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1 Introduction

On December 1959, in a famous and almost prophetic speech at Caltech,
entitled “There is plenty of room in the bottom”!, Richard Feynman, as a
matter of fact, gave rise to the global research in nanoscience. He predicted
exciting new phenomena that might revolutionize science and technology
and affect our everyday lives, if only we could get precise control over
matter, down to the atomic level:

«I would like to describe a field, in which little has been done, but in which an enormous
amount can be done in principle. This field is not quite the same as the others in that it will
not tell us much of fundamental physics (in the sense of, “What are the strange particles?”)
but it is more like solid-state physics in the sense that it might tell us much of great interest

about the strange phenomena that occur in complex situations. Furthermore, a point that is

most important is that it would have an enormous number of technical applications.

What I want to talk about is the problem of manipulating and controlling things on a small
scale ».

The evolution predicted by Feynman could hardly be realized if it had not
found a fertile ground due to the scientific and technological discoveries in
the field of condensed matter physics and physical-chemistry, since the year
1940-50. Indeed, by the mid-1960s, technological innovation had progressed
to the point that apparatus for generating Ultra High Vacuum (UHV 103- 10-
' mbar) was available and could be combined in commercial instrumentation
with electron, ion, and photon sources, versatile sample manipulators, and

detectors for the measurement of scattered electron, photon, and ion beams.

' Feynman, R. P. There’s plenty of room at the bottom. Eng. Sci. 23, 22-36 (1960).



A UHV environment is essential for surface science experimentation because
UHV pressures are required for a surface to remain stable for the time
required (i.e., hours) to characterize its composition and structure. Moreover,
in low-energy range (1-10? eV) the inelastic-collision mean free paths for
electrons are only a few angstroms, leading to the most important conclusion
that electrons elastically scattered by or emitted from the solid must have
come from the top few atomic layers. This combination of readily available
technology for electron scattering and emission experiments in UHV, single
crystal samples, and the insight that these experiments probe the surface
rather than the bulk of a solid set off an explosion of activity, beginning in

the late 1960s, that defined surface science research as we know it today.

Surfaces and interfaces are everywhere. They are found in systems as simple
as a piece of metal in a vacuum, and as complex as biological cells and living
organisms. They define a boundary with the surrounding environment and
influence interactions with that environment. Today both the atomic
composition and the atomic geometries of single crystal solid surfaces (and
of ordered adsorbed overlayers thereupon) can be determined routinely by
surface-sensitive electron spectroscopy in UHV environments. Dynamics of
the evolution of simple diffusion, growth, and chemical reactions is taken as
given. Moreover, surfaces, as entities unto themselves, are no longer
interesting objects of study. What is of interest is what they reveal, e.g., about
the nature of nanostructures; what they do, e.g., catalyze highly complex
reactions; and what they can be used for, e.g., as templates for a new
generation of computers or the basis for a complex technologies like
semiconductor  nanoelectronics  fabrication. These complementary

developments are different aspects of nanotechnology, which aims to create



and use structures, devices and systems in the size range of about 0.1-100 nm

(covering the atomic, molecular and macromolecular length scales).

On this length scales, matter exhibits surprising properties such as atoms or
molecules ability of self-assembly at well-defined surfaces. Self-organized
growth and self-assembly at surfaces can serve as an efficient and versatile
tool for creating low-dimensional nanostructures, i.e., systems in zero, one,
and two dimensions. Dimensionality is one of the most defining materials
parameters; the same chemical compound can exhibit dramatically different
properties depending on whether it is arranged in a 0D, 1D, 2D, or 3D crystal
structure. (e.g. quantum points or carbon nanoaggregates — nanotubes and
nanowires, fullerenes, graphene...). While quasi 0D, quasi 1D and of course
3D crystal structures have been and are widely studied, the research on two
dimensional crystals has been minimal until the recent (2004) experimental

realization of two dimensional atomic crystals [1].

The new millennium led us into the “age of designer materials”, when
complex materials are designed to have desired properties, with both basic
and technological applications. Energy production and storage could benefit
from, e.g., new generations of improved catalysts with a reduction in noble
metal concentration, new fuel cells (also biofuel), new batteries of advanced
design, new lightweight nanostructured solids able to ensure an efficient
hydrogen storage. Moreover, low-cost photovoltaic solar cells based on

nanomaterials are being developed.

The application of this new technologies in almost all fields of human
activity, may soon allow us detachment from traditional energy sources with
significant consequences for environmental protection and for our own

survival.



In this thesis, high-resolution electron energy loss spectroscopy (HREELS)
was used to investigate both the vibrational and electronic properties of
ultrathin layers grown on metal substrates and their interaction with reactive

species such as carbon monoxide, oxygen, and water.

In chapter 2, we introduce our measurement techniques, in chapters 3, 4 and
5, low energy electron diffraction (LEED) and HREEL spectroscopy has been
used for studying monolayer graphene epitaxially grown on Pt(111) surface.
Graphene layers were grown on the surfaces of many transition metals upon
annealing in a hydrocarbon atmosphere. What is nowadays a technique, was
an unwanted side effect in catalytic processes, as it lead to the passivation of
catalysts, known as poisoning. The chemical deposition of carbon on metal
substrates has been extensively studied from the 1970s to 1990s [2-7]. A major
motivation for studying these graphite films was the passivation of catalysts
by carbon films known as poisoning, but the properties of graphene were not
investigated in detail. The main scientific interest are the consequences of the
unique band structure of graphene. The high mobility of electrons in
graphene and the strong electric field effect encourage work to realize

graphene-based electronics [8-15].

Graphene is lightweight, inexpensive, robust, chemically stable. Moreover,
the use of graphene for transparent conducting electrodes [16-18], to realize
photosensitive transistors [19], ultracapacitors [20, 21], or novel chemical
sensors [22-27] is envisioned. Due to the increasing importance of graphene,
it is desirable to obtain a thorough understanding of the structure of
graphene on metals and of its interplay with the underlying substrate.
Graphene is manufactured mainly in three ways: by exfoliation from highly
oriented pyrolytic graphite (HOPG) [28-34], by the epitaxial growth in silicon
carbide [35-54] and by the epitaxial growth on metals [55-84]. Exfoliation of

10



graphene was the basis for the exploration of the exciting electronic
properties of graphene. They were primarily explored with transport
measurements of devices built on flakes of exfoliated graphene on SiO-.
Nevertheless there appears to be consensus, that for future scientific
exploration and technological applications, epitaxial growth of high quality

graphene over large areas is mandatory.

Last chapter, HREELS has been used to investigate the adsorption and co-
adsorption of oxygen and CO on the PtsNi(111) surface and, for the sake of
comparison, on the Pt(111) surface. The adsorption of chemical species onto
metallic substrates has attracted considerable interest in recent years for both
fundamental interest and technological applications [85-87]. The presence of
adsorbed atoms significantly changes the physical and chemical properties of
the substrate. Understanding the electronic properties of surfaces and
interfaces would imply the tailoring of more selective catalysts and an
improvement of electronic devices. Also the investigation of bimetallic
systems is currently the topic of interest in surface and catalytic science. A
number of interesting phenomena such as segregation, faceting,
reconstruction and chemical oscillations, which have direct correlation with
the atomic scale modifications of these surfaces are emerging in this field.
Most real catalysts consist of alloys of 3d, 4d and 5d elements [88-91].
Generally, these systems are characterized by a superior chemical activity

and selectivity with respect to the pure elements [92].

11






2 Experimental methods

2.1 Ultra High Vacuum chamber

In Figure 2.1 is shown the Ultra High Vacuum (UHV) chamber (with a
base pressure of 5-10° Pa) used for our experiments.

Our system is a stainless steel vacuum chamber with a variety of
pumps attached, which allows us to obtain UHV. The pumps used on our
system include a scroll pump, two turbo pumps, a titanium sublimation
pump and an ion pump. It is equipped with an electron analyser (Phoibos
100, Specs), a high-resolution electron energy loss spectrometer (Delta 0.5,
Specs, Figures 2.7, 2.8), an apparatus for low-energy electron diffraction, a
quadrupole spectrometer, and an ion gun for sputtering. Leak valves are

used for controlled gas inlet in the UHV chamber.

PHOIBOS

Ion gun

Manipulator

HREELS

LEED

Figure 2.1: UHV chamber used for experiments. SPES-Lab.
UNICAL.
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Auger electron spectroscopy (AES) and low-energy electron diffraction
(LEED) were used as control techniques for checking the cleanliness of the
order of the surface.

The sample was a single crystal of Pt(111), delivered from MaTecK
GmbH (Germany). The substrate was cleaned by repeated cycles of ion
sputtering and annealing at 1300 K. Surface cleanliness and order were
checked using Auger electron spectroscopy (AES) and low-energy electron

diffraction (LEED) measurements, respectively.

Platinum crystal

Copper sample holder

Figure 2.2: Sample during an annealing cycle.

2.2 The EELS technique

EELS (Electron energy loss spectroscopy) is an experimental technique
that permit the study of materials through the analysis of their electronic and
vibrational excitations. In contrast to infrared spectroscopy, EELS is not
limited by strict dipole selection rules, which often hinder observation of
important modes and adsorbates. In EELS both long-range dipole and short-
range impact scattering mechanisms are operable and they may be effectively

studied as a function of scattering angle and impact energy. Information
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obtained from EELS ideally complements data obtained with other surface
spectroscopies, and offers ease of interpretation for the experimentalist.

In this spectroscopy, a monochromatic electron beam is sent to the
surface of a solid material, these primary electrons are partially inelastically
scattered and their kinetic energy distribution is analyzed using an electron
energy analyzer [93], the energy losses are due to the excitation of electronic
and vibrational transition of the investigated materials and so provide a tool
for analysing them. The EELS technique can be used in various
configurations by changing the geometrical and physical parameters. For
example different spectra and information can be obtained by changing the
electronic energy or the incidence angle of the impinging primary beam, or
the angle of analysis of diffused electrons [93].

The various excitations in a EEL spectrum cover a wide energy range
which extends from some meV, as for phonons and vibrations of atoms or
molecules adsorbed onto the surface, some eV, as for interband transitions
and plasmonic excitations, up to hundreds of eV, as for the excitations of core

electrons [94] (figure 2.3).

T L) LI Li 1 L]
Bulk
Plasmon
d, Band

E c::“ :;.I . Surf

! Plasm,
E Surtace Electronic Core
= o Interband Lavel

Transitions Transitions

0 o0 1 10 100 1000
LOSS ENERGY (&)

Figure 2.3: Regions of characteristic losses. Taken from [94].
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Energy losses are due mainly to three processes:

1) excitations of network vibrations of atoms on the clean surface
(optical phonons surface, acoustic phonons surface) and / or vibrations of
atomic and molecular species adsorbed on the surface;

2) excitations of valence band transitions that can be divided into single
particles electronic excitations (inter-band and intra-band excitations) and
collective excitations (surface, volume and interface plasmons);

3) excitations of core levels electrons to conduction band levels.

The mentioned excitations hold a very large energy range, which
extends from around tens meV (for phonons) up to a few thousands eV
needed to excite core electrons to states above the Fermi level.

Thus, EELS plays an important role in the investigation of surface
chemical reactions [95-106] and dynamic screening properties [59, 107-116] of
metal systems.

The great diffusion of this technique in the last two decades is mainly
due to the development of a new generation of high-resolution EEL
spectrometers by prof. Harald Ibach [117, 118], whose resolution ranges from
0.5 to 5 meV. This allows HREELS to have an energy resolution similar to
inelastic helium atom scattering [119-124] and optical techniques as infrared
absorption spectroscopy [125-128] or second-harmonic generation [129-132].
The recent development of novel spectrometers for spin-polarized EELS [133,
134] is expected to further contribute to the diffusion of this spectroscopy.

The analysis of kinetic energy of electrons inelastically back-scattered
provides information about excited modes at the surface. Electrons scattered

from the sample are analyzed as a function of E, = AE = E - E;, where Eioss

loss
is the energy lost by electrons, Ep is the primary electron beam energy, and Es

is the energy of scattered electrons. If the electron excites a surface mode

16



hao,, after the interaction with the sample its energy will be E, =E, —ha,.

Hence, if electrons lost E* they will give rise to loss peaks at energy Ep-E*.

In inelastic processes the energy change should equal the quantum
energy of an electronic or vibrational surface mode, by respecting
conservation laws of energy and wave-vector parallel to the surface.

Eis =E, —Es (2.1)

{hq = h(k; sin &, —k sin 6, ) (2.2)

Where ¢ is the parallel momentum transfer, k, is the wave-vector of

incident electrons, K, is the wave-vector of scattered electrons, 6, and 6, are

the angles formed with the normal to the surface by incident and scattered

electrons, respectively (figure 2.3).

Ep-Eioss
0 0, Specular
‘/—’ ‘\. direction
o .y Off-specular
P ‘_“-"' direction

Figure 2.4: Scattering geometry in HREELS experiments

Thus an expression linking g, with Ep, Eioss, and @, 6, could be obtained:

2mEP . Eloss :
p

Likewise, it is possible to obtain the indeterminacy ongq, that is the

window in the reciprocal space which also depends on the angular
acceptance of the apparatus o [135], usually ranging between 0.5 and 1.0

degrees:
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Vszp EIoss
Aq, = T(cos 6. — l—E— costs)-a (2.4)
p

Thus Aq, is minimized for low impinging energies and for grazing
scattering conditions.

Three scattering mechanisms for impinging electrons are possible:
dipole, impact and resonant scattering [93]. The last mechanism is prevalent for
molecules in gaseous phase (see Ref. [93] for more details) and thus it is not
important for plasmonic excitations.

Concerning dipole scattering, it is worth remembering that the
Coulombian field produced by incoming electrons interacts at long range
(about 100 A) with the surface. Loss events may occurs both before and after

diffusion from the surface [135], as shown in figure 2.4.

I

[
Il

é

‘\\“
L L

Figure 2.5: Possible loss events in dipole scattering. The loss event may occur before or after
the impact with the surface. Taken from Ref. [135].

According to Mills [136], the differential cross section d’s/ dodQ s given by:

dZS _ (I’T'IBVL)2 ks P(q”,a)) ‘VLqH(Rs + Ri)+ |(Rs - Ri )(w_vuqu)‘z

_ k. (2.5)
225 2 ’

where v, are v, the parallel and perpendicular components of the

velocity of impinging electrons with respect to the surface, respectively, and

P(q,,®) is the surface loss function. Ri and Rs are the amplitude of complex

reflectivity for initial and final energies. The maximum inelastic scattering

18



occurs for w = v,4,, in correspondence of a minimum in the denominator of

(2.5). Such condition corresponds to the interaction of electrons with partial

waves with phase velocity w/q, =v,. By defining 6 as the deviation from

trajectory of electrons inelastically scattered from specular direction, thus for

ho << E, and 6 <<1, the denominator of (2.5) may be written as:

(vqu)Z +(w—-v,q)* =4E] (92 + ‘Pé)cosz 0. (2.6)

-

Figure 2.6: Schematic plot of the kinematic factor in the dipole scattering probability
function, showing that the inelastically scattered electrons are confined to two lobes near the
specular reflection direction. Taken from [137].

where ¥; =hw/ 2Ep. The equation (2.6) determines the angular

dependence of dipole scattering and its concentrations in a lobe with semi-
amplitude W e along specular directions. Dipole scattering dominates for
small transfer momenta.

As shown in figure 2.6, a principal maximum exists (which corresponds

to the condition @ =v,(q, ), even if a secondary maximum also exists.

For short-range interactions impact scattering occurs. Within this
scattering mechanism, electrons are diffused in every possible solid angle,

even beyond the incidence plane. Both perpendicular and parallel

19



component of the wave-vector (with respect to the sample normal) are not
conserved. As a consequence of such complexity, theory which describes
such interactions is not deeply developed. The cross section is defined as
[93]:

do rnEpc0326s

- M|
dQ  27°n’ cos6i‘ " e

where M is the matrix element for the transition and m is the mass of
electrons. The cross section presents only minimal changes with scattering

angle.

2.3 HREEL Spectrometer

We used an instrument manufactured by SPECS GmbH under licence
of Forschungszentrum Jiilich, Germany, distributed worldwide under the
name DELTA 0.5. This spectrometer, designed by prof. Harald Ibach and
shown in figures 2.7-2.8, is constituted by a two-step monochromator and by
a rotating analyser which the peculiarity of having 151° cylindrical
deflectors. This results in an ultimate resolution of 0.5 meV and a significant
increase of intensity in the high resolution range.

The basic concept of the DELTA 0.5 spectrometer is a fixed double stage
monochromator and a rotatable single stage analyser. In order to allow the
probing of the largest possible fraction of the surface BZ the maximum
rotation angle of the DELTA 0.5 analyzer stage was increased to > 90°. The

impact energy is variable from 0 to 250 eV.

20



analyser
scattering chamber  (straight through position)

— ~ 330 mm - o I?Smm-‘-

pre monochromator

main monochromator
Channel Electron

Multiplier (CEM) housing

analyser
(maximal rotating position)

Figure 2.7: HREEL spectrometer Delta 0.5, designed by prof. Harald Ibach.

Figure 2.8: (SPES Lab-UNICAL) HREEL spectrometer in the straight-trough position.
It has a double-step monochromator and a single-step analyzer. Its ultimate energy
resolution is 0.5 meV.

2.4 The LEED technique

Low energy electron diffraction (LEED) is the principal technique for
the determination of surface structures. The method exploits the wave-like
nature of electrons originally proposed by Louis de Broglie in 1923 [138] and

experimental confirmed by Davisson and Germer in 1927 [139, 140].
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In LEED, electrons are accelerated towards the sample by means of an
electron gun. The filament of the electron gun is held at a negative potential
Vi with respect to ground so that electrons leave the gun with a kinetic
energy eVs. By adjusting the potential of the filament, different kinetic
energies of the incident electrons can be obtained.

The LEED optics consists of a series of four hemispherical grids and a

phosphor-coated hemispherical screen [141], as shown in figure 2.9.

flourescent
screen

electron
gun

Figure 2.9: Schematic of the LEED optics.

To perform LEED measurements, electrons, emitted from the electron
gun, are scattered by the sample towards the LEED optics. The first grid is
normally kept at ground potential to create a region free of electric fields. The
second and the third grids are held at a potential close to the potential of the
filament. Therefore, these grids act as a filter to prevent inelastically scattered
electrons from passing to the phosphor screen. The fourth grid is normally
kept at ground potential. The screen for LEED is coated by phosphor and it is

normally held at a potential between 3 and 7 kV, so that the diffracted
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electrons have enough kinetic energy to excite transitions in the phosphor to
emit visible light.

During a typical LEED experiment, a beam of low energy electrons (20 — 300
eV), with a wavelength A= (1-3) A, strikes the sample at normal incidence.
Low energy electrons have wavelengths comparable with interatomic
distances of a crystal lattice and can therefore give rise to diffraction. The
technique is thus sensitive to the surface as electrons penetrate into the solid
for a few tens of Angstrom. The electrons beam may be equally regarded as a
succession of electron waves incident normally on the sample. These waves
will be scattered by regions of high localised electron density, i.e. the surface
atoms, which can therefore be considered to act as point scatterers.

When the electrons, elastically backscattered from the sample, strike the
screen, they cause the phosphor to glow, revealing a pattern of dots which is
the diffraction pattern. Since the electrons behave as waves, they produce an
image that represents the reciprocal lattice of the crystal. The recording and
analysis of the diffraction pattern can suggest us the arrangement of the
atoms on the surface, i.e. the Bravais lattice of the surface and the size of the
unit cell. The sharpness of the pattern is related to the extent of order (or
conversely, disorder) of the atoms on the surface.

The condition for constructive interference for a diffraction experiment
is that the difference in distance from one source to another is equal to an

integer multiple of the wavelength,

=l =n2.
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(b)

(a)

Figure 2.9: Schematic of (a) the vectors [, and T, from the two wave sources

To a point of constructive interference and (b) the super-positioned wave crests.

It is from this constructive interference relation that we are able to view
the two-dimensional reciprocal lattice of the crystal’s surface. A plane wave

is defined by
\Ij(r’t) — Aei(lzo'f—wt),
where k, is the wave vector and w is the angular frequency. Then the wave

function of a scattering event with single point results in a spherical wave

that can be given by

where D is the radial distance from the scattering point and f is the scattering
power, for atoms it is also known as the atomic form factor.
The atomic form factor is the scattering amplitude of the outgoing

spherical wave. It can defined as

Q)= p(rpar,

24



where p(r) is the spatial density of the scattering atom and Q is the
momentum transfer.
If there are two scattering events separated in space then the resulting

scattering wave function can be approximated as

Wy fgenzﬁ[eig-r, +en ],

where Il and T, are the position vectors of the two scattering points relative
to the origin, and S is the scattering vector defined as

S=k-Kk,.
Note that is assumed that D is much larger than the distance between

the points I[ and T,, therefore the denominator of the amplitude can be

approximated to D alone. This can be generalized to scattering from n-bodies

by

-
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-
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A real crystal lattice is defined as [142]:
R=la+Lb+l¢,

where &, b and € are the lattice vectors. Scattering events from this lattice

results in the wave function

Y=f

O|>

oKD Zei§(llé+lzﬁ+l36) .
(e

The condition for constructive interference is that the sum must be

finite which means that S must be simultaneously satisfy the following three

conditions:
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ehere h, k, | are integers.

Since the reciprocal lattice for the surface of the crystal is defined by

—

G=nad +nb +ngc’

and using the orthogonality condition between the reciprocal lattice vectors

and the real lattice vectors, the following relationship holds:

G-R=na -la+nb -LLbb+n,C -I,C.

Substituting the definition of each reciprocal lattice vector yields:

aa=(6xc)a=2z,
h” 6=2—”(6xa).6=27z,
Q

Since n,, n,, n,, I, |, and |, are integers the reciprocal lattice satisfies

the condition for constructive interference.
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3 Quasi-freestanding graphene on Pt(111)

3.1 Peculiarities of graphene

Graphene is nothing more than a single atomic layer of graphite. Intense
research on the outstanding properties of graphene was initiated in 2004, when
graphene and several 2D materials were observed by Geim et al. [1] at
Manchester University. From then on, theoretical and experimental efforts
enabled one to unravel some of the unique physical properties of graphene
[143-146]. Before the discovery of graphene it was always assumed that two-
dimensional crystals could not exist due to the Mermin-Wagner theorem [147]
which states that long-range order is destroyed at any finite temperature due to
divergent contributions from thermal fluctuations. The discovery of graphene
obviously required an explanation and nowadays it is believed that small
height fluctuations, or ripples [62, 148-151], in the carbon sheet suppress the
thermal fluctuations making graphene a stable crystal even at finite

temperatures [149] (Figure 3.1).

Figure 3.1: Graphene is a single sheet of carbon atoms packed in a honeycomb lattice.
Sheets are rippled at any finite temperature to ensure structural stability. Shown is a
simulation of a graphene sheet performed on the basis of the LCBOPII empirical potential.
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Since its discovery graphene has attracted an enormous amount of
scientific interest, mainly because of its unusual electronic properties. The
unique two-dimensional honeycomb lattice (made up of two interpenetrating
triangular lattices) and the monoatomic thickness [152] results in a linear energy
band dispersion, that allows charge carriers to behave as massless Dirac
fermions. Essentially, the electron transport is governed by Dirac’s relativistic
equation since the electrons move through the material at a significant fraction
of the speed of light (the speed of light replaced by an effective speed of about
10° ms™). This is due to the theoretical m-band structure of graphene because it
develops the Dirac cone at the k-points of the Brillouin zone (Figure 3.2), well
described by the electronic structure of a perfect, flat, freestanding and infinite
graphene crystal in vacuum, which causes the energy of the charge carriers to
be directly proportional to their momentum instead of the usual classic result,

energy being proportional to the square of the momentum.

Figure 3.2: (a) The band structure of graphene (only m-band). The energy is given in units of t.
The bands cross the Fermi level at the K-points. A zoom in is shown in (b).
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It is evident that the remarkable properties of graphene can lead to
interesting new applications.

With the fundamental limitations of silicon-based electronics in sight, it is
time to look for other materials to continue the advancement in electronic
applications. Graphene might be a good candidate because it obviously
possesses many properties that make it interesting to use in electronics: it has
high mobility charge carriers, even at high carrier concentrations, and exhibits
ballistic transport on a submicrometer level, even at room temperature.
However, the actual use of graphene in practical electronics is still very limited.

Therefore, due to the increasing importance of graphene, it is desirable to
obtain a thorough understanding of the structure of graphene on metals and of

its interplay with the underlying substrate.

3.2 Structure of graphene on Pt(111)

The graphene-metal interface is a model system where the interaction
between the graphene m-bands and the metal bands can be investigated. This
has relevance to contacting of graphene with metal electrodes. The carbon
hybridization and also the epitaxial relationship with the metal substrate were
proposed to influence the contact transmittance [153, 154] and cause local
doping of graphene [155, 156]. A variety of situations regarding the interplay of
graphene and its metal support is realized depending on the support material.
One type with strong bonding between metal graphene and a typical metal-
graphene distance smaller then a metal-metal bond (around 1.4°A- 2.2°A) and
one with weak bonds and a typical metal-graphene distance which is much
larger then the bonds between the substrate atoms (around 3.2°A-3.7°A).

The difference in bonding also reflects in the phonon modes of graphene.

A softening of the phonon modes indicating weakened C-C bonds is observed
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in the case of strong binding, whereas in the case of weak binding the phonon
frequencies stay close to the bulk values known from HOPG [152]. The
electronic structure ranges from almost no interaction in the case of Pt(111) [81,
157] to deep a modification in the case of a graphene monolayer on Ni(111)
[158-161] or Ru(0001) [162-164].

Using chemical vapour deposition (CVD) to grow graphene on metals
recently was found to yield large graphene sheets of uniform monoatomic
thickness [61, 151, 157-159]. This form of epitaxy, which occurs through
ethylene decomposition on the uncovered parts of the metal substrate, by
nature limits the thickness of the graphene sheets to a single atomic layer on
some metals, in contrast to e.g. sublimation of Si on SiC substrates [41, 42, 160-
162]. Epitaxy thus appears to be the route of choice for fabrication of large
graphene sheets.

The initial methods of preparation of graphene by peeling graphite or
vaporizing SiC suffered from an inherent lack of control and were not scalable
and they have been replaced almost universally by methods to grow controlled
epitaxial graphene on different substrates. The epitaxial growth of large, highly
perfect graphene monolayers is indeed a prerequisite for most practical
applications of this “wonder” material [143], but also, the possibility to produce
single layers of graphene has permitted the exploration of a fascinating world
of physical phenomena in two dimensions [14, 163-170]. Most of these epitaxial
graphene layers are spontaneously nanostructured in a periodic array of ripples
by the Moiré patterns caused by the difference in lattice parameter with the
different substrates such as Ru(0001) [61-64, 76, 80, 171-175] , Ir(111) [65, 71, 165,
167, 183-187] or Pt(111) [58, 59, 68, 77, 81, 171]. The careful characterization of
these superlattices is important because nanostructuring graphene (in

superlattices, stripes or dots), in turn, may reveal new physical phenomena and
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fascinating applications [189-192]. In addition, it is crucial to understand the
interaction of graphene with the surfaces of substrates of different nature
(oxides, semiconductors or metals), as well as with adsorbed molecules, in view
of the relevance of metallic contacts, and the sensitivity of the conduction
properties of graphene to gating materials and doping by adsorbed molecules
[22, 27]. All these topics can be characterized in detail in what has become on of
the benchmarks for epitaxial graphene: a self-organized, millimeter large,
periodically “rippled” epitaxial monolayer of graphene grown by soft Chemical
Vapor Deposition under Ultra High Vacuum (UHV) conditions on single crystal
metal substrates with hexagonal symmetry. The superb control that allows the
UHV environment facilitates the characterization of the system down to the

atomic scale.

3.2.1 Low Energy Electron Diffraction measurements

Among graphene systems, the epitaxial growth of monolayer graphene
(MLG) on Pt(111) is particularly interesting [68, 77, 81, 193, 194] as a
consequence of the weak graphene-Pt interaction [172], in contrast with MLG
grown on other transition-metal substrates [62, 178]. In fact, the graphene-Pt
distance (3.31 A) lies close to the c-axis spacing in graphite.

For platinum the lattice constant is @ = 3.92 A and the nearest neighbour
distance between atoms is d = 2.77 A. For graphene the lattice constant is a = 2.46
A and the nearest neighbour is d = 1.42 A. As can be seen from a comparison of
the close-packed layer of atoms of the Pt(111) surface and the honeycomb
structure of graphene, they both have hexagonal symmetry. This similarity
should make Pt(111) a natural fit for growing well-ordered graphene on the
surface. However, the presence of a difference in lengths of the lattice constants,

results in a mismatch of approximately 11%.
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Such system is ideal for a study of phonon modes and elastic properties
due to the absence of corrugation of the graphene overlayer found on other
substrates [151, 172-174] which has been demonstrated [172] to be caused by the
hybridization with the substrate. The growing strength of hybridization is
accompanied by a gradual change in graphene morphology from nearly flat for
MLG/Pt(111) to strongly corrugated in MLG on other substrates [172]. Thus,
MLG on Pt(111) behaves as nearly-flat free-standing graphene, as also
confirmed by angle-resolved photoemission spectroscopy experiments [81].

Graphene was obtained by dosing ethylene onto the clean Pt(111)
substrate held at 1150 K. At a certain temperature, the hydrocarbon is
catalytically dissociated and hydrogen desorbs, remaining carbon adsorbed
species can then form graphene. Moreover, the high temperature of the sample
during depositions favours the increase of the size of monolayer graphene
islands [83] and allows maintaining the substrate clean so as to avoid any
contaminant-induced effect on graphene growth. The completion of the first
layer was reached upon an exposure of 3-10® mbar for ten minutes (24 L, 1
L=1.33-10°¢ mbar-s). After removing the C:Hi gas from the chamber the
temperature was held at 1150 K for further 60 seconds.

The attained LEED pattern (shown in figures 3.3, 3.4) is essentially similar
to that one reported in Ref. [68]. The ring pattern indicates the existence of
different domains. Nonetheless, preferred orientations aligned with the
substrate (Ro) are clearly distinguished. The presence of well-resolved spots in
the LEED pattern is a clear fingerprint of the order of the MLG over-structure,
also evidenced by the high electron reflectivity of the obtained surface (even

higher with respect to the bare Pt substrate).
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Figure 3.3: LEED pattern of graphene on Pt(111),
recorded at Ep =74.7 eV and for a sample temperature of 100 K.
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Figure 3.4: HREEL spectrum of MLG/Pt(111), recorded with an impinging
energy of 4 eV and in specular scattering conditions.
In the inset the LEED pattern recorded with E,=74.7 eV is reported.

33



Despite the presence of other domains, the predominance of Ro in the
whole sample has been clearly inferred by the analysis of phonon dispersion
measurements performed along the T' —K and the T —~M directions (inset of

figure 3.3).

3.3 Phonons dispersion

The dynamics of atoms at surfaces plays an important role in many
chemical and physical processes. In particular, lattice vibrations can afford
essential information on many physical properties, such as thermal expansion,
heat capacity, sound velocity, magnetic forces, and thermal conductivity [175].
Recently, phonon modes of graphene sheets are attracting much attention [176]
as they influence many of the novel and unusual properties of graphene [177].

Due to the high energy of phonon modes in graphitic materials, several
techniques as inelastic helium atom scattering can not be used. Infrared or
Raman spectroscopy can not probe the whole Brillouin zone, while neutron or
inelastic ion scattering are not always applicable. Among various detection
methods for phonon dispersion, HREELS is a powerful tool to gain knowledge
on phonons in graphene.

Present HREELS measurements show the dispersion relation of phonon
modes in MLG/Pt(111). Results have been compared with recent calculations in
Ref. [178].

The energy resolution of the spectrometer was degraded to 4 meV so as to
increase the signal-to-noise ratio of loss peaks. Dispersion of the loss peaks, i.e.,

Eioss(g,), was measured by moving the analyzer while keeping the sample and

the monochromator in a fixed position (See chap. 2). To measure the dispersion
relation, values for the parameters Ep, impinging energy and Oi, the incident

angle, were chosen so as to obtain the highest signal-to-noise ratio. The primary
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beam energy used for the dispersion, Ep=20 eV, provided, in fact, the best
compromise among surface sensitivity, the highest cross-section for mode

excitation and ¢, resolution.

All measurements were made at room temperature.

The phonon dispersion was measured along the [211] direction of the Pt
substrate which corresponds to the T' =K direction of the MLG.

Loss measurements of MLG/Pt(111) recorded at Ex=20 eV as a function of
the scattering angle 6s are reported in figure 3.5, while the dispersion relation

Eioss(q, ) is shown in figure 3.7.
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Figure 3.5: HREEL spectra for MLG/Pt(111) in the T' - K direction as a function of
the scattering angle. The incidence angle is 80.0° and the impinging energy is 20 eV.
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Measurements were repeated for several preparations of the MLG over-
structure also by using different impinging energies and incident angles. All
these experiments provided the same phonon dispersion. Such reproducibility

further support the occurrence of a predominant graphene domain.
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Figure 3.6: HREEL spectrum of the MLG/Pt(111) for an impinging energy of 20 eV. The
incidence angle is 80.0° while the scattering angle is 29.0°. The inset shows the HREEL spectrum
recorded for an impinging energy of 4 eV in the specular geometry with incidence angle of 55.0°
(dipole scattering conditions). It is worth noticing that in scattering geometries near the specular
conditions, the phonon modes of the graphene lattice cannot be detected, in agreement with
results in Ref. [179]. On the other hand, the lack of vibrational bands in dipole scattering
conditions (spectrum in the inset) ensures of the absence of contaminants or adsorbed
functional groups on the bare graphene surface.

HREEL spectra show several dispersing features as a function of the
scattering angle, all assigned to phonon excitations (figure 3.6). The energy and
the dispersion of phonon modes indicate a negligible interaction between MLG

and the underlying Pt substrate, in agreement with previous works [59, 68, 81,
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177]. Accordingly, MLG may be considered as a quasi-freestanding sheet
physorbed on the underlying Pt substrate.

As for graphite [201, 202], vibrations of the graphene lattice are
characterized by two types of phonons: those ones vibrating in the plane of the
sheet with transverse and longitudinal acoustic (TA and LA) and optical (TO
and LO) branches, and those ones with vibrations out of the plane of the layer—
the so-called flexural phonons (ZA and ZO). Modes classified with “T” are
shear in-plane phonon excitations; “L” modes are longitudinal in-plane
vibrations; while “Z” indicates out-of-plane polarization. In general, the ZO
mode is significantly softened with respect to the other two optical modes, i.e.
TO and LO. This is due to the higher freedom for atom motion perpendicularly
to the plane with respect to the in-plane motion. All observed phonons are
similar to those ones of bulk graphite.

This is quite expected for modes associated with vibrations of carbon
atoms in the direction of the ¢ bonds, i.e. the LA and LO phonons (except a
stiffening of the LO mode at ' by 5 meV). In particular, a careful comparative
analysis with respect to graphite showed a softening of the TA mode (with a
maximum difference of 18 meV). On the other hand, by comparing the phonon
dispersion relation of MLG/Pt(111) with that one recorded for MLG/Ni(111) [6,
180], we notice a significant energy shift by 10-15 meV at the T point for the ZA
and ZO modes, which are connected to perpendicular vibrations of carbon
atoms with respect to the surface. In particular, in MLG/Ni(111) the ZA phonon
is stiffened while the ZO mode is softened with respect to MLG/Pt(111). This is
caused by of the orbital mixing of the m-states of the MLG with Ni d-bands
[157].

A particular attention should be devoted to the ZA phonon, as it was

recently found that the ZA modes in suspended graphene carry most of the
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heat [181]. It is a bending mode in which the two atoms in the unit cell are
involved in an in-phase motion in the out-of-plane direction. At long
wavelengths it bends the MLG sheet so as to induce rippling in graphene.
While the TA and the LA phonons are characterized by a linear dispersion, the
ZA mode has a quadratic dispersion near the I point (Figure 3.7), as also in
layered crystals [182]. Its dispersion depends on the bending rigidity t, which is

an important parameter for mechanical properties of membranes:

WDz (qn) = W/pi‘q ‘2
2D

where p,, =4m, /(3v/3a%) is the two-dimensional mass density (mc is the

atomic mass of carbon atoms; a is the in-plane lattice parameter). We found that
the bending rigidity t could be estimated to be about 2 eV, in agreement with
results in Ref. [183].

Energy loss (meV)

T qi) K

Figure 3.7: Dispersion relation for phonon modes in MLG/Pt(111) in the T —K direction
(empty circles). The dotted line represents the calculated phonon dispersion in Ref. [178]
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The dispersion relation of phonons in MLG/Pt(111) have been compared
with recent calculations for free-standing graphene derived from Long-range
Carbon Bond Order Potential [178] (dotted line in Figure 3.7). In particular, we
note an excellent agreement with calculations for the LA mode. The recorded
dispersion for the flexural phonon ZA apparently does not match the behavior
predicted by theory. However, it is worth remembering that the bending
rigidity strongly depends on temperature and an increase by about 40% was
found in the range 0-300 K[149]. The temperature dependence of the bending
rigidity implies that also the ZA mode should depend on temperature. Hence,
comparison of the calculated dispersion of ZA phonons at 0 K with experiments
at 300 K is not straightforward.

Interestingly, the ZA/ZO degeneracy at K, predicted by theoretical
calculations for free-standing graphene [178] and bulk graphite [184], is lifted
and a “gap” of 20 meV in MLG/Pt(111) appears. Allard and Witz demonstrated
in Ref. [176] that this is a direct consequence of symmetry reduction in
supported graphene systems. In fact, for free-standing graphene all carbon
atoms of the graphene unit cell are equivalent, while for adsorbed graphene
both atop and three-fold adsorption sites exist. Thus, some atoms are directly
connected to the substrate while other ones are unconnected. In the ZA mode,
the unconnected atoms are performing a perpendicular motion while the
bonded atoms are at rest. For the ZO branch, the opposite occurs. This implies a
higher energy for the ZA phonon. Thus, the ZA/ZO gap can be taken as a
fingerprint for graphene adsorption on solid substrates, in fact, it occurs also for
MLG/Ni(111) [3, 6]. By decoupling the MLG from the substrate through Ag

intercalation, the gap can be removed [180, 185].
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By contrast, the degeneracy of LA and LO phonons at K was observed,
even if the energy of such degenerate mode at K is blue-shifted by 25 meV with

respect to the calculated value in Refs. [186] and [178].

3.4 Kohn anomalies

Atomic vibrations could be screened by electrons and, moreover,
screening can change rapidly for vibrations associated with high-symmetry
points of the Brillouin zone. This phenomenon leads to an anomalous
behaviour of the phonon dispersion around such points, which is called Kohn
anomaly (KA)[187]. Their occurrence is completely determined by the shape of
the Fermi surface.

Inelastic x-ray scattering experiments[188] that graphite exhibits two KAs

for the ' — E,, and K- A modes. In details, only the highest optical branches

(HOB) show KAs, which are evidenced in the phonon dispersion curve by two
sharp kinks. Their existence is intimately related to the dispersion of the 7
bands around the high-symmetry point K.

With regard to graphene, several theoretical studies predicted the
existence of KAs [189]. However, recently it has been demonstrated[176] that
the electron-phonon coupling in epitaxial graphene systems can be strongly
modified by the interaction with the underlying metal substrate. Allard and
Wirtz [176], analyzing previous phonon measurements [6] performed on
monolayer graphene (MLG) grown on a Ni(111) surface suggested a complete
suppression of KAs for such system. Therein it was suggested that the absence
of KAs in MLG/Ni(111) is caused by the hybridization of the graphene 7-bands
with the Ni d bands which lifts the linear crossing of the 7 bands atK .

Experiments on phonon dispersion showed that, in contrast with the case

of MLG/Ni(111), KAs could be detected in MLG/Pt(111). We ascribe this finding
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to the nearly quasi-freestanding behaviour of m bands in this system. Such
results could be important to evaluate the interaction strength between the
graphene layer and the underlying metallic substrate.

MLG/Pt(111) loss spectra around the high-symmetry point K show
(Figure 3.8) a softening by about 30 meV of the TO mode (characterized by A

symmetry), which reaches a minimal loss energy at K (172 meV).
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Figure 3.8: HREEL spectra for MLG/Pt(111) as a function of the scattering angle around the
high-symmetry point K . The incident angle is fixed to 86.0° with respect to the sample normal.
The impinging energy is 20 eV. All measurements have been carried out at room temperature.

Figures 3.9 and 3.10 report the dispersion relation of the HOB as a function

of g, around the K and T symmetry points, respectively. The most striking
feature of these dispersions is the discontinuity in the derivative of the HOB
(A, and Ez, respectively) at K and T, which is a direct evidence of the
existence of KAs. This should be put in relationship with the abrupt change in
the screening of lattice vibrations by conduction electrons. On the other hand,
for MLG/Ni(111), the dispersion of the HOB is almost flat at both K and T

symmetry points. This means that the interaction with the substrate leads to a
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complete suppression of KAs, as a consequence of the strong hybridization of
the graphene m-bands with Ni d-bands [155]. In fact, the hybridization induces

around K the appearance of a “gap” of almost 4 eV between unoccupied and

occupied m-bands.
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Figure 3.9: Graphene HOB in the nearness of the K of the Brillouin zone.
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Figure 3.10: Graphene HOB in the nearness of the T of the Brillouin zone.
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3.5 Conclusions

Lattice dynamics in quasi-freestanding graphene epitaxially grown on
Pt(111) has been investigated by using high-resolution electron energy loss
spectroscopy.

The phonon dispersion of MLG/Pt(111) resembles the behaviour reported
for the pristine graphite, while the softening of out-of-plane modes occurs only
MLG/Ni(111) and MLG/Ru(0001), that is for interacting graphene/metal
interfaces, regardless of surface corrugation. Interestingly, the ZA/ZO
degeneracy at K is generally lifted upon adsorption on a solid surface.

From experimental phonon dispersions, therefore it is possible to draw
conclusions about the interaction strength in graphene/metal interfaces. Such
investigation is of fundamental importance for graphene-based devices as both
electronic and optical excitations can be scattered by phonon states or decay
into vibrational excitations.

KAs have been revealed in phonon dispersion of MLG/Pt(111). We ascribe
this finding to the nearly-freestanding behaviour of graphene epitaxially grown
on Pt(111). Thus, from the experimental phonon dispersion, it is possible to
draw conclusions about the interaction strength in graphene/metal interfaces.
Such investigation is of fundamental importance to evaluate the quality of the
contacts between metallic electrodes and graphene devices and, moreover, to

understand the peculiar thermal properties of graphene.
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4 Water adsorption on MLG/Pt(111)

4.1 Water adsorption

The adsorption of water on carbon species is a long-standing issue in
surface science. Many investigations have been reported for graphite,
nanotubes, fullerenes, diamond, active carbon, amorphous carbon and so
on[190-193]. Such interest is motivated for practical interest ranging from
biochemistry to nanotechnology and atmospheric science [190, 194-203].
Moreover, water interaction with graphene and nanotubes has been
investigated in order to understand at molecular level hydrophobicity and
water confinement.

Despite the notable significance of such topic, only a few dedicated
experimental investigations [207-211] exist for water on graphene and
therefore a full understanding is hitherto missing. In particular, theoretical
interpretation of vibrational data (by infrared absorption spectroscopy, IRAS)
is controversial. Many theoretical works use a molecular dynamics
simulation with approximate water models which cannot properly reveal the
geometrical arrangement of the water/graphene interface. On the other hand,
experimental studies are complicated by the strong water-water interaction
which leads to the formation of water clusters. This implies that the
experimental investigation of water monomers adsorbed on the graphene
surface to date is not achievable.

Vibrational spectroscopy is a powerful tool for studying adsorption at

surfaces [93, 204, 205]. In particular, the analysis of the vibrational modes of
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chemisorbed species is not only a fingerprint of the adsorbed chemical
species but it also provides information on surface chemical bonds [98, 100,
103, 106, 206-211] and, moreover, on adsorption geometry [212].

Herein, we report on careful HREELS measurements on the early stages
of water adsorption at 100 K on clean and alkali-doped quasi-freestanding
monolayer graphene (MLG) epitaxially grown on Pt(111). The preferential
adsorption geometry favoured in the first steps of water interaction with the
pristine graphene sheet is the two-leg, i.e. circumflex water molecules on the
graphene sheet. For higher coverage, one-leg water adsorption occurs, with
the formation of OH-m complexes. As regards water interaction with the
potassium-doped MLG, a dissociative adsorption is deduced by the presence
of K-OH and C-H vibrations. We can therefore assert that alkali-induced

water dissociation may lead to the partial hydrogenation of graphene.

4.2 Results and discussion

The possible adsorption geometries of water monomers on
MLG/Pt(111) are depicted in Figure 4.1. The structures are described by
water orientations (a: circumflex; b: OH-7; c: coplanar; and d: O-down

structures).

Figure 4.1: The four (a-d) possible orientations of the water molecules
with respect to the graphene lattice.
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Several calculations for water on graphene [219, 220] have reported that
the OH--mt complexes (geometry b, with one OH pointing towards the
surface and the other OH being oriented along the surface) are up to 2 kJ/mol
less stable than the circumflex complexes (geometry a, Ein=-15.0 kJ/mol[213],
where Ein is the interaction energy value of a single water molecule with
graphene). On the other hand, the O-down structure (geometry d) is
energetically the least favorable (Eint =-8.8 kJ/mol [213]). The coplanar
structure (geometry c) with interaction energy of -10.8 kJ/mol [213] can be
viewed as a transition between the circumflex and O-down stationary
structures on the global water-graphene potential energy surface. It is worth
mentioning that the OH--1t structure above the C atom has been found [213]
to be more stable with respect to the one above the center of the six-member
ring.

In summary, only two different orientations of the water molecules are
expected to be observed. We refer to “one-leg” adsorption [214] the structure
of OH:-1t complexes (geometry b) and with “two-leg” adsorption [214] the
structure a in which the water is located over the center of a hexagon ring
with the two hydrogens equidistant from carbon atoms. Vibrational spectra,
recorded as a function of water coverage (up to saturation), were inspected
(Figure 4.2) in order to distinguish fingerprint for one-leg and two-leg water
adsorption.

The vibrational spectrum may be divided into four major regions (see
Ref. [215] for a review): frustrated translations around 30 meV; frustrated
rotations, i.e. librations at 100-110 meV; H2O deformations, i.e. the scissoring
band centered around 200 meV; and O-H stretching modes around 400-460
meV. Instead, the vibrational band around 500 meV should be assigned to a

combination mode of the O-H stretching and the libration modes.
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At the lowest coverage (up to 0.25 ML), the loss spectra, in figure 4.2,
show well-distinct and intense bands in the region of frustrated translations
(29 meV) and librations (91 meV). Instead, the scissoring and the O-H bands
exhibit weaker intensities. The O-H band shows two features at 414 and 428
meV ascribed to symmetric and anti-symmetric stretching vibrations,

respectively[222, 223].
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Figure 4.2: HREEL spectra for MLG/Pt(111) exposed to different amounts of H20.
Both measurements and exposures were carried out at 100 K.

With increasing the water coverage (0.65 ML, top panel of Figure 4.3
and the two outermost spectra in Figure 4.2 for 0.93 and 1.00 ML) these two
features merge into a broad O-H band. In addition, a narrow peak appears at
457 meV (spectra for 0.93 and 1.00 ML in Figure 4.2 and HREEL spectra in
Figure 4.3). The intensity of such feature is maximum at ice saturation. By a

comparison with existing calculations and measurements[60, 190, 216], the
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peak at 457 meV has been assigned to O-H stretching in one-leg water
molecules.

Such narrow feature and the broad O-H band, recognized from the
vibrational spectra in Figure 4.2, originate from different surface chemical
bonds of OH groups of water molecules. The free OH has the shortest bond
length and the highest O-H vibrational frequency (457 meV). On the
contrary, the strong H-bonded OH has the lowest frequencies (400-440 meV)
but the largest bond length [216]. The hydrogen bonding polarizes so as the
O-H bonds are lengthened [217] and this causes a red-shift of its stretching
energy with respect to one-leg H20.

From the analysis of O-H mode, information about the adsorption
geometry can be obtained[93]. On the basis of results in figure 4.2, we can
conclude that in the initial stage water molecules adsorb only in the two-leg
configuration.

Lin et al.[218] performed simulations on water clusters interacting with
single-layer graphite (graphene) and they found that increasing the water
cluster size from a monomer to a hexamer leads to a monotonous increase of
the binding energy between the water clusters and the graphene surface.
This implies that changes in the adsorption geometry occur. It has been
suggested that, for increasing water coverage, only one OH bond points
towards the graphene sheet [218] (one-leg adsorption). These theoretical
findings are fully confirmed by our vibrational measurements. In particular,
the peak at 457 meV in HREEL spectra for the saturated ice layer (outermost
spectrum in Figure 4.2) is a direct evidence of the presence of non-hydrogen-
bonded O-H bonds at the interface between water and epitaxial graphene. In
fact, the frequency of the O-H stretching in one-leg water molecules is close

to the frequency of O-H stretching in the gas-phase [193].
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Kimmel et al. [219] studied MLG/Pt(111) with IRAS and concluded that
the water film is rotationally aligned with graphene in spite of the weak
interaction between the water film and the graphene sheet. They suggested
that water on MLG/Pt(111) could form an ordered and crystalline ice film
with the same hexagonal symmetry as the graphene substrate on which it
grows. According to the structural model proposed therein on the basis of
LEED and IRAS experiments, no dangling OH groups or lone pair electrons
exist at the vacuum/ice and ice/graphene interfaces. However, present
HREEL measurements strongly deviate from these conclusions. In particular,
the presence of an intense and well-distinct vibrational fingerprint of free OH
groups in Figures 4.2 and 4.3 (see also discussion of Figure 4.5 for the case of
D20) clearly indicates that the model in Ref. [207] is inadequate to describe
the geometrical structure of the ice film on MLG/Pt(111).

Although the graphene sheet is nearly-freestanding on Pt(111) [172], we
could not exclude that the underlying Pt substrate could influence O-H
bonds. As an example, the role of the substrate on water adsorption on

graphene has been put in evidence in Ref. [220].

4.2.1 LEED analysis

LEED could provide important information about symmetry of the ice
layers on the graphene sheet. In Figure 4.3 we report the LEED pattern for
two different coverages of water on the graphene sheet, together with the
corresponding vibrational spectrum. The LEED pattern does not change up
to about 0.85 ML. At ice saturation, no structures in the LEED pattern could
be recorded for impinging energies below 180 eV. For energies higher than
180 eV, impinging electrons penetrate underneath the outermost surface
layer and therefore diffraction spots of the underlying Pt(111) could be

recorded, in addition with very weak arcs characteristic of the MLG/Pt(111)
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(see chap.3). We conclude that, in the present experimental conditions, water

does not form ordered structures.
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Figure 4.3: (top panel) LEED pattern, shown with its corresponding vibrational spectrum
measured for an impinging energy of 4 eV, for 1.70 ML ice on MLG/Pt(111). The LEED
pattern has been recorded for Ey=74.7 eV; (bottom panel) The LEED pattern for bilayer ice,
recorded for Ep=198.5 eV. The corresponding HREEL spectrum shows a well-distinct non-H-
bonded O-H vibration at 457 meV, evidenced with an arrow.
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4.2.2 Desorption experiments

In figure 4.4 we report vibrational spectra for 0.40 ML ice annealed at
120 (second spectrum) and 140 K (outermost spectrum in the same figure),
respectively. Upon annealing at 120 K, about 70% of water molecules
desorbs. Interestingly, all bands broadened upon annealing very likely due
to an increase of the disorder in the ice layer. The O-H band red-shifted by 5
meV as a consequence of the annealing-induced weakening of the O-H bond.
Hence, there is a direct evidence that the O-H bond softens before ice
desorption.

By heating the sample to 140 K, ice completely desorbed from MLG, as

indicated by the featureless HREEL spectrum.
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Figure 4.4: HREEL spectra recorded for 0.80 ML ice on MLG/Pt(111) prepared at
100 K, successively annealed at 120 (second spectrum) and 140 K (outermost
spectrum), respectively. All measurements have been carried out at 100 K.

4.3 D20 interaction with graphene

We have also performed measurements for D0-exposed MLG/Pt(111)
(Figure 4.5). Apart from the isotope shift, the same vibrational features of
figure 4.2 (for H20) have been observed. In particular, a vibrational mode

due to non-D bonded D:0 molecules was recorded at 337 meV. Upon
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annealing at 120 K, some D20 molecules desorb (about 65%), as suggested by
the overall decrease of the intensity of vibrational bands. It should be noted
that the annealed sample shows clear frequency shifts. The centroid of the
broad O-D band shifts from 312 down to 302 meV, while a red-shift by 4
meV is recorded for the libration band. This is a consequence of the softening
of O-D bonds upon annealing. The feature of non-D bonded D:O disappear
in the annealed sample. Thus, such species desorbs first than bonded OD

groups.
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Figure 4.5: HREEL spectra for MLG/Pt(111) covered with 0.43 (bottom spectrum) and
1.00 ML (second spectrum) of D20, respectively. The latter surface has been
successively annealed to 120 (third spectrum from the bottom) and 150 K (outermost
spectrum), respectively. All measurements and exposures were carried out at 100 K.
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The desorption of D20 is complete by heating the sample to 150 K. In
fact, no vibrational features are present in the outermost spectrum of Figure
4.5. It should be noticed that the authors of Ref. [219] do not observe the
feature at 457 meV for H.O/MLG/Pt(111) (Figure 4.5) in their IRAS
experiments while a small feature at 337 meV was recorded for

D-O/MLG/Pt(111) but it was not discussed.

4.4 Water adsorption on graphene at room temperature

Water molecules adsorbed on graphene act as dopants without remarkable
changes in electron mobility [27, 221]. However, recently, it has been
reported that water adsorption could change photoemission spectra of air-
exposed graphene samples [222]. Moreover, a tunable band gap of about 0.2
eV can be opened by controlled adsorption of water molecules [223]. The
hydrolysis products could be used for functionalizing graphene in order to
create graphene field-effect transistors [227, 230].

Figure 4.6 shows that the HREEL spectrum attained after exposing the
pristine MLG (spectrum a) to 10° L (1 L=1.33-10 mbar-s) of water molecules
at room temperature (spectrum b). Vibrational bands centered at 91, 180, and
360 meV were recorded. Interestingly, the latter two peaks indicate the
occurrence of water dissociation as they are well known to be unambiguous
fingerprint of the formation of C-H bonds [224]. They are assigned to the
bending and stretching vibrations of C-H, respectively. More in details, the
energy of the C-H stretching indicates the formation of a sp® bond. In fact,
such mode is expected around 375-380 and 360-365 meV for the sp? and sp?

hybridization, respectively [225].
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Figure 4.6: HREEL spectra acquired in the specular geometry (incidence angle 55° with respect
to the sample normal) for (a) MLG/Pt(111), successively exposed to 105 L of H20 at 300 K
(spectrum b) and annealed at 450 K (spectrum d) . The spectrum (c) has been recorded for the
same surface of the spectrum (b) but for an off-specular geometry (scattering angle 49°) .

The beam energy Ep is 4 eV. All measurements have been performed at room temperature.

The absence of vibrational modes of OH groups at 415-450 meV [9§,
101] indicates that their adsorption energy is positive in the presence of co-
adsorbed H atoms on the MLG sheet, i.e. such species are not stable at 300 K.

The intensity of vibrational features significantly increased in off-
specular scattering geometry (spectrum c of the same Figure). This is a
consequence of the weak oscillating dipole of chemisorbed H atoms [226]
against the graphene sheet.

For the sake of completeness, it is worth mentioning that losses at 50
meV (spectrum c) and 91 meV (spectrum b) of Figure 4.6 should be assigned

to phonon modes of the hydrogenated surface [227].

55



Due to the high dissociation barrier for water molecules, we are led to
suggest that water dissociation should occur on defects of the graphene
lattice. Likewise, it has been demonstrated that water can dissociate at
vacancy defects on graphite following many possible reaction pathways [228-
230], some of which have activation barriers lower than half the value for the
dissociation of bulk water. However, we could not exclude that the
dissociation could be driven by the catalytic activity of the underlying Pt
substrate. As an example, the role of the substrate on water adsorption on
graphene has been put in evidence in Ref. [220]. Water reactivity strongly
depends on both the substrate underneath the graphene sheet as well as the
amount and type of defects. Adsorbates desorb from MLG upon annealing at
450 K, as evidenced by the lack of vibrational modes in the annealed surface
(spectrum d of figure 4.6).

In figure 4.7 we show the effects of H2O exposure on the optical phonon
modes of MLG. The pristine graphene (middle spectrum) is characterized by
the presence of out-of-plane (ZO) and longitudinal (LO) optical phonons at
104 and 202 meV, respectively. After water adsorption and dissociation, the
intensity of these modes strongly decreased (topmost spectrum of Figure
4.7). The band at 175-180 meV is due to the C-H stretching mode.

It is worthwhile mentioning that photoemission spectroscopy (PES)
experiments on an air-exposed MLG/Au/Ni(111) sample [222] reported a
strong reduction of the intensity from the graphene n bands. The intensity

decrease was tentatively assigned to adsorbate water from the atmosphere.
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Figure 4.7: HREEL spectrum of the clean Pt(111) substrate (bottom spectrum) and for
the MLG/Pt(111) (middle spectrum) and the H2O/MLG/Pt(111) (topmost spectrum)
surfaces. Optical phonon modes could be detected only for impact scattering
conditions, i.e. off-specular geometries. All measurements have been performed at
room temperature.

4.5 Water interaction with alkali-doped graphene

Compared to the comprehensive studies on ions in bulk water, much
less is known about the behaviour of ions on a hydrophobic surface. The
structure and dynamics of interfacial water may strongly depend on the
presence of ions at surfaces [231]. Alkali metal atoms easily ionize in the
adsorbed phase [102, 213, 239, 240]. Recently, it has been demonstrated that
potassium readily donates electrons to graphene [232] Thus, alkali doping
offers an opportunity for investigating water interaction with ionic species at

graphene surface.
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Meng et al. [231, 233] simulated the dynamics of hydration shell
formation and the interaction of alkali metal ions on a hydrophobic single-
sheet graphite (graphene) surface using ab-initio quantum molecular
dynamics simulations at an ion coverage of 1.2-10'® atoms/m?2. They found
that two-dimensional shell structures were formed in the initial stage of
hydration and that a potassium ion was always present at the surface, while
the sodium ion was dissolved in the water/graphene interface. Moreover,
water molecules seem to mediate an effective ion-ion interaction, which
prevents nucleation of K.

Hence, it is particularly interesting the case of K doping. Experiments
on the adsorption of K on MLG on a metal surface has been recently carried
out by Starodub et al. [234]. It was found that, contrary to the case of graphite
[235], K atoms do not intercalate underneath the graphene sheet [234], but
form an overlayer on the graphene surface. Similar results have been
reported for Rb and Cs [36] on MLG/6H-S5iC(0001).

Thus, K-doped MLG/Pt(111) provides an ideal playground for
investigating water interaction with ions at an hydrophobic surface. We have
studied the adsorption of water on K-doped graphene. In details (Figure 4.8),
the MLG/Pt(111) surface precovered by 0.08 (bottom spectrum) and 0.25 ML

(top spectrum) of K, respectively, was exposed to 20 L of water.
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Figure 4.8: HREEL spectra for 0.08 and 0.25 ML of K adsorbed on MLG/Pt(111)
and successively exposed to 20 L of H20 at 100 K.
The inset shows a magnification of the outermost spectrum (0.25 ML K).

Vibrational bands centered at 91, 177, 364, and 445 meV were recorded
in both loss spectra reported in Figure 4.6. Interestingly, the bands at 177 and
354 meV indicate the occurrence of water dissociation as they are well known
to be fingerprint of the formation of C-H bonds [224]. They are assigned to
the bending and stretching vibrations of C-H, respectively. More in details,
the energy of the C-H stretching indicates the formation of a sp3 bond. In
fact, such mode is expected around 375-380 and 360-365 meV for the sp2 and
sp3 hybridization, respectively [225].

Alkali atoms are known to be extremely reactive toward water
molecules[60-62]. The partial electron transfer from the 7 orbitals of
graphene to unoccupied valence bands of the alkali-metal ion is expected to

change the oxidation number and the chemical reactivity of alkali species.
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Thus, very likely such phenomenon plays a pivotal role in the K ions-
induced water dissociation at the hydrophobic graphene surface.

For the sake of completeness, it is worth mentioning that loss at 92 meV
in the bottom spectrum should be assigned to phonon modes of the single-
side hydrogenated surface [227] while the weak band centered around 445
meV should be assigned to the O-H stretching of residual adsorbed hydroxyl
groups[98, 215]. On the other hand, the peak at 42 meV in the K-saturated
H20O/MLG/Pt(111) (0.25 ML of K) should be assigned to a vibration of K
atoms against OH groups in K(OH)x complexes.

Results in Figure 4.8 provide a novel mechanism for attaining a partial
graphene hydrogenation by water dissociation on K/graphene at 100 K.

However, the role of K atoms in the dissociation process is expected to
be predominant. Moreover, we would like to point out that alkali interaction
with co-adsorbed molecules has been demonstrated to be short-

ranged[50,78].

4.6 Conclusions

We have studied water interaction with clean and K-doped quasi-
freestanding graphene on Pt(111) at 100 K. On pristine graphene, water
adsorption does not occur for sample temperature higher than 130 K. Loss
measurements demonstrate that at the lowest coverages water molecules
adsorb in the two-leg configuration. For increasing water coverage, we found
that the adsorption of one-leg H2O takes place. Present results agree with
recent theoretical works, which thus provide a satisfactory description of the
adsorption geometry at the water/graphene interface, and, in particular, of
the water orientation on graphene. On the other hand, our results disagree

with findings in Ref. [207] for the same system. In particular, the presence of
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non-H-bonded OH species is not consistent with the new ice polymorph
proposed therein for the present system.

Water exposure at room temperature of MLG/Pt(111) could lead to the
formation of C-H bonds. Such finding gives a response to previous results of
Ref. [222]. Dehydrogenation is possible upon annealing at 450 K. On the
other hand, no dissociation was observed at 100 K. Water dissociation could
also afford interesting pathways to produce hydrogen. Moreover, water-
induced hydrogenation of graphene should be taken into account in
engineering graphene-based devices which should work at atmospheric
pressure and at room temperature.

Moreover, we find that water adsorption on K-modified graphene is
dissociative, as evidence by the existence of C-H bending and stretching
modes in the vibrational spectrum. This provides a new method for
modifying the interfacial properties of graphene by adsorption of atomic and

molecular species.
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5 Electronic collective excitations

5.1 Introduction

Low-energy collective excitations in graphene are attracting much
interest in recent years [166, 234-251] as they influence many of the peculiar
properties of graphene samples. In particular, the dispersion and damping of
plasmons in epitaxial graphene have recently been studied for the case of
graphene deposited on SiC(0001) [236, 237] and Ir(111) [238]. The
understanding of plasmonic excitations of graphene plays a key role in
tailoring the properties of novel graphene-based devices [239].

Indeed, many of the peculiar graphene’s properties are related to its
electronic collective excitations [59, 237, 238, 240-253], even if their
understanding is still missing. In particular, it is essential to shed the light on
plasmon modes in graphene/metal interfaces to understand dynamical
processes and screening in such systems.

The electronic structure of MLG on Pt(111) resembles that of isolated
graphene[10]. In particular, the linear dispersion of 7= bands in the so-called
Dirac cones, which gives rise to many manifestations of massless Dirac
fermions, is preserved. Angle-resolved photoemission spectroscopy (ARPES)
experiments[10] do not show any remarkable hybridization of graphene m
states with metal d states. They just represent a superposition of graphene
and metal-derived states, with minimal interaction between them. The MLG
on Pt(111) is hole doped by charge transfer to the Pt substrate [254]. The

Fermi energy Er of the graphene layer shifts 0.30 + 0.15 eV below the Dirac-
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energy crossing point of the bands, with the Fermi wave vector ke = 0.09 AL,
Epitaxial graphene on Pt(111) thus behaves as an ideal 2D system, sustaining
a purely 2D electron gas (2DEG) system whose collective excitations
(plasmon modes) are able to propagate along the sheet. The dielectric
response of the 2DEG system is determined by plasmon dispersion, which
could be measured by high-resolution electron energy loss spectroscopy.

The 2D plasmon, characterized by its square-root-like dispersion, has
been predicted [255] and observed in metal layers on semiconductors [256,
257]. On the other hand, the acoustic surface plasmon (ASP) with a linear
dispersion was demonstrated to exist on semiconductor quantum wells with
two interacting quantum well minibands [258]. Successively, ASP has been
experimentally revealed on Be(0001) [259] and on noble-metal surfaces [260,
261]. The acoustic-like dispersion is a consequence of the combination of the
nonlocality of the 3D response and the spill-out of the 3D electron density
into the vacuum, both providing incomplete screening of the 2D electron-
density oscillations [271].

Previous measurements on MLG/SiC(0001) showed a nonlinear
dispersion for the sheet plasmon in MLG. Such behaviour could be described
by the Stern’s model [255]. It is interesting to study the behaviour of
collective excitations of MLG grown on a metal substrate in order to shed
light on the screening mechanisms of the sheet plasmon in the presence of an
underlying metal substrate. Present measurements by HREELS show a linear
dispersion for the sheet plasmon in MLG/Pt(111). Our results indicate that
the sheet Plasmon of MLG survives up to a high energy, i.e., 3 eV. This is a
consequence of the fact that intraband excitations have negligible influence
on the propagation of the plasmon mode. On the other hand, the dispersion

curve of the sheet Plasmon overlaps with the continuum of interband
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transitions above the Fermi wave vector. This broadens the plasmon peak
but does not cause its disappearance (in agreement with predictions in Ref.
5), in contrast with the behaviour found for ordinary sheet plasmons in

2DEG and ASP.

5.2 Evidence for acoustic-like plasmons

To measure plasmon dispersion (see chap. 2), values for the parameters
Ep, impinging energy, and 0i, the incident angle, were chosen so as to obtain
the highest signal-to-noise ratio. The primary beam energy use for the
dispersion, Ep = 7-12 eV, provided, in fact, the best compromise among
surface sensitivity, the highest cross section for mode excitation and
momentum resolution.

To obtain the energies of loss peaks, a polynomial background was
subtracted from each spectrum. The resulting spectra were fitted by a
Gaussian line shape (not shown herein). All measurements were made at
room temperature.

Measurements were performed for both symmetry directions (I-K and
['-M), but no remarkable differences were recorded as a consequence of the
existence of differently oriented domains on the sample, as observed in
previous low-energy electron microscopy experiments [81]. Loss
measurements of MLG/Pt(111) recorded as a function of the scattering angle
Os are reported in figure 5.1. HREEL spectra show a low-energy feature
which develops and disperses up to 3 eV as a function of the scattering angle.
This resonance exhibits a clear linear dispersion and its frequency
approaches zero in the long-wavelength limit. We assign it to the sheet
plasmon of MLG, in agreement with theoretical [246, 252, 262-264] and
experimental [236-238, 265, 266] results.
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The dispersion of the sheet plasmon for MLG on SiC(0001) well agrees

with Stern’s [255] prediction (@ o \/qT‘ ). However, the plasmon dispersion

recorded in our experiments (Fig. 2) is well described by a linear

relationship, as in the case of ASP on bare metal surfaces [259-261]:
ho,, = AqH

where A=7.4+0.1eVA.

The sheet plasmon with a linear dispersion owes its existence to the
interplay of the underlying metal substrate with the r-charge density in the
MLG in the same region of space. It resembles the ASP in metal surfaces that
support a partially occupied surface state band within a wide bulk energy
gap [267, 268].

The nonlocal character of the dielectric function [269] and the screening
processes in graphene [241, 270] prevent the sheet plasmon from being
screened out by the 3D bulk states of Pt(111).

Recently, Horing [253] predicted that the linear plasmon in graphene
systems may arise from the Coulombian interaction between the native sheet

plasmon (@ o \/qu ) in MLG and the surface plasmon of a nearby thick

substrate hosting a semi-infinite plasma. Calculations taking into account the
electronic response of the Pt substrate could in principle put this effect in
evidence, but this is not trivial due to the existence of a Moiré reconstruction
in the MLG lattice on top of the Pt(111) substrate. The slope of the dispersion
relation of the sheet plasmon in MLG/Pt(111) and the ones of acoustic-like
excitations provide information about group velocities of the plasmon mode.
We found that the group velocity of the sheet plasmon in MLG/Pt(111) (1.1 +
0.2 x 10° m/s) is similar to the ones calculated for ASP [268, 271]. The group
velocity of the sheet plasmon in MLG/Pt(111) is about 2 orders of magnitude

lower than the speed of light, thus its direct excitation by light is not possible.
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However, nanometer-size objects at surfaces, such as atomic steps or

molecular structures, can allow coupling between sheet plasmon and light.
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Figure 5.1: HREEL spectra of MLG/Pt(111) acquired as a function

of the scattering angle. The incident angle is 55.0°. The impinging
energy Epis 12 eV.

The linear behaviour of its dispersion implies that both phase and
group velocities of the collective excitation are the same, so signals can be
transmitted undistorted along the surface. Hence, this finding could be of
significant importance in future graphene-based nano-optical devices,
especially if we have in mind that the Moiré pattern of MLG on metal

substrates offers a naturally nanostructured system [62, 150, 151, 272].

67



In figure 5.2, we also show the electron-hole continuum or single-
particle excitation (SPE) region, which determines the absorption (Landau

damping) of the external field at given frequency.
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Figure 5.2: Plasmon dispersion in MLG/Pt(111). Data have been acquired for three
different impinging energies. The thin solid line represents the best fit for experimental
points. The dashed area indicates the continuum of intraband SPEs. The thick solid line
represents the boundary for the continuum of interband SPEs. The plasmon mode enters
the Landau damping regime by interband electron-hole excitations when its dispersion
relation intercepts the boundary for the continuum of interband SPEs. In the inset, the
curves are reported with respect to the dimensionless units E/EF and qi1/kF .
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It was calculated on the basis of results in Refs. [262-264] by
substituting the values of Er and kr for MLG/Pt(111) obtained by ARPES [81].
For a normal 2D system, only indirect transition is possible within the band.
However, for graphene, both intraband and interband transitions are
possible, and the boundaries are given in figure 5.2. Due to the phase-space
restriction, the interband SPE continuum has a gap at small momenta.

For q,= 0, the transition is not allowed at 0 < E < 2Er . If the collective

mode enters the SPE continuum, the plasmon mode can be damped. The
plasmon lies inside the interband SPE continuum, thus decaying into
electron-hole pairs, above the Fermi wave vector. Plasmon can propagate
without damping only in the region (see fig. 5.2) not included in the
continuum of SPE (interband and intraband). Such considerations are fully
confirmed by the analysis of the full-width at half maximum (FWHM) of the

plasmon peak as a function of both q, [Figure 5.3(a)] and the plasmon energy

[Figure 5.3(b)]. Landau damping for the MLG sheet plasmon occurs for
momenta above the Fermi wave vector (about 0.09 A1) and for energies
above 0.5 eV, as revealed by the sudden increase of the FWHM. Interestingly,
the sheet plasmon does not enter into the intraband SPE continuum and it
exists for all wave vectors. By contrast, for ASP, Landau damping occurs via
intraband transitions and the plasmon mode exists only up to a few
hundreds meV [259-261]. On the other hand, for MLG on SiC(0001), the
FWHM continuously increases with the momentum [236, 273]. For such
system, it has been shown [236] that the existence of steps or grain
boundaries is a source of strong damping, while the dispersion is rather

insensitive to defects.

69



FWHM (eV)

3.0 <

2.5 —

2.0

1.5 —

1.0 —

0.5 <

FWHM (eV)

3.0 +

2.5 4

2.0 —

1.5

1.0 H

0.5

(b)

>

05 10 15 20 25
Plasmon energy (eV)

Figure 5.3: FWHM of the plasmon peak as a function of (a) the parallel momentum
transfer qi1 and of (b) the plasmon energy. The inset in the top panel shows the origin

of interband SPEs from 7 to 7* bands. The Fermi wave vector represents the onset
where plasmon enters the damping region.

5.3 Dispersion and damping processes of @ plasmon

The electronic response of graphene systems is related to the collective
excitations of the electrons which combine in-plane and inter-plane
interactions. Herein we want to investigate the nature and the dispersion of
1t plasmon in MLG grown on a metal substrate. The 7t plasmon is a sensitive
probe of the graphene band structure near the Fermi level [274]. Its physical
origin is the electric dipole transition between the 1 energy bands (mt—m *)

mainly in the region of the M point of the Brillouin zone of graphitic systems
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[21-25]. Recently, it has been demonstrated [241] that in the presence of a
free-electron substrate the plasmonic excitation of the graphene sheet are
nearly completely quenched, as a consequence of the dynamical Coulomb
interaction between induced charges in the substrate and graphene.
However, in the case of graphene on Ni(111), the 7 plasmon was found to
exist [275, 276]. It is thus interesting to characterize the  plasmon mode also
in the case of a graphene sheet weakly bonded to the metal substrate, as

occurs for MLG/Pt(111).

5.3.1 Results and discussion

HREELS measurements show a quadratic dispersion for the 7 plasmon
in MLG/Pt(111), in contrast with results obtained for MLG/6H-SiC(0001) [266]
and calculations for free-standing graphene [277] and in agreement with very
recent findings for MLG/Ni(111) [276]. However, the quadratic coefficient of
the dispersion relation of m plasmon in MLG/Pt(111) is higher by a factor ~8
with respect to the case of MLG/Ni(111) while it is similar to the value
reported for graphite.

Moreover, we found that the plasmon peak is blue-shifted by about 1.5
eV with respect to free-standing graphene and MLG/6H-S5iC(0001). The
presence of the metal substrate also decreases the lifetime of the plasmonic
excitation, as evidenced by a careful analysis of its damping processes.

To measure the dispersion relation, primary beam energies, Ep=30-70
eV, were used. Spectra recorded for MLG on Pt(111) with the substrate
oriented in theT —M direction are reported in figure 5.4a (for a primary
energy Ep of 70 eV) and 5.4b (for Ep=30 eV). A peak showing clear
dispersion from 6.2 to 8.2 eV has been recorded as a function of the parallel

momentum transfer q. It has been assigned to 7 plasmon of graphene, in
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agreement with previous experimental [276, 284-286] and theoretical [29]

works.
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Figure 5.4: HREEL spectra for MLG/Pt(111) as a function of the parallel momentum transfer
qi1. (a) Loss spectra acquired by using an impinging energy of 70 eV and an incidence angle of
65°. (b) Spectra acquired with an impinging energy of 30 eV and an incidence angle of 55°.

It is worth mentioning that, due to the very weak intensity of loss peaks (=10 with respect to
the intensity of the elastic peak), an acquisition time of several hours has been required for
each spectrum to reach a sufficient signal-to-noise ratio. All measurements were made at
room temperature.

The intensity of the backscattering yield around the 7 plasmon energy
versus the off-specular angle clearly demonstrates that the plasmon mode
has a dipolar nature because it is nearly peaked in the specular direction
[108, 135].

The measured dispersion curve Euwss(q,) in figure 5.5 was fitted by a

second-order polynomial given by:
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Eloss (q//)= Eloss (0)+ Aq/z/ = Eloss (0)+ aﬁq//

Where E,.(0)=(6.2+0.1)eV,A=(4.1£0.2)V -A?,a = 0.53.
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Figure 5.5: Dispersion relation of the m plasmon for MLG/Pt(111) (our data, acquired for two
different scattering geometries), MLG/Ni(111) (data taken from Ref. [276]), MLG/6H-
S5iC(0001) (data taken from Ref. [266]), graphite (data taken from Ref. [278]) and calculations
for free-standing graphene (data taken from Ref. [286]).

The same measurements were repeated for the T' — K direction, giving a
similar dispersion. This is a consequence of the existence on the sample of
differently oriented domains with a preferential orientation aligned with
respect to the substrate (chap. 3 [68]). These findings agree with the
conclusions of previous low-energy electron microscopy experiments [81].

Important information on graphene systems is provided by the analysis

of the frequency of the m plasmon in the long-wavelength limit (g =0),
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reported in Table I for various carbon-based systems. It can be noticed that it

ranges between 4.7 eV (free-standing graphene) [286] and 6.5-7.0 eV

(graphite) [287-290].

Eioss FHWM
(q1i=0) in eV (qri=0) in eV
free-standing graphene, data taken | 4.7[31,57,
from Refs. [249, 286] (calculations) and 58] 0.45
Refs. [61, 62] (experiment) ~6 [240]
MLG/6H-5iC(0001), data taken from
Ref. [266] 49 0.95
VA-SWCNT, data taken from Ref. 5.1 1.00
[31]
Bilayer graphene on SiC(0001), data 53 110
taken from Ref. [266] ' '
Magnetically-aligned bundled 6.0 195
SWCNT, data taken from Ref. [279] ' '
MLG/Pt(111) (our data) 6.2 1.40
Few-layer graphene on SiC(0001), 6.3 170
data taken from Ref. [266] ' )
6.5 [287,
Graphite, data taken from Refs. [278, 290] 290
280-282] ~ 71281, )
282]
MLG/Ni(111), data taken from Refs. 6.7 [276] -3
[275, 276] 7.5 [275]

Table I: Energy and line-width of the  plasmon in the long wavelength limit (small

momenta) for different systems.

As regards graphite, it is important to notice that @ plasmon energy in

the long-wavelength limit (small momenta) strongly depends on the

modality of the EELS experiment. In fact, EELS measurements in the
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reflection mode provide an energy of 6.5 eV [287, 290], while transmission
measurements yield approximately 7 eV [288, 289].

Intermediate values have been recorded for vertically-aligned (VA)
single-walled carbon nanotubes (SWCNT) [286] and MLG on 6H-SiC(0001)
[266] (about 5 eV) and magnetically aligned bundles of SWCNT [279] (about
6 eV).

A HREELS investigation on graphene grown on 6H-SiC(0001) showed
the existence of a blue-shift of the  plasmon energy [266] as a function of the
number of graphene layers. In fact, it shifted from 4.9 (MLG) to 5.3 eV for
bilayer graphene and to 6.2 eV for 3-4 layers of graphene.

The red-shift of the plasmon energy (at small momenta) when going
from bulk graphite to quasi-two-dimensional graphene is caused by a
decrease of the screening and of the interlayer coupling. This also influences
the dispersion relation of the plasmon frequency. A linear dispersion was
found for both VA-SWCNT [286] and MLG on 6H-SiC(0001) [266]. On the
other hand, a quadratic dispersion has been recorded for bulk graphite [278],
stage-1 ferric-chloride-intercalated graphite [283] and multilayer graphene on
6H-SiC(0001) [266]. For the latter case, it is clear that the realistic band
structure of the system changes the dispersion of the m plasmon from linear
to quadratic as a function of the number of graphene layers.

The dispersion relations that we obtained for MLG on Pt(111) (Figure
5.5) indicate a quadratic dispersion for the 1 plasmon. Even if a negligible
hybridization between Pt and graphene states has been observed by angle-
resolved photoemission spectroscopy measurements [81], the dispersion
relation of the n plasmon is quadratic already for the MLG, as a consequence
of the screening of the collective mode by the metal substrate. The screening

in MLG on metal substrates is clearly more effective with respect to the case
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of graphene layers grown on the semiconductor silicon carbide substrate.
This should explain the quadratic dispersion recorded in MLG/Ni(111) (Ref.
[276]) and MLG/Pt(111) (our data), in spite of the very different band
structure of such two graphene/metal interfaces. We also remind that the
plasmon dispersion in the long-wavelength limit is predicted to be quadratic
with respect to momentum for the interacting electron gas [284].

Another issue to be considered is the interlayer coupling. Concerning
supported graphene, the interlayer interaction varies as a function of the
electron density in the layers. At higher electron density the overlap between
orbitals of adjacent layers increases, thus increasing the interlayer coupling
[285]. Hence, in principle the fact that MLG is hole-doped by charge transfer
from the Pt substrate (Fermi level below Dirac point) [254] could influence
the electronic response of the interface. As regards graphite, it is worth
mentioning that its interlayer coupling is still under debate. Band structure
calculations predicted an interlayer coupling much larger than the values
deduced by c-axis conductivity measurements [286, 287].

A key factor in the propagation of the plasmonic excitation is its
lifetime, which is limited by the decay into electron-hole pairs (Landau
damping) [288]. The damping of the plasmon peak is clearly revealed by the

trend of the full width at half maximum (FWHM) versus ¢, reported in Fig.
5.6. The width of the plasmon rapidly increases with g, due to the occurrence

of Landau damping. It is worth remembering that, in contrast with the low-
energy sheet plasmon [59, 236], the mt-plasmon is a mode which lies inside
the continuum of particle-hole excitations and therefore it will be damped

even at g, — 0[240].
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Figure 5.6: Behaviour of the FWHM of the @ plasmon of MLG/Pt(111) acquired for two
different scattering conditions as a function of (a) the parallel momentum transfer and (b)
the plasmon energy. Data for MLG/6H-SiC(0001), taken from Ref. [266], are shown for a
comparison.

On the other hand, the width of the m plasmon in MLG/6H-SiC(0001)
initially decreased up to 0.1 A7, followed by a steep increase as a function of

q,- A similar behaviour has been recorded on graphite [278], where the

turning point has been found at 0.3-0.4 A, The absence of a turning point in
MLG/Pt(111) could be related to the nearly-linear dispersion of 1 bands in
the Dirac cones [81]. Instead, substrate interactions in graphene on silicon
carbide are known to distort the linear dispersion near the Dirac point in the
tirst graphene layer [289]. They cause the appearance of a 260 meV energy

gap and enhanced electron-phonon coupling [289]. This gap decreases as the
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sample thickness increases and eventually approaches zero for multilayer
graphene. The behavior of the FWHM as a function of the plasmon energy
(Figure 4b) showed that for MLG/Pt(111) there is an enhanced broadening of
the plasmon peak around 6.3 eV. These findings indicate that the Landau
damping processes of the 7 plasmon in MLG/Pt(111) are mainly due to m-mt*
interband transitions centered around 6.3 eV.

By comparing the FWHM in the long wave-length limit for various
graphene systems (Table I), it is quite evident that the presence of out-of-
plane decay channels reflects into a wider line-width of the plasmon peak,
i.e. a shorter lifetime of the plasmon mode. As demonstrated for graphite
[290], they cause additional damping of plasmons, which result in a more
diffuse shape for the loss spectrum. As a matter of fact, the FWHM increases
by a factor 6 from free-standing graphene to graphite.

Results for graphene on 6H-SiC(0001) showed that the 1 plasmon peak
becomes broader and blue-shifted as the thickness of the epitaxial graphene
increases. In fact, the m plasmon of 3—4 layer epitaxial graphene includes
spectral contribution from both the out-of-plane and in-plane excitations of
graphitic origin. This may be due to the three-dimensional band structure of
graphite which allows interlayer coupling and out-of-plane excitation.

Moreover, it is worth noticing that the @ plasmon in MLG/Pt(111) (our
data) and MLG/Ni(111) [275, 276] has a shorter life-time (higher FWHM)
than in MLG/6H-SiC(0001) and free-standing graphene as a consequence of
enhanced screening by the metal substrate. This implies a broadening of the

plasmon peak due to Landau damping via the creation of electron-hole pairs.
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5.4 Conclusions

We have found a linear dispersion of the sheet plasmon in MLG on
Pt(111), such behaviour is attributed to the nonlocal screening of the plasmon
mode of MLG caused by the underlying Pt substrate. Due to its low energy
and its linear dispersion, the sheet plasmon is expected to play an important
role in graphene dynamics. This could be especially relevant for future
graphene-based nano-optical devices, since the rippled, nanostructured
surface of MLG on metal substrates (see Refs. [62, 151, 272]) provides an
interesting scenario to couple acoustic surface plasmons and light. We have
also shown that Landau damping occurs via interband transitions starting
above the Fermi wave vector.

The m plasmon in MLG/Pt(111) has a quadratic dispersion, as in
graphite but in contrast with results for MLG/6H-S5iC(0001). Likewise, a
quadratic dispersion has been found in MLG/Ni(111) but the quadratic
coefficient differs by a factor 9. This is a consequence of the different
electronic properties of MLG grown on Ni(111) (MLG strongly interacting
with the substrate) and Pt(111) (Dirac cone preserved). A blue-shift by about
1.5 eV has been found with respect to the case of free-standing graphene and
MLG/6H-5iC(0001).

We ascribe these results to the peculiar electronic properties of the
MLG/Pt(111) interface. The system MLG/Pt(111) was characterized by a
number of experimental techniques, indicating very weak interaction with
the substrate, crucial for preservation of the astonishing intrinsic properties
of graphene. It should be expected that the weak hybridization between
graphene and Pt states and the graphene-Pt distance which resembles the
interlayer distance in graphite would have implied that MLG/Pt(111)

behaves as free-standing graphene. On the other hand, our findings indicate
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that the screening by the underlying Pt substrate turns the dispersion of the
7t plasmon from linear to quadratic and it reduces plasmon life-time.

Thus, plasmon modes in MLG on Pt(111) could not be described by a
model for quasi-two-dimensional electron gas, spatially-separated from the
supporting substrate. In spite of the weak MLG-Pt interaction, 7 electrons
behaves as an interacting electron gas. Our findings could be important for a
more careful tailoring of the properties of graphene applications which are

based on the propagation of plasmon modes.
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6 CO and O: adsorption on PtsNi(111)

6.1 Introduction

The investigation of the adsorption and dissociation of reactive chemical
species on catalyst surfaces stand as one of the foremost aims of fundamental
research in heterogeneous catalysis[85, 98, 103, 216, 231, 291-298]. In particular,
the chemical reactivity of bimetallic surfaces has received considerable
attention[299-305] as most real catalysts consist of alloys of 3d, 4d and 5d
elements[88-91, 306-308]. Generally, these systems are characterized by a
superior chemical activity and selectivity with respect to the pure elements[92,
299, 309]. For example, bimetallic catalysts play a key role in hydrogen low-
temperature polymer electrolyte membrane fuel cells [310, 311].

Recently, it has been reported that the chemical activity of a PtsNi(111)
surface towards the oxygen reduction reaction (ORR) is dramatically enhanced
with respect to Pt/C catalysts and Pt(111) [312]. Such an enhanced reactivity is a
consequence of the peculiar geometric arrangement of the topmost atomic
layers of Pt:Ni(111) single crystals [313, 314]. Detailed investigation of
PtsNi(111) crystals demonstrated that the first and third layers are Pt-rich while
the second layer is Ni-rich [312, 315-317].

However, Pt-based surfaces are known to strongly react with CO [318-
320]. This affects the activity of the catalyst surface by limiting the efficiency of

the dissociation of O2 molecules and consequently the rate of the ORR process.
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In principle, the CO-induced poisoning effect could be significantly
limited by CO oxidation, catalyzed by the Pt-M alloy (with M=V, Ti, Co, Fe, Ni).
Hence, dedicated investigations on the adsorption of CO and oxygen and their
co-adsorption on Pt-M surfaces are required in order to tailor more selective
and effective catalysts for the ORR process.

Herein we report on a high-resolution electron energy loss spectroscopy
(HREELS) investigation on the adsorption of O and CO and their co-adsorption
on the PtsNi(111) surface. For the sake of comparison, selected adsorption
experiments have been performed on the Pt(111) and Ni(111) surfaces.

We find that CO adsorbs in bridge and atop sites on both PtsNi(111) and
Pt(111) surfaces with negligible differences as concerns vibrations. On the
contrary, the vibrational spectra for oxygenated PtsNi(111) and Pt(111) surfaces
exhibit significant differences as a consequence of the presence in the PtsNi(111)
sample of a Ni layer underneath the outermost Pt layer. The oxidation of the
Pt(111) substrate has a negligible effect on the adsorption of CO while the
oxidation of the PtsNi(111) surface leads to a blocking of the bridge site for CO

adsorption.

6.2 Results and discussion

6.2.1 CO adsorption

The loss spectra recorded by saturating the PtsNi(111) and Pt(111) samples
at room temperature with an exposure of 10 L of CO (1 L=1-10° torr-s) are
shown in the top panel of Figure 6.1. No appreciable differences between the
results obtained for the two surfaces exist. The loss feature at 56 meV is due to
the vibration of the whole CO molecule against the Pt(111) substrate [321-323].
Vibrational peaks at 230 and 258 meV arise from the intramolecular stretching

vibration of CO adsorbed at bridge and atop sites, respectively, in agreement
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Figure 6.1: HREEL spectra for the CO-saturated Pt(111) and PtsNi(111) surfaces.
Both measurements and exposures have been carried out at 300 K (top panel) and
120 K (bottom panel), respectively. Spectra have been recorded in specular
geometry (incidence angle 55° with respect to the sample normal) and with a
primary electron beam energy of 4 eV.

with previous results for CO adsorption on Pt(111) [324-326] and other

transition-metal systems[101].
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CO adsorption on the Pt:Ni(111) surface was also studied at 120 K (bottom
panel of Figure 6.1). A preferential occupation of the atop site with respect to
the bridge is observed. In particular, it is possible to clearly separate the
vibration against the substrate of the whole CO molecule adsorbed at atop and
bridge sites, recorded at 48 and 58 meV, respectively.

One of the reasons leading to the improved ORR of PtsM samples is their
superior resistance to poisoning effect toward CO and OH in comparison to
pure Pt [327, 328]. However, present results in UHV conditions demonstrate
that both PtsNi(111) and Pt(111) surface strongly interact with CO molecules
and, moreover, there are no noticeable differences between the two surfaces.
Loss spectra of figure 6.1 also indicate that the first layer of Pt:Ni(111) is
composed exclusively of Pt atom (Pt-skin), in agreement with results in Refs.
[312, 313, 315, 329-333]. The possible modifications in the electronic structure of
this Pt overlayer induced by Ni atoms located in the second layer do not affect
CO adsorption. Density functional theory calculations showed that the
interaction of adsorbates with PtsNi alloy is notably weakened with respect to
the pure Pt sample [332, 334]. This should be a direct consequence of the
downshift of the localised d-band center in the alloy [332, 334]. However, such
finding is not confirmed by present vibrational measurements as concerns CO

adsorption.

6.2.2 Oxygen adsorption

Oxide layers play a fundamental role in several catalytic reactions[113,
335, 336]. Contrary to the common thought it is now accepted that CO oxidation
is more effective on oxidized metal surfaces than on clean metal surfaces[337,
338]. Recently, it has been reported that oxide patches may be formed even at

low temperature as reported for the case of the Ni(111) and Au/Ni(111) surfaces
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exposed to oxygen at 100 K [339]. The oxide phase is active toward low-
temperature CO oxidation. In the present study, oxide layers were obtained by
exposing the PtsNi(111) surface to 100 L of Oz at a sample temperature ranging
from 400 to 900 K. The corresponding loss spectra, recorded at room
temperature after O: exposure, are shown in Figure 6.2. Intense C-O vibrational
bands (arising from residual CO in the chamber) are present in loss spectra for
O2 exposure at a sample temperature up to T=800 K. The contamination by CO
molecules is expected to affect the adsorption and dissociation of Oz molecules.
Loss spectra for O: exposure of the PtsNi(111) substrate at lower sample
temperature (400 and 500 K) show two weak features at 60 and 125 meV,
respectively. While the peak at 60 meV can be assigned to O atoms in three-fold
hollow sites vibrating against the Pt substrate[340, 341], the origin of the band at
125 meV is unclear. However, a discussion about this feature will be presented
in the next subsection. By increasing sample temperature during Oz exposure,
the loss spectrum exhibits notable changes with the appearance of new and
intense vibrational bands. The spectrum obtained for O: exposure at 800 K is
dominated by an intense peak at 69 meV and less intense losses at 55, 116, and
138 meV. These three features further evolve by increasing the sample
temperature during Oz exposure and for T=900 K the loss spectrum show bands
centered at 60, 84, 125, and 157 meV. The oxidation processes of a Pt:Ni(111)
surface have been investigated in Ref. [342] by Menning et al. [316].

Therein the possible segregation of Ni atoms towards the first layer of the
PtsNi(111) surface at 450 K has been suggested to occur. Actually, the presence
of the loss peak at 69 meV (oxidation at T=800 K) seems to support these
conclusions. As a matter of fact, the O-Ni vibration is expected at 70 meV in

(111)-oriented surfaces [106, 343].
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Figure 6.2: HREEL spectra recorded after the PtsNi(111) surface
was dosed with 100 L of Oz as a function of the sample temperature.
Measurements have been carried out at 300 K.

However, it is worth noticing that the exact identification of vibrational
peaks of surface oxides is quite difficult, as evidenced in Ref [344]. In fact, the
spectrum obtained by surface oxidation at 900 K shows the same number of
losses as that at 800 K but slightly shifted to higher energies. In our opinion
such shift arises from changes occurring in the local atomic arrangement due to
the formation of a surface oxide and, moreover, from possible lateral
interactions among oxygen atoms. With the aim to gain useful information for a

correct interpretation of losses peaks observed for O/Pt:Ni(111) surface we also
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carried out loss measurements on Pt(111) and Ni(111) after their oxidation,

respectively (Figure 6.3).
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Figure 6.3: HREEL spectra for the oxidized Pt(111) and Ni(111) surfaces.
Measurements have been carried out at room temperature.

Interestingly, the surface oxide formed on the Pt(111) surface shows
essentially three losses at 52, 77, and 103 meV. The vibrational energies of these
losses are slightly red-shifted with respect to the corresponding losses in the
spectrum of O/Pt:Ni(111). Instead, in the loss spectrum of O/Pt(111) there are no
peaks in the region 138-157 meV. The spectrum taken on the O/Ni(111) surface
(Figure 6.3) shows a peak at 70 meV due to the O-Ni vibration [102, 106, 343].
Particularly intriguing are the losses at 135 and 157 meV. The high energy of
such features suggests a generic assignment to vibrational modes related to the

presence of subsurface oxygen. Interestingly, they could be fingerprint for the
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formation of d-holes, which takes place in the initial oxidation stage of the
Ni(111) surface.

It has been demonstrated for O/Ag(001)[345] that the complex formed by
the Ag? ion, two oxygen adatoms and one oxygen atom in the octahedral
interstitial gives rise to a dipole active electron energy loss at 130 meV.
Likewise, localised d-d transition within a complex formed by the Ni* ions, by
one subsurface oxygen atom in the octahedral interstitial site and by two
neighbouring oxygen adatoms could cause the appearance of loss peaks at 135
and 157 meV.

The presence of Ni* ions at the surface induced by subsurface oxygen
could explain some of the peculiar catalytic properties of oxygenated nickel
surfaces [346].

Likewise, we suggest that bands at 116-125 and 138-157 meV in figure 6.2
could arise from localized d-d transitions of Pt-O and Ni-O complexes.

On the basis of the results presented above, we suggest that the first layer
of the PtsNi(111) crystal is composed exclusively of Pt atoms (Pt-skin) even after
annealing at high temperature while Ni atoms reside in the layer underneath
the outermost Pt layer. However, while we cannot find significant differences
between the adsorption of CO on Pt:Ni(111) and Pt(111), on the contrary the
adsorption of oxygen (both over-surface and subsurface) is strongly influenced

by the electronic and geometric structure of the PtsNi(111).

6.2.3 CO and oxygen co-adsorption

The dissociation of oxygen molecules on metal surfaces is the limiting
steps in several chemical reactions i.e. the ORR and the catalytic oxidation of
CO. We have investigated how CO adsorbs and reacts with the oxygenated
Pt:Ni(111) and Pt(111) surfaces. In our previous study of CO/O/Ni(111) we find
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that oxygen do not interacts with a CO-precovered surface [347]. On the clean
Ni(111) surface, both CO and oxygen occupy three-fold hollow sites and thus
whenever these sites are occupied by CO molecules, oxygen do not adsorbs. By
contrast, CO adsorption occurs on the oxygen—predosed surface and a change
of site from three-fold to atop is observed [347]. In this study, an oxygenated
Pt:Ni(111) surface (O:2 exposure at 900 K) was saturated with CO at room
temperature (Figure 6.4). On this surface CO adsorbs only at atop site as
evidenced by the C-O stretching at 258 meV and CO-substrate at 56 meV. Thus,
pre-adsorbed oxygen block the bridge site which instead was occupied for the
clean Pt:Ni(111) surface. Hence, this is the unique effect of pre-adsorbed oxygen
on CO adsorption. The expected weakening of the CO-substrate bond due to
CO-O lateral interaction [310] is not observed. It is interesting to notice that,
contrary to the case of the PtsNi(111) surface, the adsorption of CO onto an
oxygenated Pt(111) surface (Figure 6.5) is not at all influenced by pre-adsorbed
oxygen. The single vibrational band at 107 meV of the oxygenated Pt(111)
surface indicates the formation of a single type of oxide [341]. On both the clean
and the O-precovered surface, CO molecules adsorb in bridge and atop sites.
This could arise from the coexistence of part of surface that are covered by a
surface oxide and part of the surface that are O-free. Thus, we have direct
evidences that CO adsorbs differently on the oxidized Pt:Ni(111) and Pt(111)

surfaces.
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6.3 Conclusions

In this investigation we have shown that CO adsorbs without appreciable
differences on Pt:Ni(111) and Pt(111). The vibrational results indicate that the
first layer of the PtsNi(111) surface is composed of Pt atoms and, moreover, that
the presence of Ni atoms in the second layer has modest influence on the C-O
chemical bond. On the contrary, the geometrical structure of the Pt:Ni(111)
alloy has a great influence on the oxidation process at high temperature. In
particular, for the PtsNi(111) surface, the occupation of the bridge sites of the Pt
first layer and the presence of subsurface oxygen (on the Ni atoms) are
identified. The population of the bridge sites in PtsNi(111) is further confirmed
by the adsorption of CO. In fact, in the oxidized PtsNi(111) surface CO adsorbs
only at atop site. On the contrary, on both clean Pt(111) and oxidized Pt(111),

CO molecules occupy bridge as well as atop sites.
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7 Summary

HREELS has proved a powerful and versatile technique for
understanding the adsorption, catalytic, and electronic properties of ultrathin
layers adsorbed on metal substrates in UHV conditions.

As concerns the vibrational measurements, the phonon modes of
graphene/Pt(111) were probed. We have found that lattice dynamics in
quasi-freestanding graphene is similar to those ones of graphite, with well-
distinct Kohn anomalies for the highest optical branches at the high-
symmetry points of the Brillouin zone.

From experimental phonon dispersions it is possible to draw
conclusions about the interaction strength in graphene/metal interfaces. Such
investigation is of fundamental importance for graphene-based devices as
both electronic and optical excitations can be scattered by phonon states or
decay into vibrational excitations.

We have studied water interaction with clean and K-doped quasi-
freestanding graphene on Pt(111) at 100 K. On pristine graphene, water
adsorption does not occur for sample temperature higher than 130 K. Loss
measurements demonstrate that at the lowest coverages water molecules
adsorb in the two-leg configuration. For increasing water coverage, we have
found that the adsorption of one-leg H>O takes place. Present results agree
with recent theoretical works, which thus provide a satisfactory description
of the adsorption geometry at the water/graphene interface, and, in

particular, of the water orientation on graphene.
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Moreover, we have found that water adsorption on K-modified
graphene is dissociative, as evidence by the existence of C-H bending and
stretching modes in the vibrational spectrum. This provides a new method
for modifying the interfacial properties of graphene by adsorption of atomic
and molecular species.

Water exposure at room temperature of MLG/Pt(111) could lead to the
formation of C-H bonds. Dehydrogenation is possible upon annealing at 450
K, on the other hand, no dissociation was observed at 100 K. Water
dissociation could also afford interesting pathways to produce hydrogen.
Moreover, water-induced hydrogenation of graphene should be taken into
account in engineering graphene-based devices which should work at
atmospheric pressure and at room temperature.

Low-energy collective excitations in graphene are attracting much
interest in recent years as they influence many of the peculiar properties of
graphene samples, in particular, the dispersion and damping of plasmons in
epitaxial graphene. We have found a linear dispersion of the sheet plasmon
in MLG on Pt(111), such behaviour is attributed to the nonlocal screening of
the plasmon mode of MLG caused by the underlying Pt substrate. Due to its
low energy and its linear dispersion, the sheet plasmon is expected to play an
important role in graphene dynamics. The 1 plasmon in MLG/Pt(111) has a
quadratic dispersion, as in graphite but in contrast with results for MLG/6H-
SiC(0001). We ascribe these results to the peculiar electronic properties of the
MLG/Pt(111) interface. The system MLG/Pt(111) was characterized by a
number of experimental techniques, indicating very weak interaction with
the substrate, crucial for preservation of the outstanding intrinsic properties
of graphene. It should be expected that the weak hybridization between

graphene and Pt states and the graphene-Pt distance which resembles the
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interlayer distance in graphite would have implied that MLG/Pt(111)
behaves as free-standing graphene. On the other hand, our findings indicate
that the screening by the underlying Pt substrate turns the dispersion of the
7 plasmon from linear to quadratic and it reduces plasmon life-time.

Thus, plasmon modes in MLG on Pt(111) could not be described by a
model for quasi-twodimensional electron gas, spatially-separated from the
supporting substrate. In spite of the weak MLG-Pt interaction, 7 electrons
behaves as an interacting electron gas. Our findings could be important for a
more careful tailoring of the properties of graphene applications which are
based on the propagation of plasmon modes.

Finally, we have shown that CO adsorbs without appreciable
differences on PtsNi(111) and Pt(111). The vibrational results indicate that the
first layer of the PtsNi(111) surface is composed of Pt atoms and, moreover,
that the presence of Ni atoms in the second layer has modest influence on the
C-O chemical bond. On the contrary, the geometrical structure of the
Pt:Ni(111) alloy has a great influence on the oxidation process at high
temperature. In particular, for the Pt:Ni(111) surface, the occupation of the
bridge sites of the Pt first layer and the presence of subsurface oxygen (on the
Ni atoms) are identified. The population of the bridge sites in PtsNi(111) is
further confirmed by the adsorption of CO. In fact, in the oxidized Pt:Ni(111)
surface CO adsorbs only at atop site. On the contrary, on both clean Pt(111)

and oxidized Pt(111), CO molecules occupy bridge as well as atop sites.
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