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Abstract

This work is focused on the characterization of different nanostructures self-
assembled on appropriate substrates and on the preliminary investigation of their
potential catalytic performance using quantum mechanical simulations based on
ab-initio Density Functional Theory. The investigation is carried on in close
comparison with recent experimental data.

The systems under investigation include metallic platinum nanoclusters and
hybrid ordered structures with organic molecules, assembled on regular 2D tem-
plates, which could prevent syntering and deactivation of the catalysts. The
interaction of such nanostructures with carbon mono- and di-oxide molecules is
addressed, studying in particular CO oxidation on platinum nanoclusters and
CO2 activation on organic molecules.

Firstly, the growth of platinum nanoclusters on different regions of the moiré
pattern of graphene on Ir(111) is investigated: a stronger pinning of the graphene
beneath and in the vicinity of the adsorbed clusters explains their higher stabil-
ity in specific regions of the moiré, named hcp, from the registry of the center of
the carbon hexagon of graphene with the underlying substrate. Remarkably, the
steadiness of the metallic aggregates depends on their size: larger nanoclusters
are more stable than very small ones (containing few atoms only), but this is not
sufficient to guarantee their stability upon CO interaction. In fact, nanoclusters
of about 20-30 atoms are affected by a deep restructuring under an increasing
flux of the reactant [1].

Metal Phtalocyanines can be considered in a biomimetic approach to effi-
ciently model single atom catalysts. The self-assembling of such molecules, in
particular iron Phtalocyanines (FePcs) forms regular arrays of catalytically ac-
tive single atoms at their centers. Efficient templates, in addition to the moiré
pattern of graphene on Ir(111) previously mentioned, are oxide surfaces such
as Al2O3/Ni3Al(111). The molecule-surface and molecule-molecule interactions
induce a regular molecular array on this surface, with molecular vacancies form-
ing a hexagonal lattice with the same periodicity of the substrate. For high
molecular coverage, multilayers with the same structure but alternate chirality
are formed, even before the completion of the first monolayer [2].

The self-assembled FePcs pattern can be controlled by dosing metal depo-
sition on the Al2O3/Ni3Al(111) surface. In presence of Cu clusters, that likely
fill the oxygen vacancies at the surface making the alumina surface potential
smoother, the FePcs fully cover the oxide template and form uniform long range
ordered structure with an almost square periodicity. The size of the Cu clus-
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ters affects the structural stability of the molecular array. Scanning Tunneling
Microscopy images show the presence of a few molecules with a dark protru-
sion at their center, not observed while depositing FePcs on the pristine oxide.
The comparison between simulated and experimental images and energetic ar-
guments suggest that they are demetalated phthalocyanines (Pc’s) [3].

The catalytic activity of FePcs was exploited with respect to the interaction
with CO2. Tuning the chemical environment of FePc molecules, for instance ox-
idizing a graphene substrate, CO2 can be activated through an electron transfer
from the FePc [4].

In summary, this thesis shows that the atomic-scale study of nanostructured
catalysts allow to understand the mechanisms governing their self-assembling
and their activity, opening the way to a full control of their stability and per-
formance.
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Introduction

The aim of this thesis is to characterize different nanostructures self-assembled
on appropriate substrates and investigate their potential catalytic performance,
using quantum mechanical simulations and comparing them with experimental
data. We considered in particular two different kinds of nanostructures: metal-
lic platinum nanoclusters and hybrid ordered structures with organic molecules
(iron phthalocyanines, FePc’s) deposited on a regular template. I focus on the
interaction of such nanostructures with carbon mono- and di-oxide molecules,
studying in particular CO oxidation on platinum nanoclusters and CO2 activa-
tion on organic molecules.

Nanoclusters are finite agglomerates consisting of a (few to large) number
of atoms with size of a few nanometers [5]. These nanoclusters may consist of
identical atoms of one or two or more different species. They exhibit important
structural, electronic, and chemical properties which are distinct from those of
individual atoms and molecules or bulk matter [6, 7].

The very high surface to volume ratio and the low coordination sites (as
kinks, edges and steps) are primary reasons for the unique reactivity of metal
nanclusters. Those unique properties make them very suitable for activating
molecules for further processes, and opening reaction paths with lower reaction
barriers.

Nanoparicles have unique properties, due to a very high active surface-to-
volume ratio and high concentration of low coordination sites (kinks, edges and
steps) that make them very suitable to activate molecules for further processes,
opening reaction paths with low energy barriers [8]. Their catalytic activity can
increases by decreasing the size. For selective catalytic applications, a uniform
regular distribution of nanostructures with precise geometric shapes and size is
extremely important. The use of appropriate support has a fundamental role
for the growth of well-ordered pattern of metallic particles. In this work, both
supported graphene and oxide templates were considered. In addition to act as
catalytic centers, nanoclusters can be used to tune the self-assembly of organic
molecules, which in turn act as a catalytic centers.

The present work is based upon Density Functional Theory (DFT) calcu-
lations using the Quantum ESPRESSO package. It is part of a joint theoreti-
cal/experimental investigation. The experimental work has been performed by
the group leaded by Dr. Erik Vesselli and hosted at TASC Laboratory of IOM-
CNR located in Trieste, where the structures have been grown and characterized
using scanning tunnelling microscopy (STM), X-ray photoelectron spectroscopy
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(XPS), and Sum-Frequency Generation (IR-Vis SFG) vibrational spectroscopy.
Dr. Nicola Seriani (from ICTP) collaborated in the study of FePc molecules.

During the period of this thesis, I performed only the theoretical/numerical
part of the joint investigation. The present written report includes also a de-
tailed description of the experimental results at the beginning of each chapter,
in order to facilitate the comparison between theory/experiment and the inter-
pretation and rationalization of the results.

The PhD thesis is composed of five chapters: one for the computational ap-
proach, and the others for the results. Each of them, in turn, consists of three
parts: an introduction, a summary of the experimental results, and a third part
reporting our theoretical investigations and the comparison with the experi-
ments.

Chapter 1 (Computational Approach). In this chapter I describe the the-
oretical method to calculate with atomistic quantum mechanical simulations of
the electronic and structural properties of realistic systems, given their compo-
sition. In particular I describe the fundamental theorems of DFT which allow
to find the ground state properties of a system. Then, I list and discuss some
technicalities of the Quantum ESPRESSO code.

Chapter 2 (Carbon Monoxide on Pt Nanoclusters Supported on Graphene):
In this chapter I investigate the adsorption of CO on Pt nanoclusters grown
in a regular pattern on graphene/Ir(111). The growth of graphene on Ir(111)
induces moiré structures and chemical corrugation of the graphene, due to the
lattice mismatch with the underlying Ir substrate. The moiré pattern shows
three distinct regions (named HCP, FCC, and TOP regions) resulting from dif-
ferent local configurations of the carbon network with the Ir substrate. Firstly,
I characterize the moiré pattern of graphene on Ir(111). Then I study the ad-
sorption of monomers and small clusters of different metals like Cu, Ir and Pt
on the substrate. FCC and HCP regions are identified as preferential adsorp-
tion regions. I mainly focus on the growth details and binding mechanism and
aggregation of Pt nanoclusters on the moiré structure of graphene.
After the characterization of the Pt nanoclusters, I study their interaction with
carbon monoxide. I show the effect of the Pt size and morphology on CO ad-
sorption, and the influence of the adsorbed molecule on the cluster.

Chapter 3 (Iron Phthalocyanines on Alumina Film). I investigate the self-
assembled structure of FePc’s on Al2O3/Ni3Al(111) substrate. The structure of
a thin film of aluminum oxide (Al2O3) grown on Ni3Al(111) was determined in
previous works [9–11]. The unit cell of the oxide film is hexagonal and contains
some special sites giving rise to two ordered superstructures. One is the ”dot”
structure corresponding to a oxygen vacancy reaching the metal substrate, with
the same periodicity of the oxide film. The other is the so-called ”network”
structure, with two additional sites per unit cell. I started by investigating the
electronic and structural properties of a single molecule on different adsorp-
tion sites, extending the study to high molecular coverage. I show how the
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molecule-substrate interaction governs the self-assembly of the molecular layer.
Furthermore, I explore the details characterization of the monolayer and multi-
layers structure formed on the oxide template.

Chapter 4 (Effect of Copper Clusters on the FePc Molecular Assemblies).
In this chapter I discuss the self-assembly of FePc molecules on Cu clusters ad-
sorbed on Al2 O3 /Ni3Al(111) substrate. The site dependent adsorption of the
molecule control the self assembly of the molecular layer. In this chapter I will
show the possibility of tuning the formed molecular layer on pristine alumina,
by pre-deposited Cu cluster on the alumina substrate.

Chapter 5 (Binding of CO2 on Iron Phthalocyanines). In this chapter I
investigate the catalytic performance of FePc molecules on CO2 activation. The
oxidation of graphene on the metal substrate through oxygen adsorption, and
the impact of this process on CO2 activation is described in this Chapter. I
will demonstrate how the presence of oxygen in the system affects the electronic
configuration of the FePc molecule, allowing the activation of CO2 molecules.





Chapter 1

Computational approach

In this chapter we are going to describe in details how to calculate using com-
puter the electronic properties of realistic system. One of the most widely used
methods is the Density Functional theory (DFT). DFT allows to make specific
predictions of experimentally observable phenomena for real materials and to
design new materials.
We will initially present the basis concepts of the ab initio Density Functional
Theory, in particular with the Kohn-Sham approach, which nowaday is the most
used method in electronic structure calculations. Then, we will continue with
the description of some computational details of Quantum ESPRESSO, a widely
used, open source, state-of-the-art code for such kind of calculations.

1.1 The Born-Oppenheimer approximation
In this section, we consider the treatment of a system that consists of nuclei
and electrons. The nuclei is considered as points in space at given coordinates,
these points has a mass and charge. One of the tool to determine the properties
of electrons around the nuclei is the quantum theory. Our system is made of
a number of nuclei (NI), each nucleus has charge (ZIe) and mass (MI), and
numbers of electrons with charge -e and mass m. The hamiltonian H of this
system can be written as:

H = Te({p}) + Tn({P}) +Wee({r}) +WNN({R}) +WeN({r}) (1.1)

where Te and TN are the kinetic energies of electrons and nuclei respectively,
Vee is the electron-electron interaction, VeN the electron-nucleus interaction and
VNN the nucleus-nucleus interaction. We notice that {r}({R}) and {p}({P}) is
a compact way to write all the coordinates and momenta of electrons (nuclei).
Considering the electrostatic interation and neglecting any relativistic term, we
can write the various terms in H as:

Te({p}) =
N∑
i=1

p2
i

2m , TN(P) =
NI∑
I=1

P 2
I

2MI

(1.2)

Vee(r) = 1
2
∑
i 6=j

e2

|ri − rj|
, VNN(R) = 1

2
∑
I 6=J

ZIZJe
2

|RI −RJ |
(1.3)
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VeN(r,R) = 1
2

N∑
i=1

NI∑
I=1

ZIe
2

|ri −RI |
(1.4)

Solving the Schrödinger equation, HΨtot = EtotΨtot, associated to H is in
general very complicated. If the system evolves in a way that no energy exchange
between electrons and nuclei takes place, then the dynamics of nuclei and that
of electrons can be handled separately according to the Born-Oppenheimer ap-
proximation. The use of this approximation is made possible by the fact that
nuclei have a much larger mass than the electrons (about 1836 times heavier).
In this way it is possible to write an electronic hamiltonian Hel that depends
only on the electron coordinates and has the nuclei positions as parameters. The
eigenvalues problem to be solved becomes now:

HelΨtot({r}; {R}) = Etot({R})Ψtot({r}; {R}) (1.5)

where

Hel = Te + Vee + VeN + VNN (1.6)

The energy E({R}), which is a potential energy surface in a high-dimensional
space, is responsible of the dynamics of nuclei.
Forces FI on the atoms I are calculated as quantum mechanical expectation val-
ues of the spatial derivatives of the Hamiltonian using the theorem of Hellmann-
Feynman [12], from the relation:

FI = ∂E({R})
∂RI

= − < Ψ({r}; {R})
∣∣∣∣∣∂Hel

∂RI

∣∣∣∣∣Ψ({r}; {R}) > (1.7)

1.2 Density functional Theory
Solving the Schrödinger Equation (1.5) forN interacting electrons is a formidable
task, and it needs further simplification to be handled in an effective way. Dif-
ferent methods have been proposed in order to solve this problem. Nonetheless,
Density functional Theory (DFT) is till one of the most used and powerful in ab-
initio calculations. The DFT reduces the problem of many interacting electrons
to a problem of independent electrons in an effective potential. In this way the
dimensionality of the problem is reduced from the original 3 ∗N space variables
(N number of electrons) to 3. DFT is based on the theorems by Hohenberg and
Kohn in 1964 [13] and on the Kohn-Sham equations in 1965 [14].

1.2.1 The Hohenberg-Kohn (HK) Theorems
The theorems of Hohenberg and Kohn have general validity for a many-particle
system with arbitrary interaction and in particular for the electron gas with
Coulomb interaction in an external potential originating from the atomic nuclei.
The theory is based upon two theorems.

(i) The HK theorem I:
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Figure 1.1: Schematic diagram of the first Hohenberg-Kohn theorem. From the
usual solution of the Schrödinger equation it is evident that we can determine the
many body wave function (Ψ) once we know the external potential Vext, Then we can
also no(r). the ground state density no(r) determines the Vext in a unique way and
this goes under the name of Hohenberg-Kohn (arrow labeled "HK")) [13].

For any system of interacting particles in an external potential Vext, this potential
is determined uniquely by the ground state density n0(r), a part from a constant.

(ii) The HK theorem II:

For any external potential Vext, it is possible to define the energy of the system
as a functional of the density n(r) : E = E[n(r)].
Morever, the ground state energy of the system is the minimum value of this
functional and the density that minimizes it, keeping the number of electrons
N constant, is the ground state density n0(r). Let us now consider again the
electronic hamiltonian given in Equation (1.6) putting VeN = Vext = ∑

i vext(ri).
Then we can write the functional as:

E[n] = F [n] +
∫
drvextn(r) + ENN (1.8)

where F [n] = Te[n] + Vee[n] is a functional independent from Vext and common
to every interacting electronic system.
In principle all ground state properties are determined from the minimization
of the functional E[n]. The main issue in this approch is that the Hohenberg-
Kohn theorems don’t give any prescription for the explicit determination of the
universal functional F [n].
This problem can be solved by using the approach of Kohn-Sham [14], that
is the method actually used in electronic structure calculations.

1.2.2 Kohn-Sham (KS) approach
The idea of Kohn and Sham is to replace the many-body system of interacting
electrons with a more easily soluble auxiliary system.
To do this, Kohn and Sham assumed that the ground state density of the orig-
inal system is equal to that of some non-interacting system. Then, the energy
functional in Equation (1.8) can be written in the form:

E[n] = Ts[n] +
∫
drvext(r)n(r) + EHartree[n] + ENN + Exc[n] (1.9)
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where Ts[n] is the kinetic energy functional of the auxiliary system andEHartree[n]
is the classical Coulomb interaction energy of the electron density n(r) interact-
ing with itself and can be written as:

EHartree[n] = e2

2

∫
drdr’

n(r)n(r’)
|r-r’|

(1.10)

All many-body effects of exchange and correlation are grouped into the exchange-
correlation energy Exc[n], which is defined as:

Exc[n] = T [n]− Ts[n] + Vee[n]− EHartree[n] (1.11)

For the system of N = N↑ + N↓ independent electrons, the ground state is
obtained filling each of the Nσ one-electron orbitals Ψσ

i (r) with the eigenvalues
of the auxiliary hamiltonian (σ is the spin variable). The density in this case is:

n(r) =
∑
σ=↑,↓

nσ(r) =
∑
σ=↑,↓

Nσ∑
i=1
|Ψσ

i ( r)|2 (1.12)

and

Ts[n] = 1
2
∑
σ=↑,↓

Nσ∑
i=1
|
−→
∇Ψi

σ(r)|2 (1.13)

To obtain the Schrödinger-like equations governing the orbitals of the auxiliary
system, we proceed minimizing Equation (1.9) with respect to the density nσ(r).
This leads to the Kohn-Sham equations:

Hσ
KSΨi

σ(r) = εi
σΨi

σ(r) (1.14)

where

Hσ
KS = − ~2

2m∇
2 + vσeff (r) (1.15)

and

vσeff (r) = vext(r) + e2
∫
dr’

n(r’)
|r-r’|

+ vσxc[n] (1.16)

The last term vσxc[n], that includes all the non classical electron interactions, is
defined as:

vσxc[n] = δExc[n]
δnσ(r) (1.17)

Then we have reduced the interacting many body problem to the computation of
independent-particle in Equation (1.14) which must be solved self-consistently
with the resulting density Equation 1.12.
Untill this point no approximations have been done, hence if we knew the exact
functional Exc[n], the Kohn-Sham equations would leed to the exact ground
state density and to the energy Equation (1.9) for the interacting system.
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1.2.3 Exchange-correlation (XC) functional

The KS equations successfully maps the original interacting many-body system
onto a set of independent single-particle equations and makes the problem much
easier. In the meantime, without knowing the exact form of the XC energy func-
tional Exc[n], the KS equations are unsolvable. There are approximate formulae
for it which are fitted to Quantum Monte Carlo data for the electron gas [15].
These formulae are obtained within certain approximations; the most popular is
the Local Density Approximation (LDA), which is based on the hypothesis that
the local XC contribution to the energy is a function only of the electron density
in that point. In this case, we express the XC energy as if it was simply equal at
each point in space to the XC energy density of an homogeneous electron gas:

vxc(r) = δExc[n]
δn(r) =

∫
fLDAXC (n(r))n(r)dr (1.18)

where fLDAXC is the LDA functional, using fXC that are exact for a homogeneous
electron gas (HEG). LSDA gives very good results, for a system with uniform
or slowly varying densities and, remarkably, gives also good results for systems
with rapidly varying densities, such as surfaces.
Another approach is the Generalized Gradient Approximation (GGA), which
writes the local XC contribution to the energy as a function of the density in
that point and its derivatives with respect to space coordinates. In the present
work the exchange-correlation energy and potentials have been calculated within
GGA in the formulation by Perdew, Burke and Ernzerhof (PBE [16]).

1.2.4 Solving Kohn-Sham Equations

To find the ground state of the system under investigation, the KS equations
must be solved consistently because the effective potential presented in the KS
equations (Equation 1.16) and the electron density n(r) are closely related. This
is usually done numerically through some self-consistent iterations as shown in
Figure 1.2. The process starts with an initial guess of the electron density, usu-
ally a superposition of atomic electron density, then the effective KS potential
is calculated and the KS equation is solved with single-particle eigenvalues and
wavefunctions, a new electron density is then calculated from the wavefunc-
tions.
After this, the self-consistent conditions can be the change of total energy or
electron density from the previous iteration or total force acting on atoms is less
than some chosen small quantity, or a combination of these individual condi-
tions.
If the self-consistency is not achieved, the calculated electron density will be
mixed with electron density from previous iterations to get a new electron den-
sity. A new iteration will start with the new electron density.
This process continues until self-consistency is reached. After the self-consistency
is reached, various quantities can be calculated including total energy of the sys-
tem, Hellmann-Feynman forces, stress, electron Density of States (DoS) etc..
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Figure 1.2: Schematic diagram of the self-consistent loop for the solution of the KS
equations [20].
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1.2.5 DFT+U method
For a few systems such as magnetic oxides of the 3d transition metals, the usual
Density Functional approximations even in the spin-polarized versions fail to
give the correct prediction for the ground state. For instance, Local Spin Den-
sity Approximation (LSDA) approaches predict FeO to be metallic ground state,
instead the ground state is known to be an insulator [17]. The reason of these
failures has been found to be the inability of these simple DFT schemes to take
into account the strong interactions (strong on site Coulomb repulsion) between
very localized d-states [18, 19], because of the orbital-independent potentials in
L(S)DA and GGA approximations.
In order to properly describe these strongly correlated systems, orbital-dependent
potentials should be used for d electrons. One of the method to incorporate the
strong electron-electron correlations between d electrons is to add a term into
the Hamiltonian which takes explicitly into account these interactions. This ap-
proach is called LDA+U or GGA+U, according to the approximation used for
exchange and correlation.
The main idea of LDA+U is to separate electrons into two subsystems: the
delocalized s and p electrons which could be described by using an orbital-
independent one-electron potential GGA (LDA), and the localized d or f elec-
trons for which the Coulomb d−d interactions should be taken into account, by
using an orbital dependent term. the Hamiltonian of the system can be written
in slightly different forms, one of which is [17]:

ELDA+U = ELDA +
∑
I

U
2

∑
m,σ 6=m′,σ′

nIσm n
Iσ′

m′ −
U

2 n
I(nI − 1)

 (1.19)

where n is the atomic orbital occupation, I refer to the ion, m is the orbital,
σ for the spin. The U term (Hubbard term) [17] mimics the strong correlation
between d-electrons and the interaction is designed to favour integer occupation
numbers of the d-orbitals. This correction forces the system towards integer
occupancies, which leads to the opening of the HOMO/LUMO gap in insula-
tors. The Hubbard term is usually added only to the atomic species that need
a correction.
The only difficulty in this method is the actual choice of the U parameter. It
is possible to calculate it in a self-consistent way [17]. In ref [29] a Hubbard
parameter U = 3.7 eV was chosen, in order to reproduce experimental photoe-
mission spectra of FePc molecules by Brena et al. [30]. In our work, we have
chosen values of U between 1 and 4 eV to see how strongly the results devi-
ate from those of the simple spin-paired DFT-GGA and to correctly reproduce
the experimental STM images, without pursuing a self-consistent treatment (see
chapter 3, 4, and 5 for more details).

1.3 Vibrational frequencies
Phonons in crystals [31] are extended vibrational modes, propagating with a
wave-vector q. They are characterized by a vibrational frequency ω(q) and by
the displacements of the atoms. The q wave-vector is the equivalent of the
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Bloch vector for the electronic states and is inside the first Brillouin zone. For
a system with N atoms in the unit cell, there are 3N phonons for a given q.
The dynamical matrix contains information on the vibrational properties of a
crystal.

It is possible to derive the vibrational frequencies associated with the de-
viations of the ions from their equilibrium positions using Density Functional
Perturbation Theory (DFPT) [32, 33]. The perturbation is induced by small dis-
placements of the nuclei from their equilibrium positions, which result in changes
in the external potential Vext , the wave functions of the KS equations and hence
the electron charge density. Second-order perturbation of DFT total energy is
obtained by expanding the DFT total energy with respect to the changes in the
wave functions to first order and external potentials up to second order. De-
tails of calculations are shown in [33]. The dynamical matrix for periodically
repeated system is defined as:

Dij(q) =
∑
R′
e−iq.R

∂2E

∂ui(R + R′)∂uj(R) (1.20)

The dynamical matrix contains information on the vibrational properties of
a crystal: phonon frequencies are the square roots of its eigenvalues, while the
atomic displacements u(R) are related to its eigenvectors. The dynamical matrix
is calculated with respect to u(R) for each atom in each direction (i, j = 1, 2, 3,
corresponding to x, y and z directions), and then by solving the equation

D(q)~ε = Mω2
q~ε (1.21)

which gives the phonon frequencies ωq of the phonon’s with wave vector q, where
M is a diagonal matrix with the atomic masses.

1.4 Quantum ESPRESSO suite of codes
Ab initio calculations are principally based on DFT within the Kohn-Sham
scheme.
We will use Quantum ESPRESSO (opEn Source Package for Research In Elec-
tronic Structure, Simulation, and optimization) [21]), which is a suite of codes
based on pseudopotentials to represent the electron-ion interactions and using
plane waves (PWs) as basis set for the expansion of the KS orbitals.
The basic computations that Quantum ESPRESSO (QE) can perform are:

• calculation of the ground state energy of the system through the self con-
sistent solution of the KS equations

• structural optimizations of the atomic coordinates using Hellmann-Feynman
force (structures were optimized by carrying out ionic relaxation using
Broyden-Fletcher-Goldfarb-Shanno (BFGS) method).

In addition, several utilities for data-processing are available, allowing e.g. to
calculate the Density of States (Dos), Scanning Tunneling Microscopy (STM)
images, Lowdin charges, Planar averages, etc..
Now we are going to describe some of the computational details that characterize
the QUANTUM ESPRESSO code.
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Pseudopotentials
The main idea underneath the concept of pseudopotentials (PPs) is the replace-
ment of one problem with another.
Since core states don’t contribute in a significant manner to chemical bonding
and to solid-state properties, it is reasonable to assume that these states are
frozen near the atomic nuclei (frozen core approximation).
The problem is solved considering a new system composed only by valence elec-
tron that interact with ionic cores (nuclei+core electrons) through some effec-
tive potential. The fundamental step in the PPs theory consists in constructing
new Pseudopotentials so as to reproduce in the more possible accurate way the
true behavior of the valence electrons. The PPs have to replace the divergent
Coulomb potential near the nuclei with a fictitious softer one due to the ionic
cores. So that solving the new KS equations with the pseudopotential(PP), re-
sults in the wave-functions that are smoother than the true ones near the nuclei
and without wiggles that would be caused by the condition of orthonormality
with the core states.
This approach is useful, because it reduces the number of plane waves on which
it is necessary to expand the valence states and decreases the computational
cost of the calculation.
There are several classes of PPs. The Norm-conserving Pseudopotentials (NCPPs)
[22] are constructed from all the electrons in the atom. For number of atoms
(e.g. Oxygen, Nitrogen and the 1st row transition metals) these NCPPs are still
hard, and they need plane waves with large wave vector to be well described.
For this purpose Vanderbilt [23] developed a new type of PPs, termed ultrasoft
(US), that are much softer in the core region than NCPPs. In our work we used
Vanderbilt ultrasoft PPs with PBE exchange-correlation functional. Example
of USPP is shown in Figure 1.3.

Plane Wave Basis Set

Many electronic structure codes including Quantum ESPRESSO use periodic
Boundary Conditions (PBC) that are the natural Boundary Conditions for the
description of periodic systems, such as crystals. The use of PBC is also conve-
nient for the implementation of PWs as basis set.
The periodicity is given by the dimensions of the simulation cell and, as a con-
sequence, the Bloch theorem is valid also for non-periodic systems, such as sur-
faces, because this type of systems can be inserted in properly chosen supercells.
In this way it is possible to write the KS orbitals of Equation 1.14 as

Ψi,k(r) =
∑
G

Ci,k+GΦk+G(r) (1.22)

where the Φk+G(r) are PWs of the form:

Φk+G(r) = 1√
V

expi(k+G). r (1.23)

where, V is the volume of the simulation cell, k is a Bloch vector in the first
Brillouin Zone (BZ), G is a vector of the reciprocal lattice and i is a band
index.
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Figure 1.3: All-electron(solid) and Pseudo (dashed) radial wave functions of the 3d
orbital of Cu. [24]

At this point, it is evident that PWs are the simplest basis set on which we
can expand the eigenstates of HKS, and that they allow to transform the KS
equations in a matrix diagonalization problem given by:∑

G
(< Φk+G|HKS |Φk+G > −εi,kδG,G)Ci,k+G = 0 (1.24)

The number of PWs in a real calculation cannot be infinite in Equation 1.22
and is fixed imposing a kinetic energy cutoff (for analogy with the free electron
case) by means of the parameter Ecut:

~2|k+G|2

2m < Ecut (1.25)

The convergence of the results to the true values is controlled in a simple way
by this parameter: the larger is Ecut, the better the accuracy. The periodic
repetitions of the simulation cell due to the PBC can give rise to unwanted
interactions of the system with its periodic images, that can be minimized using
large enough supercells, but at the expense of an increasing computational cost
(with PW basis set empty space is treated equally to the regions of interest).

Brillouin Zone Sampling

During the self-consistent process for the solution of KS equations, quantities
such as the electron density have to be calculated by means of an integration
over the Brillouin Zone:

n(r) = V

(2π)3

∑
σ

∑
i

∫
B.Z.

dk fi,k| Ψi,k(r)|2 (1.26)
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where fi,k is the occupation number of the state, Ψi,k and the sum in i is over
the bands.
The integration is carried out exploiting the so-called special k−points method
[25, 26] that allows to approximate the integral with a sum over few properly
selected k-points.
In our calculation we will use the method of Monkhorst and Pack [27] where the
special k−points are chosen in a uniform grid and then the number can be easily
scaled with the dimension of the simulation cell (the size of the BZ is inversely
proportional to the size of the simulation cell).

1.4.1 DoS and STM imaging
A useful post processing quantity that can be calculated with QE is the DoS,
which provides a counting of the states with energy E:

DoS(E) =
∫
B.Z.

dk δ(ε(k)− E) (1.27)

where ε(k) is a generic eigenvalue of the KS equations seen as a function of k.
To understand the character of the bonds between different atoms, or to un-
derstand the distribution of the electrons in the system it is useful to introduce
a quantity that gives information also in the real space. This is the Projected
Density of States (PDoS):

PDoS(α,E) ∝
∫
B.Z.

dk | < Φat
α | Ψk > |2 δ(ε(k)− E) (1.28)

where Φat
α is the atomic orbital with quantum number α centered on the atom

of interest. Another important quantity that is used for the simulation of the
STM images is the Integrated Local Density of States (ILDoS):

ILDoS(r) =
∫ εF+Vbias

B.Z.
dE LDoS(r, E) (1.29)

and
LDoS(r, E) =

∫
B.Z.

dk |Ψk(r)|2 δ(ε(k)− E) (1.30)

where εF is the Fermi energy of the system and Vbias represents the electrostatic
potential energy difference between the tip of the microscope and the sample.
In the Tersoff-Hamann approximation [28], where the tip is modeled as a spher-
ical potential well and only the s-wave solution is considered, it is possible to
demonstrate that the tunneling current I between the tip and the sample is
proportional to the ILDoS:

I ∝ ILDoS(r) (1.31)

There are two different types of STM images that can be realized: one is termed
at constant-height and the other at constant-current.
A constant-height STM image is simulated, first fixing the value of the height
z of the tip above the sample, and then calculating, for each point in a grid in
the xy plane of the sample, the corresponding value of the ILDoS.
On the contrary, a constant-current STM image can be constructed, first fixing
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the value of the current I and so defining an ILDoS isosurface in the three-
dimensional space, and then searching, for each point in a grid in the sample
plane, the corresponding value of the height z that meets the chosen isosurface
(see Figure 1.4). In our work we will simulate constant-current images.

Figure 1.4: Left side Is the top view for 4 Pt atoms adsorbed on graphene/Ir(111),
solid black line is the direction of the cut for which ILDos (right side) was sketched.
Right panel ILDoS isosurfaces (Vbias = 0.20 eV ) on a plane perpendicular to the
surface of the system. There are two ways to simulate STM images: at constant-height
where the value of the height z is fixed (solid red line) and at constant-current where
the value of the ILDoS isosurface is fixed (solid blue line). For the latter case (the
one used in our work) the algorithm searches the chosen isosurface starting, for each
point in the xy plane grid, from high z values and then going to lower z values until
the chosen isovalue is found (black arrows).



Chapter 2

CO on Pt nanoclusters
supported on graphene

2.1 Introduction
The peculiar properties of metal nanoclusters are used to study the catalytic
oxidation of different molecules [34]. In the case of Pt, the concave sites are
found to be most active sites for the oxygen reduction, while isolated single Pt
atoms play an important role in CO oxidation and in water−gas shift reactions
[35, 36]. Moreover, it is shown that few Pt nanoparticles supported on SnO and
Al2O3 show highly active and selective catalysts for the oxidation of propane [6].

One of the interesting scientific and technological challenges associated with
the use of nanoclusters as catalysts is understanding the role of the composition
and atomic-scale structure of those nanoclusters in producing the best catalytic
activity. Another challenge is to synthesize these particles with maximum con-
trol over the composition and structure. A promising strategy in this direction
is to use a template that would help in growing regular arrays of nanoclusters.
Regular arrays of supported clusters are more preferable than the random ones,
because the identical environment of each cluster (e.g. distances from their
neighbors) produces a uniform response to external stimulation.

Metal nanoclusters can be grown on a support like oxide films or carbon
derivatives (such as: amorphous carbon, graphite, and graphene). Acommon
problem in the use of clusters as catalysts is that one has to work with low
cluster densities to avoid coalescence of randomly arranged clusters. The cluster
bonding to the substrate should be strong enough to warrant their stability at
the temperature of operation and at the same time weak enough not to destroy
them as entities themselves. Appropriate support can be used for the growth of
the cluster in a regular manner, keeping them anchored and far apart one from
each other, preventing sintering that would destroy the peculiar properties of
the nanoparticles [37, 38]. Such arrays or cluster superlattices would allow one
to address single clusters to obtain a large amplitude of response resulting from
the additive superposition of all single clusters, and characteristic for a cluster of
well-defined size in a specific environment as needed in catalysis. Moreover, to
obtain a collective coherent response characteristic of a large interacting ensem-
ble of clusters as in optics. In the graphene case, due to the difference in lattice
constant between graphene and Ir(111), the combined system shows a larger



18 CO on Pt nanoclusters supported on graphene

periodicity and presents some modulations both in the geometry and in the
electronic structure. These modulations are referred in the literature as moiré
pattern. The moiré superstructure arises from the different registry between the
carbon atoms of graphene and the underlying Ir substrate, which varies across
the moiré unit cell. Different regions can be recognized, named fcc, hcp, and
atop, according to the position of the carbon hexagon with respect to the Ir
substrate. Therefore, the adsorption behavior of adsorbates should be different
at different regions of the moiré pattern.

STM measurements show that the deposited Pt atoms at room tempera-
ture yield a self-assembled cluster lattice with hexagonal pattern of Pt particles
adsorbed on the hcp region of the moiré unit cell [37, 39]. This well ordered
arrangement is stable up to 400 K for small sizes and up to 650 K for large
sized particles. The adsorbed Pt atoms are found where the hexagons of the
carbon are centered on top of the Ir atoms in the second layer or the third layer
of the hcp and the fcc regions respectively (a threefold coordinated hcp-site or
a threefold coordinated fcc-site). In those two regions of the moiré the adsorp-
tion of the cluster yield local buckling in the graphene layer. The graphene
layer locally re-hybridizes from sp2 to sp3 carbon bonds at specific regions of
the graphene moiré and in between the substrate and the deposited metal [40].
This model has been experimentally verified by means of X-ray photoelectron
spectroscopy (XPS); in particular, C1s core level shifts (CLS) for Gr/Ir(111)
carbon atoms were acquired, both with and without adsorbed Pt clusters; the
results were then compared with the CLS calculated in the framework of the
re-hybridization model using DFT calculations [40].

Similar behavior was observed also in the case of Ir clusters, whereas no
buckling of graphene was observed in the region where the carbon hexagons
are centered on the Ir of the first layer (where no carbon atoms atop substrate
sites) [41]. This suggests that, the local sp3 re-hybridization of carbon atoms
controls the adsorption metal clusters, leading to the formation of well ordered
nanoclusters.

Pt cluster arrays grown on the Gr/Ir(111) template were tested for their
stability with respect to CO gas exposure. In particular, Gerber et al. studied
the cluster stability and adsorption-induced processes by means of in situ STM
and XPS [42], finding a CO-induced Smoluchowski ripening effect on small Pt
cluster (less than 10 atoms) superlattices. Sintering takes place when a certain
CO threshold coverage is reached, with a substantial reduction of the number
of clusters. It was demonstrated that the CO situated on the edge Pt atoms of
small clusters largely affects the graphene rehybridization, enhancing the cluster
mobility. The CO adsorption could also lead to transformation of the cluster
to three-dimensional shape. Moreover in the same work, through spectra of 1
s orbital of the O and C atoms in CO measured after CO saturation, it was
demonstrated that for Pt clusters smaller than 40 atoms, CO adsorbs on-top
sites.

The Pt clusters grown on the graphene/Ir(111) system is already well known
in literature and has been investigated by means of a number of techniques
[37–40], [42–44]. Moreover, some structural properties as well as thermal and
chemical stability properties are not novelty. What is lacking is a fundamental
knowledge of the reactivity of graphene-supported Pt clusters beyond UHV con-



Experimental results 19

ditions. New experiments were performed by E. Vesselli and coworkers to study
the morphology and reactivity of Pt clusters grown on the Gr/Ir(111) template.
More attention was given to the CO adsorption at Pt clusters of different sizes,
as a function of the gas pressure and sample temperature.

2.2 Experimental results
This investigation was done using Low temperature Scanning Tunneling Mi-
croscope (LT-STM), infrared-visible Sum Frequency Generation (SFG), and X-
ray Photoelectron Spectroscopy (XPS) from ultrahigh vacuum (UHV) to near-
ambient pressure.

2.2.1 Growth mode of Pt/GR/Ir(111)
Pt clusters was grown using Chemical Vapor Deposition (CVD) in UHV at
room temperature. STM measurements were used to follow the growth behav-
ior of Pt on GR/Ir(111). The amount of Pt loaded onto full monolayer (ML)
of GR/Ir(111) was varied between 0.05 to 1.50 ML. The Pt coverages were ex-
pressed in ML with respect to the surface atomic density of Ir(111) surface. The
moiré unit cell contains ∼ 81 Pt atoms, then a Pt coverage equal to 1 ML means
that 81 Pt atoms are present within the moiré unit cell.

Figure 2.1 shows the STM topographs (upper panel) and size-distribution
histograms (lower panel) for different Pt coverages on graphene/Ir(111). Several
parameters reported in table 2.1 were extracted from the STM images in Figure
2.1 to understand the growth behavior of Pt aggregates at different coverages.
The average cluster size (in atoms) for different Pt coverages was obtained using
the next formula:

sav = Θ · Am
n

(2.1)

where Θ is the deposited amount of Pt expressed in ML with respect to the
underlying Ir(111), and Am is the number of Ir atoms per moiré unit cell (81
atoms), and n is the fraction of moiré cells occupied by a cluster (the filling
factor) which varies from 0 (empty moiré ) to 1 (totally occupied moiré ).

At Pt coverages less than 0.23 ML, the average cluster size was 7.2 atoms
for 0.05 ML and 8.7 atoms for 0.09 ML. At these coverages the moiré filling
factor ( Figure 2.2, left panel) is about 80%, and high percentage of superlattice
distribution mainly consists of single layer clusters (Figure 2.2, right panel).

At 0.25 ML, the graphene moiré is almost completely filled with Pt clusters
at filling factor of 88%. The cluster size distribution is broad (Figure 2.9, lower
panel), with the presence of both 14 and 30 atoms cluster. From the height
distributions in Table 2.1, 2-layered clusters are dominant for this Pt coverage,
associated to 30 atoms cluster. While the 1- layer clusters coexist with an
average size of 14 atoms.

Upon deposition of 0.74 ML Pt, well-ordered hexagonal arrangement of the
clusters was observed (Figure 2.1, upper panel). 95% of the graphene moiré was
occupied, with an average cluster size of 60 atoms. Additionally, the moiré unit
cells are mostly populated by 2-layer clusters.
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Table 2.1: Structural parameters extracted from the STM images shown in Figure
2.1 for different Pt coverages: the filling factor (n), average cluster size sav in atoms,
and the different layers formation. Figure from [1]

layer formation (%)
Coverages (ML) n Sav(atoms) 1-layer 2-layer >2-layer hav(ML)

0.05 0.56 7.2 78 19 3 1.25
0.09 0.79 8.7 76 23 1 1.25
0.23 0.88 21 36.5 57.5 6 1.69
0.74 0.95 63 3 76.5 20.5 2.23
1.50 1.00 140 to 300 3 74 23 2.20

At the highest investigated coverage (1.5 ML), coalescence between clusters
growing in adjacent cells is dominant and evident from the images (Figure 2.1,
upper panel), yielding large particles with on average 140 and up to 300 atoms
(Figure 2.2, right panel). The clusters coalesce without leaving their moiré unit
cells, due to their size and significant binding. Concerning the cluster height
distributions, there are 74% of 2−layered clusters and 23% of (> 2)−layered
clusters.

Figure 2.1: STM images of Pt clusters at room temperature on graphene/Ir(111).
Pt loadings span from 0.05 to 1.5 ML (from left to right), depending on image). In the
bottom panel, corresponding size distributions (cluster size frequencies) are shown as
obtained upon averaging the whole STM image data set: continuous lines represent
fitting curves with Gaussian profiles. The STM image size is 50× 50, V bias = +1.0
V . Figure from [1].

2.2.2 CO adsorption on GR/Ir(111)
STM images of Pt nanoclusters exposed to CO molecules are shown in Figure
2.3. for three Pt loading. The Pt clusters were exposed to 1× 10−7 mbar of CO
at room temperature until a dose of 10 L was reached. The adsorption of CO
molecules yield a significant decreasing of the filling factor to almost half of the
initial value for the smallest clusters. This is due to the so called Smoluchowski
ripening [42], in this case the particle mobility and coalescence occur, which
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Figure 2.2: On the left: Black curve shows the fraction of occupied moiré (filling
factor n) as a function of Pt coverage. Red curve shows the average cluster height
(expressed in layers) as a functions of the Pt coverage. Two different scales are used
for the y-axis. On the right: Cluster height population for each Pt coverage. Figure
from [1].

leads to clusters merging into larger clusters. A regular structural pattern can

Figure 2.3: STM images of Pt clusters exposed 10−7 mbar at room temperature.
Insets (zoomed) show selected clusters with enhanced color contrast to highlight the
CO-induced corrugation. The STM image size is 25 × 25, V bias = +1.0 V . Figure
from [1].

be observed on the surface of the clusters (Figure 2.3, insets), showing hexagonal
symmetry with a lattice constant reducing progressively from 5.0 to 4.0 Å with
growing cluster size (from 0.05 to 1.5 ML Pt, respectively).
IR-vis SFG measurements were performed for the detection of chemisorbed CO
on ordered Pt clusters on GR/Ir(111) at room temperature. The C−O stretch-
ing resonance were employed under in situ reaction conditions, in the pressure
range 10−8 to 1 mbar.
Figure 2.4 displays the SFG data of the C−O stretching region together with the
best fit and the deconvolution of the resonance. Four non-equivalent stretching
modes (Pi , i =1−4), corresponding to CO molecules adsorbed in non-equivalent
sites, are observed, depending on the adsorption conditions. A double vibra-
tional frequencies were observed for the lowest Pt coverage (0.05 ML) in 10−8

mbar CO: P2 at ω2 = 1975 cm−1) (green) and P3 at ω3 = 2039 cm−1 (violet)
(Figure 2.4, a). The peak positions of CO at high pressure (1 mbar) was shifted
to 2000 and 2071 cm−1 for P2 and P3 respectively. In addition, a third peak,
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Figure 2.4: IR-Vis SFG vibrational spectra in the C−O stretching region collected at
room temperature in situ for increasing Pt cluster size (from a to d) and upon exposure
of the CO pressures (from bottom to top in each of the panels). Experimental data
(grey dots) and best fit curve (blue line) are plotted together with the deconvolution
of the spectral vibrational features. Figure from [1].
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P1 (yellow), with very low intensity and dispersive line shape is observed at
ω2 = 1845 cm−1. A significant Gaussian broadening of the whole spectrum is
also found (σ = 25 cm−1 ). This can be explained by a high structural and
chemical inhomogeneity of the system induced by CO, in agreement with the
STM measurements. A similar situation was observed also for 0.09 ML Pt, with
ω1 = 1871 cm−1, ω2 = 1969 − 1993 cm−1, and ω3 = 2041 − 2057 cm−1 (Figure
2.4,b). The Gaussian broadening reduces to σ = 15 cm−1, indicating a less in-
homogeneous system with respect to the 0.05 ML case. At 0.25 ML Pt (Figure
2.4,c), a fourth feature P4 (red) appears in the ω3 = 2076 − 2087 cm−1 range,
depending on the CO pressure, and the inhomogeneity contribution further de-
creases to σ = 11 cm−1 . The intensity of the fourth resonance increases by
almost one order of magnitude when further increasing the Pt cluster size up to
1.5 ML (Figure 2.4,d), while no additional features appear.

As a general trend, the line shape analysis of the IR-vis SFG signal reveals
a relevant weakening of the observed Gaussian broadening, from 25 down to 7
cm−1 , for increasing Pt loading. This is in agreement with the STM images
that show an increased degree of order of the superlattice for larger particles.
In addition, higher CO pressures yield a typical, progressive blue-shift of the
stretching features, consistent with a denser CO phase at the clusters, surface
and with the CO-induced coalescence of adjacent particles.

The vibrational spectroscopy of CO adsorbed on Pt nanoclusters provided
four non-equivalent CO species as shown in Figure 2.4. The position of the
resonances can give an insight into the metal−adsorbate bond strength and
thus about the corresponding adsorption site. The C−O stretching frequency
of the adsorbed CO is red-shifted with respect to the gas-phase, this is due to
the weakening of the C−O molecular bond. This phenomenon is understood on
the basis of the bonding mechanism on metallic Pt, described by the Blyholder
model [45, 46] sketched in Figure 2.5.

Figure 2.5: A schematic molecular orbital diagram for the interaction between CO
and Pt. Black indicates occupied states and white indicates vacant states. Figure
from [45].

The hybridized states between CO and Pt originate from the σ electron
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donation from the filled 5σ orbital of CO to the vacant 6sp conduction band of
Pt and by the π electron back donation from 5d of Pt to the vacant 2π∗ orbital
of CO. Since the latter interaction leads to the introduction of electron density
into the CO antibonding orbital, there is a consequent reduction in the C−O
bond strength, and hence the red-shift with respect to the resonance at 2170
cm−1 of free CO [45].

In the case of adsorption on Pt, a simple model can be obtained by con-
sidering the coordination number (CN). It suggests that lowering the Pt co-
ordination number is important in determining the C−O bond strength. The
lower the Pt coordination number, the stronger the Pt−CO interaction, thus
the stronger the electron back-donation and the weaker the C−O bond. High
energy spectral features P4 was attributed to more coordinated species, namely
CO molecules adsorbed at on-top sites Pt atoms in the middle of (111) terraces
on multilayer clusters, where Pt atoms have the highest possible coordination
number (CN = 9) [47–51]. The P4 spectral feature grows for Pt loadings higher
than 0.25 ML, when 2-layer clusters start growing. The P3 feature was ob-
served in the energy range 2015 − 2060 cm−1, this peak was associated to the
C-O stretching mode of CO adsorbed at on-top sites of single-layer clusters
(CN = 6) at 0.05 and 0.09 ML Pt coverage. For thicker clusters, this peak was
attributed to CO adsorbed on top of edge Pt atoms at the borders of the first
layer of the cluster (CN = 6). The P2 component was found at lower energy
range 1980− 2010 cm−1, a negligible contribution to SFG spectra was observed
from small clusters, while its intensity grows for higher Pt loadings. In this case
the spectral feature are associated to CO molecules adsorbed at on-top sites of
edge Pt atoms for 1-layered clusters or corner Pt atoms for multilayer clusters
(CN = 4 or CN = 3) [52]. Lastly, P1 is the lowest energy feature that was
observed in the energy range 1840 − 1870 cm−1. This vibrational feature was
observed for high CO pressures and with higher and with growing intensity for
larger cluster sizes. This peak was attributed to CO adsorbed on the bridge sites
of the Pt clusters. Under high CO coverage conditions (> 0.5 ML), CO adsorbs
on (111) terraces forming a c(4× 2) superstructure, so that bridge sites also get
populated [48, 53, 54]. The intensity of the P1 (yellow) peak appears weaker
compared to the on-top ones, because of the smaller IR and Raman cross sec-
tions [54]. From the SFG spectra, blue-shift of the on-top vibrational features is
observed for increasing CO pressure, due to the strong dipole-dipole interaction
between the adjacent CO molecules.

2.2.3 Effects of temperature
Temperature investigations (from RT up to 570 K) were performed on Pt clus-
ters at 0.1 mbar pressure of CO. Figure 2.6 shows the IR-vis SFG spectra for
the C−O stretching region measured for 0.05 (left) and 0.23 ML (right) of Pt
on graphene. When temperature increased to 348 K, the same components
are present and no appreciable difference was observed with respect to the RT.
At 423 K, all the peaks appear red-shifted with respect to their RT positions.
Moreover, for high Pt coverage (0.23 ML), the vibrational frequency associated
with the P4 component appears more intense and sharper, as shown in Figure
2.6, right panel. Increasing the temperature, this peak shows a red shift of about
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50 cm−1 down to the 2040 − 2057 cm−1 range, this intense peak is referred to
as P5. The high intensity of this peak was ascribed to the change in electronic
structure of the adsorption site, compatible with the spillover of the CO from Pt
cluster to Ir surface. Temperature dependent red-shift results from the anhar-
monic coupling with the frustrated translation modes of adsorbed CO molecules
[55]. Similar behavior was already observed for CO/Ir(111), where the C−O
stretching mode is found in the 2063− 2079 cm−1 range [56], close to the values
reported here. The intensity of this peak may also be associated to the pro-
gressive growth of density packed CO island at the Ir(111) surface, as observed
in the case of CO intercalation at the GR/Ir(111) interface [57]. A broad and
less intense component (P6, cyan) at 1880 cm−1 was also observed in the case
of larger clusters, due to a thermal induced loss of registry and inhomogeneity
of CO in the bridge sites of the cluster. The interpretation of this vibrational

Figure 2.6: IR-Vis SFG vibrational spectra in the C−O stretching region collected
in situ at 0.1 mbar CO as a function of the sample temperature for 0.05 ML (left) and
0.25 ML Pt (right). Experimental data (grey dots) and best fit curve (blue line) are
plotted together with the deconvolution of the spectral vibrational features. Figure
from [1].

peak was also investigated by Near-ambient pressure XPS experiments. What
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has been found is that the presence of Pt clusters catalyses the graphene foil
degradation already at 423 K (for 0.1 mbar of CO pressure), allowing the CO
molecules to intercalate and adsorb on the underlying Ir (111) surface. The P5
feature can be attributed to CO adsorbed on-top on Ir(111), in agreement with
previous SFG measurements [56].

2.3 Theoretical investigation
In the following sections, we investigate the adsorption behavior, electronic
structure, and the structural details of Pt nanoclusters on Graphene/Ir(111).
Furthermore, we also report the interaction of Carbon mono-oxide (CO) with
different Pt clusters sizes (Pt4, Pt7, Pt19, and Pt31).

2.3.1 Calculation details and structural model
Spin-polarized DFT calculations without Hubbard-U corrections were performed.
Semiempirical corrections accounting for the van der Waals interactions, that
have been proved important to properly describe the binding of epitaxial graphene
with transition metals, are included with the DFT-D approach [58]. After con-
vergence tests, we set a kinetic energy cutoff of 30 Ry for wave functions and
of 300 Ry for the charge density basis sets, and we used the Methfessel-Paxton
smearing technique, with an energy broadening of 0.02 Ry [59].

Graphene/Ir(111)

The calculated equilibrium lattice parameters are 2.46 Å and 2.75 Å for graphene
and for the Ir(111) surface respectively, in excellent agreement with previous
works [60] and with the experimental values of 2.46 Å and 2.715 Å, respectively
(the latter derived from the bulk value) [61]. The ratio between the graphene
and the iridium lattice constant is equal to 0.91, with the iridium lattice about
10% larger than the graphene one.

The Moiré structure of GR/Ir(111) is modeled using a supercell with 10×10
GR unit cells on 9×9 Ir surface (111) unit cells, with the in-plane lattice param-
eter fixed at the Ir value. The graphene layer is therefore stretched by only 0.6%
with respect to its equilibrium lattice constant. To reduce the computational
effort, the Ir substrate is modeled with a 2-layer slab geometry, for a total of 362
atoms included in the simulations. The repeated slabs are separated by about
26 Å, a space large enough to accommodate also the presence of clusters with-
out introducing fictitious interactions with repeated images. Γ-point sampling
is used for Brillouin zone integration, the convergence was done for small cells,
for example: Γ-point for 10× 10 graphene cell correspond to 12× 12× 1 mesh
for 1×1 graphene unit cell. The interplanar distance between the top-most and
second Ir layers is kept fixed at 2.15 Å, derived from a full optimization of a
1× 1 Ir(111) slab. The position of the graphene layer is also optimized: in the
absence of Pt, the result is an almost flat layer, with an average distance from
the substrate of 3.13 Å and a corrugation of about 0.30 Å.

The registry of the graphene layer with the iridium substrate locally changes
at different regions of the supercell. It can be characterized by the relative
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position of the center of the hexagons of graphene with respect to the Ir atoms
of the substrate, as already proposed in several previous works. In this way, fcc,
hcp, and atop regions can be identified, which correspond to hcp-top, fcc-top,
and fcc-hcp positions of the carbon atoms [61], respectively (shown in red in
Figure 2.7, left). Fcc and hcp regions are the closest to the substrate, with a
distance of 3.00 Å, whereas the atop region is the most distant 3.25 Å. Since
Pt deposition affects the graphene structure, with pinning effects depending on
the Pt loading, the graphene geometry is optimized in each run.

Since the simulation of graphene on Ir(111) is very demanding, we describe
the three different high symmetry regions with other reduced models (see Figure
2.7, right). In this case, we have used fictitious systems with cell reduces with
respect to the full model (10× 10 graphene/9× 9 Ir(111)), where the graphene
stretched with the underlying substrate and has the same registry for each re-
gion. In this view, we performed calculations in a supercell with 5 × 5 GR
unit cells stretched to match 5 × 5 Ir(111) surface cells (see Figure 2.7, right
panel); three different models have been used, considering different registries
between graphene and the substrate in order to mimic the nonequivalent fcc,
hcp, and atop regions. For the reduced models, three atomic-layers of Ir has
been always used. We checked that the results do not change significantly if
only two atomic-layers are considered, therefore validating that choice for the
full model. The Brillouin zone is sampled using a 2×2×1 Monkhorst-Pack grid
[27], centered at the Γ-point. For symmetry reasons, in the reduced models, the
epitaxial graphene without adsorbed nanoclusters is perfectly flat, with a dis-
tance from the substrate (3.18 Å) which is very close to the one obtained in the
more realistic, larger model. Even though the size constrains introduced in the
reduced models limit the possibility of deformation of graphene upon nanoclus-
ter adsorption, some tests with the larger model confirm the trends obtained.

2.3.2 Pt clusters of different sizes on graphene
According to the experimental observations [1], Pt clusters (up to 20 atoms)
on graphene moiré prefer one-layer formation of the clusters. The Pt-Pt bonds
become stronger for higher cluster sizes. Moreover, increasing the Pt coverage
the Pt atoms aggregate forming well ordered hexagonal structure. This implies
that the Pt nanocluster selectively adsorb in only one region of the graphene
moiré. To interpret the growth mechanism of these clusters, we therefore studied
different sizes of Pt nanoclusters starting from small atomic aggregates up to a
31 atoms cluster. We quantify the stability by calculating the adsorption energy
of the Pt cluster on the GR/Ir(111) substrate as follows:

Eads = EPtn+substrate − EPtn − Esubstrate, (2.2)
where EPtn+substrate is the total energy of n Pt atoms cluster on GR/Ir(111)
substrate, EPtn is the total energy of the isolated Pt cluster, and Esubstrate is
the total energy of the GR/Ir(111) substrate. A large absolute values of the
adsorption energy with negative sign means strong binding of the Pt atoms on
the supported graphene.
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Figure 2.7: Left side: Top and side view of optimized structure for the full model of
the graphene Moiré on Ir(111) described by a GR(10× 10)/Ir(9× 9) supercell. Right
side: Top and side view of the reduced models for the hcp and fcc regions, described
by two different GR(5× 5)/Ir(5× 5) supercells. The color scale of the C atoms on the
left bottom maps the distance with respect to the Ir-substrate: the average graphene
distance from the Ir substrate is 3.13 Å in the full model and 3.18 Å (constant value) in
the reduced models. The possible adsorption sites for hcp and fcc regions are labeled
in black arrow. Figure adapted from [1].

We started by investigating the most stable adsorption sites for single Pt
atom at different sites of the moiré regions [62]. Thoes sites are shown in black
arrows in Figure 2.7, right. The adsorption energies for the Pt adatoms on the
hcp and the fcc regions of the moiré pattern for the full and reduced model are
summarized in Figure 2.8. In both hcp and fcc regions of the moiré, the adsorp-
tion of Pt atom on the C in the hollow sites was found to be more energetically
stable. For the hcp region, the carbon atom is located on top of the Ir atom
in the second layer, while in the former region, the C atom is located on top of
the Ir atom in the third layer. The overall results obtained using the reduced
models are not significantly different from the full model, therefore validating
the model to study small aggregates of Pt atoms. In the following, each Pt
atom is adsorbed on the hcp-hollow and fcc-hollow of the hcp and fcc regions,
respectively.

Hcp vs fcc region

To demonstrate why Pt atoms are observed only in one regions of the moiré, we
studied the adsorption of small cluster sizes (up to 9 atoms). Figure 2.9 shows
relaxed DFT models for the aggregation of Pt nanocluster (increasing of the Pt
atoms from up to down) at the fcc and hcp regions.

The interaction per Pt atom with the support decreases with the increase of
the size of the cluster as shown in Table ??. Moreover, in both the hcp and fcc
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Figure 2.8: Shows the calculated adsorption energy for Pt adatoms on different sites
of the hcp and fcc regions using a full and reduced models(thoes sites are shown in
Figure 2.7). Blue and yellow are related to the adsorption on top of the sites in the
metallic substrate, hcp and fcc regions respectively; red is for fcc site in the metallic
substrate and hcp region, while the green is for hcp site in the metal and fcc region.

regions, the adsorption energy of the clusters increase with an increasing number
of Pt atoms, which implies that the Pt atom like to bond to each other on those
regions of the moiré. The single Pt atom has the same adsorption energy in the
fcc and hcp regions. In the case of dimer, the fcc region becomes less stable by
about 0.03 eV . For number of atoms > 7, aggregates on the hcp regions show
clear energy difference (of about 0.20 eV ) with respect to the FCC regions.
These findings imply that the Pt atoms prefer to adsorb at the hcp region of
the GR/Ir(111). This explains the well dispersed hexagonal arrangement of the
Pt clusters at higher coverages, as observed in the experiments [1]. Moreover,
high mobility of very small Pt aggregates are consistent with the absence of
nanoclusters with number of atoms < 5 in the experimental observation.

Table 2.2: Shows the adsorption energy per atom for various cluster sizes adsorbed
in the fcc (Efccads(eV)) and hcp (Ehcpads(eV)) regions of the moiré (as shown Figure 2.9).

clusters Efcc
ads(eV) Ehcp

ads(eV) Ehcp
ads − E

fcc
ads(eV)

Pt1 2.31 2.31 0.00
Pt2 1.57 1.58 0.02
Pt3 1.39 1.38 -0.01
Pt4 1.27 1.29 0.02
Pt7 1.23 1.25 0.02
Pt9 1.14 1.16 0.02

The Pt adsorption (> 2 Pt atoms) in the both fcc and hcp regions of the
moiré affects the graphene layer, as observed in Figure 2.9. Some carbon atoms
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Figure 2.9: Optimized structure for the reduced model of the GR(5×5)/Ir(5×5) hcp
unit cell with an adsorbed clusters (from up to down: 1, 2, 4, 7, 9 atoms), adsorption
energies are reported at the bottom of each structure (in Eads). A three-layer Ir(111)
slabs were used

under the clusters are pinned toward the Ir(111) substrate. The pinned C atoms
are those located on top of the Ir atoms in the first layer, where each Ir is located
in the middle of three Pt atoms or in the bridge (as labeled in blue and orange
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Figure 2.10: Top panel: optimized structures of Pt2 and Pt7 on GR/Ir(111). In the
case of Pt7: Pinned carbons (Cp) with with 2 Pt neighbors are labeled in blue circle
and the ones with 3 Pt neighbors are labeled in orange circle; bond lengths between
edge Pt atoms are colored according to the Cp in the bridge between them; bonds
with central C atom are labeled in black, Bond lengths and bond angles between
graphene-adsorbed Pt atoms (PtCuCp) and graphene-underlying substrate (PtCpCu)
are drawn on the right side . Bottom panel: sp3 re-hybridization of graphene induces
by Pt2and Pt7 at the hcp and fcc regions of the moiré. Referring to the labeles in
the top panel, table shows; bond lengths: between Pt atoms (Pt-Pt), Pt atoms with
underlying carbon (Pt-Cu), C bonds to Ir substrate (Cp-Ir); bond angles; and average
distance of the graphene layer (dGR).

in Figure 2.9, top panel). The number of C atoms squeezed at the Pt − Ir
interface increases with the number of Pt adatoms. The average distance of the
graphene layer from Ir(111) substrate was decreasing from 3.03 Å for the dimer
to 2.69 Å for the 9 atoms cluster.

Furthermore, we also found that the strong pinning of the graphene yield
strong interaction between Pt atoms and GR/Ir(111). This was observed for
both hcp and fcc regions of the moiré. Moreover, the pinning in the hcp region
is slightly higher, which makes it more favorable for the adsorption of the Pt
clusters. To clarify, as an example we refer to Pt3 in Figure 2.9. We can see
that the adsorption in the fcc region has a larger effect on graphene, because of
the different adsorption configuration for Pt atoms in the two regions. In the fcc
region, the Pt atoms are adsorbed such that three C atoms have two Pt atoms
as the nearest neighbor are pinned toward the substrate. Whereas, in the hcp
region only one C with three Pt nearest neighbor is pinned down. Thus, the
arrangement of the Pt atoms within the hcp(fcc) regions is the one of the factors
that detect the stability of the clusters.

Figure 2.10 explain how the Pt adatoms bind strongly to the graphene moiré.
The strength of the metal−C bond can be form upon the sp3 rehybridization of
the C atoms[63]. Characterization of the bond lengths and bond angles for Pt2
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and Pt7 in Figure 2.10 provide evidence about the local bonding in C atoms.
Cp referred to the pinned carbon atoms on the graphene, and Cu referred to the
carbons under Pt atoms. The calculated Cp− Ir (the pinned carbon located on
top of Ir atoms, labled in blue and orange circle for Pt7) distance decreases from
3.17 Å in the absence of Pt atoms to 2.56 Å(2.52 Å) for the Pt dimer in the
fcc(hcp) regions. The calculated Pt-Cu indicates the nature of the cluster bond-
ing to the graphene, while the Cp-Ir bond shows the chemisorption of graphene
under and in the vicinity of the adsorbed cluster to the Ir substrate. In Pt2, the
pinning of the C atoms produces a weakening of the sp2-like in-plane bond that
elongates from 1.42 Å to 1.47 Å(1.48 Å) for the fcc(hcp) regions respectively.
The carbon atoms with 2(3) Pt neighbors (labeled in blue(orange) in Figure
2.9) are involved in a sp3-like rather than sp2 hybridization. Calculated bond
angles (PtCuCp and IrCpCu) provide clear evidence that the local bonding is
sp3. All the calculated angles are close to the tetrahedral bond angle (109.5◦)
of sp3 hybridization. For Pt7, the Pt atom in the middle of the cluster is lifted
up. The C under the Pt atom was pinned toward the substrate, increasing the
Pt−C distance to 2.54 Å, see Figure 2.9.

1- and 2- layer configurations

From the previous section, we demonstrate that the occurrence of deformation
of the cluster increases as the size of the cluster increases. In the case of Pt7
and Pt9, the Pt atom in the center of the cluster was lifted out (about 0.37 Å)
with respect to the edge atoms. This behavior was stronger in the configurations
with 19-atoms cluster, as shown in Figure 2.11. In this case, the Pt atoms were
absorbed in 2D hexagonal arrangement on the hcp-hollow of the hcp region of the
GR moiré. Upon optimization, strong deformation of the cluster was observed,
leading to almost a dome shape. The Pt atoms at the edge of the cluster are
strongly bound to the graphene layer, with the Pt−Cu distance ranging between
2.13 to 2.25 Å, while the central atom is at 2.15 Å distance. Three Pt atoms
among those surrounding the central one are lifted up to an average distance of
about 0.7 Å above the edge atoms, at distance of 3.43 Å, 3.30 Å, and 3.15 Å
from the carbon under (Cu). Those atoms are labeled in black, blue, and aqua
cross in Figure 2.11. However, not all the C atoms under the clusters are at the
same hight, some of them are slightly pulled toward the Pt atom, increasing the
C − C bond length up to 1.58 Å and decreasing the Pt−Cu bond to 2.02 Å.
At higher cluster size, the Pt−Cu bonds become weaker than the Pt−Pt bonds,
and the Pt atoms tend to form a second layer.

The investigation of multilayer formation was done focusing on cluster sizes
of Pt13 and Pt31. It was shown that the interaction between Pt clusters and
supported graphene also depends on the cluster facet which in contact with the
support [64]. The (111) facets were showing stronger interaction than the (100)
facets[65]. For a cluster of 13 atoms (see Figure 2.12), we adsorbed the cluster
with three Pt-atoms parrall to the surface. A simple structural optimization
procedure results in a flattening of the cluster, confirming therefore the tendency
of small Pt particles to wet graphene.

As a selected example of larger clusters: Pt31 has been simulated in a 2-layer
arrangement (as shown in Figure 2.13), consisting of a first layer of 19 (colored in
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Figure 2.11: Fully optimized structure of the 19 atoms Pt cluster on the HCP region
of the moiré. The 19 Pt atoms are in red color, three lifted atoms surrounding the
central atom are labeled in black, blue, and aqua cross color. Average hight of the
cluster from the graphene and the Ir substrate, together with the three lifted Pt atoms
are also shown in the Figure. The graphene layer is colored according to the position
of C atoms along the z-axis.

Figure 2.12: In the middle the initial configuration of a spherical Pt13 nanocluster
on GR/Ir(111), and on the right its optimized structure after relaxation, suggesting
the trend of nanoclusters with few Pt atoms to wet the GR layer. The average hight
of the cluster is also shown in the figure.

red) and a second layer of 12 atoms (colored in orange), as previously described
by Franz et all [43]. At variance with ref [43], we performed a full optimization
has been performed, which, interestingly, gives a relaxed structure that well
compares with the model used to fit surface X-ray diffraction data [43], with a
strong pinning of the graphene toward the substrate.

2.3.3 CO adsorption on Pt nanoclusters
CO adsorption on Pt clusters have been investigated in order to study the ef-
fect of coverage and surface structure on CO adsorption. We first studied the
adsorption of single CO molecules on various adsorption sites of Pt4 cluster; on
top of the Pt atom (T), in bridge between two Pt atoms (B), in the three-fold
fcc-hollow (F-H), and on top of pinned carbon connected to 3 Pt atoms (P), as
shown in Figure 2.14.
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Figure 2.13: Fully optimized structure of the 31 atoms Pt cluster on the hcp region
of the moiré. The 19 Pt atoms in the first layer (red) host the 12 atoms in the second
layer (orange). Average distance between: first and second layer of the cluster, the
first layer cluster from graphene, first layer cluster from the Ir substrate, the most
pinned carbon from the atop region and from the Ir substrate. The graphene layer is
colored according to the position of C atoms along the z-axis. Figure adapted from
[1].

Sites Eads (eV ) C−O (Å) Pt−C (Å)
P 1.47 1.20 1.32

F-H 1.63 1.21 1.31
T 2.00 1.16 1.88

Figure 2.14: Left Panel: structural model shows possible adsorption sites of Pt4
cluster supported on hcp region GR/Ir(111): on-top (T), bridge (B), hcp-hollow (H),
and top of pinned carbon (P). Right Panel: table shows adsorption energies (Eads),
bond length of CO molecule (C−O), and C (of the CO) distance from the Pt atom
(Pt−C) for single CO adsorption on different sites of Pt4.

Our calculated results show that a single CO molecule prefers top (T) ad-
sorption site with Eads = 2 eV and a different in adsorption energy of 0.53 and
0.37 eV , compared to P and H sites, respectively. For the adsorption of CO
molecules on bridge site (B), the CO molecule migrate to the three-fold sites af-
ter geometry optimization. As a result of the different adsorption strengths, the
Pt−C distance is larger for CO adsorbed on top site rather than on the other two
sites. Moreover, the CO molecule at the top site is slightly tilted on the cluster
surface with the C−O bond length of 1.16 Å and the average Pt−C bond length
of 1.88 Å. These values are in agreement with experiments [66], and calculated
results [67] for CO adsorption on Pt(111) at low coverage. The C−O bond at
the other two adsorption sites (P and H) is a bit longer (about 1.20 Å) and the
average Pt−C distance is shorter by 0.60 Å with respect to the top site. The
adsorption of a single CO molecule on free-standing Pt nanoclusters has been
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investigated by DFT also in previous works that report Eads values from 2.09
to 2.84 eV , depending on the cluster size, shape, specific adsorption site, and
exchange-correlation functionals [68, 69], therefore compatible, although bigger,
with our results.

CO adsorption on various Pt cluster sizes

We investigated the effect of CO adsorption at nanoclusters of different size.
The CO molecules are placed in a vertical position with the C-atoms pointing
downward directly above the Pt atoms. During the optimizations, only the
Ir(111) substrate was kept fixed. The adsorption energy of the CO molecule on
Pt cluster was expressed as follows:

Eads = [EnCO+substrate − nECO − Esubstrate]/n, (2.3)

where EnCO+substrate is the total energy of n CO molecules adsorbed on the
Pt/GR/Ir(111) system, ECO is the total energy of the isolated CO molecule,
and Esubstrate is the total energy of the Pt/GR/Ir(111) substrate.’n’ refers to the
number of adsorbed CO molecules.
The Pt clusters are adsorbed in the hcp region of GR/Ir(111) moiré.

• CO adsorption on Pt4:

Figure 2.15 shows the optimized structures and adsorption energies of Pt4 cluster
for increasing CO coverage (top to bottom) from 0.25 to 1 ML. The adsorption
energies change from 2.00 to 2.13 eV at most, since the CO molecules have
enough space to tilt and reduce their mutual repulsion. The axes of the CO
molecules are not perpendicular to the surface, and for growing coverage, the
CO−CO dipole repulsion increases the deviation from the normal.

For CO adsorption on the Pt(111) single crystal surface (The system was
modeled in 4× 4 square cell with 4 layers of Pt), we obtain Eads values ranging
from 2.06 (zero coverage limit) down to 1.8 and 1.39 eV , in case of 0.5 and 1.0 ML
(full coverage), respectively. Therefore, the presence of the GR/Ir(111) support
seems to improve the affinity of Pt with respect to CO, yielding an overbinding
effect. The calculated C−O bond lengths and the Pt−C distances are close to
the CO adsorption on top (T) site of Pt cluster, and in good agreement with
[66, 67].

Increasing the CO coverages on Pt4, the Pt−Pt bond distances increase
from 2.66 Å (for 0.25 ML, Figure 2.15, top) to 2.82 Å (for 1 ML, Figure 2.15,
bottom) with respect to the 2.63 Å for the pure Pt4 cluster. Our calculations
for the supported Pt4 nanocluster show that its structure is almost unaffected
by CO adsorption at small CO coverage. The calculated C−O bond length is
1.16 Å (compared to the simulated value of 1.40 Å and experimental value of
1.41 Å [70] in the gas phase) and a Pt−C bond length of 1.88 Å. The Pt−Cu

distance increases by 0.1 Å with respect to the pure cluster.

• CO adsorption on Pt7:

The CO adsorption on Pt7 at full coverage has similar behavior than on Pt4:
all the CO molecules on the edge are adsorbed, tilted with the same C−O and
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Figure 2.15: Optimized structure for the reduced model of the GR(5 × 5)/Ir(5 ×
5) hcp unit cell with an adsorbed Pt4 cluster on the hcp region of the moiré, CO
adsorption structure (increasing CO coverage, from top to bottom: 0, 1, 2, 3, 4 CO).
CO adsorption energies (per molecule) are reported at the bottom of each structure
(Eads in eV ). Figure adapted from [1].

Pt−C distances. The top and side view of 7 CO molecules on Pt7 is shown in
Figure 2.16. The CO adsorption energy per molecule is 2 eV similar to the single
CO adsorbed on the most stable site of Pt4. The CO on the central Pt atom
is perpendicular with the C−O distance of 1.15 Å and C−Pt distance of 1.91
Å. The deformation of the cluster was not observed even at full coverages: only
small increasing in the Pt−Pt bond length was observed, which is due to the
tilting of the molecules on the edges of the cluster for decreasing the interaction
between them. Furthermore, in comparison with the Pt7 cluster, the interaction
distance of Pt − Cu increases upon CO adsorption, which makes shorter the
distance with the C of CO shorter.
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summarizing, for small clusters size, our simulations show that a full coverage of
CO can be easily reached, with no effects on the cluster structure; moreover, the
adsorption energy per molecule is almost independent from the CO coverage.

Figure 2.16: Optimized structure for the reduced model of the GR(5× 5)/Ir(5× 5)
hcp unit cell with 7CO adsorbed on Pt7 cluster, and CO adsorption energies per
molecule (Eads).

• CO adsorption on Pt19:

Figure 2.17 shows the optimized structures of Pt19 cluster for increasing CO
coverage (from top to bottom) up to 0.89 ML. The coverage is calculated by
taking the ratio between the CO molecules and the Pt atoms. For high CO
coverage on Pt19, a sizable reduction of Eads is found, from 2.28 eV to 1.64
eV , due to intermolecular repulsion. The adsorption of a molecule does not
have relevant effects on the cluster shape, apart from a local lifting of the CO
bonded to the Pt atoms. This is not general, the adsorbate may induce a
change of morphology [71]. Before optimization, the CO molecule was adsorbed
perpendicular on the central atom of Pt19. After optimization the molecule was
moved on a bridge site, lifting those atoms to 0.56 Å with respect to the pure
Pt19 cluster (see Figure 2.17, 0.05 ML). However, the scenario changes with the
adsorption of more molecules.

When 12 CO molecules are adsorbed, the cluster is more restructured, as-
suming a dome shape, with the central Pt atoms pulled by about 1 Å more with
respect to the bare Pt19. The CO molecules occupying top and bridge sites of the
cluster: the bridge molecules are usually adsorbed between those lifted atoms,
between lifted and edge Pt atoms or with the other central atoms. Bridges and
top sites are occupied also in case of higher CO coverage. The restructuring
reduces the number of Pt atoms bonded to graphene , making the nanocluster-
graphene interaction weaker. The strong affinity of Pt toward CO may explain
the overall energy gain upon CO adsorption and reconstruction of nanoclusters,
overcompensating the removal of Pt−GR bonds. As a rule of thumb, while the
average strength of the Pt−GR bond is of the order of 1 eV in a flat nanocluster
of 5 to 21 atoms, the average adsorption energy of CO is about twice (from 1.6
to 2.3 eV depending on the CO coverage, see Figure 2.15, 2.17, and 2.16). The
repulsion between the adsorbed CO molecules may induce the nanocluster re-
structuring, since a dome-like shape allows larger CO−CO distances and tilting
with respect the adsorption on a perfectly flat Pt island.
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Figure 2.17: Optimized structure for the full model of the GR(10 × 10)/Ir(9 × 10)
moiré unit cell with an adsorbed Pt19 cluster on the hcp region of the moiré, CO
adsorption structure (increasing CO coverage, from up to down: 0, 1, 12, 17 CO). CO
adsorption energies (per molecule) are reported at the bottom of each structure (Eads
in eV ). The color bar on the left bottom shows the corrugation on the graphene layer.
Figure adapted from [1]

The d states of Pt and s and p orbitals of C (both in GR and from CO
molecules) are mainly involved in the binding. The most significant change
upon CO adsorption occurs for the d states of the Pt atoms pulled up and
detached from GR, being shifted toward lower energies (see Figure 2.18).

• CO adsorption on Pt31:
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Figure 2.18: Projected Density Of States (PDOS) for selected atoms of the Pt19
nanocluster with (right) and without (left) adsorbed CO molecules. Upper panels: Pt
atom at the center of the nanocluster, which upon CO adsorption is pulled up and
detached from graphene. Lower panels: C atom of graphene beneath that specific Pt
atom. The Fermi energy is set at 0 eV .

31 Pt atom cluster, structurally relaxed in the hcp adsorption region on the
graphene moiré and covered with 8 CO molecules adsorbed (in a

√
3 ×
√

3
pattern) at Pt in on-top configuration of both the surface layer and edge sites, is
reported in Figure 2.19. The adsorption of CO induces a buckling in the cluster
structure and repulsive dipole interactions between the ad-molecules yield a tilt
of the molecular axes, thus explaining the larger O−O distances measured on
small clusters with respect to CO islands on extended (111) facets, and also in
line with the observed ripening of the Cu(111) termination upon exposure to high
CO pressures [72]. The agreement between the experimental and simulated STM
image can be appreciated from the Figure 2.19, where the CO superstructure cell
is highlighted in orange. A less bright halo surrounds the clusters in the observed
STM image. Interestingly, our simulated images reproduce also this feature:
some molecules adsorb in bridge sites across the first and second Pt layers,
pointing laterally and therefore appearing lower and darker than those adsorbed
in top sites in the uppermost Pt layer and forming the brighter (

√
3×
√

3)R30◦
superstructure.

The peculiar shape of restructured nanoclusters allows the adsorption of CO
in different configurations, mainly in nonequivalent top sites (with Pt atoms that
are either directly bound to graphene or not) and in bridge sites, as in the case
of the Pt31 nanoclusters with intermediate CO coverage. These results provide a
qualitative rationale for the different peaks in SFG spectra that were discussed
in section 2.
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Figure 2.19: Comparison between experimental STM imaging of CO-covered Pt
clusters (large image) and DFT simulations (right panel, bottom) of a 31 atoms Pt
cluster hosting 8 CO molecules. The left panel on the top shows a model (side and
top views) of the fully relaxed cluster structure, including the graphene sheet and
the underlying Ir(111) terminal layer; the orange parallelograms indicate the (

√
3 ×√

3)R30◦-CO unit cell. adapted from [56]



Chapter 3

Iron phthalocyanines on alumina
film

The aim of this chapter is to show, by a combined experimental and theoretical
study, the growth behavior of FePc’s on Al2O3/Ni3Al(111) at monolayer and
multilayer coverage. Until now, the deposition of different metals on this sub-
strate has been investigated [9], [73], [74]. However, for what concerns MPc’s,
only the self-assembly of Cu(II)Pc molecules on this substrate has been re-
ported to our knowledge so far. While on a low-interacting support as mono-
layer graphene on Ir(111) MPc’s generally form highly ordered almost square
lattices, no templating effect has been found for CuPc on Al2O3/Ni3Al(111).
Interestingly, the growth of a second layer has been observed before the first
is completed [75]. In our work we investigate the self-assembled structure of
FePc’s on Al2O3/Ni3Al(111), with the aim of clarifying whether it can be used
to provide a regular distribution of stabilized single Fe atoms.

3.1 Introduction
Phthalocyanines (Pcs) [76] are square planar organic molecules with chemical
formula C32H18N8 that consist of four isoindole units linked by nitrogen atoms.
If the two hydrogen atoms in the central cavity of the molecule are replaced by
a metal atom, the resulting compound is normally referred to as Metal Phthalo-
cyanine (MPc, MC32H16N8).

MPc’s have a structure reproducing the porphyrinic pocket of biological macro-
molecules and are therefore close to porphyrins. Since their discovery in the
early nineties [77], Pc’s have become a topic of interest for many experimental
as well as theoretical scientists, aiming at understanding the detailed process of
the catalytic active part in more complex biological molecules such as chlorophyll
and hemoglobin. These molecules incorporate active centers in large organic su-
perstructures and, like in many enzymes [78], the size of the catalytic active part
is pushed down to the extreme, basically reducing to single metal atoms. The
organic part instead usually handles the interaction with the surrounding molec-
ular backbone and stabilizes the active site. MPc’s can mimic at a simplified
level both the catalytic active part and the organic structure of biological sys-
tems, and can be used in a biomimetic approach to model single atom catalysts
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Figure 3.1: Molecular structure of FePc molecule.

(SACs) [79], [80].

Interestingly, Pc’s and MPc’s have been used as oxidation catalysts [81],
organic light-emitting diodes [82], molecular organic photovoltaics [83–85], pho-
tosensitizers in dye solar cells [86], organic thin film transistors [87], electrore-
duction catalysts [88], and many further applications, proving their fascinating
technological applicability.

Among many heme-like molecules, the Iron phthalocyanine (FePc) is one of
the most interesting species, since it has been proven to act as a good catalyst
in oxygen reduction reactions [89]. Great attention has been focused on the ad-
sorption and assembly of FePc’s on different metal surfaces [90–101]. However,
understanding the behavior and the properties of metallorganic molecules tem-
plated by an appropriate support is a critical issue to tune stability, efficiency,
and selectivity of the resulting interface. Indeed, charge transfer effects at the
metallorganic/inorganic interface of a heterostack may be exploited to govern
the properties of the layer, in a competition among lateral interactions, interac-
tions with the support, and trans-effects [102–104]. The symmetry relation of
the substrate with respect to the molecules also plays a role in the formation of
supramolecular architectures.
The self-assembly of various MPc’s has been previously studied combining exper-
imental surface science techniques like Scanning Tunneling Microscopy (STM)
and ab-initio Density Functional Theory (DFT) calculations for a thorough un-
derstanding of the structural properties of the molecule, adsorption sites, nature
of bond, charge distribution between the molecules and the substrate, and in-
teraction between the molecules [90].
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3.2 Experimental results
Experiments were performed to investigate the adsorption of FePc molecules on
the ultrathin alumina film by means of X-ray Photoelectron Spectroscopy (XPS)
and Scanning Tunneling Microscopy (STM). XPS and STM experiments were
performed under UHV conditions (low 10−10 mbar) at room temperature and
LN2 (77 K), respectively.
The structure of a thin film of aluminum oxide (Al2O3) grown on Ni3Al(111)
was determined using DFT calculations and STM experiments [11], [10]. The
unit cell of the oxide film is hexagonal with in-plane lattice parameter of 41.5
Å, and contains some peculiar sites giving rise to two ordered superstructures.
One is the ”dot” structure corresponding to a hole (oxygen vacancy) reaching
the metal substrate (shown as black dots in Figure 3.2), with the same period-
icity of the oxide film. The other is the so-called ”network” structure (shown as
small yellow triangles in Figure 3.2), with two additional sites per unit cell, at
a distance of 24 Å one from each other. Top and side view of the DFT model
of this structure is shown in Figure 3.2.

Figure 3.2: Optimized structure of (a) top and (b) side view of the DFT-based model
for the Al2O3/Ni3Al(111). Dimension of the unit cell is shown in solid line (lattice
parameter = 41.5 Å). The ”dot” sites are shown in black circle and the ”network”
sites are indicated in small triangles.

X-ray Photoemission Spectroscopy (XPS) was used to study the C1s and N1s
core level spectra for the FePc molecules deposited on Al2O3/Ni3Al(111) sub-
strate. The C1s and N1s photoemission spectra are shown in the left and right
panel of Figure 3.3, respectively. The C1s photoemission spectrum of the FePc
monolayer (Figure 3.3, right panel) shows three peak components: two can be
clearly resolved and one is quite small, in line with the literature [105–107]. The
two clear features are associated to the carbon atoms forming the benzenic (B)
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and pyrrolic (P) groups, yielding binding energies of 284.7 eV (B), 286.2 eV
(P) respectively, as shown in the (Figure 3.3, right panel). The small spectrum
centered at 288.0 eV is associated to inelastic shake-up effects (S). Concerning
the nitrogen region, it is known that FePc adsorbed on several substrates exhibit
two features that are in most cases energetically unresolved and are centered at
about 399 eV with a relative shift of 0.3− 0.5 eV . They are associated with the
two non-equivalent nitrogen atoms in the tetrapyrrolic ring [105–107]. Accord-
ingly, we fitted the N 1s spectrum of FePc molecules deposited on the pristine
alumina surface with two Voigt-shaped features of equal intensity centered at
399.3 eV and 399.0 eV , respectively (blue filled profiles).

Figure 3.3: N (left panel) and C (right panel) 1s core level spectra collected at
room temperature upon deposition of FePcs on the ultrathin alumina film termina-
tion; data (grey dots) are shown together with the best fit (black lines) and with the
deconvolution (color filled profiles) into the separate spectral components.

The stability of adlayers was also investigated using XPS. Figure 3.4 shows the
evolution of the core level intensities and of the core level shifts for both N 1s and
C 1s signals as a function of the annealing temperature. Drastic modifications
are observed already above 450 K, yielding a shift of the spectral components of
more than -300 meV associated with a signal decrease of more than 40 % beyond
600 K. On the basis of the spectroscopic information, we can conclude that des-
orption of the FePcs and partial decomposition occur already upon mild heating
of the layer, thus indicating a relatively poor temperature stability. However,
the FePc metallorganic layer is strongly stabilized with respect to the CuPc
case, where complete desorption occurs already after annealing to 350 K [75].
On the basis of STM images, a high-density structure was obtained by deposit-
ing high coverage of FePc molecules on Al2O3/Ni3Al(111) substrate, showing a
commensurate superstructure with a hexagonal unit cell. The new structure is
characterized by a hexagonal arrangements of missing FePc sites (”hole” sites),
where every ”hole” is surrounded by a hexagon ring of brighter spots. The
molecules form a novel ordered structure, characterized by the same unit cell of
the underlying alumina template, resulting in regular patterns of FePc vacancies
and of Fe ions (see Figure 3.5). The diagonal measures distance between two iron
atoms around the ”hole” is 3.1± 0.2 nm and is rotated by 21± 1◦ with respect
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Figure 3.4: Shows the temperature dependence of the normalized core level signal
intensities (bottom) and of the relative core level shifts (top).

to the alumina unit vectors. Figure 3.5 b shows the experimental STM images,
with regions where bilayers and multilayers are formed. The second molecular
overlayer has the same structure and unit cell of the first one. Moreover, the
dot-Fe distance around the ”hole” was found to be the same with the monolayer
case. STM analysis show that FePc molecules adsorbed on an alumina film self-
assembled to form hexagonal superstructures in both monolayer and multilayers
growth. In the multilayer case, the structural parameters are the same and there
is hole-hole correspondence. The relationship between the upper layers and the
underlying layers was understood using DFT calculations that will be presented
in the last section. These results are in contrast with the CuPc’s on the same
substrate, where the formation of the second layer was randomly oriented with
respect to the first one [75]. The only thing that theoretically should be the
same is the fact that Pcs should avoid the adsorption on the holes. For sure the
different metal core affects the electronic structure. In the case of CuPc, the
alumina template is not strong enough to be greater than or equivalent to the
interaction between molecules. In this case the intermolecular forces are much
stronger than the molecule-surface bond. While in the FePc case, It may be
reasonable that the Fe centers feel more the oxygen atom and so feel better the
symmetry of the substrate.

3.3 Theoretical investigation
In the following sections, the adsorption of FePc molecules on Al2O3/Ni3Al(111)
were investigated using spin polarized DFT calculations in order to understand
the structural properties of the molecule, adsorption sites, nature of bond, charge
distribution between the molecules and the substrate, and interaction between
the molecules. In addition to the Scanning Tunneling Microscopy (STM) simu-
lation to reproduce the experimental STM images, and also to test the accuracy
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Figure 3.5: STM images of (a) Monolayers, and (b) multilayers FePc molecules self-
assembled on Al2O3/Ni3Al(111). The yellow line connect opposite Fe atoms around
the ”hole”, each line makes angle of 21 ± 1◦ with respect the red line. Yellow lines
correspond to the distance of the brigh spots (are shown in black cross) from the center
of the hole, and red color correspond to the unit vector of the alumina substrate.

of the models.

3.3.1 Calculation details and structural model

The semi-local Generalized Gradient Approximation (GGA-PBE), including
vdW interactions were used throughout. We also examine the effects of a Hub-
bard corrected energy functional on the electronic d state of Iron. More details
will be discuss in the next section.
The DFT model of Al2O3/Ni3Al(111) substrate is shown in Figure 3.2. If the
substrate is described by two layers of Ni3Al(111) under the Al2O3 thin film, the
minimum size supercell contains 1257 atoms. To reduce the computational ef-
fort, the interaction between a single FePc molecule and the Al2O3/Ni3Al(111)
substrate was simulated using reduced models cut from the substrate in the
most preferable regions (around the ”dot” and the ”network” sites), without the
full periodicity (see Figure 3.6). Taking into account the stoichiometry of the
system, we made a cut of almost circular region with a radius of 11.82 Å and
11.55 Å from the center of the ”dot” and the ”network” regions respectively. A
total of 385 atoms (205 atoms for the alloy and 180 atoms for the alumina) and
345 atoms (148 atoms for the alloy and 197 atoms for the alumina) surrounded
by vacuum have been considered respectively around the hole (Figure 3.6 a) and
the ”network” (Figure 3.6 b) sites.
The reduced models of the substrate, with only one molecule adsorbed, were
placed in a 31.02 Å × 31.02 Å × 26.07 Å hexagonal supercell, large enough
to avoid interaction among the repeated images of the molecule. The full op-
timization of the molecular structures has been carried on, while the substrate
was kept fixed.
The plane wave basis set was truncated at a kinetic energy cutoff of 30 Ry (300
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Ry for the charge density). The Methfessel-Paxton smearing technique with
an energy broadening of 0.02 Ry was used. Due to the large cell size, only
the Γ-point was used for the Brillouin zone integration. Ionic coordinates were
optimized to a convergence tolerance of 0.1 eV /Å−1.

Figure 3.6: Top views of reduced models of the Al2O3/Ni3Al(111). (a) ”dot” region,
corresponding to an oxygen vacancy, and (b) ”network” region. The unit cell is shown
in black color.

3.3.2 Adsorption of individual FePc molecule
In this section we are going to report the adsorption of an individual FePc
molecule on two different high symmetry regions (shown in Figure 3.6) of the
alumina thin film, namely, ”dot” and ”network” regions. In the ”network” region
there are different sites (bridge-site, hollow site and O-top site) for the center of
the molecule to be placed, as reported in [9], [73] for metallic ad-atoms.
The optimized structure of the isolated FePc molecule was found to be planar
with total magnetic moment of 2.01 µB/cell, mainly concentrated on the Fe
atom. More information about its structural and magnetic properties will be
discuss in chapter 5.
The adsorption energy of FePc molecule on Al2O3/Ni3Al(111) substrate was
calculated as:

Eads = EFePc+substrate − EFePc − Esubstrate, (3.1)

whereEFePc+substrate is the total energy of FePc interacting with Al2O3/Ni3Al(111)
substrate, EFePc is the total energy of the isolated FePc molecule, and Esubstrate
is the total energy of the Al2O3/Ni3Al(111) substrate.

Figure 3.7 shows the optimized structure of FePc molecule adsorbed on the
”dot” and the ”network” regions of the alumina substrate. The most stable
adsorption configuration for the FePc is on the ”network” region (Figure 3.7 b)
with Fe atom placed on top of an O atom, similarly to the findings for many
metallic atoms [73] and [74]. The adsorption energy on the network site is 2.78
eV . This configuration is also much more stable than the adsorption on the
”dot” region (Figure 3.7 a), the adsorption energy for FePc on the O-top site
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Figure 3.7: Top and side views for the optimized structure of an individual FePc
adsorbed on, (a) ”dot” region (the Fe atom was placed on the center of hole), and (b)
”network” region (the Fe atom was placed on top of O atom) of the Al2O3/Ni3Al(111)
substrate.

is 2.17 eV higher than on the ”dot” regions. In both regions the molecule is
adsorbed parallel to the substrate, but the selective adsorption of the molecule
on the ”network” region shows slightly distorted configuration, with the pyrroles
slightly bent toward the substrate as shown in (Figure 3.7 a). The difference
between the z coordinate of the H atoms in the pyrrols and the Fe atom ranges
from 0.32 Å to 0.73 Å, indicating a configuration not perfectly symmetric be-
cause of the different local registry of parts of the molecule with the underlying
substrate. The optimized structure show that the distance of the molecule from
the oxide surface is on average 3.02 Å, and 3.27 Å for Fe atom, to be compared
with 2.6 ± 0.3 Å for the nucleation of Fe clusters on the same substrate, as
reported in ref [74]. Conversely, the average distance of the molecule on the
”hole” is 5.53 Å, and 5.63 Å for Fe atom. The magnetic moment of the isolated
FePc is 2.01 µB, while the FePc adsorbed on oxide surface give 2.25 µB for both
configurations, with an increase of 0.24 µB/cell with respect to the freestanding
molecule, indicate a little charge transfer from the molecule to the substrate
(∼ 0.22e−). The electronic structure of the adsorbed molecule does not change
much with respect to the freestanding molecule, which indicates a physisorption
of the molecule on the alumina substrate.
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We also studied the adsorption of FePc molecule using GGA+U approxi-
mation, to check the effect of Hubbard correction (+U) on the structural and
electronic properties of the adsorbed FePc molecule.
In Figure 3.8 we compare the simulated STM images for the individual adsorbed
FePc molecule using different values of U (without U(U = 0.0 eV ), 1.0 eV , 2.5
eV , 4.0 eV ) with the experimental images. The experimental images show large
bright spot at the center of the molecule, while the Pc ring appears less bright.
Simulated images reproduce well all the features of the experimental images. At
U = 1 eV the brightness at the center of molecule dissapear at positive bias near
the Fermi energy, this features shift to higher bias as we increase the value of U
parameter. It means that, the ”+U” correction had influence on the electronic
properties of the molecule, in particular, above the Fermi energy. The bright
features at the center of molecule can be inferred by studying the PDOS of the
Fe d-state, as shown in figure 3.9. As we increase the U parameter, the peaks
are shifted toward higher energy, opening a gap near the Fermi energy. This
consequently affect the bias at which some specific bright features (for instance,
the central spot) appear in the simulated STM images. For U = 3.7 eV and
above, the change start appear also for the negative bias.
Concerning the structural properties and adsorption energies: for U= 1 eV , the
adsorption energy only decreases by 0.04 eV and 0.01 eV for the FePc adsorbed
on the dot and network regions respectively. However, the energy difference
between the two adsorption configurations do not change. The structure and
the average distances of the molecule from the substrate was exactly the same.
Furthermore, the magnetic moment reduced by 0.01 µB for both configurations.

Figure 3.8: Comparison between experimental and simulated STM images of an
individual FePc adsorbed on the ”network” region of alumina at different bias voltage.

We conclude that the GGA+U (for = 1 to 3.7 eV ) does not correctly mimic
the experimental STM images close to the Fermi energy. The GGA func-
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tional agreed better with the experimental images, as was also reported for
the COPc/Ag(111) [108]. Moreover, The ”+U” correction had no appreciable
effect on the equilibrium structures and adsorption energies. Therefore, only
GGA-PBE functional will be use to study the FePc/Al2O3/Ni3Al(111) system.

Figure 3.9: Calculated Projected density of states (PDOS) of Fe d-state of an in-
dividual FePc adsorbed on the ”network” region of alumina at different values of U.
The Fermi energy is set at 0 eV .

3.3.3 Monolayer of FePc molecules
Figure 3.10 shows highly ordered FePc monolayer on Al2O3/Ni3Al(111) sub-
strate, showing a commensurate superstructure with a hexagonal unit cell. A
structural model for the monolayer is suggested by a close inspection of the
experimental STM images, with particular attention to the symmetry of the or-
dered pattern. After having clarified that the molecular vacancy corresponds to
the ”hole” in the template, whose structure shows a six-fold symmetry around
the ”hole”, it is possible to identify in the hexagonal unit cell six equivalent
adsorption sites around the ”hole” where the molecules adsorb, with an ordered
pattern and a mutual orientation that is not related to their four-fold symmetry
(see Figure 3.10). To precisely identify the molecular structure and the interac-
tion between the molecules, DFT calculations have been carried out to optimize
the model shown in Figure 3.10 together with the experimental image. To reduce
the computational burdening, only the molecular layer without the substrate is
considered.

The interaction between the molecules is shown using the charge difference
plot in Figure 3.11 a. The molecules prefer to connect to each other by two hydro-
gen atoms residing close to the two Hydrogen atoms of neighboring molecules.
The molecules are weakly attract to each other with energy of 0.08 eV per
molecule, and their mutual minimum distance is 2.13 Å between two closer H
atoms in the hexagonal ring around the ”hole”. In the optimized model, the Fe
atoms of the Pc’s correspond to the positions of Al-on top sites of the template.
The distance from the center of the ”hole” to each Fe atom of the hexagon ring
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Figure 3.10: Constant current STM images of FePc molecules self-assembled in an
ordered hexagonal pattern on alumina thin film at low coverage. The optimized model
for 2x2 FePc monolayer obtained by DFT simulations is superimposed to the STM
images. STM image at bias = +2 V .

equal to 30.13 Å, which is in agreement with the experimental values. Figure
3.11 b shows the simulated STM images for the hexagonal monolayer, the cen-
tral dark area is consistent with the ”hole” of the experimental STM images.

In conclusion, the FePc’s molecules self-assembly on the substrate and form a
hexagonal superstructure, due to the molecule-substrate interactions and a very
weak attractive molecule-molecule interactions. However, even at supra mono-
layer coverage, long-range order is not achieved, and the growth of multilayers
starts before the first layer is completed. A significant template effect of the
substrate introduce different chirality of the molecular layer, that could be func-
tion as a new catalyst. In the following we are going to discuss the multilayers
formation of the FePc on alumina substrate imaged with STM experiment.

3.3.4 Bilayer of FePc molecules
Experimental STM images revealed the FePc stacking in multilayer films, see
Figure 3.5 b. The STM images show a hexagonal superstructure, whose cell
parameters similar to the monolayer case. The observed overlayer structure
is explained using DFT calculations. In order to determine the stacking of
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Figure 3.11: optimized structure of FePc monolayer. (a) Charge density difference
plot between the 6 molecules within the unit cell charged and neutral. The blue color
indicate to a charge lost, whereas the red color indicate a charge gain. The isovalue
is set to ± 0.0004 |/a3

o. (b) Simulated STM image at bias = +2 eV .

FePc molecules in the multilayer film, two bilayers of FePc hexagonal structure
were modeled, see Figure 3.12. One with a ”face-to-back” (same chirality, one
layer exactly on top of the other, Figure 3.12 a) and the other with a ”face-to-
face” stacking (opposite chirality, one layer flipped with respect to the other,
Figure 3.12 b). Among these two different configurations in Figure 3.12, the

Figure 3.12: Structural models of a FePc’s bilayer. (a) A back-to-face superposition
(vertical stacking without change of chirality, with one layer exactly on top of the
other), and (b) a face-to-face stacking, with a change of chirality. Side/top views in
the upper/lower panels.

configuration with ”face-to-face” stacking (Figure 3.12 a) is energetically most
favored with an attractive interlayer energy of 0.13 eV per molecule. The other
configuration where the two layers have the same chirality (Figure 3.12 b) shows
a repulsive interlayer energy of −0.69 eV per molecule, significantly unfavorable
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with respect to the other configuration. Furthermore, our calculation shows an
average interlayer distance of 2.98 Å and 2.67 Å for the stacking with opposite
and the same chirality respectively, to be compared with 2.30 Å from the height
profile obtained by the STM measurements. For comparison, the interlayer
distance was 3.5 Å for the case of CuPc’s on the same template [75].

Our calculations show that the FePc molecules lying in two successive layers
are not exactly superimposed. DFT model for the topmost layer is shown in
Figure 3.13 a. The unit cell is preserved in the case of multiple FePc layers.
Moreover, the FePc layer possesses a definite chirality and domains of both
enantiomers were observed on the surface. The hexagon ring around the hole
sites belonging to the topmost and to the underlying layer are shown in Figure
3.13 a and 3.13 b respectively. In the multilayer formation, FePc switch it’s
equilibrium orientation 22.56◦ counterclockwise of the cell axis.

Figure 3.13: (a) Constant current STM images of FePc molecules self-assembled in
an ordered hexagonal pattern on alumina thin film at high coverage, the optimized
model for 2x2 FePc monolayer obtained by DFT simulations is superimposed to the
STM images. The optimized model of FePc molecules around the ”dot” site (b) for the
same structure at a, (c) the same model with opposite chirality. The dotted line (in b
and c) joining two Fe atoms is a guide to the eye to recognize the opposite chirality.
STM image at bias = +2 V .

Figure 3.14 shows the simulated STM images for the most stable bilayer
structure. The dark area in the STM appearance kept the same, this means that
the molecules preserved the same orientations of the First layer. the simulated
STM images show good agreement with the experiment.
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Figure 3.14: STM images of a multilayer region of FePc molecules self-assembled
in the ordered hexagonal pattern. The images represent molecules around the ”hole”
(oxygen vacancy). (a) experimental STM image at bias = +2 V, (b) structural model,
with a face-to-face stacking and optimized positions obtained by DFT, (c) simulated
STM image at the same bias.



Chapter 4

Tuning Iron phthalocyanines
self-assembly

4.1 Introduction

Tailoring the surface chemistry of material can control and tune the binding
properties of molecules to the surfaces [109]. As we saw in the previous chapter,
FePc molecules present different adsorption energy profile on the alumina tem-
plate, modulate from stable chemisorption state on oxygen terminated regions
to physisorption state on the oxygen and aluminum vacancies [2]. The relative
stability of these states can be tuned by modifying the surface potential of the
alumina template.

Smoothing the potential energy surface of the substrate can generate different
self-assembled molecular layers. Inequivalent self-assemblies of iron phthalocya-
nines on metal surfaces result in different catalytic properties toward the oxygen
reduction reaction, as already shown for FePc’s on the Ag(110) surface [110].

It was reported that Cu deposition on the Al2O3/Ni3Al(111) substrate lead
to ordered cluster arrays. DFT calculations show that the energetic stability
of the Cu on the defective sites (holes) is much stronger than on the oxygen
terminated regions (network). In this case the Cu atom is attracted deeply
inside the hole and a covalent bond with the supporting alloy is created [9].
Therefore, the presence of Cu adatoms on the holes could smooth the alumina
surface and yield different self-assembling of the FePc molecules [3].

Since several important biological centers are made of both (Fe, Mg, Cu,
etc.), in this work Cu nanoclusters will be employed to functionalize the alumina
surface. In the chapter, we have used the alumina oxide template to investigate
the self-assembly of FePcs in the presence of Cu clusters. The dot sites present
in the alumina film act as preferential nucleation sites for the growth of Cu
nanoclusters. The short range supramolecular formation of the FePc molecules
in the monolayer and multilayer coverages on pristine alumina can be controlled
by tuning the surface potential of the substrate.
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4.2 Experimental results
Experiments were performed to investigate the adsorption of FePc molecules on
the Al2O3/Ni3Al(111) substrate in the presence of Cu clusters. The STM image
of the pristine alumina film shows the regular honeycomb pattern of the net-
work structure, described as a hexagonal arrangement of dark holes surrounded
by smaller hexagonal rings of bright dots as shown in Figure 4.1 a. It was
demonstrated that Cu atoms has preferential adsorption inside the ”holes” of
the alumina template, the adsorption on the ”network” side was found to be less
stable [9]. A fraction of monolayer of Cu was deposited on the pristine alumina
film (Figure 4.1 b) at room temperature. At bias voltage of 3.2 V , STM images
suggest that small Cu clusters are homogeneously distributed but are not visible
due to low contrast at this bias, while a few intense protrusions, attributed to
large size Cu clusters, appear in Figure 4.1 b.
The adsorption of FePc molecules in the presence of Cu clusters was studied
using STM and XPS experiments. At low FePc coverage, the large size Cu clus-
ters act as preferential sites for the FePc adsorption, while the small Cu clusters
anchored inside the holes of the alumina film do not influence the appearance
of the FePc molecules, see Figure 4.2 a. With the Cu coverage of 0.106 ML,
instead, a highly ordered FePc monolayer was formed, as shown in the right
hand of Figure 4.2. The FePc molecules are form a cross shape pattern with
a protrusion at the center, consistent with FePc adsorption on other substrates
[111]. This is slightly different with what observed for the hexagonal arrange-
ment of FePc on pristine alumina, in which the molecule exhibit four separated
lobes. Almost square unit cell of the FePc monolayer was found in the STM
image with unit vectors of 1.40± 0.05 nm and 1.50± 0.05 nm, with an angle of
98◦ between the two vectors.

Figure 4.1: STM images collected at [T = 77 K; Vbias = +3.2 V; dimensions of
45 nm × 45 nm]. (a) the pristine alumina film, show the regular honeycomb pattern
(bright hexagon) of the network structure. (b) the Cu-decorated alumina film. Bright
spots in (b) correspond to larger Cu clusters.

X-ray Photoemission Spectroscopy (XPS) measurements of the C1s and N1s
core level spectra were done in order to study the interaction between the FePc
molecules and the Cu clusters. The N and C 1s core levels for low FePc coverage
(3FePc/alumina unit cell) grown on Cu clusters of selected sizes (6, 10, and 15
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Figure 4.2: Experimental STM images of FePc formed on the Cu clusters on alumina
surface at (a) low local coverage [< 0.010 ML; Vbias = +2.0V and dimensions of 20 nm
× 20 nm], and (b ) high local coverage [> 0.089 ML; Vbias = −0.2V and dimensions
of 10 nm × 10 nm]. Figure from [3].

atoms clusters) are shown in Figure 4.3.
The C 1s spectrum (Figure 4.3-right-panel) for FePc deposited on pristine alu-
mina film consists of three major features as we already reported in chapter
3. When the alumina substrate is pre-covered with Cu clusters, the spectra
are successfully fitted by means of two sets of triplets, associated with the FePc
molecules interacting with the oxide surface (B1 and P1) and with the Cu clusters
(B2 and P2). The former C 1s triplet is rigidly shifted to lower binding energy
by 0.2 eV with respect to the pristine alumina case, while the latter appears at
higher binding energy (+0.7 eV ). Concerning the N 1s spectra, their lineshape
is associated to the two non-equivalent nitrogen atoms in the phthalocyanine
molecule. The N 1s spectrum of FePc molecules deposited on the pristine alu-
mina surface is well fitted with two Voigt-shaped features of equal intensity,
linked to isoindole nitrogen bonded to the Fe atom, and the azomethine nitro-
gen bridging two carbon atoms in the pyrrole rings. When Cu is pre-deposited,
an apparent broadening of the spectral feature was observed, accompanied by a
shift towards lower binding energies, results from the former peaks plus a new
peak. The new peaks at 0.6 eV lower binding energy indicate the presence of
bonds between FePc molecules and Cu underneath. The signal intensity of these
new peaks progressively decreases for increasing Cu cluster size. Therefore, from
the core level spectra and in agreement with STM images, it was concluded that
the FePc-Cu interaction gradually decreases upon increasing cluster sizes, as
indicated in Figure 4.3.

Concerning the temperature effect, XPS spectra demonstrate that an in-
creased thermal stability is achieved when FePc molecules are deposited on the
Cu-decorated alumina template. During successive annealing by steps up to 600
K, the overall intensity related to the molecular features decreases faster when
Cu nanoclusters are not present on the template.
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Figure 4.3: Left panel: N 1s spectra collected at 300 K at fixed FePc coverage for
increasing Cu loading, from bottom to top [hν = 500 eV]. Right panel: C 1s core level
region [hν = 400 eV]. data (black dots) are shown together with the best fit (grey
lines) and with the deconvolution (color filled profiles) into the separate spectral com-
ponents. Blue and orange colors refer to FePc/Al2O3 and FePc/Cu/Al2O3 molecules,
respectively. Figure from [3].

4.3 Theoretical investigation
In the following sections, we reported the calculations performed in order to
investigate the symmetry and geometry of the assembled monolayer of FePc
molecules in presence of Cu clusters.

4.3.1 Calculation details and structural model
Geometry optimizations of all systems were performed using spin polarized DFT
calculations with Hubbard-U corrections (GGA+U). In the previous chapter
we reported our calculation using only GGA approximation that gave a better
agreement with the experimental STM images. In this chapter, since there is a
stronger interaction between the molecule and the substrate (mediated by Cu
cluster), we have included the Hubbard corrections with U = 1 eV , see the next
section for more details. The adsorption system was modeled by a FePc molecule
on the reduced model of the dot region proposed in the previous chapter (Figure
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3.6, a). The ”hole” of the dot region is filled with cluster of two different sizes,
a 6-atom Cu cluster (Cu6) and a 9-atom (Cu9) Cu cluster as shown in Figure
4.4. A 31.02 Å × 31.02 Å × 26.07 Å hexagonal supercell was used to assure
no interaction among the repeated image. The Brillouin zone integration was
sampled with a single Γ point due the large lateral periodicity of the supercell.
The FePc molecule and the Cu cluster were fully relaxed during the geometry
optimizations to a convergence tolerance of 0.1 eV /Å−1.

Figure 4.4: Reduced models of the ”dot” region of Al2O3/Ni3Al(111) with (a) Cu
clusters of 6 atoms inside the ”hole”, and (b) Cu clusters of 9 atoms inside the ”hole”.

4.3.2 Adsorption of individual FePc molecule
The side views for the optimized structure of FePc molecule adsorbed on the
Cu6 and Cu9 on the ”hole” site of the Al2O3/Ni3Al(111) substrate are shown
in Figure 4.5 (a) and (b) respectively. For small cluster size (Figure 4.5 (a)),
the average height of the adsorbed molecule is 3.14 Å away from the alumina
substrate and 2.01 Å from the Cu atoms located in the topmost. The adsorbed
molecule undergoes a downward bending of the four pyrroles (comparable to the
adsorption on the ”network” region) due to the increase of interaction between
the molecule and the alumina substrate after filling the ”hole” with Cu atoms.
Concerning the FePc adsorption on 9 atoms cluster, the molecule was found to
be planar with average height of 5.53 Å above the alumina substrate (comparable
to the adsorption on the ”dot” region). The latter is due to the shape and large
size of the cluster that we have used. In this case, the apparent height of the
cluster above the oxide is 3.19 Å, while it is only 1.08 Å for the case of Cu6
cluster.

The adsorption energy was calculated using Equation 3.1, whereEFePc+substrate
is the total energy of FePc adsorbed on Cu/Al2O3/Ni3Al(111) substrate, EFePc
is the total energy of the isolated FePc molecule, and Esubstrate is the total energy
of the Cu/Al2O3/Ni3Al(111) substrate.

DFT simulations explore the site dependent adsorption energy of the FePcs
molecules. The calculations confirm that the role of the Cu seeds is to allow
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adsorption of the ad-molecules at the hole sites. The small Cu nanoclusters
act as the preferential adsorption sites. Indeed, an adsorption energy of 3.76
eV is obtained for the binding of the FePc to a Cu6 cluster at the hole site,
as shown in Figure 4.5. This adsorption energy is 1.59 eV higher than that
of FePc on ”network” region of the substrate. Moreover, a dependence on the
cluster dimension is also highlighted, since the adsorption on Cu9 is 0.50 eV lower
with respect to the ”network” site and much stable with respect the ”hole” site.
Therefore, the presence of small Cu clusters on the template make also the dot
site favorable for adsorption of FePc molecules. However, the bigger the Cu
cluster, the weaker is the interaction with the substrate, as can be seen from
Figure 4.5.

Figure 4.5: shows side view of optimized structure for individual FePc molecules
adsorbed on Al2O3/Ni3Al(111). The FePc molecule is centered on (a)Cu clusters of
9 atoms and (b) Cu clusters of 6 atoms. The adsorption energy for FePc molecule
together with the average distances from the substrate is also shown; color legend:
Fe, pink; C, yellow; N, blue; H, white; O, red; Al, gray; N, orange; and Cu, ice blue.
Figure adapted from [3].

Table 4.1 compare the charge transfers analysis for the FePc adsorbed on
the pristine alumina and on the Cu cluster with and without U corrections.
The charge analysis indicates charge transfers of 0.13 e− and 0.04 e− from the
substrate to the molecule for FePc adsorption on Cu6 and Cu9 respectively. For
the former case, the total magnetic magnetic of the FePc changes from 2.05 µB
in a free molecule to 1.59 µB after adsorption. While for the latter case, the
magnetic moment changes to 1.90 µB. For the FePc adsorbed on the pristine
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alumina, no charge transfer was observed, and the magnetic moments are similar
to the one of the gas phase FePc molecule.

Table 4.1 also explain the effect of +U correction to the FePc molecule ad-
sorption: we can see that in the presence of Cu cluster, the adsorption energy
difference with and without U is 0.15 eV and 0.12 eV for FePc adsorbed on
Cu6 and Cu9 respectively. Moreover, there is also difference of 0.15 µB for the
magnetic moment of FePc on small cluster (Cu6). These differences were not
observed for the FePc on pristine alumina. For these reasons we have included
the value of U . By choosing small value of U = 1 eV (instead of 3.7 eV that was
used in reference [29]) to produce well the bias dependence STM experiment.

Table 4.1: Calculated adsorption energy (Eads) in eV , magnetic moment on Fe
(µFe(µB)), and the total charge on Fe, for FePc adsorbed on Cu clusters (Cu cluster
of 6 atoms (Cu6) and of 9 atoms Cu9), FePc adsorbed on pristine alumina (at the dot
and network sites), and the gas phase FePc (FePc).

system Eads(eV) µFe(µB) charges on Fe (e−)
without U U = 1 eV without U U = 1 eV without U U = 1 eV

FePc@Cu6 3.91 3.76 1.75 1.60 7.33 7.30
FePc@Cu9 1.79 1.67 1.93 1.88 7.23 7.23

FePc@network 2.78 2.74 2.23 2.22 7.00 7.03
FePc@dot 0.61 0.60 2.25 2.24 7.00 7.01

FePc 2.15 2.11 7.04 7.04

Figure 4.6 shows the spin-polarized PDOS of FePc molecule adsorbed on the
network and on the dot region (filled with Cu6 and Cu9) of the alumina substrate.
The computed PDoS on the benzenic carbon atoms and on the nitrogen atoms
are nearly the same, with a little shift with respect to each other. A layer
difference is observed in the case of Fe 3d states: the molecule is more perturbed
upon adsorption at small clusters. This reflects in a trend in the adsorption
energies: the strength of the FePc−Cu bond reduces from 3.83 eV to only 1.79
eV by increasing the Cu nanoparticle size from 6 to 9 atoms (Figure 4.5).

XPS experiments support these findings: different core level spectra were
observed and related to FePc interacting with the oxide or the nanoclusters.
The features associated to the FePc interacting with the nanoclusters and in
particular N 1s, exhibit decreasing intensity for increasing Cu cluster size [3].

Furthermore, the bias-dependent appearance of the single FePc molecule ad-
sorbed on the network region of the pristine alumina and on the Cu6 clusters
was also simulated, and the results are compared with the corresponding exper-
iments in Figure 4.7. The small difference in the electronic states that appear
in the PDoS ( in Figure 4.6) is not recognizable in the STM appearance of the
single FePc molecule with and without Cu clusters. Which means that, the
bias-dependent appearance of the FePcs is not affected by the presence of Cu
clusters. The overall features of the simulated images are in good agreement
with the experiment as shown in Figure 4.7.

4.3.3 Self assembled squared monolayer of FePc molecules
Our calculations confirm that Cu clusters allow adsorption of the molecules also
in the dot sites of the alumina template. This functionalization of the template
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Figure 4.6: Calculated PDoS of (from top to bottom) the p-states of all C atoms of
the benzenic rings, the p-states of all N atoms of the pyrrolic rings, and the d-states
of the central Fe atom; different colors refer to FePc molecules at different adsorption
sites. Figure adapted from [3].
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Figure 4.7: Comparison between experimental and simulated STM images of an
individual FePc adsorbed on the ”network” region, and the ”dot” region with Cu
clusters of 6 atoms at different bias voltage. Both with (U = 1 eV ) and without U
calculations are compared. Figure adapted from [3].

tunes the structure of the pattern of the observed molecule from hexagonal in
pristine alumina to almost square, as shown in Figure 4.2,b.
Combining our calculations with experimental STM results, we obtain a model
for the square structure (shown in Figure 4.8, a) that was formed with a Cu
coverage of 0.106 ML. A sketch of the monolayer of FePc is shown in Figure 4.8,
(a). The monolayer is placed in a 15 × 14 × 15 Å3 unit cell with 98◦ between
the x-y axes. The Al2O3/Ni3Al(111) substrate was not included in these calcu-
lations. The molecular layer was fully relaxed.
Figure (4.8, b) shows the PDOS of the FePc monolayer that has been used in
order to simulate the monolayer STM images. Simulated STM images at differ-
ent bias voltage (Figure 4.9, bottom panel) reproduced well all the features of
the experimental image (Figure 4.9, top panel).
For the majority of the molecules the Fe atom appears brighter than the Pc pyr-
role, while few molecules exhibit four separated lobes with hole at their center.
These few molecules appear much brighter in their pyrrole, with hole at there
center. We refer to them as ’dim’ molecules. In order to better clarify the nature
of these molecules, additional DFT simulations were performed, and presented
in the next section.

Dim molecules

In this section we discuss about the different appearance of some molecules (’dim’
molecules) as a function of bias dependence observed in Figure 4.9, only when
Cu nanoclusters were pre-deposited on the surface. This population exhibits a
completely different bias-dependence appearance with respect to the majority of
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Figure 4.8: (a)Optimized structure of the model formed by (1.5nm×1.4nm×1.5nm)
square cell with 98◦ of angle between the in-plane (x,y) axis. (b) Is the Projected
Density of State on the d(s) of the Fe atom, p(s) of the N bonded (N1) and unbonded
(N2) to the Fe atom, and the p state of the C1 atom for the structure at (a).

Figure 4.9: Comparison between experimental STM images of FePc square cell
observed in the presence of Cu clusters and optimized structure of the model formed
by (1.5nm×1.4nm×1.5nm) square cell with 98◦ of angle between the x,y axis. Figure
adapted from [3].

the FePc molecules. The central bright protrusion associated with the Fe atom
(shown in Figure 4.7) is absent in the dim molecules (as shown in Figure 4.11).
The comparison of the measured dim−dim distances with the periodicity of dot
sites (distance of 41.5 Å) excludes the presence of the dim molecules only on the
dot sites of the substrate. this implies that those molecules could also exist far
from the dot sites.

Moreover, our simulated STM images of single FePC molecule at any bias
voltage show a central protrusion associated with the Fe atom (apart from the
FePc at O atom at 0.5 V, which has to do with the U correction added to our
simulation). Furthermore, large protrusion were observed by STM experiment
also in presence of larger clusters. This suggests that larger clusters may not
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contribute to the appearance of the dim molecules. On the other side, the
dim molecules appears only when the Cu clusters are present in the alumina
template.

In order to explain this observation, we simulated different structures of
metalated and de-metalated phthalocyanines, and we observed the following:

• The appearance of the dim molecules could be associated to phthalocya-
nine (Pc) molecules that have undergone de-metalation at the Cu clusters.
We simulated STM images of single Pc molecules adsorbed on the network
sites of pristine alumina (Figure 4.10,a) and on the Cu6 cluster (Figure
4.10,b). In both cases, the structural geometry is similar to that of FePc
molecules. Considering the energetic stability, we found similar values for
FePc and Pc adsorbed on the network site, while at Cu6 cluster, the Pc
was found to be much more stable than the FePc. A similar behavior of Pc
molecules upon STM imaging has been observed on the graphene/Ir(111)
surface [112].

Figure 4.10: shows top and side views of optimized structure for individual Pc
molecules adsorbed on Al2O3/Ni3Al(111). The Pc molecule is adsorbed on (a) network
side and (b) Cu6 cluster that fills the dot side. The adsorption energy for Pc molecule
(at the bottom of the structure) together with the average distances (at top) from the
substrate are also shown.
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Figure 4.11: ’dim’ molecules appearing in the square structure; the disappearance of
the central bright protrusion is reproduced by simulating a de-metalated Pc molecule
adsorbed either on the oxide surface (Pc@network) or on a small Cu cluster (Pc@Cu6).
Figure adapted from [3].

• Furthermore, the simulation of Pc molecule on mixed cluster (Cu5Fe) has
been carried out, as shown in Figure 4.12. Upon relaxation we observed
a Fe atom trapping from the cluster to the cavity of Pc molecules. The
energy of the new state (FePc@Cu5) is 4.55 eV lower than the initial
state (Pc@FeCu5). Because of that, we exclude a metal exchange from
FePc to CuPc formation. Moreover, the CuPc would be imaged by STM
with a central protrusion [75]. We therefore exclude to attribute the ’dim’
molecules to CuPc.

Figure 4.12: Migration of the Fe atom from (a) Cu5Fe cluster to, (b) the central of
the FePc molecule.

• An alternative explanation may be instead ascribed to the interaction be-
tween the Fe centers and the underlying O atoms. As the molecular C4v
symmetry and the underlying ultrathin alumina C3v symmetry are differ-
ent, several different, non-equivalent adsorption configurations of the Fe
centers with respect to the oxygen-terminated surface are forced by the lat-
eral constraints. While considering the catalytic effect of the FePc/Ag(110)
system on the oxygen reduction reaction, Sedona et al.[110] observed that
the FePc molecules show a dim, but still metalated center when the Fe
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atom interacts with two oxygen atoms in specific adsorption geometries
[110]. Therefore, also in the present case, the dim molecules may bind
to two oxygen atoms of the underlying oxygen-terminated alumina. Then
further simulation could be performed for the FePc on the oxygen termi-
nated regions, in order to better investigate the appearance of the dim
molecules.





Chapter 5

Binding of CO2 onto Iron
phthalocyanines

5.1 Introduction

Small carbon-based molecules such as carbon dioxide (CO2) have a significant
impact on climate change and greenhouse effect. This problem can be solved by
recycling and transforming CO2 [113]. Among the possible solutions, heteroge-
neous catalysis is important to activate CO2 for its chemical transformations.
The development of new catalysts that can reduce the amount of CO2 emission
to the atmosphere, and convert those molecules to produce useful chemicals (like
polymers and fuels) is the goal of many scientists [114], [115].
The CO2 is a linear molecule, all atoms are surrounded by 8 electrons, fulfilling
the octet rule. The closed shell nature of this molecule yields relatively small
binding energies (of few tens of meV) to reactive surfaces or centers [116]. The
adsorption of CO2 on a catalyst should be strong enough in order to activate the
inert CO2. Different substrates have been studied in order to identify potential
catalysts for CO2 activations [117]-[121]. The activation mechanism of CO2 is
rationalized as follow: when the linear CO2 adsorb on catalysts surfaces, elec-
trons would transfer to CO2, elongating the C−O bond and forming a bent CO2
geometry. The bent configuration may increase by the number of transferred
electrons, increasing the reactivity of CO2, which could lead to further chemical
transformations.
Our approach to this problem is based on the biomimetic principles, taking inspi-
ration from the architecture of reactive sites present in biomolecules widespread
in nature [119]. For example, a single transition metal supported on porphyrin-
like structures acts as a catalyst for enhanced performance and selectivity of
CO2 reduction [122].
The aim of this chapter is to show, by a combined experimental and theoretical
study, the mechanism of the CO2 adsorption and activation on FePc promoted
by the electron transfer. Such electron transfer across the graphene-FePc mono-
layer interface upon oxidation of graphene and close to ambient conditions.
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5.2 Experimental Results

Experiment was performed to study the interaction mechanism of CO2 with
FePc molecules deposited on graphene/Ir(111) in presence of O2. The growth of
FePc molecules on graphene gives rise to a regular array of Fe atoms, forming
a 2D square lattice. The distance between the two closest Fe-Fe metal atoms
was found to be 15 Å [29]. As we have seen in chapter 2, the epitaxial growth
of highly ordered graphene monolayers on Ir(111) is characterized by a weak
interaction. The presence of the graphene moire′ introduces a minigap close to
the Fermi level [123]. The Dirac point of the graphene was found to be slightly
above the Fermi level at a binding energy of −0.067 eV [124]. This shift corre-
sponds to a weak p-doping.
Significant changes can occur in the electronic properties of graphene upon oxy-
gen adsorption. The Dirac point can be found above or below the Fermi energy,
either by intercalating oxygen between the graphene and metal substrate (p-
doping) [124], or by oxidizing the graphene sheet (n-doping) [125], [126]. In the
former case, the graphene monolayer is fully decoupled from the metal substrate,
with a linear π-band dispersion. While in the latter case, oxidation process
causes sp2 to sp3 transformation, graphene buckling, a pronounced energy band
gap at the Fermi level (> 0.35eV ), and deformation of the energy wave-vector
dispersion from linear to parabolic [126].

X-ray Photoemission Spectroscopy (XPS) was used to study the C1s and
O1s core level spectra for the FePc/GR/Ir(111) system during oxygen exposure.
The C1s spectrum measured on the clean graphene shows a single peak at
284.01 ± 0.05 (Figure 5.1, lower panel). By exposing the system to 100 mbar
O2, new O1s components appear at 532.5 ± 0.1 eV (Figure 5.1, upper panel).
The C1s component binding energy is shifted to 284.09 ± 0.05 eV , while new
components appear at 284.67±0.05 eV , 285.50±0.05 eV , and 286.19±0.05 eV
(Figure 5.1, upper panel). The measured C1s upshift in graphene together with
the presence of new components are associated to the graphene oxidation (GRO).
This leads to n-doping corrugated graphene, with parabolic energy dispersion
and downshift of the valence band below the Fermi level. Opposite behaviour
was observed in the case of oxygen interaction between graphene and Ir(111),
where the C1s spectrum shows a downshift in the binding energy, attributed to
the charge transfer from graphene to the intercalated oxygen, leading to p-doped
graphene [124].

IR-Vis Sum Frequency Generation (SFG) spectra including the range of the
FePc intramolecular modes, the optical G mode of graphene, and the internal
CO2 stretches are shown in Figure 5.2.

In Figure 5.2 a, the peak located at 1615 cm−1 is associated to the graphene
optical G mode, while the other two peaks at low energy are due to the normal
modes of the FePc molecule. The measured peaks of FePc located at 1335 cm−1

associated with the scissoring of the benzene rings, while the peak at 1398 cm−1

is related to the tetrapyrrole ring and the isoindoles. Upon CO2 exposure of
the system starting from 10−10 mbar and increasing the pressure up to 5 mbar
at room temperature, no additional vibrational peaks were observed (see Fig-
ure 5.2 b’). Therefore, for given conditions, no adsorption feature of CO2 on
FePc monolayer was observed. When the FePc/graphene system was exposed to
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Figure 5.1: XPS data of bare graphene on Ir(111) (lower panel) and of GRO, after
oxidation at room temperature in 100 mbar O2 (upper panel). The O1s and C1s
core level signals are shown (left and right, respectively) together with the best fit
(continuous line) and the deconvolution in the single core level shifted C1s components
(filled curves). The spectra were collected ex situ at room temperature in UHV (hν =
1253.6 eV ).

100 mbar O2, notable increasing in the amplitude related to graphene phonon
was observed (see Figure 5.2 b). Exposing the FePc/GRO to 0.05 mbar CO2,
two additional peaks grow at 1535 cm−1 and 1729 cm−1. These two peaks are
associated to the internal mode of FePc and antisymmetric internal stretching
mode of adsorbed CO2 species respectively. When pumping out the CO2 and
recovering UHV conditions, the CO2 desorbed from the FePc and all spectral
features are restored.
Furthermore, the measured phase shift with respect to the non-resonant back-
ground of the pyrrolic rings equal to 260 ± 50 (see Figure 5.3). After graphene
oxidation the relative phase shift lowers to 200 ± 50. Morever, the increasing
of the CO2 on the FePc/GRO/Ir(111) system up to 0.05 mbar CO2, leads to
further decreasing in the phase shift as shown in Figure 5.3.
Given the above information, we can conclude that CO2 does not adsorb on
the FePc/GR/Ir(111) system, which means that the interaction between CO2
and FePc is too weak to be suitable for CO2 activation. Whereas the oxidized
graphene (GRO) enhances the adsorption of CO2. In this case, the CO2 is ex-
pected to bind in bent configuration at the Fe metal center, associated with
charge transfer to the molecule.

5.3 Theoretical investigation
In order to understand the experimental evidence (discussed in the previous
chapter), two systems have been studied:

1. CO2 physisorption FePc/GR/Ir(111): we have simulated only a period-
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Figure 5.2: IR-Vis SFG spectra of FePc/GR/Ir(111) at room temperature upon
increasing CO2 pressure. (a) FePc 2D crystal on GR/Ir(111) under UHV conditions;
(b’) in 5 mbar CO2; (b) after oxidation in 100 mbar O2 at room temperature; (c) FePc
2D crystal on GRO/Ir(111) in 0.05 mbar CO2; (d) FePc 2D crystal on GRO/Ir(111)
after evacuation, back to UHV. The low wavenumber part of the spectra (left) has
been magnified for clarity.

ically repeated cell containing a FePc molecule (neutral FePc) without
GR/Ir(111) substrate. This is due to the weak interaction between FePc
and GR, and to reduce the computational effort.

2. CO2 adsorption FePc/GRO/Ir(111): as in the previous case, we have sim-
ulated this system considering only CO2 molecule on a FePc monolayer.
We reproduced the role played by oxygen exposure, by changing the elec-
tronic charges of the FePc molecules (charged FePc), which allows for CO2
adsorption.

Spin polarized DFT calculations using GGA approximations without and
with U (= 1 eV ) corrections were carried out (see Chapter 4 for more details
about U). In order to investigate the equilibrium atomic geometry, energetic sta-
bility as well as electronic structures (in term of charge distribution and PDOS)
of the adsorbed CO2 molecules were calculated. In addition, the vibrational
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Figure 5.3: Measured relative phase with respect to the non-resonant background of
the IR-Vis SFG resonance at 1398 cm−1, for FePc/GR/Ir(111), FePc/GRO/Ir(111),
CO2/FePc/GRO/Ir(111).

modes of CO2 were calculated, to obtain further information on the strength of
and the shape of the local potential at the adsorption site.

5.3.1 Calculation details and structural model
In order to characterize the two systems we mentioned before, we have studied:
isolated CO2, neutral and charged FePc molecules, and CO2 adsorbed onto both
neutral and charged FePc molecules. Two different simulation cells were used
to study CO2 adsorption, one is larger with only one FePc molecule per cell
(we refer to it as isolated FePc). The other is a smaller unit cell, also with one
molecule per cell with all dimension similarity (we refer to it as FePc-monolayer).
For the former case, the molecule was placed in a (31.02 Å × 31.02 Å × 26.07
Å) hexagonal unit cell to avoid the interaction between FePc molecules in the
neighboring cell. In the latter case, the FePc molecule was placed in a (14.85
Å × 14.71 Å × 14.97 Å) orthorhombic unit cell. For the latter case, the x-y
based on the experimental imaging the monolayer of FePc on Graphene/Ir(111)
[29]. For ionic relaxation, we used 30 Ry as the kinetic energy cut-off for wave
functions and 300 Ry for charge density, smearing technique with an energy
broadening of 0.02 Ry. Γ-point was used in the case of large cell, and grids of (2
x 2 x 2) k-points (shifted by 111) for the square cell. For the latter case conver-
gence has been tested for different k-points with even meshes, up to (8 x 8 x 8)
points, including also the Γ-point. However, the differences in the total energy
for different K-points with respect to Γ-point sampling is just a fewmeV . Relax-
ations were performed until the total forces acting on all atoms were 0.1 eV/Å−1.

It is known that the magnetic properties of metal phthalocyanines depends
mainly on the electronic ground state of the central metal (in our case is Fe
atom) and are dominated by the d-state of this metal [127]. For the relaxation
of the FePc system we have started with a certain initiate magnetization on the
Fe atom, we end up with a magnetic moment on Fe equal to 0.597µB (which
is different from the reasonable value of 2.00 µB). We repeated the calcula-
tions using different initial magnetizations, each time we end up in a different
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ground states. We can see that this system exhibit several solutions and it is
not guaranteed to fall in the desired global minimum automatically. However,
there is no unique or rigorous way to define occupation of localized atomic levels
in a multi-atom system [17]. For this reason, we have done several calculations
for the system using the same computational parameters and only changing the
starting magnetization (between 0.1 and 1) for the system to obtain the lowest
energy state. In this case, the total energy of the FePc molecule was calculated
for various occupations of the Fe d-state as shown in Table 5.1.

Table 5.1: Different occupation of the Fe d-state for spin up and down, the magnetic
moment on Fe atoms, the total energy value for each occupation (taking the difference
with respect to the lowest energy has been reported). the a, b, c, and d referred to
the different occupation of Fe d-state.

Electronic
configuration dz2 dzx dzy d(x2 − y2) dxy µFe(µB) energy (eV )

a-up 0.892 0.591 0.927 0.779 0.703 0.597 -0.684
a-down 0.312 0.763 0.672 0.835 0.714
b-up 0.984 0.982 0.979 0.861 0.762 2.019 -0.299

b-down 0.500 0.185 0.351 0.820 0.693
c-up 0.990 0.973 0.973 0.873 0.784 2.102 -0.226

c-down 0.093 0.856 0.859 0.282 0.400
d-up 0.985 0.972 0.981 0.858 0.758 2.003 0.000

d-down 0.217 0.737 0.192 0.753 0.654

Table 5.1 shows the different occupations of the Fe d-state, the magnetic moment
on Fe atoms, and the total energy value for each occupation (the difference with
respect to the lowest energy is reported). We can see from the table that the
ground state of this system depends on the occupation of the Fe d-state, since
different occupations leads to different local minimum of the system. Figure 5.4
compares spin up and down PDOS for the four different occupation (a, b, c,
and d) reported in Table 5.1. In Figure (5.4 c, d), the PDOS contains partially
occupied states at the Fermi level (Ef ) which mostly comes from spin-up of
dzx state and spin-down of dz2 state at a and b respectively. Those states are
shifted toward the occupied states in Figure (5.4 c, d). In this case the Hubbard
correction (U = 1 eV ) establishes an insulating ground state with small gap
close to the Fermi level. Th occupation with the lowest total energy has been
chose as representative of the ground state.
The optimized structures of isolated FePc and of the FePc monolayer (square)
correspond to the D4h point group. Simulation analysis of bond lengths and
angles are shown in Table 5.2 along with their experimental results [128].
As evident in Table 5.2, the optimized bond lengths for isolated and monolayer-
assembled FePc molecules are similar. The agreement with the experiment is
within 0.01 Å for the Fe-N1 bond and 0.02 Å for the benzine ring. Regarding the
angles, the difference with the experimental data is in 0.01◦-0.23◦ range. The
structural properties reported in table 5.2 are consistent with the experimental
results in reference [128] and other theoretical results [121],[129].
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Figure 5.4: Spin up and down Projected density of states (PDOS) on the Fe atom
for the monolayer FePc molecules. The a, b, c, and d are the different occupations of
the Fe d-state reported in table 5.1. The Fermi energy is set at 0 eV .

5.3.2 CO2 adsorption on neutral FePc
In this section, we investigated the adsorption of CO2 onto the isolated FePc
molecule. The isolated and adsorbed CO2 molecule were simulated using the
same unit cell of the isolated FePc (31.02 Å x 31.02 Å x 26.07 Å). Geometry
optimization of isolated CO2 resulted in an C-Ô-C angle of 180◦ and a C−O
bond length of 1.17 Å, which is in good agreement with the experimental values
of 180◦ and 1.16 Å [131] and previous theoretical results [120]. The adsorption
energy of CO2 onto different sites of the isolated FePc molecules was calculated
as:

Eads = ECO2+FePc − EFePc − ECO2 , (5.1)

where ECO2+FePc is the total energy of CO2 interacting with FePc, EFePc is
the total energy of the FePc, and ECO2 is the total energy of the isolated CO2
molecule. More negative energies indicates more favourable adsorption configu-
rations.
As the first step, different possible configurations of CO2 onto isolated FePc
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Table 5.2: Calculated structural parameters (bond lengths in Å and angles in degree)
for the isolated FePc and a monolayer of FePc molecules; atom labels from Figure 3.1.
Experimental data are reported for comparison.

Bonds Isolated FePc (Å) FePc monolayer (Å) Experiment (Å)

Fe-N1 1.94 1.94 1.93
N1-C1 1.39 1.39 1.38
C1-N2 1.32 1.32 1.32
C1-C2 1.45 1.45 1.45
C2-C3 1.39 1.39 1.39
C3-C4 1.39 1.39 1.39
C4-C5 1.41 1.41 1.39

Angles Isolated FePc (degree) FePc monolayer (degree) Experiment (degree)

N1-F̂e-N3 89.98 90.01 89.10
C1-N̂1-C1` 107.35 107.61 107.20
N1-Ĉ1-N2 127.30 127.41 127.50
C2-Ĉ1-N2 122.97 122.97 122.90
C2-Ĉ3-C4 117.62 117.62 117.00
C3-Ĉ4-C4` 121.17 121.08 121.20
N1-Ĉ1-C2 109.73 109.62 110.00

molecule were studied, in order to identify the favourable adsorption sites and
geometries of the CO2.

Figure 5.5 shows the optimized structures of CO2 adsorbed onto neutral FePc
molecule. Before the relaxation, the molecule was placed around 2 Å far from
the FePc molecule. For all the configurations in Figure 5.5, the C−O bond
length is 1.17 Å, and the C-Ô-C angle varies from (179.7◦ to 179.9◦) which is
very close to the isolated CO2. Furthermore, the calculated adsorption energies
range between −0.14 eV and −0.22 eV , and the average distances of CO2 from
the FePc molecule range between 2.86 Å and 3.12 Å. The calculated results are
reported in Table 5.3. These results indicate that CO2 interacts very weakly
with the neutral FePc molecule, the neutral FePc molecule do not promote the
CO2 adsorption. In agreement with the experimental results (SFG spectra in
Figure 5.2) and their interpretation.

5.3.3 CO2 adsorption onto charged FePc monolayer

In this section we are going to investigate the experimental observation of CO2
adsorption in the presence of O2. The effect of GRO on CO2 activation has been
simulated by adding negative charges to the system. We tested the addition of
different numbers of charge (starting from +1e−) to the CO2 on FePc monolayer.
We mainly focused on the adsorption of CO2 on the Fe atom of the FePc center.
The CO2 was introduced to the surface horizontally with C atom pointed on top
of Fe atom of FePc monolayer. The optimized CO2 adsorption geometries on
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Figure 5.5: The different adsorption (vertical (a,b,c) and horizontal (d,e,f)) config-
urations of CO2 on the neutral FePc molecules.

Table 5.3: Calculated structural and electronic parameters of CO2 adsorbed on
neutral FePc (Figure 5.5): adsorption energy (Eads) in eV , distance (dFe−O) between
the Fe and the nearest O of CO2 , total magnetization(µtot), absolute magnetization
(µabs), magnetic moment on Fe (µFe), C-Ô-C angle of CO2, and C−O bond length.

System Eads(eV) dFe−O(Å) µtot(µB) µabs(µB) µFe(µB) C-Ô-C C−O(Å)

a −0.17 2.91 2.04 2.76 1.99 179.8 1.17
b −0.17 2.91 2.05 2.75 1.99 179.8 1.17
c −0.16 2.91 2.05 2.73 1.99 179.9 1.17
d −0.16 3.12 2.07 2.71 1.99 179.9 1.17
e −0.14 2.86 2.06 2.46 1.99 179.7 1.17
f −0.22 2.92 2.04 2.74 1.98 179.8 1.17

charged FePc monolayer are shown in Figure 5.6, with the structural parameters
in Table 5.4.

• +1e− charged system

Adding +1e− charge to the (CO2@FePc) system, we have found very weak inter-
action between the FePc monolayer surface and the adsorbate. During energy
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minimization the CO2 moved away slightly perpendicular to the surface, having
a nearly linear configuration (179.3◦), as shown in Figure 5.6, a. In this case,
no charge transfers were observed between the FePc monolayer, and the C−O
bond distance (= 1.17 Å) remained unaffected, as shown in Table 5.4.

• +2e− charged system

Adding +2e− charge, we have found that the molecular geometry of the ad-
sorbed CO2 was significantly different with respect to the isolated CO2. The
C-Ô-C angle decreases to 143.3◦, while the C−O bond length increases to 1.22
Å, compared to the gas phase and +1e− charged system bond lengths of 1.17
Å, indicating that the C−O bond is kind of activated . Furthermore, the bond
length between the C atom of CO2 and the Fe atom (Fe−C) form 2.24 Å. The
adsorption energy was calculated using Equation 5.1, where ECO2+FePc is the
total energy of CO2 onto FePc in the addition of +2e−, EFePc is the total energy
of the charged (+2e−) FePc. The isolated CO2 was always considered neutral.
The adsorption energy was found to be 0.28 eV . The stretched C−O bond
lengths indicate weaker C−O bonds due to the π-antibonding occupation and
activation of the molecule. These results suggest that, as the C atom of CO2
approaches the Fe atom, the linear structure of isolated CO2 is deformed to have
’V shape’.

Different number of electrons were added to the system in order to test the
activation of CO2. For +1e−, the CO2 molecule remains in planar configuration
and adsorbed far from the FePc molecule, as in the case of the neutral CO2. From
+2e− (as we saw) upwards, the CO2 was activated to have the V-shape. The
Fe−C distances decreased and consequently the C-Ô-C angles also decreased.
For the addition of +6e−, the Fe−C distance and the C-Ô-C angle were 2.17 Å
and 138◦ respectively. This test was made up to the maximum of +6e−, but the
values of +2e− can be considered a maximum realistic value.

Electronic structure of CO2 onto FePc monolayer
To get a deeper understanding on the mechanism of CO2 activation on charged
(+2e−) FePc monolayer, we have performed charge density difference analysis
calculation. This will give insight about the reorganization of the charge distri-
bution between the CO2 and FePc monolayer, and was calculated as:

∆q(r) = qchargedCO2+FePc(r)− qchargedFePc (r)− qneutralCO2 (r), (5.2)

where qchargedCO2+FePc is the total charge for the charged system of CO2 + FePc,
qchargedFePc is the total charge for charged FePc monolayer, and qneutralCO2 is the total
charge for the neutral CO2.
Figure 5.7 shows the charge density difference plot and the planar average of
charge density difference plotted between the CO2 and FePc molecule. Com-
pared to the charge analysis on charged (+2e−) FePc monolayer. Table 5.4 shows
the variation of the charges on CO2 molecule for neutral, charged (+1e−), and
charged (+2e−) systems. In the case of +2e− charged system, We observed clear
charge transfer from FePc monolayer to the adsorbed CO2 molecule. Where a net
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Figure 5.6: Side and top views for the optimized structure of CO2 adsorbed onto
charged FePc monolayer (a)+1e− , and (b)+2e−. Calculated Fe−C distance and
C-Ô-C angle for the both structures are shown in (a) and (b).

Figure 5.7: (a) The side view of charge density difference plot of CO2 adsorbed onto
FePc monolayer. (b) Planar averaged charge density difference plot along the z-axis.
The blue lobes indicates to charge lose, whereas the red lobes indicates a charge gain.
The isovalue is set to ± 0.002 |e|/a3

o.

charge of 0.50e− is transfered to CO2 molecule. The CO2 adsorption on charged
(≥ +2e−) FePc is driven through non negligible charge transfer. Whereas, in
the case of neutral, and +1e− system, almost no charges were added to the CO2
molecule.
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To clarify the source of the negative charge from the FePc monolayer to the
CO2 molecule, we have calculated the electronic DOS, projected on the Fe-d and
S-p states of the Fe a, as displayed in Figure 5.8. Figure 5.8 shows comparison of

Table 5.4: Calculated structural and electronic parameters of CO2 adsorbed on
neutral and charged FePc: charge transfered to the C atom (qC) and to the two O
atom (qO1 and qO2) of CO2, angle (C-Ô-C) and bond length (C−O) of the CO2. The
values are reported with respect to the gas phase CO2.

CO2@FePc qC qO1 qO2 C-Ô-C (degree) C−O(Å)

neutral −0.02− −0.00− −0.00− 179.8 1.17
+1e− −0.03− −0.00− −0.00− 179.3 1.17
+2e− −0.23− −0.15− −0.15− 143.3 1.22

PDOS of CO2 adsorbed on charged (+2e−) and neutral FePc monolayer. There
is a hybridization between the Fe d state and the O atoms, indicating strong
interaction between CO2 and charged FePc monolayer. On the contrary, the
PDOS of Fe d state of the CO2 onto neutral FePc monolayer was not modified,
similar to the one of Figure (5.4, d) of the isolated neutral FePc. Overall, the
above results indicate that the electronic charge transferred to CO2 from the
charged FePc monolayer leads to the activation of CO2.

Figure 5.8: Projected Density of State (PDOS) of CO2 adsorbed on (a) charged,
and (b) neutral FePc monolayer. Side view of the adsorbed CO2 molecule on charged
and neutral FePc monolayer is shown in a and b respectively. The Fe s(d) states are
shown in blue(black), the (C)O p states of CO2 are shown in green(red).

5.3.4 Vibrational modes
The vibrational frequencies were calculated for adsorbed CO2 on neutral and
charged (+1e− and +2e−) FePc monolayers. The calculations were performed
allowing to move only the CO2 molecule and the Fe atom, and without the Hub-
bard correction. However, since the equilibrium geometry was not affected, we
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do not expect important variations of the vibrational frequencies with/without
the Hubbard correction.

Table 5.5: Experimental and Simulated frequencies related to the CO2 symmetric
and antisymmetric modes for the negatively charged (+1e− and +2e−) and neutral
CO2 in the gas phase and + FePc complex.

System antisymmetric stretching (cm−1) symmetric stretching (cm−1)

CO2/FePc/GRO/Ir(111) (exp) 1729
literature (gas phase) [131] 2349 1333
CO2 isolated (neutral) 2336 1297
CO2/FePc (neutral) 2333 1296
CO2/FePc (+1e−) 2325 1301
CO2/FePc (+2e−) 1836 1191

Table 5.5 shows the wavenumbers of the fundamental vibrational modes
of the isolated and adsorbed CO2 molecule on the neutral and charged FePc
monolayer, in comparison with experimental results. The calculated symmet-
ric and antisymmetric stretching modes for the Isolated, CO2 adsorbed onto
neutral and (+1e−) charged system lie between 2325cm−1 − 2336cm−1 and
1296cm−1 − 1301cm−1 respectively. The calculated values have similar frequen-
cies to the one of gas phase CO2 [131], which is in line with the lack of nega-
tive electronic transfer from the surface to the adsorbate. The antisymmetric
stretching modes of CO2 on the Fe atom of the charged (+2e−) FePc monolayer
shows notable shift with respect to the gas phase CO2 molecule, which in turn
is due to the weakening and stretching of the intra-molecular CO bond. This
value (1729cm−1) is compared to the experimental value of (1729cm−1) of the
CO−2 anion radical [4]. The smaller frequencies of the stretching modes for the
chemisorbed CO2, together with the elongation of the intramolecular C−O bond
and localization of negative electronic charge at the O atom give support to the
activation of the adsorbate.

5.3.5 Neutral vs charged FePc
In this section we are going to report the effect of negatively (adding electrons)
charged FePc molecules on the CO2 binding. The optimized structure of the
FePc monolayer is shown in Figure 5.9. Both neutral and charged FePc mono-
layer have planar structure. The Fe−N distance for the neutral FePc monolayer
is similar to the one of isolated FePc molecule (1.94 Å), and for the charged
FePc monolayer this distance is only slightly smaller by 0.01 Å, in agreement
with previous theoretical results [130].

Table 5.6 explains the distribution of the additional charge on FePc mono-
layer. The total magnetization dropped from 2.06 µB ( 2.00 µB on Fe atom) to
0.13 µB ( 1.51 µB on Fe atom) for neutral to charged (+2e−) FePc monolayer
respectively. In the case of neutral FePc the magnetic moment is mainly local-
ized on Fe atom, which is not the case for the charged FePc. When the CO2
is adsorbed on the +2e− charged system, the charge on Fe atom was reduced



82 Binding of CO2 onto Iron phthalocyanines

Figure 5.9: Optimized structure of FePc monolayer. Dimension of the cell is shown
in solid rows (a=14.87Å, b=14.76Å). FePc molecule is oriented with 26.22◦.

Table 5.6: Distribution of the additional charge on the Fe atom (qFe), C atoms (qC),
N atoms (qN ), and H atoms (qH) of the FePc monolayer. The difference in charge is
calculated with respect to the neural FePc. µFe is the magnetic moment on Fe atom,
and µtot is the total magnetization on the FePc system.

FePc monolayer qFe qC qN qH µFe (µB) µtot (µB)

neutral 0.00 0.00 0.00 0.00 −2.00 −2.06
+1e− 0.14 0.75 0.06 0.14 −1.67 −1.06
+2e− 0.35 1.29 0.21 0.27 −1.51 −0.13

by 0.08e−, whereas the charge on N and C was decreased to 0.17e− and 0.22e−
respectively.

To better understand the distribution of the additional charge on the FePc
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monolayer, we have performed charge analysis of the neutral and charged (+2e−)
FePc molecules to know where the additional charges are localized on the charged
FePc molecules. The charge difference was calculated as:

∆q(r) = qcharged(r)FePc − qneutralFePc (r), (5.3)

where qchargedFePc is the total charge for charged FePc molecule, and qneutralFePc is the
total charge for neutral FePc molecule.
We can see from Figure 5.10 that the additional of +2e− charge is distributed
all over the system. Specifically, there is addition of 0.26e− on the Fe atom for
charged FePc molecule, while the additional charges on the C (N) atoms are
1.29e−(0.21e−). We can see from this analysis that most of the added electrons
are distributed on C atoms, which justifies the decrease in total magnetization
to 0.13 µB.

Figure 5.10: (a) Top view for the optimized structure of FePc monolayer. (b,c) side
and top views of charge density difference plot between the charged and neutral FePc
monolayer respectively. The blue lobes indicate a charge lost, whereas the red lobes
indicate a charge gain. The isovalue is set to ± 0.002 |e|/a3

o

To summarize: We have investigated the effect of negatively charged FePc
molecules to the activation of CO2. The calculations show that the charged
(added charge > +1 charge) FePc’s molecules are catalytically active for CO2
capturing more than the neutral (no additional charge) FePc’s molecule, consis-
tent with the experimental observation [3]. The CO2 weakly chemisorbs to the
Fe metal center of charged FePc molecules, conversely, CO2 physisorbs to the
neural FePc molecules. In the charged FePc there is effective electron transfer
between the FePc and the CO2 through the interaction between the d and s
orbital of Fe atom and the π antibonding orbital of CO2, such that CO2 become
negatively charged. The formation of covalent bond between CO2 and Fe was
confirmed by analysis of the charge density difference and PDOS, the CO2 bind-
ing to the charged Fe metal center of FePc results in a transfer of charge between
Fe and FePc, lead to strong hybridization between CO2 and Fe,no charge trans-
fer was observed in the case of neutral FePc molecule. Calculations suggest that
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in relaxed structures of the CO2/FePc systems, the initially linear adsorbate
molecule bends it is geometry, forming an C-Ô-C angle of 143.3◦, only when it
receives electronic charge from FePc molecule. Furthermore, changes in the sim-
ulated vibrational modes of the C−O bond from the isolated to the chemisorbed
CO2 molecule indicate the weekly of this bond. All these results demonstrate
that charged FePc is capable for CO2 activation.
For the future work: The same procedure can be done to test the effect of
different metal phthalocyanines on the activation of the CO2 molecules.



Conclusion and outlook

In this thesis work we have reported an accurate DFT-based investigation on the
structure and the properties of some selected representative nanostructured cat-
alysts. Common features of the systems considered were not only the small size
of the catalytic centers (aggregates of few atoms, either metallic nanoclusters
or organic molecules), but also their structuring in ordered patterns, in order to
increase their stability and to limit sintering and deactivation phenomena with
the temperature and under the flux of reactants. Such ordering can be obtained
through self-assembly, mainly driven by the interaction with an underlying sub-
strate.

On one side, we have considered very small Platinum nanoclusters. Platinum
is one of the most efficient catalysts, and the possibility of using nanoclusters is
very convenient in terms of size and above all cost. Nanoclusters have a large
exposed surface for chemical reactions, and therefore allow the same efficiency
of standard catalysts to be obtained with a much smaller amount of material.
We studied Platinum nanoclusters ordered in regular arrays obtained using the
moirè pattern of graphene on Ir(111) as template. DFT simulations allows the
interpretation of experimental results concerning the size and shape distribu-
tion of such clusters, their stability and mobility: few-atom nanoclusters are flat
(i.e., they show a tendency to wet the substrate), whereas larger nanoclusters are
multilayered; few-atom nanoclusters are very mobile, whereas larger nanoclus-
ters stabilize in specific regions of the moirè pattern. We studied the interaction
of such nanoclusters with carbon monoxide. We find that both terminally and
bridge bonded CO species populate nonequivalent sites of the clusters, span-
ning from first to second-layer terraces (in larger clusters) to borders and edges.
A progressively lower Pt-Pt coordination is observed upon CO adsorption for
increasing coverage, accompanied by a significant restructuring of the clusters:
therefore, although the moirè template tends to keep an ordered nanoclusters
pattern, CO adsorption seems to promote particle sintering for small clusters
and reshaping for large ones. In conclusion, our DFT investigation, combined
with a series of experiments and characterization with different spectroscopy
and microscopy techniques, indicate that further investigation is needed to de-
sign more efficient Platinum-based nanostructured catalysts and overcome the
problem of their restructuring under the flux of reactants. The results have been
published in Ref. [1].

On the other side, we have investigated nanocatalysts constituted by organic
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molecules, inspired by Nature. In particular, we have considered Iron phthalo-
cyanines (FePc). Two kinds of templates have been considered: Al2O3/Ni3Al(111)
substrate, and the moirè pattern of graphene/Ir(111).

A high-density nanostructured catalyst is obtained by depositing FePc molecules
on Al2O3/Ni3Al(111) substrate, resulting in a commensurate molecular super-
structure with the same periodicity of the substrate. The superstructure is
characterized by a hexagonal arrangements of "missing" FePc (corresponding to
the ”holes”, i.e., oxygen vacancies, in the substrate), where every ”hole” is sur-
rounded by a hexagonal ring of FePc molecules. The adsorption energy of an
individual FePc molecule varies by more than 2 eV on different sites of the sub-
strate, being in particular very weak in correspondence to its oxygen vacancies.
This explains the absence of a FePc on the ”hole” site in the self-assembled lay-
ered structure. The overall structure is a regular patterns of Fe ions embedded
in the self-assembled FePc layer. However, experiments indicate that a perfect
long-range order is never achieved, and the growth of multilayers of alternated
chirality starts before the first layer is completed. DFT calculations give a ra-
tionale about that, in terms of layer-layer interaction and hence of energetics.

Cu deposition on Al2O3/Ni3Al(111) substrate flattens the surface potential
and allows the molecules to fully cover the substrate. A long-range order is
adopted with an almost square structure, which is also typical of FePc assem-
blies on other substrates. Calculations suggest that Cu atoms, filling the ”holes”,
allow adsorption of the FePc’s also at the oxygen vacancies. Furthermore, this
action is better performed by Cu nanoclusters with small size (less or equal to
about 6 atoms). The DFT optimized superstructures perfectly match the exper-
imental observations. Remarkably, we conclude that by Cu surface treatment
we can tune the formation of different self-assembled layered FePc structures.

Finally, in the highly compact, square structure, a few molecules exhibit a
completely different bias-dependence appearance with respect to the majority of
the FePc. We proposed different models for these "strange" molecules, and, on
the basis of the comparison between simulated and experimental STM images
and other DFT results, we exclude that such molecules are CuPc, and we ascribe
their different bias-dependence appearance to demetalation.

A 2D crystal of FePc can also be supported by graphene/Ir(111). Whereas
neutral FePc’s are inert with respect to CO2 capturing, DFT calculations, com-
bined with experiments, have demonstrated that negatively charged FePc molecules
can capture and activate CO2 through the Fe center. The stabilization of the
CO2-Fe chemical bond is obtained experimentally by governing the charge trans-
fer across the graphene-metallorganic layer interface upon oxidation of graphene.
We simulated the effect of graphene oxidation on the 2D FePc layer by adding
a negative charge on the molecules. Carbon dioxide chemisorbs in an activated
("V"-shape) configuration, thus lowering the barrier for further reaction. DFT
shows that both adsorption and activation are due to charge transfer and in
particular exploits a molecular trans-effect, since the FePc’s, in turn, transfer
electrons to the CO2. In this way, we are able to turn a weakly binding site
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into a strong one in an artificial structure that mimics many features of complex
biological systems.

The results on FePc have been reported in three papers, one already pub-
lished [3], one under review [4], and a third one in preparation [2].

In conclusion, this thesis work has given the opportunity of deeply learning
the DFT method and its application to nanostructures. Several issues con-
cerning some peculiar properties and the self-assembling of few representative
systems have been afforded and understood. Still, the fascinating question of
the balance between the molecule-molecule (or cluster-cluster) lateral interac-
tion and the molecule (or cluster)-substrate interaction, that is on the basis of
ordered structure formation, remains open.

The continuous interaction with the experimental colleagues constituted an
extremely positive experience of how the synergy between experimental, theo-
retical, computational efforts can be successful in understanding some aspects of
chemical/physical processes and systems in Nature: an appealing, marvellous,
neverending adventure.
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