an ice layer on top of it
and computed the adsorption energy. The results are reported
in Table 5.3, again corroborated by the experimental data.160

We also tried to make Alumina less hydrophilic substituting an
Al ion with a larger one (La). In this case the large difference of
radius between the two ions is sufficient to completely distort
the water structure, even for a very small concentration. As a
result, even if the mean distance Al-Al is almost the same of
the clean surface, the evaluated contact angle is much larger,
up to 77◦.

Table 5.3: Summary of the results obtained for α-Al2O3. The
contact angle versus the metal-metal distances are reported for
the stoichiometric surface along with the doped one. Experi-
mental results calculated by Azimi et al.160 are also present as
comparison.

System Doping % Stoich. dMe−Me θcal θexp

α-Al2O3
Stoich. - 4.803 0.0 < 10 ± 4

La (<0.01 %) 1.00 ∼4.803 76.7 -

5.3 Conclusions

Biomass processing takes often place in harsh aqueous environ-
ment. Since metal oxides have an important role in its conver-
sion, it is important to investigate their interaction with water.
To this end we have investigated Rare-Earth Oxides (REOs),
which show a strong hydrophobicity and would be particularly
suitable for the scope. In this chapter, we have proposed a
mechanism for such phenomena, based on the geometry of the
system. Water in contact with a surface adopts a motif where
each molecule is located at a vertex of a regular hexagon, in
alternate configurations. The distance between two molecules

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



68 CHAPTER 5. WETTING OF HYDROPHOBIC. . .

in the same configuration is related to the distance between
two ions in the surface, dMe−Me. The more this is close to
the ideal value present in an ice bulk, the better the interac-
tion between water and surface and the more hydrophilic the
material. In order to assess the reliability of our model, we
have first computed the contact angle (a measure of a mate-
rial hydrophilic/hydrophobic character) for CeO2, Nd2O3 and
α-Al2O3. The computed contact angles are in good agreement
with the experimental results. Afterwards, based on our as-
sumption, we successfully tuned the hydrophobicity of Ceria
substituting a certain amount of cations with La and Zr. In
the first case, the mean dMe−Me become larger releasing the
tension in the hexagon and improving the interaction with the
surface (smaller contact angle). In the latter the mean dMe−Me

gets smaller compressing the water structure and broadening
the angle. Finally, we also tried to modify the hydrophilicity
of α-Al2O3 with La impurities. In this case the large difference
of radius between the ions greatly distort the hexagon even for
very small quantity of impurity; the computed contact angle
varies more than 70◦.

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



Chapter 6

Costless derivation of C6
parameters to reproduce
van der Waals forces in
metals

With a few exceptions, all the work carried out in the previ-
ous chapters is based on the evaluation of adsorption energies.
Therefore, in order to be reliable, it is important that such ener-
gies are calculated with the necessary accuracy. Unfortunately,
as we pointed out in Chapter 2, standard DFT formulations do
not include non-local interactions such as the dispersion part
of the vdW forces.162 The available methods to recover this
shortcoming have been presented and here we report a brief
summary.

The Random Phase Approximation (RPA)163 accurately de-
scribes the electron correlation and seamlessly includes the van
der Waals interaction; its recent application to DFT164–167 is
usually limited to benchmarks, due to the high computational
cost.

A cheaper alternative consists in a family of non-local func-

69

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



70 CHAPTER 6. COSTLESS DERIVATION OF C6 . . .

tionals such as the vdW-DF by Lundqvist et al.55,78–81 The
principal problem is the lack of consistency, for the accuracy
is highly dependent on the combination between the exchange
and the correlation parts.82

Finally, for a negligible computational cost, it is possible to
describe the weak interaction in a pairwise motif, following the
approach by London72

EvdW (RAB) = − C6

R6
AB

− C8

R8
AB

. . . (6.1)

Different procedures are followed to define the set of param-
eters (C6, C8, . . . ) needed. The most famous are the Grimme
vdW-D271 and vdW-D374 methods, where the coefficients are
derived from atomic properties; unfortunately this leads to
overbinding in metal systems.73

More recently, Tkatchenko and Scheffler have developed a
series of related methods; in this case, the C6 parameters are
determined non-empirically from the electron density and the
environment dependency is included employing the effective
volume.75 A screening corrected version is available for the ac-
curate description of metals.77 The drawback in this method is
that it relies on Reflection Electron Energy-Loss Spectroscopy
(REELS) data. Therefore it is not entirely first principles. A
summary of all the methods is reported in Table 6.1, along with
the relative computational cost and the primary limitations.

In this work we have employed the Grimme D2 correction,
for it yields acceptable results for the specific systems inves-
tigated. This is not always the case and it is clear that the
available methods are still far from satisfactory, especially con-
cerning metal surfaces. In this chapter, In order to improve
this situation, we have developed a new, cheap procedure to
determine the C6 parameters; its derivation is completely first
principle and the results obtained show a correct description of
metal systems.
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Table 6.1: Scheme of the different methods to include vdW
interactions in a DFT calculation.

Computational Cost Method Limitations

High RPA -
Medium vdW-DF et al. Lack of consistency

Low DFT-vdWsurf REELS dependency
Low DFT-D2 et al. Overbinding in metals

6.1 Theoretical Basis

If we consider two bodies A andB acting as isotropic oscillators,
their long range interaction, EvdW can be expressed as a series
of dispersion coefficients Cm:

EvdW (RAB) = − C6

R6
AB

− C8

R8
AB

− . . . (6.2)

if there is a fluctuating electromagnetic field in each of the
two bodies, the coefficients can be expressed as a function of
their polarizabilities, αA and αB:

C6 =
3h

2π2

∞∫
0

dωαA(iωI)αB(iωI) (6.3)

The polarizabilities are dynamic thus frequency dependent,
and evaluated at imaginary frequency.

These can be further expanded in terms of the static fre-
quency αA(0) following the method by London72

αA(iωI) =
αA(0)

1 + (ωI/ω1)2
(6.4)

where ω1 is the characteristic frequency; therefore the coef-
ficients turn out to be
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72 CHAPTER 6. COSTLESS DERIVATION OF C6 . . .

C6 =
3h

2
αA(0)αB(0)

ω1Aω1B

ω1A + ω1B

(6.5)

and since the characteristic frequency multiplied by h is
close to the ionization potential I

C6 '
3

2
αA(0)αB(0)

IAIB
IA + IB

(6.6)

Finally, if we consider an ensemble of identical objects B
(such as in a metal surface)

C6 '
3

4
αB(0)2IB (6.7)

To obtain the parameter we only have to evaluate the po-
larizability for a metal. This can be easily done applying an
external electric field ~E and then evaluating the response of
the dipole ~µ,168 as shown in Figure 6.1. The latter can be com-
puted from the charge density obtained from a DFT simulation,
as described up ahead.

Therefore, we can write

~µ = α(0) ~E (6.8)

The electric field can be introduced as an effect of a dipole
sheet present in the vacuum region of the system in exam.169

Once we have the C6 parameter we use half of the distance
between two atoms in the relaxed bulk as the R0 in the formula.
The parameters for the molecule and the damping function were
taken from those reported by Grimme.71
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6.2. APPLICATION OF THE METHOD 73

Figure 6.1: Schematic representation of the surface dipole gen-
erated by an applied electric field. The blue area represents
electron density accumulation, while the red one depletion.

6.2 Application of the method

The electronic charge density ρ for different values of ~E is com-
puted; the difference between this value and ρ without electric
field is plotted against the distance from the bottom of the cell.
An example of this is reported in Figure 6.2 (a); it is clear that
only the the topmost atoms are affected by the field, for this
cannot penetrate inside the slab.

The integration of the curve give us the differential charge
q; we can use this value to compute the surface dipole ~µi in the
following:

~µi = qdn̂ (6.9)

where d is the distance from the bottom and n̂ the surface
vector. Once we have the dipole we can plot it versus the exter-
nal electric field. The slope corresponds to the polarizability,
in eÅ2/V, as shown in Figure 6.2 (b)
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74 CHAPTER 6. COSTLESS DERIVATION OF C6 . . .

Figure 6.2: Plot of the charge density difference, ∆ρ(q) and the
distance from the bottom of the cell, in reciprocal coordinate.
Only the superficial atoms are affected by the field, for it cannot
penetrate inside the metal

These polarizabilities αi(0) can be used to calculate the co-
efficients, as described in the previous section. In case of the
presence of steps, the coefficients need to be modified, since
polarization of the surface atoms is not as effective due to the
angle between the surface vector and the electric field. In this
case the total surface dipole can be decomposed with each atom
in a low-index plane keeping the polarizability obtained in the
low-index surface model.

~µ =

surface∑
i

~µi =

surface∑
i

αi(0) ~En̂ (6.10)

6.3 Benzene Adsorption

To evaluate the goodness of the coefficients found we have com-
puted the binding energy, BE, of benzene (Bz) on a metal
surface; This is defined positive for an exothermic process:

BE = −(Esurf+Bz − Esurf − EBz) (6.11)
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6.3. BENZENE ADSORPTION 75

Benzene is optimal to test this kind of weak interactions,
since it is a large close-shell molecule with aromatic electrons
easily polarizable. For this reason, a wide variety of experimen-
tal data are available for comparison. the evaluated binding
energies for a series of metals are reported in Figure 6.3 and
Table 6.2, as well as the values calculated with other methods
and experiments.

Table 6.2: Binding energies (in eV) for the adsorption of Ben-
zene on different metal surfaces (M). The values obtained with
the different theoretical methods are presented, along with ex-
perimental data retrieved from TPD and Microcalorimetry (in
parenthesis) experiments.

M PBE D2 D3 vdWsurf This Work Exp.

M(4x4) + 2C6H6

Pd 0.84 2.58 1.91 - 1.88 1.64170 - 1.83171

Pt 0.59 3.04 1.99 - 1.57 1.54172 - 1.60173 (1.54)10

M(3x3) + C6H6

Pd 1.22 2.82 2.22 2.14 2.17 -
Pt 0.97 3.23 2.27 1.96 1.92 (1.94)10

Cu 0.14 0.91 1.02 0.86 0.47 0.70174 - 0.71175

Ag 0.07 0.90 0.77 0.75 0.41 0.46176 - 0.45177

Au 0.05 1.35 0.88 0.74 0.48 0.63178

From the results, it is clear that this new methodology yields
results in good agreement with the experimental results and
a net improvement over the previous methods. In fact, for
Cu, Ag and Au, benzene is weakly physisorbed to the point
that PBE gives and endothermic adsorption; DFT-D2 leads to
overbinding, as previously described, while our method and the
DFT-vdWsurf give a similar value to the experimental, with
a 0.15 eV maximum difference. Pd and Pt are characterized
by a strong chemisorption, and the D2 and D3 methods yield
qualitative wrong results. Our approach on the other hand
just slightly overestimate the interaction. In a similar way, it is
possible to apply the procedure to alloys: results indicate that
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76 CHAPTER 6. COSTLESS DERIVATION OF C6 . . .

the coefficients can vary more than 60 %, the largest changes
are obtained when smaller atoms are placed as overlayers while
they are smaller of similar diameter. Nevertheless, benzene
adsorption does not significantly change in most cases.
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6.3. BENZENE ADSORPTION 77

Figure 6.3: Binding energies of benzene for different metal sur-
faces. For comparison there have been reported the calculations
with alternative methods along with experimental data; data
from TPD experiments (evaluated with two different approxi-
mation) and microcalorimetry (Pt) are reported.
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6.4 Conclusions

Many different methods have been developed to include non-
local interaction, which are missing in standard DFT appli-
cations. All these approaches have some serious limitations,
ranging from excessive cost (RPA), to inaccurate description
in metals (DFT-D2 and D3) or lack of consistency (vdW-DF).
In this chapter, a cheap procedure to obtain C6 parameters for
the pairwise interactions have been presented. This method
is manly first principles, it has negligible cost and shows an
accurate description of metal systems. In fact, the new param-
eters have been tested against the binding energy of benzene
(an ideal model for the weak interactions) on metal surfaces,
yielding results in good agreement with the experimental data
and a clear improvement over other methods.
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Chapter 7

Conclusions

Despite its importance in the chemical industry, many aspects
of heterogeneous catalysis are still unclear. Among these, the
description of the geometric and electronic structure of the sys-
tem composed by the reactants and the catalyst is especially
challenging. In this Thesis we have investigated such interface
relative to some catalytic systems, by means of Density Func-
tional Theory (DFT). It follows a detailed description of the
conclusions drawn for the different topics.

• Impurities and overlayers of the rutile class

Thanks to the structural similarity it should be possible
to easily dope one of the rutile compounds with another
one. However, the energies retrieved show endothermic
values for the solubility, which means the formation of
bimetallic alloys is hindered. The only exception is rep-
resented by Ru and Ir oxides, which can be mixed to any
composition. Experimentally, a certain amount of impu-
rities is always allowed; the small values retrieved and the
neglect of configurational entropy explains our findings.
Finally, the general trend is well reproduced.

Surface composition can be very different compared to
the one in the bulk, due to a phenomena known as segre-
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80 CHAPTER 7. CONCLUSIONS

gation. This is quite hard to evaluate experimentally and
to model theoretically, even for metals. For this reason,
to investigate this property we completed a database with
all the possible combinations. As a result, the semicon-
ductors Ti and Sn oxides tend to migrate to the surface
while Ir and Ru tend to stay in the bulk. On the other
hand, oxygen greatly influences the segregation, since it
preferentially binds with Ir and Ru; when it is present,
these cations are pushed on the surface when acting as
guests, while as hosts they block the segregation of Ti
and Sn.

Finally, it is possible to epitaxially grow any rutile on
top of another, despite the mismatch between the lattice
parameters; this facilitates the employment of a cheaper
compound (TiO2) as support for a more expensive mate-
rial (IrO2).

• Alcohols adsorption and reactions on Titanium Dioxide

From the analysis of the adsorption of a series of alco-
hols on Titanium Dioxide (TiO2), we have found that
they always tend to dissociate when bound to the surface.
The presence of a superficial vacancy yields a competitive
site (VO) to the Titanium in Coordinatively Unsaturated
Site (Ticus), which is preferred by the adsorbates unless
they turn out very bulky (like tert-butanol), or possess
more the one OH group (except ethylene glycol). When
it comes to the energies, they slightly oscillate around a
constant value. These results strongly advice against the
employment of methanol or other small alcohols as surro-
gates to model reactions for more complex substrates; in
fact, the energies and geometries are hardly scalable with
the chain length or number of hydroxils.

We have also proposed a mechanism for the conversion
of ethylene glycol (1,2-EtOH) and 1,3-propanediol (1,3-
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PrOH) to the corresponding alkenes, which takes place
on TiO2. Initially, a common path is followed by both the
compounds: the polyalcohol adsorbs on the surface with
one hydroxyl (OH1) filling one vacancy and the second
(OH2) bound to a Ticus. From the study of the adsorp-
tion, we already know that 1,2-EtOH prefers the vacancy
to the Ticus but this is not the case of 1,3-PrOH. Higher
temperature is therefore needed to promote the diffusion
of the latter. The next steps involve the breaking of the
O-H bond of OH1 and after diffusion, the dissociated hy-
drogen is bound to the oxygen in bridge position (Ob)
next to the OH2. From this point, the two alcohols follow
a different path. In the case of 1,2-EtOH, the hydrogen
binds to OH2; this transition state rapidly evolves to the
final products, ethylene and water. For 1,3-PrOH, there
is an high energy intermediate once the water is formed.
From this state, an Hydrogen shift from the central car-
bon determine the cleavage of the last C-O bond and the
formation of the products. It is worth noticing that the
process is not pure catalytic, since at the end of the cycle
the vacancy has been healed.

• Hydrophobicity of Rare-Earth Oxides (REOs)

As many processes happen for polyalcohols with water,
we have investigated the mechanism of the strong hy-
drophobicity shown by Rare-Earth Oxides (REOs). As
a result, it turns out that this property is related to the
geometry of the system; in fact, water close to the sur-
face tends to form hexagons with molecules at its vertices
arranged in two different alternating configurations. The
position of the molecules is also connected to the met-
als in the surface. If the distance between the metals
(dMe−Me) changes, so it does the one between the wa-
ter molecules. If dMe−Me differs from the one in an ice

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



82 CHAPTER 7. CONCLUSIONS

sample, the resulting structure turns out to be distorted
both in the plane and along the z direction. This weak-
ens the interaction between the surface and water, hence
the system turns out to be hydrophobic. This property
can be tuned since the doping of a material also modifies
dMe−Me. This mechanism has been tested with three ox-
ides: α-Al2O3, CeO2 and Nd2O3. In all cases, the results
are in good agreement with the measured ones. We also
have successfully tuned the hydrophobicity of CeO2, dop-
ing the surface with La (larger dMe−Me) and Zr (shorter
dMe−Me).

• Accurate van der Waals (vdW) coefficients for metals

Accuracy is a must in study of adsorption. Apart from ex-
tremely demanding methods such as the Random Phase
Approximation (RPA), the currently available methods to
include van der Waals (vdW) forces in metals either rely
heavily on experimental data or are not easily scalable. In
the last chapter, we developed a new methodology which
is easy, cheap and manly first principles; it also can be
applied to pristine as well as defective surfaces. Based
on the London formula, vdW forces are described by a
sum of pair interactions of C6 coefficients divided by R6.
The novelty is that such coefficients can be expressed as
a function of surface polarizability; this quantity itself
turns out to be a function of the dipole generated on the
surface by an external electric field. The so-obtained pa-
rameters have successfully been tested in the study of the
adsorption energy of benzene.
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Nano 2013, 7, 10414–10423.

146 Walle, L. E., Borg, A., Uvdal, P. and Sandell, A., Phys. Rev.
B 2009, 80, 235436.

147 Schaub, R., Thostrup, P., López, N., Lægsgaard, E., Stens-
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López, N. and Teschner, D., ACS Catal. 2013, 3, 2256–2268.

158 Adachi, G.-y. and Imanaka, N., Chem. Rev. 1998, 98, 1479–
1514.

159 Jiang, H., Rinke, P. and Scheffler, M., Phys. Rev. B 2012,
86, 125115.

160 Azimi, G., Dhiman, R., Kwon, H.-M., Paxson, A. T. and
Varanasi, K. K., Nat. Mater. 2013, 12, 315–320.

161 Ranea, V. A., Carmichael, I. and Schneider, W. F., J. Phys.
Chem. C 2009, 113, 2149–2158.

162 Stone, A. J., The Theory of Intermolecular Forces, Claren-
don Press, Oxford 1996.

163 Nozières, P. and Pines, D., Phys. Rev. 1958, 1.

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



96 BIBLIOGRAPHY

164 Harl, J., Schimka, L. and Kresse, G., Phys. Rev. B 2010,
81, 115126.
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scopic level López, N., Almora-Barrios, N., Carchini,
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Leruth, G. and Carćıa-Mota, M., Catal. Sci. Technol.
2012, 2, 2405-2417.

which are included at the end of this Thesis.

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



On the properties of binary rutile MO2 compounds, M = Ir, Ru, Sn, and Ti: A DFT study
Gerard Novell-Leruth, Giuliano Carchini, and Núria López 

 
Citation: The Journal of Chemical Physics 138, 194706 (2013); doi: 10.1063/1.4803854 
View online: http://dx.doi.org/10.1063/1.4803854 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/138/19?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Thermoelectric properties of intermetallic semiconducting RuIn3 and metallic IrIn3 
J. Appl. Phys. 113, 083709 (2013); 10.1063/1.4793493 
 
Comparative study of rutile and anatase SnO2 and TiO2: Band-edge structures, dielectric functions, and polaron
effects 
J. Appl. Phys. 113, 083703 (2013); 10.1063/1.4793273 
 
Control of an interfacial MoSe2 layer in Cu2ZnSnSe4 thin film solar cells: 8.9% power conversion efficiency with
a TiN diffusion barrier 
Appl. Phys. Lett. 101, 053903 (2012); 10.1063/1.4740276 
 
DFT + U study of defects in bulk rutile TiO 2 
J. Chem. Phys. 133, 144708 (2010); 10.1063/1.3492449 
 
New inorganic nanotubes of dioxides MO2(M=Si, Ge, Sn) 
AIP Conf. Proc. 786, 357 (2005); 10.1063/1.2103887 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

193.147.219.225 On: Mon, 21 Jul 2014 08:39:05

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1691523420/x01/AIP/JAP_HA_JAPCovAd_1640banner_07_01_2014/AIP-2161_JAP_Editor_1640x440r2.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=Gerard+Novell-Leruth&option1=author
http://scitation.aip.org/search?value1=Giuliano+Carchini&option1=author
http://scitation.aip.org/search?value1=N�ria+L�pez&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4803854
http://scitation.aip.org/content/aip/journal/jcp/138/19?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/8/10.1063/1.4793493?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/8/10.1063/1.4793273?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/8/10.1063/1.4793273?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/5/10.1063/1.4740276?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/5/10.1063/1.4740276?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/133/14/10.1063/1.3492449?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.2103887?ver=pdfcov


THE JOURNAL OF CHEMICAL PHYSICS 138, 194706 (2013)

On the properties of binary rutile MO2 compounds, M = Ir, Ru, Sn,
and Ti: A DFT study
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Institute of Chemical Research of Catalonia (ICIQ), Avgda. Països Catalans 16, 43007 Tarragona,
Catalonia, Spain

(Received 23 January 2013; accepted 15 April 2013; published online 20 May 2013)

We have studied the properties of bulk and different surfaces of rutile oxides, IrO2, RuO2, SnO2, and
TiO2, and their binary compounds by means of density functional theory. As mixtures are employed
in many applications, we have investigated the solubility, segregation, and overlayer formation of
one of these oxides on a second metal from the series, as these aspects are critical for the chemical
and electrochemical performances. Our results show that the bulk solubility is possible for several
combinations. The electronic structure analysis indicates the activation of Ir states in IrxTi1−xO2 mix-
tures when compared to the parent IrO2 compound or the reduction in the band gap of TiO2 when Sn
impurities are present. Segregation and oxygen-induced segregation of the second metal for the most
common surfaces show a great extent of possibilities ranging from strong segregation to antisegre-
gation, which depends on the oxygen ambient. The interaction of guest rutile overlayers on hosts
is favourable and a wide range of growth properties (from multilayer formation to tridimensional
particles) can be observed. Finally, a careful comparison with experimental information is presented,
and for those cases where no data is available, the computed database can be used as a guideline by
experimentalists. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803854]

I. INTRODUCTION

Among all oxides, rutiles constitute a class that shows the
most impressive technological applications which span sev-
eral of the most challenging areas of physics and chemistry,
including energy production and storage and catalysis.1–7 For
instance, RuO2 has been proposed in capacitor devices,7, 8

as catalyst, and electrocatalyst in the production of Cl2.9–20

Regarding TiO2, it has a huge number of uses: as support
in oxidation reactions that might play an active role,21–23

or in energy-related applications as a photocatalyst (its
band gap fits the solar spectra well),24 as support for dye-
sensitized solar devices,5, 25–27 and in the oxygen evolution
in electrocatalysis.28 In turn, SnO2 compounds are employed
as redox gas sensors.29, 30 All these oxides share this com-
mon, very stable, rutile structure but they show very different
chemical properties.31 In fact, the degree of surface oxida-
tion, reduction, and the basic electronic properties depend on
the particular element: while RuO2 and IrO2 compounds are
metallic in nature and adsorb oxygen easily, Ti and Sn oxides
are semiconductors that can be doped by losing some of it.
This is related to the nature of these metal atoms: while Ti
(and Sn) almost lose all the electrons at the d and s levels (or
p and s levels for Sn), some electrons are left in the d states of
Ru and Ir upon oxide formation.

As both RuO2 and IrO2 are quite expensive, in practi-
cal applications (including the catalytic and electrocatalytic
synthesis of HCl), mixed rutile compounds containing more
than one of the Ru, Sn, Ti, and Ir metals are preferred.19, 32

Secondary components can improve the chemical and elec-

a)E-mail: nlopez@iciq.es

trochemical properties (i.e., activity or selectivity) or act as
stability promoters and selectivity enhancers.4 Thus, the abil-
ity of the rutiles to form mixtures and their segregation un-
der different environments are mandatory aspects to under-
stand the properties of multicomponent materials. RuO2 and
IrO2 are major components of Dimensionally Stable Anodes
(DSA) in electrochemical environments.4, 16, 33 For them, an
improved electrocatalytic activity than that of the native IrO2

and a better stability than for RuO2 are obtained from the
formation of solid solutions.34 An example of the proper-
ties of mixed compounds can be found in the long-term sta-
bility of Cl2 production anodes. For instance, in long term
tests (more than 10 years), RuO2-TiO2/Ti lost a 43% of the
Ru content while lower percentages were reported for the
IrO2-RuO2-TiO2/Ti, where only about 15% for Ir and Ru
was lost.35 New challenges and opportunities in the formu-
lation of the binary compounds arise from the appearance
of new synthetic techniques, based either on the use of wet
organic-ligand mediated synthesis or by physical vapor trans-
port process.36, 37 In the first case, enhanced design control, al-
lowing core/shell nanoparticles with tunable lattice constants
and morphologies, was presented for SnO2-TiO2.36 In the sec-
ond metastable, IrxRu1−xO2 structures were obtained in the
full x range. In addition, the analysis of RuO2 on TiO2 and the
atomic level redistribution have been analyzed as a function of
the nanoparticle dimensions by HRTEM.38 It was found that
small RuO2 nanoparticles (below 2 nm) can accommodate to
the TiO2 rutile surface in the form of epitaxial growth.

A systematic investigation on the properties of single
metal oxides was presented by Nørskov and co-workers39

recently. In that work, the cohesive energy of rutile com-
pounds was obtained quite accurately, provided that the RPBE

0021-9606/2013/138(19)/194706/10/$30.00 © 2013 AIP Publishing LLC138, 194706-1
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FIG. 1. Rutile surfaces in perspective views. Grey large spheres correspond to metal atoms, while red small ones correspond to oxygen anions.

(a revision of the Perdew-Burke-Ernzerhof functional),40 was
used and that water was employed as a reference for the oxy-
gen state. This result indicated that, even if the main energy
parameters regarding rutile oxides are reasonably well de-
scribed with such functionals, more sophisticated schemes
(a corrected version of the Generalized Gradient Approxima-
tion) are needed when impurities create areas of defects with
different redox states.41, 42

The aim of the present study is to employ Density Func-
tional Theory (DFT) to bulk models and slabs to determine the
most common surface for all the rutiles investigated (MO2, M
= Ir, Ru, Sn, and Ti), and to analyze the degree of mixing in
the bulk and segregation of impurities towards the surfaces.
Since all the ions considered show a similar charge state in the
rutile form, RPBE can be used to obtain the relative energies
for different configurations describing the phenomena. Simi-
lar studies on metal alloys have been proven to be very useful
when assessing their chemical properties,43–45 and a wonder-
ful platform to guide experimental groups when investigating
the surface composition.

II. COMPUTATIONAL DETAILS

We employed first principles density functional theory
through the VASP code, version 5.2.46, 47 The functional of
choice was RPBE40 and the inner electrons were represented
by Projector Augmented Wave (PAW) pseudopotentials48 of
[Kr] and [Ar] configurations for Ru and Ir, respectively. The
p and d semi-core states were treated as valence states for
Ti and Sn. The outermost electrons were expanded in plane
waves with a maximum kinetic energy of 400 eV. It has to
be noted that the energies obtained with the RPBE for rutiles
without changes in the charge state of cations give good en-
ergy estimates.39 Moreover, the metallic nature of both RuO2

and IrO2 is well reproduced in the calculations. For Ti and Sn
oxides, as no change in redox properties occurs in any of the
processes investigated, we have considered that the GGA ap-
proach employed here is sufficient to obtain the trends in seg-
regation and adsorption. We would like to point out that other
more sophisticated approaches such as GGA + U are not free
of the arbitrarity when choosing the U parameter and this will
add an extra degree of uncertainty. In the bulk, the k-point
sampling was 11 × 11 × 12.49 A sequential optimization was
carried out to determine the unit cell parameters: first, the vol-
ume was obtained and then, the individual parameters a = b,
c and the internal u position were derived.

To analyze the solubility of the different metals, we per-
formed a series of calculations with (2 × 2 × 2) supercells
MgMhO2, using a k-point sampling of 6 × 6 × 7. The total Mg

concentration was 6.25%. Solubilities depend on the number
of impurities and their relative positions,50, 51 but the present
estimates can be employed to compare the relative strength
of the substitutions. Although this model might seem rough,
it constitutes an indication for the solubility of the secondary
metal on the first and follows investigations for metal alloys.
Entropic contributions would favor impurity dissolution, spe-
cially at low concentrations, and more sophisticated models
imply small corrections to the values presented here.52

Surface calculations were performed for all the low
index facets: (110), (101), (100), and (001), as shown in
Figure 1. (110), (101), and (100) contain five-fold coordinated
M atoms, Mcus, and either fully coordinated oxygens O3c or
bridge-like coordinated Ob ones. In contrast, the (001) termi-
nation exhibits four-fold coordinated cations, Mcus, and bridge
Ob anions. We built slabs containing 10 metal atoms and 20
oxygens, and the k-point sampling has been set to 8 × 4
× 1 (110), 5 × 6 × 1 (101), 6 × 8 × 1 (100), and 6 × 6
× 1 for (001). The size of the models presented here is large
enough to ensure the convergence of the main properties.53 In
these calculations the outermost two layers were allowed to
relax while the others were frozen to their bulk positions. The
asymmetric nature of the slabs presented here implies the use
of a factor two in the definition of the surface energy that we
employ in Sec. III A. The dipole correction was introduced
to eliminate potential artificial electric fields induced by the
asymmetry of our construction.54

Segregation phenomena both under vacuum and oxygen
conditions were analyzed with five layers slabs in a p(2 × 1)
reconstruction of (110), (101), and (001) surfaces, while for
the (100) a p(1 × 2) supercell was used; finally a 10 Å vacuum
was added to avoid interactions between the periodic images.
Tests have identified that this vacuum space is sufficient to
obtain adsorption energies with less than 0.001 eV error. The
corresponding k-point samplings were 4 × 4 × 1, 3 × 6
× 1, 3 × 6 × 1, and 6 × 4 × 1, respectively. In these mod-

els, a substitutional oxide was studied with a single Mh atom
replaced by Mg. Two positions, either in the center of the slab
or at the Mcus on the surface, were investigated. The energy
difference between these two configurations corresponds to
the segregation energy, i.e., the tendency of the impurity to
be on the surface. Since the materials in this study show a
very different behavior with respect to oxygen adsorption, we
have considered also the possibility of oxygen-induced Mg
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TABLE I. Optimized cell parameters for the rutile structures: a = b, c in Å, and the internal parameter u, in
internal coordinates. Cohesive and formation energies, Ecoh and �Ef, and corresponding experimental data, Eexp

coh

and �H
◦exp

f , all in eV/MO2.

Oxide a c u aexp cexp Ecoh Eexp

coh (Ref. 55) �Ef �H
◦exp

f (Ref. 56)

IrO2 4.533 3.190 0.308 4.490 3.140 14.00 . . . −1.89 −2.84
RuO2 4.533 3.136 0.306 4.510 3.110 14.07 15.07 −2.48 −3.16
SnO2 4.802 3.240 0.306 4.747 3.186 12.88 14.40 −4.51 −5.99
TiO2 4.635 2.972 0.304 4.594 2.958 19.09 19.90 −8.53 −9.79

segregation towards the surface with the same calculation set-
up. In segregation and induced-segregation models, the three
uppermost layers and the atoms that are directly in contact
with the impurities, or in the same layer, were allowed to re-
lax, while the rest were kept fixed to the bulk positions.

Overlayer stability was analyzed by depositing one (two)
MgO2 overlayer on a host slab containing four (three) MhO2,
and calculating the corresponding adhesion energy, Eadh (in
eV/Å2). The guest cell parameters follow those of the host
material, and relaxations along the z-direction were allowed
for three upper layers in the complete slab.

III. RESULTS AND DISCUSSION

In the following, we first present the data corresponding
to the bulk properties. In a second step, the surface energies
are discussed for the low-index facets. Then mixed phases,
such as impurities and overlayers, both in the bulk and on the
surface, are addressed. At the end of each section a compari-
son to experimental results is presented.

A. Pure phases: Bulk and surface energies

Table I shows the cell parameters for all the pure phase
oxides, MO2 with M = Ir, Ru, Sn, and Ti. Our results are in
agreement with previous data in the literature56–58 and the to-
tal volume is found to increase along the series TiO2 < RuO2

< IrO2 < SnO2. The errors between the calculated struc-
tures and the experimental unit cell parameters are smaller
than 0.07 Å, corresponding to about less than 1.5%. The
cohesive energy is defined with respect to gas-phase oxy-
gen and the gas-phase atomic metal reference, through the
equation: Ecoh = −(Eb−MO2 − EO2 − Ea−M), where positive
values imply exothermic processes. The obtained estimates
are somehow smaller than those reported experimentally.55

The differences, about 1 eV, are due to the wrong estimation
of the O2 binding energy. Ways to circumvent this problem
have been developed, for instance employing a water refer-
ence instead of a molecular oxygen-based one.39 However, the
method above reproduces correctly the experimental trends:
the highest cohesive energy corresponds to TiO2, followed
by RuO2 and IrO2, and the smallest value is obtained for
SnO2. Formation energies have also been calculated as fol-
lows: Ef = Eb−MO2 − EO2 − Eb−M with respect to the metal
bulk state (Ti(hcp), Ru(hcp), Ir(fcc), Sn(tetragonal I41/amd))
and molecular oxygen in gas phase. Again, formation ener-
gies suffer from a systematic error of about the same size as
the cohesive energies. The trend is as follows: TiO2 > SnO2

> RuO2 > IrO2, thus reproducing the experiments.56 The
differences in the ordering between cohesive and formation
energies come from the fact that metallic Sn shows a lower
cohesive energy than its counterparts. Since bulk metals con-
stitute a better reference than metal atoms, we have employed
formation energies in the comparison of different materials.

As for the surfaces represented in Figure 1, we have com-
puted their corresponding surface energies, γ X, which are ob-
tained through

γX = [(
Enr

X − NEb

)/
2 + (

Er
X − Enr

X

)]/
AX, (1)

where Er
X and Enr

X are the energies corresponding to the re-
laxed and non-relaxed slabs of the X surface; Eb is the bulk
energy per formula unit; N is the number of formula units in
the slab, and AX the corresponding surface. As indicated in
Sec. II, the “2” denominator in Eq. (1) comes from the fact
that two surfaces are generated when constructing the slab.
γ X and the relaxations for the undercoordinated metal atom
are shown in Table II.

The corresponding surface energies follow the trend TiO2

< RuO2 ≈ SnO2 < IrO2. This ordering is due both to the for-
mation energies and the unit cell size. From this data, in mixed
overlayer systems the structure showing the lowest surface
energy, TiO2 would be on the surface, while IrO2 would be
preferentially at the core. In addition, the (110) facet presents
the minimum surface energy for all these oxides. This can
be understood since the number of total bonds lost per sur-
face unit cell is the lowest for this particular face. In addition,
relaxation of Mcus atoms correlates with the surface energy.
Indeed, the smallest displacements are found for the (110)
direction (about ∼0.05 Å). Instead, larger changes of about
0.1 Å are found for (001).

Under vacuum conditions, the equilibrium shape can be
estimated by the Wulff structure:59 the structures are depicted
in Figure 2 and analyzed in Table II. In the particular case
of the studied rutiles, (110) and (101) are the most common
facets: for all the systems except for TiO2, these surfaces are
equally represented in the nanoparticles. In the case of TiO2

a larger asymmetry is found and the (110) surface represent
more than 80% exposed area, and results for TiO2 agree qual-
itatively with those of Selloni and co-workers.60

It has to be noticed that for IrO2, RuO2, and SnO2, the
ratios between the different surfaces in the Wulff construction
are almost independent of the material, and thus the presence
of impurities would not imply severe modifications.
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FIG. 2. Wulff structure for the different rutiles: the blue planes belong to the
{110}, the green ones to the {101}, and red for the {100}.

B. Binary mixtures: Impurities in the bulk

In this section we discuss several aspects of the presence
of impurities in the rutile lattices. First, we present the energy
needed to introduce the secondary metal in the host rutile, the
solubility Esol. This parameter is reported in Figure 3 and has
been calculated according to the following reaction:

MgO2 + MhO2 → MgMhO2 + MhO2. (2)

The corresponding equation is

Esol = EMgMhO2 + MhO2(b per metal)

−EMhO2 −EMgO2 (b per metal), (3)

where EMgMh
O2 and EMhO2 are the energies of the (2 × 2 × 2)

bulk with and without the substitutional guest, EMhO2 (b) and
EMgO2 (b) are the corresponding host and guest bulk energies
per formula unit.

The solubility is endothermic in almost all cases but the
values are relatively small, in particular if mixing entropies
are taken into account. This agrees with the large experi-
mental evidence gathered regarding metastable structures for
which quite long lives can be found.4 The difficulties to form

FIG. 3. Solubility energy, Esol, in eV. The energy is obtained for the reac-
tion MgO2 + MhO2 → MgMhO2 + MhO2 for all possible pairs. Columns
represent the guest atoms Mg, while rows stand for the host Mh.

the bimetallic oxide are greater for Sn in RuO2, and to a lesser
extent for Sn in IrO2, followed by Ti in RuO2 and Ir, Ru, and
Sn in TiO2. A moderate endothermic value is found for Ti in
SnO2. In contrast, exothermic solubility is retrieved only for
the combinations of Ir-Ru oxides. It shall be noted, though,
that the present values correspond to upper (unfavoured) en-
ergy estimates, due to the presence of a larger configurational
entropy for mixed phases61 when compared to pure states.

Our results are in line with several experimental obser-
vations on the appearance of oxide solid solutions. As for
Ir and Ru, they form a binary system that presents a high
solubility with a unique rutile phase below 1000 ◦C for the
whole composition and solid solution.62 This was also ob-
served in electrochemical experiments.34 In turn, Ir-Ti and
Ir-Sn phase diagrams with oxygen demonstrate that for the
equilibrium TiO2-IrO2 there is a phase separation.63 Only tiny
amounts of Ir can be incorporated in the TiO2 lattice (be-
low 5%), while the solubility of Ti in IrO2 can reach up to
10% at temperatures close to 1040 ◦C. When the mixture cor-
responds to Ir and Sn, the system is poorly soluble in IrO2

(about 1%–2%), in agreement with the computed energy dis-
played in Figure 3. Only metastable RuO2-SnO2 mixed ox-
ides in the form of solid solutions have been reported.64 Also,
SnO2 and TiO2 present complete solubility up to 0.23 at. %
and Sn promotes the transformation of anatase to rutile.65

Similarly, the thermodynamically stable phases of Ti and Sn,
TixSn1−xO2, are only formed for x = 0.1 and Sn-rich x =
0.9 ones.66 Still, solid Ti-Sn solutions can be formed and
their XRD patterns show diffraction peaks between TiO2 and
SnO2 along the composition range with the corresponding lat-
tice deformation.67 For these structures, the abatement of the

TABLE II. Surface energy, γ X, in eV/Å2, for the low index X-surfaces together with the relaxation of the Mcus

position towards the bulk and dMcus−O in Å. The lowest surface energies are indicated in bold.

Oxide γ 100 dMcus−O S γ 110 dMcus−O S γ 101 dMcus−O S γ 001 dMcus−O S

IrO2 0.084 0.046 6 0.066 −0.012 46 0.077 −0.001 48 0.121 −0.038 . . .
RuO2 0.047 −0.036 15 0.041 −0.056 42 0.051 −0.041 43 0.075 −0.072 . . .
SnO2 0.070 −0.005 . . . 0.042 −0.047 65 0.064 −0.021 35 0.132 −0.055 . . .
TiO2 0.022 −0.164 . . . 0.014 −0.170 84 0.044 −0.124 16 0.057 −0.170 . . .
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FIG. 4. Density of states for the TiO2 and SnO2 systems containing Ru and Ir impurities (black line), the bulk TiO2 and SnO2 references (red line), and Sn
in TiO2. For Ir in TiO2, the native IrO2 structure is presented in blue. The alignment of the DOS in this case has been done with respect to ε-εF(TiO2) and its
corresponding Fermi level is expressed in the dotted vertical line. In the right column an enlargement of the area around the Fermi level is presented.

anatase phase and the tunability of the lattice parameters were
described experimentally.36, 68

C. Electronic structure of impurity containing rutiles

We have also obtained the Density of States (DOS) cor-
responding to the bulk containing impurities as shown in
Figure 4. For instance, both SnO2 and TiO2 are semiconduc-
tors and thus GGA functionals retrieve small band gaps,69 as
this is clearly seen in Figure 4 (red line). Still, this deviation
does not affect any of the properties studied here and thus
the GGA approach is enough to analyze the segregation pro-
cesses. When impurities, like Ir or Ru, are present the gap
is narrower and metal gap states appear. The main contribu-
tion to these states comes from the new metal impurity, al-
though the surrounding oxygen atoms can also participate in
the shoulder at the top of the valence band.

In addition, Sn substitution in the TiO2 lattice
(SnxTi1−xO2 with x = 0.25) has been found to improve the
photocatalytic response of native TiO2.67, 70 Indeed, in the
XPS of the SnxTi1−xO2, it was found that there is a small shift
in the main valence band toward the Fermi energy together
with a small increase of intensity. The tail in the bandgap was
attributed to surface states corresponding to Sn.68 The calcu-
lated DOS shows that this is the case, as Sn substitution re-
duces the band gap for TiO2, see Figure 4, where the states
related to Sn are found to form the lower part of the conduc-
tion band.

Yet, another aspect concerns Ir-Ti mixtures. Electro-
chemical experiments show that the formation of the mixed
bond and the compression induced by the TiO2 cell would
push the IrO2 levels enhancing the “true” electrocatalytic ac-
tivity per Ir site at low concentrations.71 This can be again
observed in Figure 4. The Ir states are higher in energy when
sitting as an impurity in TiO2, due to the fact that the Fermi
level for this system is higher than that of clean IrO2 (marked
by a dotted line in Figure 4). Therefore, enhanced activity
of these centers comes from the level alignment more than
to the change of the chemical nature of the atoms in the
surroundings.

D. Binary mixtures: Segregation of impurities

Once solubilities are known, the preferential segregation
of vacancies towards the surface can be described through the
segregation energy, Eseg, defined as

Eseg = EMgMhO2

(
Ms

g

) − EMgMhO2

(
Mb

g

)
, (4)

where EMgMhO2 (Ms
g) corresponds to the surface with the im-

purity, Fig. 5(b), on the topmost layer and EMgMhO2 (Mb
g ),

Fig. 5(c), is that of the impurity in the bulk. A schematic
illustration of the process for the reaction is shown in
Figures 5(b) and 5(c) for the (110) surface.

We have performed these calculations for all the low-
index surfaces considered in Table I. Negative values im-
ply that the guests are more likely to be at the surface
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FIG. 5. Structures representing segregation and induced segregation of
MgMhO2(110) surfaces. (a) Clean structure; (b) impurity on the surface; (c)
impurity in the bulk; (d) oxygen on the surface; (e) oxygen bonded to the
impurity on the surface; and (f) oxygen bonded to the surface with the im-
purity in the bulk. Grey colors stand for the metal atoms (Mh), gold for the
impurities (Mg), and red ones correspond to oxygen anions (O).

(segregation), while positive values indicate that they stay in
the bulk (antisegregation). The results are shown in Figure 6.
Notice that configurational entropy would tend to favour bulk
positions.

We can describe the results according to the different ma-
terials. For IrO2, Ru is slightly segregated towards all facets,
while Ti is to a larger extent followed by Sn. As for RuO2,
Ir does not segregate, and Sn and Ti behave as in IrO2. SnO2

turns out to show the least contaminated surface as only Ti
can be segregated, to a small extent. Finally, for TiO2, Ir is
antisegregated, while Sn can be mildly segregated.

In electrochemical environments, Sn added to IrO2 is
found to preferentially sit in the outermost layers.72 Indeed,
the computed value is about 0.8 eV. Ti segregates towards the
surface in IrO2 (TixIr1−xO2) for solid solutions with compo-
sitions 0.2 < x < 1.0 as found in Energy Dispersive X ray
(EDX) analysis. Moreover, the oxide layer does not possess
fully metallic properties in impedance measurements.71, 73

Preferential segregation is found in the calculations for Ti
in all IrO2 planes, see Figure 6(a), and antisegregation is re-
trieved for Ir in the TiO2, Figure 6(d), in agreement with the
experimental observations described above.

XPS data showed that the SnO2-RuO2 metastable solid
solutions are complete in the whole volume and that the ex-
ternal layers were partially enriched on Sn, as also reflected in

FIG. 6. Segregation energy (left column), Eseg in eV, and induced segrega-
tion energy (central column), Eseg(O), both in eV, for the different metal oxide
surfaces: (a) and (a′) IrO2; (b) and (b′) RuO2; (c) and (c′) SnO2; and (d) and
(d′) TiO2, with all the guest metals (columns) and all the low index faces
(in rows). In the right column, the oxygen adsorption energies are presented.
Cold colors indicate exothermic processes, while warm ones stand for en-
dothermic processes.

electrochemical measurements.74 This agrees with the −0.93
to −0.24 eV values found for Sn Eseg on RuO2. In turn, TiO2

segregates in RuO2 as found by XPS and backscattering spec-
trometry and the effect was claimed to be less pronounced
for high Ru contents.64 The estimates for Eseg in this case
range from −0.60 to −0.23 eV. For Sn-doped rutile TiO2 sys-
tems, preferential segregation of Sn was observed by XPS,68

in agreement with the Eseg = −0.3 eV in Figure 6(d).
Still, a second interpretation can be obtained from the

data above if the perspective is taken from the different facets.
(110) planes of IrO2 and RuO2 show a much larger scatter
of the segregation energies than the corresponding (101). In
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contrast, the (110) and (101) planes of SnO2 and TiO2 show
similar energy ranges but the values for the (101) SnO2 are
always more exothermic than their (110) counterparts.

E. Oxygen adsorption and oxygen induced
segregation

Rutiles have been proposed as oxidation materials for a
number of applications, including electrochemical generation
of O2 and HCl oxidations.9–19 Adsorption on such surfaces
takes place at the coordinatively unsaturated sites, Mcus; these
are the fivefold Mcus positions in (110), (101), (100), and the
four-fold coordinated metal position in (001). The stability of
impurities in oxygen-rich environments might be of funda-
mental interest when trying to understand the long-term prop-
erties of mixed materials. Oxygen adsorption on clean and
impurity containing (both on the topmost and deeper layers)

FIG. 7. Oxygen adsorption energy, Eseg(O) in eV, for the systems with the
impurities on the surface (left column) or in the bulk (right column). Cold
colors indicate exothermic processes, while warm ones stand for endothermic
processes.

surfaces is reported in Figure 7. As expected, metallic sys-
tems (RuO2 and IrO2) are avid to adsorb oxygen, while Sn
and Ti are not prone to react with it. As O adsorption reduces
the surface energy of very open surfaces, such as (001)-like,
nanocrystal growth in oxygen-rich environments affects the
equilibrium (Wulff) nanocrystal structure, and open surfaces
are more likely to be present. In the presence of impurities, the
oxygen adsorption characteristics are kept for systems where
impurities are in the bulk, and reverted when they are on the
surface.

Since these rutile materials are known to show very dif-
ferent properties if oxygen is present, we have calculated the
corresponding segregation energies induced by the presence
of atomic oxygen adsorbed on the lattice, Eseg(O):

Eseg(O) = min

{
EO−MgMhO2

(
Ms

g

)
, EMgMhO2

(
Ms

g

) + 1

2
O2

}

− min

{
EO−MgMhO2

(
Mb

g

)
, EMgMhO2

(
Mb

g

) + 1

2
O2

}
.

Figure 6 shows the results for Eseg(O). As expected, sev-
eral segregation energies are a strong function of the amount
of oxygen present (Sn, Ti), while others are less sensitive
(Ru, Ir).

Again, we can describe our data for the different mate-
rials. For IrO2, Ru and Ti do not show a marked preference,
while Sn is definitely stable inside the bulk. This happens for
all the facets considered and thus it is at odds with the re-
sults reported when no oxygen is available, see Figure 6. In
the case of RuO2, all the impurities tend significantly to stay
in the bulk, Sn would be the most stable on the surfaces fol-
lowed by Ti and Ir, in particular, for the (110) facet. However,
the segregation values are much smaller compared to the non-
oxygen covered surface. On the contrary, in both SnO2 and
TiO2, Ru strongly moves to the top, followed by Ir and, to a
lesser extent, Ti (for SnO2), or Sn (in the case of TiO2). In any
case, the ability of Ru and Ir to reach higher oxidation states
is behind the properties shown.

When comparing to available experiments, Ir is strongly
segregated in SnO2 in 30%–70% molar mixtures and 300 ◦C–
500 ◦C both by cyclic voltammetry and Auger electron mi-
croscopy. Indeed with a 10% Ir in the bulk, the surface was
found to be saturated with the precious metal.75 The calcu-
lated values correspond to the large contribution of the inter-
action with water moieties, as then the oxygen-induced segre-
gations range from −0.50 to −1.18 eV, while positive Eseg(O)
were obtained for the vacuum system.

In IrxTi1−xO2, cracks are found to be richer in Ir,71 which
agrees with the calculations for open surfaces that the Ir seg-
regation is more energy favoured, see Figure 6.

As in the previous case, a second interpretation can be ob-
tained from the data above if we focus on the different planes.
Both for IrO2 and RuO2, oxygen-induced segregation is fa-
vored for the (110) plane, while the impurities are more sta-
ble in the bulk than on the (101) plane. This can be traced
back to the structure of these two facets (see Figure 1), where
it is clear that the density of Mcus positions is larger for the
(101), and thus, both relaxation upon oxygen adsorption and
oxygen-oxygen lateral interactions are more important. As for
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SnO2, both facets are characterized by segregation, (101)
having larger values. Finally, the same behavior can be ob-
served for TiO2, but with smaller energy differences between
the two terminations.

With respect to the effect of impurities in oxygen-rich
environments on the structure of the nanocrystal, our results
show that they would stabilize open surfaces with high con-
centrations of active impurities.

F. Binary mixtures: Overlayers

A final aspect regarding the interaction of different metal-
oxides relies on the ability of these materials to form ordered
overlayers, grown epitaxially on another rutile-like struc-
ture. Such systems are present in the commercial catalyst for
HCl oxidation,9–15, 18, 19 and have been investigated in other
studies.76 The schematic representation of the models em-
ployed to analyze the adhesion of one or two layers of the
guest rutile on the host following the parameters of the host
(epitaxial growth) are presented in Figure 8. The synthetic
techniques based on the formation of core/shell particles also
rely on adhesion properties.36 Adhesion controls the possi-
bility for bidimensional or tridimensional growth (wetting or
dewetting) and relates the surface energy of the interface, γ ,
to that of the native surface, γ 0, as follows:

γ /γ0 = (γint − γh)/γ0 = 1 + Eadh/(A ∗ γ0), (5)

where γ int is the interface energy, γ h is the surface energy of
the oxide support and Eadh is the total binding energy.

In Figure 9, the adhesion energy is shown, calculated as

Eadh = (EMgMhO2 (L) − EMgO2 (N ) − EMhO2 (L − N ))/A,

(6)
where EMgMhO2 (L) is the total energy of the composite struc-
ture containing N layers of MhO2 and (L − N) layers of MgO2.
The EMgO2 (N ) and EMhO2 (L − N ) are the corresponding en-
ergies of the guest and the host calculated independently, and
A is the area of the exposed facet.

FIG. 8. Schematic representation of the models with one or two layers of the
guest on the host rutile for all the facets investigated. Same color code as in
Figure 5.

FIG. 9. Adhesion energy in eV/Å2 for the rutile pairs, with either one (left)
or two (right) layers of the guest rutile on the host. The models employed are
those in Figure 8.

For one layer adhesion, the energies are exothermic in
all cases, which is indicative of the formation of the bond
at the interface in spite of the mismatch between guest and
host structures. For IrO2, epitaxy for all surfaces on RuO2 and
lesser wetting for SnO2 and TiO2 are expected. RuO2 would
easily form layers on IrO2 and more stressed overlayers are
expected again for SnO2 and TiO2. For RuO2 on TiO2, it has
been found experimentally38 that epitaxy is more likely for
small structures. This agrees with the calculations which show
a large reduction from −0.19 eV/Å2 to −0.02 eV/Å2 in the
adhesion of 1 and 2 monolayers of the guest on the host. In
contrast, SnO2 coatings shall be more resistant on IrO2 than
for RuO2, and less likely on TiO2. This poses some stability
issues to the core/shell structures described in Ref. 36. Finally,
TiO2 grows epitaxially on all the other surfaces with the ex-
ception of SnO2. From the comparison in Figure 9, the results
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described above seem to be rather independent of the number
of layers.

IV. CONCLUSIONS

We have studied the properties of different rutile mix-
tures in order to describe the solubility, segregation, oxygen-
induced segregation, and epitaxial growth for a set of met-
als oxides that form rutile structures: RuO2, TiO2, SnO2,
and IrO2. We have provided a full database that can be use-
ful in the analysis of the solubility of impurities of one of
these materials in the rest of the investigated rutiles. As Wulff
structures are quite similar, the presence of low-concentration
impurities of any of the other metals would not affect the
nanocrystals. The main deviation could take place for TiO2

as the corresponding nanocrystal is the most different to the
others. As for the segregation process, TiO2 is shown to have
the lowest surface energy and thus it would tend to stay on
the surface forming shell structures. Solubility is best for the
two transition metal atoms, Ru and Ir, that are closer neigh-
bors in the periodic table. In addition, segregation can make
surface stoichiometries possible, although the bulk solubility
is not energetically favored.

Oxygen-induced segregation is enhanced for Ru and Ir
oxides, as they show a much larger affinity for oxygen than
either TiO2 or SnO2. When acting as hosts, both TiO2 and
SnO2 behave as semiconductors, while the presence of Ru
and Ir increases the number of states in the band. Epitaxial
growth is relatively easy for these compounds as they share
the same chemical structures and very little differences in
the cell parameters. The detailed comparison with experimen-
tal data presented, shows the high degree of agreement and
thus we are confident that the present database can serve as a
guideline for experimentalists.

ACKNOWLEDGMENTS

We are thankful to Bayer Materials Science (BMS) and
MCINN for support through project CTQ2012-33826/BQU.
We thank BSC-RES for generously providing computational
resources.

1V. E. Henrich and P. A. Cox, The Surface Science of Metal Oxides
(Cambridge University Press, Cambridge, 1994).

2A. Fujishima and K. Honda, Nature (London) 238, 37 (1972).
3J. Ryan, A. Berry, M. Anderson, J. Long, R. Stroud, V. Cepak, V. Browning,
D. Rolison, and C. Merzbacher, Nature (London) 406, 169 (2000).

4S. Trasatti, Electrochim. Acta 36, 225 (1991).
5M. Grätzel, Nature (London) 414, 338 (2001).
6A. Kubacka, M. Fernandez-Garcia, and G. Colon, Chem. Rev. 112, 1555
(2012).

7H. Over, Chem. Rev. 112, 3356 (2012).
8C.-C. Hu, K.-H. Chang, M.-C. Lin, and Y.-T. Wu, Nano Lett. 6, 2690
(2006).

9T. Hibi, H. Nishida, and H. Abekawa, U.S. patent 5,871,707 (16 February
1999).

10T. Hibi, H. Abekawa, K. Seki, T. Suzuki, T. Suzuta, K. Iwanaga, and
T. Oizumi, European patent EP936184 (1999).

11T. Hibi, T. Okuhara, K. Seki, H. Abekawa, and H. Hamamatsu,
WO200110550-A1 (2001).

12K. Iwanaga, K. Seki, T. Hibi, K. Issoh, T. Suzuta, M. Nakada, Y. Mori, and
T. Abe, Sumitomo Kagaku 2004, 1.

13A. Wolf, L. Mleczko, O. F. Schlüter, and S. Schubert, European patent
EP2026905 (25 February 2009).

14A. Wolf, J. Kintrup, O. F. Schlüter, and L. Mleczko, European patent
EP2027062 (25 February 2009).

15A. Wolf, L. Mleczko, S. Schubert, and O. F. Schlüter, European patent
EP2027063 (25 February 2009).

16S. Trasatti, Electrochim. Acta 45, 2377 (2000).
17N. López, J. Gomez-Segura, R. P. Marin, and J. Perez-Ramirez, J. Catal.

255, 29 (2008).
18K. Seki, Catal. Surv. Asia 14, 168 (2010).
19D. Teschner, R. Farra, L. Yao, R. Schloegl, H. Soerijanto, R. Schomaecker,

T. Schmidt, L. Szentmiklosi, A. P. Amrute, C. Mondelli, J. Perez-Ramirez,
G. Novell-Leruth, and N. López, J. Catal. 285, 273 (2012).

20D. Teschner, G. Novell-Leruth, R. Farra, A. Knop-Gericke, R. Schlogl,
M. G.-H. L. Szentmiklosi, H. Soerijanto, R. Schomacker, J. Perez-Ramirez,
and N. Lopez, Nat. Chem. 4, 739 (2012).

21M. Haruta, Catal. Today 36, 153 (1997).
22M. Valden, X. Lai, and D. Goodman, Science 281, 1647 (1998).
23I. N. Remediakis, N. López, and J. K. Nørskov, Angew. Chem., Int. Ed. 44,

1824 (2005).
24A. Fujishima and K. Honda, Kogyo Kagaku Zasshi 74, 355 (1971).
25F. De Angelis, A. Tilocca, and A. Selloni, J. Am. Chem. Soc. 126, 15024

(2004).
26M. Planells, L. Pelleja, J. N. Clifford, M. Pastore, F. De Angelis, N. López,

S. R. Marder, and E. Palomares, Energy Environ. Sci. 4, 1820 (2011).
27V. Makinen, K. Honkala, and H. Hakkinen, J. Phys. Chem. C 115, 9250

(2011).
28M. García-Mota, A. Vojvodic, H. Metiu, I. C. Man, H. Su, J. Rossmeisl,

and J. K. Nørskov, Chem. Cat. Chem. 3, 1607 (2011).
29N. Barsan, D. Koziej, and U. Weimar, Sens. Actuators B 121, 18 (2007).
30N. López, J. D. Prades, F. Hernandez-Ramirez, J. R. Morante, J. Pan, and

S. Mathur, Phys. Chem. Chem. Phys. 12, 2401 (2010).
31E. M. Fernandez, P. G. Moses, A. Toftelund, H. A. Hansen, J. I. Martinez,

F. Abild-Pedersen, J. Kleis, B. Hinnemann, J. Rossmeisl, T. Bligaard, and
J. K. Nørskov, Angew. Chem., Int. Ed. 47, 4683 (2008).

32H. Deacon, UK patent 1403 (1868).
33J. Rossmeisl, Z. W. Wu, H. Zhu, G. J. Kroes, and J. K. Nørskov, J. Elec-

troanal. Chem. 607, 83 (2007).
34J. Cheng, H. Zhang, G. Chen, and Y. Zhang, Electrochim. Acta 54, 6250

(2009).
35Y. Takasu, W. Sugimoto, Y. Nishiki, and S. Nakamatsu, J. Appl. Elec-

trochem. 40, 1789 (2010).
36L. Trotochaud and S. W. Boettcher, Chem. Mater. 23, 4920 (2011).
37Y. Lee, H.-Y. Shin, S. H. Chun, J. Lee, W. J. Park, J. M. Baik, S. Yoon, and

M. H. Kim, J. Phys. Chem. C 116, 16300 (2012).
38G. Xiang, X. Shi, Y. Wu, J. Zhuang, and X. Wang, Sci. Rep. 2, 801 (2012).
39J. I. Martinez, H. A. Hansen, J. Rossmeisl, and J. K. Nørskov, Phys. Rev.

B 79, 045120 (2009).
40B. Hammer, L. B. Hansen, and J. K. Nørskov, Phys. Rev. B 59, 7413

(1999).
41C. Di Valentin, G. Pacchioni, and A. Selloni, J. Phys. Chem. C 113, 20543

(2009).
42P. M. Kowalski, M. F. Camellone, N. N. Nair, B. Meyer, and D. Marx,

Phys. Rev. Lett. 105, 146405 (2010).
43A. V. Ruban, H. L. Skriver, and J. K. Nørskov, Phys. Rev. B 59, 15990

(1999).
44A. U. Nilekar, A. V. Ruban, and M. Mavrikakis, Surf. Sci. 603, 91

(2009).
45N. López and C. Vargas-Fuentes, Chem. Commun. (Cambridge) 48, 1379

(2012).
46G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
47G. Kresse and J. M. Furthmüller, Phys. Rev. B 54, 11169 (1996).
48G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
49H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
50J. Carrasco, F. Illas, N. López, E. A. Kotomin, Y. F. Zhukovskii, R. A.

Evarestov, Y. A. Mastrikov, S. Piskunov, and J. Maier, Phys. Rev. B 73,
064106 (2006).

51K. R. Hahn, A. Tricoli, G. Santarossa, A. Vargas, and A. Baiker, Surf. Sci.
605, 1476 (2011).

52N. Lopez, N. Almora-Barrios, G. Carchini, P. Blonski, L. Bellarosa, R.
Garcia-Muelas, G. Novell-Leruth, and M. Garcia-Mota, Catal. Sci. Tech-
nol. 2, 2405 (2012).

53H. Perron, C. Domain, J. Roques, R. Drot, E. Simoni, and H. Catalette,
Theor. Chem. Acc. 117, 565 (2007).

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

193.147.219.225 On: Mon, 21 Jul 2014 08:39:05

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015

http://dx.doi.org/10.1038/238037a0
http://dx.doi.org/10.1038/35018040
http://dx.doi.org/10.1016/0013-4686(91)85244-2
http://dx.doi.org/10.1038/35104607
http://dx.doi.org/10.1021/cr100454n
http://dx.doi.org/10.1021/cr200247n
http://dx.doi.org/10.1021/nl061576a
http://dx.doi.org/10.1016/S0013-4686(00)00338-8
http://dx.doi.org/10.1016/j.jcat.2008.01.020
http://dx.doi.org/10.1007/s10563-010-9091-7
http://dx.doi.org/10.1016/j.jcat.2011.09.039
http://dx.doi.org/10.1038/nchem.1411
http://dx.doi.org/10.1016/S0920-5861(96)00208-8
http://dx.doi.org/10.1126/science.281.5383.1647
http://dx.doi.org/10.1002/anie.200461699
http://dx.doi.org/10.1246/nikkashi1898.74.3_355
http://dx.doi.org/10.1021/ja045152z
http://dx.doi.org/10.1039/c1ee01060c
http://dx.doi.org/10.1021/jp2011827
http://dx.doi.org/10.1002/cctc.201100160
http://dx.doi.org/10.1016/j.snb.2006.09.047
http://dx.doi.org/10.1039/b921213b
http://dx.doi.org/10.1002/anie.200705739
http://dx.doi.org/10.1016/j.jelechem.2006.11.008
http://dx.doi.org/10.1016/j.jelechem.2006.11.008
http://dx.doi.org/10.1016/j.electacta.2009.05.090
http://dx.doi.org/10.1007/s10800-010-0137-3
http://dx.doi.org/10.1007/s10800-010-0137-3
http://dx.doi.org/10.1021/cm201737x
http://dx.doi.org/10.1021/jp3048532
http://dx.doi.org/10.1038/srep00801
http://dx.doi.org/10.1103/PhysRevB.79.045120
http://dx.doi.org/10.1103/PhysRevB.79.045120
http://dx.doi.org/10.1103/PhysRevB.59.7413
http://dx.doi.org/10.1021/jp9061797
http://dx.doi.org/10.1103/PhysRevLett.105.146405
http://dx.doi.org/10.1103/PhysRevB.59.15990
http://dx.doi.org/10.1016/j.susc.2008.10.029
http://dx.doi.org/10.1039/c1cc14922a
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.73.064106
http://dx.doi.org/10.1016/j.susc.2011.05.016
http://dx.doi.org/10.1039/c2cy20384g
http://dx.doi.org/10.1039/c2cy20384g
http://dx.doi.org/10.1007/s00214-006-0189-y


194706-10 Novell-Leruth, Carchini, and López J. Chem. Phys. 138, 194706 (2013)

54G. Makov and M. C. Payne, Phys. Rev. B 51, 4014 (1995).
55K. M. Glassford and J. R. Chelikowsky, Phys. Rev. B 46, 1284 (1992).
56CRC Handbook of Chemistry and Physics, edited by D. R. Lide (CRC,

New York, 2006).
57R. Wyckoff, Crystal Structures (Interscience, New York, 1964), Vol. 1.
58B. A. Hamad, Eur. Phys. J. B 70, 163 (2009).
59G. Wulff, Z. Krystal. Min. 34, 449 (1901).
60C. Sun, L. Liu, A. Selloni, G. Q. M. Lu, and S. C. Smith, J. Mater. Chem.

20, 10319 (2010).
61P. Atkins and J. De Paula, Physical Chemistry, 8th ed. (Oxford University

Press, Oxford, 2006).
62C. Mcdaniel and S. J. Schneider, J. Res. Natl. Bur. Stand., Sect. A 73A, 213

(1969).
63C. Mcdaniel and S. J. Schneider, J. Res. Natl. Bur. Stand., Sect. A 71A, 119

(1967).
64J. Gaudet, A. Tavares, S. Trasatti, and D. Guay, Chem. Mater. 17, 1570

(2005).
65S. Mahanty, S. Roy, and S. Sen, J. Cryst. Growth 261, 77 (2004).

66H. Naidu and A. Virkar, J. Am. Ceram. Soc. 81, 2176 (1998).
67H. Uchiyama and H. Imai, Chem. Commun. (Cambridge) 2005(48), 6014.
68F. Oropeza, B. Davies, R. Palgrave, and R. Egdell, Phys. Chem. Chem.

Phys. 13, 7882 (2011).
69J. P. Perdew and M. Levy, Phys. Rev. Lett. 51, 1884 (1983).
70H. Tian, J. Ma, X. Huang, L. Xie, Z. Zhao, J. Zhou, P. Wu, J. Dai, Y. Hu,

Z. Zhu, H. Wang, and H. Chen, Mater. Lett. 59, 3059 (2005).
71L. da Silva, V. Alves, M. da Silva, S. Trasatti, and J. Boodts, Can. J. Chem.

75, 1483 (1997).
72A. Marshall, B. Borresen, G. Hagen, M. Tsypkin, and R. Tunold, Elec-

trochim. Acta 51, 3161 (2006).
73K. Endo, Y. Katayama, T. Miura, and T. Kishi, J. Appl. Electrochem. 32,

173 (2002).
74A. D. Battisti, G. Lodi, M. Cappadonia, G. Battaglin, and R. Kotz, J. Elec-

trochem. Soc. 136, 2596 (1989).
75C. D. Pauli and S. Trasatti, J. Electroanal. Chem. 396, 161 (1995).
76A. Beltrán, J. Andrés, J. R. Sambrano, and E. Longo, J. Phys. Chem. A 112,

8943 (2008).

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

193.147.219.225 On: Mon, 21 Jul 2014 08:39:05

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015

http://dx.doi.org/10.1103/PhysRevB.51.4014
http://dx.doi.org/10.1103/PhysRevB.46.1284
http://dx.doi.org/10.1140/epjb/e2009-00218-0
http://dx.doi.org/10.1039/c0jm01491e
http://dx.doi.org/10.6028/jres.073A.019
http://dx.doi.org/10.6028/jres.071A.016
http://dx.doi.org/10.1021/cm048129l
http://dx.doi.org/10.1016/j.jcrysgro.2003.09.023
http://dx.doi.org/10.1111/j.1151-2916.1998.tb02603.x
http://dx.doi.org/10.1039/b511223k
http://dx.doi.org/10.1039/c0cp02639e
http://dx.doi.org/10.1039/c0cp02639e
http://dx.doi.org/10.1103/PhysRevLett.51.1884
http://dx.doi.org/10.1016/j.matlet.2005.05.020
http://dx.doi.org/10.1139/v97-178
http://dx.doi.org/10.1016/j.electacta.2005.09.004
http://dx.doi.org/10.1016/j.electacta.2005.09.004
http://dx.doi.org/10.1023/A:1014770015236
http://dx.doi.org/10.1149/1.2097498
http://dx.doi.org/10.1149/1.2097498
http://dx.doi.org/10.1016/0022-0728(95)03950-L
http://dx.doi.org/10.1021/jp801604n


UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015



14750 | Phys. Chem. Chem. Phys., 2014, 16, 14750--14760 This journal is© the Owner Societies 2014

Cite this:Phys.Chem.Chem.Phys.,

2014, 16, 14750

Adsorption of small mono- and poly-alcohols on
rutile TiO2: a density functional theory study

Giuliano Carchini and Núria López*

We have studied by means of density functional theory including dispersion contributions, the interaction

of small chain alcohols with up to four carbons and three hydroxyl groups on the TiO2(110) rutile surface

with different reduction degrees. Adsorption takes place through an acid–base interaction that can lead to

both molecular and dissociated species. The latter are energetically preferred. Bulk reduction does not

apport significant change neither in the structure nor in the adsorption energies, because the electrons

are delocalized to a great extent. If vacancies are present at the surface these are the best adsorption sites

for primary and secondary monoalcohols. Tertiary or poly-alcohols prefer the Ticus channels, but the

reasons for the site preference are different. In the case of bulky alcohols, steric hindrance is the main

adsorption-controlling factor, while templating effects of the basic (oxygen) sites on the surface are the

key parameters to understand the adsorption of poly-alcohols. Vicinal polyalcohols behave even in a more

complex way, for that they prefer the vacancy position only when dissociated, otherwise they stay in the

Ticus channel. Our results warn about the use of small surrogates to investigate the chemistry of large

alcohols as the adsorption patterns are not only quantitatively but also qualitatively wrong.

1. Introduction

Titanium dioxide (TiO2) has been deeply investigated in recent
years,1–5 for its role as a support6–9 but also as an active
component4,10–13 in photo(electro-)catalytic processes. Compared to
adsorption on metals, the study of oxides is particularly challenging,
because the surfaces possess different acid–base centers (metal
and oxygens) and are characterized by different oxidation states.14

In fact, oxygen atoms can be easily removed from rutile TiO2,
either by heating or by a reductive environment. Oxygen removal
leaves two electrons behind which reduce two titanium ions,
further affecting the chemical properties.1,15 The degree of loca-
lization of such defect states has been subjected to a number of
investigations, however it seems to be now clear that inter-
conversion between different local configurations through polaron
diffusion is averaging these structures.16

Alcohols are very important as probes of reactive sites on
metal oxides4,17–20 and models in the studies of photooxidation
of organic contaminants.21,22 More importantly, their chemical
transformation is needed in the conversion of biomass derived
chemicals. On rutile surfaces most of the alcohols adsorbs in a
molecular form but a fraction dissociates via O–H bond cleavage.
These so-formed alkoxy species can further dehydrate to alkenes,
dehydrogenate to aldehydes or ketones,23 condense to ethers,
and/or rehydrogenate to alcohols.24,25

A large amount of experimental data has been gathered
for the adsorption of alcohols on oxides,4,18–20,25–30 and
recently summarized by Campbell and Sellers.31 Another
important piece of work is represented by the review reported
by Dohnálek et al.,32 which focuses on the dynamical aspects
of this system, such as the formation of the vacancies and
intrinsic and extrinsic diffusion of the adsorbates on the
surfaces, ranging from hydrogen and oxygen to alcohols and
water. A deep experimental analysis on the reactivity related
to water splitting and oxidation of organic contaminants, like
phenols has also been reported. In general, small alcohols
up to four C atoms are used to understand: the most likely
adsorption site,31 the molecular-dissociated equilibria,29 the
adsorption energies and reactivity30 by means of Scanning
Tunnelling Microscopy, STM, and Temperature Programmed
Desorption, TPD.

Alcohols on titania have also been the target of an impress-
ive number of theoretical studies.33,34 In particular, there has
been interest for the simplest alcohol available, methanol. Zhao
et al.35 have deeply analyzed a range of different configurations
(up to eleven) of MeOH on titania, reporting the structure-
dependent energies, the overlayer electronic structures, surface-
adsorbate charge-transfer properties and surface dipole moments.
Guo et al.36 have investigated the whole dissociation reaction by
experimental and theoretical means; they found the two states
molecular and dissociated being almost isoenergetic (the
latter slightly endothermic) and possessing a quite high reac-
tion barrier.

Institute of Chemical Research of Catalonia (ICIQ), Av. Paı̈sos Catalans 16,

43007 Tarragona, Spain. E-mail: nlopez@iciq.es; Tel: +34 977920237

Received 9th April 2014,
Accepted 23rd May 2014

DOI: 10.1039/c4cp01546k

www.rsc.org/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t R

ov
ir

a 
I 

V
ir

gi
li 

on
 2

4/
07

/2
01

4 
08

:4
9:

16
. 

View Article Online
View Journal  | View Issue

UNIVERSITAT ROVIRA I VIRGILI 
A FIRST PRINCIPLES INVESTIGATION OF THE ADSORPTION AND REACTIONS OF POLYFUNCTIONALIZED MOLECULES ON OXIDES AND METALS. 
Giuliano Carchini 
Dipòsit Legal: T 1601-2015

http://dx.doi.org/10.1039/c4cp01546k
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP016028


This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 14750--14760 | 14751

Still, several questions remain open such as the degree of
dissociation, the role of defects and the possibility to employ
small alcohols as surrogates for large molecules and this could
explain the apparent contradiction and discrepancies between
the huge amount of information present nowadays in the
literature.

To this end we have computed the adsorption of eleven
alcohols and poly-alcohols up to four carbon atoms on the
surface of rutile TiO2. For a more realistic analysis, we also
considered possible defects, i.e. oxygen vacancies which are
common in oxides and might change the complete landscape
for adsorption.

2. Computational details

We have employed first principles density functional theory
through the VASP code, version 5.2.37,38 We have chosen the
RPBE39 functional and we have represented the inner electrons
by PAW pseudopotentials,40 except the Ti p semi-core states
which were treated explicitly. The energy cutoff for the plane-
waves was set to 400 eV. TiO2 presents a rutile structure for
which the lowest energy surface corresponds to the (110) plane,
indeed the crystallites contain ca. 84% of this facet.41 We have
built a seven trilayer slab, as in rutile systems this is the
minimum OTiO2O packing unit along the [110] direction. We
investigated different supercells (see below) but in all the cases
each trilayer cointains 8 metals and 16 oxygen atoms and it is
connected with the others in an AB motif. Finally a vacuum was
added to the system to ensure that there was at least 13 Å
between the adsorbate and the periodic image of the slab. To
study adsorption, the two topmost layers were allowed to relax,
while the others were kept fixed as representative of the bulk.
To have a better description of these systems, we have also
included the van der Waals interactions in our simulations. It is
well known that standard DFT calculations cannot take into
account these kinds of forces. Different strategies are possible
to include this interaction; in this study we have applied the
semiempirical correction vdW-D2 by Grimme.42

We have examined the stoichiometric (S) as well as the
reduced surface for which two configurations were taken into
account: (a) with the vacancy on the surface (Vs) i.e. created by
removing one of the bridging oxygen atoms and (b) in the
subsurface layers (Vss) by removing a three-fold coordinated
oxygen atom. Standard GGA calculations are usually able to
reproduce many of the properties of the defect-free surface, as
Ti is formerly charged 4+, so it presents empty d orbitals. Upon
vacancy formation two Ti ions are reduced to Ti3+, therefore
a GGA + U approach is necessary to describe correctly the
localized d orbitals. For the U parameter, a value of 4.2 eV
gives accurate results.43

Finally, we have taken a sufficiently large simulation box
which renders a coverage for the defects or adsorbates equivalent
to 0.25 ML. For the S and Vss this means a p(4� 1) reconstruction;
in fact, the configurations are the same for both cases. For Vs we
have used a p(2� 2) reconstruction, otherwise there would be two

vacancies close to each other. Besides being an unrealistic model
for this system, the charge excess would make it unstable. For the
expansion of the planewaves we used k-point meshes of 3 � 5 � 1
(S, Vss) and 5 � 3 � 1 (Vs).

3. Results and discussion

In order to discuss the adsorption we have taken into account
only a TiO2(110) surface, the most stable, interacting with a
long series of alcohols with different numbers of hydroxyl
groups and branching. We will first analyze the results for the
stoichiometric surface and then increase the complexity by
considering the role of vacancies. We have examined two kinds
of adsorption: molecular and dissociative. For both S and Vss,
the adsorbate binds to the surface with the oxygen on one of the
Ticus and the acid proton is directed towards one of the Ob

(molecular – M) or bound to it (dissociative – D1). In the poly-
alcohols the two hydroxyls are practically equivalent, so only one
of them is taken into account for D1. Finally, we have studied a
double dissociation where both of the OH bonds are broken and
the hydrogens are connected to the closest Ob. As for the Vs, the
most stable configuration is given by the alcohol’s oxygen to fill
the vacancy and for the poly-alcohols the second oxygen is bound
on one of the Ticus. In this case, the two oxygens of the poly-
alcohols are not equivalent, therefore we have considered four
structures: molecular (M), dissociation of the OH bond with the

Fig. 1 Geometric configurations at different coverages of CH3OH on
the TiO2(110).
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O in the vacancy (D1), dissociation of the other OH bond on the
Ticus (D2), and dissociation of both the hydroxyls (D12).

3.1 Stoichiometric surface

3.1.1 Mono-alcohols. The adsorption of mono-alcohols
occurs when the molecule interacts with the most basic site
on the surface, the oxygen bridging atom Ob, and the most acid
one, the undercoordinate cation Ticus. Experimentally, it is not
clear if adsorbates on the surface are molecular or dissociated.
While some STM evidence has been put forward for the molecular
state, some claim that dissociative might be favored.29,30,44,45 We
have first considered the smallest possible alcohol to assess the
problems related to dissociation. The calculated structures are
presented in Fig. 1 and the computed energies are presented in
Table 1.

At low coverage, y = 0.25 ML, methanol interacts through the
acid–base ends with both the bridging oxygen and the acid Ti
position. In doing so the methyl group lies along the [001] Ticus

rows as less steric interaction is found along this direction.
From this molecular state dissociation takes place exothermically
by more than half an eV, with a low barrier, 0.10 eV. Therefore, at
very low coverages on a clean surface the interaction is strong and

leaves dissociated methoxy species with the organic fragment
parallel to the Ticus rows. However, dissociation is much less
effective at higher concentrations. Indeed the dissociation of two
MeOH contributes only for 0.1 eV energy for each molecule, while
when both adsorbates are dissociated, the system is isoenergetic
with the full molecular state. This is due to the repulsive inter-
action between the different methyl groups, because methoxy
species lays perpendicular to the Ticus rows [001]. Our results
are in agreement with the energy difference obtained by Bates
et al.46,47 As many of the previous calculations in the literature
deal with high coverages, either 0.5 ML or 1 ML, the structures
in Fig. 1 for 0.5 ML are the ones predicted earlier. Increasing
the coverage further does not significantly change the energy
difference. However, the differential adsorption for the fourth
molecule is far too weak to ensure that all sites are simulta-
neously occupied. Notice that the differential energy goes from
�0.80 eV for the third molecule to only �0.22 eV, which can
be easily surpassed by the gas-phase entropic contribution.

Table 1 Adsorption energy for different coverages of methanol and
propanol and different dissociation degrees, Eads/Nmol, in eV. When all
the molecules are adsorbed in the same way (all M or D) we have also
evaluated the differential energy, DE

Molecule Ntot NM ND Eads/Nmol DE

Methanol 1 1 0 �0.83
0 1 �1.11

2 2 0 �0.82 �0.80
1 1 �0.92
0 2 �0.84 �0.56

3 3 0 �0.62 �0.22
2 1 �0.71
1 2 �0.70
0 3 �0.74 �0.55

4 4 0 �0.50 �0.15
3 1 �0.60
2 2 �0.60
1 3 �0.63
0 4 �0.57 �0.08

1-Propanol 1 1 0 �0.84
0 1 �1.11

2 2 0 �0.85 �0.86
1 1 �0.98
0 2 �1.02 �0.92

3 3 0 �0.67 �0.31
2 1 �0.77
1 2 �0.80
0 3 �0.72 �0.14

4 4 0 �0.21 1.17
3 1 �0.34
2 2 �0.31
1 3 �0.36
0 4 �0.26 1.13

Table 2 Molecular, M, and dissociative, D1, adsorption energies, Eads in eV,
for mono-alcohols on TiO2 (S and Vss), along with important averaged
distances, in Å

ROH Surf Ads Eads dTicus–O dO–H dOb–H

MeOH S M �0.83 2.280 0.992 1.887
S D1 �1.11 2.206 2.642 0.971

EtOH S M �0.84 2.176 1.016 1.672
S D1 �1.11 1.796 2.261 0.973

1-PrOH S M �0.84 2.174 1.019 1.645
S D1 �1.11 1.793 2.279 0.973

1-ButOH S M �0.92 2.181 1.016 1.659
S D1 �1.17 1.802 2.262 0.974

i-PrOH S M �0.88 2.163 1.004 1.712
S D1 �1.17 1.774 2.386 0.972

2-ButOH S M �0.94 2.128 0.984 2.044
S D1 �1.20 1.807 2.107 0.979

t-ButOH S M �0.83 2.165 1.007 1.675
S D1 �1.20 1.774 2.289 0.974

MeOH Vss M �0.83 2.250 0.995 1.858
Vss D1 �1.04 1.811 2.533 0.975

EtOH Vss M �0.85 2.219 0.999 1.808
Vss D1 �1.06 1.805 2.349 0.975

1-PrOH Vss M �0.84 2.232 1.001 1.777
Vss D1 �1.09 1.809 2.387 0.974

1-ButOH Vss M �0.91 2.246 0.997 1.840
Vss D1 �1.12 1.809 2.361 0.975

i-PrOH Vss M �0.87 2.153 1.003 1.748
Vss D1 �1.11 1.781 2.472 0.973

2-ButOH Vss M �0.85 2.115 0.993 1.874
Vss D1 �1.08 1.795 2.095 0.985

t-ButOH Vss M �0.76 2.160 1.005 1.711
Vss D1 �1.13 1.778 2.357 0.974
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Therefore, our calculations set a maximum coverage around
0.75 ML in excellent agreement with the experiments by Li
et al.28 who reported a value of 0.77 ML for primary alcohols
and 0.44 ML for the secondary and the tertiary.

When we compare different monoalcohols we observe the
following: all molecular states at low coverage show a relatively
constant value for adsorption between �0.83 and�0.92 eV. The
typical distances between the alcohol and the oxygen bridge
position are between 1.6 and 1.9 Å, see Table 2. If we increase
the complexity of the chain we have a �0.83 eV for t-ButOH
followed by i-PrOH and 2-ButOH up to �0.94 eV.

Dissociation can then take place from the molecular state
forming the structures shown in Fig. 2. The proton is stripped
by the Ob forming a hydroxyl group with a typical O–H distance
of 0.974 Å, while the alkoxy is sitting at the cationic site with

average values of 1.850 Å. As for the adsorption, D1 states are
almost isoenergetic, around �1.15 eV, see Table 2. This means
that the adsorption is no longer affected by the characteristics
of the chain. This is due to the proton transfer, which allows
the chain to move away from the surface, see Fig. 2. In fact, the

Fig. 2 Top view of the structures of the mono-alcohols adsorbed on TiO2

S and Vss, (a) M and (b) D1. The faded red circle represents the position of
the vacancy in the second layer in Vss.

Fig. 3 Adsorption energies (in eV) of mono-alcohols adsorbed on TiO2.
(a) S (solid) and Vss (empty) and (b) Vs. Red stands for M and blue for D1.

Fig. 4 Top view of the structures of the poly-alcohols adsorbed on TiO2 S
and Vss, (a) M, (b) D1 and (c) D12. The faded red circle represents the
position of the vacancy in the second layer in Vss.
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Ti–O–C angle changes from an average value of 1351 in the
molecular state to 1511 in the dissociated one. It is important to
notice that out of the values found, the van der Waals contri-
bution is about 0.4 eV and this demonstrates once again that
this is fundamental to estimate adsorption energies correctly.
The results are summarized in Fig. 3(a).

3.1.2 Poly-alcohols. The adsorption of poly-alcohols has
been investigated through the analysis of ethanediol, propanediol
(both 1,2 and 1,3), and 1,2,3-propanetriol (glycerol), see Fig. 4 for
the structures. The adsorption of these molecules is a compro-
mise between the acid–base interactions with the surface and the
intramolecular hydrogen bonds present in the molecule. More-
over, the geometric disposition of the anions on the surface
implies a templating effect that in some cases cannot be fitted
simultaneously by the incoming alcohols, thus the number of
variables and the topology of the surface make adsorption of
poly-alcohols a structure-sensitive process.

The ethanediol molecule fits almost perfectly the channel of
the TiO2(110) surface and can interact simultaneously with two
basic groups of the surface, see Fig. 4(a) with an Ob–H distance of
around 1.733 Å. However, when doing so, the interaction with the

surface Lewis acid sites is less effective and the mean distance is
2.289 Å, somehow elongated from that of ethanol, 2.176 Å. As a
consequence, the adsorption energy for the molecular state of
ethanediol is more exothermic than its ethanol counterpart but
less than twice of methanol, see Tables 2 and 3. The 0.25 eV
energy penalty (with respect to 2 MeOH) thus corresponds to both
the lost intramolecular hydrogen bond and the constraints
induced by the poly-alcohol backbone. The trends above are
reproduced for any molecular adsorption of poly-alcohols on
the surface. In any case, adsorption accounts for at most two
hydrogen bonds on the surface even when the triol is considered.

As for dissociation, it can take place in two different steps.
First, an ObH group is left on the surface with the corresponding
alkoxy bound to the acidic site, see Fig. 4(b). The typical distance
for this hydroxyl group is 0.975 Å, while Ti–O is about 1.831 Å the
second hydrogen of the alcohol which is left in the residual
bonds to basic groups of the surface, dObH = 1.999 Å. The
dissociation adds an extra 0.3 eV to the energy and it is constant
all along the series. This contribution can be understood as it
relieves part of the stress induced by opposing forces of fitting
the two hydrogen bonds, whilst keeping the backbone and

Table 3 Molecular, M, monodissociated, D1, and didissociated D12 adsorption energies, Eads in eV, for poly-alcohols on TiO2 (S and Vss), along with
important averaged distances, d in Å

R(OH)2 Surf Ads Eads dTicus–O dO–H dOb–H

1,2-EtOH S M �1.35 2.289 1.005 1.733
S D1 �1.61 1.830, 2.341 2.311, 1.000 0.973, 1.744
S D12 �1.92 1.835 2.319 0.977

1,2-PrOH S M �1.51 2.241 0.996 1.890
S D1 �1.80 1.824, 2.241 2.363, 0.996 0.976, 1.871
S D12 �1.97 1.833 2.288 0.978

1,3-PrOH S M �1.34 2.233 0.986 2.035
S D1 �1.65 1.836, 2.231 2.306, 0.981 0.976, 2.127
S D12 �1.82 1.834 2.284 0.977

1,2,3-PrOH-12 S M �1.38 2.294 0.993 1.919
S D1 �1.68 1.831, 2.205 2.232, 0.989 0.976, 1.989
S D12 �1.84 1.841 2.144 0.979

1,2,3-PrOH-13 S M �1.37 2.241 0.987 2.039
S D1 �1.73 1.836, 2.257 2.302, 0.979 0.976, 2.264
S D12 �1.86 1.836 2.297 0.977

1,2-EtOH Vss M �1.43 2.289 1.002 1.761
Vss D1 �1.61 1.835, 2.334 2.355, 0.998 0.974, 1.756
Vss D12 �1.84 1.835 2.332 0.978

1,2-PrOH Vss M �1.50 2.238 0.995 1.902
Vss D1 �1.76 1.836, 2.234 2.393, 0.994 0.975, 1.881
Vss D12 �1.87 1.837 2.287 0.977

1,3-PrOH Vss M �1.23 2.224 0.984 2.074
Vss D1 �1.53 1.837, 2.233 2.350, 0.980 0.976, 2.161
Vss D12 �1.77 1.835 2.291 0.977

1,2,3-PrOH-12 Vss M �1.42 2.290 0.992 1.934
Vss D1 �1.62 1.845, 2.200 2.208, 0.988 0.977, 2.006
Vss D12 �1.77 1.844 2.109 0.981

1,2,3-PrOH-13 Vss M �1.37 2.238 0.985 2.087
Vss D1 �1.71 1.840, 2.250 2.365, 0.978 0.976, 2.298
Vss D12 �1.84 1.837 2.308 0.977
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intramolecular bonds. The second dissociation induces again an
extra stabilization, only slightly smaller than the first. The final
structure leads to two ObH bonds on the surface of 0.978 Å, see
Fig. 4. The distance between O–O groups fits well with the Ti-Ti
pattern along the [001] direction, thus forming a hexagonal
ring. In the 1,3-PrOH or for the triol, where the terminal groups
are interacting with the surface, the backbone can be rotated to
achieve the desired geometry. The O–Ti distance is around
1.836 Å as for the previous case.

1,2-Propanol is slightly more stable than its counterpart with
three hydroxyls by 0.12. As a first hypothesis we thought the two
hydroxyl to be independent, therefore we considered the D1

energy as the plain sum of D1 plus M mono-alcohol energies.
We followed the same reasoning for D12 energy, seen as two
times mono-alcohol D1. It turns out that the two groups are
affecting each other, and the resulting value is 0.15 to 0.25 eV
lower per hydroxyl group than the hypothesized value. The
main reason for this effect is that when the two groups bind on the
surface at the same time, they have to arrange in an unfavorable
gauche (and partially eclipsed) conformation. The energies are
presented in Fig. 5(a) and listed in Table 3.

3.1.3 Effect of bulk reduction. TiO2 is prone to contain a
non-negligible amount of oxygen vacancies and this is parti-
cularly true for some of the experimental setups that require
conductive samples. Reduction implies the formation of oxygen
vacancies and/or Ti interstitials, only the first have been con-
sidered in the present study. Oxygen vacancies generate new

states in the band gap and therefore can modify adsorption. We
have represented this kind of defect by a subsurface vacancy, Vss.
In this model, the structures of the adsorbates are similar to those
reported for the stoichiometric surface. The agreement is qualita-
tively so robust that the same schematic representation can be
used in both cases, thus this vacancy is represented by a red faded
dot in Fig. 2 and 4. The energies are reported in Table 2 for the
mono-alcohols and in Table 3 for the poly-alcohols.

For the mono-alcohols, M energies range from �0.83 eV for
MeOH to �0.91 eV for ButOH. Besides the the monodissociated
D1 show an almost constant value of �1.09 eV. This behavior
can be completely extrapolated to poly-alcohols, i.e. all the
M energies range about a constant value of 1.39 eV, while the
adsorption patterns are maintained. It is clear that the Vss

systems are almost isoenergetic with the S ones. This is
particularly evident from the graphic representations of the

Fig. 5 Adsorption energies of poly-alcohols on TiO2. (a) S (solid) and Vss

(empty) and (b) Vs. Red squares stand for M, blue for D1 and blue-black
(half black, half empty in Vss) for D12. Black squares in Vs represent the
alternative mono-dissociation D2.

Fig. 6 Top view of the structures of the mono-alcohols adsorbed on
TiO2, (a) M and (b) D1. One of the oxygens in bridge position is missing and
replaced by the OH group.
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energy values in Fig. 3 and 5, where there is almost an over-
lapping between the different points. The reason behind this is
the strong delocalization of the excess electrons, which in turn
does not affect neither the structures, nor the energies.

3.2 Reduced surface: vacancies on the top layer

In this last section we discuss the reduced surface Vs. Typical
surfaces exhibit bridge vacancies of about 5–10% of these sites,
but recent results have demonstrated that vacancies can be
extracted from subsurface positions by molecules like oxygen,48,49

thus increasing the amount of these defects. The final structures
can be found in Fig. 6 and 7, where again we have taken into
consideration molecular and dissociated forms.

3.2.1 Mono-alcohols. We have examined the two configu-
rations M and D1, with the hydroxyl group filling the vacancy.
The energies are presented in Fig. 3(b) and their values are
listed in Table 4. In both cases, the alkylic chain is perpendi-
cular to the line formed by the Ob. When compared to the
regular surface, in M, the O group interacting with the Tita-
nium atoms in the rows is placed at about 2.4 Å. In the latter,

the OH bond is broken and the hydrogen is bound to one of
the Ob. Due to sterical reasons, the formation of a hydrogen
bond is not feasible. The overall energies of linear and branched
alcohols are very close to the mean value of �1.06 eV. The
noticeable exception is represented by t-ButOH which is very
unstable compared to the others with its Eads of �0.70 eV.
D1 behaves as the S case for the linear alcohols with an almost
constant value of �1.71 eV. The bulky ones on the other hand
are far less stable this time with Eads ranging from �1.54
(2-ButOH) to �1.04 eV (t-ButOH). Clearly the oxygen filling
the vacancy leaves the alkylic chain very close to the Ob and this
causes a very strong sterical stress if branched.

3.2.2 Poly-alcohols. The two hydroxyls are not equivalent,
thus we have to consider both separately. In fact, one of the OH
is filling the vacancy, while the second is bound to one of the
Ticus. The first is not participating in any hydrogen bond, even
when it is dissociated. On the other hand, the hydrogen on the
second OH is involved in a hydrogen bond with the closest Ob.
As a result we end with four distinct configurations: M, D1, D12 as
the previous cases, plus dissociation of the other OH group (D2).

We can divide the adsorption behaviour as follows. In the
molecular case, 1,2-EtOH and 1,2-PrOH exhibit a similar adsorp-
tion energy and site pattern, while a different group is formed by
1,3-PrOH, 1,2,3-PrOH1,2 and 1,2,3-PrOH1,3. A similar splitting
can be made for the dissociated, except for the 1,3-PrOH which
turns out to be much less stable than its group members.
Therefore, in the dissociated case, the number of OH groups
remaining on the backbone controls the effectiveness of the
bond. The results are reported in Table 5.

4. Discussion

The results above can clarify a group of indications in the
literature that are summarized in Table 6. The energies are
evaluated computing TPD data,25,26,28 through the first order

Fig. 7 Top view of the structures of the poly-alcohols adsorbed on TiO2

Vs, (a) M, (b) D1, (c) D2 and (d) D12. One of the oxygens in bridge position is
missing and replaced by the OH group.

Table 4 Molecular, M, and dissociative, D1, adsorption energies, Eads in
eV, for mono-alcohols on TiO2 Vs, along with important averaged dis-
tances, in Å

ROH Ads Eads dTicus–O dO–H dOb–H

MeOH M �1.05 2.351 0.975 —
D1 �1.72 2.063 — 0.973

EtOH M �1.02 2.367 0.979 —
D1 �1.68 2.054 — 0.973

1-PrOH M �1.11 2.349 0.982 —
D1 �1.71 2.058 — 0.973

1-ButOH M �1.05 2.381 0.981 —
D1 �1.73 2.065 — 0.973

i-PrOH M �1.11 2.379 0.977 —
D1 �1.36 2.083 — 0.970

2-ButOH M �1.01 2.385 0.979 —
D1 �1.54 2.147 — 0.972

t-ButOH M �0.70 2.450 0.977 —
D1 �1.04 2.237 — 0.972
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Redhead equation.† As the experiments are carried out with
different quantities of the substrate, different temperature
peaks are retrieved.

First of all, the dissociation degree of adsorbed alcohols has
been a matter of discussion. TPD spectra indicate the presence
of two main bands for the small linear alcohols.31 However, the
analysis of these spectra is difficult as TPD does not offer
adsorption or configuration sites. In the interpretation of the
TPD for MeOH, Li et al.28 indicated three peaks: one at 500 K,
another at 250–400 and multilayer adsorption below this range.
Temptatively, these are described as recombinative desorption
of alkoxy species with ObH (500 K), and desorption from Ti4+

(400 K) and the molecular contribution (o200 K). In view of our
calculations, the high energy peak corresponds to an alkoxy
species bound at a vacancy site and thus it would be better
represented by a ObH + ObMe, calculated adsorption energy of
�1.11 eV. The medium temperature peak would correspond to
molecular desorption from Ticus site, DFT estimation of�0.83 eV.
In comparison, STM experiments29 exposed at ethanol at 140 K at
a coverage of 0.025 ML identified the molecules preferentially at
the titanium sites with a little contribution from molecules in the
bridge (vacancy positions, about 15%). However, they are mobile,
and at higher temperatures they completely revert the population
(the cus only contains 15%). Three kinds of species were identi-
fied: EtOH at the bridge positions, EtOH molecules and ethoxy
fragments on Ticus. The authors conclude that there is no need

for oxygen vacancies in order to dissociate the alcohols on the
surface. In any case, we have shown that the most stable
structures correspond to dissociated states and that different
adsorption peaks do not differ in the degree of ionization but
rather in the particular adsorption site. However, we have
observed that the energy difference between the two states is
a function of the degree of bulk reduction, and therefore the
quality of the sample is crucial to control the degree of alcohol
dehydrogenation. In another STM experiment, Leon et al.,56

studied the adsorption of ethanol on titania. Upon annealing at
room temperature, almost only methoxy groups remained
attached to the surface preferentially on the Ticus, indicating
the dissociated state to be more stable. Moreover, after further
annealing, the oxidation state of the surface changes, generat-
ing a certain amount of vacancies. It has been found that under
this condition the methoxy groups shift from the Ticus positions
to fill them, lowering their energies.

In agreement with the experiments, we have also observed
coverage limitations. Li et al.28 have indicated that the maximum
coverage for methanol is 0.77 ML. In our calculations, the differ-
ential adsorption energy for methanol changes from exothermic to
endothermic when raising the coverage from 0.75 to 1 ML
indicating that the amount of alcohol on the surface is in
between. In addition, these authors set the maximum coverage
for t-ButOH at 0.44 ML.28 The configuration obtained in our
calculations, Fig. 2, supports this limit as the t-But moiety
partially blocks the neighboring sites upon adsorption.

A second important point regards the use of surrogates.
In some cases, large molecules are not suited to the detailed
information that can be obtained through some Surface Science
techniques, or the reactivity is better understood when small
molecules are taken as models. These kinds of generalizations

Table 5 Molecular, M, monodissociated, D1 and D2, and didissociated D12 adsorption energies, Eads in eV, for poly-alcohols on TiO2 Vs, along with
important averaged distances, d in Å

R(OH)2 Ads Eads dTicus–O dO–H dOb–H

1,2-EtOH M �1.30 2.493 0.979 2.500
D1 �2.13 2.171 0.979 2.583, 0.973
D2 �1.61 1.886, 2.455 2.498, 0.977 0.975
D12 �2.36 1.851, 2.077 2.554 0.974

1,2-PrOH M �1.28 2.451 0.976 2.953
D1 �1.93 2.254 0.973 2.975, 0.973
D2 �1.63 1.884, 2.485 2.454, 0.977 0.975
D12 �2.16 1.850, 2.262 2.477 0.974

1,3-PrOH M �0.82 2.510 0.980 2.114
D1 �1.26 2.309 0.983 2.156, 0.972
D2 �0.87 1.866, 2.559 2.575, 0.974 0.973
D12 �1.30 1.843, 2.301 2.691 0.973

1,2,3-
PrOH-12

M �0.78 2.415 0.982 2.357
D1 �1.50 2.190 0.984 2.337, 0.973
D2 �1.09 1.893, 2.423 2.585, 0.977 0.973
D12 �1.71 1.857, 2.179 2.628 0.973

1,2,3-
PrOH-13

M �0.91 2.431 0.979 2.273
D1 �1.51 2.181 0.980 2.310, 0.973
D2 �0.99 1.872, 2.444 2.761, 0.978 0.973
D12 �1.65 1.857, 2.113 2.666 0.973

† We started from an initial guess evaluated with the well known Arrhenius
formula, considering a typical exponential factor of 10�13 and employing Tmax

retrieved from the experiment. On a second step, we used this to calculate
iteratively a more accurate value employing the first order Redhead equation,50 until
the energy difference between the two last iterations is smaller than 10�3 kJ mol�1.
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are excessive when the molecules are large in comparison to the
surface corrugation, then structure sensitivity patterns might
occur thus limiting the applicability of surrogates. The particular
topology of the TiO2(110) surface shown here is one of the clearest
examples. Our results indicate that primary and secondary alcohols
are perfect to fill the surface vacancies healing vacancies and
could somehow further confine the active sites along [001]
channels. STM experiments for 2-ButOH have reported that
although adsorption at vacancy positions seems to be dominant,
occupancy of the Ticus occurs.45 However, this is no longer true
for tertiary ROH because steric hindrance greatly limits the
accessibility to the vacancy positions.

Poly-alcohols behave in a more complex way. The gas-phase
molecules present internal hydrogen bonds that stabilize some
of the configurations. Upon adsorption these bonds compete
with the most basic oxygens on the surface. TPD experiments for
1,2-ethanediol observe a main peak at 475 K with a saturation
coverage of 0.43 ML.55 This agrees with the desorption from a
molecular state around �1.35 eV, see Fig. 3. This configuration
corresponds to the sketch in Fig. 4(a) which clearly identifies
that the molecule needs two Ticus positions, or equivalently the
maximum coverage is 0.5 ML. STM experiments by Acharya

et al.30 have shown that 1,2-ethanediol and 1,2-propanediol
adsorb on the Ticus positions. The authors propose a dynamic
equilibrium between molecular and dissociated states on the
surface. Upon diffusion the mobile diols can get anchored to
oxygen vacancies and react. This agrees with our results, for
these two compounds in the molecular state prefer adsorbing
in the Ticus channel; on the other hand, in the dissociated state,
the vacancy position becomes much more favourable compared
to the former, see Fig. 8.

5. Conclusions

In this work we have studied the adsorption on rutile titania
(110) facets of a series of alcohols of increasing complexity. For a
complete analysis we have considered the substrates to adsorb
molecularly and dissociatively, on models representing the stoichio-
metric material and diverse defective structures. Adsorption can
occur in different positions on the surface.

Monoalcohols preferentially decorate oxygen vacancies,
except for very bulky ones, t-ButOH; the same occurs for vicinal
diols. Instead molecules with separated OH groups or with
more functionalities (i.e. three OH groups) do no longer prefer
surface defects. The present results warn against the use of
molecular surrogates to analyze the chemistry of large, bulky,
or poly-functionalized molecules. The estimated adsorption

Fig. 8 Comparison between S, Vss and Vs of (a) M and (b) D1 (D12 for poly-
alcohols) adsorption energies (Eads) of every alcohol. The systems are
displayed by increasing complexity.

Table 6 Experimental adsorption energy, Eads, in eV, for different alco-
hols, ROH. Additional information about the type of adsorption, Typeads,
position of the substrate and the Coverage, in ML, will be reported when
available

ROH Typeads Eads Coverage Position

MeOH M �0.9628 0.22 Ticus

�0.9526

D1 �1.3226

EtOH M �0.68, �0.4825 0.75, 3.75
�0.9928 0.20 Ticus

�0.9129 Vs

�0.81, �1.0351 0.80 Ticus, VO

�0.93, �0.8018 Saturation Ticus, VO
D1 �1.67, 1.6418 Saturation Ticus, VO

�1.6651 0.80 VO

�1.10, �0.6825 0.75, 3.75
�1.6429 VO

1-PrOH M �1.0828 0.19 Ticus
�0.93, �0.9418 Saturation Ticus, VO

D1 �1.62, �1.5718 Saturation Ticus, VO

1-ButOH M �1.1128 0.17 Ticus

i-PrOH M �1.0328 0.23 Ticus

�0.93, �0.8652 0.20 Ticus
�0.9253 0.18 Ticus

�1.0351 0.60 VO

�0.93, �0.9418 Saturation Ticus, VO

D1 �1.6651 0.60 VO

�1.4718 Saturation
�1.3353 0.18 VO
�0.96, �1.5354 0.90

2-ButOH M �1.1128 0.17 Ticus

t-ButOH M �0.9928 0.27 Ticus

1,2-EtOH M �1.2655 0.25 Ticus
�1.0818 Saturation Ticus, VO
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energies and the degree of dissociation also clarify several
issues in the literature. DFT shows that energy evaluations
require the introduction of the van der Waals contributions
in order to properly obtain results comparable to experiments.
Although dissociated states seem to be more stable, the differ-
ence between molecular and dissociated adsorption is affected
by the degree of bulk reduction.
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ABSTRACT: Many common density functional theory
methods used in the study of adsorption on metals lack
dispersion contributions. Formulations like the random phase
approximations would mitigate this error, but they are
computationally too expensive. Therefore, semiempiric treat-
ments based on dispersion coefficients turn out to be a
practical solution. However, the parameters derived for atoms
and molecules are not easily transferable to solids. In the case
of metals, they cause severe overbinding as screening is not
properly taken into consideration. Alternative ways to
determine these parameters for metal surfaces have been put
forward, but they are complex and not very flexible when
employed to address low-coordinated atoms or alloys. In this
work, we present a self-consistent, fast, and costless tool to obtain the dispersion coefficients for metals and alloys for pristine and
defective surfaces. Binding energies computed with these parameters are compared to both the experimental and theoretical
values in the literature thus demonstrating the validity of our approach.

1. INTRODUCTION
Density functional theory (DFT) predicts many phenomena
occurring on solid surfaces very successfully.1 However, a
serious shortcoming of the standard DFT based methods is that
they do not account for van der Waals, vdW, interactions
resulting from dynamical correlations between fluctuating
charge distributions.2 Thus, these calculations fail to reproduce
the binding energies of the weakly interacting systems, e.g.
organic molecules on metal surfaces.3 In recent years, there has
been a need to extend the applicability of the DFT-based
methods to these new problems. We will discuss some of the
main approaches that have been developed, but for more
detailed discussion, we recommend refs 4−12.
The vdW interaction between an atom and a metal surface

was understood to have a leading contribution of the type C3/z
3

where z is the distance between the molecule and the surface.13

The C3 coefficients were then estimated from the polarizability
of the molecule and the dielectric function of the surface
derived from the Lifshitz formula.14 This kind of approximation
was used to estimate the contribution of these forces in the
activation of methane on Ir(111).15 However, the pair
(molecule and surface) information contained in the C3
parameter made it unpractical.
Alternatively, different functionals that include dispersion

have been put forward. Lundqvist et al.16−20 proposed a
nonlocal correlation functional (vdW-DF) that accounts for
dispersion interactions approximately. The results were found
to depend on the particular combination between the exchange
and the nonlocal correlation functionals (see, e.g., ref 21.). A
formal rigorous alternative which includes the vdW energy

seamlessly and accurately is offered by the random phase
approximation (RPA),22 combined with the adiabatic con-
nection and fluctuation dissipation theorem (ACFDT)23,24 as
proposed by Kresse and Harl.25−28 Unfortunately, it implies a
heavy computational burden; hence it is more suitable for
benchmarking than for extensive use, especially when studying
reactivity of large molecules on metal surfaces.
On the other hand, the simplest correction is offered by the

semiempirical contributions introduced by Grimme et al.29

(DFT-D2). In this approach, the dispersion is calculated by
pairwise interactions from the London formula30 leading to a
sum over C6/R

6 terms. The C6 parameters were tabulated for
isolated atoms. Significantly, for the heavy atoms the same
values were reported for a whole row of the periodic table.
However, the DFT-D2 method with the coefficients derived
from atomic properties leads to a substantial overbinding when
applied to metals.31 The natural evolution of the DFT-D2
method includes the next terms (C8−C10) in the expansion,
DFT-D3.32 In this approach there is a range of precalculated
coefficients for various elements in different reference states.
For instance, the C6 coefficients are assigned to each pair of
atoms taking into account the number of neighbors. Despite
these improvements, the water−metal interaction is still largely
overestimated.33

An alternative formulation, known as DFT-vdW34 has been
developed since by Tkatchenko−Scheffler (henceforth referred
to as TS). In the TS method, the C6 coefficients and radii are
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determined nonempirically from the electron density, and
effective atomic volumes are used to obtain environment
dependency. However, it was not clear if the scaling of the
coefficients with the volume would yield accurate results for
more complex systems, such as metal surfaces.35 A possible
remedy, as Ruiz et al.35 have pointed out recently, is to
determine a metal surface C6 coefficient that accounts for the
collective response (screening) of the substrate electrons, by
employing the Lifshitz−Zaremba−Kohn (LZK) theory13,14

(DFT-vdWsurf). In this way the C3- and C6-based formulations
can be mapped.36 The method implies the use of frequency-
dependent dielectric functions for transition metals from
reflection electron energy-loss spectroscopy.37 Therefore, the
DFT-vdWsurf method to evaluate polarizabilities is not purely
first principles.
The aim of this work is to elaborate an alternative for

evaluating polarizabilities for atoms in both regular and
defective metal surfaces and for unraveling the contribution
from heterometallic bond formation in alloys only based on
calculated data. From these data, we have derived the
corresponding van der Waals coefficients. To test this approach,
we present the results of benzene adsorption on a variety of
metal surfaces, specifically on Pd, Pt, Cu, Ag, Au, and on
bimetallic alloys and near-surface alloys (NSAs) containing Au.
We have compared the experimental data to the results
obtained with existing theoretical approaches by Grimme
(DFT-D2 and DFT-D3), Tkatchenko and Scheffler (DFT-
vdWsurf), and ours.

2. THEORETICAL BACKGROUND
In general, the interaction between two bodies A and B acting
like isotropic oscillators is expressed in terms of dispersion
coefficients, Cm:

= − − −E R
C

R
C

R
( ) ...vdW AB

6

AB
6

8

AB
8

(1)

Since the interaction may be considered as taking place through
a fluctuating electromagnetic field in each of the two bodies, the
C6 coefficient can be expressed as38

∫
π

ωα ω α ω=
∞

C
h

i i
3

2
d ( ) ( )6 2 0

A
I

B
I

(2)

where αA(iω
I) and αB(iω

I) are the dynamic (frequency-
dependent (ω), evaluated at imaginary frequencies) polar-
izabilities of the two subsystems. We follow the original
procedure by London30,37 who calculated the attraction
between two atoms within second-order perturbation theory.
London used the Unsöld approximation39 to the second-order
energy in which all the energy denominators can be replaced by
some average value (the average excitation energies further
approximated by the first ionization energies of the interacting
subsystems). When acting on an alternating field of the effective
frequency, these terms are described as follows:30

α ω
α

ω ω
=

+
i( )

(0)
1 ( / )A

I A
I

1
2

(3)

where ω1 is the characteristic frequency and αA(0) is the static
polarizability. Having introduced this approximation in eq 2,
the evaluation of the integral can be rewritten as

α α
ω ω

ω ω
= ℏ

+
C

3
2

(0) (0)6 A B
1A 1B

1A 1B (4)

Since the characteristic frequency multiplied by ℏ is in all these
cases near equal to the ionization energy I,30 C6 can be
simplified to

α α=
+

C
I I

I I
3
2

(0) (0)6 A B
A B

A B (5)

In the case of an ensemble of identical objects “B” eq 5 can be
expressed as

α=C I
3
4

(0)6 B
2

B (6)

and, thus the coefficient only depends on the static polar-
izability. For metals the surface static polarizability can be
retrieved from the response of the dipole to the presence of an
electric field as shown by Schneider and co.40 The
corresponding equation can be written:

∑ ∑μ μ α⃗ = ⎯→ = ⃗E(0)
i

i
i

i

surface surface

(7)

where μ⃗ is the total surface dipole moment that can be assigned
to the individual atoms, μ⎯→i . Further decomposition indicates
that the individual dipoles (atom-in-surface model) depend on
the atomic polarizabilities when applying an electric field E⃗, in
our case in the direction perpendicular to the surface, see
Figure 1. Note that the free electrons in the bulk of the metal

show a zero frequency, i.e. do not contribute.41 We consider
that the main contribution to the bond to the surface would be
due to the surface atoms, as dispersion forces show a 1/r6

dependence. The electric field can be introduced as a dipole
sheet in the middle of the vacuum region, as proposed by
Neugebauer and Scheffler42 and the corresponding dipole can
be obtained from the output of the DFT once the field is
applied. The only limitation is that it should not be too strong
to prevent spontaneous electron leakage from the surface and
the metal-atoms rearrangement; its maximum values depend on
the height of the supercell, as described below. The supercell
dimensions used in this work allowed the use of electric fields
up to (1 V Å−1). Notice that only static polarizabilities and C6
values corresponding to surface atoms can be obtained in this
manner. The so-computed C6 values are completely compatible

Figure 1. Side views of the surfaces of fcc metals and schematic
representation of the method of imposing an electric field in surfaces
where the electron spill is seen as electron density accumulation (blue)
and depletion (red) on the surface: (111) the most densely packed
surface (a) and (210) stepped surface (b).
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with those derived from Grimme, as radii are very similar (see
below) and the same damping function is employed.
The same methodology can be applied to different surface

configurations like those presenting steps; see Figure 1b. In the
particular case of a stepped surface, polarization of surface
atoms is not as effective since the volume where electrons can
polarize is not where the electric field drives them to. Thus, the
angle formed between the electric field and surface normal
needs to be taken into account. The total surface dipole can be
decomposed considering that the atoms in low-index planes
keep the polarizabilities obtained from the low-index surface
calculations. Therefore, we have

∑ ∑μ μ α⃗ = ⎯→ = ⃗ ̂En(0)
i

i
i

i

surface surface

(8)

where now n ̂ is the vector normal to the surface.

3. COMPUTATIONAL DETAILS
All calculations were based on density functional theory with
periodic boundary conditions, using VASP code.43−45 A basis
set of plane waves, the generalized gradient approximation
(GGA) and the Perdew−Burke−Ernzerhof (PBE) functional46
were included. The interaction between valence and core
electrons was described by the Projected Augmented Wave
(PAW) method.43 The number of plane waves was controlled
by setting the cutoff energy to 400 eV. The metal surfaces were
represented by different slab thickness, separated by 12 Å
vacuum. In all cases, optimizations were performed for the two
topmost layers where the rest were kept fixed to mimic the
bulk. The corresponding k-point samplings were denser than
0.3 Å−1.
An external electric field perpendicular to the slab was

imposed using the method proposed by Neugebauer and
Scheffler42 as implemented in VASP.47 The electric fields used
were 0 to ±1 V Å−1 in four different steps of 0.25 V Å−1 size.
The dipole moments were calculated by numerically integrating
the charge density difference between a neutral slab and a slab
with an applied electric field multiplied by the integration
distance, following the procedure described by Schneider and
co-workers.40 The surface dipole can be written as

μ ⃗ = ̂qdn (9)

where q is the differential charge between the slab with and
without electric field and d is the distance in angstroms. q is
obtained by integration of the charge density assigned to the
surface metal atom, from the midpoint between the surface, z1L,
and subsurface layer, z2L, thus (z1L − z2L)/2 to the point where
the density difference is zero zΔρ=0:

∫ ρ= Δ
−

ρΔ =
q z z( ) d

z z

z

/2L L1 2

0

(10)

and

= −
−

=⎜ ⎟
⎛
⎝

⎞
⎠d z z

z z
2q

L L
total 0

1 2

(11)

Tests of the convergence of the dipole moments with respect to
the slab thickness were done (see in Supporting Information
Table-S1). For the simplest surfaces, the variation of the dipole
moment was then plotted against an applied electric field and
the slope divided by the number of surface atoms corresponds
to the polarizability, α(0). Then the C6 coefficient was obtained
by using the atomic ionization potentials I from the

Handbook.48 In each case, the radius, R0, corresponds to half
of the distance between two neighboring atoms in the relaxed
bulk (see Table S-2). The obtained values are in line with those
reported earlier in the literature.35 The parameters for the
molecules and the damping function were taken from those
early reported by Grimme.29

4. RESULTS AND DISCUSSION
4.1. Polarizabilities and Dispersion Coefficients. The

difference in electronic charge density between a neutral slab
and one with the electric field imposed is showed in Figure 2.

The surface atoms are the only ones affected by the excess of
the charge as it would be expected for a metal. They polarize in
opposite sign on either side of the slab. We have then calculated
the dipole using eq 9 for fcc (111) metal surfaces.
The dipole moment as a function of the electric field is

plotted in Figure 3. A linear relation between the dipole and the
imposed field is found and the slope directly represents the

Figure 2. Plane-averaged electronic charge difference between a bare
seven layer Au(111) slab calculated with and without external field.
Vertical lines stand for the positions of the Au layers and the area of
integration is in pink background.

Figure 3. Au(111) and Cu(111) dipole moments as a function of the
external electric field. The slope corresponds to the polarizabity in
eÅ2/V.
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static polarizability α(0), according to eq 7. These atomic
polarizabilities are significantly smaller than those obtain for the
isolated metal atoms; see Table 1. The embedding environment
thus acts by reducing the effect of the field in the surface atoms
as most of the atomic density is compromised in forming bonds
to the rest of the metal atoms. In general, we have found that
the polarizability is around a 30% of the free atom value for Cu
and Ni and around 60% for the rest. The metal α(0) increases
with the Z number (for instance Ni vs Pd or Pt), but they are
similar within the same period (compare Ni vs Cu values) as
suggested by Grimme in his first tabulated data.29 When
compared to the LZK-derived α the values are slightly larger,
about 25%, but the values from LZK correspond to bulk
atoms.35

Using eq 6 the C6 parameters for all the metals were
obtained. Our results are presented in Table 1 and compared to
other data in the literature. The present C6 parameters are
smaller than those of the free atoms or the DFT-D2 or DFT-
D3 formulations, in some cases by even an order of magnitude.
In contrast, the values are rather close to the values derived by
TS.
4.2. Benchmark: Adsorption of Benzene. To evaluate

the quality of these new coefficients, we proceeded to calculate
the binding energy, BE, of benzene on the (111).49 This energy
is defined in such a way that an exothermic process yields a
positive value:

= − − −+E E EBE ( )Surf Bz Surf Bz (12)

Benzene is particularly suitable for testing weak interactions,
as it is a large closed-shell molecule with aromatic electrons
likely to be polarized. For this reason a large amount of data
regarding benzene adsorption on a wide variety of surfaces is
available for comparison. For the sake of comparison we
employed the supercell reconstruction (3 × 3) for the (111)
metal facet and the configuration for benzene from previous
computational investigations; for Ag, Au, and Cu, this
corresponds to hcp30°, while for Pd and Pt, it is bri30°, see
inset Figure 4.35,37 For the active metals Pd and Pt a dense
phase with a p(4 × 4) supercell and two benzene rings was
proposed,31 and this better represents the experimental high
coverage regime for which temperature-programmed desorp-
tion, TPD, values exist.38,50−55 The results obtained have been
represented in Figure 4 and summarized in Table 2, along with
a PBE calculation, the Grimme approaches DFT-D2,29 DFT-
D3,32 and DFT-vdWsurf,35,37 and experimental values. The
binding energies were recalculated through the Redhead
equation from TPD data,39 employing both a default prefactor
of 1013 or a entropy-corrected one (υCS), following the
procedure of Campbell and Sellers.56

For Cu, Ag, and Au, benzene is weakly physisorbed. PBE
leads to endothermic adsorption and DFT-D2 leads to severe
overbinding that is not mitigated with DFT-D3, which results
in adsorption energies larger for Cu than for Au, at odds with
the experimental ordering. DFT-vdWsurf yields values close to
the experimental ones, with slight overestimation. In turn, our
method provides slightly lower estimates than the experiments.
The energy differences between experiments and our data are
largest for Cu and in excellent agreement for Au and Ag.
In turn, Pt and Pd are characterized by a strong

chemisorptions, thus in the TPD experiments a rather large
coverage appears about 0.095 ML.31 Again PBE underestimates
the values while DFT-D2 and DFT-D3 overestimate
adsorption. Even in this case, the calculated adsorption energy

Table 1. Polarizabilities (α, bohr3) for the Atoma

M (111) αatom
48 αcal αLZK

35 C6
atom C6

cal C6
DFT‑vdWsurf35 C6

DFT‑D229 C6
DFT‑D332

Ni 45.9 14.7 447 46 189 129
Pd 32.4 19.5 13.9 243 88 102 432 266
Pt 43.9 19.5 14.5 478 94 120 1409 337
Cu 41.2 14.9 10.9 363 48 59 189 175
Ag 48.6 21.4 15.4 497 96 122 432 269
Au 39.1 22.4 15.6 392 128 134 1409 317

aFrom the Handbook for the isolated atom, αatom our values for surface atom αcal; and LZK from Tkatchenko−Scheffler αLZK. Dispersion coefficients
(C6, hartree bohr

6) for the atom C6
atom; our values C6

cal; those from TS C6
DFT‑vdWsurf

; and Grimme C6
DFT‑D2 and C6

DFT‑D3; parameters are also shown for
comparison.

Figure 4. Binding energy (BE, in eV) for benzene on the (111) of
different metals. The figure shows the comparison between different
methodologies: PBE, Grimme DFT-D2 and DFT-D3 methods, DFT-
vdWsurf, and the one developed in this work. The shaded area
corresponds to high coverage models. The experimental values
estimated from TPD data are shown by light (υ = 1013) and dark
(υCS = corrected prefactor)56 blue areas. The estimates from
experiments derived in ref 37 are marked by green shaded areas.
For C6H6/Pt(111), we report microcalorimetric measurements in
black.
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is reversed from experiments thus leading to qualitative
inaccuracies. In comparison, our method slightly overestimates
the interaction respect to the experimental value. In the isolated
regime represented by the p(3 × 3) supercell our results are
very close to those of DFT-vdWsurf. Experimentally, more
accurate data have been reported by Campbell and Sellers56 for
benzene adsorption on Pt(111) at low and high coverage
(marked in black in Figure 4). Our estimates are within 0.1 eV
error when compared the microcalorimetric values.
4.3. Structural Defects: Steps and Other Low-

Coordinated Sites. Open surfaces containing atoms with
low coordination numbers and/or structural defects might be
responsible for the adsorption and activation of molecules. We
have studied how polarizabilities and coefficients vary as a
function of the facet exposed.59−61

The total dipole moment is generated by the contributions
from the dipoles assigned to the individual atoms on the
surface. Geometric considerations describe the total dipole
moments considering that terrace atoms form an angle with the
field; see Figure 5. We have determined the dipole moment for

the (100), (110), and (210) surfaces from the DFT
calculations. We have then investigated if the polarizability of
the atoms only depends on the coordination number and thus
the results from the low-index facets can be used to simplify the
equations and to obtain the values for each atom on the surface.
Table 3 shows the variation of both the static polarizability and
the vdW coefficient with the coordination number of surface
atoms.

The values found indicate that the polarization is larger when
reducing the coordination number and it keeps the low values
for 3d metals and higher ones for the rest. This variation has a
second effect on the vdW coefficient which increases quite
dramatically (almost 50 times) from the (111) facet to the
coordination 6 of atoms at the steps of the (210) surface.
These variations with the Z number and the coordination can

be summarized in a clearer way that allows us to understand the
origin of the modulation of the C6 parameter. Tkatchenko et al.
suggested in ref 35 that the void volume surrounding an atom
at the surface would imply a change in its polarizability as the
electrons would be able to spill to a larger volume. This is
clearly shown from our reported polarizabilities and C6
parameters in Figure 6. To analyze the dependence we have
defined the void volume, V, as follows:

= −V N V(12 )c at

where Nc is the coordination number of the atom and 12
represents its number of first neighbors in an fcc metal and Vat
is the atomic volume. The calculated coordination-dependent
polarizabilities are found to depend linearly on the void volume
as shown in Figure 6−top. Correspondingly, the C6 value
follows quadratic dependence with the volume as it was put

Table 2. Binding Energies (BE, eV) for the Adsorption of Benzene on Different Metal Surfacesa

metal PBE DFT-D2 DFT-D3 DFT-vdWsurf 37 this work exp

M(4 × 4) + 2C6H6

Pd 0.84 2.58 1.91 1.88 1.6431−1.8350

Pt 0.59 3.04 1.99 1.57 1.5452−1.6051 (1.54)57

M(3 × 3) + C6H6

Pd 1.22 2.82 2.22 2.14 2.17
Pt 0.97 3.23 2.27 1.96 1.92 (1.94)57

Cu 0.14 0.91 1.02 0.86 0.47 0.7053−0.7138

Ag 0.07 0.90 0.77 0.75 0.41 0.4658−0.4554

Au 0.05 1.35 0.88 0.74 0.48 0.6355

aThe experimental values estimated from TPD data are reported via an entropy-corrected prefactor.56 For C6H6/Pt(111) we report
microcalorimetric measurements in parentheses. The Ag data54,58 corresponds to the shoulder that appears at the same coverage as our calculations
were performed, 140 K. There is another higher temperature peak at lower coverages 205 K. The TPD data from Au55 shows a high energy peak that
continuously shifts from 239 to 175 K, thus the assignment is unclear.

Figure 5. Schematic representation of the electron spill toward the
vacuum by the electric field perpendicular to the edge of the step. The
different orientation with the natural dipoles of the individual atoms is
shown for clarity.

Table 3. Polarizabilities and Dispersion Coefficients as a
Function of Coordination Number

α (bohr3) C6 (hartree bohr6)

(111) (100) (110) (210) (111) (100) (110) (210)

M Nc = 9 Nc = 8 Nc = 7 Nc = 6 Nc = 9 Nc = 8 Nc = 7 Nc = 6

Ni 14.7 15.3 25.3 37.3 46 50 136 296
Pd 19.5 20.4 25.3 42.1 88 97 148 410
Pt 19.5 20.1 27.2 43.8 94 101 184 476
Cu 14.9 16.1 22.6 34.5 48 56 110 254
Ag 21.4 23.3 35.9 50.6 96 115 273 538
Au 22.4 23.3 35.0 48.6 128 140 314 606
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forward35 initially but, more importantly, this dependence is
found to be metal-independent.
4.4. Alloys. Our approach also allows the study of

complexity in the form of alloys. In particular, we have derived
C6 parameters for overlayers and NSA; see Figure 7 for the

schematic representation. All these materials have proven their
potential in catalysis and electrocatalysis.1,62 In Figure 8, the
results for different configurations of the Pd, Pt, Cu, Ag as
overlayers, or NSA, are shown and compared to the pure metal
values. Results indicate that the coefficients can vary more than
60%, the largest changes are obtained when smaller atoms are
placed as overlayers on the surface. Au (Cu) can be taken as an
example. This is again due to the change in the void volume.
The correction is smaller for similar diameter atoms as
overlayers (Pt). In turn, the changes do not affect the Au
layer in the NSA models, again no modifications in volume are

seen. The largest variation corresponds to Pt and correlates
with the change in the position of the Fermi level for the NSA.
The contributions from the formation of the alloy indicate

that adsorption does not significantly vary for many of the
overlayers or alloys. Table 4 presents the test on benzene

adsorption. The largest variations observed are about 0.1−0.2
eV and correspond to the large increase in the value of C6 for
Cu on the overlayer and the concomitant reduction for the
NSA. The enhancement is also found for Pd and Ag overlayers
on Au.

5. CONCLUSIONS
van der Waals contributions are fundamental to obtain accurate
estimates of the adsorption energies of large molecules on
metals. Although robust ways of obtaining these energies are
being developed, many of them are very computationally
demanding and practical implementations would benefit from
semiempirical approaches that can reduce the computational
burden. For the interaction with metals, we have developed a
method based on the determination of static polarizabilities that
together with the ionization potentials provide reliable values
for the C6 coeffients for surface atoms. This simple model based
on the response to an electric field can be applied to low-
coordinated centers and alloys. In order to test the so-derived
coefficients benzene adsorption energies have been taken as
benchmark. Our results indicate that the method is robust and
provides accurate results. In addition, a general dependence for
the C6 coeffients with the void volume, i.e. the volume where
the electronic cloud can spill, has been found and can be
employed as a fast estimate of coefficients for other metals.
Finally, our values are compatible with already well-established
contributions from atoms and molecules from Grimme’s

Figure 6. Polarizability as a function of volume of the exposed atoms
α(0) = (0.105 ± 0.009)V − 8 ± 3 and C6 coefficient as a function of
the exposed volume C6 = (0.0060 ± 0.0009)V2 + (−2.8 ± 0.7)V +
(372 ± 108).

Figure 7. Schematic representation of the surfaces alloys Au@Pt (a)
and NSA (b).

Figure 8. Dispersion coefficients (C6, hartree bohr6) for alloys and
NSA. Metal pure parameters are also shown for comparison.

Table 4. Binding Energies (BE, eV) for the Adsorption of
Benzene (Bz) on Different Alloys and NSA Surfaces in the
Isolated Molecule Configurations

metal BEC6
M

BEC6
alloy

BEC6
NSA

BEC6
Au

Pd 2.23 2.37 0.50 0.48
Pt 2.26 2.29 0.49 0.48
Cu 0.50 0.67 0.33 0.48
Ag 0.44 0.51 0.48 0.48
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approach as it shares with this method the damping functions
and follows radius definition. In addition, our results show
excellent agreement with experimental determinations, in
particular with the microcalorimetric measurements by Camp-
bell and co. Finally, we consider that our costless, simple yet
efficient tool can be a guide to extend the use of van der Waals
contributions to different surface−adsorbate problems.

■ ASSOCIATED CONTENT
*S Supporting Information
Slab thickness convergence tests, atom radii, detailed TPD−
computational adsorption energy comparisons. This material is
available free of charge via the Internet at http://pubs.acs.org/.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: nlopez@iciq.es.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research has been supported by the ERC Starting Grant
(ERC-2010-StG-258406), and we thank BSC-RES for provid-
ing us with generous computational resource. We are grateful to
Dr. R. Valero (Ulsan National Institute of Science and
Technology, Korea) for useful discussions.

■ REFERENCES
(1) Nørskov, J. K.; Bligaard, T.; Rossmeisl, J.; Christensen, C. H.
Towards the computational design of solid catalysts. Nat. Chem. 2009,
1, 37−46.
(2) Hafner, J. Ab-initio simulations of materials using VASP: Density-
functional theory and beyond. J. Comput. Chem. 2008, 29, 2044−2078.
(3) Mercurio, G.; McNellis, E. R.; Martin, I.; Hagen, S.; Leyssner, F.;
Soubatch, S.; Meyer, J.; Wolf, M.; Tegeder, P.; Tautz, F. S.; Reuter, K.
Structure and Energetics of Azobenzene on Ag(111): Benchmarking
Semiempirical Dispersion Correction Approaches. Phys. Rev. Lett.
2010, 104, 036102.
(4) von Lilienfeld, O. A.; Tavernelli, I.; Rothlisberger, U.; Sebastiani,
D. Optimization of Effective Atom Centered Potentials for London
Dispersion Forces in Density Functional Theory. Phys. Rev. Lett. 2004,
93, 153004.
(5) Johnson, E. R.; Becke, A. D. A post-Hartree−Fock model of
intermolecular interactions. J. Chem. Phys. 2005, 123, 024101.
(6) Tkatchenko, A.; Romaner, L.; Hofmann, O. T.; Zojer, E.;
Ambrosch-Draxl, C.; Scheffler, M. Van der Waals interactions between
organic adsorbates and at organic/inorganic interfaces. MRS bull.
2010, 35, 435−442.
(7) Steinmann, S. N.; Corminboeuf, C. A generalized-gradient
approximation exchange hole model for dispersion coefficients. J.
Chem. Phys. 2011, 134, 044117.
(8) Mackie, I. D.; DiLabio, G. A. Interactions in Large, Polyaromatic
Hydrocarbon Dimers: Application of Density Functional Theory with
Dispersion Corrections. J. Phys. Chem. A 2008, 112, 10968−10976.
(9) Sato, T.; Nakai, H. Density functional method including weak
interactions: Dispersion coefficients based on the local response
approximation. J. Chem. Phys. 2009, 131, 224104.
(10) Graf̈enstein, J.; Cremer, D. An efficient algorithm for the
density-functional theory treatment of dispersion interactions. J. Chem.
Phys. 2009, 130, 124105.
(11) Silvestrelli, P. L.; Benyahia, K.; Grubisic,̂ S.; Ancilotto, F.; Toigo,
F. Van der Waals interactions at surfaces by density functional theory
using Wannier functions. J. Chem. Phys. 2009, 130, 074702.
(12) Klimes,̌ J.; Michaelides, A. Perspective: Advances and challenges
in treating van der Waals dispersion forces in density functional theory.
J. Chem. Phys. 2012, 137, 120901.

(13) Zaremba, E.; Kohn, W. Van der Waals interaction between an
atom and a Solid-Surface. Phys. Rev. B 1976, 13, 2270−2285.
(14) Lifshitz, E. M. The theory of molecular attractive forces between
solids. Sov. Phys.−JETP 1956, 2, 73−83.
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Abstract Theoretical simulations in the field of hetero-

geneous catalysis started about two decades ago when the

main goal was to understand the activation of small mol-

ecules on infinite surfaces. The improvements in the

accuracy and the large availability of computers with

increasing power have raised the quality of the calcula-

tions, the reliability of the results and prompted the interest

in their predictions. Such changes have also allowed the

study of nanoparticles by the combined investigation of

different facets or by taking into account the complete

structures. As for the reactivity, theoretical simulations

allow the comparison of different synthetic conditions

within the same approximation. Consequently, large sys-

tematic studies with the same theoretical models can pro-

vide databases for properties, structures, prove and

disprove hypothetical reaction paths, identify intermedi-

ates, and complete the understanding of reaction mecha-

nisms. In some cases, simulations support and give

explanations to experiments but new emerging aspects

such as the prediction of new properties or the analysis of

complex systems are possible. Several challenges are ahead

the simulations of reactions on nanoparticles: (i) how to

drive the synthesis to achieve the desired architectures and

(ii) how to stabilize the active phase under reaction

conditions.

Keywords DFT � Nanoparticles � Multiscale modelling �
Simulations � Equilibrium shape

1 Introduction

Nanoparticles have a wide range of application from plas-

monics to heterogeneous catalyst. Reactions that can be

catalysed by nanoparticles have been known and employed

industrially since more than a hundred years [1]. As the

reactions take place between a gas or liquid phase reactant

and a solid surface it is usually described as heterogeneous

process. Due to the interaction of molecules with the solid

surface, reactants get activated and reduce the energetic

requirement for the reaction. Therefore, the number of active

sites available is crucial and this number of sites depends on

the surface to volume ratio. As a consequence, the use of

nanoparticles is crucial to enhance the catalytic activity. This

fact was very early established as one of the fathers of

Catalysis, Humphry Davy, reported that Pt was more active

when finely divided [2]. As catalyst are made of expensive or

rare metals there is a need to reduce the amount of material

used and thus oxide supports or other carriers with high

surface areas are routinely employed. In the case of active

industrial catalysts, there are a few more components

including binders, secondary metals and molecular modifiers

which finely tune the electronic structure, and improve the

activity, selectivity and stability under reaction conditions.

Nanoparticles have been employed with different cata-

lytic purposes [3] but still it is a main challenge how to

achieve a given dispersion, shape and size distribution that

is optimum to catalytic performance. The last synthetic and

characterization techniques have proven to enhance the

degree of architecture control. For instance, different syn-

thetic methods have been devised to achieve narrow dis-

tributions for sizes and shapes, but their effectiveness

depends on the application. In heterogeneous catalysis

maintain finely distributed nanoparticles might be difficult

under typical harsh conditions. The main reason for the
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stability issue is based on the large interaction between the

reactants (intermediates or products) and the nanoparticles

or the oxides serving as supports. From a theoretical point

of view nanoparticles supported on oxides can be studied

through the direct comparison to physical methods. Those

are well-suited to detailed analysis, as atomistic modelling

and benchmarking can be directly performed [4–6]. Care

shall be taken though because the stable or metastable

structures prepared in such manner are extremely sensitive

to changes in temperature and partial pressures. Many of

the so-prepared structures are dynamic and thus the rep-

resentativity of these systems is compromised.

There are different ways to create nanoparticles for the

chemical wet preparations. In particular the use of soft-

templates and surfactants have been found as flexible, very

versatile platforms that can adjust the size distribution and

shape control [7]. However, attempting to remove the sur-

factants by increasing the temperature may induce metal

coalescence and reduction of the surface area, and therefore

reduces the benefits of wet synthesis. Such complex multi-

component and multiphase systems are difficult to represent

from a computational perspective, so we are going sum-

marize the major points that need to be taken into account to

model the structure and reactivity of such nanoparticles.

In Fig. 1 we schematically show different representa-

tions of nanoparticles that can be studied through theoret-

ical means and that will be described in the following.

2 Theoretical Simulations

Theoretical simulations are usually based on the solution of

the time-independent version of the Schrödinger equation.

The analytical solution for the wavefunction can only be

obtained for monoelectronic atoms, therefore approxima-

tions need to be used with polyelectronic systems. In the

traditional view of chemists this was achieved through a

hierarchy of Quantum Chemistry methods. This list of

methods starts with the Hartree–Fock (HF) approach, i.e. a

mean field approximation, and then higher accuracy is

achieved by including more terms in the expression of the

wavefunction. Thus, in traditional molecular studies,

expansions to the Møller–Plesset perturbation methods or

more sophisticated formulations based on Configuration

Interaction expansion were used to analyse particular

properties, but they were excessively expensive in terms of

computational resources. Besides, a localized basis set

depicting the atomic and molecular orbitals that provided a

relatively easy interpretation of the chemical bond has been

employed for molecules and extended to small clusters.

This approach is however not viable for systems containing

more than 10 metal atoms as they strongly depend on the

number of basis set functions which can rise from N4 (HF)

to N6-7 in Configuration Interaction approaches.

The alternative comes from the use of Density Functional

Theory, DFT, which employs the electronic density as a

function that only depends on the Cartesian coordinates and

spin. The ultimate quality of the density is that it is a fun-

damental observable that can be directly compared to results

from X-ray or neutron diffraction. The drawback of this

simplification is the addition of an unknown exchange–

correlation term to the energy. DFT energies are usually

taken as the reference for more sophisticated approaches,

such as medium field theories, or schemes that describe

larger time and length scales suitable to be compared to

experiments in both Materials Science and Catalysis [8].

Fig. 1 Sketch of the different models for nanoparticles: a gas-phase, b solvated, c surfactant covered, d in solution, surfactant-covered,

e supported, f supported, in solution, g supported, surfactant-covered, and h supported surfactant-covered nanoparticle in solution
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The accuracy and efficiency of DFT-based methods

depend on several technical choices [9], including the

particular exchange–correlation functional, the basis set for

the expansion of the Kohn–Sham (KS) orbitals and the

algorithms employed to solve the KS equations. The choice

of exchange–correlation functionals and the completeness

of the basis set account for the accuracy, whereas the

numerical algorithms are responsible for the efficiency.

The hierarchy of exchange–correlation functionals was

described by John Perdew in ‘‘the Jacob’s ladder of DFT’’

with the computational demands and the accuracy as

shown in Fig. 2 [10].

The lowest part of the ladder is the local density

approximation (LDA) [12], where the exchange–correla-

tion energy (Exc) is expressed as that of a homogeneous

electron gas of the same density, n(r). The Exc is parame-

terized from quantum Monte-Carlo simulations [13]. LDA

solves many bulk [14] and surface systems but it usually

leads to over-binding [15]. The second rung in the ladder is

formed by a family of methods termed as generalised

gradient approximation (GGA) [16, 17]. There Exc depends

not only on the electron density but on its local gradient,

rn(r). The GGAs solves the over-binding of the LDA,

with a tendency to over-correct it [18] but the attained

accuracy is enough for many chemical reactions [19].

PW91 [20], PBE [21], revised PBE [18], PBEsol [22],

MA05 [23], and WC [24] belong to this family of methods.

PW91 and PBE have been the standard in reactivity during

the last decade. However, GGAs have two serious draw-

backs. First, they do not account for van der Waals (vdW)

interactions resulting from dynamical correlations between

fluctuating charge distributions [9]. The second weak point

is related to the non-zero interaction of a single electron

with its own density, known as self-interaction error (SIE).

SIE is the cause of many of the failures of approximate

functionals, such as excessively narrow band gaps [25, 26],

wrong dissociation energies for molecules [27], and

incorrect description of systems with localised f electrons

[28]. Therefore a proper SIE correction is required for the

nanostructures of oxides. Fixes to strong-correlated sys-

tems based on the Hubbard model have been applied to

address issues such as the incorrect description of band

gaps, and are known as DFT ? U [29]. Normally the DFT

employed is of the GGA level. The main concern is that the

U, a parameter to describe interelectronic repulsion in d or

f strongly correlated levels, depends on the particular

observable to be calculated; this enters in contradiction

with the universality claimed for the functional.

Meta-GGA includes higher-order terms of the gradient

of the local kinetic energy density, r2

n(r), and constitutes

the third rung on the DFT ladder [30]. Unfortunately such

methods do not systematically improve the properties from

those obtained with GGA. Examples of this lack of con-

sistency have been reported, such as the adsorption of small

molecules on transition- and noble-metal surfaces [9] and

the hydrogenation of benzene to cyclohexene on Ni(111)

[31].

The next step in the ladder corresponds to hybrid

functional, that mix exact EXX, i.e. HF and DFT exchange,

and describe correlation at the standard DFT level. The

most popular hybrid in chemistry has been for more than

one decade the B3LYP functional [32, 33], providing high

accuracy for almost all properties of molecules, but failing

when applied to metals and semiconductor solids, because

the correlation part of the functional is incorrect in the

homogeneous electron gas limit [34, 35]. Other hybrid

approaches typically employed for solids are PBE0 [36]

and HSE03 [37], which show better estimates for lattice

parameters and bulk moduli of solids, and for the band gaps

in semiconductors and insulators [34, 35]. In general, these

hybrid functionals properly describe both insulating anti-

ferromagnetic rare-earth and transition metal oxides which

are not correct with GGAs [38, 39]. Atomisation energies

and magnetic properties of metals are more accurate

Fig. 2 Jacob’s ladder of Density Functional Theory with the different

approximations linking the Hartree World of Independent Electrons

and the Heaven of Chemical Accuracy [11]. EXX stands for the exact

exchange, n for the density, s for the kinetic terms and W for the

orbitals. Notice that no comparison to computational Chemical

methods is presented and only from rung 4 upwards exact exchange

(i.e. Hartree–Fock form) is taken into account
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through standard PBE. A difficulty in the use of hybrid

functional is their great computational cost than standard

DFT.

Dispersion interactions (vdW) are lacking in standard

DFT calculations. Methods based on the random-phase

approximation, combined with the adiabatic connection and

fluctuation dissipation theorem [40] can account for these

terms but they are extremely computationally demanding.

As a consequence they can mostly be employed as bench-

mark for simplified models. To account for vdW effects,

cheaper alternatives with modified functionals have been

put forward. However there is a lack of robustness in some

of the approaches that makes difficult to assess their long-

term viability [41, 42]. The simplest way to introduce dis-

persive terms was given by semi-empirical force fields of

Grimme [43] (DFT-D2). They are calculated through the

London formula [44] leading to the RC6/R6 term and thus

the choice of the C6 parameter becomes crucial. Still, it has

been applied to water layers on metals (one of the most

complex systems to model) and holds promise for the

modelling of complex solid/liquid interfaces, layered com-

pounds, and weakly interacting systems [45].

3 Clusters, Nanoclusters and Their Simulations

Two types of approximations can be employed to the study

of clusters in the nanometric regime. On one side nano-

particles are finite-size structures. Therefore, they can be

modelled as large molecules, where the total amount of

atoms is truly represented (i.e. through the use force fields,

or first-principles approaches). However, if we are inter-

ested in complex electronic structures, the use of large

molecules may not possible. Clusters with large sizes imply

the treatment of 1,000 or more atoms which cannot be

handled with traditional molecular codes, like Gaussian

[46]. Newer algorithms implemented are more suited to

address such large structures. For instance, the real space

implementation of DFT in GPAW [47] can take into

account large metal nanoparticles and oxide clusters and

large metal oxide polyanions like -polyoxometallates.

In the description of nanoparticles two different regions

can be identified. At small diameters non-scalable regimes

appear: this means that the properties of a system with

N constituents cannot be directly extrapolated to those of

N ? 1. From a technological point of view this is a dan-

gerous path as the degree of control in the synthesis and

long-term stability cannot ensure that the ‘‘active’’ species

can be maintained for sufficiently large time scales. Sca-

lability appears at larger diameters, and thus there is a

systematic way to understand the properties of an N ? 1

system provided that the N is known. The normal

behaviour or activity as a function of the diameter of the

particles is shown in Fig. 3.

3.1 Non-scalable Regime

3.1.1 Structure

The chemical properties of systems in the non-scalable

regimes have been described for several examples. In the

limit, the formation of benzene from ethylene on isolated Pd

atoms on defects in MgO were described to show that one

atom is enough for some interesting chemistry [48]. Larger

cluster agglomerates, containing from a few to tenths of

atoms, show some of the properties of molecules like (i) the

fluxionality, the flexibility of the structure and (ii) a rela-

tively large the number of low-lying configurations where

different spin-states, separated by a finite energy, easily

surmounted. In many cases, the study of such nanostructures

is limited to the electronic and geometric ground state. This

simplification can only be employed for applications where

the temperatures considered are low and the systems are

chemically insulated (such as memory storage) then the

individual properties of ground state structures might be

enough to represent these systems [49].

In chemical environments or where several relevant

configurations might play a role, complex algorithms,

usually based on basin hopping and minimization tech-

niques, could serve as a first indication of the number of

low-lying states within a small energy difference [50]. The

role of these alternative structures implies that the proper

description of the chemical phenomena taking place on

these scales would require considering at least low-lying

Fig. 3 Turn-over frequency (activity) as a function of the particle

diameter. Scalable versus non-scalable (shadowed) regimes are shown.

In the non-scalable regime, below 1.5 nm in diameter, the properties

depend on the explicit number of atoms, but at higher diameters the

properties are continuous. The dashed red line corresponds to the

density of corners atoms in nanoparticles that scales as 1/r3
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structures and weighting the properties by a distribution

(i.e. Boltzmann for the equilibrium). Obviously this limits

the availability of the atomistic theoretical simulations as

they imply a large number of structures and wide sampling.

The representativity of low-lying states and their corre-

sponding properties, in particular those related to the

chemistry, might be completely irrelevant.

For discrete clusters the energy levels are well sepa-

rated. This has been exemplified in the comparison of the

Density of States for the bulk of gold and two nanoparticles

presented in Fig. 4. The HOMO–LUMO gaps are shown so

that the convergence with the metal character represented

by the bulk is clearly seen and this would account for the

scalability at medium to large sizes. For small clusters,

there is a group of structures that might behave as noble (or

inert) as the parent compounds. These correspond to the

appearance of magic numbers, which show the following

properties: (i) a large energy difference of the ground state

from the lowest to the next configuration, (ii) a close-shell

structure with a large gap in the electronic structure and

thus a HOMO–LUMO gap. In the case of monoelectronic

metals it is very easy to identify which structures will

behave as magic clusters. This can be extended to pseudo-

monoelectronic metals such as Cu, Ag, and Au. The con-

cept is more complex for metals in which the electronic

configuration is less straightforward. Magic numbers can

be understood in chemical terms as a kind of aromaticity

that has been reported for clusters of carbon (the well-

known fullerenes) [51], boron and other compounds.

Magic clusters might also appear for other chemical

structures as they are potential energy wells and their

appearance depends on (i) the nature of the system (i.e.

type of material: metals, oxides, salts); (ii) the redox state

of the metals and (iii) the environment (i.e. oxidative,

reductive, solvent, surfactants…). Environmental factors

might modify not only the surface structure with partial

oxides but also generate new stoichiometries for which no

models are known, therefore altering the composition and

structure of magic clusters. As a consequence, synthetic

processes carried out under mild conditions are more prone

to show complexity compared to other preparations for

which usual ‘‘cleaning’’ procedures, i.e. reduction at high

temperatures, simplify the stoichiometry and composition.

3.1.2 Activity

Examples of potential activity in the non-scalable regime

have been presented for a number of reactions including the

trimerization of ethylene [48], oxidation of CO by Au8 [52]

and the selective epoxidation of propyne [53]. For the first

case it is clear that the well-anchored structure with a charge-

promoted Pd atom sitting on a vacancy site could be enough

for the reaction, as it is still active and sufficiently electronic

rich to perform the transformation. Moreover, Pd would tend

to sit on steps and oxygen vacancies on MgO, if those are

present in significant amounts [48]. The concept above is a

proof of site isolation presented by several groups in different

context. If the isolation of the active centre (and even its

promotion) is possible, then the catalyst would have the

optimum activity, selectivity and stability. Obviously, the

ensemble control would be easier for reactions taking place

on isolated atoms than for other requiring more complex

configurations. For the second case [52], the CO oxidation on

Au8 particles, it was clearly shown that the activity in the

reaction has a lateral path, i.e. an O atom remains on the

nanocatalyst. This can be detrimental to the overall stability

as the O can fill the vacancy healing the anchoring site. So,

after one or a few reaction cycles, the active centre is no

longer present. The final example, even more interesting

from a technological point of view, is the catalyst for epox-

idation of ethylene, Ag, cannot be used for propylene due to

the high basicity of the oxygen atoms carrying out the

reaction [54]. Experiments and computational models have

shown that for small clusters, i.e. containing less than ten

atoms, the amount of oxygen on the surface might be

reduced, leading to a sharp selectivity for the desired com-

pound [53]. Again, the issue for the long-term stability of

these silver-based epoxidation nanocatalysts is compro-

mised if enough oxygen is around as agglomeration of the

silver catalyst and thus its death is likely.

3.2 Scalable Regime

3.2.1 Structure

Scalable regimes corresponds to sizes larger than 1.5 nm

diameter, where the properties of a system tend to converge

Fig. 4 Projected Density of States for two clusters of gold Au13, Au55

compared to the Aubulk. For the nanoparticles, the HOMO–LUMO

gap opens indicated by the blue arrows
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and do not explicitly depend on the number of atoms. The

main problem of representing such structures is that at least

103 atoms need to be considered. These are not suited to

traditional physic models that exploit plane waves and

periodic boundary conditions as they do not benefit for

further contractions of the reciprocal space once the direct

lattice has a side of about 3 nm. To check for the con-

vergence of cluster properties to the scalable regime, cal-

culations with real space codes have been presented in the

literature. For instance, they have shown how the extension

and shape of the Au molecular orbitals converge with a

diameter of nanoparticles of around 2.7 nm, or 561 atoms

[55]. Also the algorithms at the core of the SIESTA

package, which employs localized basis sets [56] with a

cutoff for the interaction, allows the linear scalability for

large enough systems.

Instead of this brute force approach that contains 103

atoms in the calculations of nanoparticles, the traditional

view was to separate and study the contribution from dif-

ferent facets of the crystal and then add them up. This

approach has been widely employed to understand the

activity of nanoparticles and can be summarized as follows.

First, the calculations are performed on different facets of

the crystal. Thus, the surface energy (i.e. the energy needed

to cut a particular facet) for each of the j cuts, cj, is

obtained. Finally, the Wulff construction [57] is applied.

The Wulff theorem, developed in 1901, states that the

lower the surface energy of a facet, the largest contribution

it has in the equilibrium structure of a given material. The

Gibbs function of the equilibrium nanoparticle, DGi, thus

minimizes the summation for all the surface energies, times

the area Oj of this particular facet:

DGi ¼
X

j

cjOj:

The Wulff construction allows a smart evaluation of the

exposed facets of a material with just few cheap

calculations, and has been proven exceedingly successful

predicting nanoparticle structures. Examples of these

structures can be found in Fig. 5 for a prototypical fcc

metal and two rutile compounds relevant in industrial

processes. Still the Wulff model is oversimplified because

it does not consider the energy required to form steps and

edges [58]. Obviously, this approximation is less valid

when considering small nanoparticles as the number of

low-coordinated sites on them is larger. Also, relatively

large structures, i.e. [1.5 nm, need to be included for the

model to be relevant. Other approximations can be added

on top of the simplified Wulff model. One of them relates

to the effect of the environment. Clearly when growing

under different conditions, e.g. the oxygen pressure, the

surface energies change and this might control the facets

exposed. This can be transferred to the Wulff’s model and

then the surface energy, under oxygen-rich or -lean

conditions or with other compounds like CO [58], can be

investigated instead of the raw value. The estimation of the

surface free energy at a given temperature and pressure can

be addressed through first-principles thermodynamics [59],

thus adding extra degree of freedoms (and another source

of error linked to the ideal gas models employed to account

for temperature and pressure effects). This methodology

includes the effect of the surroundings through the

computation of the corresponding surface Gibbs free

energies, by introducing the reaction temperature and the

pressures or concentrations of the environment. These

constructions are more approximated than the static

calculations described before, but provide an insight on

the real state of the catalyst that otherwise would be very

difficult to determine under experimental conditions; when

a sufficiently large pool of configurations is taken into

account, a good description of the surface state is obtained.

Recent examples on the nature of the self-poisoned Deacon

catalyst have pointed out the full coverage of RuO2

surfaces, which might in turn be important for the further

development of the reaction. In the Deacon process,

coverage effects make surface reoxidation the rate-

determining step [60]. This implies that, when growing

under different conditions, the nature of the exposed metals

is changed. Therefore, instead of the surface energy for the

clean surface, c, that of the environment acting on it Nk,

cj(Nk), shall be used. The modified equations look then as

follows:

DGi ¼
X

j

cj Nkð ÞOj:

Finally, when considering real systems, the role of the

interface between different parts (e.g. metal–oxide

junctions or oxide–oxide interactions) should also be

included within the Wulff construction. As one of the

surfaces will be affected by the interaction with the

support, symmetric structures will no longer exist, leading

to differently wetting types of particles. The wetting

equation derived by Young can be written in terms of the

new surface energy at the interface between the cluster and

Fig. 5 Wulff construction for typical nanoparticles of fcc metals and

two oxides with rutile structure
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the carrier, c and the clean reference, c0. Taking into

account the interaction energy per surface, DE
O
; the equation

reads as follows [61]:

c
c0

¼ ðcint � c0Þ
c0

¼ 1þ DE

Oc0

:

In turn, the state of the carrier can be affected by the

presence of reducing or oxidising environments that

modify the quality of the surface (i.e. number of oxygen

vacancies) such as for Cu/ZnO [62], or by the presence of

water [63]. Furthermore, on some of the carrier surfaces,

special active places for nucleation might exist due to the

preparation methods [64].

Once the electronic structure is obtained, the different

contributions to the activity and selectivity of a given

reaction can be calculated in an isolated manner, employ-

ing the tools from first principles applied to slabs, and

weighting the contributions corresponding to different

facets [60]. In principle, the surface amount can be iden-

tified in the Wulff construction and then the reaction

evaluated and added up. It might result that one of these

high energy facets is more active or more selective and thus

would be more interesting to show to a larger extent. While

this result is important by itself, sometimes this design

parameter cannot be employed as the Wulff construction is

a thermodynamic sink and the nanoparticle structure will

end up being of this kind.

Although the Wulff construction constitutes the simplest

model to describe the structure of a nanoparticle, it has

several drawbacks related to the lack of information of

defects or low-coordinated sites, together with the fact that

only nanoparticles that share the same crystal lattice than

the bulk can be retrieved. More detailed thermodynamic

investigations in the literature have accounted for unusual

metal coordinations. Those models can provide a wide

description of the morphologies and even phase diagrams,

which can then be compared to tomographic experiments

[65–68]. Still, they are being developed and do not con-

sider environment effects, which in heterogeneous catalysis

turn out to be more important.

In some cases, as a consequence of adopting different

preparation methods controlled by kinetics, new crystal

structures that would be metastable under other conditions

might be the ground state. A beautiful example is Co

nanocrystals, for which a different packing configuration,

known as the e crystal, has been shown. Formation of e-Co

is only possible by solution-phase chemistry, namely

organometallic route, and generally using a combination of

tight binding ligands or surfactants [69]. As this liquid

route is not thermodynamically controlled, the surfactants

might change the energetics by binding tightly around the

growing crystal and the dissolved Co atoms. This is

paradigmatic but in the small range confinement might

allow magnetization, availability of different spin order-

ings, or other particular properties. On this issue, calcula-

tions are difficult as they need to assess varied structures in

order to understand the nucleation and this task is cum-

bersome [70].

A good example of the complexity that can affect the

theoretical study of nanoparticles, is given by Co and Fe

containing clusters. Experiments have shown that such Fe-

or Co-based nanoparticles form mixed oxides with rather

undefined stoichiometries [71, 72]. Even if they keep an

important magnetic moment useful during the separation

process, the variable oxygen content adds an extra diffi-

culty to the simulations. Actually, DFT-based calculations

for Fe oxides have shown the large complexity in assessing

properly even only the electronic structure of such strong-

correlated systems. Special care shall be taken in correcting

the SIE through DFT ? U methods. The coupling between

spin and orbital moments leads to intricate electronic

structures that depend on the U value. Thus, the present

theoretical models cannot yet be employed as black-boxes

for this type of calculations [73, 74]. In summary, for some

nanoparticles in the form of mixed oxides, to address the

issue of the nature, stoichiometry, surface termination,

dispersion and stability is still a challenge.

3.2.2 Activity

In many cases, when employing nanoparticles, a strong

dependence of the activity on the number of atoms is

found. The paradigmatic clear example for this corresponds

to the activity of gold nanoparticles. While gold is known

to be completely inert, when prepared as small particles

usually between 2 and 3 nm in diameter, it presents an

enhanced activity for oxidation and hydrogenation reac-

tions [75, 76]. In the scalable regime, catalytic properties

are closely linked to the large number of low-coordinated

sites on these compounds compared to the total number of

atoms. Obviously adsorption energies and vacancy forma-

tion energies (i.e. either molecule or site activation) do

depend on the coordination number and accordingly, the

larger the relative number of sites, the better the reactivity.

The case of sponges and membranes is particularly

interesting because, under certain conditions, some metals

can change their structure by incorporating a large amount of

a second compound and obviously these properties might

change when nanoparticles are considered. This is the case

of Pd for which hydrides are easy to obtain [77]. The con-

tribution of the hydride phase depends on the environment

[78]. The hydrogenation capacity acts as a buffer if solvents

are present, like in the hydrogenation of alkynes in the

presence of alkenes through the Lindlar catalyst; in fact it
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reduces the amount of hydrogen that is in contact with the

metal surface, thus allowing the use of selectivity modifiers

as quinoline, that would not be stable otherwise [79]. This

kind of cooperative chemistry which relies on multiple

elements to achieve a single property is very common in

liquid-phase chemistry, but the implications at high pressure

conditions or even electrochemical conditions have been

less explored. Interestingly enough, some experiments have

indicated that there is a difference in the storage ability when

reaching the nanosize that enhance the activity in the

hydrogenation of large olefins [80].

3.3 The Role of Surfactants

Wet synthesis methods usually employ soft-templates to

control the shape of nanoparticles. These procedures are

highly flexible and can generate a large number of mor-

phologies. Due to their nature, only few examples have been

reported in the heterogeneous catalysis literature. In most

cases this can be attributed to structural properties. An

example was presented by Häkkinen and co-workers [81],

showing the structure of a capped nanoparticle as a function

of a sulphide-based surfactant. However, the model did not

include solvent effects. The final geometry of the nano-

cluster is thus given by a delicate balance between the

metal–metal, surfactant–metal and surfactant–surfactant

interactions. In a way, the effect of the surfactant might be

seen as the modification of the surface energies, as described

in the Wulff model in the previous section [58].

Yet another example on the electronic structure modi-

fications induced by surfactants was presented for the

materials that can be employed in quantum dots. Calcula-

tions on CdSe nanoparticles show that it is possible to fine

tune the HOMO–LUMO gap by adsorbing different types

of surfactants without changing the structure (i.e. the local

coordination number of the surface atoms). The dipolar

moment of the head adsorbed on the surface can slightly

modify the position of the states, already different from the

bulk values due to the final nature of the structure, resulting

in more suitable light adsorption [82].

In the case of wet synthesis, the reactions take place in a

liquid phase, where a number of solutes are presented. The

system contains at least the metal salt out of which the

nanoparticles are generated, the reductive agent, and the

surfactant. In many cases morphology modifiers are also

added. Such kind of synthesis exhibits a large degree of

control for particles with interesting properties in sensing.

The enhanced plasmons are then based on the asymmetry

that can be induced by controlling the growth. Calculations

with charged fragments present some difficulties but in

principle a Born cycle can be prepared with different

contributions. An example is shown in the cleaning of gold

ores which is the inverse of the process [83].

In understanding the activity when surfactants have not

been removed, the issue of diffusion to the active site (for

reactants) and out to the liquid phase (for products) might

be fundamental and compromise the activity of the cata-

lyst. Transport problems of this kind are usually over-

looked but they need to be addressed properly if the

chemical properties are to be studied [84].

4 Understanding Activity

Heterogeneous catalysis as performed by nanoparticles

usually follows the well-known Langmuir–Hinshelwood

reaction scheme. This mechanism states that reactants are

bonded to the surface, either to competitive sites or to

different positions. Adsorption weakens the internal bonds

reducing their strength and thus favouring either dissocia-

tive or associative paths. Then the activated reactants can

interchange some of their fragments and generate the

products that can leave the surface. There are several

implications to the mechanism described above. First,

coordination to the surface will depend on the properties of

the nanoparticles, which in principle are different for the

extended metals. As nanoparticles exhibit a larger number

of low-coordinated sites, they are more prone to adsorb

reactants, therefore they are believed to be more active than

the rest of the surface. However it also implies the ability to

break unwanted bonds, form impurities on the surface, get

preferentially decorated, generate cokes or carbides and

ultimately ruin the activity by poisoning.

The ability of different heterogeneous catalyst for a

given reaction has been proven to follow the Sabatier

principle, which states that the maximum activity for a

given reaction is obtained by a balance at which relevant

species are not coordinated too weakly (as then none would

be adsorbed) or too strongly (as the surface would be

poisoned). Therefore for large interaction energies, the

catalyst surface is permanently blocked by one of the

species of the catalytic cycle (either reactants, products or

intermediates), while in the opposite case, when the bind-

ing energy is too small, the activation does not occur as the

catalyst is empty for long time, rendering it inactive. For

instance, this can be transferred to the activity of gold.

When prepared as a surface, the binding energies of many

atoms or molecules (particularly O2) is far too low, there-

fore no oxidations can occur on those surfaces. On the

contrary, if nanoparticles are prepared, the binding energy

of oxygen lays on the highest activity point of the volcano

curve representing the Sabatier principle, and thus maxi-

mum activity is retrieved in oxidation processes even at

low temperatures. Alternatively, if a molecule or a frag-

ment is easily adsorbed to the surface, it will adsorb even

stronger to the defects. This can be explained by the d-band
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model [85]. Therefore, small nanoparticles would be likely

completely poisoned by these strongly interacting frag-

ments rendering them inactive. As a general rule the

binding energies of fragments to the isolated atoms (or

even when present as complexes) are higher than for the

metal nanoparticles followed by regular surfaces, resulting

in a way to improve activity (for inactive metals) or poison

them (for already active metal surfaces).

Figure 6 presents the link between the different systems

summarized in Fig. 1, ranging from individual nanoparti-

cles, supported or surfactant-covered ones. Theoretical

simulations hold the key to answer the role of different

phases, as simplified hierarchical models can be constructed

adding complexity in steps. For instance, modifications in

the structure of clusters with respect to bulk can be sum-

marized mainly in two terms: electronic and geometric. The

final state of the cluster either as a free nanoparticle, or

supported or surfactant covered, might affect the number of

low-coordinated sites (likely blocked in the surfactant

preparations). Other electronic effects can be charge modi-

fications likely induced by the presence of a support

(although these are smoothed out for medium size nano-

particles) or by the presence of the surfactant. With respect

to geometric effects, the fluxionality, exposed facets and

ensembles, depend on the formation on nanoparticles, car-

riers and/or surfactants. Such electronic and geometric

modifications affect the storage and transport properties to a

large extent especially when interfaces are present.

An example of the transferability of the theoretical

procedures to both organometallic homogeneous and het-

erogeneous catalysts has been recently presented. Selective

activation of alkynes in the presence of alkenes on gold

systems constitutes a paradigm. Experiments for nanopar-

ticles have shown the exquisite selectivity for the hydro-

genation of alkyne groups in the presence of alkenes.

Alkynophilicity has also been termed in the field of

homogeneous catalysis, indicating the preference in the

activation of these C:C bonds in multifunctionalized

molecules. Theoretical modelling has found that on the

nanoparticles there is a preferential adsorption of triple C–

C bonds. This is due to the presence of two p-states that are

able to interact with the high energy states of low-coordi-

nated sites on the metal nanoparticles. For the homoge-

neous catalysts, states of the correct symmetry are not

available for both p states resulting in lower energy inter-

actions. This explains why the adsorption energy is more

favourable for the alkene and how the activity cannot be

expressed directly in the same manner for the homoge-

neous and heterogeneous cases [86]. Our results are not

conclusive at this stage, while a wide set of experiments

performed in the groups of Toste and co-workers [87],

found some type of correlation between tridimensional

surfaces and surfactant-covered clusters.

As for oxides the reaction can even be more complex. Our

investigations have found that the tridimensional nature of

the catalysts and its curvature can have a role in the activity

of oxygen species on polyoxometallates. Activation of

species that require two sites depends on spatial 3D con-

figuration. Clearly, the structure for the atoms in the nano-

particles can have curvatures different from those on planar

surfaces, leading to different activities and selectivities [88].

5 Conclusions

Theoretical simulations based on the extensive application

of DFT coupled to models like first-principles thermody-

namics and the Wulff construction, can give a good

description of several aspects of the nature, structure, shape

and surface stoichiometry of these nanoparticles under

Fig. 6 List of potential

modifications induced by the

individual nanoparticles,

adsorbed and surfactant-covered

ones
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different environments. Although these methods are very

powerful in the sense that a hierarchical knowledge can be

retrieved for the role of the different contributions, many

challenges remain ahead of us. On one side non-equilib-

rium structures, or with many configurations and those with

strong coupling between composition and electronic

structure, are difficult to address in part due to the defi-

ciencies associated to DFT and in part due to the large

number of structures that need to be to be surveyed. On the

other hand, the study of the reactivity of these particles can

be strongly modified by adding diverse degrees of freedom,

such as including supports, solvent, surfactants or a com-

bination of all these issues. Even for those extremely

complex cases, theoretical models represent a consistent

way to identify leading contributions and fundamental

property descriptors, which can be employed to address the

synthesis of new, more industrially appealing compounds.
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Commun 12:1307–1309

72. Glaria A, Kahn ML, Lecante P, Barbara B, Chaudret B (2008)

ChemPhysChem 9:776–780

73. Spiris N, Barbasz J, Lodziana Z (2006) Phys Rev B 74:155423

74. Lodziana Z (2007) Phys Rev Lett 99:206402

75. Haruta M (2005) Nature 437:1098–1099

76. Hashmi A, Stephen K, Hutchings GJ (2006) Angew Chem Int Ed

45:7896–7936

77. Manchester FD, San-Martin A, Pitre JM (1994) J Phase Equilib

15:62

78. Garcı́a-Mota M, Bridier B, Pérez-Ramı́rez J, López N (2010)
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Theoretical simulations of systems that represent heterogeneous catalysts constitute one of the

main tools in the research for new catalytic materials. Theory plays a role in the three stages of

the development ladder: characterisation, understanding and prediction. Due to the complexity of

the computational methods, there is a strong need to integrate different models and cover the

relevant scales in heterogeneous catalysis. This requirement constitutes an important drawback as

scientists need training in several aspects of the problem including chemical, physical and

engineering views of the modelling while keeping the experimental and industrial interests and

needs in perspective. Here we present some of the latest developments in the field of theoretical

simulations at the microscopic level while illustrating suitable examples that show how theory can

shed light on several aspects of characterisation, activity, selectivity and long-term stability.

1 Introduction

The Holy Grail of theoretical simulations is the determination

of a suitable stoichiometry and corresponding structures for a

particular performance in a chemical process and the route to

synthesise the active phase. The main goal of theory is to

provide a deeper insight into the relation between structure

and any of the three key parameters: activity, selectivity, and

stability. The use of a black box set of programs containing all

the theoretical models would be very practical, as that could

shorten the time to commercialise new catalytic applications

by designing suitable compounds and it would provide valuable

suggestions for synthesis. At present, computational materials

science and heterogeneous catalysis still have to overcome a

large number of hurdles to reach this goal. Although the

computational power accessible to theoretical simulations

in heterogeneous catalysis has increased exponentially since

mid-nineties and new tools and algorithms are being developed

continuously, many important parts are still lacking in the

present simulations. Moreover, not everything can or should

be computed. Sometimes, the information stored in our detailed

reaction networks may end up with a large number of elementary

steps that are meaningless, or configurations with little, if any,

role in the total reaction process and thus that do not

contribute significantly to our overall knowledge. In this case,

we need strategies to reduce the number of calculations and

the computational effort required. Furthermore, the use of a

single theoretical approach is not always enough and the

coupling between different models is required. Particular effort

needs to be devoted to the integration between different time

and length scales. Therefore, the electronic structure obtained

through Density Functional Theory (DFT) constitutes the

keystone on which many of the longer space or time scale

phenomena are built. The crucial role of DFT can be seen in

Fig. 1 as adapted from the work of Vlachos.1,2 It shows how

Fig. 1 The time and length scales for different simulation tools.

Adapted from Vlachos.1,2

a Institute of Chemical Research of Catalonia (ICIQ), Av. Paı̈sos
Catalans 16 – 43007 Tarragona, Spain. E-mail: nlopez@iciq.es;
Fax: +34 977920231; Tel: +34 977920200 (Ext. 307)

bDepartment of Chemistry, CICECO, University of Aveiro,
P-3810-193 Aveiro, Portugal

c Department of Chemical Engineering, Stanford University,
Stanford, CA 94305, EEUU, USA
w This article is dedicated to the memory of Dr Jaime Gómez-Dı́az
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the hierarchical structure of simulations in material science

can easily be transferred to the theory in heterogeneous

catalysis. The complexity of the catalytic phenomena requires

the description of multiple time and length scales and thus, an

intelligent way of adapting the relevant information from

lower, more complete steps is crucial. In any case the detailed

electronic structures need to be summarised and packed in a

useful way for more qualitative approaches that, on the other

hand, can reach larger time and space scales relevant in

process and plant simulations.

Recently, several reviews have been presented in the field of

simulations in the lowest space and time scales. Special effort

has been dedicated to describe all the properties of materials,3

to use linear-scaling relationships and screening4,5 and lately

to reach larger scales.2,6 In the early days, the study of

adsorption and the reaction energy profiles were determined

for direct reaction that could convert reactants into products

on a single surface. Nowadays, computational techniques

can address not only the activity of different materials, but

also the selectivity and the stability against reaction conditions.

Desirable future goals would be (i) the implementation of filters

based on descriptors to discard some of the targeted materials

so that they fulfil industrial or laboratory requirements, and

(ii) the ability to gather this information into usable databases

for future data-mining.5

In the present perspective we aim at reviewing critically the

latest achievements in the field, giving experimentalists a proper

guide to assess the minimum requirements for the theoretical

models and techniques that can be considered as reliable.

In a second step, we will address the challenges theoretical

simulations face.

2 State-of-the-art

Density functional theory

Density Functional Theory has achieved great success in

computational catalysis. However, bridging gaps in the

temperature, pressure, time and length scales accessible to

DFT-calculations and those characteristic for real-world

experiments still remains a challenge, even when using the

most sophisticated codes. Moreover, the accuracy and efficiency

of these methods depend on several technical choices,7 for

example an exchange-correlation functional, the basis-set for

the expansion of the Kohn–Sham orbitals and algorithms to

solve the corresponding equations. The choice of exchange-

correlation functionals and the completeness of the basis-set

determine the accuracy, whereas the numerical algorithms

determine the efficiency of the calculations. The minimum

functional requirements for different systems and properties

are summarised in Fig. 2. The hierarchy of exchange-correlation

functionals that allows us to achieve an increasing accuracy of

DFT results has been dubbed by John Perdew as ‘‘the Jacob’s

ladder of DFT’’.8

The lowest rung of this ladder is the so-called Local Density

Approximation (LDA),9 where the exchange-correlation

energy (Exc) for a homogeneous electron gas of the same density,

as obtained from quantum Monte-Carlo simulations,10 is also

applied to non-homogeneous situations. LDA has succeeded in

solving many bulk11 and surface problems. However, for chemical

reactions occurring at surfaces, LDA usually leads to adsorbate

over-binding.12 Also, the potential-energy profiles for dissociations

of diatomic molecules on metallic surfaces are badly characterised

by LDA.13

The description is improved in the Generalised Gradient

Approximation (GGA),14,15 the second rung of the Perdew’s

ladder, which includes a dependence of Exc on the local

gradient of the electron density. The GGA heals the over-

binding tendency of the LDA (although, with an inclination to

over-correct).16 Moreover, for many chemical reactions, the

GGA allows us to achieve sufficient accuracy.17 Indeed, this

functional constitutes the proper description level for most of

the reactions on metals, see Fig. 2. Several forms of the GGA

have been proposed in the literature: PW91,18 PBE,19 revised

PBE,16 PBEsol,20 MA05,21 and WC.22 PW91 and PBE are by

far the most commonly used functionals. However GGA’s

have two serious shortcomings. The first one is that they

do not account for van der Waals (vdW) interactions that

result from dynamical correlations between fluctuating charge

distributions.7 The second problem, which arises from the

approximate form of the exchange-correlation term, is the

non-zero interaction of a single electron with its own density,

which is known as self-interaction error (SIE). SIE is the cause

of many of the failures of approximate functionals, such as too

small band gaps,23,24 wrong dissociation energies for mole-

cules,25 and a bad description of systems with localised f

electrons. One approach to reduce SIE is the DFT+U

method, in which Hubbard-type terms are added to account

for the on-site Coulomb interactions in the localised d or f

orbitals. The Hubbard parameter (U) can be fitted so that

it reproduces experimental band-gaps, geometries or other

properties. Unfortunately, U is not free from some arbitrariness,

as fitting the parameter for one of the experimental terms does not

ensure that the rest will be adequately reproduced. Some examples

of oxide compounds that require this level of theoretical approxi-

mation are NiO and Ce2O3.
26 Therefore this is the minimum

relevant description for reducible oxides, Fig. 2.

Meta-GGA including higher-order terms of the gradient of the

local kinetic energy density is the third rung on the DFT ladder.27

Fig. 2 Minimum density functional theory approximations for a set

of catalytic materials and their characteristic properties.
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Nevertheless, meta-GGA does not lead to a systematic improve-

ment over the GGA, as shown by the ambiguous results for the

adsorption of small molecules on transition- and noble-metal

surfaces7 and for the stepwise hydrogenation of benzene to

cyclohexene on a Ni(111) surface.28

The next rung is represented by hybrid functionals that mix

exactly, i.e.Hartree–Fock (HF) and DFT exchange, and describe

correlation at the standard DFT level. The most popular hybrid

in molecular chemistry is the B3LYP functional,29,30 which

combines LDA with HF exchange. The B3LYP functional

achieves a very high accuracy for almost all properties of small

molecules, but it fails when applied to metals and semiconductor

solids, because the correlation part of the functional is incorrect

in the homogeneous electron gas limit.31,32 Extended systems

are better represented by other hybrids such as the PBE033 and

HSE03 functionals.34 The results obtained for solids are

unclear. PBE0 and HSE03 overall improve predictions for

lattice parameters and bulk moduli of most solids, as well as

for the band gaps in semiconductors and insulators,31,32 more-

over these hybrids offer an excellent description of insulating

antiferromagnetic rare-earth and transition-metal oxides where

the GGA failed to reproduce them correctly.35,36 Atomisation

energies, as well as magnetic metals, are described with a higher

degree of accuracy through standard PBE.31,32 In the latter

case, hybrid functionals overestimate the exchange splitting and

the magnetic moments, and broaden the d-bands,37 therefore

the overall description of the adsorbate–substrate complexes is

not improved.38 Another drawback of the hybrid-functionals is

their very high computational cost.31 Thus, climbing up to the

highest rung of DFT ladder does not guarantee a solution to all

problems but hybrids reduce the SIE of pure DFT due to the

mixture of a certain amount of exact exchange.16

As it has already been mentioned, dispersion (van der Waals)

interactions are missing in standardDFT calculations. At present, a

method that accounts for the vdW energy seamlessly and accurately

is the random-phase approximation (RPA), combined with the

adiabatic connection and fluctuation dissipation theorem

(ACFDT).39 Since this method is computationally demanding,

it is mostly restricted to small systems and can serve as a

benchmark for assessing the reliability of less sophisticated

approaches. Lundqvist et al.40,41 proposed a non-local correla-

tion functional that accounts approximately for dispersion

interactions. Results achieved with a nonlocal vdW-DFT

correlation functional depend on the judicious combination

of the local and non-local contributions to the functionals. A

simpler dispersion correction is offered by the semi-empirical

force fields of Grimme et al. (DFT-D2).42,43 In this method,

the dispersion contributions are calculated by pair-wise inter-

actions from the London formula44 leading to the SC6/R
6

term. Recently, Bučko et al.45 applied Grimme’s method to a

large number of solids showing a wide range of chemical

bonds such as molecular, ionic and covalent. This illustrates

that Grimme’s approach can be used for arbitrary systems

irrespectively of the nature of dominant interactions. Moreover, a

careful choice of the substrate interaction coefficientC6
46,47 provides

a good starting point to study the adsorption of molecules and

films on conducting metal surfaces48 and, potentially, on ionic

or semiconducting solids.47 Thus the Grimme or similar

approaches constitute the minimum meaningful theory level

when van der Waals interactions are important, i.e. in layered

compounds (as PtO2), or in physisorption, see Fig. 2.

As it was mentioned at the beginning of this section,

standard calculations refer to systems under vacuum conditions.

However, recent progress allows researchers to overcome these

restrictions.48 DFT combined with statistical mechanics in the

grand canonical ensemble describes an adsorbate–substrate

complex in equilibrium with a reactive atmosphere. Temperature

effects are treated as corrections to static total-energy calculations

by adding the vibrational free energy to the total energy from

DFT calculations or using first principles canonical molecular

dynamics simulations.49

Models for the materials

The materials involved in heterogeneous catalysis present a

wide range of properties. Metals, semiconductors and insulators

are employed in many cases in mixed configurations, thus

adding an extra degree of complexity; hence not in all cases

the same electronic structure approximation is optimum for the

different constituents, see Fig. 2. Moreover, materials can be

amorphous or crystalline, or have grain boundaries or porous

structures that render the systematic assessment of their proper-

ties difficult. In general, different types of materials are studied

by several approaches: while the chemistry of amorphous

systems relies on the very local configurations that can be

achievable, the description of crystalline materials is mostly

based on their periodicity. The study of such materials has

advanced very significantly and as a first approximation some

of the properties of amorphous structures can be simplified to

the periodic ones. For this reason we will focus on them.

A problem of DFT with periodic boundary conditions is

caused by the complex lattices with several potential structures

and/or structural disorder due to finite temperatures. In the

first case, the as-calculated energies do not contain thermal

contributions to the free energy that are needed for some

delicate cases when multiple minima lie close in energy. A

good example of this is the re-evaluation of the structure of

dawsonite (MAlCO3(OH)2 M = Na, K, NH4
+) compounds.50

In this particular case, the experimental determination of the

crystal structure is performed at finite temperatures at which

the ammonium cations might rotate. The introduction of

this thermal contribution is usually done by accounting for

two different terms the zero-point vibrational energy and the

contribution to the energy through the phonon distribution in

the form of a summation.50 This approach is also listed in Fig. 2,

and constitutes the minimum description when trying to assess

structures and reactivity of complex materials with close-lying

structures and important phonon effects. Other catalytic solids

exhibit some degree of disorder in the crystal site occupancies

(this is different from amorphous disorder!). The models

employed to deal with this kind of inhomogeneity can be

classified into three broad groups:51 (i) methods in which a sort

of average atom is defined. They allow recovering the perfect

periodicity as implemented in the virtual crystal approximation

(VCA), where the potential felt by electrons is generated by

average atoms. (ii) Methods involving a large supercell with a

more or less random distribution of ions in the sites. A useful

variation of this model is the special quasi-random structure,
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where the ion positions in the supercell are chosen to mimic as

closely as possible the most relevant near-neighbour pair and

multisite correlation functions of the random substitutional

alloy.52 (iii) Multi-configurational supercell approaches, where

the site-disordered solids are described as a set of configurations

in a supercell representing a piece of the solid (e.g. as in ref. 53).

This kind of approaches is useful to identify favourable ordering

patterns,54,55 to evaluate the evolution of ion disorder with the

temperature,56 or to examine the segregation of impurities at

solid surfaces beyond the dilute limit.57

Once bulk structures are determined, selected cuts along the

lower Miller index directions are performed and then the

surface energy for the faces with different orientations is

calculated. The Wulff construction,58 a simple continuous

model, determines that the lowest surface energy will be the most

represented in the equilibrium structure of the metal nanoparticles

in the catalysts. Extensions to materials covered by surfactant or

molecular modifiers have been put forward.59 However, the Wulff

construction presents several approximations: (i) only surface

energies are taken into account, i.e. the contribution from edges

and other defects is overlooked and thus the representation is

more accurate for medium size particles; (ii) only equilibrium

structures are retrieved. Non-equilibrium structures are much

more difficult to assess but, on the other hand, they are also

difficult to characterise experimentally, thus this area remains

somehow obscure to both experimental and theoretical worlds.

The reactivity of solid materials is usually first studied

theoretically on the low Miller index facets that usually show

lowest surface energies. This is at odds with the corresponding

reactivity as the ability to adsorb new molecules does depend

on the number of bonds of the substrate. Still several reasons

justify this choice: first of all, these low energy surfaces are the

most represented by the Wulff construction; moreover, the

unit cells of low-index surfaces tend to be smaller than open

surfaces or vicinal ones (so the number of different configura-

tions for adsorbates is smaller and thus the number of

possibilities to be investigated are lower) thus it reduces the

calculation burden. This is the minimum calculation setup for

a simple active phase (Case I) shown in Fig. 3.

In some cases, the adsorption or the activation of reactants

on these surfaces is not strong enough, Case II in Fig. 3. This is

for instance the case of the dissociative adsorption of nitrogen

on Ru surfaces that is the key step in the synthesis of ammonia

in the Haber–Bosch process.17 Early in the investigation of this

process, discrepancies between ultra-high vacuum measure-

ments of adsorption and the barriers calculated by DFT were

found, but after employing theoretical models containing

steps the experimental value was retrieved. The reason for

the highest dissociation activity of the open surface was

correlated to the presence of B5 sites that provided a transition

state structure where no atoms were shared.60 Since then, the

suitable procedure when investigating a new reaction begins

determining molecular and dissociative adsorption on low

index surfaces. Then, if the reactivity of the surfaces seems

exceedingly poor, the presence of defects is included in the

study, usually starting with geometric perturbations, such as

low-coordinated sites,61 atomic vacancies and/or considering

the presence of impurities from a secondary metal,62 or fragments

from some of the interacting molecules.63

With the approaches presented in the previous paragraph

the representation of the middle size particles is reasonable, but

still two questions remain open. First of all, whenmodelling finite

size nanoparticles, the number of atoms that can be included in

the simulations is rather small, few hundred atoms at most.

Secondly, the shape of the particles also has a contribution and

this is somehow even more difficult to assess. Recently the

convergence of the properties with the size has been analysed.64

Even if the convergence of the metal properties is found at

relatively small number of atoms in the cluster, the mobility of

the surface atoms generates more dynamic properties as the

cohesive energy of the surface atoms is reduced when compared

to the bulk. This problem is more acute for metals like Au, for

which the melting temperature is quite low.

Although we employ the cluster as a particle of 2–5 nm in

diameter, the representation is far from complete. In the

preparation of catalysts, there is special interest in obtaining

monodisperse samples, at least in research and for character-

isation. The aim would be to obtain only particles with a given

diameter but this is impossible when employing chemical

methods. The alternative, use of physical methods (chemical

vapour deposition with charge mass selection)65 with very

detailed separation, is scientifically relevant but not viable.

The reasons for that are the high cost and the low surface areas

of these model catalysts. Developments are still being made in

this regard, and for instance, spray deposition controls particle

size much better with smaller deviations.66 There is a hidden

issue that concerns the analysis of the size and shape of the

nanoparticles, in general, Transmission Electron Microscopy

even in high resolution experiments cannot adequately deter-

mine the particles below 1 nm in diameter. The fact that

experiments are not accurate enough poses two different

problems. In principle, the activity of the catalyst, when linked

to the presence of low-coordinated sites, increases when

decreasing the particle size as the number of exposed atoms

with respect to the total metal content is larger.67 This is a

reason for the preference of low-diameter particles. But for

very small nanoparticles, activity is not a continuous function

as the electronic structure of small aggregates has a discrete

spectrum and their fluxionality (conformational flexibility)

Fig. 3 Computational models for the interaction of metals and

oxides (or other supports) as a function of the type of interaction.
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plays a crucial role. This is known as the non-scalable regime

where each atom counts. Experiments have shown that for

instance CO oxidation is possible for Au8
68 and Au20, whereas

Au55 is inert.69 The analysis of the reactivity of such small

clusters does then depend on their electronic structure and, as

a consequence, requires a tedious examination and the results

from one cannot be extrapolated to the ability of the next.65

From a theoretical point of view this opens up millions of

possibilities, but at the same time it is a never-ending story as it

is almost impossible to tailor the properties for all systems.

Another of the major questions when dealing with theore-

tical simulations in heterogeneous catalysis is the role of

the support. Few model systems have been employed and

presented in the literature. The problems with these materials

are related to the additional demands required by electronic

structure calculations. One of them is the need to use an

extremely large unit cell to account at the same time for the active

nanoparticles and the substrate.70 Also, as the metal nanoparticles

are small their transferability is more compromised. Moreover,

the most common carriers are significantly difficult to model.

Aluminas,71 like the g phase,72 present unsolved issues; silica

also poses problems due to its amorphous nature that cannot be

obtained from typical DFT and periodic boundary conditions

or in terms of the degree of hydroxylation.

The way the substrate affects the properties of the active

phase can be separated from lower to higher interaction, see

Fig. 3.73 For instance, even weakly interacting substrates

influence the dispersion and shape of nanoparticles. In this

case, not only the stoichiometry of the support surface but also

mesoscopic parameters such the Brunauer–Emmett–Teller

(BET) area or porosity are crucial to influence the size and

shape of the metallic nanoparticles. This control is quite

indirect as the dispersion of the metals on the substrate is

determined by the ability of the atoms to be anchored to the

surface by particularly active carrier positions. Therefore, in

weak interaction to the substrate Case I and II models are the

first order approximation, see Fig. 3. If the interaction is

stronger, dispersion of the active phase occurs. In the case of

very small particles, even charge transfer can take place

although screening for these materials is very effective and

thus charge contributions are accommodated for medium-size

particles. As the stoichiometry induces the shape and the

dispersion, there is a reasonable parameter that needs to be

eliminated when comparing different catalysts. In this case, the

inclusion of the carrier in the DFT model is not required as its

effect can be introduced indirectly. A particular case of

moderate interaction between the active-phase and the carrier

takes place for some catalysts as that employed in the Deacon

reaction (HCl oxidation to Cl2 that usually is carried out by

RuO2-based materials), where such strong interactions occur

and the active layer grows epitaxially on the carrier. This

corresponds to Case III in Fig. 3. A single monolayer has such

a large interaction with the support that becomes inactive and

thus a few layers are required to eliminate the electronic

perturbation induced by the support.74

Another type of metal–support interaction can induce the

formation of special sites at the interface between the active

phase and the carrier, see Case IV in Fig. 3. Possible active

sites that can benefit from the synergetic interaction have been

put forward. CO oxidation on gold nanoparticles is a good

example: CO adsorbs on the metal, and, simultaneously,

oxygen can be activated by the partially reduced sample.70

Some issues arise as the modelling of such bifunctional

mechanisms requires adequate description of both the active

phase and the support. In the submonolayer regime oxide

growth on oxides has been observed for vanadia compounds

on reducible oxides such as TiO2 and CeO2.
75,76 In both cases

synergies between the small vanadia clusters and the oxide

supports have been identified in experiments and described

theoretically.

A final scenario can be envisaged where part of the reaction

takes place in the carrier and spill-over to the (in principle)

active phase takes place, see Case V in Fig. 3. In this case,

simulations can be performed individually and the results can

be combined to model the complex system. Similarly, the

stability of the products shall be investigated against the

acidity and basicity of the support, which can have an effect

at this stage.

For very reducible oxides and/or high temperatures, a

dynamical behaviour of the systems has been reported. For

instance, some carriers are oxides and can lose oxygen during

the reaction. Then, the active phase can change shape during

the reaction and thus the number of active sites, their nature

and the ability to generate mixed sites at the interface,

significantly affecting the activity of the material. This is the

particular case of Cu/ZnO,77 the catalysts developed for the

synthesis of methanol from CO and H2. Still other dynamic

behaviours, in particular related to the appearance of the

strong-metal–support interaction,78 can severely affect the

catalytic properties and hinder the generation of a simple

model for the catalyst. Obviously, these cases are the most

complex model due to the long-time and long-length scale

changes under true reaction conditions.

State of the catalyst

Preparation methods and pretreatments might affect the state

of the catalyst. In the synthetic process a typical cleaning of

the precursors is the reduction of the material. In particular,

hydrogen atmospheres can change the relative stability of

different surfaces. The history of the sample thus influences

the ability to catalyse a given reaction. The study of the

stability is usually addressed through first-principles thermo-

dynamics which include not only the calculated energies but

also the contributions of the pressure and the temperature and

this constitutes the minimum computational set to address

these properties, see Fig. 2. An illustrative example is given by

the activity of Pd-based catalysts in the hydrogenation of

alkyne–alkene mixtures in the treatment of feeds coming

from oil reforming. The key issue in this case is that Pd

behaves as a sponge and, in particular, when hydrogen or

hydrocarbon atmospheres are present, it can generate hydrides

or carbides.79 The presence of hydrocarbons favours the formation

of carbon and hydrocarbon surface deposits (coking).81,82

Examples exist also in oxidations, like the epoxidation of

olefins carried out with the help of a silver-based catalyst,

Ag might convert at high oxygen conditions into the substoichio-

metric oxide.80
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The formation of these competitive phases and subproducts

has been investigated with theoretical methods using DFT on

a list of structures that include a small set of configurations

containing both the main active phase and the atoms from the

gas-phase, (reactants or products). Upon characterisation of

such configurations by DFT, first principles thermodynamics

shall be employed to account for the temperatures and the

pressures of the components.83 The equations that aim at

obtaining the Gibbs or Helmholtz free energies are related to

the chemical potentials of the gas-phase compounds and thus

the corresponding surface free energies for all configurations

are obtained.

A few simplifications are employed to determine the free

energies. For instance, the contributions from the phonons are

neglected. This approach helps to evaluate the order of the

introduced error. In addition, the gas-phase energies are taken

from the ideal gas approximation, and either the experimental

entropies or the ideal-gas statistical mechanics approximations

are introduced. Configurational entropies are completely neglected

or only introduced as an added fix in an approximate manner.56

Even if first principles thermodynamics provide a way to

derive the equilibrium structure it is not free of error sources.

The problem is that configurations usually are generated by

hand, and therefore some of them that do not seem obvious

a priori might not be introduced in the calculation pool, thus

missing representativity. Genetic algorithms can be employed

to avoid this issue but unfortunately their introduction in the

field is not straightforward, since the codes are usually fitted to

the particular problem to be investigated and require a greater

deal of effort.84

As first principles thermodynamics usually neglects a part of

entropic contributions and rely on adsorption and desorption

processes, the errors associated with the determination of

pressures and temperatures are somehow larger than taking

into account the whole reaction mechanism. Therefore, this

technique is powerful and in particular qualitative when

oxygen is one of the active gases and PW91 or PBE are

employed to obtain the energies.

A similar situation might occur under operation conditions.

Several catalysts are known to present an induction time where

the as-prepared phase turns into the active phase. Moreover,

some other materials that are active for a period might be

inactive after being under reaction conditions for a sufficiently

long time. This might occur by a change in the size and shape

of the active phase, its formation or collapse, its volatilisation

or the formation of carrier layers on the active part, just to

name a few possibilities. The experimental detection of the

changes taking place during this activation or deactivation is

in general quite difficult as in several cases in situ experiments are

required under reaction conditions. In some of these cases, first

principles thermodynamics turns out to be a good tool to assess the

state of the catalyst with respect to the reservoirs of the active gases

that will be present in the reaction mixture.85 Such approach can

help filtering the structures that stay in the active phase under

reaction conditions and also assessing the real surface termination.

From our experience, we have seen that stability against harsh

conditions might be the most important parameter for real applica-

tions. Whereas industry can cope with not so effective activities (as

engineering solutions may reduce the low-activity impact), there is

usually a much smaller toolbox to improve stability of the

catalyst under reaction conditions.

Typical catalytic formulations under real synthetic conditions are

somehow modular and, besides, from the base metal a secondary

metal and/or one or more dopants and/or molecular (selectivity)

modifiers are added. When dealing with complex materials with

more than one component, the stability of the alloy both by itself

and also under reaction conditions is mandatory. These parameters

related to stability can be obtained by theoretical considerations

and for instance a group of descriptors including, solubility,

segregation and induced segregation energies, island formation,

decoration of low coordinated sites and substitution at step sites

among others can be identified. Examples of these have been put

forward by several groups including ours and they can be extended

to oxides and other materials.62,86 Additives can be electron donors

or acceptors that affect the charge at the surface,87,88 or alternatively

they can help to stabilise particular stoichiometries or geometries.

Finally, molecular modifiers might affect adsorption energies for

thermodynamic selectivity purposes, or reduce the size of the

ensembles that might lead to selectivity, as in the Lindlar catalyst

preparation.89 In all these cases, theoretical simulations can

provide an understanding on the individual role of the different

components to the activity–selectivity–stability of the catalysts

under reaction conditions.

Reaction mechanisms and kinetic parameters

The study of the reaction networks relies on linking the

various potential configurations of reactants, intermediates

and products on the surface and with respect to the gas-phase.

In this way different mechanisms including these sets are

investigated. The most robust algorithms to obtain the transi-

tions state structures that link reactants and products belong

to the family of the Nudged Elastic Band (NEB) methods.90 In

general, once both the initial and final states are known, a

series of images are placed between these positions and then

the optimisation of the full band takes place. We need to

consider, firstly, that the computational requirements for

these calculations correspond to those of a static calculation

multiplied by the number of images in the band. Thus, these

are the heaviest calculations when modelling reactions on

surfaces. Secondly, that the use of the traditional NEB does

not ensure that the highest point along the reaction path is

the true transition state (TS). A vibrational analysis of the

structure is needed in order to assess correctly that the point

fulfils the mathematical definition of a TS (i. e. that it is a

minimum along all possible directions except for that of the

reaction coordinate, for which it is a maximum). This issue

was solved with the advent of the Climbing Image version of

the NEB algorithm (CI-NEB),90 a much more robust way to

obtain the TS structure and energy. However, as it has been

mentioned before, calculations are still very demanding and

thus algorithms aiming at shortening calculation times and

computational requirements have been proposed. Examples of

those are the Adaptative Nudged Elastic Band Approach

(ANEBA),91 where instead of choosing a large number of

images to bracket the saddle point with high accuracy, the

resolution in the neighborhood of the saddle point is increased.

Other appealing methods are based on the dimer method,92
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which is designed to search for saddle points corresponding to

unknown elementary steps, where no final state is required and

the TS structure is proposed; then upon calculation of the

Hessian, the movement along the Potential Energy Surface

and towards the TS structure is done by following this

particular reaction coordinate. In any case, the search for

TSs constitutes the bottleneck in the description of catalytic

phenomena on surfaces, therefore further research into the

algorithms will be required to make the calculations faster. As

the number of databases and calculated points increase every

day the inheritance of parent structures for the search of

transition states in new more complex molecules shall be a

way to reduce computational costs.

In many cases the reaction networks are constituted by a

short list of reactions. This is the case of CO oxidation, for

which two paths have been put forward and either the

dissociative O2 path or the associative one can take place,

depending on the material.93 This mechanism is relatively

simple as only four elementary reactions need to be taken into

account. When dealing with larger molecules or more complex

mixtures, the situation becomes increasingly complex. For

instance, in the selective hydrogenation of alkyne–alkene

mixtures, the minimum set of reactions needs to take into

account the following paths: (i) hydrogenation,94 (ii) isomerisa-

tion of the intermediates on the surface,95 (iii) carbide formation

by decomposition of the hydrocarbon at low-coordinated sites,96

and (iv) oligomerisation82 and/or carbon deposits formation.

Several of these steps, in particular, those that reduce the activity,

selectivity, and stability (as (iii) and (iv)) are likely to be common

to different transformation and thus they could, in principle, be

retrieved from databases (vide infra).

In other cases, the reactivity needs to be calculated for a series

of potential surface structures including the corresponding

carbides, hydrides and selectivity modifier molecules. This is

also the case of the hydrogenations on Pd. Then the determina-

tion of the TS paths needs to be considered for each potential

structure in order to derive the structure–activity (selectivity)

relationships.82

Still another scenario unfolds when considering sets of

reactions that can be performed under different conditions.

This is the case of HCN synthesis from ammonia and methane

on PtRh catalysts, see Fig. 4.97 The reaction can take place in

aerobic (the one implemented in industry) and anaerobic

conditions. The presence of oxygen atoms on the surface

systematically reduces the energy demand of the H-dissociation

steps but the price to be paid is that in the Andrussow oxidation

the final C–N bond formation takes place from very strongly

adsorbed atoms on the surface. Thus the main benefit found for

the reaction thermodynamics when O2 is present does not result

in a large reduction in the kinetics or reaction temperatures

(only 300 K lower), as there is a mechanistic switch for the C–N

bond formation from partially hydrogenated molecules (in the

non-oxidative case) to more bound atomic species (oxidative

conditions), see Fig. 4.98

As shown above, the list of potential reaction paths and

parallel elemental reactions is quite large even for simple

reactions. In order to predict activities and selectivities, the

amount of information stored in such calculations needs to be

reduced to the most relevant parameters (descriptors) that can

affect the reactivity (activity or selectivity) by modification.

Early descriptors, based on the activity of oxides, were already

devised by Sabatier who confronted the reactivity of different

transition metals towards the decomposition of formic acid

against a thermodynamic parameter, the formation energy of

the oxide.99

Over the last years, in particular in the group of Prof.

Nørskov in Stanford, two different ways to describe relation-

ships between energy parameters have been developed. The

first one corresponds to the linear-scaling relationships.100,101

In these, the binding energy of a fragment to a metal (also

for oxides, nitrides, sulphides, carbides) correlates with the

binding energy of the central atom to the surface. Moreover,

the proportionality factor depends on the valence. Therefore, a

simple explanation in terms of the density available to form

different bonds and the valence of the heteroatom can be traced

back in a simple yet effective manner. A second scaling relation-

ship corresponds to the Brønsted–Evans–Polanyi rules, BEP.102,103

Fig. 4 (a) Reaction barriers for the coupling of different C and

N-containing fragments. (b) Schematic representation of the two different

possibilities for the HCN formation under O-lean and rich conditions.
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BEP states that the activation barrier depends on the reaction

energy for this particular elementary step. Dissociation reactions

are in many cases responsible for the activity found, as they

constitute the rate-determining steps.104,105 In such situations,

BEP can be further simplified to the adsorption energy of the

central heteroatom. BEP relationships are an extension of the

linear scaling relationships described above. With these two

approaches, many mechanisms can be simplified to just one or

two significant descriptors.93

Microkinetic modelling

In many cases, dealing with the description of the complete

reaction energy profile leaves open questions such as which are

the rate-determinant or selectivity-determinant steps. This answer

requires the modelling of the kinetic equations with the correct

boundary conditions in order to be fully meaningful.

In general, the data obtained from Density Functional

Theory with the appropriate approaches (vide supra) can be

taken as starting point for the microkinetic (MK) simulations.

The rate coefficients are normally obtained through the use of

standard statistical thermodynamics and by using the harmo-

nic transition state theory.106,107 The list of kinetic elementary

reactions, the site balance, and the boundary conditions

introduced describe a system of Differential and Algebraic

Equations that can be solved by different mathematical packages.

In any case, the activity of the system can be described, the

reaction orders retrieved, and the apparent activation energies

and coverages of different species unravelled.79 This completes the

knowledge on the reacting conditions and, once the true path has

been obtained and the relevant surface is taken into account and

different reaction conditions can be easily plugged in. In some

cases accuracy problems and unstable solutions might arise

and thus this type of approach is not as straightforward as

standard DFT packages.

Moreover, the reaction mechanism (understood as the list

of reactions) does not change for the same process on a

large number of catalysts. Therefore, taking into account the

considerations made in the previous section, it is sometimes

useful to simplify the problem by transferring all the relevant

kinetic terms to the descriptors. Successful examples of such

approach have been presented by the group of Prof. Nørskov

for a number of processes including CO oxidation on metals

and nanoparticles.93 In particular, the Sabatier analysis with

more than one descriptor has produced multidimensional

volcano plots where the maximum of activity can be inferred.

Another important point of microkinetic approaches is that it

allows determining the weight of each step that composes the

mechanism and the analysis of the role of the different

elementary reactions.6,108 Finally, MK modelling can assess

important aspects such as the adequate analysis of the popula-

tion of different species on the active substrates directly

comparable to experiments. With such an approach it has

been possible to determine why compensation effects occur in

heterogeneous catalysis.109

In some cases, the classicalMK has some deficiencies. Those are

related to the lack of geometric information in the equations which

limits the applicability of this technique, in particular when

confined systems are considered.108 Kinetic Monte-Carlo methods

are better suited to deal with these in homogenous lattices, as

the geometric information is already available. The reader is

addressed to the Perspective by Reuter and co.6 on the subject

for a more detailed description.

3 Main challenges

Problems when addressing large/flexible molecules

Until recently, only the interaction of small molecules on metal

systems was considered in theoretical simulations. Many hetero-

geneous catalysts deal with the activation of small molecules and

their incorporation to other larger fragments (i.e. partial oxidations

and hydrogenations) or the reshuffling of the internal bonds, like in

the case of ammonia synthesis. Indeed, CO oxidation has been the

favourite reaction for theoreticians so far.

The search for catalysts that can facilitate the implementation of

new industrial processes faces here an important challenge. In the

past, many of the interesting active molecules were obtained from

oil. These active molecules were small and had a functional group

at most. Examples are methanation, hydrogenation of alkynes

in alkene mixtures, and even the Fischer–Tropsch reaction.

Unfortunately, as these natural sources are being depleted fast,

we will need to change gears and start employing larger molecules

that present several functional groups. This poses many challenges

to the modelling of the reactions that occur, the most important of

which are: (i) the presence of multiple adsorption configurations

due to the functionalities, (ii) the inordinate amount of potential

parallel paths that need to be described with similar accuracy in

order to properly obtain the selectivity, and (iii) the liquid nature

of some of these compounds due to their high oxygen content.

Therefore, even the investigation of the adsorption for all relevant

configurations can become a challenge.110 Moreover, when

attempting microkinetic modelling a better assessment of the

number of positions occupied (i.e. improved definition of the

adsorption site) would be required just to account properly for

the larger size of the molecules.111 Two examples of how to

address this particular problem have been put forward by the

groups of Greeley and Vlachos.112,113 In the first case, the study of

glycerol decomposition on Pt(111) was estimated by an empirical

correlation scheme later redefined by DFT calculations coupled to

BEP analysis for the dehydrogenation and C–C bond scission.

Salciccioli and Vlachos proposed a parametrisation of the thermo-

chemical properties of C2HxO2 intermediates and transition states

for different bond breaking patters C–C, C–O, and O–H in the

form of a functional group approach.

Flexibility poses also an important problem when looking at

large molecules adsorbed on surfaces. In homogeneous catalysis,

extensive searches for the most stable conformation of the

catalysts, reactants, intermediates and products are performed

routinely. This is not the case of the simulation of large molecules

on surfaces. Just to give a small example, the rotation of a methyl

group can increase the Pauli repulsion by 0.3 eV with respect to

the same methyl adsorbed on the surface but with no direct

H-interaction on Ag.114

Solvent effects

Solvent effects can have a strong influence on the study of

catalysis115 due to a non-homogenous electric field that perturbs
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the electronic clouds of the solute and therefore its geometry,

changing its properties when compared to the gas-phase

species.116 Solvent effects have been mainly characterised in

homogeneous catalysis. Two main general approaches are

commonly used: classical ensemble treatments and quantum

mechanical continuum models.

The former include classical molecular dynamics simula-

tions,117–119 Monte-Carlo techniques,120 free energy perturba-

tion,121–123 and Langevin dipole moments.124 In many cases,

solvent is treated explicitly as a rigid system with vdW e/s
parameters and partial charges,125–127 and the interaction

between molecules is handled by pair-wise interactions

between atoms.128 These models give useful information about

solute–solvent interactions, and describe conformational

changes carefully. Their main drawback is the need for an

appropriate potential function, extrapolated from other data,

as well as the lack of a proper relaxation of the geometry and

the dipole moment during the simulation.

The latter approach has its roots in the Onsager reaction

field model.129 According to this, the solute is placed in a

cavity130 that can be for the whole molecule or a summation of

overlapping spheres centred on each atom (PCM)116 immersed

in a continuous medium with a dielectric constant e. A dipole

in the molecule will induce a reflection dipole in the solvent,

and this, in turn, (reaction) will interact with the molecular

dipole, leading to a net stabilisation. Given the structureless

nature of the solvent, this approach is best suited to describe

apolar systems or solvents where a specific interaction with

solute (such as H bonds) is missing. Unlike classical field

methods, no additional information concerning potential

functions and related parameters is needed. In PCM, the

surface potential is calculated by numerical differentiation,

and its interaction with the solvent can then be computed self-

consistently. This is equivalent to carrying out the dipole

expansion to infinite order, strongly improving the Onsager

model. Further developments are DPCM (dielectric),131

CPCM132 and IEFPCM.133–135

In heterogeneous catalysis, the focus has been on gas-phase

processes and thus the introduction of solvent effects is muchmore

recent. For instance in porous materials, like Metal–Organic

Frameworks, (mixed organic inorganic compounds proposed to

have tantalising properties, MOF) it has been possible to employ

Born–Oppenheimer Molecular Dynamics to assess explicitly the

role of water136,137 or even Car–Parrinello calculations on the

formation of the first aggregates for zeolite formation138

(vide infra). In such cases, the solvation energies of atoms

are taken properly into account for electrochemical purposes.139

Water dynamics in the Car–Parrinello approaches has also been

employed to study the relative stability of surfaces in semi-

conductors.140 On metals, the situation is far more complex as

first principle dynamics cannot be performed efficiently. In

general, explicit water structures in the submonolayer regimes

have been studied,141 and in some cases tridimensional ice layers

have been employed.142,143

Theoretical simulations have faced problems even in the

description of such layers as many minima with similar energies

exist and the proper evaluation of the dispersion contributions is

needed.48,141,144,145 Still, models based on systems with different

ice configurations filling the space between two metal slabs can

be employed and although the model is naı̈ve and quite rigid,

some important results have been obtained.146 Following

the reasoning in homogeneous catalysis, it would be worth

attempting a similar approach in heterogeneous systems

through the definition of cavities and continuous medium.

So far, few initiatives with very few results have been presented

in the literature in this direction.147

On the transformation of theoretical chemistry into an

information technology

As computational approaches can systematically investigate

different materials with a similar degree of accuracy it is

possible to generate structured information in the form of

databases. Over the last years the amount of information

gathered has been increasing exponentially and a development

is required to transform this Chemistry knowledge into a true

information technology. As a consequence, several groups

have started to consider the possibility of generating databases

that could be mined when a new particular problem arises. Of

course, several questions are open about how to structure

the information to make it useful and relevant. The main

challenges are: determining the main tags to be included and,

for open repositories, how to assess the quality of calculations

coming from different groups or subjects. However, the latter

problem is also common to other collaborative information

systems, and therefore it should be easier to solve.

As for the already existing databases, we would like to make

special mention of those created by the group of Prof. Ceder in

MIT which is devoted to the study of batteries,148 and that of

Prof. Nørskov’s dedicated to heterogeneous catalysis.149 A

more general discussion on the role of these databases is

presented by Prof. Lüthi and co. in ETH-Zürich.150 Finally,

the computational groups at ICIQ (Professors Bo’s, Maseras’,

and Lopez’) are currently developing a similar tool: SCIPIO.151

A snapshot of our web platform, which is compatible with

different kinds of software (VASP,152 ADF,153 and Gaussian,154)

is shown in Fig. 5.

From synthesis to structure

The hardest goal in the field is to actually evaluate preparation

methods that could eventually lead to the desired molecular

architectures known to be particularly active, selective, or

stable. Obviously, this is a multiscale problem where the

complexity in the number of different steps in the preparation

of a catalyst is a long-term challenge. For instance, surfactant

chemistry has generated a new route for the monodispersion of

gold-based catalysts. Still elimination of these surfactants

while keeping the chemical functionalities is still a challenge.155,156

The investigation of the role of surfactants in the final structures,

i.e. how they can introduce modifications in the typical Wulff

structures, is still in its infancy.

Other examples of potential contributions in the field regard

the synthesis of zeolites and the mesopore formation by water

or by hydroxides. Experimentally, lots of evidences have been

gathered concerning the position of different atoms in the

ordered lattices or how the overall porosity can be increased.157

However, important points still remain unclear. The remarkable

study of Van Santen and co. on the initial mechanisms in the
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polymerisation of siloxane groups to configure zeolites, represents

a true landmark in the way complex problems need to be

addressed.138 In this study, DFT calculations performed with

solvent are accompanied by a Kinetic Monte-Carlo approach

that extends the length- and time-scales of the study. Similar

studies on the thermal stability of MOF also require at least

the combination of Monte-Carlo simulations to assess the

configurational contributions, and first principle molecular

dynamics to obtain the true relevant parameters in the water

induced lattice disruption.136,137 The approaches above constitute

a new direction where simulations can be powerful, this is the

synthesis to structure challenge.

Towards a general theory of catalysis

The search for a new complete theory of catalysis has been

under discussion for decades/years. In 2006, Nature158 presented

a list of what chemists wanted to know and, taking the sentence

by Berthelot ‘‘Chemistry creates its object’’, it discussed the main

issues to be developed in the field. Indeed the first question

regarded the design of molecules/materials with specific proper-

ties and, therefore, chemistry was identified as ‘‘a science of

particulars’’ including that ‘‘it would be ludicrous to look for a

general theory of catalysis that applies to all enzymes, materials

surfaces and so on’’. The methods employed by theoreticians to

study all the potential materials are very similar in all cases and

thus the formulation of parallelisms is possible. The main

questions are still related to the ability to understand the typical

jargon used by scientists with different backgrounds: such as

engineering, physics, chemistry or organic chemistry.

Despite these critical assessments there have been several

attempts to prove that the answer is not so straightforward.

For instance, during the gold rush that started in 2000,159

several processes that were proved to take place on gold

nanoparticles were transferred to organometallic compounds

and conversely. In turn, ruthenium is known to generate

epoxides when prepared as organometallic and nanoclusters

(known as polyoxometalates, POM) but these properties are

not retrieved for ruthenium oxide. Experimental comparison

between the activity of organometallic and Ru surfaces for

polymerisation has also been put forward.160 Last but not

least, some sulphides that recall the structures present in the

enzymes turn to be active in the electrochemical conversion

of protons to hydrogen.161 Thus, the number of proofs is

important, but the degree of transferability of the chemical

properties from isolated to tridimensional structures is not

straightforward.

Analysing the similarities and differences in these materials

is possible by employing an equivalent level of theory to

enzymes, organometallic systems and surfaces. We have stu-

died a couple of these systems. For instance, the nature of gold

catalysis is based on different properties.162 The differential

adsorption of alkynes leads to selectivity, but organometallic

alkenes are more likely to be coordinated to gold cations. Thus

the similar chemistry, i.e. alkyne activation, has two different

origins either a thermodynamic (heterogeneous) or a kinetic

(homogeneous) one. As for the epoxidation of alkenes it occurs

selectively on many Ru based homogeneous catalysts163 and in

nanoclusters164 but the reaction is completely unselective for the

surface oxide.165 The reason for the selectivity is linked to the

tridimensional structure and the curvature. One of the early

stages of this reaction is given by the coordination of oxygen.

On RuO2, oxygen adsorbs dissociatively and the chemical

potential of oxygen is high enough to prevent the formation

of the intermediate. Curved surfaces as in POM compounds

result in site isolation as in the organometallic compounds,

thus also keeping the inability to split oxygen which improves

the selectivity.

4 Conclusions

In the present perspective we have reviewed in a critical way

the strengths and drawbacks of state-of-the-art theoretical

methods when used to describe heterogeneous catalysis. The

increasing capacity of computers and algorithms has opened a

new field with great opportunities but several bottlenecks for

the spread use of such integrated methods are still present. We

also consider that training of both experimentally- and theo-

retically-oriented scientists in the abilities and limits of the

present techniques will improve the synergies between both,

enhancing the progress in the near future. The increased value

that industries are giving to theoretical simulations is a clear

demonstration of the future role of these techniques.

As for the challenges that the theoretical simulations of

catalytic systems face, the integration of different computa-

tional methods and the ability to introduce larger molecules,

solvent effects and transfer the practical results coming from

several methods is a must. Finally, the creation of common

databases that condense the results gathered by several groups

and the identification of synthesis to structure rules would

certainly help to generate a more general theory of catalysis

get closer to application.
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Fig. 5 Snapshot of the SCIPIO storage and database tool developed

at ICIQ (www.scipio.iciq.es) showing MOF-5 results.
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