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Abstract

In the present Thesis a computational study that links extensive quantum-
mechanical calculations, based on density functional theory (DFT), to Wulff con-
structions in order to predict the environment-dependent equilibrium shape and
properties of large gold nanoparticles is presented.

We firstly present the methodology used to obtain the equilibrium shape, includ-
ing the main aspects of the density functional theory and the Wulff construction
method. We continue by presenting the code developed to construct any clean or
having a molecule adsorbed at a given site Au(hkl) surface. Then, we study the ad-
sorption of CO and the dissociative adsorption of dimethyl disulfide (CH3S-SCH3)
on every possible Au(hkl) with h, k, l ≤ 3 plus the kinked Au(421) and we dis-
cuss trends on adsorption energies, bond lengths and bond angles as the surface
structure changes.

We calculate the surface energy per unit area for clean surfaces and use it to-
gether with the Wulff construction method to predict the equilibrium shape of
clean gold nanoparticles with diameters up to several tenths of a nanometer, in-
accessible by direct atomistic simulations. We also present the codes developed to
construct atomistic models of nanoparticles using the Wulff construction method
and analyse the geometrical features of them. We point out a surprising agree-
ment between Wulff construction, experiments, and atomistic simulations at small
sizes. Au nanoparticles smaller than 16.3 nm in diameter have truncated octahe-
dral shape, exposing only (111) and (100) faces. Larger nanoparticles also expose
higher-index faces, mostly (332).

Then we use the surface energies per unit area and the results for the adsorption
energy to obtain the interface energy per unit area between Au and CO or Au
and thiolates (CH3S-) at low pressure and temperature. These results are then
used to obtain the equilibrium shape of CO- or thiolate-covered Au nanoparticles.
In agreement with experimental data, Au nanoparticles in CO are found to be
more spherical and more reactive compared to Au nanoparticles in noninteracting
environments. Gold nanoparticles change their shape upon adsorption of thiolates
towards shapes of higher sphericity and higher concentration of step-edge atoms.

Finally, we check the stability of these nanoparticles through Molecular Dynam-
ics simulations and we present a theoretical method providing shape-dependent
spectroscopic properties of gold nanoparticles.





Περίληψη

Στην παρούσα Διδακτορική Διατριβή παρουσιάζεται μια υπολογιστική μελέτη που

συνδυάζει εκτενείς υπολογισμούς κβαντικής μηχανικής βασισμένους στην Θεωρία του

Συναρτησιακού της Πυκνότητας [Density Functional Theory (DFT)], με την κατα-
σκευή Wulff, προκειμένου να προβλέψει την εξάρτηση του σχήματος ισορροπίας και
των ιδιοτήτων μεγάλων νανοσωματιδίων χρυσού από το περιβάλλον τους.

Αρχικά παρουσιάζουμε την μεθοδολογία που χρησιμοποιήθηκε για να βρεθεί το

σχήμα ισορροπίας, συμπεριλαμβανομένων των κύριων πτυχών της Θεωρία του Συναρ-

τησιακού της Πυκνότητας και της μεθόδου κατασκευής Wulff. Συνεχίζουμε παρου-
σιάζοντας τον κώδικα που αναπτύχθηκε για την κατασκευή οποιασδήποτε καθαρής ή

με κάποιο μόριο προσροφημένο σε δεδομένη θέση Au(hkl) επιφάνειας. Στην συνέχεια,
μελετάμε την προσρόφηση μονοξειδίου του άνθρακα και την διασπαστική προσρόφηση

του διμέθυλου δισουλφιδίου (CH3S-SCH3) για κάθε πιθανή Au(hkl) με h, k, l ≤ 3
συν την Au(421) και συζητάμε τάσεις στις ενέργειες προσρόφησης, στα μήκη και τις
γωνίες των δεσμών με την αλλαγή στην επιφανειακή δομή.

Υπολογίζουμε την επιφανειακή ενέργεια ανά μονάδα επιφάνειας για καθαρές επι-

φάνειες και την χρησιμοποιούμε μαζί με την μέθοδο κατασκευήςWulff για να προβλέ-
ψουμε το σχήμα ισορροπίας καθαρών νανοσωματιδίων χρυσού με διάμετρο έως μερικές

δεκάδες νανόμετρα, απρόσιτα με απευθείας ατομιστικές προσομοιώσεις. Επίσης παρου-

σιάζουμε τους κώδικες που αναπτύχθηκαν για την κατασκευή ατομιστικών μοντέλων

των νανοσωματιδίων χρησιμοποιώντας την μέθοδο κατασκευής Wulff και για την α-
νάλυση των γεωμετρικών χαρακτηριστικών των νανοσωματιδίων. Επισημαίνουμε την

απροσδόκητη συμφωνία μεταξύ της κατασκευής Wulff, πειραμάτων και ατομιστικών
προσομοιώσεων σε μικρές διαστάσεις. Νανοσωματίδια χρυσού με διάμετρο μικρότερη

των 16.3 nm έχουν σχήμα κολοβού οκταέδρου, αποτελούμενο μόνο από (111) και

(100) επιφάνειες. Μεγαλύτερα νανοσωματίδια εμφανίζουν επιφάνειες με μεγαλύτερους

δείκτες, κυρίως την (332).

Στην συνέχεια χρησιμοποιούμε τις επιφανειακές ενέργειες ανά μονάδα επιφάνειας

και τα αποτελέσματα για την ενέργεια προσρόφησης για να βρούμε την διεπιφανεια-

κή ενέργεια ανά μονάδα επιφάνειας μεταξύ Au και CO ή Au και θειολικών ενώσεων
(CH3S-) σε χαμηλή πίεση και θερμοκρασία. Τα αποτελέσματα αυτά χρησιμοποιούν-
ται μετά για να βρούμε το σχήμα ισορροπίας νανοσωματιδίων χρυσού σε περιβάλλον

CO και CH3S. Σε συμφωνία με πειραματικά δεδομένα, τα νανοσωματίδια χρυσού σε
περιβάλλον μονοξειδίου του άνθρακα βρέθηκαν να είναι πιο σφαιρικά και περισσότε-

ρο ενεργά σε σύγκριση με αυτά σε μη αλληλεπιδρών περιβάλλον. Τα νανοσωματίδια

χρυσού αλλάζουν το σχήμα τους κατά την προσρόφηση θειολικών ενώσεων προς πε-

ρισσότερο σφαιρικά σχήματα με μεγαλύτερη συγκέντρωση σε άτομα σε ακμές.

Τέλος, ελέγχουμε την σταθερότητα των νανοσωματιδίων μέσω προσομοιώσεων

Μοριακής Δυναμικής και παρουσιάζουμε μια θεωρητική μελέτη που παρέχει φασματο-

σκοπικές ιδιότητες εξαρτώμενες από το σχήμα των νανοσωματιδίων χρυσού.
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Chapter 1

Introduction

In this chapter we present the motivation and the methodology applied to investigate
the environment-dependent shape and properties of gold nanoparticles. We discuss
briefly the literature in the field of gold nanoparticles and point out the contribution
of this thesis in its scientific field.

Understanding the nature of interactions between metals and soft or hard con-
densed matter systems is a crucial step in the design of new nanocomposite materi-
als. In particular, understanding the factors that affect the shape and size of metal
nanoparticles during growth might trigger a new generation of experiments based
on the controlled synthesis of nanoparticle-based materials for various applications,
including ultra hard coatings, catalysts of high selectivity, fine-tuned optoelectronic
devices or smart materials for drug delivery and other biomedical applications.

Bulk gold is the noblest of all metals [1], as demonstrated by delicate gold jewels
manufactured several millennia ago which are found intact in excavations. On the
other hand, catalysts that include oxide-supported gold nanoparticles were found
to efficiently oxidize CO at room temperature [2, 3, 4]; Au is by far the best such
catalyst [5]. Among the key factors that determine the efficiency of Au catalysts is
the shape of Au nanoparticles, in particular the 5- and 6-fold coordinated atoms at
its corners [6, 7, 8].

The shape of Au nanoparticles has a key role in every aspect of their function-
ality, from sensing [9] and biolabeling applications [10] to plasmonics [11] and pho-
tonics [12]. In optoelectronics, quantum leaps between electronic states transform
light into electricity and vice versa. The probability of such a transition depends
on the density of states and the dipole matrix elements according to Fermi’s golden
rule. For a given size, both wavefunctions and energies depend critically on the
nanoparticle shape. For example, the lowest excitation energy for a cubic nanopar-
ticle of edge a, ∆E = 3π2 ~2

2ma2
, is 10% higher than that of a spherical nanoparticle

of the same volume and of radius r, ∆E = (4π
3

)2/3(χ2
11 − χ2

10)
~2

2ma2
, where χ11, χ10

are the first two roots of the spherical Bessel function j1(x).



2 Introduction

Gold nanoparticles are often found in their equilibrium shape. This is the shape
that minimizes the free Gibbs energy:

G = Gbulk +
∑
hkl

γhklAhkl, (1.1)

where, Gbulk is the free energy of the bulk material, γhkl is the surface tension, i.e.
the energy required to create a surface of unit area that is parallel to the (hkl) plane
of the crystal and is the analog of the surface tension of liquids. Here, for reasons
of simplicity, we will use the term surface tension as a synonym for surface energy
per unit area. Ahkl is the total area of faces parallel to (hkl) plane of the crystal.
Under thermodynamic equilibrium, a given quantity of matter, will attain a shape
that minimizes the total surface energy of the system, since Gbulk is constant,∑

hkl

Ahklγhkl. (1.2)

Thus the shape is a polyhedron enclosed by faces of various (hkl) crystal orientations
such that the total surface energy, is minimum.

In order to predict equilibrium shape, one needs calculations of surface tensions
for many different (hkl). Several such calculations exist in the literature for Au,
some based on empirical potentials [13] others limited to Miller indexes of 0 and 1
[14, 15], and still others using quantum-mechanics for low-index faces and empirical
models for higher indexes [16]. An accurate and systematic calculation of all high-
index Au surfaces is lacking.

Considering a reactive environment, the shape of a nanoparticle can be found by
means of a Wulff construction based on interface tensions, γinthkl, between Au and its
environment instead of surface tensions, γhkl. It turns out that the two are related
by the simple formula

γinthkl = γhkl + θ
Eads
Aat

, (1.3)

where θ = Nads/Nsurface is the coverage (number of adsorbates, Nads, over number of
surface atoms, Nsurface), Aat = A/Nsurface is total surface area, A, over total number
of surface atoms, Nsurface, and Eads the adsorption energy. Equation (1.3) includes
implicitly the effects of adsorbate-adsorbate interactions, as both the adsorption
energy and the equilibrium coverage depend on such interactions.

For a typical system (θ = 0.1, Eads = -0.5 eV), the second term in Eq. (1.3) is
about 0.1 J/m2, or 10% of γhkl. Change in ratios between various γhkl will be of the
order of 1%, resulting in very small change in the equilibrium shape. This explains
the similarity of nanoparticle shapes observed in a wide variety of environments:
our simulations nicely match experimental observations, not only for Au clusters
[17] but also Au particles on C nanotubes [18, 19], on TiO2 [20] and on CeO2 [4]. On
the other hand, shape can change dramatically for very small nanoparticles where
bonding on faces might be very different from bonding on a large surface [21, 22] or
when small molecules with high adsorption energy, such as CO and thiolates, are
adsorbed.
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Nanoparticle shape is often found to change upon exposure to some reactive
environment. For Au nanoparticles, changes to shapes of higher sphericity upon
exposure to CO have been observed both experimentally [23] and theoretically [24].
The interface tension of a metal in equilibrium with a gas is found to depend on the
surface tension, the adsorption energy and the coverage of adsorbates Eq. (1.3). In
order to predict the equilibrium shape in an interacting environment using the Wulff
construction method, it is necessary to have a systematic calculation of adsorption
energies for all relevant (hkl) surfaces.

Here we are going to consider CO and thiolates as two reactive environments in
order to investigate the environment-dependent shape of gold nanoparticles.

During the past two decades, the formation and structure of self-assembled
monolayers (SAMs) of alkanethiol molecules adsorbed at noble materials surfaces
has attracted great interest [25]. Especially gold nanoparticles have been used in a
variety of applications in biology, catalysis, and nanotechnology [26]. The interface
between alkanethiols and gold is therefore a subject of great importance for both
basic and applied research. The fundamental question is of course the type and
strength of the Au-S bonds at this interface.

There are many theoretical density functional theory (DFT) studies on the ad-
sorption of alkanethiols on Au(111). The majority of them investigates the adsorp-
tion energy of CH3S- radical on Au(111) [27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. Var-
ious groups have studied the dissociative adsorption of dimethyl disulfide (DMDS)
on Au(111), both theoretically [27, 35] and experimentally [37, 38, 39]. In partic-
ular, Nuzzo et al. [37] suggested, after employing a large variety of experimental
methods including X-ray photoelectron spectroscopy (XPS), Auger electron spec-
troscopy (AES), high-resolution electron energy loss spectroscopy (HREELS), and
thermal desorption spectroscopy (TDS), that the breaking of the (weak) S-S bond
of DMDS leads to the formation of two methanethiolate-surface bonds on Au(111)
at low coverage. This cleavage is known to take place even at room temperature
[39]. The adsorption of a CH3S- radical has also been studied on Au(100) and
Au(110) surfaces by Masens et al. [33] who found that the adsorption energy of
CH3S- on Au(110) is lower by 0.13 eV than that on (100) and by about 0.43 eV
than that of (111). Despite the large number of theoretical studies the nature of a
binding site is an open issue. In addition, a systematic study of the adsorption of a
CH3S- radical and the dissociative adsorption of DMDS on high index gold surfaces
is lacking.

The interaction between alkanethiols and gold has also been studied through
several theoretical works on thiolate-protected gold clusters, either using DFT sim-
ulations [21, 40, 41, 42] or molecular dynamics simulations [43] to explore the struc-
ture and electronic properties of such clusters. In these studies, it was found that
the structure and electronic properties of the gold core of ligand-capped gold nan-
oclusters depend on the chemical nature of the ligand. These studies are limited to
clusters that generally contain at most a few hundred Au atoms. Here, we use Wulff
construction coupled to first-principles calculations of surface tensions, in order to
study large nanoparticles inaccessible by atomistic simulations.

The Wulff construction has been used to predict equilibrium shapes in a variety
of systems. Wulff polyhedra are often employed in observations and models for
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nanomaterials including Cu catalysts [44, 45], or semiconductors [46]. In the past
decade, Wulff shapes employing surface tensions from first-principles calculations
were used for the successful prediction of the shape of nanoparticles, including
interactions with their environment [15, 47, 48, 49, 50, 51, 52]. In the context of
ammonia-synthesis catalysis, an ab initio determination of a nanoparticle shape
was used as a first step in the creation of a virtual nano-catalyst [53, 54, 55]. In
that work, the Wulff polyhedron was filled with atoms in order to create a realistic
nanoparticle. The advantage of this method was that it allowed for detailed analysis
of the atomic positions, making it possible to calculate structural quantities such
as the number of active sites. This virtual nano-catalyst was used in other similar
reactions, such as ammonia decomposition [55]. Here, we expand this methodology
by including all possible (hkl) orientations. Moreover, we take into account changes
in shape that may be induced by interactions between the nanoparticle and its
environment. We apply our method to supported gold nanoparticles, a system of
high technological importance.

In order to investigate the spectroscopic properties of the constructed shapes
we need the electronic states into the Wulff shapes of nanoparticles. Electronic
structure of nanoparticles lies in the core of most aspects of modern materials
science and engineering. In optoelectronics, the performance of light-emitting and
light-harvesting devices is determined by the density of energy levels in the quantum
wells/wires/dots they include. In paint industry, the colour and reflectance of a
given colloidal suspension can be theoretically predicted by means of the energy
levels of each individual nanoparticle. In photovoltaics, photo-sensitive materials
include nanoparticles tuned so that the peak of their absorption coefficient is close
to the maximum of the solar spectrum. This work aims to link light absorption
spectra to the shape of nanoparticles. More importantly, we would like to guide
materials design towards the fabrication of specific nanoparticle shapes so that they
will have desired optical properties.

This thesis is organised as follows: In Chapter 2, we briefly present the theoret-
ical background an the software used to investigate the properties of gold surfaces.
In Chapter 3, we present the code developed to construct any Au(hkl) surface,
clean or covered with CO or CH3S molecules. We discuss the adsorption of CO
and the dissociative adsorption of dimethyl disulphide (CH3S-SCH3) on Au(hkl)
surfaces with Miller indexes up to 3 and the kinked Au(421) (only for CH3S-SCH3)
at low-coverage, presenting the energies of several adsorptions sites for each surface.
In Chapter 4, a systematic calculation of the surface tension for every Au(hkl) with
Miller indexes up to 4 is presented. We then use the adsorption energies as they cal-
culated in Chapter 3 and calculate the interface tension for CO- or CH3S-covered
Au(hkl) surfaces. In Chapter 5, we briefly review Wulff’s theory regarding the
equilibrium shape and present the atomistic Wulff construction code developed to
implement Wulff’s theorem. We use this code together with the surface tensions
from Chapter 4 to create atomistic models of clean and CO- or CH3S-covered Au
nanoparticles of sizes up to 100 nm. The code developed to analyse the atomistic
models is also presented. We then discuss the effects of reactive environment of
CO and dimethyl disulfide gas to the shape of gold nanoparticles as a function of
its size and analyse their structural properties, such as the concentration of active
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sites. The stability of these nanoparticles is checked performing Molecular Dy-
namics (MD) simulations in section 5.6. Finally, in Chapter 6, the spectroscopic
properties of the nanoparticles constructed in Chapter 5 are presented. We also
describe the code developed to solve the Schrödinger equation for a free electron in
a nanoparticle and present results for eigenvalues and figures of eigenfunctions for
spherical and faceted nanoparticles.





Chapter 2

Theoretical background and
methodology

In this chapter we briefly summarize the approximations leading to the Kohn-Sham
equations of Density-Functional Theory. We discuss the Wulff construction method,
and its implementation in the present thesis. Finally, we present the software used
in this thesis.

2.1 The many-body problem

One of the most common problems in Computational Materials Science is to solve
the many body Schrödinger equation for a given system of M interacting atoms.
For such a system, the non-relativistic Hamiltonian, in terms of M ions and N = Z
× M electrons (Z is the atomic number) is defined as:

H = TI + Te + VI,I + Ve,e + VI,e + Vext, (2.1)

where:

TI + Te =
M∑
n=1

P 2
n

2Mn

+
N∑
i=1

P 2
i

2me

, (2.2)

are the kinetic energies of ions, TI , and electrons, Te, with Mn the mass of ion n
and me the mass of an electron.

VI,I + Ve,e + VI,e =
1

2

M∑
n,n′=1
n6=n′

ZnZn′e
2

| ~Rn − ~Rn′|
+

1

2

N∑
i,j=1
i 6=j

e2

|~ri − ~rj|
−

M∑
n=1

N∑
i=1

Zne
2

|~ri − ~Rn|
, (2.3)

are the potential energies. VI,I represents the Coulomb repulsion between the ions,
Ve,e the Coulomb repulsion between the electrons and VI,e the attraction between
ions and electrons. Vext contains any external potential energy.
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Each wave function of this system depends on the ions and electrons positions
~Rn and ~ri, respectively and can be written as:

ψn(~r1, ~r2, . . . , ~rN , ~R1, ~R2, . . . , ~RM). (2.4)

Thus the stationary Schrödinger equation is written as:

Hψn(~r1, ~r2, . . . , ~rN , ~R1, ~R2, . . . , ~RM) = Enψn(~r1, ~r2, . . . , ~rN , ~R1, ~R2, . . . , ~RM), (2.5)

where En is the nth eigenvalue and ψn(~r1, ~r2, . . . , ~rN , ~R1, ~R2, . . . , ~RM) the nth eigen-
function of the system. The ground state of the system is the one with the minimum
eigenvalue.

For such a complicated Hamiltonian it is impossible to solve directly the sta-
tionary Schrödinger equation, on even the largest and fastest computer available, if
the number of electrons and ions is larger than a few. Therefore, it is impossible to
be solved for solids, where M + N ∼ 1023 and thus important approximations must
be made.

One has to be very careful when choosing the software that applies the approx-
imation method. This is due to the accuracy and the computational efficiency of
the method for a given system. The better the accuracy, the less the efficiency, the
smallest the system that can be simulated and vice versa. Here, we are going to
use the Density Functional Theory (DFT). Before the description of the basic idea
and formalism of DFT, we are going to present the approximations that simplify
the many-body problem to an one electron problem.

2.2 From many-body to one electron Hamilto-

nian

Firstly, one can separate the degrees of freedom connected with the motions of the
nuclei from those of the electrons, based on the fact that the nuclei move much more
slowly than the electrons, i.e. the nuclei are much heavier than the electrons (the
mass of a proton is approximately 1835 times larger than the electron one). This
approximation is known as the Born-Oppenheimer [56] or adiabatic approximation.
In this approximation, the nuclei can be assumed as fixed in their positions and that
the electrons are moving in the presence of an “external” field, Vext(~ri), generated
by the configuration of the nuclei. In this approximation the Hamiltonian is written
as:

H =
N∑
i=1

P 2
i

2me

+
1

2

N∑
i,j=1
i 6=j

e2

|~ri − ~rj|
+

N∑
i=1

Vext(~ri), (2.6)

and the total energy is obtained after the addition of the electrostatic energy of the
nuclei.

Even this simplified form of the Hamiltonian is too difficult to be solved, due
to the second term, that contains the interactions between the electrons. There are
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several approaches that reduce the many-electron problem to an uncoupled problem
in which the interaction of one electron with the remaining ones is incorporated in
an average way into a potential felt by the electron. The resulting independent-
particle Hamiltonian, HIP , has the form:

HIP =
N∑
i=1

[ P 2
i

2me

+ V (~ri)
]
, (2.7)

where V (~ri) is a complicated potential, depending on the positions ~Rn of the nuclei
and the wave function ψ the Hamiltonian acting on. How to approach this problem
is demonstrated in Density Functional Theory.

2.3 Density Functional Theory

Density Functional Theory (DFT), results from the work of Hohenberg, Kohn and
Sham, who showed that any property of a system of many interacting particles can
be uniquely determined by its ground state density n0(~r) [57, 58]. DFT is a self-
consistent method and became very popular for electronic structure calculations
in solid state physics and quantum chemistry in the 1990’s. This popularity rises
from the fact that it balances perfectly between the accuracy and computational
efficiency. DFT is not an approximation method of the many-body problem. Prof.
K. Burke writes in his book, “The ABC of DFT” [59], characteristically: “But
DFT is not just another way of solving the Schrödinger equation. Nor is it simply
a method of parametrizing empirical results. Density functional theory is a com-
pletely different, formally rigorous, way of approaching any interacting problem,
by mapping it exactly to a much easier-to-solve non-interacting problem.” In this
way, the real interacting system is replaced by an auxiliary one-electron system in
an effective potential. It can be said that DFT developed in two steps. Firstly, in
1964, Hohenberg and Kohn [57] proposed two theorems that link all the properties
of a system with the ground state electron density and then, in 1965, Kohn and
Sham [58] the approach to replace the original many-body problem by an auxiliary
independent particle problem.

One can find extensive descriptions of the method in many books [59, 60, 61].
Here we present briefly the main aspects of DFT.

2.3.1 The Hohenberg-Kohn Theorems

DFT is based on two theorems. The first one links the Vext(~r), associated with the
attractive Coulomb potential between the electrons and the ions of the system, with
the ground state electron density, n0(~r), and the second one, the electron density,
n(~r), with the exact ground state density.

Theorem I: The external potential, Vext(~r), is a unique functional of the ground
state particle density, n0(~r), apart from a trivial additive constant.
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Theorem II: The electron density, n(~r), that minimizes the energy functional,
E[n], in terms of the density n(~r), is the exact ground state density, n0(~r).

According to these two theorems, all properties such as the total energy, etc.,
are uniquely determined if n(~r) is specified and then, each such property can be
viewed as a functional of n(~r). Thus, the total energy functional in Hohenberg-Kohn
formalism, EHK , can be defined as:

EHK [n] = Tint[n] + Vint[n] +

∫
d3rVext(~r)n(~r) + EI,I

≡ FHK [n] +

∫
d3rVext(~r)n(~r) + EI,I , (2.8)

where, FHK [n] functional, includes all the internal energies, kinetic, Tint[n], and
potential, Vint[n], of the interacting electron system. EI,I is the interaction energy
of the nuclei.

2.3.2 The Kohn-Sham Approach

The Kohn-Sham approach is to replace the difficult interacting many-body system
with an auxiliary system that can be solved more easily. Thus they assumed that
the ground state density of the original interacting system is equal to that of some
chosen non-interacting system. This means that the non-interacting system can be
described by independent-particle equations and all the difficult many-body terms
may be incorporated into an exchange-correlation functional of the density. Here,
we present the Kohn-Sham equations without considering the spin dependence in
the wave-functions. The equations for spin dependent wave-functions, can be found
in Ref. [61]. In principle, solution of the independent-particle Kohn-Sham problem
determines all properties of the full many-body system.

The auxiliary independent-particle system is described by the auxiliary Hamil-
tonian, Haux, which is similar to the independent-particle Hamiltonian Eq. (2.7),
and can be separated in terms of kinetic and potential energy.

Haux =
P 2

2me

+ Veff (~r), (2.9)

where the first term is the kinetic energy and the second an effective potential which
contains all interacting terms and we are going to discuss it later.

The density of the auxiliary system of N-independent electrons is given by:

n(~r) =
N∑
i=1

|ψ(~ri)|2. (2.10)

The ground state energy on the Kohn-Sham approach, EKS[n], is expressed as a
functional of the electron density:

EKS[n] = T [n] +

∫
Vext(~r)n(~r)d~r + EHartree[n] + EI,I + Exc[n], (2.11)
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where, the independent-particle kinetic energy is defined as:

T [n] =
N∑
i=1

〈ψi|
P 2

2me

|ψi〉. (2.12)

Vext(~r) is the external potential due to the nuclei and any other external field,

EHartree[n] =
1

2

∫
d3rd3r′

n(~r)n(~r′)

|~r − ~r′|
, (2.13)

is the Coulomb interaction energy of the electron density n(~r) interacting with itself,
EI,I is the interaction between the nuclei and finally, Exc[n] contains all many-body
effects of exchange-correlation.

Comparing the Hohenberg-Kohn, Eq. (2.8) and Kohn-Sham, Eq. (2.11) for the
total energy, shows that Exc[n] can be written as:

Exc[n] = Tint[n]− T [n] + Vint[n]− EHartree[n]. (2.14)

This equation shows explicitly that Exc[n] is just the difference of the kinetic and
internal interaction energies of the true interacting many-body system from those
of the auxiliary independent-particle system with electron-electron interactions re-
placed by the Hartree energy.

If this universal functional Exc[n] was known, then the exact ground state energy
of the many-body electron problem could be found by solving the Kohn-Sham
equations for independent particles. The accuracy of DFT calculations is dependent
on the density functional employed. In the following section we present the two main
approximations for the exchange and correlation functional.

2.3.3 Exchange and correlation functional

Since the independent-particle kinetic energy and long range Hartree interactions
are separated from the exchange and correlation functional, the last one can be
reasonable approximated as a local or near local functional of the density.

The simplest approximation for the exchange and correlation functional is to
assume that the density is the same as in a homogeneous electron gas. This ap-
proximation is known as the Local Density Approximation (LDA) and was
introduced by Kohn and Sham [58]. In this approximation, the exchange and corre-
lation functional is written as an integral of the electron density times the exchange
correlation energy per particle of a homogeneous electron gas at density n, εhomxc [n]:

ELDA
xc [n] =

∫
n(~r)εhomxc (n)d~r. (2.15)

LDA is exact for a homogeneous electron density, so it works well for systems in
which the electron density does not vary too rapidly, such as solids. εhomxc [n], was
accurately calculated by Quantum Monte Carlo calculations [62].
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The other approximation for exchange and correlation functional uses also the
gradient of the electron density and thus is called Generalized Gradient Ap-
proximation (GGA). Now, εxc is not just a function of the density n, but also
of the gradient of n, |∇n|. Thus:

EGGA
xc [n] =

∫
n(~r)εxc(n, |∇n|)d~r. (2.16)

The most popular GGA exchange correlation functionals are: the Perdew and Wang
91 (PW91) [63], Perdew, Burke and Ernzerhof (PBE) [64] and Hammer, Hansen
and Norskøv revised-PBE (RPBE) [65]. In this thesis, (PW91) was used when clean
surfaces were simulated and (RPBE) was used for covered surfaces.

Nowadays, numerous exchange correlation functionals are available. There are
also new approaches resulting to Hybrid and Meta-GGA functionals. Hybrid func-
tionals incorporate exact exchange from Hartree-Fock theory with exchange and
correlation ab initio or empirical sources [66]. One of the most commonly used
Hybrid functional is the Becke, 3-parameter, Lee-Yang-Parr (B3LYP). Meta-GGA
functionals, use the electron density, its gradient, and the Kohn-Sham orbital ki-
netic energy density [67]. A complete list of them can be found in the following url:
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc.

2.4 Bloch’s Theorem

A very useful theorem that applies in solid state physics, is the Bloch theorem.
Bloch’s theorem is based on the fact that crystal structures, such as solids, are
periodic structures. This means that they can be described by a periodically re-
peated cell, which is represented by a set of primitive vectors (~a1, ~a2, ~a3), through
any vector:

~R = n1 ~a1 + n2 ~a2 + n3 ~a3, (2.17)

where, n1, n2 and n3 are negative or positive integer numbers. For such systems,
the potential due to the ions U(~r), has the periodicity of the underlying lattice; i.e.,

U(~r + ~R) = U(~r), (2.18)

for all lattice vectors ~R. Therefore each eigenstate of the one electron Hamiltonian
with a periodic potential, in the form of Eq. (2.18), can be chosen to be associated

with each ψ, in the primitive unit cell, with a wave vector ~k such that:

ψ(~r + ~R) = eı
~k·~Rψ(~r). (2.19)

This allows as to investigate the properties of a periodic system studying only the
primitive unit cell, leading in a huge simplification of the calculations in periodic
systems.
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2.5 Effective Medium Theory

The Effective Medium Theory, (EMT), [68, 69] is based on the idea to calculate the
energy of an atom in an arbitrary environment by first calculating it in some prop-
erly chosen reference system, the effective medium, and then estimate the energy
difference between the real system and the reference system. EMT approximation
will be described in detail in section 5.6.

2.6 The software

In this thesis, DFT was implemented through DACAPO and GPAW packages,
and EMT through ASAP package. All of them, are PYTHON based open source
software packages and use the Atomic Simulation Environment (ASE) that pro-
vides modules for manipulating atoms, visualization, etc. All were developed at
the Center for Atomic-scale Materials Design, CAMd, at Technical University of
Denmark (https://wiki.fysik.dtu.dk/). Contributions to these open source pack-
ages come from users all around the globe. Most recently, the GPAW package has
been greatly extended thanks to programmers from the Finnish Center for Scien-
tific Computer (CSC). Here the main points of the packages used in this thesis are
presented.

2.6.1 DACAPO

DA CAPO, which in latin means “from the beginning”, performs self-consistent
calculations using a plane wave basis for the valence electronic states and describes
the core-electron interactions with Vanderbilt ultrasoft pseudo-potentials [70]. In
order to set up a calculation one has to optimize a few parameters such as the cut-off
energy for the wave vector with the maximum kinetic energy for the wavefunctions
and the density. The number of the ~k-points for the Brillouin zone must also be
optimized. DACAPO performs only calculations with periodic boundary conditions
in all three dimensions. More details can be found at the following url: https:

//wiki.fysik.dtu.dk/dacapo.

2.6.2 GPAW

Grid-based Projector-Augmented Wave method [71], uses a projector-augmented
wave (PAW) method [72, 73] to describe core electrons and a real space grid to
describe electron densities and wave functions. The pseudo wave functions don’t
need to be normalized - this is important for the efficiency of calculations. A
further advantage of the PAW method is that it is an all-electron method (frozen
core approximation) and there is a one to one transformation between the pseudo
and all-electron quantities. GPAW performs simulations both with periodic or open
boundary conditions. The main parameter is the grid spacing and the number of
the ~k-points for the Brillouin zone. More details can be found at the following url:
https://wiki.fysik.dtu.dk/gpaw.
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2.6.3 ASAP

As Soon As Possible, uses a classical potential, the Effective Medium Theory [68,
69], to calculate the energies. This is an approximation that only works for some
elements (Ni, Cu, Pd, Ag, Pt, Au, Mg), but then it gives reasonably accurate results
very quickly. With ASAP one can do molecular dynamics for tens of millions of
atoms on a parallel computer. More details can be found at the following url:
https://wiki.fysik.dtu.dk/asap.



Chapter 3

Surfaces

In this chapter, we present the code developed to construct any Au(hkl) surface
clean or covered with an adsorbate. We then perform density functional theory
(DFT) simulations to calculate the total energy of both clean and CO- or CH3S-
covered Au(hkl) surfaces. Finally, we discuss trends on adsorption energies and
the general features of CO- and thiolate-covered Au surfaces.

3.1 The code

In this section, we present the code developed to construct a slab of a given (hkl)
surface. A slab is a thick piece of material consisting of a few layers of atoms. In
Fig. 3.1 a seven-layered Au(111) slab and its periodic image are shown.

Slab

Periodic
image

vacuum

↑

↓

↓

↑

thickness

Figure 3.1: A seven-layered Au(111) slab and its periodic image.
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To construct such a slab, one has to calculate three vectors. Two of them define
the unit cell of the (hkl) surface and the third one connects two consecutive layers
of atoms of it.

The code mimics the human process used to calculate the vectors for each one
of the three planar surfaces: (100), (110) and (111). In that process, a few pieces of
model kits for an fcc crystal structure (the crystal structure of Au) were used to build
a piece of bulk material. This piece was then rotated in such a way that the wanted
(hkl) surface be parallel to the xy plane, or in other words, the perpendicular vector
defining the wanted (hkl) surface to be parallel to the ẑ axis. After this rotation, the
atoms (model kits) that were above the xy plane were removed and the remaining
atoms had the wanted orientation. In particular, the atoms on xy plane were the
atoms of the first layer of the (hkl) surface. Using Cartesian positions of these
atoms, we find the two vectors (~a1 and ~a2) describing unit cells. Our program finds
both the minimum-area unit cell and the minimum-area orthogonal unit cell. In
case the initial cell was not a primitive one, a set of basis vectors was also defined.
The third vector (~a3) was one of the vectors connecting two consecutive layers.
With these three vectors known (a set of basis vectors when needed) and a given
number of layers we define the unit cell which, periodically repeated, constructs an
infinite slab of atoms. An illustration of a primitive and an orthogonal unit cell
with a basis vector of Au(111) are shown in Fig. 3.2.

a1 a1

a2
a2 r0

Figure 3.2: Two typical unit cells of Au(111) surface. The primitive cell (magenta)
and an orthogonal cell (green) with a basis vector (blue) are presented.

Using this code, we firstly decide if the unit cell is going to be orthogonal or not
and then we perform a co-called “dry-run” of the code. This run returns all the
possible unit cells for the given (hkl) surface, without performing the total energy
calculation of the structure. Then we choose the wanted unit cell according to its
area and perform the total energy calculation.

The code is also able to append a given molecule in a given adsorption site.
The adsorption site can be defined either through the common used names of the
adsorption sites (ontop, bridge and hollow) or by the number of the atoms of the
slab that the adsorbate is going to be bonded. For more complicated adsorbates,
such as CH3S, the user has the ability to define the adsorption site for the sulfur
atom, the direction for the methyl part and the orientation of the hydrogen atoms
of the methyl above the surface.
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The code described above was used to construct the clean Au(hkl) surfaces with
h, k, l ≤ 4 and the CO- or SCH3-covered Au(hkl) surfaces with h, k, l ≤ 3 plus the
kinked SCH3-Au(421) one.

The fcc surfaces, such as the surfaces of gold, can be grouped into three cate-
gories: planar [(100), (110) and (111)], stepped [(210), (211), (221), (310), (311),
(320), (322), (331), (332), (410), (411), (430), (432), (433), (441) and (443)] and
kinked [(321), (421) and (431)] surfaces (stepped surfaces with non-regular step).
The stepped surfaces can be further divided into subgroups according to the mi-
crofacet notation, depending on the type of the terraces and step edges. In the
following we are going to present the microfacet notation of the fcc surfaces.

3.2 The microfacet notation

The evolution of the microscopes, gave the opportunity to the experimentalists
to image individual surface atoms. From such images, it was found that surfaces
consist of a mixture of flat regions (called terraces) and defects (steps, kinks and
point defects). Surfaces with Miller indices higher than one are not flat on an atomic
scale but consist of narrow, low-index planes (terraces) separated usually by one
atom high steps as shown in Fig. 3.3. For such structures, it is more convenient
to use a so-called “microfacet notation” [74]. In this notation, a stepped surface of
n-atom wide (hkl) terrace separated by (h′k′l′) step is denoted by n(hkl)×(h′k′l′)
[75].

terrace
step

step edge

atoms

step bottom

atoms

Figure 3.3: The regions described as terrace and step of a stepped surface. The
step edge and step bottom atoms are also shown.

In fact, all crystal planes may be described by various combinations of the
three low-index planes. This idea is illustrated in Fig. 3.4, where the stereographic
triangle of an fcc system is drawn [75]. The stereographic triangle can be thought
of as analogous to a three-component phase diagram where the three components
are the three low-index surfaces, i.e. (100), (110), and (111). These three surfaces
are located at the three corners of it. Each side of the triangle defines a zone where,
depending on the corner (plane) we start, the first one describes the terrace and
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Figure 3.4: The stereographic triangle for the fcc crystal system. The value of n for
each of the Miller indices listed is also shown. Reproduced from Ref. [75].

the second one the step of the surface. Travelling along a direction from one corner
(plane) to an other, the size of the terrace of the initial plane decreases and the
size of the terrace of the final one increases. In case of the (110) to (111) side,
there is no region of n(110)×(111) description and this is due to the fact that there
is not any surface with (110) terrace and (111) step for the fcc system. In the
other two sides there is a so-called “turning point” of the zone, where terraces and
steps are indistinguishable. Surfaces at the turning point can be referred with both
notifications, either as n(hkl)×(h′k′l′) or as n(h′k′l′)×(hkl). For example, (210) is
a surface at a turning point and can be referred as 2(100)×(110) or 2(110)×(100).
Other stepped surfaces with interesting features are those that consist of two steps,
such as (411) and (441) and are co-called “variable-terrace surfaces”. For example,
(411) is referred as 2- and 3-atom wide (100) terraces separated by (111) steps.

In the following we present figures for all the surfaces used in this study dis-
cussing the main features of them.
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3.3 Clean Au Surfaces

In this section, we present figures of the surfaces investigated in the present study.
The surfaces are grouped according to their microfacet notation. Au atoms are
represented by gold spheres. The color of them depends on the coordination number,
z, (the number of the first neighbours) of each atom, varying from z = 6 for step-
edge atoms up to z = 12 for the atoms in the bulk. The darker the color the lower
the coordination number.

Au(100), Au(110) and Au(111): These are the three planar surfaces of Au.
The surface atoms of the Au(100) surface have eight first neighbours each one and
thus z = 8. Au(110) and Au(111) surface have z = 7 and z = 9 respectively.
Au(111) is the surface with the highest coordination number.

Au 6 7 8 9 10 11 12

Figure 3.5: Top view of Au(100) (left), Au(110) (center) and Au(111) (right) sur-
face. Au atoms are represented by gold spheres. Darker color indicates lower
coordination number.

Au(210), Au(310) and Au(410): These surfaces consist of 2-, 3- and 4-atoms
wide (100) terraces and (110)-like steps, respectively. (310) can be referred as

Au 6 7 8 9 10 11 12

Figure 3.6: Top view of Au(210) (left), Au(310) (center) and Au(410) (right) sur-
face. Au atoms are represented by gold spheres. Darker color indicates lower
coordination number.
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3(100)×(110), while (210) is on the so called “turning point” of the zone, where
steps and terraces are indistinguishable, and can be referred to both as 2(100)×(110)
and 2(110)×(100). (410) can be referred as 4(100)×(110). For these three surfaces,
step-edge atoms have z = 6, terrace atoms z = 8 and bottom-step atoms z = 9.

Au(320) and Au(430): These stepped surfaces consist of (110) terrace and
(100)-like step. In particular, (320) consists of 3-atoms wide (110) terrace and
(100)-like step and (410) of 4-atoms wide (100) terrace and (110)-like step. For

6

7

8

9

10

11

12

Au

Figure 3.7: Top view of Au(320) (left) and Au(430) (right) surface. Au atoms are
represented by gold spheres. Darker color indicates lower coordination number.

these surfaces atoms in steps have z = 6, terrace atoms z = 7 and bottom-step
atoms z = 9. Au(210) could also be included here since it can be referred as
2(110)×(100).

Au(211), Au(311), Au(322) and Au(433): These surfaces consist of 3-, 2-,
5- and 7-atoms wide (111) terraces and (100)-like steps, respectively. (311) is a
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9

10

11

12

Au

Figure 3.8: Top view of Au(211), Au(311), Au(322) and Au(433) surface, respec-
tively. Au atoms are represented by gold spheres. Darker color indicates lower
coordination number.
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surface on a turning point of the stereographic triangle and thus can be referred
as a 2-atoms wide (100) terrace separated by (111)-like step or 2-atoms wide (111)
terrace separated by (100)-like step. All of them have step-edge atoms with z = 7,
terrace atoms with z = 9 and step-bottom atoms with z = 10.

Au(221), Au(331), Au(332) and Au(443): These surfaces consist of 4-, 3-,
6- and 8-atoms wide (111) terraces, respectively, separated by (111)-like step edge.
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9

10

11

12

Au

Figure 3.9: Top view of Au(221), Au(331), Au(332) and Au(443) surface, respec-
tively. Au atoms are represented by gold spheres. Darker color indicates lower
coordination number.

The step-edge atoms have seven neighbours, the terrace atoms nine and the step-
bottom ones have eleven neighbours.

Au(321), Au(421), Au(431) and Au(432): These are kinked surfaces, i.e.
contain regular non-linear steps. In Fig. 3.10 side views of kinked surfaces are
shown in order to make the kinks more visible. The (321) and (432) surface consist
of 5- and 7-atoms wide terraces, respectively, separated by step-edges that consist
of 2-atoms wide (100) and 2-atoms wide (111) surfaces. The step-edge atoms have
6 or 8 neighbours alternately. The step edge of (421) consists of 3-atoms wide (100)
[one atom wired than (321)] and 2-atoms wide (111) surface and its atoms have 6,
7 and 8 neighbours alternately. The step edge of (431) consists of 2-atoms wide
(100) and 3-atoms wide (111) and the step-edge atoms have 6, 7 or 8 neighbours
alternately.
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Figure 3.10: Side view of Au(321) (top left), Au(421) (top right), Au(431) (bottom
left) and Au(432) (bottom right) surface, respectively. Au atoms are represented
by gold spheres. Darker color indicates lower coordination number.

Au(411) and Au(441): These are two “variable-terrace surfaces” since they
consist of two steps. (411) is referred as 2- and 3-atoms wide (100) terraces separated
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Figure 3.11: Top view of Au(411) (left) and Au(441) (right) surface. Au atoms are
represented by gold spheres. Darker color indicates lower coordination number.

by (111) steps and (441) is referred as 2- and 3-atoms wide (110) terraces separated
by (111) steps.
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3.4 Covered Au Surfaces

The simulation of covered Au(hkl) surfaces is needed in order to calculate the
adsorption energy of a molecule on Au(hkl) surfaces. The adsorption energy is
a measure of the interaction between a molecule and a surface and it is needed
in order to predict the interface tension of covered surfaces and finally the shape
of gold nanoparticles in reactive environment. In this section we investigate the
adsorption of CO or CH3S on Au(hkl) surfaces and present figures and features of
CO or CH3S covered Au(hkl) surfaces.

3.4.1 Introduction to adsorption

In general, the adsorption energy of a molecule X on a surface, Eads, is defined as
the excess energy per molecule of the system compared to isolated Au surface and
isolated encapsulating material and is given by:

Eads =
Eslab+X − Eslab −NadsEX

Nads

. (3.1)

where, Eslab+X is the total energy of the slab+X system, Eslab is the total energy
of the slab, Nads is the number of bonds between slab and X, and EX is the total
energy per molecule of X. An illustration of this process is shown in Fig. 3.12,
where the initial (left) and the final (right) states of a system of a clean slab and an
adsorbate molecule are presented. Initially, the adsorbate molecule is in gas phase
and the surface is clean and finally the adsorbate is adsorbed on the surface.

↔

Molecule in gas phase

Clean surface

Molecule adsorbed 

on surface

Figure 3.12: Illustration of the adsorption process. Initially (left), the adsorbate
molecule is in gas phase and the surface is clean and finally (right) the molecule is
adsorbed on the surface.

The number of adsorbates of X, Nads, is related to the coverage, θ and area per
surface atom, Aat, by θ = Nads/Nsurf and A = AatNsurf . Equation (3.1) shows that
in order to calculate the adsorption energy we need total energy calculations for
clean and covered slabs. Here we present the adsorption energy for CO on Au(hkl)
with h, k, l ≤ 3 and the dissociative adsorption of CH3S-SCH3 on Au(hkl) surfaces
with h, k, l ≤ 3 and on the kinked Au(421).
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3.4.2 CO adsorption on Au(hkl)

In this section, we perform total energy calculations of CO covered gold slabs, using
density functional theory (DFT) as implemented in the open-source DACAPO/ASE
suite (https://wiki.fysik.dtu.dk) to investigate the adsorption of CO molecules
on Au(hkl) with h, k, l ≤ 3 surfaces. We use a plane wave basis with 340 eV cut-off.
The core electrons are treated with Vanderbilt non-local ultrasoft pseudopotentials
[70]. The Brillouin zone of the (111)-(1×1) surface is modeled by a (10×10×1)

Monkhorst-Pack grid of ~k-points; the number of ~k-points in other surfaces is cal-
culated in proportionality to the (111) cell. We use the generalized gradient ap-
proximation (GGA) revised Perdew-Burke-Ernzerhof functional (RPBE), since this
one gives better adsorption energies [65]. We use the theoretical lattice constant
which is found to be 4.22 Å, very close to the experimental value of 4.08 Å. There
is a general trend to slightly overestimate the lattice constant of noble metals us-
ing GGA [76]. The first two layers and the CO molecule are free to relax, while
subsequent slabs are separated by 12 Å of vacuum. As we are interested in very
low CO coverage, neighboring CO molecules maintain a distance of more than 4.2
Å in all cases. Calculations for the gas phase of CO molecule were carried out by
using a (16×16×16) Å unit cell so that interactions between periodically repeated
molecules are negligible. In Fig. 3.13 the planar surfaces of Au covered with CO
are shown.

CAu

6 7 8 9 10 11 12

O

Figure 3.13: Side view of CO-covered Au(100) (left), Au(110) (center) and Au(111)
(right) surfaces, respectively. Au atoms are represented by gold spheres. Darker
color indicates lower coordination number.

We begin by calculating the adsorption energy for several different adsorption
sites of the planar (100), (110) and (111) surfaces. We use this calculation as a
guide for the investigation of the preferred adsorption site for CO on other surfaces.
For Au(100) and Au(110) we found that bridge and on top adsorption sites are the
most stable ones and that hollow sites are highly unfavorable. For Au(111), CO was
found to adsorb weakly with little preference for a specific adsorption site. These
results agree with most theoretical and experimental works from the literature (see
Ref. [77] and references therein). For this reason, we limited the investigation for
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the adsorption sites only to bridge and on top sites for stepped and kinked surfaces.
We start with an 8 Å thick slab and consider several different initial bridge- and on-
top-adsorption configurations. For the two best among them, we increase the slab
thickness until the ratio of adsorption energy over area per adsorbate converges
to 10 mJ/m2. In Fig. 3.14, we present the minimum adsorption energy of CO
as a function of the slab thickness for two typical surfaces. For planar surfaces,
the adsorption energy has a weak dependence on slab thickness, as was found by
Mavrikakis et al. [78]. On the contrary, stepped and kinked surfaces show large
variations of adsorption energy as the slab thickness increases, as shown in Fig. 3.14
for (310). For this reason, large simulation cells are necessary in order to calculate
the adsorption energy for high-index surfaces.
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-0.50

-0.45

-0.40

-0.35
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-0.20

 7 8  9  10  11  12  13  14  15  16 17

(100)
(310)

Slab thickness (Å)

E
ad

s (
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)

Figure 3.14: The adsorption energy of CO on Au(100) and Au(310) as a function
of the slab thickness.

The results for adsorption energies, bond lengths and angles are summarized in
Table 3.1. The microfacet notation [74] provides a concise way to describe stepped
surfaces, as it shows the type and width of the terraces and the orientation of
the steps. In the following, we compare our findings to other experimental and
theoretical works.

For Au(110), we find Eads = -0.36 eV, in excellent agreement with the exper-
imental value of -0.35 eV [79]. For Au(111) we find a very weak adsorption with
Eads = -0.02 eV for on top site, close to -0.04 eV calculated by Hammer et al. [80]
The choice of exchange-correlation potential is important, as for instance (PW91)
generally overestimates CO-Au binding [65, 77]. For example, for (111) we find
adsorption energy of -0.30 eV using (PW91), identical to the value reported by
Mavrikakis et al. [78]. Although adsorption energies change upon changing the
exchange-correlation functional, their differences are less sensitive. For the various
stepped surfaces that contain (111) terraces, we find adsorption energies between
0.30 and 0.33 eV lower than the adsorption energy for planar (111), within the range
of 0.24 eV to 0.36 found in Refs. [78] and [77]. For stepped surfaces that contain
(110) or (100) terraces and for the kinked Au(321), we find adsorption energies 0.46
eV to 0.49 eV lower than that for Au(111), very close to 0.43 eV found in Refs.
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Surface
Mictofacet Eads dAu−C dzAu−C dC−O θAu−C−O
notation (eV) (Å) (Å) (Å) (degrees)

(100) (100) -0.25(b) 2.14 1.44 1.18 132

(110) (110) -0.36(b) 2.14 1.48 1.18 134

(111) (111) -0.02(t) 2.00 1.99 1.16 180

(210) 2(110)×(100) -0.49(t) 2.00 1.99 1.16 174

(211) 3(111)×(100) -0.34(b) 2.14 1.45 1.18 133

(221) 4(111)×(111) -0.35(t) 2.02 2.01 1.16 162

(310) 3(100)×(110) -0.51(t) 1.99 1.98 1.17 169

(311) 2(111)×(100) -0.32(b) 2.14 1.45 1.18 133

(320) 3(110)×(100) -0.48(t) 1.99 1.99 1.16 178

(321) (321) -0.50(t) 2.00 1.99 1.16 168

(322) 5(111)×(100) -0.34(t) 2.03 2.02 1.16 161

(331) 3(111)×(111) -0.34(t) 2.01 2.01 1.16 166

(332) 6(111)×(111) -0.35(t) 2.03 2.02 1.16 159

Table 3.1: Adsorption energy of CO on gold surfaces at low coverage. The adsorp-
tion geometry is shown in parenthesis, b stands for bridge-site adsorption and t
stands for on-top adsorption. Also shown are the Au-C bond length, dAu−C , the
height between the carbon atom and the surface, dzAu−C , the C-O bond length,
dC−O, and the average angle between Au-C and C-O bonds, θAu−C−O.

[81] and [77]. For Au(310), the angle θAu−C−O equals 169.2◦, very close to 173.1◦

reported in [77].

The Au-C bond length, dAu−C , depends only on the adsorption site and has a
very weak dependence to the structure of each particular surface. It is close to 2.00
Å for on-top adsorption and 2.14 Å for bridge adsorption. The same holds for
the height difference between C-O, dzAu−C . This is the projection of the bond on
the (hkl) direction. We find on average 1.46 Å for bridge- and 2.00 Å for on-top
adsorption, in agreement with 1.5 and 2 Å respectively found in [82].

For on-top adsorption, dzAu−C is almost equal to dAu−C , showing that CO is
almost perpendicular to the surface. On the contrary, dzAu−C is much smaller than
dAu−C for bridge-site adsorption. The values presented in Table 3.1 correspond to
tilt angles that are smaller than 5◦ for on-top adsorption whereas can be up to 47◦

for bridge adsorption. This is also evident from the angle between Au-C-O, which
is close to 180◦ for on-top adsorption and drops to about 135◦ for bridge adsorption.

The C-O bond length is between 1.16 Å and 1.18 Å, slightly longer than that for
the gas-phase molecule, which we calculate at 1.15 Å. Other DFT simulations report
values that range from 1.14 to 1.20 Å [77, 81, 82, 83]. CO adsorbed on bridge-sites
forms two Au-C bonds and is therefore a little longer than CO adsorbed on top
sites which forms only one Au-C bond.

In almost every case, CO binds to the lowest-coordinated Au atoms in agreement
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Figure 3.15: Adsorption energy of CO on Au(hkl) as a function of the Au coordi-
nation number, z, and its linear fit. Some characteristic adsorption geometries are
shown.

with experimental observations [84]. Simulations for low-index Au surfaces and
small clusters have revealed that CO adsorption energy is well described by a linear
function of z, where z is the average coordination number of Au atoms that bind
to CO [6, 7, 8, 85]. In Fig. 3.15 we plot Eads vs. z and verify that the linear fit is
also valid for high-index stepped and kinked surfaces. To save computational time,
we use this linear fit to obtain adsorption energies for the nine (4kl) surfaces.
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3.4.3 Dissociative adsorption of CH3S-SCH3 on Au surfaces

During the past two decades, the formation and structure of self-assembled mono-
layers (SAMs) of alkanethiol molecules adsorbed at noble materials’ surfaces has
attracted great interest [25]. Especially gold nanoparticles have been used in a va-
riety of applications in biology, catalysis, and nanotechnology [26]. The interface
between alkanethiols and gold is therefore a subject of great importance for both
basic and applied research. The fundamental question is of course the type and
strength of the Au-S bonds at this interface.

There are many theoretical density functional theory (DFT) studies on the ad-
sorption of alkanethiols on Au(111). The majority of them investigates the adsorp-
tion energy of CH3S- radical on Au(111) [27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. Var-
ious groups have studied the dissociative adsorption of dimethyl disulfide (DMDS)
on Au(111), both theoretically [27, 35] and experimentally [37, 38, 39]. In partic-
ular, Nuzzo et al. [37] suggested, after employing a large variety of experimental
methods including X-ray photoelectron spectroscopy (XPS), Auger electron spec-
troscopy (AES), high-resolution electron energy loss spectroscopy (HREELS), and
thermal desorption spectroscopy (TDS), that the breaking of the (weak) S-S bond
of dimethyl disulfide (DMDS) leads to the formation of two methanethiolate-surface
bonds on Au(111) at low coverage. This cleavage is known to take place even at
room temperature [39]. The adsorption of a CH3S- radical has also been studied on
Au(100) and Au(110) surfaces by Masens et al. [33] who found that the adsorption
energy of CH3S- on Au(110) is lower by 0.13 eV than that on (100) and by about
0.43 eV than that of (111). Despite the large number of theoretical studies the
nature of a binding site is an open issue. In addition, a systematic study of the
adsorption of a CH3S- radical and the dissociative adsorption of DMDS on high
index gold surfaces is lacking.

In order to investigate the dissociative adsorption energy of DMDS on Au(hkl)
surfaces we perform first-principles total energy calculations of thiolate-covered
gold surfaces using DFT as it is implemented in the GPAW/ASE code [71, 86]
(https://wiki.fysik.dtu.dk). The GPAW uses a projector-augmented wave
method to describe core electrons, and it employs real space grids to present electron
densities and wave functions. We applied grid spacing of 0.19 Å, and the Brillouin
zone of the (111)-(1×1) surface was modelled by a (10×10×1) Monkhorst-Pack grid

of ~k points. The ~k points for all other surfaces are calculated in proportionality to
the (111)-(1×1) slab ones. Periodic boundary conditions were applied in all three
dimensions. Slabs with thickness of 8 Å or more were separated by 12 Å of vacuum.
Slab thickness was chosen so that adsorption energy for few characteristic (hkl) ori-
entations was converged within 10 meV. The positions of all adsorbate atoms as well
as the first two layers of the slab were fully relaxed. We applied the generalized gra-
dient approximation (GGA) revised Perdew-Burke-Ernzerhof exchange-correlation
functional (RPBE). The theoretical lattice constant for Au (4.22 Å) was used, which
was found by minimizing the total energy of bulk Au. The slight overestimation
of the lattice constant compared to experimental value 4.08 Å is consistent with
previous DFT calculations [87]. As we are interested in low thiolate coverage, we
make sure that the unit cells are large enough; the minimum distance between an
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S atom and its periodic image is 5 Å or more in all cases. Thus it is expected that
interaction between adjacent molecules is negligible. Calculations for the gas phase
dimethyl disulfide molecule were carried out in a (16×16×16) Å unit cell so that
interactions between periodically repeated molecules are negligible.

To save computer time, only the simplest possible alkanethiol radical, methane-
thiolate (RS- with R=CH3) is considered. Although this excludes steric repulsions
between chains, it captures all essential features of the general RS-Au bond. This
is a reasonable choice as shown by the recent work of E. Torres et al. [88]. These
authors show that the adsorption energy of n-alkanethiols on Au(111) changes by
only 2 kcal/mol (0.09 eV/molecule) when the length of chain increases from one
to six carbon atoms. Steric interactions between chains have a minor impact on
binding energies; for example, Torres et al. [88] find that the binding energies of
ethanethiolate and propanethiolate are affected by chain interactions by only 0.1
kcal/mol and 0.7 kcal/mol, respectively.

Our second choice is to focus on low coverage of RS on Au, corresponding
to coverages less than 0.2 ML, where the adsorption energy does not depend on
coverage according to our simulation model. In this region, interactions between
adsorbates can be neglected and the dissociative adsorption energy of dimethyl
disulfide on Au(hkl) per methanethiolate, Eads can be defined as:

Eads = Eslab
Au(hkl)−SCH3

− Eslab
Au(hkl) −

1

2
E

(gas)
CH3SSCH3

, (3.2)

where Eslab
Au(hkl)−SCH3

is the total energy of thiolate-covered slab, Eslab
Au(hkl) is the total

energy of the clean slab and E
(gas)
CH3SSCH3

the energy of dimethyl disulfide in gas
phase.

We considered several different adsorption sites and CH3S configurations to en-
sure that the global minimum is found. The Au(hkl) surfaces with h, k, l ≤ 3 and
the kinked Au(421), can be grouped into three categories: planar [(100), (110) and
(111)], stepped [(210), (211), (221), (310), (311), (322), (331) and (332)] and kinked
(321). Au(321) is the only kinked surface for h, k, l ≤ 3. For this reason, we also
simulated Au(421) to be sure that our results are applicable to at least two differ-
ent kinked surfaces. Here we use again the microfacet notation [74] and divide the
stepped surfaces into subgroups, depending on the type of the terraces and step
edges.

In the following, we discuss briefly the main characteristics of each surface and
the adsorption behaviour of methanethiolate on all of them. We consider at least
three different adsorption sites for each surface, while more than ten different sites
have been tested for the more complex systems. Some characteristic adsorption
energies and geometrical details including adsorption site, metal-adsorbate bond
lengths and angles are summarized in Table 3.2.
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Table 3.2: Properties of methanethiolate adsorption on Au surfaces. A is the area
per adsorbate in Å2, and z the average coordination number of the Au atoms bonded
to S. The adsorption geometry is described by three letters: The first refers to the
position of the sulfur atom: (t) for on top, (b) for bridge and (h) for hollow. The
second letter defines the orientation of the methyl group: (t) for planar surfaces, (u)
for above the upper terrace and (l) for above the lower terrace in stepped surfaces.
The third letter refers to the direction of one hydrogen atom: (t) for towards the
surface, (a) for away from the surface and (p) when all hydrogen atoms are parallel
to the surface. Eads is the adsorption energy, φAu−S−Au the angle between the S and
the two Au atoms bonded to S for bridge and hollow site only, θAu−S−C is the angle
between the Au atom bonded to S, the S atom and the carbon. dAu−S and dS−C are
the bond lengths between the Au and S atom and the S and C atom respectively.

Surface
Microfacet

A z Configuration
Eads φAu−S−Au θAu−S−C dAu−S dS−C Adsorption Relaxed

notation (eV) degrees degrees (Å) (Å) Sites configuration

100 - 35.62 8.0

b-t-t -0.57 79.7 110.1 2.46 1.85

t
hb

b-t-a -0.52 79.6 108.7 2.47 1.85
h-t-p -0.20 70.7 125.0 2.67 1.86
t-t-a 0.06 - 108.1 2.39 1.84

110 -

37.78

7.0

b-t-a -0.71 79.0 109.1 2.46 1.85

t
hb

50.37 b-t-a -0.709 77.8 108.1 2.45 1.85
50.37 b-t-t -0.708 78.6 105.1 2.44 1.84
50.37 t-t-t -0.23 - 107.0 2.35 1.84

111 - 30.85 9.0

b-t-a -0.153 76.3 110.1 2.52 1.85

t
hbf

b-t-t -0.146 77.2 111.6 2.52 1.85
t-t-t 0.12 - 109.7 2.40 1.83
h-t-p 0.13 67.9 135.6 2.61 1.87

310 3(100)x(110)
56.32 7.0 b-l-t -0.59 84.9 109.0 2.45 1.85

t
b

28.16 7.0 b-l-t -0.47 80.6 110.7 2.47 1.84
28.16 6.0 t-l-t -0.22 - 108.7 2.34 1.83

210
2(100)x(110)

59.73 7.5 b1-u-t -0.54 81.3 108.0 2.47 1.84

or
59.73 7.5 b2-u-t -0.49 77.1 107.8 2.47 1.84

2(110)x(100)
59.73 6.0 t-l-a -0.28 - 106.3 2.34 1.83

t
b1

b2

39.82 6.0 t-l-a -0.27 - 105.9 2.35 1.84

320 3(110)x(100) 64.21

7.5 b2-l-t -0.511 81.8 109.2 2.46 1.84
6.5 b1-u-a -0.508 81.4 116.1 2.44 1.85
6.0 t-l-a -0.24 - 105.4 2.34 1.83
6.0 t-l-t -0.21 - 109.2 2.35 1.84

311
2(100)x(111) or

59.06 7.0
b-l-t -0.75 81.1 106.2 2.43 1.84

t b

2(111)x(100) b-l-a -0.71 80.6 106.2 2.43 1.85

211 3(111)x(100)

43.62

7.0

b-l-t -0.75 80.6 106.6 2.44 1.84
43.62 b-l-a -0.73 80.7 106.9 2.43 1.85
43.62 b-u-t -0.72 80.0 105.1 2.44 1.85
43.62 t-l-a -0.19 - 105.8 2.37 1.84
87.24 b-l-t -0.81 85.3 107.4 2.45 1.84

322 5(111)x(100) 73.43 7.0
b-l-t -0.79 80.9 107.7 2.43 1.84
t-l-t -0.17 - 106.8 2.35 1.84

331 3(111)x(111) 77.63 7.0
b-l-t -0.72 77.1 103.8 2.46 1.84

t b

b-l-a -0.69 76.5 105.3 2.46 1.84
b-u-a -0.67 76.1 107.5 2.47 1.85

221 4(111)x(111) 53.43 7.0
b-l-t -0.68 76.3 107.5 2.47 1.84
b-l-a -0.64 75.8 108.4 2.47 1.85
t-l-t -0.18 - 107.5 2.36 1.83

332 6(111)x(111) 83.53 7.0
b-l-t -0.64 77.3 107.2 2.46 1.84
t-l-t -0.15 - 107.8 2.36 1.84

321 - 99.95
7.0 b2-l-t -0.75 80.9 106.6 2.45 1.84

t

b1
b2

b3

7.0 b1-l-t -0.66 78.0 106.3 2.47 1.84
6.0 t-l-t -0.32 - 105.5 2.34 1.85

421 - 81.61
6.5 b3-l-t -0.79 83.0 106.6 2.44 1.84
7.0 b1-l-t -0.65 75.9 106.8 2.47 1.84
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Au(100), Au(110) and Au(111): On all planar surfaces CH3S prefers a bridge
site, with exothermic adsorption energies of -0.57, -0.71 and -0.15 eV, respectively.
The adsorption energy seems to be invariant under rotations of the methyl group
around the S-C bond, since this rotation changes the adsorption energy only by a
few meV. We find that Eads is roughly inversely proportional to the coordination
number, z, of Au atoms bonded to S: 8 for (100), 7 for (110) and 9 for (111). On-top

S C HAu

6 7 8 9 10 11 12

Figure 3.16: Side view of CH3S-covered Au(100) (left), Au(110) (center) and
Au(111) (right) surfaces, respectively. Au atoms are represented by gold spheres.
Darker color indicates lower coordination number.

and hollow adsorption sites are highly unfavourable. Adsorption of CH3S on these
sites is marginally exothermic or even endothermic. The only stable configuration
for a hollow site is when the carbon atom resides above the S atom and the hydrogen
atoms are placed in a plane parallel to the surface. This configuration is metastable
and has the longest bond length between Au-S (> 2.60 Å), the smallest angle
between Au-S-Au (< 71◦) and the biggest θAu−S−C (>125◦) angle; values that are
far from the average ones, which are 2.46 Å, 79.9◦ and 107.6◦ respectively. On
(110) and on other (hkl) surfaces, a hollow site results in numerical instabilities
due to unrealistic charge distribution. To save computational time, we focused on
adsorption over bridge sites for the most demanding high-index faces.

These findings agree with other works from the literature. To compare adsorp-
tion energies, one has to define the reference state of methanethiolate. Several
groups have studied methanethiolate adsorption on Au(111) both experimentally
[89] and theoretically [27, 29, 30, 31, 32, 33, 34, 89]. In these studies, the following
four reactions are considered:

(a) dissociative adsorption of CH3S-SCH3,

(b) adsorption of CH3S- radical,

(c) dissociative adsorption of CH3S-H and

(d) same as (c), but H is desorbed as H2.



32 Surfaces

For Au(111) we find that CH3S prefers bridge site with adsorption energies of (a)
-0.15 eV, (b) -1.26 eV, (c) +0.91 eV and (d) +0.32 eV. These results agree with the
calculations of Molina et al. [32] who found -1.13 eV for (b) and +0.40 eV for (d).
For (a), Hayashi et al. [90], report a bridge site adsorption with -0.27 eV per CH3S
using the (PBE) exchange-correlation functional. Although the adsorption energy is
different, there is good agreement for adsorption geometry. For example, the bond
length between Au and S is 2.50 Å, very close to 2.52 Å found here. Andreoni et al.
[27] find -1.60 eV for case (b) and -2.39 eV when (PBE) was used, confirming that
(PBE) overestimates Au-S binding. They report the Au-S bond at 2.46 Å. Similarly,
Maksymovych et al. [89] found a binding energy of -1.77 eV for (b) and a bond
length of 2.45 Å for the same adsorption geometry. Masens et al. [33] report an
adsorption energy of -1.70 eV for (b) close to -1.73 eV found by Yourdshahyan et al.
[29]. In case (c), Zhou et al. [34] report a dissociative adsorption energy of -0.06 eV,
but they conclude that the adsorption of the methanethiol is nondissociative since
the nondissociative structure of methanthiol displays a higher adsorption energy
than the dissociative one by 0.6 eV. They also found the Au-S bond length to be
2.45 Å.

The nondissociative adsorption of CH3S-H has been observed experimentally by
Maksymovych et al. [89] using scanning tunneling microscopy (STM).

The difference between adsorption energies for (110) or (100) and (111) is found
to be 0.14 eV and 0.42 eV, respectively. These values are in excellent agreement to
0.13 eV and 0.43 eV, respectively, reported by Masens et al. [33].

Having established the validity of our method for planar surfaces where several
experiments and simulations have been reported, we now proceed to the study of
thiolate adsorption on stepped and kinked Au surfaces.

Au(210), Au(310) and Au(320): According to the stereographic triangle [75]
of the fcc system, these three stepped surfaces coexist along the same direction,

S C HAu
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Figure 3.17: Side view of CH3S-covered Au(210) (left), Au(310) (center) and
Au(320) (right) surfaces, respectively. Au atoms are represented by gold spheres.
Darker color indicates lower coordination number.

travelling from the (100) to the (110) corner. Hence, (310) can be referred as
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3(100)×(110), while (210) is on the so called “turning point” of the zone, where steps
and terraces are indistinguishable, and can be referred to both as 2(100)×(110) and
2(110)×(100). (320) consists of 3-atoms wide (110) terrace and (100)-like step. On
(310) CH3S prefers a bridge site between a step-edge and a step-bottom atom, with
coordination number 7 and adsorption energy -0.59 eV. On (210) and (320) the
most stable configurations were found for two bridge sites, one between a step-edge
and a step-bottom atom and one between a step-edge and a terrace atom, both
with average coordination number z = 7.5. The difference between the adsorption
energies is less than 0.05 eV. The adsorption energy for the most stable of them is
-0.54 eV for (210) and -0.51 eV for (320). In all cases, the on-top site was found to
have higher adsorption energy by about 0.30 eV.

Au(211), Au(311) and Au(322): (311) is a surface on the turning point of
the stereographic triangle and thus can be referred as a 2-atoms wide (100) terrace

S C HAu
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Figure 3.18: Top view of CH3S-covered Au(211) (left), Au(311) (center) and
Au(322) (right) surfaces, respectively. Au atoms are represented by gold spheres.
Darker color indicates lower coordination number.

separated by (111)-like step or 2-atoms wide (111) terrace separated by (100)-like
step. It has step-edge atoms with z = 7 and step-bottom atoms with z = 10. (211)
and (311) are referred to as 3-atoms and 5-atoms wide (111) terrace and (100)-like
step respectively. Au(211) is a typical stepped Au surface, and we commenced our
study with this system. We considered about fifteen different adsorption configu-
rations to ensure that all low-energy adsorption geometries are taken into account.
The preferred one is a bridge site between two step-edge atoms with z = 7 each,
having the methyl group above the lowest terrace and the hydrogen atoms in such a
way that one hydrogen is towards the lower terrace and the other two away from it.
The adsorption energy for this configuration is -0.75 eV. There are two metastable
states one with the methyl group rotated along the axis defined by the position of
S and C atoms having two hydrogen atoms towards the lower terrace, with Eads
= -0.73 eV and one away from it and the other one with the methyl group above
the upper terrace with Eads = -0.72 eV. The hollow site was found to be highly
unfavourable. That it finally relaxed to a step-bridge site. The adsorption energy
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changes only by 60 meV upon doubling the area of the unit cell, proving that at
low-coverage the adsorption energy is independent of the coverage.

Au(221), Au(331) and Au(332): These three surfaces consist of 3-, 4- and
6-atoms wide (111) terraces, respectively, separated by (111)-like step edge. The

S C HAu
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Figure 3.19: Top view of CH3S-covered Au(221) (left), Au(331) (center) and
Au(332) (right) surfaces, respectively. Au atoms are represented by gold spheres.
Darker color indicates lower coordination number.

step-edge atoms have 7 neighbours, the terrace atoms 9 and the step-bottom ones
have 11. The adsorption energy is -0.72, -0.68 and -0.64 eV respectively for a bridge
site with the S atom between two step-edge atoms and the methyl group above the
lower terrace. Bond lengths of Au-S and S-C and the angles φAu−S−Au and θAu−S−C
are very close to the average values.

Au(321) and Au(421): These are kinked surfaces, i.e., contain regular non-
linear steps. The step edge of (321) consists of 2-atoms wide (100) and 2-atoms
wide (111). The step-edge atoms have 6 or 8 neighbours alternately. The CH3S
binds on a bridge site between two atoms with 6 and 8 neighbours, with -0.75 eV
energy. The step edge of (421) consists of 3-atoms wide (100) [one atom wider than
(321)] and 2-atoms wide (111). The step-edge atoms have 6, 7 and 8 neighbours
alternately. The CH3S binds on a bridge site between two atoms with 6 and 7
neighbours, with Eads = -0.79 eV. In both cases the (111) terrace consists of atoms
with 9 neighbours terminated by step-bottom atoms with 10 or 11 neighbours. Here,
also, bond lengths of Au-S and S-C and the angles φAu−S−Au and θAu−S−C are very
close to the total averages.
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S C HAu
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Figure 3.20: Side view of CH3S-covered Au(321) (left) and Au(421) (right) surfaces,
respectively. Au atoms are represented by gold spheres. Darker color indicates lower
coordination number.

It is well established that Eads for O and CO adsorption on Au is a linear function
of the coordination number, z, of Au atoms [6, 85, 91]. To investigate whether this
trend also holds for thiolates, we plot in Fig. 3.21 the adsorption energy as a
function of z. Although a general trend for increase of Eads with increasing z can
be deduced from Fig. 3.21, a clear linear dependence was not found. Nevertheless,
the average adsorption energies for each z can be fitted nicely to a straight line.
Apparently, the CH3S-Au bond depends on many parameters, and not just the
coordination number. For example, such a parameter could be the d-band center of
the surfaces. In this case one has to apply the d-band model to explain differences
in adsorption energies [92].
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Figure 3.21: Dissociative adsorption energy of CH3S-SCH3 on Au(hkl) as a function
of the Au coordination number, z, and its linear fit.

Thiolates prefer bridge sites in all cases. In particular, for Au(111) our minimum
energy adsorption geometry is identical to that presented by Hayashi et al. [90] and
by Maksymovych et al. [89]. The on-top site was found to be the most unfavourable
one, followed by the hollow site. In all stepped surfaces, the methyl part is oriented
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above steps and in all cases in such a way that one of the hydrogen atoms is directed
towards the surface whereas the other two are pointing away from the surface. The
dissociative adsorption energy per thiolate Eads ranges from -0.15 to -0.80 eV. The
bond length Au-S was found to be (2.46 ± 0.02) Å, in agreement with experimental
values (2.42 ± 0.03) Å from [38] and 2.48 from [93] and theoretical studies between
2.46 and 2.50 Å [30, 33, 35, 36, 89, 90]. The angle φAu−S−Au was found to be (79.9 ±
2.6)◦ and the angle θAu−S−C (107.6 ± 1.7)◦, very close to the tetrahedral structure
with 109.5◦ that dimethyl disulfide prefers and in good agreement with 109.7◦ found
in [89]. In all cases the distance between the sulphur and carbon atom was found
to be about 1.84 Å in excellent agreement with 1.83 Å in [89] and 1.87 Å found in
[28]. The lowest absolute value for the adsorption energy (0.15 eV) is found for the
close-packed (111) surface. On this surface, we also find the longest Au-S distance
(2.52 Å).



Chapter 4

Surface and Interface Tension

In this chapter, we present the formulas used to calculate the surface energy per
unit area of clean Au(hkl) surfaces and the interface energy per unit area of cov-
ered Au(hkl) using slabs of metals. In the following we will use the term “surface
tension” and “interface tension” as a synonym for surface and interface energy
per unit area, respectively, for reasons of simplicity. We also present the results of
the investigation of the surface tension of cleaned and CO- or CH3S-covered gold
surfaces based on density functional theory (DFT) calculations.

4.1 Surface Tension

Surface tension is known as the property of the surface of a liquid to resist in any
change of its shape. Liquids tend to adopt shapes that minimize their surface area.
A water drop tends to obtain a spherical shape and this is because a sphere has the
smallest possible surface area to volume ratio. Surface tension is measured either
as force per unit length or energy per unit area.

In case of a solid surface, the energy required to create a surface of unit area
that is parallel to the (hkl) plane of the crystal is the analog of the surface tension
of liquids. Here, for reasons of simplicity, we will use the term surface tension as a
synonym for surface energy per unit area. The surface tension of a solid surface can
be easily obtained by simulating a thick slab of the material with identical surfaces
that are parallel to (hkl). The thickness is chosen so that atoms near the middle of
the slab are so far from surfaces that can be considered to be bulk atoms. For such
a slab,

Eslab = NEbulk + 2Aγhkl, (4.1)

where N is the number of atoms in the slab, Eslab is the total energy of the slab,
Ebulk is the energy per atom in bulk Au, and A is the area parallel to the (hkl)
plane. Ebulk was calculated using an atom in a unit cell of fcc crystal structure,
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periodically repeated in all directions. Solving Eq. (4.1) for the surface tension, we
obtain:

γhkl =
Eslab −NEbulk

2A
. (4.2)

The surface tension can be derived either by direct calculations from a simulation
of bulk gold followed by a simulation of a slab with faces parallel to (hkl) using Eq.
(4.2) or by fitting the Eslab as a function of the number of atoms in the slab, N ,
using Eq. (4.1). The latter requires calculations of the total energy of slabs with
different number of atoms. In this thesis both of them were performed. The results
were similar and thus only those from direct calculations are presented.

4.1.1 Clean Au Surfaces

In order to predict equilibrium shape, one needs calculations of surface tensions for
many different (hkl) surfaces. Several such calculations exist in the literature for
Au, some based on empirical potentials [13], others limited to Miller indexes of 0
and 1 [14, 15], and still others using quantum-mechanics for low-index faces and
empirical models for higher indexes [16]. An accurate and systematic calculation
of all high-index Au surfaces is lacking. Here we calculate the surface tension of
Au(hkl) surfaces with h, k, l ≤ 4 using total energy calculations of Au slabs.

The total energy calculations of periodic Au(hkl) slabs performed using density
functional theory (DFT) as it is implemented in the open-source Dacapo/ASE suite
(https://wiki.fysik.dtu.dk). For these simulations, we use a plane-wave basis
with 340 eV cutoff. The core electrons are treated with Vanderbilt nonlocal ultrasoft
pseudopotentials [70]. The Brillouin zone of the (111)-(1×1) surface is modelled by

a (10×10×1) Monkhorst-Pack grid of ~k points; number of ~k points in other surfaces
is calculated in proportionality to the (111) cell. We use the generalized gradient
approximation (GGA) Perdew-Wang exchange-correlation functional (PW91). We
use the theoretical lattice constant which is found to be 4.18 Å, very close to the
experimental value of 4.08 Å. There is a general trend to slightly overestimate
the lattice constant of noble metals using GGA [87]. In Table 4.1 we present the
surface tension of Au surfaces as a function of the slab thickness. The thickness
of a slab of N layers of an (hkl) surface equals (N -1)dlayers, where dlayers is the
distance between two layers and in case of an fcc surface with lattice constant a,
dlayers = a/2

√
(h2 + k2 + l2). Atoms in the top two layers from each side are

allowed to relax, while subsequent slabs are separated by 12 Å of vacuum. Slab
thickness is chosen independently for each (hkl) surface until the surface tension
converges within 0.01 J/m2. In Table 4.1 the surface tension for the two thicker
slabs simulated is presented. We model all (hkl) surfaces of fcc Au with indexes
up to 4. No (4kl) surfaces are observed in the Wulff constructions we find; for this
reason we do not consider (5kl) surfaces in this work.
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Surface N γ (J/m2) Surface N γ (J/m2) Surface N γ (J/m2)

100
7 0.86

110
11 0.89

111
13 0.70

8 0.85 12 0.89 14 0.69

210
14 0.92

211
17 0.80

221
23 0.78

15 0.92 18 0.81 24 0.78

310
23 0.91

311
11 0.85

320
24 0.94

24 0.91 12 0.87 25 0.94

321
27 0.87

322
29 0.76

331
16 0.82

28 0.87 30 0.76 17 0.82

332
35 0.74

410
29 0.91

411
29 0.87

36 0.74 30 0.91 30 0.88

421
32 0.90

430
35 0.93

431
35 0.87

33 0.91 36 0.93 36 0.88

432
37 0.83

433
40 0.75

441
40 0.85

38 0.82 41 0.75 41 0.84

443
44 0.73

45 0.73

Table 4.1: Surface tensions of Au(hkl) surfaces as a function of the number of the
atoms-layers of the slab, N .

In Table 4.2 the ratios of the surface tension with respect to the surface tension of
Au(111) are presented, compared to other works. Interestingly, the ratio of surface
energies of different cells is very close to the ratio of the areal density of cleaved
bonds, as shown also by Galanakis et al. [16] using the full-potential screened
Korringa-Kohn-Rostoker (FKKR) method [94, 95, 96]. Galanakis et al. [16] shown
that the ratio between the surface tensions γhkl calculated in eV/(surface atom)
equals the ratio of the first-neighbour broken bonds, Nhkl [97]:

γhkl
γ111

=
Nhkl

N111

(4.3)

where Nhkl for any fcc surface with h ≥ k ≥ l is given by:

Nhkl =

{
2h + k, h, k, l odd,

4h + 2k, otherwise.
(4.4)

This agreement between the calculated surface tensions and the areal density of
cleaved bonds is another example of the unique chemistry of Au [1]: Au atoms have
a closed d-shell and have the least preference for directional bonds in the entire pe-
riodic table. The calculated absolute value for γ111 is 0.69 J/m2, very close to 0.64
J/m2 reported by Wen and Zhang [13] and within the same order of magnitude as
the values reported by state-of-the-art relativistic all-electron calculations [14, 16].
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The nanoparticle shape depends only on ratios between surface energies. As shown
in Table 4.2, our results for the ratios between surface tensions agree with more
detailed calculations within 5% or less.

This work Ref. [13] Ref. [16] Ref. [15] Ref. [14]

γ100/γ111 1.23 1.11 1.15 (1.18) 1.20 1.27
γ110/γ111 1.29 1.24 1.23 (1.27) 1.27 1.33
γ210/γ111 1.33 1.31 1.29 (1.34)
γ211/γ111 1.17 1.19 1.18 (1.20)
γ221/γ111 1.14 1.16 1.15
γ310/γ111 1.31 1.28 1.28
γ311/γ111 1.26 1.24 1.22 (1.24)
γ320/γ111 1.36 1.30 1.28
γ321/γ111 1.25 1.26 1.23
γ322/γ111 1.11 1.13 1.12
γ331/γ111 1.18 1.21 1.19 (1.22)
γ332/γ111 1.07 1.11 1.11
γ410/γ111 1.32 1.25 1.26
γ411/γ111 1.27 1.23 1.22
γ421/γ111 1.32 1.29 1.26
γ430/γ111 1.34 1.29 1.27
γ431/γ111 1.27 1.27 1.25
γ432/γ111 1.19 1.20 1.18
γ433/γ111 1.09 1.09 1.09
γ441/γ111 1.22 1.22 1.21
γ443/γ111 1.06 1.09 1.08

Table 4.2: Ratios of surface tensions of Au in comparison to other calculations. For
Ref. [16], we list values derived from an empirical model followed by values from
ab initio calculations (in parentheses).
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4.2 Interface Tension

The equilibrium shape of nanoparticles that interact with their environment can be
found by means of a Wulff construction based on interface tensions, γinthkl, between
Au and its environment instead of surface tensions, γhkl. It turns out that the two
are related by a simple formula:

γinthkl = γhkl + θ
Eads
Aat

, (4.5)

where θ = Nads/Nsurface is the coverage (number of adsorbates, Nads, over number of
surface atoms, Nsurface), Aat = A/Nsurface is total surface area, A, over total number
of surface atoms, Nsurface, and Eads the adsorption energy. Equation (4.5) includes
implicitly the effects of adsorbate-adsorbate interactions, as both the adsorption
energy and the equilibrium coverage depend on such interactions. To prove this
equation, we use the definitions of γinthkl:

2Aγinthkl = Eslab+X −NEbulk −NadsEX , (4.6)

of γhkl:
2Aγhkl = Eslab −NEbulk, (4.7)

and of the adsorption energy, Eads:

Eslab+X = Eslab +NadsEX + 2NadsEads. (4.8)

Substituting Eq. (4.8) into Eq. (4.6) we obtain:

2Aγinthkl = Eslab −NEbulk + 2NadsEads, (4.9)

and finally, using Eq. (4.7) we obtain:

2Aγinthkl = 2Aγhkl + 2NadsEads ⇒ (4.10)

γinthkl = γhkl +
NadsEads

A
,

and using the definition of the coverage θ, we get the Eq. (4.5).
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4.2.1 CO and CH3S environment

In this section we use the calculated adsorption energies for CO or CH3S on Au(hkl)
surfaces together with Eq. (4.5) to calculate the interface tensions of them. The
results are presented in Table 4.3 compared to the surface tension of clean gold

Surface
γ γCOint γCH3S

int

(J/m2) (J/m2) (J/m2)

(100) 0.85 0.74 0.63

(110) 0.89 0.78 0.66

(111) 0.69 0.68 0.61

(210) 0.92 0.72 0.77

(211) 0.81 0.69 0.53

(221) 0.79 0.68 0.59

(310) 0.91 0.62 0.74

(311) 0.87 0.70 0.67

(320) 0.94 0.70 0.81

(321) 0.87 0.63 0.75

(322) 0.77 0.69 0.59

(331) 0.82 0.68 0.67

(332) 0.74 0.68 0.62

Table 4.3: Surface tensions, γ, of clean and interface tensions, γCOint , of CO- or,
γCH3S
int CH3S-covered Au surfaces.

surfaces. In all cases the interface tension is lower than the surface tension of clean
surfaces. This is an expected result considering Eq. (4.5) and the fact that the
adsorption energy is negative in both cases of CO or CH3S adsorption and for all
the surfaces. The minimum interface tension for CO-covered surfaces is found for
the (310) surface and for CH3S-covered ones is found for the (211) surface. These
surfaces are expected to play a significant role at the equilibrium shape of CO- or
thiolate-covered gold nanoparticles, respectively. This is because the equilibrium
shape will be the one with the minimum surface energy.
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Shapes

In this chapter, we present a computational study for the environment-dependent
equilibrium shape of gold nanoparticles. We present the codes developed to con-
struct atomistic models of gold nanoparticles using the Wulff construction method
and analyze their geometrical features. We construct atomistic models of nanopar-
ticles with diameters up to several tenths of a nanometer, inaccessible by direct
atomistic simulations and discuss the effect of the interactions between a nanopar-
ticle and the encapsulating material on the equilibrium shape. Finally, the stability
of the nanoparticles, as they were predicted using DFT calculations and the Wulff
construction method, is checked using molecular dynamics (MD) simulations.

5.1 The Wulff’s Theorem

The concept of “equilibrium shape” was postulated by Gibbs in the late 19th cen-
tury. For a given quantity of matter, the Gibbs free energy, G, is given by:

G = Gbulk +
∑
hkl

γhklAhkl, (5.1)

where, Gbulk is the free energy of the bulk material, γhkl is the surface tension, i.e.
the energy required to create a surface of unit area that is parallel to the (hkl)
plane of the crystal and Ahkl the total area of faces parallel to the (hkl) plane of the
crystal. Under thermodynamic equilibrium, a given quantity of matter, will attain
a shape that minimizes the total surface energy of the system, sinceGbulk is constant,∑

hkl

Ahklγhkl. (5.2)

More than a century ago, mineralogist G. Wulff proposed that the shape that min-
imizes Eq. (5.2) is such that the distance of each face from the center of the
nanoparticle is proportional to the surface tension of the respective (hkl) surface
[98]:

dhkl ∼ γhkl. (5.3)
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It is easy to show that the distance of any face (hkl) from the nanoparticle center,
dhkl, is given by:

dhkl = dh′k′l′
γhkl
γh′k′l′

, (5.4)

where, γhkl and γh′k′l′ are the surface tensions of the (hkl) and (h′k′l′) surface,
respectively, and dh′k′l′ is the distance of the (h′k′l′) face. (h′k′l′) is the reference
surface and dh′k′l′ determines the size of the nanoparticle. Equation (5.4) is the
general equation to calculate the distance of the faces of a closed shape with given
surface tension for each surface.

The equilibrium shape will be the polyhedron enclosed by these planes, having
thus the following properties:

(a) The shape depends on ratios between surface tensions, and not their absolute
values.

(b) (hkl) planes with high surface tension (usually high-indexed ones) will be
drawn at greater distances and are therefore less likely to appear in the equi-
librium shape.

(c) Being steeper, high-index faces are usually hidden behind low-index ones, and
they tend to occupy smaller areas in the equilibrium shape even if γhkl is low.

(d) The extra energy associated with the formation of edges between two surfaces
is not taken into account.

(e) The Wulff polyhedron belongs to the same point group as the crystal structure
of the material.

One begins the Wulff construction by drawing up a plane [for example, (111)]
at a distance d111 from the origin followed by planes parallel to (hkl) at distances
dhkl = d111γhkl/γ111.

The Wulff construction method predicts the shape of very large particles at the
thermodynamic limit and this is because it does not take in account the contribution
to the surface tension from the atoms at edges. Nevertheless, our results for gold
nanoparticles in inert gas match experimental observations [17] and direct DFT
simulations [99], even for nanoparticles than contain a few hundreds of atoms. This
agreement between Wulff construction, experiment, and atomistic simulations at
such small sizes is surprising and should be attributed to the unique chemistry of
Au as it will be discussed in the following.

The Wulff construction has been used to predict equilibrium shapes in a variety
of systems. Wulff polyhedra are often employed in observations and models for
nanomaterials including Cu catalysts [44, 45], or semiconductors [46]. In the past
decade, Wulff shapes employing surface tensions from first-principles calculations
were used for the successful prediction of the shape of nanoparticles, including
interactions with their environment [47, 48, 49, 50, 51, 52, 15]. In the context of
ammonia-synthesis catalysis, an ab initio determination of a nanoparticle shape
was used as a first step in the creation of a virtual nano-catalyst [53, 54, 55]. In
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that work, the Wulff polyhedron was filled with atoms in order to create a realistic
nanoparticle. The advantage of this method was that it allowed for detailed analysis
of the atomic positions, making it possible to calculate structural quantities such
as the number of active sites. This virtual nanocatalyst was used in other similar
reactions, such as ammonia decomposition [55].

In addition to Wulff construction, there exist other methods for the study of
nanoparticles. Advances in computers allow for the direct simulation of nanoparti-
cles of large sizes using empirical potentials, as done for example by McKenna [24].
In that work, a large number of different shapes are tested to find the lowest-energy
one. The Wulff construction is complementary to that method. Here, we use Wulff
construction coupled to first-principles calculations of surface tensions, in order to
study large nanoparticles inaccessible by direct atomistic simulations. In the fol-
lowing two sections, we present the codes developed to construct and analyse gold
nanoparticles.
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5.2 The Atomistic Wulff Construction Code

In this section, the code developed to apply the Wulff’s theorem and to construct
atomistic models of gold nanoparticles is presented.

In order to investigate the size-dependent shape and the geometrical features
of gold nanoparticles in inert or reactive environment, one has to construct and
analyse nanoparticles with diameter that ranges between a few Å and a few tens of
nm. This range of diameter, using a reasonable resolution of 0.01 Å in order to find
all the different nanoparticles with the same diameter, is translated into more than
40000 nanoparticles (taking into account the two different unit cells we are going
to use). In other words, we have to execute the same piece of code that constructs
and analyzes each nanoparticle a few tens thousand times and as many times as
the number of different environments. This is the reason that this code must be as
efficient and fast as possible.

The already existing code in our group, that applies the Wulff’s theorem to
construct a nanoparticle, uses Eq. (5.4) to define the distance for each (hkl) plane,

dhkl, as a vector, ~dhkl, in the following form:

~dhkl = dhkl
hx̂+ kŷ + lẑ√
h2 + k2 + l2

. (5.5)

Each one of the ~dhkl is perpendicular to the (hkl) surface with magnitude dhkl and
define the maximum distance in each direction for the polyhedron that encloses the
nanoparticle.

The code then simulates a big enough piece of atoms in a given crystal structure
and by projecting the position of each atom to each one of the ~dhkl, it determines
those atoms that their projection is less than dhkl for all the ~dhkl. These atoms are
inside the polyhedron that encloses the nanoparticle and construct the nanoparticle.
This code has been used to simulate Ru nanoparticles for catalysis [7], Si quantum
dots in amorphous SiO2 [49] and diamond nanocrystals in amorphous C [50].

One of the advantages of this code is that works for any kind of crystal structure.
The main disadvantage is that is too slow. The estimated execution time for 40000
runs, using all the computational power of our computer cluster, found to be more
than a month.

In order to reduce the execution time, we decided to rewrite the code in such
a way that it would be as adaptive as possible to address our problem but also
flexible enough for further expansion to other cases. For this reason the new code
is based in a totally new idea. This new idea, replaces the projections of atoms’
position to the ~dhkl by equations of planes than enclose the nanoparticle. Another
idea that has been implemented to the new code is to take advantage of the cubic
symmetry of the fcc crystal structure of Au and work only with atoms of the first
octant, reducing the number of simulated atoms to the one eighth compared to the
number of atoms used in the previous code. In the following we present the idea of
using equations of planes to construct a nanoparticle.

It is known that the equation of a plane in the three-dimensional space can be
defined by the position vector, ~r0, of some known point, P0, in the plane and a
vector perpendicular to the plane, v̂, using the inner product:
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v̂ · (~r − ~r0) = 0. (5.6)

In our case, v̂ is a unit vector perpendicular to a (hkl) surface and ~r0 is chosen to be
the position vector of a point in plane (hkl) and in distance dhkl from the reference
point for the nanoparticle. Thus:

v̂ =
hx̂+ kŷ + lẑ√
h2 + k2 + z2

and ~r0 = dhkl
hx̂+ kŷ + lẑ√
h2 + k2 + z2

. (5.7)

Substituting v̂ and ~r0 into Eq. (5.6) we obtain the equation describing a plane for
each one of the (hkl) surfaces:

hx+ ky + lz =
√
h2 + k2 + z2dhkl. (5.8)

With all planes defined, and working only in the first octant, we find the “borders”
of the nanoparticle. As “borders” we define the number of layers of atoms along x̂,
ŷ and ẑ direction in the first octant. In x̂ direction, the number of layers of atoms
of the nanoparticle, xlayers, is given by:

xlayers = int(
xmin
dx100

) + 1 (5.9)

where, xmin is the minimum distance between the reference point and the planes
along the x̂ axis, given by:

xmin = min(
dhkl
√
h2 + k2 + l2

h
) (5.10)

and dx100, is the distance between two layers of the (100) surface. An illustration
of the quantities xlayers, xmin and dx100 is shown in Fig. 5.1. The integer part of

x min

X layers = 7

dx100

x

y

(100)

(111)

(211)

Figure 5.1: Illustration of the quantities xlayers, xmin and dx100 that determine the
number of layers of atoms of the nanoparticle along x̂ direction. Black dots represent
atoms in fcc crystal structure and orange dots identify the different layers.

the fraction xmin
dx100

is needed since the number of layers is an integer number. The
addition of an extra layer is needed because the integer part of the previous fraction
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gives the number of interlayer regions. For example, if int( xmin
dx100

) equals 1 there are
2 layers of atoms.

The number of layers along the ŷ axis depends on the x coordinate of the atoms
of xlayers. Thus, we repeat the process described above, but now for each one of the
xlayers, see Fig. (5.2). In this way, the number of layers in ŷ direction for the ith

layer of x̂ direction, yilayers is defined as:

yilayers = int(
yimin
dy100

) + 1, (5.11)

where, yimin is defined as the minimum distance between the planes and the x̂ axis,
at x = xi where xi is the x coordinate of the atoms of the ith layer of x̂ direction:

yimin = min(
dhkl
√
h2 + k2 + l2 − hxi

k
), (5.12)

and dy100 is the distance between two layers in ŷ direction (for the cubic symmetric
crystal structures, dx100 = dy100 = dz100).
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Figure 5.2: Illustration of the quantities yilayers, y
i
min and dy100 that determine the

number of layers of atoms of the nanoparticle along ŷ direction for each one of the
layers in x̂ direction. Black dots represent atoms in fcc crystal structure and range
dots identify the different layers.

Finally, the number of layers in ẑ direction, zi,jlayers, is given by:

zi,jlayers = int(
zi,jmin
dz100

) + 1, (5.13)
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where, zi,jmin is a function of the x coordinate of the ith layer, xi, on x̂ direction and
the y coordinate of the jth layer, yj, on ŷ direction, given by:

zi,jmin = min(
dhkl
√
h2 + k2 + l2 − hxi − kyj

l
) (5.14)

and dz100 the distance between two layers in ẑ direction.
In the code, zi,jlayers is an array containing the number of layers in ẑ direction for

each (i, j) grid point of xy plane. There is also a criterion that decides if there is
an atom at a certain grid point or not taking into account the fcc crustal structure
of Au. Knowledge of the zi,jlayers array offers a fast and accurate method to calculate
the coordination number of every atom in the nanoparticle. The code, uses the fcc
crystal structure property that each atom has twelve neighbours and thus checks
only these twelve possible sites. Furthermore, the method starts calculating the
neighbours of an atom from the outer to the inner layer for each (i, j) grid point
and stops when an atom has twelve neighbours, i.e. the atom is in bulk structure.
This process reduces dramatically the execution time.

In the end, the code checks if the constructed nanoparticle has the correct prop-
erties. A first chech is to see if the zi,jlayers array is different to the one calculated for
the previous nanoparticle. Only if this is true, the code proceeds to the analysis of
the nanoparticle.

With all these new techniques implemented in the new code, the execution time
of 40000 runs of it drops from approximately a month to a few hours.
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5.3 Analysing the properties of nanoparticles

In this section the code developed to analyze a nanoparticle is presented. During
the process of analysis, the main geometrical features of a nanoparticle, including
the number of atoms in corners, Nc, edges, Ne, surfaces Ns and totally, Nt, the
total area, A, the volume, V , the sphericity the number of active sites, Nact, and
the appearing surfaces (hkl) in the shape with the percentage of the total area they
occupy are calculated. Here we present the method that calculates each one of
them.

Number of atoms: The atoms of a nanoparticle are separated according to
their coordination number, z, in bulk (z = 12) and non-bulk atoms (z < 12).
The later are further grouped in surface, edge and corner atoms due to the number
of (hkl) surfaces that they belong. This grouping is done with the following criteria:

Surface atoms, Ns: are those atoms that belong only in one (hkl) surface.

Edge atoms, Ne: are those atoms that belong at exactly two (hkl) surfaces.

Corner atoms, Nc: are those atoms that belong in more than two (hkl) surfaces.

The total number of atoms, Nt, is obtained by summing the bulk and non-bulk
atoms.

The Volume: of a nanoparticle, V , and generally a polyhedron, can be found
either by numerical integration, using one of several techniques such as Trapezoidal
or Monte Carlo, or by analytical integration. In this thesis both of them were
implemented.

In the first version of this code, a Monte Carlo integration method was used
to calculate the volume of a nanoparticle. In this method, the nanoparticle was
enclosed in a box with dimensions boxi, where i = x, y, z. Then a random num-
ber generator algorithm was used to generate a sequence of numbers uniformly
distributed between 0 and boxi, where i = x, y, z. Three such random numbers
were used to define the coordinates of the position vector, ~r, of a point inside the
box. The position vector was then projected to the directions of the (hkl) planes
of the nanoparticle. In case all the projections were smaller than the distance of
the respective plane, the point was identified as inner point of the nanoparticle.
This process counts the number of points that were inside, Ninside the nanoparticle,
over the total number of points checked, Nchecked. Due to the fact that the random
numbers were uniformly distributed in the volume of the box, the ratio between
Ninside and Nchecked is equal to the ration between the volume of the nanoparticle,
V , and the volume of the box, Vbox. Thus the volume of the nanoparticle, V , can
be calculated using the following equation:

V = Vbox
Ninside

Nchecked

(5.15)

where, Vbox = boxx × boxy × boxz.
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The disadvantage of a Monte Carlo integration is that converges too slow, and
especially of the order of O( 1√

Nchecked
).

In the newest version of this code the Monte Carlo integration method was
replaced by another one that calculates the volume using analytical integration.
The new code initially defines the regions that are going to be integrated and then
uses a formula to obtain the result. This makes the calculation as fast and as
accurate as possible. The code uses the cubic symmetry of the nanoparticle and
performs only on the one octant of their shape. In Fig. 5.3, a typical faceted
nanoparticle (polyhedron) dominated by (111) and (100) faces and the one octant
of it needed to calculate the volume of it are presented. In the following we present
the technique used to calculate the volume of the one octant of a nanoparticle shown
in Fig. 5.3 (right).

y

z

x

x
y

z

(111) (100)

Figure 5.3: A typical faceted nanoparticle dominated by (111) and (100) faces (left)
and the one octant of it, needed to calculate the volume (right). Black dots represent
the corner atoms.

As mentioned above, the code starts by defining the regions that are going to
be integrated. These regions are defined as:

xi < x < xf

yi = aix+ bi < y < yf = afx+ bf

zi = 0 < z < zf =
dhkl − hx− ky

l
(5.16)

where, xi and xf are the initial and final value of the region on x̂ direction, yi and
yf the initial and final linear functions describing the borders at ŷ direction and zi
and zf the planes enclosing the region in ẑ direction, respectively.
The volume enclosed of a such defined region, Vregion, is defined by:

Vregion =

∫ xf

xi

∫ yf

yi

∫ zf

zi

dzdydx. (5.17)
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In our case, zi = 0 and using d =
√
h2 + k2 + l2dhkl, the Vregion is given by:

Vregion = [2d− k(bf + bi)]
(xf − xi)(bf − bi)

2l
+

+ [d(af − ai)− h(bf − bi)− k(afbf − aibi)]
x2f − x2i

2l
−

− [2h+ k(af + ai)]
(x3f − x3i )(af − ai)

6l
(5.18)

The volume of one octant of a nanoparticle, Voctant, is given by the sum of volumes
over all the regions.

Voctant =
∑
region

Vregion (5.19)

and the total volume of a nanoparticle equals eight times the volume of one octant:
V = 8 × Voctant.

The main difficulty one faces in order to calculate the volume with this method
is to define the regions that are going to be integrated. Here we present analytically
the method that defines these regions using the positive octant.

Initially, the corner atoms with positive z coordinate are grouped according to
the surface they belong. As shown in Fig. 5.4,

x

y

(-111) (111)

(-1-11) (1-11)

z

(001)

14

8910
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1

13 15

16
7

6

5

432

Figure 5.4: Top view of a typical faceted nanoparticle. The corner atoms are shown
numbered and with black dots. The surfaces of it are also labelled.

atoms (1, 2, 3, 14, 13, 12) belong to the (-111) surface, atoms (3, 4, 5, 6, 15, 14)
belong to the (111) surface, atoms (15, 6, 7, 8, 9, 16) belong to the (1-11) surface,
atoms (12, 13, 16, 9, 10, 11) belong to the (-1-11) surface and atoms (13, 14, 15,
16) belong to the (001) surface. From these surfaces only (111) and (001) are used
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to calculate the regions that will be integrated. Surfaces such as (001) containing
atoms in more than one octants are edited in such a way that all atoms be placed
in the positive octant. After this process the code works for each surface separately.
For each one of them, it projects the position of their atoms on the xy plane and
then sorts the different values of x coordinates of them from the lowest to the highest
value. Every two consecutive values of x coordinates define a set of xi and xf and
a region. In Fig. 5.5 the region of (001) and the two regions of (111) surface are
shown. (001) has one region defined on

x

y

x0 x1 x2

(111)

(001)

Figure 5.5: Top view of the one octant of a typical faceted nanoparticles used to
define the regions. The region of (001) and the two regions of (111) surface are also
shown. Black dots represent the corner atoms.

x̂ direction by x0 and x1, although (111) has two regions, one defined by x0 and
x1 and an other one by x1 and x2. For each one of these regions, the code uses
the xi and xf set plus the y coordinate of the corner atoms, to define the linear
equations yi and yf that define the borders of each region in ŷ direction as shown
in Fig. 5.6.

After this step the regions are well defined in the xy plane. For example, (001)
is defined by x0 and x1 on x̂ direction and by y0 and y1 on the ŷ direction. The last
step is to define the borders on ẑ direction. But this is to easy since zi = 0 and zf
is given by the equation of the plane (surface) that the atoms belong to.

Finally for the nanoparticle we used as an example, we find that we need three
regions in order to calculate its volume as illustrated in Fig. 5.7. Region (1) is
defined by x0 and x1, the lines y0 and y1 and zi = 0 and zf = d100. Region (2) is
defined by x0 and x1, the lines y1 and y2, and zi = 0 and zf =

√
3d111 − hx − ky

and region (3) is defined by x1 and x2, the lines y3 and y4 and zi = 0 and zf =√
3d111 − hx− ky.
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Figure 5.6: Top view of the one octant of a typical faceted nanoparticles used to
define the regions. Different colours correspond to different regions. Black dots
represent the corner atoms.
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Figure 5.7: Side view of the regions of a typical nanoparticle. Black dots represent
the corner atoms.

The Area: of a nanoparticle, A, and generally a polyhedron, was found in the
first version of the code using vector calculus and in the newest version by analytical
integration. Here we present both of these methods.

In order to calculate the area using vector calculus, the corner atoms of the
nanoparticle are grouped according to the surface they belong. Then, they are
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arranged in a circular order. Having the atoms in a circular order the area of each
(hkl) surface, Ahkl, is calculated by summing the half of the magnitude of the outer
product of the vectors defined by the relative positions of the atoms starting from
one of them as shown in Fig. 5.8.

Ahkl =
N∑
i

1

2
|~a×~b| (5.20)
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Figure 5.8: Illustration of the process calculates the area of a typical surface using
vector calculus. The ~a and ~b define the area in each step.

The total area, A, is obtained by summing over all the (hkl) surfaces of the
nanoparticle:

A =
∑
hkl

Ahkl (5.21)

In the new version of the code that analyzes the nanoparticles this method has
also be replaced by an other that calculates the area using an analytical integration
technique. This method uses the regions used to calculate the volume, and calcu-
lates the area. It is known that the area of a surface defined by a set of vectors
~r = (x, y, z), where z = f(x, y), can be found by:

Aregion =

∫
S

dS =

∫ ∫
T

∥∥∥∂~r
∂x
× ∂~r

∂y

∥∥∥ dx dy (5.22)

=

∫ ∫
T

√(∂f
∂x

)2
+
(∂f
∂y

)2
+ 1 dx dy (5.23)

In our case, z = f(x, y) =

√
h2 + k2 + l2dhkl − hx− ky

l
and the area of each region

of each surface is given by:

Aregion =

∫ xf

xi

∫ yf

yi

√(∂f
∂x

)2
+
(∂f
∂y

)2
+ 1 dy dx (5.24)

=
√
h2 + k2 + l2(xf − xi)

(2(bf − bi) + (xf − xi)(af − ai)
2l

)
(5.25)
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Using the technique of projecting the area to the xy plane as described above,
one faces the problem of how to calculate the area of surfaces that are parallel to
the ẑ direction, such as all the (hk0) surfaces. The problem with these surfaces
is that, although they define an area on the nanoparticle, they do not contribute
to the volume of it and thus the projection of them to the xy plane is a straight
line that does not define a region. In order to overcome this, we take advantage
of the cubic symmetry of our nanoparticles which is translated to the fact that
given the h, k, l numbers we obtain a family of surfaces with the same area, just be
commutating the h, k, l numbers on (hkl). For example, (h, k, l) = (1,0,0) define
the “family” of (100), (010) and (001) surfaces that all have the same area. This
property, gives as the opportunity to calculate the area of one of the surfaces of
each “family” and get the total area of them by multiplying it with the number of
them. In this code we count the number of zeros appearing at the (hkl) notation of
a surface, we calculate the area of all the surfaces with l 6= 0 and use the following
propagating factor, times(hkl), to multiply the area of the calculated area:

times(hkl) =


1, if zeros = 0

3/2, if zeros = 1

3, if zeros = 2

(5.26)

The values of times(hkl) can be explained as follows: if non of the h, k, l equals zero
then the area of all the surfaces of this h, k, l “family” can be calculated and thus
each one contributes to the total area by itself and thus times(hkl) = 1. If there is
only one zero in h, k, l then from the three possible commutations of zero in (hk0)
we can calculate the area of two of them where h or k equals zero. In other words,
we calculate the area of 2 of the 3 surfaces and thus this area must be multiplied by
3/2 in order to get the correct contribution to the total area. Finally, in case there
are two zeros in (hkl) this means that (hkl) = (100) and thus we can calculate the
area for only one of these three surfaces and thus we must multiply it by 3.

After this, the area of the one octant of the nanoparticle is given by:

Aoctant =
∑
hkl

times(hkl)
∑
region

Aregion (5.27)

Similar to the total volume of a nanoparticle, the total area of it equals eight
times the area of one octant: A = 8 × Aoctant.

Spericity: was defined in 1935 by Wadell [100] as a measure of how spherical
(round) an object is. The sphericity of a particle is given by the ratio of the surface
area of a sphere with the same volume, V , as the given particle to the surface area,
A, of the particle:

sphericity =
π

1
3 (6V )

2
3

A
100% (5.28)

Characteristic values of sphericity are: 81% for a cube, 85% for an octahedron and
100% for a sphere.
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Active Sites: of a nanoparticle, Nact, are these sites on a catalyst that reactions
take place. They consist of atoms with low coordination number that makes them
more reactive with adsorbates and defined as:

Nact =
Ncorner +Nedge

NtotAr
106 µmol

g
(5.29)

where, Ar is the atomic weight of the element of the catalyst.

Faces: appearing on a nanoparticle are found using the non-bulk atoms of it.
Atoms with coordination number z < 12, are separated according to the value
of their projection on each (hkl) surfaces with h, k, l ≤ 4. The atoms with the
maximum projection on each (hkl) surfaces are putted into groups. In case the
atoms of a group really construct a surface; there are at least three non-linear
atoms in this group, this surface arrears on the nanoparticle. Due to the discrete
values of the positions of atoms, it is possible, especially at small sizes, the enclosing
surfaces predicted from the Wulff construction to differ from those appearing on the
nanoparticle. This can be easily explained with an example of a “nanoparticle” in
two dimensions and using only the positive quadrant, without loss of generality.
Assume, that the (10), (01), (11), (21) and (12) lines (equivalent to surfaces in
3D) are found to have distances, d10, d01, d11, d21 and d12 respectively, as drawn in
Fig. 5.9(a). With these distances, the predicted from Wulff construction shape is
enclosed from the: (10), (01), (21) and (12), blue and green lines in Fig. 5.9(a).
After analysing this “nanoparticle”, we find that despite the fact that (11) is drawn
in a greater distance than (21) and (12), the “nanoparticle” is enclosed by (10),
(01) and (11) lines, as shown in Fig. 5.9(b).
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(a) (b)

(11)

Figure 5.9: (a): the predicted surfaces of the nanoparticle according to the Wulff
construction method and the surface tensions and (b) the appearing surfaces on it,
where the dark region represents the nanoparticle.

This is the reason that only nanoparticles that have the same or part of the
surfaces appearing on the Wulff construction at thermodynamic limit are consider
to be in equilibrium.
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5.4 Au nanoparticles in noninteracting environ-

ment

Using the code described above and the surface tensions as they were calculated in
section 4.1.1, we obtain atomistic models of the equilibrium shape of gold nanopar-
ticles in noninteracting environment.

In case of nonreactive environment, we focus on (111) as this face has the lowest
surface tension. We begin by choosing the number of (111) layers. This deter-
mines the distance of the (111) plane from the center of the nanoparticle, d111, and,
consequently, the nanoparticle size. We then consider two initial configurations of
the unit cell, one where a Au atom resides at the origin and another where the
octahedral hollow site is at the origin. The first configuration yields nanoparticles
with odd number of (111) layers, while the second one yields nanoparticles with
even number of (111) layers. For other faces, we use Eq. (5.4), with the calculated
values of γhkl, and cut the crystal at the correct distances dhkl. This leads to a
faceted nanoparticle. Using Cartesian coordinates for the atoms, we calculate the
equations of planes for the nanoparticle faces, and we make sure they are consis-
tent with the (hkl) planes predicted by Wulff’s theorem. We consider about 40000
different nanoparticles with diameters ranging from 1 to more than 100 nm.

As we are interested in relatively large Au nanoparticles, we limit our study to
nanoparticles where Au atoms far from the surfaces are in the ideal fcc lattice. This
is observed in simulations of large clusters [17], although small gold clusters may
have structures very different from fcc [101].

At small sizes, some faces might not be large enough to accommodate a single
atom, let alone a unit cell of this surface. Very small nanoparticles expose only
(111) and (100) faces. Interestingly, the Wulff construction seems to agree with
several minimum energy structures of large Au clusters found by direct DFT sim-
ulations by Barnard and Curtiss [99]. In particular, we find that Au19, Au44, and
Au85 nanoparticles have octahedron shape, Au38, Au79, and Au140 ones truncated
octahedron shape and Au55 and Au116 cuboctahedron shape, which are identical
to the corresponding lowest energy structures of Barnard and Curtiss [99]. Gold
clusters that do not contain an integer number of (100) and (111) layers are not
accessible by the present method. X-ray diffraction experiments [17] have confirmed
the shape of Au79 and Au140 found here and by Barnard and Curtiss [99]; moreover,
our work agrees with these experimental findings for larger clusters such as Au225

and Au459. We find the latter to contain thirteen (100) layers, the smallest of which
contains nine atoms, in excellent agreement with the results of Cleveland et al. [17].

This agreement between Wulff construction, experiment, and atomistic simula-
tions, at such small sizes is surprising, and should again be attributed to the unique
chemistry of Au: Au-Au bonds have extremely low directionality, as manifested by
the very low shear modulus of bulk gold. It is therefore very unlikely that Au atoms
will prefer to lower their coordination numbers in order to obtain a more favorable
bond angle geometry, as would be that case for clusters of elements with unpaired
electrons, such as Si or Ni.

For sizes 2 nm and higher, the shape resembles a truncated octahedron consist-
ing mainly of (111) and (100) faces, with their edges decorated by several (hkl) faces
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with indexes up to 3. Nanoparticles with diameter up to 16.3 nm have a truncated
octahedron shape with only (111) and (100) faces, as shown in Fig. 5.10(a). As
the nanoparticle grows in size, different (hkl) orientations start to appear [see Fig.
5.10(b)]. The shape at the thermodynamic limit, shown in Fig. 5.10(c), contains
144 vertices and 86 faces of 5 different kinds: (111), (332), (100), (211) and (322)
in order of total area and is reached at diameters of the order of 100 nm.

(a) (b) (c)

Figure 5.10: Typical calculated Au nanoparticles for various sizes, d: (a) d = 12.1
nm (b) d = 27.2 nm (c) d→∞. In (a) and (b), step and kink atoms are shown in
darker color. In (c), different colours correspond to different kinds of surfaces. (c)
was created using Wulffman software [102].

Au nanoparticles adsorbed on carbon nanotubes are often found in such trun-
cated octahedral shapes. Bittencourt and co-workers [18, 19] present various tran-
sition electron microscopy (TEM) images of nanotube-supported Au nanoparticles
that are very similar to the ones presented here. For example, comparing our
nanoparticle at about 5 nm diameter to Fig. 1 of Ref. [18], we find the same shape:
the angle between long edges is 105◦ (115◦ in experiment) while the angle between
long and short edges is 125 ◦ (130◦ in experiment). For Au nanoparticles supported
on TiO2, Sivaramakrishnan et al. [20] provide an atomistic image of nanoparticles
that best fit TEM experiments and the Wulff theorem. For a nanoparticle of about
5 nm in diameter, they find a truncated octahedral shape where the hexagonal faces
have edges that are eight and five atoms long. For a similar size, we find the same
shape with a similar aspect ratio (eight to six for our case). Given the errors intro-
duced from processing TEM images, the agreement between theory and experiment
is good.

Geometrical features of typical nanoparticles are shown in Table 5.1. Since in
Au-based catalysis step-edge sites are usually responsible for the chemical activity,
we provide the number of active sites per gram of material, Nact, assuming that
only step-edge atoms are active. By fitting over 100 particles of different diameters,
we provide scaling relations of various properties with total number of atoms, in
accordance with atom-counting models for nanoparticles [103, 104].
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Shape
d

Nc Ne Ns Nt
A V Sphericity Nact Faces

(nm) (nm2) (nm3) (%) (µmol/g)

2.51 24 60 150 459 18 6 88.9 929
(111),(100)

(88%),(12%)

(a) 5.02 24 180 750 3101 71 48 88.9 295
(111),(100)

(88%),(12%)

12.12 24 444 5208 42925 438 730 89.6 55
(111),(100)

(86%),(14%)

27.17 96 2832 25998 473550 2172 8439 92.3 31
(111),(332),(100),(211)

(60%),(17%),(12%),(11%)

(b) 45.98 96 7368 76296 2304754 6270 41503 92.5 16
(111),(332),(100),(211)

(58%),(20%),(12%),(10%)

74.00 96 17268 197784 9428861 16116 170659 92.3 9
(111),(332),(100),(211)

(59%),(19%),(12%),(10%)

(c) 0.31N0.34 144 N0.60 3N0.68 N 0.33N0.67 0.02N 92.9 5077
N0.40 (111),(332),(100),(211),(322)

Table 5.1: Characteristic data for typical nanoparticles shown in Fig. 5.10. Shape
(a) is typical for particles up to d = 16.3 nm in diameter, shape (b) is typical
for larger particles and (c) presents fitted values from over a hundred different
particles with d < 16.3 Å. Ncorner, Nedge and Nsurf are the total number of atoms at
vertices, edges and faces of the nanoparticle, respectively; Ntotal is the total number
of atoms. A is the total surface area and V the volume of the nanoparticle. (hkl)
are the appearing surfaces in the shape with the percentage of the total area they
occupy.
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5.5 Au nanoparticles in reactive environment

The equilibrium shape of nanoparticles that interact with their environment can
be found by means of a Wulff construction based on interface tensions, between
Au and its environment instead of surface tensions, γhkl as we show in section 4.2.
Recalling Eq. (4.5), the interface tension is defined as:

γinthkl = γhkl + θ
Eads
Aat

,

where θ is the coverage, Aat is total surface area per metal atom and Eads the
adsorption energy, defined as the excess energy per molecule of the system compared
to isolated Au surface and isolated encapsulating material.

5.5.1 CO gas

We use calculated interface tension from section 4.2 together with the Wulff con-
struction method as implemented in the code described in section 5.2 to obtain the
equilibrium shape of Au nanoparticles at low CO coverage.

Considering again two initial configurations, one where a Au atom resides at
the origin and another where the octahedral hollow site is at the origin, we focus
on (310) as this face has the lowest interface tension. We begin by choosing the
number of (310) layers, determining the distance of (310) plane from the center of
the nanoparticle, d310, and, consequently, the nanoparticle size. For other faces, we
use Eq. (5.4), with the calculated values of γhkl and cut the crystal at the correct
distances dhkl. Using Cartesian coordinates of atoms, we calculate the equations of
planes for the nanoparticle faces, and make sure they are consistent with the (hkl)
planes predicted by Wulff’s theorem. We consider about 40000 different nanopar-
ticles with diameters ranging from 1 nm to more than 45 nm.

The Wulff construction for CO-covered gold nanoparticles is shown in Fig. 5.11.
It contains 114 vertices and 72 faces of 2 different kinds: (321) and (310) in order
of total area.

(321) (310)

Figure 5.11: Gold nanoparticle in CO gas at the thermodynamic limit, as predicted
from Wulff construction method. Different colours correspond to different surfaces.
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A typical CO-covered gold nanoparticle consisting of about 5000 atoms, is shown
in Fig. 5.12. For rough surfaces, γhkl will be relatively high, but at the same time
Eads will be quite low; this results in a compensation effect for the two terms in Eq.
(4.5). As the different γinthkl are close to each other, the shape has higher sphericity.
For the nanoparticle shown in Fig. 5.12, sphericity increases from 91% to 98%.
This change of Au nanoparticles toward rounder shapes upon exposure to reactive

Figure 5.12: Left: Model of a typical Au nanoparticle (d = 5.4 nm, ca. 5000 atoms)
in weakly interacting environment (sphericity = 91%, 200 µmol of active sites per g)
Right: a same size nanoparticle in equilibrium with low-pressure CO gas (sphericity
= 98%, 400 µmol of active sites per g). Step and kink atoms are shown in darker
color.

environments has also been observed in experiments. Ueda et al. [23] observed in
TEM experiments that the shape of supported gold nanoparticles changed upon
exposure to CO gas toward an almost semispherical shape and the crystal habit
was sometimes observed with facets on the surface. Also, Uchiyama et al. [4] used
in situ environmental transmission electron microscopy (ETEM) and observed that
faceted gold nanoparticles, dominated by (111) and (100) faces, became rounded
when exposed to reactive gases.

The reactivity of Au nanoparticles is likely to arise from step-edge atoms as
pointed out by Lemire et al. [105]. With this assumption, we find that exposure
of the nanoparticle to CO gas makes it much more reactive. This effect has been
already observed in simulations of small Au clusters [7, 24, 106]. The same happens
at larger sizes, although the effect is more pronounced for smaller nanoparticles.
If one assumes that all step-edge atoms are active, the active-site density doubles,
increasing from about 200 to about 400 µmol/g for the nanoparticle shown in Fig.
5.12.

Gold nanoparticles are usually supported on oxides, such as MgO or rutile TiO2.
The interaction between the nanoparticle and the supporting material will also affect
its shape. The epitaxial growth will introduce strain in the nanoparticle [46]. More
importantly, the values of γhkl for the faces attached to the supporting material will
be very different. A qualitative picture of this interaction has been presented by
Lopez et al. [107].
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5.5.2 Thiolate-covered gold nanoparticles

In this section, we use calculated interface tensions of CH3S-covered gold surfaces,
together with the atomistic Wulff construction code to construct thiolate-covered Au
nanoparticles. We choose the (211) surface to determine the size of the nanoparticle,
since this is the one with the minimum interface tension in this case. This minimum
interface tension is a result of the highest absolute value for the adsorption energy
combined with a high density of steps.

By increasing the d211 distance, we construct nanoparticles of increasing diame-
ter. For each one of them we find all dhkl and thus construct the Wullf polyhedron.
Then we fill it with atoms in the fcc lattice and create an atomistic model of a
nanoparticle. Two orthogonal unit cell bases for the fcc lattice of gold are used,
one with an atom in the center and an other one without. We construct more than
40000 nanoparticles with diameter up to 45 nm. Only a few thousands of them
are unique and less than a hundred are in agreement with the continuous Wulff
polyhedron.

The thus constructed shape might deviate from the thermodynamic limit at
small sizes, as some faces might be too small to accommodate a unit cell. At
the thermodynamic limit, thiolate-protected gold nanoparticles are almost totally
dominated by the (211) surface with a very small amount of (100). In Fig. 5.13,
the equilibrium shape at the thermodynamic limit is shown. This shape is close to
a deltoidal icositetrahedron.

(111) (100)

Figure 5.13: Wulff construction for a thiolate-protected Au nanoparticle. The shape
consists almost entirely of (211) faces.

In Fig. 5.14, we present atomistic models of the Wulff construction for two
different sizes. The nanoparticle with diameter of 14.2 nm is identical to that at
the thermodynamic limit. Smaller nanoparticles do not have (100) faces, as this area
is smaller than the minimum unit cell of (100). This is the case for all nanoparticles
smaller than 14.2 nm.
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Figure 5.14: Atomistic Wulff construction for thiolate-covered gold nanoparticles
at 5.0 and 14.2 nm respectively. Grey atoms are Au atoms at edges or corners.

In Table 5.2, we present characteristic values for the nanoparticles in equilibrium,
including diameter d in nm, number of the atoms in corners Nc, edges Ne, surfaces
Ns and total Nt. We also present the surface area in nm2, the volume in nm3, the
active site density Nact in µmol/g assuming that step-edge atoms are active and the
faces appearing for each nanoparticle with the percentages due to the total area for
each one face.

d
Nc Ne Ns Nt

Area Volume Nact Faces
(nm) (nm2) (nm3) (µmol/g)

5.02 26 312 456 2461 62 42 644 (211) (100%)

10.45 60 1344 2352 22798 278 404 299 (211) (100%)

14.21 44 2664 4830 63511 553 1135 211 (211) (98.5%) (100) (1.5%)

19.23 44 4728 8742 149779 984 2691 159 (211) (99.1%) (100) (0.9%)

24.24 44 7368 13806 291631 1539 5257 127 (211) (99.5%) (100) (0.5%)

29.26 44 10584 20022 502891 2217 9086 106 (211) (99.6%) (100) (0.4%)

34.28 44 14376 27390 797383 3018 14428 91 (211) (99.7%) (100) (0.3%)

Table 5.2: Characteristic values for the stable nanoparticles, including diameter d
in nm, number of the atoms in corners Nc, edges Ne, surfaces Ns and total Nt,
the surface area in nm2, the volume in nm3, the active (step) site density Nact in
µmol/g and the faces appearing for each nanoparticle with the percentages due to
the total area for each one face.

Comparing the shapes for thiolate-protected gold nanoparticles with gold nano-
particles in inert gas [91], we find that the shape changes upon exposure to thiolates
toward higher symmetry. An example is shown in Fig. 5.15. A gold nanoparticle
with approximately 10 nm diameter, increases its sphericity from 89% in inert gas
to 95%. Such shape change upon exposure to reactive environment is very common
for Au nanoparticles [4, 23, 24, 91].

Thiolate-protected Au nanoparticles are much more reactive compared to Au
nanoparticles in weakly interacting environment. As a rough measure of activity,
we consider the density of step-edge atoms. Following the catalysis convention, we
present in Table 5.2 the values of Nact, which is the number of µmol of active sites
per g of material. This number can be of the order of 103 for nanoparticles of the
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Figure 5.15: Left: Model of a typical Au nanoparticle (d ∼ 10 nm, ca. 22750 atoms)
in non-interacting environment (sphericity = 89%, 78 µmol of active sites per gram)
Right: a same size thiolate-protected gold nanoparticle (sphericity = 95%, 299 µmol
of active sites per gram). Step and kink atoms are shown in darker color.

order of 3 nm used in catalysis and drops down to 102 at diameters of a few tens
of nm. Interestingly, for a nanoparticle of 10 nm Nact increases by a factor of 3.8
upon exposure to thiolates (see Fig. 5.15).
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5.6 Stability

In order to check the stability of the shape of gold nanoparticles in nonreactive
environment, we perform molecular dynamics (MD) simulations, as they are imple-
mented in ASAP/ASE packages (https://wiki.fysik.dtu.dk/asap). The inter-
atomic interactions are described using the Jacobsen empirical potential functions
[68] based on the semi-empirical effective-medium theory for metals and alloys [69]:

Φ = φ2 =
∑
i

Ec(n̄i) + EAS,

where Φ is the total potential energy which is equal to the potential energy of two
interacting atoms φ2. Ec(n̄i) is the cohesive energy and is given by:

Ec(n̄i) = E0 + E2

( n̄i
n0

− 1
)2

+ E3

( n̄i
n0

− 1
)2
,

and EAS is the difference in the electrostatic and exchange-correlation energy in the
system of interest and in the reference system, is called atomic-sphere correction
and is given by a pair-potential approximation:

EAS = αn0

∑
i

(E
(1)
AS(i)− E(2)

AS(i)),

where:

E
(1)
AS(i) =

[ 1

12

∑
j 6=i

e−η2(rij−βs0)
]η/(η+η1)

,

and:

E
(2)
AS(i) =

1

12

∑
j 6=i

e−η(rij/β−s0),

with n̄i to be the electron density of the atoms surrounding atom i:

n̄i = n̄0E
(1)
AS(i).

The parameter s0 is called the neutral sphere radius and is the radius of a sphere
around each atom within which the charge is zero. The parameters β and η2 are
given by: β = (16π/3)1/32−1/2 and η2 = (η + η1)/β. The values for the parameters
for Au are given in Table 5.3.

The nanoparticles obtained using DFT calculations together with Wulff con-
struction method are annealed at 600 K and then equilibrated at near zero temper-
ature, using NPT dynamics. In the following we present the figures of the initial
shape and the one obtained after performing MD simulation and including changes
in the main features of them.

In Figs. 5.16 and 5.17 we present the equilibrium shape of a typical gold nanopar-
ticle in nonreactive environment with diameter less than 16.3 and greater than 16.3
nm, respectively. In both of them the shape was found: (a) using DFT calculations
together with the Wulff construction method, and (b) after simulated using NPT
dynamics.
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Parameter Value

n0(a
−3) 0.00703

s0(a0) 3.00

η(a−10 ) 2.53

E0(eV ) -3.80

η1(a
−1
0 ) 0.5

Table 5.3: The EMT parameters for Au.

(a) (b)

Figure 5.16: Equilibrium shape of a gold nanoparticle with diameter d = 5.0 nm in
nonreactive environment. (a): As it was predicted using DFT simulations together
with Wulff construction method. (b): The same nanoparticle simulated using NPT
dynamics. Step and kink atoms are shown in darker color.

(a) (b)

Figure 5.17: Equilibrium shape of a gold nanoparticle with diameter d = 25.1 nm in
nonreactive environment. (a): As it was predicted using DFT simulations together
with Wulff construction method. (b): The same nanoparticle simulated using NPT
dynamics. Step and kink atoms are shown in darker color.

After performing the NPT dynamics the shape of the nanoparticles was found
to remain exactly the same with the one predicted using the Wulff construction
method. There were very small differences between the nanoparticles before and
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after annealing, revealing that the shape predicted using DFT calculations together
with Wulff construction method is really in equilibrium state and thus stable. For
example, the diameter for the nanoparticle shown in Fig. 5.16 was found to decrease
slightly from 5.0 nm to 4.8 nm. The distance between the two outer layers of the
(111) face of it, was found at 2.30 Å too close to 2.16 Å found for an infinite slab of
the (111) surface after MD simulation. For the nanoparticle shown in Fig. 5.17 the
diameter was found also to decrease from 25.1 to 24.2 nm. The distance between
the two outer layers of (111) for this nanoparticle was found at 2.27 Å in agreement
to the one found for the infinite (111) slab and reasonably smaller than the one
found for the smaller nanoparticle. Such small differences can be attributed to
the difference between first-principles calculations and the use of effective medium
theory interatomic potentials.

The stability of protected-gold nanoparticles can not be checked using the ASAP
package because the potential that describes the interaction between the CO or
CH3S and the gold surfaces is not implemented to date.



Chapter 6

Spectroscopic Properties

In this chapter, we present the code developed to calculate the electronic states in
the Wulff shapes of nanoparticles. This allows for the prediction of shape-dependent
optical properties of metal nanoparticles. This work aims to link light absorption
spectra to the shape of nanoparticles. More importantly, we would like to guide
materials design towards the fabrication of specific nanoparticle shapes so that they
will have desired optical properties.

6.1 Numerical solution of Schrödinger’s equation

The energy spectrum of a nanoparticle is obtained through the energy levels of a
free electron in a nanoparticle. These energy levels can be found by solving the
time-independent Schrödinger equation:

[
− ~2

2m
∇2 + V (x, y, z)

]
ψi(x, y, z) = Eiψi(x, y, z), (6.1)

where, Ei and ψi(x, y, z) are the ith eigenvalue and eigenstate of the system respec-
tively, − ~2

2m
∇2 is the kinetic energy of a particle with mass m and V (x, y, z) the

potential energy. In our case the potential energy is defined as:

V (x, y, z) =

{
0 inside the nanoparticle,

∞ otherwise.
(6.2)

The difficulty in solving this eigenvalue problem lies in the nature of the poten-
tial. In the case of faceted nanoparticles, like those found in our study, the potential
defined by the borders of the nanoparticle, is a nonseparable one. This prevents us
from separating the dimensions of our problem in order to simplify it. Furthermore,
the eigenstates of the electron must be vanishing in a very difficult boundary condi-
tion, i.e. the borders of the nanoparticle, which makes it to difficult to identify such
functions. For these reasons, we decided to use a set of basis functions, φj(x, y, z),
to expand each eigenfunction of the system, ψi(x, y, z), as a linear combination of
them:
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ψi(x, y, z) =
N∑
j

ci,jφj(x, y, z) (6.3)

where, ci,j is the a scalar coefficient, describing the weight of the contribution of
the jth function of the base to the eigenfunction.

Using a set of basis function, in order to solve numerically the eigenvalue prob-
lem, one has firstly, to construct the matrix of the Hamiltonian of the system. Then
to diagonalize this matrix, commonly using Linear Algebra PACKage (LAPACK)
subroutines, in order to get the eigenenergies and the ci,j coefficients. The choice of
the set of the basis functions is crucial, since it has to be a complete and orthonor-
mal set and also reasonable according to the nature of the problem is going to be
solved.

Here, we do the following trick. We enclose the nanoparticle in a box with
dimensions generally given as (a, b, c), as shown in Fig. 6.1, and use the eigenstates
of the well-known “particle-in-a-box” problem as a set of basis functions.

y

z

x

0
a

b

c

Figure 6.1: Illustration of a typical nanoparticle enclosed in the simulated box with
dimensions (a, b, c).

It is known that the eigenstates of the “particle-in-a-box” problem, such as an
electron in a box, with a potential defined as:

V (x, y, z) =

{
0 0 ≤ x ≤ a, 0 ≤ y ≤ b, and 0 ≤ z ≤ c,

∞ otherwise
(6.4)

are given by:

φn,m,l(x, y, z) =

√
8

abc
sin (

nπx

a
) sin (

mπy

b
) sin (

lπz

c
), (6.5)
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where n,m, and l are positive integer numbers. The φn,m,l(x, y, z) functions define
a complete and orthonormal set of functions that are vanishing in the borders of
the box, and the eigenenergies of them, En,m,l, are given by:

En,m,l =
~2π2

2me

(
n2

a2
+
m2

b2
+
l2

c2
), (6.6)

where, ~ is the reduced Planck constant and me is the mass of the electron.

Knowing the eigenfunctions of the “particle-in-a-box” problem, and taking ad-
vantage of the fact that these eigenfunctions are also eigenstates of the kinetic
term of our system, we write the expectation value of each matrix element of the
Hamiltonian of the system, (φn′,m′,l′ , Hφn,m,l), as:

(φn′,m′,l′ , Hφn,m,l) = En,m,lδn′,nδm′,mδl′,l

+ (φn′,m′,l′ , V (x, y, z)φn,m,l) (6.7)

where, (φn′,m′,l′ , V (x, y, z)φn,m,l) is the expectation value of the potential energy for
the potential defined in Eq. (6.2).

The problem of calculating the (φn′,m′,l′ , Hφn,m,l) is now reduced in calculating
the (φn′,m′,l′ , V (x, y, z)φn,m,l) integral. In practice, we substitute the infinity value
of the potential with a large enough value, V0. The matrix element then takes the
following form:

(φn′,m′,l′ , V (x, y, z)φn,m,l) =

{
0 inside the nanoparticle,

V0
∫
φ∗n′,m′,l′φn,m,ldV otherwise.

(6.8)

The nonzero integral of V (x, y, z) outside the nanoparticle can be calculated
either numerically, using for example a three dimensional trapezoidal rule, or ana-
lytically. The disadvantage of a numerical solution is that it needs a high density
grid in order to be as adaptive as possible to the boundary condition of the potential
and also to be able to catch the fluctuations of the functions of the basis. This high
density grid makes the calculation too slow and not accurate enough.

In this study, both numerical and analytical techniques were performed. Here,
we describe in details the technique was used to calculate the expectation value of
the potential energy using an analytical integration method.

This technique is based on the methodology used to calculate the volume and
the area of a nanoparticle, as described in section 5.3, where regions were defined
and the borders of them were used together with a formula to obtain the value of
the volume and the area of a nanoparticle. The difference now is that the we use
only the region where: 0 ≤ x ≤ a

2
, 0 ≤ y ≤ b

2
and 0 ≤ z ≤ c

2
as shown in Fig. 6.2.

The regions are defined using the corner atoms of the nanoparticle and the space
between the nanoparticle and the box. After defining the regions we can solve the
potential integral in each one of region, Vregion using the form:
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z

x
0

a/2

b/2

c/2

y

The center of

the nanoparticle

Figure 6.2: Illustration of the one octant used to calculate the potential integral.
Grey color represents the inner part of the nanoparticle.

Vregion =
8V0
abc

∫ xf

xi

∫ yf

yi

∫ zf

0

sin (
n′πx

a
) sin (

m′πy

b
) sin (

l′πz

c
) sin (

nπx

a
) sin (

mπy

b
) sin (

lπz

c
)dzdydx

(6.9)

Using the Euler’s formula we rewrite each sine with exponential functions:

sin (x) =
eix − e−ix

2i
(6.10)

and thus Eq. (6.9) is written as:

Vregion =
8V0
abc

∫ xf

xi

∫ yf

yi

∫ zf

0

(e in′πa x − e− in
′π
a
x

2i

)(e im′πb y − e− im
′π
b
y

2i

)(e il′πc z − e− il
′π
c
z

2i

)
×

×
(e inπa x − e− inπa x

2i

)(e imπb y − e− imπb y

2i

)(e ilπc z − e− ilπc z
2i

)
dz dy dx. (6.11)
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Expanding this integral we obtain that Vregion is given by:

Vregion =
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26abc
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The above integral can be reduced using the fact that the 64 terms of it are all of
the form of:

s(t)e
iπN(t)
a

xe
iπM(t)

b
ye

iπL(t)
c

z, (6.13)

where s(t) is the sign of each term and N(t), M(t) and L(t) represent each one
of the 64 sets of combinations of (±n′,±n), (±m′,±m) and (±l′,±l). Substituting
N(t), M(t) and L(t) into Vregion and taking into account that the box used is a
cubic one (a = b = c), Eq. (6.12) can be written as a sum over 64 terms in form:

Vregion =
−8V0
26a3

64∑
t=1

s(t)

∫ xf

xi

∫ yf

yi

∫ zf

0

e
iπN(t)
a

xe+
iπM(t)
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ye+
iπL(t)
a

zdz dy dx. (6.14)

With limits defined by the borders of each region given as: xi < x < xf , the lines,
yi = aix + bi < y < yf = afx + bf and the surfaces zi = 0 < z < zf = d−hx−ky

l
,

where d =
√
h2 + k2 + l2dhkl, this triple integral of each one of these terms can be

calculated analytically and is given by:
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There are a few cases where one or more of the denominators of Eq. (6.15) are equal
to zero. For example, when L(t) = 0 all of the denominators are equal to zero. In
such a case, it is easy to show that also the nominator of the same fraction equals
zero and thus the fraction takes the indeterminate form of 0/0. This indeterminate
form can be addressed either by applying the l’ Hopital rule, or (more easily) by
defining the integral again without the terms that are equal to zero and solve it
from scratch. In the code this is implemented using if statements, where each one
of them uses a formula to return the value of the integral for each specific case.
Equation (6.15) was used in order to calculate the Vregion of each one of the regions.

Finally, the expectation value for the potential energy is given by the sum of
Vregion over all the regions as:

(φn′,m′,l′ , V (x, y, z)φn,m,l) =
∑
regions

Vregion (6.16)

With the expectation values of the kinetic and the potential energy known, we
construct the Hamiltonian matrix. This matrix is a real symmetric one and can
be diagonalized using the TRED2 and TQL2 subroutines from Fortran LAPACK
library. The former reduces the real symmetric matrix of the Hamiltonian to a
symmetric tridiagonal one and the latter finds the eigenvalues and eigenfunctions
of the reduced matrix. These eigenvalues and eigenfunctions are the eigenenergies
and eigenstates of a free electron in the nanoparticle. In the following, we present
the results of the eigenenergies and eigenstates, including the density of states, for
several shapes of nanoparticles. We simulate a spherical nanoparticle to validate
our results with those obtained by solving analytically the “particle-in-a-sphere”
problem. Results of cubic nanoparticles are not reported since this system is solved
by definition using this methodology. Finally, the results for energy levels and
eigenstates of gold nanoparticles in inert and reactive environment are presented.
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6.2 Spherical nanoparticle

In order to check the validity of our method, we use our code to calculate the
eigenvalues and the eigenfunctions of a spherical nanoparticle. The eigenvalues of it
can be compared with those obtained using the analytical solution of the well-known
problem of an electron in a sphere. In Fig. 6.3 we present the plane-constructed
spherical nanoparticle with volume V = 481.42 nm3 and sphericity 99.6%, which
was used in our simulation.

Figure 6.3: Top view of the simulated spherical nanoparticle. Spheres represent
atoms positions.

In Table 6.1 we present the thirty first calculated eigenenergies, ECalc
n , of the

spherical nanoparticle shown in Fig. 6.3. They were calculated using a set of
32768 basis functions and V0 = 100 a.u. Both, the number of basis functions
and the value of V0, are chosen so the ground state and the 100th eigenenergy be
well converged. The calculated eigenvalues are compared with the corresponding
analytically obtained values, En, of a spherical nanoparticle with the same volume.

The energy levels of an electron in a sphere, En, of radius, r, are given by:

En,l =
~2χ2

n,l

2mer2
(6.17)

where, χn,l is the nth root of the lth order spherical Bessel functions jl(x). The sym-
bols n and l represent the principle quantum number and the angular momentum
of each state, respectively. This is the reason that each one of the energy levels is
(2l + 1)-fold degenerated.

The calculated eigenenergies were found to be slightly overestimated compared
to the analytically obtained ones within a relative error of 4% or less. This result
was expected considering the vertices of the plane-constructed spherical nanopar-
ticle that increase the kinetic energy of the electron. In Fig. 6.4, we present the
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n ECalc
n (meV) En(meV) n ECalc

n (meV) En(meV) n ECalc
n (meV) En(meV)

1 16.577 15.907 11 81.605 78.704 21 111.900 107.914
2 33.690 32.543 12 81.693 78.704 22 112.031 107.914
3 33.953 32.543 13 81.791 78.704 23 112.122 107.914
4 33.953 32.543 14 81.791 78.704 24 112.122 107.914
5 55.534 53.538 15 82.017 78.704 25 112.259 107.914
6 55.534 53.538 16 82.343 78.704 26 112.404 107.914
7 55.652 53.538 17 82.343 78.704 27 112.404 107.914
8 55.842 53.538 18 99.605 96.189 28 112.851 107.914
9 56.070 53.538 19 100.370 96.189 29 113.054 107.914
10 66.307 63.630 20 100.370 96.189 30 138.328 133.323

Table 6.1: Comparison of calculated, ECalc
n , and analytically obtained values, En,

of the thirty first eigenenergies of a spherical nanoparticle with volume, V = 481.42
nm3.

probability function, ψ2, of the eigenfunctions for the first four energy levels as they
were calculated. As it was expected, the ground state found to be non-degenerated,
the first excited state three-fold degenerated, the second excited state five-fold de-
generated and the third one non-degenerated.
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Figure 6.4: The probability function, ψ2, of the ten first eigenstates of an elec-
tron inside a sphere. Yellow represents positive and cyan negative values of the
wavefunction.

We continue validating our method by plotting the density of states per volume
of an electron in a spherical nanoparticle. The density of states (DOS) per volume,
ρV (E), is defined as:

ρV (E) =
1

V

∑
n

δ(E − En) (6.18)

where V is the volume of the nanoparticle. The δ(E−En) function can be approx-
imated using a Gaussian distribution with mean value En and standard deviation
σ = δE of the form of:

δ(E − En) =
1

δE
√

2π
e−

1
2
(E−En

δE
)2 (6.19)

In Fig. 6.5, we plot the ρV (E) of an electron in a spherical nanoparticle with V =
481.42 nm3 as it was calculated using the calculated eigenenergies from our code
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and the analytical values of them using Eq. (6.17). The δ(E − En) function was
approximated using a Gaussian distribution with δE = 0.08 eV.
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Figure 6.5: Comparison of the ρV (E) of an electron in the spherical nanoparticle
shown in Fig. 6.3, using the calculated (green line) and the analytical eigenenergies
(red line).

The calculated DOS matches very well the analytically obtained one for small
energies and is slightly underestimated for energies near 3 eV. This underestima-
tion was expected due to the limited basis set which was used. Using a Gaussian
distribution, instead of a delta function, the contribution of each eigenenergy to the
density of states is broadened and this explains the nonzero value of the DOS at
E = 0 eV.
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6.3 Gold nanoparticle in nonreactive environment

In this section we apply our method in a faceted gold nanoparticle as it was found
for an nonreactive environment. A set of 32768 basis functions was used to calculate
the eigenenergies and eigenfunctions of the nanoparticle shown in Fig. 6.6. The
diameter of this nanoparticle is d = 10.45 nm, it contains 28806 atoms, its volume
is 485.38 nm3 and its sphericity equals 89.87%.

Figure 6.6: Face view of the simulated faceted gold nanoparticle as it was found in
nonreactive environment. Step and kink atoms are shown in darker color.

In Fig. 6.7, the DOS per volume of an electron in this nanoparticle, compared to
the one found for the spherical one is shown.
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Figure 6.7: Comparison of the DOS per volume of an electron in a faceted (red line)
and a spherical nanoparticle (green line).



6.3 Gold nanoparticle in nonreactive environment 81

The DOS of the faceted nanoparticle was found to be lower than the one of the
spherical nanoparticle. This is because the faceted nanoparticle constructs a sharper
potential than the one the spherical nanoparticle does, resulting to a less dense
energy spectrum and thus to a lower DOS.

In Fig. 6.8, we present the probability function, ψ2, of the eigenstates for the
first four eigenenergies in the case of a faceted nanoparticle. They were found to be
adapted to the boundary of the nanoparticle.
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Figure 6.8: The probability function, ψ2, of the ten first eigenstates of an elec-
tron inside a sphere. Yellow represents positive and cyan negative values of the
wavefunction.
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6.4 Gold nanoparticle in reactive environment

In order to predict the spectroscopic properties of gold nanoparticles in reactive envi-
ronment, we simulate typical shapes of CO-covered and CH3-covered gold nanopar-
ticles, as they were found in the previous chapter. The simulated nanoparticles
are shown in Fig. 6.9. The CO-covered one contains 27981 atoms, its diameter is

Figure 6.9: Face view of the simulated CO-covered (left) and thiolate-covered (right)
gold nanoparticles. Step and kink atoms are shown in darker color.

d = 10.03 nm, its volume is, V = 500.36 nm3 and its sphericity 98.6%. In case of
thiolate-covered nanoparticles, one with 28502 atoms, d = 10.87 nm, V = 505.68
nm3 and sphericity 95.3% was simulated. In Fig. 6.10 the DOS per volume for the
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Figure 6.10: The DOS per volume of CO-covered (green line) and thiolate-covered
(purple line) gold nanoparticles is compared to the one of a spherical nanoparticle
(red line).

system of an electron in CO-covered and thiolate-covered gold nanoparticles are
compared with the one of the spherical nanoparticle.
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The spherical nanoparticle was found to have the greatest density of states
followed by the CO-covered one. The SCH3-covered nanoparticle was found to have
the lowest DOS. The drop of the DOS in case of the SCH3-covered nanoparticle
at about 2.8 eV, is an artifact from the limited basis set used. This makes as to
trust our results within 90% of the location of the maximum of the calculated DOS.
The nonzero value of the DOS at E = 0 eV is again attributed to the Gaussian
distribution used to describe the delta function in the calculation of the density of
states.

In Fig. 6.11, we present the probability function, ψ2, of the eigenstates for the
first four eigenenergies of the thiolate-covered gold nanoparticle. Again they were
found to be adapted to the boundary of the nanoparticle.
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Figure 6.11: The probability function, ψ2, of the ten first eigenstates of an elec-
tron inside a sphere. Yellow represents positive and cyan negative values of the
wavefunction.
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6.5 Shape-dependent electronic structure.

In Fig. 6.12 we present the density of states for all shapes considered in this study,
together with a cubic nanoparticle. In order to eliminate size-dependent properties,
we consider the density of states per unit volume. Indeed, the density of states
of a free electron is always proportional to the volume as can easily be proved by
dimensional analysis.
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Figure 6.12: The DOS per unit volume of all shapes considered in this study,
spherical (red line), CO-covered (green line), clean (blue line) and thiolate-covered
(purple line), together with a cubic nanoparticle (black line).

We observe that there is significant difference between shapes for energies in
the range of optical spectrum (1.8 to 3 eV). This result indicates that optical spec-
troscopy should in principle be able to differentiate between different nanoparticle
shapes.

Another shape-dependent property which is directly accessible to spectroscopy
is the first few excitation energies of the electron. In Table 6.2 we present the
difference for the first 10 eigenvalues from the ground state of the Schrödinger
equation, normalized so that size-dependence is isolated, ∆Enorm

n0 . The eigenvalues
of the Schrödinger equation for free electron are proportional to the volume to the
power of −2

3
.

∆Enorm
n0 is defined as:

∆Enorm
n0 =

En − E0

V −
2
3

. (6.20)

From Table 6.2 we see that a clean nanoparticle has its first excitation energy 3%
higher than the nanoparticles covered with CO or thiolates. Moreover, the faceted
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∆Enorm
n0 (eV nm2)

n Sphere CO SCH3 Clean Cube

0 0.000 0.000 0.000 0.000 0.000
1 2.102 2.137 2.179 2.209 2.256
2 2.135 2.137 2.179 2.209 2.256
3 2.135 2.137 2.179 2.209 2.256
4 4.786 4.803 4.777 4.367 4.512
5 4.786 4.804 4.777 4.367 4.512
6 4.800 4.804 5.033 5.442 4.512
7 4.824 4.891 5.033 5.442 6.016
8 4.852 4.892 5.033 5.442 6.016
9 6.109 6.142 6.240 6.061 6.016
10 7.989 7.962 8.082 7.547 6.769

Table 6.2: Energy differences between the normalized nth eigenenergy, En, and the
ground state energy, E0 for each one of the systems.

shape can be clearly differentiated from the spherical or the cubic ones. Even
the difference between CO- and thiolate-covered particles, which is only 1.9%, is
undoubtedly within the resolution of state-of-the-art instruments.

These promising results allow us to believe that this work may be the first step
towards identification of nanoparticle shapes using spectroscopy.





Conclusions

In the present Thesis, the environment-dependent shape and properties of gold
nanoparticles were investigated by linking extensive quantum-mechanical calcula-
tions, based on density functional theory (DFT), to Wulff constructions.

We have constructed and characterized gold nanoparticles in thermodynamic
equilibrium, including interactions with their environment. We first studied all
low-index Au(hkl) surfaces, both clean and with CO molecules adsorbed on them.
Approximate formulas found for low-index surfaces hold also for high-index stepped
and kinked surfaces: the surface tension is roughly proportional to the density of
cleaved metal bonds, while the CO adsorption energy is a linear function of the
Au coordination number. Using an atomistic version of the Wulff construction,
we generate Cartesian positions of atoms in large nanoparticles that are of inter-
est to catalysis but are inaccessible by direct atomistic simulations. The simu-
lated nanoparticles match experimental results, including the similarity of shapes
in weakly interacting systems as well as the change toward more spherical shapes
upon exposure to CO gas [91].

A systematic study of adsorption of CH3S- on Au reveals that bridge sites are
preferred in all cases. Step edges show adsorption energies of -0.6 to -0.8 eV, while
terraces have -0.5 eV or higher. Kinked sites do not show significantly stronger
binding than step sites. Large thiolate-protected Au nanoparticles expose mostly
(211) faces and are more spherical and more reactive than Au nanoparticles in
weakly interacting matrices [108].

We have solved the well-known “particle-in-a-box” problem of quantum mechan-
ics for an electron in a faceted Au nanoparticle. We observe that there is significant
difference between shapes for energies in the range of optical spectrum (1.8 to 3
eV). This promising result indicates that optical spectroscopy should in principle
be able to differentiate between different nanoparticle shapes [109].
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