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Abstract

The experimental work presented in this PhD thesis �ts into the �elds of gas sensors,
gas storage and catalysis under-cover. In particular, this thesis focuses on the character-
ization of the growth, structure and reactivity upon carbon monoxide exposure of pris-
tine and nitrogen-doped graphene on Ni(111), mainly by Scanning Tunneling Microscopy
(STM) and X-ray Photoemission Spectroscopy (XPS), supported by Low-Energy Electron
Di�raction (LEED). The experimental measurements were corroborated by theoretical cal-
culations in collaboration with the University of Milano-Bicocca (group of Prof. Cristiana
Di Valentin) and the University of Trieste (group of Prof. Maria Peressi).

Nowadays, graphene is widely studied for a variety of applications and its already fas-
cinating properties can be tuned and at times enhanced by introducing doping centers
in the honeycomb network. Among the di�erent chemical elements, nitrogen is one of
the most promising, being predicted to improve graphene performances, for example as
e�cient metal-free electrocatalyst for oxygen reduction in fuel cells. However, the pro-
duction of nitrogen-doped graphene is not trivial. Several approaches were reported in
literature which, however, many times do not result in scalable, reproducible and high-
quality graphene layers.

In the �rst part of this thesis, we present an alternative and highly reproducible growth
method, based on a controlled preparation procedure, which ensures the formation of
nitrogen-doped graphene layers of high morphological quality, and potentially easily scal-
able, from small samples prepared under ultra-high vacuum (UHV) conditions to large foils
produced in industrial lines. In order to develop this alternative growth protocol, we ex-
ploited a Ni substrate, since this is a low-cost and widely available metal. Its high catalytic
activity is particularly suitable for production of high-quality graphene layers via standard
chemical vapor deposition (CVD) which, combined with its capability to dissolve/segregate
nitrogen into the bulk/surface, allows to easily obtain nitrogen doped graphene sheets.
Morphological and chemical characterization by STM and XPS demonstrates that the pro-
cess yields a �at, wide, continuous nitrogen-doped graphene layer. Experimental results
are complemented by a Density Functional Theory (DFT) investigation of possible struc-
tural models, to obtain a clear description at the atomic scale of the various con�gurations
of the nitrogen atoms observed in the graphene mesh. This joint approach allowed un-
veiling the structural, morphological and chemical properties of N dopants trapped in the
network. Two are the main con�gurations observed: graphitic N defects, where a nitro-
gen atom substitutes a carbon atom in the mesh and bonds to three neighbouring carbon
atoms, and 3N pyridinic defects, where three nitrogen are placed at the edge of a carbon
vacancy and each of them bonds to two carbon atoms as part of a six-membered ring.

The second part of this PhD thesis is dedicated to the investigation of the reactivity of
N-doped graphene on Ni in comparison to pristine graphene. In particular, we focus on
the reactivity towards carbon monoxide (CO), one of the simplest molecules in nature, of-
ten used as a model. However, being also potentially dangerous and lethal, it is important
to rapidly detect and e�ciently store it. We con�rmed that, in the near-ambient pressure
regime and at room temperature, CO interacts with pristine graphene on Ni, intercalating
at the interface and detaching the graphene layer from the Ni substrate. We demonstrated
that the same behavior occurs for nitrogen doped graphene exposed to CO, but at a pres-
sure one order of magnitude lower with respect to the pristine case, thus pointing out an
enhancement of the reactivity of the layer in presence of nitrogen dopants. By means of
LEED, XPS and STM measurements, we present a full chemical and morphological charac-
terization of the pristine and nitrogen doped graphene surfaces after CO exposure, point-
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ing out similarities and di�erences between the two layers. In the nitrogen doped case, an
in-depth STM morphological characterization combined with a thorough DFT investiga-
tion allowed us to identify N dopants in graphitic and pyridinic con�gurations even after
CO exposure.

We �nally rationalize the intercalation mechanism itself, which is not trivial for im-
permeable materials like graphene. By means of a combined experimental (STM, XPS,
and LEED) and theoretical (DFT) study, we described how CO molecules succeed in per-
meating the graphene layer and get into the con�ned zone between graphene and the Ni
surface. Suitably large defects allow CO reaching the interface and the presence of nitro-
gen dopants at their edges is found to facilitate the permeation process, reducing the CO
threshold pressure by more than one order of magnitude. This enhancement in the reactiv-
ity towards CO is ascribed to the stabilization of multiatomic vacancy defects by pyridinic
nitrogen atoms, opening in this way the doors for CO to the bidimensional nanospace at
the interface between graphene and Ni.

Summarizing the results presented and discussed in this PhD thesis, we �nally con-
clude that the new and alternative nitrogen-doped graphene growth method we developed
is potentially scalable and suitable for the production of high-performance nano-devices
with well-de�ned nitrogen centers, strongly reactive to CO molecules, with crucial impli-
cations for catalysis under cover and graphene-based gas sensors and storage devices.
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Sommario

Il lavoro di ricerca presentato in questa tesi di dottorato si inserisce nell’ambito sperimen-
tale dello studio di base per sistemi di immagazzinamento e sensoristica di gas e processi
di catalisi “under-cover". In particolare, la ricerca di seguito presentata si focalizza sulla
caratterizzazione della crescita, struttura e reattività al monossido di carbonio di grafene
e grafene dopato azoto su un substrato di Ni(111), principalmente attraverso le tecniche
di microscopia a scansione tunnel (STM) e spettroscopia di fotoemissione a raggi X (XPS),
supportate da misure di di�razione di elettroni a bassa energia (LEED). I risultati speri-
mentali ottenuti sono stati confermati da calcoli teorici in collaborazione con l’Università
Milano-Bicocca (gruppo della Prof. Cristiana di Valentin) e l’Università di Trieste (gruppo
della Prof. Maria Peressi).

Attualmente, il grafene è un materiale ampiamente studiato per una gamma molto
vasta di applicazioni e le sue proprietà, già molto attraenti, possono essere modi�cate e, a
volte, migliorate attraverso l’introduzione di centri di doping nel suo tipico reticolo a nido
d’ape. Tra i vari elementi chimici, l’azoto è uno tra i più promettenti, in quanto è predetto
essere in grado di migliorare le prestazioni del grafene, per esempio in modo e�ciente
come catalizzatore della reazione di ossidoriduzione nelle celle a combustibile. Ottenere
grafene dopato azoto non è a�atto semplice. In letteratura sono riportati vari metodi di
crescita i quali, tuttavia, a volte producono fogli di grafene dopato di bassa qualità, non
riproducibili e modulari.

Nella prima parte di questa tesi, presentiamo un metodo alternativo di crescita del
grafene dopato con azoto riproducibile e pulito, basato su una procedura di preparazione
controllata, che assicura la formazione di strati di grafene dopato di alta qualità morfo-
logica, e potenzialmente facilmente estendibile da piccoli campioni preparati in condizioni
di ultra-alto vuoto (UHV) a grandi fogli ottenuti nella produzione industriale. Per poter
sviluppare tale protocollo di crescita, abbiamo utilizzato un substrato di Nickel, metallo
largamente disponibile ed a basso costo. La sua alta attività catalitica è particolarmente
adatta alla produzione di grafene di alta qualità attraverso la tecnica standard di depo-
sizione chimica da vapore (CVD) la quale, combinata con l’alta capacità del Ni di dis-
ciogliere e segregare azoto dentro il volume e sulla super�cie, permette di ottenere facil-
mente fogli di grafene dopato azoto. La caratterizzazione morfologica e chimica attraverso
STM e XPS dimostra che il processo di crescita produce fogli di grafene dopato azoto pi-
atti, continui e larghi. I risultati sperimentali sono stati completati da uno studio di teoria
del funzionale della densità (Density Functional Theory, DFT) relativo ai possibili modelli
strutturali, volto ad ottenere una chiara descrizione su scala atomica delle varie con�gu-
razioni degli atomi di azoto osservati nella maglia del grafene. Questo approccio combi-
nato ha permesso di svelare le proprietà strutturali, morfologiche e chimiche dei dopanti
di azoto intrappolati nella rete del grafene. Le principali con�gurazioni osservate sono
due: difetti di azoto gra�tico, dove un atomo di azoto sostituisce un atomo di carbonio
nella maglia e si lega a tre atomi di carbonio vicini, e difetti 3N piridinici, dove tre atomi di
azoto si trovano al bordo di una vacanza di carbonio e ciascuno di essi si lega a due atomi
di carbonio a formare un anello a sei atomi.

La seconda parte di questa tesi di dottorato è dedicata allo studio della reattività del
grafene dopato azoto su Ni confrontato con il grafene non dopato. In particolare, ci siamo
focalizzati sulla reattività al monossido di carbonio (CO), una delle molecole più semplici
in natura, spesso usata come modello. Tuttavia, essendo anche potenzialmente dannosa e
letale, è importante riuscire a rivelarla velocemente e immagazzinarla in modo e�ciente.
In condizioni di pressione quasi ambiente ed a temperatura ambiente, abbiamo confer-
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mato che le molecole di CO interagiscono con il grafene su Ni, raggiungendo l’interfaccia
tra Ni e grafene e staccando quest’ultimo dal substrato. Tale processo viene de�nito inter-
calazione. Abbiamo inoltre dimostrato che lo stesso e�etto è stato osservato per il grafene
dopato azoto esposto a CO, ma ad una pressione un ordine di grandezza minore rispetto
al grafene non dopato, evidenziando così un aumento della reattività del grafene in pre-
senza di dopanti azoto. Attraverso misure LEED, XPS e STM, presentiamo una completa
caratterizzazione morfologica e chimica delle super�ci di grafene non dopato e dopato in
seguito all’esposizione al gas di CO, andando ad evidenziare similitudini e di�erenze tra i
due sistemi. Nel caso del grafene dopato azoto, una meticolosa indagine STM combinata
con un approfondito studio DFT ci ha permesso di identi�care i dopanti azoto in con�gu-
razione gra�tica e piridinica anche dopo l’esposizione a CO.

Abbiamo in�ne studiato il meccanismo di intercalazione in sé, il quale non è a�atto
banale per materiali impermeabili come il grafene. Attraverso la combinazione di uno stu-
dio sperimentale (STM, XPS e LEED) e teorico (DFT), abbiamo descritto come le molecole
di CO riescono a permeare lo strato di grafene, arrivando così nella zona con�nata tra
grafene e Ni. Difetti su�cientemente larghi permettono al CO di raggiungere l’interfaccia
ed il processo di permeazione è ritenuto essere facilitato dalla presenza dell’azoto a deco-
rare i bordi dei tali difetti, riducendo così la pressione di soglia del CO di oltre un ordine di
grandezza, come riportato sopra. Tale aumento della reattività verso il CO viene dunque
da noi attribuito alla stabilizzazione di vacanze multiatomiche attraverso atomi di azoto
piridinici ai bordi, i quali aprono le porte al CO verso l’interfaccia tra grafene e Ni.

Combinando i risultati presentati e discussi in questa tesi, possiamo concludere che
è stato mostrato un metodo nuovo ed alternativo di crescita del grafene dopato azoto,
riproducibile e potenzialmente modulare. Tale metodo è adatto alla produzione di nano-
dispositivi con centri di azoto ben de�niti risultanti in alte prestazioni, fortemente reattivi
alle molecole di CO e perciò con implicazioni cruciali in processi catalitici “under-cover"
e dispositivi basati sul grafene per la sensoristica e l’immagazzinamento dei gas.
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Chapter 1

Introduction

Graphene was the �rst 2D material to be isolated and characterized in 2004 by Novoselov
and Geim [1]. One-atom thick, a graphene layer is formed by sp

2-hybridized carbon atoms,
arranged in a honeycomb lattice. This structure is responsible for its peculiar properties:
high electrical and thermal conductivity, charge mobility, transparency and �exibility are
some of the unique characteristics, successfully exploited in several research �elds, such as
optics and photonics [2, 3, 4], biomedical applications [5], gas storage [6] and many others.
Nevertheless, the practical use of graphene has some limitations: for example, it is a zero
band gap semiconductor, which makes it not directly exploitable in electronic devices, and
it is nearly inert to several gases [7], thus limiting its use in sensing applications or for
e�cient gas storage/release purposes. Therefore, the challenge is to �nd new strategies to
overcome these issues and to fully exploit its potentiality.

Figure 1.1: N-doped graphene exposed to a gas.

Recently, doping of graphene has been claimed to be a promising approach in order
to tune and enhance its properties: for example, opening a gap and turning graphene into
a semiconductor material suitable for electronic applications [8], or enhancing the gravi-
metric density for hydrogen storage applications [9], or resulting in a higher electrical
conductivity [10], improving its electrocatalytic activity towards oxygen reduction reac-
tion (ORR) [11, 12] and its potential for energy storage [13, 14, 15].
In particular, nitrogen-doped graphene is predicted to be a promising 2D material for sev-

1



2 Introduction

eral applications, including gas sensing and gas storage [16, 17, 18].
Therefore, in the last years, especially after the growing environmental concerns and

the increasing interest in clean catalytic processes for industrial applications, pristine and
doped graphene supported on several metal substrates has been investigated in interaction
with speci�c gases, for sensing applications or as part of nano-reactor devices for catalysis
under cover.
To this purpose, signi�cant experimental and theoretical e�orts have been devoted to the
investigation of pristine graphene interacting with simple and very common gases, among
which oxygen (O2) [19, 20], hydrogen (H2) [21, 22], carbon monoxide (CO) [23, 24] and car-
bon dioxide (CO2) [22]. However, although it plays a key role, for example, in the CO ox-
idation under-cover, pristine graphene results nearly inert to toxic and potentially lethal
gases like nitrogen monoxide (NO) and CO itself [7], thus highlighting the necessity to
tune its properties, e.g. through doping with nitrogen atoms.

However, the production of nitrogen-doped graphene is not trivial. In literature, sev-
eral methods have been proposed, which can be summarized into two approaches: (i) direct
synthesis of the doped layer, where nitrogen atoms are introduced during the graphene
formation. This is the case of the chemical vapor deposition (CVD) method, where a cat-
alytic substrate is exposed to N- and C-containing precursors, resulting in the formation
of a high-quality doped graphene layer [25, 26, 27]; (ii) post-synthesis approach, where N
dopants are introduced in the already grown graphene network. In this case, graphene is
typically exposed to a nitrogen plasma bombardment, which promotes the replacement of
some C atoms with N atoms [28, 29]. However, both these approaches have some draw-
backs: in the �rst case, the high pressure and temperature required for the growth process,
the speci�c equipment and the dangerous precursors needed, make the production trou-
blesome and pose serious safety issues. On the other hand, in the post-synthesis approach,
the quality of the layer is drastically reduced, due to the formation of large defects caused
by the N bombardment.

The aim of this work is to investigate the reactivity of graphene, comparing its pristine
phase with the doped system, in particular nitrogen-doped graphene. In order to reach this
goal, a good quality of the nitrogen-doped graphene layer and the control of the N doping
process are mandatory, requiring an optimization of the nitrogen-doped graphene growth
process.

In order to do this, we propose a new growth approach to obtain high-quality nitrogen-
doped graphene on a Ni(111) single crystal. This method, alternative to those already re-
ported in literature, combines the chemical vapor deposition technique, using a C-containing
precursor, with the segregation process of nitrogen from the Ni bulk. The Ni substrate was
chosen for its catalytic properties, wide availability and for the relatively low temperature
required to crack and dehydrogenate hydrocarbon molecules on its surface, making it one
of the most commonly and widely used substrates in industry and research. We demon-
strated that the resulting graphene layer is doped by nitrogen atoms, while keeping the
high morphological quality of the layer. Moreover, due to the relatively low temperature
and pressure required for this procedure, the experimental conditions adopted are fully
compatible with a growth process in ultra-high vacuum (UHV), thus allowing an in situ

characterization of the layer by means of experimental techniques that require a UHV en-
vironment.
Regarding the reactivity studies we performed, signi�cant e�orts were focused on the
investigation of the interaction between gases and graphene (both pristine and nitrogen-
doped system), trying to unveil the role of N dopants in the process. To this aim, in par-
ticular, we exposed the nitrogen-doped layer to carbon monoxide and we compared the
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experimental results with those obtained for the pristine graphene layer on Ni(111).
Surface sensitive techniques, such as Low-Energy Electron Di�raction (LEED) and

Scanning Tunneling Microscopy (STM), the latter both at room and cryogenic temperature,
were used in order to characterize the nitrogen-doped graphene systems from long-range
order to atomic-scale resolution. Moreover, X-ray Photoelectron Spectroscopy (XPS) pro-
vided information about the chemical composition of the sample, con�rming the presence
of nitrogen on the surface and giving preliminary hints of its coordination in the network.
The same experimental techniques were exploited to investigate the modi�cations induced
by the interactions with gases, from a morphological and chemical point of view.
Finally, Density Functional Theory (DFT) calculations and STM simulated images allowed
an in-depth understanding of the nitrogen-doped system, leading to the identi�cation of
di�erent structural con�gurations of nitrogen in the graphene mesh and the interaction
between the gas used and the doped graphene layer.

In chapter 2, an overview about the state of the art on graphene, its properties and its
production methods is reported. A speci�c section is dedicated to the doping of graphene
and, in particular, to nitrogen-doped graphene. Finally, in the last section, experimental
and theoretical results reported in literature about the reactivity of the pristine and doped
system are compared.

In chapter 3, a brief introduction to the experimental techniques used to perform this
thesis will be provided, reporting the fundamental working principles and the descrip-
tion of the experimental setup, as well as a brief summary of the literature results on the
pristine graphene growth on Ni(111), used as starting point to develop and optimize the
alternative nitrogen-doped graphene growth process.

The experimental results about the growth and characterization of nitrogen-doped
graphene will be presented and discussed in chapter 4. In the �rst section, the new growth
process proposed to obtain high-quality nitrogen-doped graphene on Ni(111) will be de-
scribed in detail. Then, by means of STM and XPS, the as grown nitrogen-doped layer will
be characterized from a morphological and chemical point of view. DFT calculations and
STM simulated images will be presented, in order to corroborate the experimental results,
which will be compared with the pristine case, in order to highlight the di�erences among
the two systems.

In chapter 5, the experimental results regarding the reactivity of the pristine and nitrogen-
doped graphene will be compared, identifying the morphological di�erences and unravel-
ing the crucial aspects of the interaction between the gas and the graphene layers.

Finally, in chapter 6, we will report the conclusions of this work and the perspectives
for future investigations and possible technological applications.

Most of the work reported in this thesis was performed at the CNR-IOM in Trieste.
The STM measurements were performed in the STRAS laboratory (Surface sTructure and
Reactivity at the Atomic Scale), while XPS measurements were performed partially at the
INSPECT laboratory (IN-situ Synthesis and PhotoEmission CharacTerization) of Dr. Cinzia
Cepek, and at the ALOISA beamline [30], at Elettra Sincrotrone Trieste. DFT calculations
were performed by the group of Prof. Cristiana di Valentin at the University of Milano-
Bicocca and the group of Prof. Maria Peressi at the University of Trieste.





Chapter 2

State of the Art

2.1 Graphene

Graphene is formed by carbon atoms arranged in a 2D crystalline structure and can also
be considered as the building block for other sp

2 carbon-based materials. Indeed, when
it forms a sphere, it becomes a 0D fullerene, if it is rolled up, it becomes a 1D nanotube,
and when several graphene layers are stacked (more than 20-30 layers), it assumes a 3D
crystalline form, becoming graphite [31] (see Figure 2.1).

Figure 2.1: Graphene is the 2D building material for all other dimensionalities carbon materials:
fullerenes (0D), carbon nanotubes (1D) and graphite (3D). From ref. [31]

In graphene, carbon atoms are arranged in a one-atom thick planar honeycomb mesh,
formed by two equivalent triangular sublattices, as sketched in Figure 2.2a.
The graphene unit cell consists of two carbon atoms, one for each triangular sublattice,
separated by 1.42 Å. The primitive vectors of its unit cell are:

a1 =
a

2
(1,
√

3), a2 =
a

2
(1,−
√

3)

where a = |a1,2 | = 2.46 Å is the graphene lattice parameter. Its reciprocal lattice vectors
are expressed as:

b1 =
2π
3a

(3,
√

3), b2 =
2π
3a

(3,−
√

3)

5



6 State of the Art

where b = |b1,2 | = 4π /√3a = 2.95 Å−1.
In the momentum space, the K points of the Brillouin zone are:

K =
2π
3a

(
√

3, 1), K′ =
2π
3a

(
√

3,−1)

The electrons in graphene can be described by the tight-binding model through the fol-
lowing Hamiltonian:

H = −t
∑

<i, j>,σ

(a†σ ,i ,bσ , j + H .c .) − t
′
∑

<<i, j>>,σ

(a†σ ,iaσ , j ,b
†

σ ,ibσ , j + H .c .)

where t (∼ 2.8 eV) and t ′ (∼ 0.1 eV) are the nearest-neighbour and next nearest-neighbour
hopping parameters, respectively, while aσ ,i and a†σ ,i are the annihilation and creation
operators, respectively, of an electron with spin σ (σ =↑,↓) on site Ri on sublattice A
(similarly for sublattice B). The energy bands derived from the Hamiltonian are [34]:

E± (k) = ±t
√

3 + f (k) − t ′ f (k)

f (k) = 2 cos(
√

3kya) + 4 cos(
√3
2
kya) cos(

3
2
kxa)

where the plus and minus signs are relative to the dispersion surface of π ∗ and π bands,
respectively. This dispersion can be approximated by expanding in Taylor series the band
structure, close to the Brillouin zone points K and K’, given k = K + q, with |q| � K, and
resulting in:

E (q) = ±~vF |q| +O[(q/K )2]

wherevF =
√3ta/(2~) ≈ 106 ms−1 is called the Fermi velocity of the electrons in graphene.

Since the bands display a linear k dependence at the corners of the Brillouin zone in the re-
ciprocal space (see Figure 2.2b), electrons in graphene behave as massless particles, called
Dirac fermions. In the energy-momentum space, these bands assume a cone shape, the
so-called Dirac cones, touching in one point, know as the Dirac point.
The bands structure of graphene was calculated by P. R. Wallace in 1947 [35]. Each carbon
atom of the graphene network has s, px and py orbitals and is bound to three neighbour-
ing carbon atoms of the mesh, forming an sp

2-hybridized layer. The pz orbitals of each
carbon atom overlap, giving rise to the �lled π and the empty π ∗ states, which form the

kV

(a)

kV

(a) (c)

kV

(a)

kV

(a) (c)(b)(a)

Figure 2.2: (a) Schematic representation of the graphene lattice formed by two indistinguishable
sublattices, marked by two di�erent colors and labeled A (red) and B (blue), respectively. a1 and
a2 are the unit cell vectors (|a1,2 | = 2.46 Å) [32]. (b) Band structure of graphene with a linear
dispersion around K and K’ points. On the right side, a magni�cation of the Dirac cones touching
at the Dirac point [33].
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valence and conduction bands in graphene, respectively. In the ideal condition of isolated
and undoped graphene, the Fermi level coincides with the Dirac point, the point where
the completely �lled π states touch the completely empty π ∗ states.

Due to its peculiar electronic behavior, graphene has several fascinating properties,
widely studied and applied in di�erent �elds.
In 2004, for the �rst time, Novoselov and Geim experimentally obtained graphene in the
form of small �akes of the order of several microns by mechanical exfoliation from a sin-
gle crystal graphite using scotch tape, and they demonstrated that the electronic states
of graphene can be tuned by an electric �eld [1]. One year later, graphene was demon-
strated to be an ideal 2D electron gas system after the measurement of the quantum Hall
e�ect [36]. Moreover, such new 2D material shows other peculiar properties, such as an
extremely high electron mobility at room temperature (2×105 cm2V−1s−1) [37], a Young’s
modulus of 1 TPa and intrinsic strenght of 130 GPa [38], a very high thermal conductivity
(above 3000 WmK−1) [39], optical absorption of ' 2.3% in the infrared limit [40], a large
speci�c surface area (2630 m2/g).

However, graphene su�ers from some severe limitations. For example, since its band
structure at the Fermi level is formed by two Dirac cones touching at the Dirac point, thus
without a measurable bandgap, graphene is often called zero-gap semiconductor. The
lack of a bandgap poses a serious issue to its use in electronics, since switching o� any
graphene-based device would be virtually impossible. Additionally, it has been widely
demonstrated that the substrate on which graphene is grown or just supported can induce
dramatic e�ects on its transport properties.
How to bypass these and other issues is nowadays one of the most investigated topics by a
large part of the scienti�c community. Three are the main routes followed: (i) optimizing
the graphene growth process and make it suitable for a speci�c application, (ii) nanostruc-
turing graphene to open a bandgap through quantum con�nement and (iii) functionalizing
graphene with heteroatoms, in order to improve and enhance its properties and tune its
behavior.

2.2 Production Methods

Graphene can not be e�ectively used in any application without speci�c techniques aimed
to synthesize high-quality and large-area graphene in a cost-e�ective way, as shown in Fig-
ure 2.3.
Synthesis of graphene refers to any process for production of graphene. The speci�c
method chosen for its preparation depends on the desired size and purity of the �nal
product. In the last decade, several techniques were established in order to synthesize
graphene, following two main pathways: (i) the top-down approach, which focuses on
breaking "graphene precursors" as graphite into single layers of carbon atoms, and (ii)
the bottom-up synthesis, where carbon atoms are involved as building blocks in graphene
formation. Examples of the top-down approach are the commonly used techniques of me-

chanical and chemical exfoliation, while bottom-up methods are epitaxial growth on SiC,
molecular self-assembly and chemical vapor deposition. These techniques will be brie�y
described in the following sections.
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Figure 2.3: Methods of mass-production of graphene, considering the price (for mass production)
as a function of the quality and size. From ref. [41].

2.2.1 Top-down approach

Mechanical Exfoliation

In 2004, for the �rst time, Novoselov and Geim produced small �akes of graphene by me-
chanical exfoliation of graphite [1]. With this technique, a longitudinal or transverse stress
is applied on the surface of a layered material, in this case graphite. Since the latter is a
stack of several graphene layers, separated by 3.34 Å and bounded by weak van der Waals
forces (2 eV/nm2), an external force of∼ 300 nN/µm2 is required to separate one-atom thick
layers from the graphite crystal. Through mechanical exfoliation from graphitic materials,
di�erent thickness of layered graphene sheets can be obtained, using a variety of agents
like scotch tape [1], ultasonication [42] or electric �eld [43]. As con�rmed by optical mi-
croscopy, atomic force microscopy and Raman spectroscopy [44], the quality of graphene
produced with this method is usually high, with almost no defects but as drawbacks the
�acks are small and the number of �nal layers cannot be controlled and the production
cost is high. Graphene obtained by this method is mostly used for production of �eld-e�ect
transistor (FET) devices.

Chemical Exfoliation

Chemical exfoliation allows to obtain graphene from graphite in a two-step process: �rst,
by intercalating small molecules, the interlayer van der Waals forces are reduced and
the interlayer spacing increased, forming in this way graphene-intercalated compounds
(GICs). Then, the exfoliation of single or few graphene layers is obtained by rapid heating
or sonication. A similar approach can be exploited using graphene oxide, �rst involving
the oxidation of graphite with strong oxidizing agents and then by its ultrasonic exfolia-
tion in aqueous solution [45]. After centrifugation treatment, the �nal product can be de-
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posited on thin �lms or surfaces and partially reduced. Thermal exfoliation and reduction
of graphene oxide produces a slightly lower-quality graphene, with respect to mechanical
exfoliation, but has also a lower production cost, as shown in Figure 2.3.

2.2.2 Bottom-up approach

Epitaxial Growth on SiC

"Epitaxy" derives from the Greek: "epi" means over and "taxis" means order or arrangement.
Thus, a single crystalline �lm deposited on a single crystalline substrate produces epitaxial
layer, via a process called epitaxial growth.
Epitaxial thermal growth of graphene on a single crystalline silicon carbide (SiC) wafer is
a widely used method for graphene synthesis, resulting in homogeneous, �at and defect-
free graphene layers.
Graphene growth on SiC occurs via the thermal decomposition of SiC. Indeed, upon an-
nealing, only the silicon atoms leave the surface by sublimation, due to the di�erence in
the vapor pressures of silicon and carbon, and the remaining carbon atoms rearrange on
the surface forming a �rst C-rich 6√3 × 6√3R30◦ layer, called bu�er layer. Then, iterating
the process, the bu�er layer is detached from the substrate by a new bu�er layer, trans-
forming the previous one in an epitaxial monolayer graphene [46]. The heat treatment of
SiC, in the temperature range of 1000-1500 ◦C in UHV conditions or in Ar atmosphere,
allows graphene to grow on both of the SiC polar faces, with growth rate depending on
the speci�c polar plane [47]. Indeed, on the C-terminated face, larger domains of multi-
layered and rotationally disordered graphene are obtained, while the Si-terminated face
allows control on the number and order of the graphene layers, in smaller domains with
respect to the C-face.
Epitaxial graphene growth on SiC is a very promising method for large scale production
of graphene, in particular for applications in electronics. However, some not negligible
drawbacks of this method are the high cost of the SiC wafers and the high temperature
required for the process.

Molecular self-assembly

Molecular self-assembly is the process by which molecules organize into structurally well-
de�ned aggregates driven by the interplay of intermolecular and molecule-substrate inter-
actions [48].
When the process involves also chemical reactions leading to the breaking/formations of
chemical bonds, molecular self-assembly can be exploited as a synthesis strategy which is
usually referred to as "on-surface synthesis". This approach is based on the careful design
of suitable molecular precursors with speci�c shape and chemical composition to pro-
mote a stepwise reaction on a particular metal surface. This bottom-up chemical synthe-
sis allows achieving for example atomically precise graphene nanoribbons (GNRs) [49],
nanometer-wide graphene strips into which the structural con�nement allow to open a
band gap. In the surface-assisted synthesis of GNRs, homolytic carbon-halogen cleavage
is thermally induced, and the resulting diradicals undergo polymerization (the so-called
Ulmann coupling) to form linear polymers on a metal surface, typically Au(111). Subse-
quent annealing of the polymers at higher temperatures results in the formation of GNRs
through surface-assisted intramolecular cyclodehydrogenation [50].
The on-surface synthesis was initially exclusively carried out under UHV conditions with
pressures lower than ≈10−9 mbar. Recent progress made by employing less-demanding
high vacuum (HV) [51] as well as lower vacuum and even ambient pressure conditions,
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using an industry-viable chemical vapor deposition (CVD) setup [52], has led to the suc-
cessful on-surface synthesis of GNRs with the same structures as those synthesized under
UHV.
By using such direct surface reactions, it is possible to grow also two-dimensional supramolec-
ular networks [49, 53, 54] as well as 2D nanoporous graphene by laterally fusing GNRs
[55], which are of great interest for nanopatterning, organic electronics, nano-reactors,
and immobilization of functional molecules in size matched pores, and for energy and gas
storage.
This growth method has a relatively low cost, is versatile and results in stable and robust
structures, even if it is usually strongly dependent on the substrate.

Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a bottom-up approach in which carbon-containing
precursors (like hydrocarbon molecules) are catalytically decomposed on the substrate
surface and C atoms rearrange to form a graphene layer. In the recent years, the produc-
tion of high-quality graphene by CVD was successfully demonstrated on several catalytic
transition-metal substrates, such as Ni [56], Cu [57], Ir [58], Ru [59].
Depending on the level of carbon solubility in the metal, the CVD growth process can oc-
cur in two di�erent ways:
(i) Bulk-mediated growth occurs when the solubility of carbon in the catalyst substrate is
high. Indeed, C atoms resulting from hydrocarbons decomposition di�use on the surface
and dissolve into the bulk. When a C supersaturation level is reached, they segregate on
the surface, resulting in graphene islands nucleation and growth. This often happens dur-
ing graphene growth on Ni, Co, Pt and Ru [56, 60, 61, 62].
(ii) Surface growth occurs when hydrocarbon molecules dissociate on a catalytic surface
and C atoms remain on it, without dissolving into the bulk. Then, C atoms aggregate and
rearrange forming graphene domains. This is the case of Cu and Ir.
Among all the variety of catalysts previously cited, copper and nickel are the most popular
metal substrates for CVD graphene growth, due to their availability and the possibility to
synthesize high-quality graphene, even if they adopt distinct synthesis mechanisms due to
their di�erent a�nities to carbon. Cu has been proposed as the best candidate for industrial
exploitation of CVD graphene production, but the high temperatures (∼ 1000 ◦C) required
to completely dehydrogenate the C-containing precursors, are close to the Cu sublimation
temperature, with the possibility of a consequent poisoning of the working environment.
On the other hand, Ni, due to its high catalytic activity, allows graphene growth at tem-
perature below 600 ◦C [56] representing a considerable improvement in terms of energy
cost and avoiding contamination problems.
Due to its availability, Ni is one of the most widely used catalytic substrates in industry
and research. As single crystal, as well as polycrystalline substrate, it has been investigated
in-depth and, in particular, its (111) crystallographic surface has been often used as model
system for graphene growth [63, 64]. Indeed, since the lattice mismatch between Ni(111)
and graphene is less than 1% (aNi=2.49 Å, while aGr=2.46 Å), high-quality, homogenous
and �at graphene layers can easily form on this substrate by CVD growth. Moreover, re-
cently a combined experimental and theoretical study demonstrated the key role played by
Ni surface atoms during the graphitization process [65]. This con�rms that the substrate
is not just a graphene support which in�uences its transport properties once formed, but
it strongly a�ects the graphene growth process itself.
Finally, it is worth noting that the interaction at the interface between graphene and Ni
is relatively strong compared to other substrates [66], leading to important changes in
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graphene properties [67].

2.3 Doped graphene

Graphene has many interesting and peculiar properties suggesting a potential use in sev-
eral scienti�c and technological �elds. Nevertheless, there are various limitations to be
overcome: (i) it is a zero-bandgap semiconductor, which prevents its direct implemen-
tation in electronic devices; (ii) when it is accommodated on a metal substrate, it looses
almost totally its high charge mobility; (iii) it results nearly inert when exposed to several
gases despite its large surface area.
In order to bypass these constraints, new strategies to adapt graphene to the variety of po-
tential applications came up over time. Doping of graphene, by its combination with other
chemical species, is nowadays a promising approach in order to modify its electronic struc-
ture and to successfully tune its properties. For example, theoretical calculations reported
that the introduction of lithium atoms in a graphene layer opens a gap [8], thus turn-
ing it into a semiconductor material suitable for electronic applications; titanium-doped
graphene has been demonstrated to enhance the gravimetric density for hydrogen storage
applications [9], while boron- or nitrogen-doped graphene results in a higher electrical
conductivity [10], adding holes or electrons to the system, respectively. Moreover, B and
N are demonstrated to enhance the graphene electrocatalytic activity towards the oxy-
gen reduction reaction (ORR) [11, 12] and raise its potential as energy storage material
[13, 14, 15]. In particular, nitrogen-doped graphene is claimed to be a promising 2D mate-
rial for several applications, such as gas sensing and gas storage, due to its high potential
sensitivity and selectivity to several gases [16, 17, 18].

2.3.1 N-doped Graphene

Nitrogen (N) is a natural candidate for graphene doping, due to its atomic size (similar to
that of C) and its electron donor character in substitutional doping. A theoretical work
reported substitutional doping as an e�cient method to open a bandgap in graphene: the
linear dispersion of the electronic bands within 1 eV from the Fermi energy is not a�ected
by the N doping but a bandgap is opened and the Fermi level shifted into the conduction
band, leading to a n-type semiconducting electronic properties (see Figure 2.4a) [10].
In the last years, signi�cant e�orts have been focused on the investigation of nitrogen-
doped graphene, studying its production process, its resulting structure and its properties,
in relation to possible applications. It is often presented and discussed in comparison with
boron-doped graphene, due to the similarities between the two dopants (indeed they are
the neighboring atoms of C in the Periodic Table). Having a hole acceptor character, sub-
stitutional B atoms behave in the opposite way with respect to N, shifting the graphene
Dirac point in the valence band and inducing p-type semiconducting electronic properties.
From a morphological and structural point of view, N atoms can actually be found in the
graphene network in three di�erent con�gurations, as it is shown schematically in Fig-
ure 2.4: (i) graphitic (or substitutional) N, where N atom is substituting a C atom in the
graphene network and bonds to three neighboring carbon atoms; (ii) pyridinic N, where N
is placed at the edge of a C vacancy and bonds to two C atoms as part of a six-membered
ring; (iii) pyrrolic N, where N is bonded to two C atoms by forming a pentagon, typically
at the edges of the �ake. Among the three di�erent con�gurations, pyridinic and graphitic
N are sp

2-hybridized while pyrrolic N is sp3-hybridized.
Each dopant con�guration di�erently a�ects the graphene electronic structure: the graphitic
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Figure 2.4: (a) Sketch of the band structures of pristine (left) and n-type (right) graphene. From
ref. [68]. (b) Schematic representation of the three possible con�guration of N defects in graphene:
graphitic N (represented in blue), pyridinic N (represented in red) and pyrrolic N (represented in
light green)

N con�guration, as reported above, brings the Fermi level in the conduction band, leading
to a n-type doping, while the pyridinic N structure moves it in the valence band, p-doping
the graphene layer.
Therefore, the ability to engineer high-quality N-doped graphene with the desired dopant
con�guration would allow a precise control over doping levels and device sensitivity and
would improve reproducibility.

2.3.2 Synthesis of N-doped Graphene

The production of N-doped graphene is not trivial. In the last years, signi�cant e�orts
have been devoted to �ne tune the doping process, in order to obtain high-quality N-
doped graphene layers and to control the amount of doping and its con�guration. Two are
the main routes followed:

(i) a direct synthesis approach is usually adopted when N is introduced during graphene
formation. There are several ways to grow N-doped graphene in situ and CVD is the widely
used technique for growing high-quality layers. In general, a CVD growth involves the
�ow of N- and C-containing precursors through a furnace on top of a target substrate,
heated to a desired temperature. The precursors can be in the gas phase, as in the case
of ammonia (NH3) [25], sublimated from solid phase, such as melamine [69], or in the
liquid phase, such as pyridine [70]. Several metallic substrates are used, such as Cu, Ni,
and Pt. The choice of all parameters including precursors, temperature, pressure, �ow rate
and substrate allows controlling the �nal dopant percentage and bonding con�guration.
In general, the combination of commonly used gas phase precursors like ammonia and
methane, for example, results more likely in the formation of graphitic N defects [25].
Another technique for the direct synthesis of N-doped graphene is the arc-discharge method,
in which a high-current is applied between graphite electrodes in NH3 atmosphere [71].
This approach has many advantages: owing to its metal free production, the e�ects of
metal impurities are ruled out, and since it does not need strict vacuum conditions, it is
considered a timesaving production method. N-doped graphene layers obtained with this
technique contain mainly pyridinic N con�gurations.

(ii) a post growth synthesis, on the other hand, involves the exposure of pristine graphene
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to a bombardment of a chemically active nitrogen source, in order to create defects in the
graphene mesh. This goal can be achieved by means of three methods: exposure to am-
monia while keeping graphene at elevated temperatures [72], bombardment with ion gun,
and exposure to nitrogen-containing plasma.
In the �rst procedure, the previously grown graphene sheets are kept at high temperature
(around 1000 ◦C) while �owing high pressure of ammonia (around 1 Torr) in a furnace,
resulting in the incorporation of N atoms into graphene.
In the second case, the graphene layer is bombarded with either a relatively low energy
�ux of N2 gas (around 100 eV), mainly obtaining substitutional N defects [73, 74], or with
an higher N2 energy �ux, forming pyridinic N defects in the graphene network.
Finally, graphene can be exposed to a nitrogen containing plasma. This treatment has been
demonstrated to be e�ective for doping graphene [75] and nanotubes [76] with nitrogen.
Compared with thermal treatment, plasma treatment can induce a higher concentration
of nitrogen atoms.

2.4 Gas-Graphene interaction: pristine vs. N-dopedGraphene

Among the variety of possible and promising applications, graphene is considered as a
unique and attractive material for gas sensors.
First, graphene is predicted to have a large speci�c surface area (2630 m2g−1), thus each
C atom of the single-layer sheet represents a surface atom, allowing in principle and en-
hancement of gas molecules adsorption. The interaction that can occur between the C
atoms of the graphene network and the gas molecules could vary from a weak van der
Waals interaction to a strong covalent bond. This di�erent interaction mainly depends on
the composition and structure of the gaseous adsorbate, which can be classi�ed in closed-
shell and open-shell impurities. The �rst one, like water molecules (H2O), molecular H or
noble gas adatoms, is almost chemically inert, having a gap between its highest occupied
molecular orbitals (HOMO) and its lowest unoccupied molecular orbital (LUMO) gener-
ally of the order of ≈ 5 - 10 eV. On the other hand, an open-shell system has one partially
occupied orbital and HOMO and LUMO are separated by a gap of the order of ≈ 1 eV, that
may easily induce an hybridization with the graphene bands. Alkali and halogens belong
to this second category: they are chemically active and can act as dopants, thus providing
electrons or holes to graphene. However, although these molecules bind to graphene as
ions, they weakly hybridize with graphene bands.
Covalent bonds with graphene are instead predicted to occur with adsorbates like atomic
H, OH radicals or CH3 groups [77] which, however, are not present in gas phase and need
to be produced through chemical reactions before to be adsorbed on graphene.
All these interactions result in a perturbation of the graphene electronic structure, which
can be in principle monitored by suitable electronic techniques.
Another remarkable peculiarity of graphene is its high carrier mobility at room tempera-
ture (200 000 cm2 V−1 s−1), which makes it more conductive than silver and copper, with the
lowest resistivity at room temperature (10−6 Ω) among the substances known so far [78].
Furthermore, due to its high-quality crystal lattice along with its 2D structure, graphene
has a low electrical noise, so even a small amount of extra electrons due to gas adsorption,
even down to the molecular level, can induce a noticeable change in the graphene conduc-
tance.

In a pioneering work published in 2007, Schedin et al. used mechanically exfoliated
graphene for detecting gases, reporting a high sensitivity down to the detection of indi-
vidual gas molecules [7]. The authors experimentally demonstrated that the exposure of
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graphene to NO2 and NH3 induces a stronger change in its resistivity, if compared to other
gases such as CO and H2O.
After the previously cited work, several groups investigated the sensing performance of
pristine graphene, both experimentally and theoretically [79, 80, 81], relatively to gases
such as NO, NO2 and CO2.
Besides the gas nature, the performance of the graphene-based sensor is strongly depen-
dent on several factors, namely the exposure temperature, the gas �ow rate as well as the
geometrical parameters of the graphene sheet, such as the length-to-width ratio and the
quality in terms of defects. Indeed, it has been experimentally and theoretically demon-
strated that defects in graphene, like point defects and linear defects, can enhance its ability
to detect gases, showing a stronger interactions with CO, NO or NO2, if compared to the
non-defective graphene case [18, 82].
Beside the previously cited factors, theoretical calculations demonstrated also the non triv-
ial role of the supporting substrate in the gas-graphene interaction. For example, Am-
brosetti et al. [17] investigated from �rst-principles calculations the e�ect of Cu(111) and
Ni(111) substrates on defective graphene, revealing that transition-metal substrates can
signi�cantly contribute to the local reactivity of the graphene layer to CO.
A pletora of graphene-supporting substrates were then investigated after exposure to CO,
in di�erent experimental conditions of temperature and pressure. When the CO pressure
is increased up to the millibar regime, intercalation was observed at the interface between
the graphene layer and several metal substrates like Ir [83], Ru [84], Pt [85] already at
room temperature, similarly to what observed after exposure to oxygen of graphene on
Ni but at higher temperature [86]. This peculiar behavior opens a new route for graphene
applications in the �eld of "catalysis under-cover". Indeed, it has been demonstrated that
the graphene layer acts as a carpet, con�ning molecules at the interface with the substrate.
Depending on the catalytic properties of the speci�c substrate, chemical reactions can take
place, thus transforming the system in a "nano-reactor" [23].

Another approach that may be crucial for the improvement of the gas-graphene in-
teraction is the embedding of heterospecies in the graphene network. Theoretical and
experimental investigations report that doping graphene with atoms such as N, B or Al
may improve its sensitivity to molecules and gases.

In the �eld of molecular sensor applications, the adsorption of Rhodamine B (RhB)
molecules, usually very di�cult to detect by conventional Raman spectroscopy at low
concentrations, has been investigated on a N-doped graphene substrate [26]. The authors
were able to anchor this molecules to the surface, thanks to the presence of nitrogen in
the graphene network, and to probe the molecules by enhanced Raman scattering, open-
ing the way to new molecular sensing devices.
Similarly, N-doped graphene has been used in order to detect molecules such as tetraphenyl-
porphyrin (H2TPP) [87]. These molecules were deposited on top of the N-doped graphene
layer and, by means of STM/STS, a charge transfer between the N doping site and the
molecule was detected, highlighting the potentiality of the N-doped graphene as sensing
material in di�erent �elds.

On the other hand, in the �eld of gas sensors, NO2 and CO have demonstrated to react
with N-doped graphene [88, 89], NO, NO2 and NH3 with B-doped graphene [90, 91], while
Al-doped graphene showed promising performances in CO detection [89, 92].
Recently, particular attention has been focused on N-doped graphene as a promising sens-
ing material. The ability of N-doped graphene to selectively detect CO from air has been
theoretically demonstrated [93]. The theoretical calculations indicate that, while graphene
vacancies cannot selectively sense CO in air, N-doped graphene shows a high selective sen-
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sitivity to this gas. Indeed, CO is predicted to chemisorb on the pyridinic N defects with a
concomitant large charge transfer, which could be exploited in CO sensing applications.

2.5 Pristine and Nitrogen-doped Graphene on Ni(111)

2.5.1 Pristine Graphene on Ni(111)

In literature, transition metals have been widely used as substrates for CVD graphene
growth, thanks to their catalytic properties.
Due to its availability, low cost (compared to other transition metals like Pt, Pd or Ag) and
high catalytic activity, Ni is one of the most widely used substrates for research and in-
dustrial applications, varying from bulk single crystals [94, 95, 96], epitaxial Ni on W(110)
[97], thin-Ni �lms on oxide substrates [98] to polycrystalline substrates [95]. In particu-
lar, for large industrial graphene production, polycrystals and thin �lms of Ni are mainly
employed. However, for scienti�c research purposes, Ni single crystals are usually inves-
tigated as a fundamental step to be extended for reliable applications.
The thickness of these Ni-�lms and thus the amount of C that can be dissolved in them
may in�uence the graphene growth [99].
The interaction between the Ni substrate and the graphene layer on top was experimen-
tally investigated by means of several experimental techniques. From a spectroscopic point
of view, a downward shift of the Dirac point below the Fermi level combined to a strong
hybridization of the Ni 3d bands with the 2p bands of graphene [96, 98], as well as a
higher binding energy measured for C atoms of graphene [100], represent all �ngerprints
of a signi�cant change in the electronic properties of graphene. By combining nonlinear
photoemission experiments and DFT calculations, the modi�cation of the Ni(111) surface
states induced by the presence of graphene were studied [101]. Graphene was demon-
strated to be able to displace the Ni(111) surface stases from the valence band close to the
Fermi level, thus modifying their k-dispersion and the electrons e�ective mass. On the
other hand, by local tunneling spectroscopy measurements combined with spin-polarized
ab initio electronic structure calculations, a clear signature of spin- and edge-dependent
electron scattering was revealed. It was attributed to the strong distortion of the elec-
tronic structure at the interface, where the Ni surface states signi�cantly shift in energy
and space due to the con�nement induced by the graphene layer, and to the di�erent cou-
pling to bulk states of majority and minority Ni states [102].

Among all the di�erent Ni substrates, Ni(111) single crystal (which is a face-centered
cubic crystal) is the most commonly used substrate to investigate graphene growth, due
to the hexagonal distribution of the Ni surface atoms and its lattice parameter, aNi=2.49 Å,
very close to that of graphene (aGr=2.46 Å), which allows an easier accommodation of the
graphene sheet on the Ni(111) surface.

Nowadays, how to grow graphene on Ni(111) by CVD is well-known and extensively
reported in literature, leading to the production of reproducible and scalable layers [56,
103, 104]. This procedure, summarized below, is the starting point of this thesis, in order
to obtain �at and homogeneous graphene layers on Ni(111).
Ni(111) single crystals are usually cleaned by cycles of Ar+ sputtering and subsequent an-
nealing at high temperature (around 700 ◦C). These cleaning conditions ensure the removal
of the impurities from the surface and its reconstruction, resulting in wide (∼ 100 nm) and
�at terraces. Once cleaned, low-pressure CVD is carried out by employing a commonly
used C-containing precursor, ethylene (see Figure 2.5a and b).
This gas phase precursor, the simplest alkene, is a hydrocarbon molecule with carbon-
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Figure 2.5: (a) Top and (b) side view of the ball-and-stick model of ethylene (C2H4). (c) Schematic
representation of the CVD graphene growth on a Ni(111) substrate.

carbon double bonds, whose chemical formula is C2H4 (or H2C=CH2). All six atoms that
form ethylene are coplanar and the H-C-H angle is close to 120◦. The π -bond in the ethy-
lene molecule is responsible for its relevant reactivity. Indeed, the double bond is a region
of high electron density and several transition metals are able to catalyze its reactions. Due
to these features, ethylene represents a really good precursor to use in the CVD graphene
growth on transition metals, like Ni.

The well known catalytic properties of the Ni substrate, combined with the hot tem-
perature at which it is kept, allow for the dehydrogenation and the cracking at the surface
of the ethylene molecules. Carbon atoms, dissolving into the bulk and then segregating on
the surface, arrange in the ordered honeycomb structure of graphene, forming domains,
as sketched in Figure 2.5c.
During the growth process, an important role is played by Ni surface atoms. Indeed, at
high temperatures, they are not stable but move on the surface, actively participating in
the graphene growth with a catalytic action that facilitates the incorporation of C atoms
in the hexagonal network [65].

Depending on the experimental conditions, the �nal product of the growth can result
in di�erent graphene phases, namely epitaxial graphene or rotated graphene. If an epi-
taxial graphene layer is grown, the lattice is in register with the Ni substrate, since the
mismatch between the two lattice parameters is less than 1% (aNi=2.49 Å and aGr=2.46
Å). In the case of rotated graphene, the layer is twisted with respect to the Ni lattice with a
typical rotation angle of around 17◦, thus producing the expected moiré pattern obtained
when two periodical lattices are superimposed [105]. The two di�erent phases are clearly
identi�able by LEED, where the long-range periodicity of the surface is represented in the
reciprocal space. Typical LEED patterns of epitaxial and rotated graphene on Ni(111) are
reported in Figure 2.6 [56].
The hexagonal spots are markers of the Ni substrate. Nevertheless, due to the small mis-
match between the graphene and Ni lattices, the epitaxial graphene LEED structure corre-
sponds to that one of the Ni substrate. On the other hand, rotated graphene domains are
indicated by the arrows as arc-like features, indicating the coexistence of several rotated
domains, twisted at di�erent angles.
The experimental conditions, and in particular the growth temperature, play a key role
in the �nal graphene phase (epitaxial and/or rotated). As it is reported in Ref[56] (see
Figure 2.7), for bare Ni(111), below 500 ◦C the formation of an intermediate, structural
surface carbide (Ni2C) is favored, which then converts into epitaxial graphene. Above 500
◦C, graphene predominantly grows directly on Ni(111) via replacement mechanisms lead-
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(1x1)- Graphene Rotated Graphene

Figure 2.6: (1×1)-Graphene and rotated graphene LEED patterns. From Ref[56].

Figure 2.7: Graphene growth on Ni(111) in di�erent experimental condition. From Ref[56].

ing to embedded epitaxial and/or rotated graphene domains.
Moreover, it is important to note that, due to the high solubility of C into the Ni metal sub-
strate, the �nal phase of graphene is also strongly a�ected by the amount of C dissolved
into the Ni bulk. In particular, after the high-temperature growth process (above 500 ◦C)
and during the cooling of the system at room temperature, carbon bulk di�usion was ob-
served to induce the formation of surface nickel carbide as an interlayer between graphene
and Ni [56]. In this case, carbide is formed only below the rotated graphene domain. This is
because graphene in the epitaxial con�guration, i.e. in registry with the Ni(111) substrate,
is more strongly adsorbed than rotated graphene, preventing carbon segregation to the
surface, while rotated graphene is more weakly interacting and thus carbon can segregate
from the Ni bulk more easily during the surface cooling, forming an interface of Ni2C.

The di�erent graphene phases are identi�able also from a spectroscopic point of view
by means of XPS. Several experimental works are in agreement in identifying di�erent
subcomponents in the C 1s spectrum of graphene on Ni(111) [56, 100, 106]. In Figure 2.8,
a typical C 1s core level spectrum measured for graphene on Ni(111) is shown.
In line with literature, the authors associated the main component, centered at a binding
energy of 284.8 eV, to graphene strongly interacting with the Ni substrate. Then, two ad-
ditional components are added to the data �tting: one centered at 283.2 eV and the other
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Figure 2.8: C 1s spectrum of graphene on Ni(111). From ref.[100].

Model
Top view Side view

STM
Simulation Experimental

a b

Figure 2.9: (a) Ball-and-stick model of the Ni(111) surface, where the arrows indicate top, hcp and
fcc sites. (b) Di�erent epitaxial graphene/Ni(111) con�gurations. Stick-and-ball models of top-view
and side-view, and corresponding simulated and experimental STM images. Adsorption energies
are indicated in brackets below the name of each con�guration. From ref.[107].

at 284.4 eV, associated to Ni2C and weakly-interacting graphene ascribed to the rotated
domains with Ni2C underneath, respectively [100].

Finally, di�erent con�gurations of epitaxial graphene have been demonstrated to co-
exist on top of a Ni(111) surface [107, 66, 108], forming three chemisorbed structures with
high symmetry arrangements, as sketched in Figure 2.9:

- the top-fcc and top-hcp con�gurations, where C atoms of one graphene sublattice are
adsorbed on top of the �rst layer substrate atoms (top sites), and the other C atoms
of the second sublattice over fcc or hcp hollow sites, respectively.

- the top-bridge con�guration, where the C-C bonds are bridging the Ni top sites.

It was theoretically shown that the top-fcc, top-hcp and top-bridge arrangements are prac-
tically isoenergetic (see Figure 2.9), and can coexist in the same graphene monolayer [107].
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2.5.2 N-doped Graphene on Ni(111)

In literature, the growth and characterization of N-doped graphene on Ni(111) still has sev-
eral open questions to be addressed and investigated in detail. It is usually grown by CVD
using N- and C-containing precursors [27, 109], or by a post-synthesis approach, where
doping is achieved by low-energy nitrogen implantation in a previously grown graphene
layer [110].
Experimentally, to the best of our knowledge, a clear morphological characterization at the
atomic scale for the N-doped graphene layers on Ni(111) is still missing, while it has been
reported for N-doped graphene grown on several other substrates (Cu, Pt etc.) [25, 28, 111].
On the other hand, a complete spectroscopic characterization of the as-grown N-doped lay-
ers is already reported in literature, even for N-doped graphene on Ni(111), clearly showing
nitrogen �ngerprints in the core level spectra. In particular, Usachov et al. showed that
N-doped graphene grown by CVD usually contains nitrogen atoms in di�erent chemical
environments, as evidenced by the complex, multi-component pro�les of the N 1s spectra
(see Figure 2.10a from Ref [27]).

Figure 2.10: (a) XPS of the N 1s core level spectra acquired from N-doped graphene on Ni(111) sam-
ples. (b) Least-squares �t analysis of the line shape of the spectra in (a) allowing the discrimination
of contributions from di�erent nitrogen atoms con�gurations. From Ref [27].

The deconvolution of the spectra into individual components (Figure 2.10b from Ref [27])
allowed the authors to identify di�erent nitrogen con�gurations: an asymmetric feature
at ∼399 eV of binding energy, decomposed into the N2a , N2b components, and two other
peaks N1 and N3 at ∼397.2 eV and ∼400 eV, respectively.
Then, the authors intercalated gold at the interface between graphene and the Ni substrate.
Upon intercalation, the two components N2a and N2b were observed to merge in a single
peak and to shift to lower binding energy at ∼398.4 eV, suggesting a nitrogen con�guration
embedded in the graphene network. Therefore, the initial asymmetry was associated to
the di�erent location and chemical interaction of the particular nitrogen atoms with nickel
since, after gold intercalation, it reduced inducing a symmetric shape and leading to the
N2 component. According to the literature, the authors concluded that the N2 component
is ascribable to pyridinic N defects. After intercalation they highlighted the appearance
of a new feature, labelled as N4 and centered at a binding energy of 401.3 eV, which they
identi�ed as graphitic N con�guration. Finally, the authors noticed that neither the en-
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ergy position nor the intensity of the peak N1 was a�ected by the intercalation processes.
This indicates that the corresponding nitrogen atoms are not embedded into graphene but
adsorbed on the nickel surface.

The growth method can drastically a�ect the con�guration of N dopants trapped in
the graphene network and their relative ratio. Zhao et al. synthesized N-doped graphene
on Ni(111) by exposing a pristine graphene layer to a beam of low energy nitrogen ions.
Then, they annealed the nitrogen bombarded graphene layer in order to "regenerate" the
perturbed graphene lattice, leading to N-doped graphene [110]. As shown in Figure 2.11,
the authors monitored the preparation steps by high resolution X-ray photoelectron spec-
troscopy, identifying two di�erent doping sites in the N 1s core level spectrum.

Figure 2.11: (a) C 1s spectra of graphene at 200 K, graphene sputtered with 50 eV nitrogen ions for
10 min below 120 K, nitrogen-sputtered layer after annealing at 900 K, and after cooling down to
200 K. (b) N 1s spectra corresponding to the data in (a). (c-d) Evolution of the C 1s and N 1s spectra
of the sputtered sample. (e-f) Fitting of the C 1s and N 1s spectra of nitrogen-doped graphene,
measured at 200 K. From Ref [110].

After N sputtering, two well-resolved symmetric peaks were observed at 398.7 eV and
400.7 eV, which, according to the literature, were ascribed to pyridinic and graphitic N,
respectively. Based on the data �tting, after annealing at 900 K, the amount of graphitic
and pyridinic nitrogen was determined to be similar (0.012 ML and 0.010 ML, respectively).
It is worth noting that an annealing step at high temperature is required after the nitro-
gen bombardment in order to restore the good quality of the graphene layer and desorb
excess nitrogen. However, in literature it is reported that the annealing process could
have also another e�ect: the transformation of pyridinic N into graphitic N defects. In
particular, Usachov et al. investigated the conversion of pyridinic dopants into graphitic
ones, after a long annealing of a gold-intercalated N-doped graphene layer on Ni(111)
[27, 112]. Nevertheless, the authors declared that, upon post annealing, for the N-doped
graphene/Ni(111) the modi�cation of the N 1s line shape was not as considerable as for
N-doped graphene/Au/Ni(111).

The relative ratio between graphitic and pyridinic nitrogen dopants is actually crucial
for the use of N-doped graphene in applications. Indeed, as explained in section 2.3.1,
graphitic and pyridinic N induce an n- or p-type doping of graphene, respectively. There-
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fore, �nding a way to tune and convert one con�guration to another, may allow to have
control on the doping e�ect.

2.5.3 Pristine and N-doped Graphene on Ni(111): CO reactivity

The substrate supporting graphene plays a crucial role in tuning its properties, signi�-
cantly a�ecting also the interaction with gases [17]. In this case, such e�ect can be ascribed
to the substrate "a�nity" to the considered gas. In the case of CO on Ni(111), an in-depth
investigation from both a theoretical and experimental point of view was reported in liter-
ature [113, 114, 115, 116]. CO was demonstrated to adsorb on Ni(111) surface in di�erent
temperature and pressure conditions, forming ordered superstructures in strict relation
to the CO coverage [117, 118]. However, a clear and unambiguous relation between CO
coverage and surface structure is still missing.

Based on this, graphene on Ni(111) was investigated as promising material for CO de-
tection. It was experimentally demonstrated that graphene on Ni(111) is inert if exposed
at RT to a low partial pressure of CO (∼ 10−6 mbar), while adsorption on the surface occurs
at ∼ 120 K [24]. On the other hand, a defective graphene sheet shows an enhancement of
the interaction with CO. Celasco et al. demonstrated that C vacancies in graphene, formed
by bombardment of a pristine graphene layer on Ni(111) with Ne+ ions, promote the CO
adsorption in presence of a reactive substrate such as Ni [18].
By increasing the CO exposure pressure in the millibar regime, CO was demonstrated to
intercalate at the interface between the pristine graphene layer and the Ni(111) substrate
[106]. Wei et al. systematically exposed a previously grown graphene layer on Ni(111) to
several CO pressures. The resulted XPS spectra for O 1s and C 1s core levels are reported
in Figure 2.12.

Figure 2.12: XPS O 1s (a) and C 1s (b) core level spectra of graphene on Ni(111) for various CO
exposure pressures. From Ref [106]

After exposure to low pressure of CO (1×10−6 Torr), the authors reported no changes in
the C 1s and O 1s spectra. Interestingly, at 0.1 Torr CO, a weak O 1s signal at 531 eV and
a new peak at 283.9 eV in the C 1s spectrum were detected, associated to CO adsorbed on
bridge site of Ni(111) and graphene decoupled from its substrate, respectively, suggesting
that intercalation occurred already at this pressure. Increasing the CO pressure up to 5
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Torr, in the C 1s spectrum the component at 283.9 eV becomes dominant, indicating that
graphene was completely intercalated by CO, decoupling it from the Ni substrate. Never-
theless, to the best of our knowledge, from an experimental point of view just few works
were published on this topic so far.

N-doped graphene system is theoretically reported to be more sensitive to gases with
respect to the pristine case, due to the presence of doping centers embedded in the graphene
network. In 2018, Carraro et al. reported the adsorption of CO at low pressure on N-doped
graphene on Ni(111) at low temperature, around 90 K, demonstrating that no interaction
occurs at RT [88], similarly to the case of pristine graphene on Ni(111) [24]. On the other
hand, so far, nothing is reported about the exposure of the N-doped graphene on Ni(111)
to high pressure of CO and the role played by the nitrogen dopant sites is still an open
question to be addressed.

Based on what discussed so far, although several theoretical works predict N-doped graphene
as a promising material suitable for a variety of applications, to the best of our knowledge,
just few experimental works are reported in literature on this topic. In this context, the re-
sults presented and discussed in this thesis attempt to address some of the open questions,
in particular concerning the interaction with gases, providing experimental evidences and
trying to make a step forward in the investigation of this topic.



Chapter 3

Experimental Methods

3.1 Why Ultra High Vacuum (UHV)

In order to be able to investigate a solid surface at the atomic scale, the interaction between
the surface and any reactive species from the environment should be minimized to avoid
contaminations. This means that in order to reach such condition, we have to work in
vacuum conditions.

According to the kinetic theory of gases [119], the �ux I of molecules that arrive on a
surface from the surrounding environment can be written as:

I =
p

√
2πmkBT

,

where p is the pressure, m is the molecule mass, kB is the Boltzmann constant, and T is the
temperature. From this, we can consider:

n =
p

kBT
, molecular density in the gas above the surface,

λ =
f

nσ 2 , mean free path of a molecule in the gas phase above the surface,

τ =
n0

I
=
n0
√

2πmkBT

p
, time required to form a monolayer,

where f is the collisional frequency, σ 2 is the molecular cross-section, andn0 is the number
of atoms in a monolayer (one monolayer corresponds to the number of surface atoms of
the investigated surface). These parameters can be used to de�ne the pressure conditions
needed for typical surface science experiments. Table 3.1 displays how these parameters
vary with pressure. If the experiment requires that the number of atoms or molecules
adsorbed on the surface from the gas environment in almost one hour should not exceed
a few per cent of a monolayer, a vacuum of the order of 10−10 mbar or better is required
to satisfy such condition.
Several units are used for measuring vacuum pressures, the most common being Pascal (SI
unit, 1 Pa = 1N/m2), millibar (1mbar = 100 Pa) and Torr (or millimeters of mercury, mmHg,
1Torr = 133 Pa). In this thesis, we will use mbar as unit of pressure.

3.2 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is a surface sensitive technique that allows imaging
surfaces at the atomic scale, thus representing a turning point in the �eld of nanotechnol-
ogy. Based on the quantum tunneling e�ect, STM senses the surface by using an extremely

23
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Figure 3.1: Molecular density n, arrival rate I, mean free path λ, and the time constant to form
a monolayer τ for nitrogen molecules at room temperature, T=293 K. The sticking coe�cient is
assumed to be unity and the density of one monoatomic layer is de�ned to be n0 = 1015 cm−2.
From Ref. [119]

sharp conducting tip that can distinguish features with the Å resolution.
In this chapter, the physical principles and the instrument setup of the scanning tunneling
microscope will be described in detail, in order to properly understand the experimental
STM results presented in the following chapter.

3.2.1 STM Theory

The scanning tunneling microscope (STM) was invented and �rst implemented in 1981 by
Gerd Binning and Heinrich Rohrer. They received the Nobel Prize in 1986 for this inven-
tion, which allowed scientists to open a new window on the fascinating nano-world and
visualizing for the �rst time atoms on a surface.

The physical principle on which the STM is based is the quantum mechanical phe-
nomenon of the tunneling e�ect, where a particle is able to overcome a potential barrier
that classically can not be surmounted. Indeed, in quantum mechanics, an electron is de-
scribed by a wave-functionψ (z) satisfying the Schrödinger’s equation:

−
~2

2m
d2

dz2ψ (z) +U (z)ψ (z) = Eψ (z)

wherem is the electron mass (9.1 × 10−31 kg). Let’s consider now the case of a piecewise-
constant potential barrier, as sketched in Figure 3.2.

Figure 3.2: Di�erence between classical and quantum theory. In quantum mechanics, an electron
has a nonzero probability of tunneling through a potential barrier. From Ref. [120].
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In the classically allowed region, where E > U , the solutions of the Schrödinger’s equation
are:

ψ (z) = ψ (0)e±ikz , where k =

√
2m(E −U )

~
is the wave vector.

While in the classical forbidden region, where E < U the solution is:

ψ (z) = ψ (0)eκz , where κ =

√
2m(U − E)

~
is the decay constant.

In this case, the probability density for an electron to be at position z is proportional to
|ψ (0) |2e−2κz , which represents a nonzero probability for the electron to penetrate the bar-
rier.

Using this elementary model, we can explain the metal-vacuum-metal tunneling, as
shown in Figure 3.3.

Figure 3.3: A one-dimensional metal-vacuum-metal tunneling junction. From Ref. [120].

If a positive bias is applied to a sample with respect to the tip, the electrons will tunnel
from the tip into the sample empty states, while for a negative bias, they will tunnel from
the sample occupied states to the tip. The potential barrier can be approximated to the
work function ϕ of the sample surface, de�ned as the energy required to remove an elec-
tron from the Fermi level EF to the vacuum level.
Thus for electron levels close to EF , neglecting the thermal energy contribution:

I ∝ |ψn (0) |2e−2κs , where κ =

√
2mϕ
~

and s is the tip-sample distance.

Considering a typical metal work function ϕ ≈ 4eV , a typical value of the decay constant
is about 1 Å−1 is obtained. This gives an estimation of the current decay with distance of
about one order of magnitude with a distance increase of 1 Å.

In order to extend the one-dimensional tunneling problem to the three-dimensional
case, we will follow the formalism introduced by Bardeen [121]. The tunneling probability
from a state ψ , on one side of the barrier, to a state χ , on the other side, can be expressed
by the matrix element as:

M =
~

2m

∫
z=z0

(χ ∗
∂ψ

∂z
−ψ
∂χ ∗

∂z
)dS,
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where z = z0 is any separation surface lying entirely between the sample surface and the
tip. Then, the tunneling current can be expressed through the Fermi golden rule as:

I =
4πe
~

+∞∫
−∞

[f (EF − eV + ϵ ) − f (EF + ϵ )] · ρS (EF − eV + ϵ )ρT (EF + ϵ ) |M |2dϵ

Assuming that kBT is small enough to approximate the Fermi distribution with a step
function, and the M matrix is almost constant within the energy range of interest, the last
equation is simpli�ed as:

I ∝

eV∫
0

dϵρS (EF − eV + ϵ )ρT (EF + ϵ ).

Within the Bardeen’s formalism, the tunneling current is then expressed as a convolution
of the density of states of the sample and the tip. Considering now the Terso�-Hamann
approximation, in which the tip has only one s-like orbital in the apex atom [122], the
tunneling current can be expressed as:

I ∝

eV∫
0

dϵρS (~rT , ϵ ),

where ρS (~rT , ϵ ) is the local density of states of the sample at energy ϵ and at the position
of the tip apex.
In STM the sample surface is scanned by the tip, and an image is created by recording the
tunneling current I, or the distance between the tip and the sample d at each position.
In the so-called constant height mode the absolute z position of the tip is kept constant with
respect to the sample surface, and the image is given by the variation of the recorded tun-
neling current. On the other hand, if the tunneling current is kept constant by a feedback
mechanism able to change the tip-surface distance, a topographic image is obtained in the
so-called constant current mode. In this case the image represents a convolution between
the topography of the surface and the local density of the states at the energy de�ned by
the bias voltage. All the images that we will show in this thesis are obtained using the
constant current mode.

3.2.2 Scanning Tunneling Spectroscopy

As discussed in the previous section, the tunneling current is directly proportional to the
local density of states of the sample surface, thus allowing to perform spectroscopic mea-
surements with STM. This technique is generally referred as Scanning Tunneling Spec-
troscopy (STS) [123, 124] and will be brie�y described in the following.

According to the Bardeen’s formalism and assuming a tip with a constant density of
states (DOS), from the equation of the tunneling current, its �rst derivative can be written
as:

dI

dV
∝ ρS (EF − eV )

Thus, the DOS of the sample close to the Fermi level can be directly probed through the
�rst derivative of the tunneling current. Since the tunneling current exhibits a dramatic
dependence on the tip-sample separation (I = I0e

−2κz ), which means that the tunneling
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current varies approximately one order of magnitude per Å, STS data need to be ade-
quately normalized. The commonly used normalization is the one proposed by Feenstra
and Stroscio [125], in which the normalized dynamic conductance is given by:

дN (V ) ≡
d lnI

d lnV
=

dI

dV
·
V

I

In order to experimentally acquire dI/dV spectra, the lock-in technique is used to ex-
trapolate the signal of interest, the �rst derivative of the tunneling current. Usually, to
perform STS measurements, the tip is placed above a site of interest on the surface, then
the feedback loop is switched o� and the voltage is ramped while recording the signal from
the lock-in ampli�er.
The resolution achieved in the dI/dV spectra is strongly dependent on the temperature
and, in order to perform STS with high energy resolution, it is then necessary to work
at low temperatures. Moreover, working in low temperature conditions ensures a higher
stability of the tip and a higher precision on its relative position, since the thermal drift is
drastically reduced.

In the point spectroscopy described so far, the dI/dV signal is recorded as a function of
voltage at one speci�c point above the surface. More information related to the variation
of the electronic structure across the surface can be obtained by the spatial mapping at
a speci�c energy. A spectroscopic image yielding the map of the local density of states
(LDOS) at a given energy eV can be obtained by performing a scan at a given bias voltage
V and simultaneously recording the (normalized) dI/dV signal at each position. An image
of the di�erential conductance (or LDOS map) is then acquired for a speci�c bias voltage.

3.2.3 STM setup

The STM instruments used to obtain the results presented in this thesis are two com-
mercial Omicron scanning tunneling microscopes, one operating at variable temperature
(VT-STM) and the other operating at low temperature (LT-STM) (see Figure 3.4), located at
the STRAS (Surface sTructure and Reactivity at the Atomic Scale) laboratory at CNR-IOM
laboratories in Trieste.

VT-STM 
chamber

Manipulator

Preparation  
chamber

Transfer  
arm LT-STM 

chamber

Preparation  
chamber

Manipulator

Figure 3.4: The experimental setup: commercial Omicron VT-STM (on the left) and LT-STM (on
the right).
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Variable Temperature STM (VT-STM)

The VT-STM is adapted in order to improve the mechanical stability and to work under
reaction conditions, such as during gas exposure, in a wide range of sample temperatures.
The system is formed by a preparation chamber connected to the STM chamber, where
the microscope is housed. The background pressure is maintained in the low 10−10 mbar
range through a magnetic levitation turbo molecular pump and an ion pump. The turbo
molecular pump has been decoupled from the chamber, in order to avoid any vibrations
that could a�ect the STM measurements.

Preparation Chamber : the preparation chamber is equipped with a manipulator able to
move in the three spatial directions (x, y, and z) and to rotate in the polar direction (polar
angle in the x-y plane). On the manipulator, the sample can be cool down to −183 ◦C
by �uxing liquid nitrogen, or heated up to 1000 ◦C by means of graphite heating element
supported by a pyrolitic boron nitride (PBN) plate directly hosted inside the sample holder.
The manipulator head consists of a copper-aluminum alloy (GLIDCOP) block, thermally
coupled but electrically isolated from the rest of the chamber by a sapphire plate. The
manipulator head is provided with two sample stages that host the electrical connections
for the temperature read-out (through a K-type thermocouple) and the sample heating.
One of them is thermally decoupled from the remaining part of the manipulator, allowing
to reach high temperatures, while the other is characterized by a good contact between
the back of the sample holder and the manipulator head, providing the possibility to cool
down the sample. A magnetic arm allows transferring the sample from the manipulator
to a carousel hosted in the STM chamber.
The preparation chamber is also equipped with:

- a sputter gun for sample cleaning by ion bombardment (Ar+);

- a residual gas analyzer (RGA), useful for process control and contamination moni-
toring and for leak testing;

- Low-Energy Electron Di�raction (LEED) optics, for long-range structural character-
ization of the samples;

- a gas line, allowing to dose various gases in the chamber background;

- a metal evaporator;

- an hot �lament ion gauge, to measure the pressure in the chamber;

- a load lock system, providing a quick way to insert and extract samples and STM
tips in the preparation chamber without breaking the vacuum. The chamber also
host an home-made high pressure cell composed by a sample stage equipped with
connectors able to measure the temperature of the sample, and inlet and outlet gas
lines. Once the cell is closed, the sample can be exposed to gases in situ at pres-
sures up to 20 mbar. After exposure, the sample can be then transferred in the main
chamber for the characterization without breaking the vacuum.

STM Chamber : In our setup, the VT-STM can be operated in a temperature range between
RT to 600 ◦C, by means of the PBN supported heating element inside the sample holder.
The STM tip (made from a chemically etched tungsten wire) is mounted on a magnetic
stage �xed on a single tube scanner with a maximum scan range of about 15×15 µm2 and
a z-travel of about 1 µm. A small radiation shield is �tted on top of the scanner tube to limit
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thermal drift. In order to obtain a precise temperature read-out, the sample holder and the
STM wiring have been modi�ed to measure the temperature directly on the sample. The
coarse approach is monitored by a CCD camera, up to some tens of microns, whereas the
�ne approach is performed automatically through the control electronics.
A spring system, which suspends the heavy base platform of the STM, ensures a full me-
chanical isolation, while the base platform suspension is damped by an eddy current sys-
tem. The platform, indeed, is surrounded by copper plates, centered between permanent
magnets �xed on the chamber.

Low Temperature STM (LT-STM)

The LT-STM is basically an STM designed for working at very low temperatures, allowing
to carry out stable imaging and spectroscopy of the sample surface. The system is formed
by a preparation chamber separated from the STM chamber by a gate valve. The prepa-
ration chamber is pumped by a turbo pump together with an ion pump equipped with a
titanium sublimation cartridge and a liquid nitrogen cooled cryopanel, keeping the vac-
uum in the low 10−10 mbar range. The vacuum in the STM chamber is maintained in the
range of 10−11 mbar through an ion pump.

Preparation Chamber : the sample preparation chamber is designed around a horizontal
manipulator used to position the sample and the STM tip in front of the various instru-
ments. On the manipulator, the sample can be heated up to ∼ 1000 ◦C through �lament
heating and electron bombardment, or cooled down till ∼ − 200 ◦C (∼ 75 K) by �uxing
LN2.
The preparation chamber is equipped with:

- a sputter gun, for samples cleaning by bombardment with noble gases (Ar+);

- a residual gas analyzer (RGA);

- Low-Energy Electron Di�raction (LEED) optics;

- a gas line;

- a metals evaporator;

- a hot �lament ion gauge;

- a fast-entry lock.

STM Chamber : our experimental system is based on a commercial Omicron LT-STM with
a dedicated UHV chamber equipped with a carousel where tips and samples can be stored,
retrieved and inserted into the LT-STM by means of a wobble-stick. To prevent stray ra-
diation from increasing the sample temperature, the windows for optical access of the
chamber are infrared �ltered. The Omicron LT-STM head hosts a single-tube piezoelec-
tric hollow cylinder, with the tip �xed at the top, and covered with four electrodes which
split the cylinder in four quadrants. By applying suitable voltage di�erence between the
quadrants and the inner electrode, the piezoelectric cylinder can be bent in order to scan
the tip laterally onto the sample (x-y plane) with sub-angstrom resolution. Moreover, the
tip can be moved orthogonally to the sample surface (z direction) with a voltage di�erence
applied between the inner and the outer surface of the cylinder. For mechanical isolation
purposes, the STM head can be suspended by means of three springs. Moreover, an eddy
current damping system, provides e�ective, smooth damping of possible low frequency
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instabilities.
The operating temperature range of our LT-STM is between 2.5 K and room temperature
(RT). To reach temperatures below RT a cooling system made up of two concentric cylin-
drical cryostats is used (the STM head is �xed below them) which are �lled with cryogenic
liquids: liquid nitrogen (LN2: boiling point at 77 K) and liquid helium (LHe: boiling point
at 4.2 K). The external cryostat is always �lled with LN2, while the inner cryostat can be
�lled with LN2 or LHe according to the desired temperature.

3.3 Photoemission Spectroscopy

Photoemission spectroscopy (PES) is the most commonly used experimental technique to
probe the electronic properties of the materials, providing information on the bands struc-
ture of the occupied states and on the bond states of atoms which compose the material
under investigation. PES is based on the photoelectric e�ect and, in its simpler version, it
measures the kinetic energy distribution of photoelectrons emitted from a sample, when
it is irradiated with monochromatic light [126].

In this thesis, PES has been performed to chemically characterize the pristine and N-
doped graphene layers and their reactivity, providing important information about the
nature and the role of the N dopants in interaction with gases.
In this chapter, the elementary concepts of the experimental technique are brie�y reported,
limiting the description to the basics, useful to the understanding of the experimental data
discussed. A more detailed and complete discussion can be found in Ref.[127, 128].
Then, the experimental setup used to carry out measurements is described.

3.3.1 PES: fundamental basis

The phenomenon of the photoemission was observed for the �rst time by Hertz in 1887
and it was subsequently theorized by Einstein in 1905, for which he won the Nobel Prize
in 1921.
In a �rst approximation, within a single particle picture, when a photoemission takes place
(see Figure 3.5), the photon transfers its energy hν to the photoelectron which leaves the
sample with a kinetic energy Ekin given from the relation:

Ekin = hν − Eb − ϕS

where ϕS is the work function of the material. In order to detect the photoelectron ejected
from a surface, the following conditions have to be satis�ed:

- the photon energy hν ≥ Eb + ϕS

- the photoelectron velocity must be directed toward the outer surface

- the photoelectron does not lose energy in collision with other particles.

Moreover, the photoelectron must overcome the potential barrier ϕ = ϕA − ϕS , where ϕA
is the work function of the electron analyzer. As a consequence, the kinetic energy of the
photoelectron becomes:

Ekin = hν − Eb − ϕA

which is independent from the sample’s work function.
In general, photons can penetrate into a solid for several µm, but the sampling depth

in the photoemission process is determined by the mean free path of the photoelectrons in



3.3 Photoemission Spectroscopy 31

Binding  
Energy

Kinetic  
Energy

1s

2s

2p

Valence band

Fermi Level

Vacuum Level
ϕs

Core 
 Levels

Incident  
X-ray

e-

Valence 
 Levels

Figure 3.5: Sketch of the photoemission process.

the solid, which follows the universal curve of the energy-dependent inelastic mean free
path of electrons in solids, and it changes as a function of the electron kinetic energy from
about 4 Å to about 50 Å (see Figure 3.6).
However, even if photons penetrate for several µm the solid sample, photoelectrons com-
ing out from the sample strongly interact with matter and easily de-excite because of mul-
tiple scattering. This means that only the electrons excited in the �rst atomic layers are
ejected from the sample maintaining their original kinetic energy. This is the reason why
PES is a surface sensitive technique, commonly used to investigate surfaces and thin �lms.

24 4.2. X-ray photoemission spectroscopy

which is independent from the sample work function. Even if the photons pen-
etrate into a solid for severalµm, photoemission is a surface sensitive technique.
In fact, the sampling depth in the photoemission process is determined by the
mean free path of the photoelectrons in the solid. This quantity follows the so-
called universal curve of the energy-dependent inelastic mean free path of elec-
trons in solids, and it changes as a function of the electron kinetic energy from
about 4 Å to about 50 Å (see Figure 4.1). 54 In a one-particle framework, given

Figure 4.1: Inelastic mean free path of electrons in solids.

an impinging flux of photons, the current density of photoelectrons can be ex-
pressed in terms of Fermi’s Golden Rule formula, where the matrix element, in
the dipole approximation, can be written as:

M f i =<™ f |A p+p A|™i > (4.3)

where™ f and™i are, respectively, the final and initial state electron wave func-
tions, A is the electromagnetic vector potential and p is the electron momentum.
To a first approximation, a photoemission spectrum provides the distribution of
the binding energies of the electron states in a solid. The intensities of the pho-
toemission structures reflect the density of states and depend furthermore on
the cross sections of the photoemission processes involving electrons of differ-
ent energy levels.

4.2 X-ray photoemission spectroscopy

The excitation of most core levels requires at least soft X-rays, which explains the
more usual acronym of the technique, X-ray photoemission spectroscopy (XPS).
A measured XP spectrum is shown in Figure 4.2, which is characterized by sharp
peaks, usually called primary structures. These structures are superimposed to
a mostly featureless background, which exhibits a huge peak (not shown) in the

Figure 3.6: Universal curve of electron mean free path in solid.
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3.3.2 PES setup

Generally, the photoemission experiments are performed in high vacuum chambers, in
order to minimize the photoelectron energy loss by collision with other particles (see sec-
tion 3.1). The setup includes a monochromatic photons source and an electron energy
analyzer to record the spectra of the photoelectrons ejected from the sample under inves-
tigation.
Depending on the photon energy used for electron excitation, PES is usually divided in:

- X-ray photoemission spectroscopy (XPS), if X-ray radiation is employed in the
range between 100 eV and 10 KeV (corresponding to wavelengths from 100 to 1 Å).
As a consequence, using XPS, deep core levels are probed.

- Ultraviolet photoelectron spectroscopy (UPS), if ultraviolet radiation is em-
ployed in the range between 10 and 100 eV (corresponding to wavelengths from
1000 to 250 Å), having as a consequence the investigation of valence and conduc-
tion bands.

The photon sources can be of two types: laboratory source, speci�c for UPS and XPS,
or synchrotron radiation source, covering the whole photoemission energy range.
The X-ray �ux for XPS using laboratory sources is created by bombarding a target with
high-energy electrons. Common target materials used for this aims are magnesium (Mg)
and aluminum (Al), for which the photoemission spectrum is dominated by the unresolved
doubletKα1,2 (2p1/2 → 1s and 2p3/2 → 1s transitions) at 1253.6 eV (MgKα1,2) and 1486.6 eV
(Al Kα1,2). The line-width of the Kα1,2 doublet amount to ∼ 0.7-0.8 eV for both materials.
The alternative to use laboratory sources is synchrotron radiation source in which photons
are emitted from the accelerated beam of charged particles running in bunch in a ring. The
spectrum of the synchrotron radiation is essentially a continuum from few eV to several
KeV. The photon energy selection is obtained by using appropriate monochromators.
The majority of the spectroscopical data presented in this thesis have been collected at
the INSPECT laboratory (IN-situ Synthesis and PhotoEmission CharacTerization) at the
CNR-IOM in Trieste, by means of a X-ray source.

The INSPECT experimental setup, schematically shown in Figure 3.7, consists in two
aligned vacuum chambers: a preparation chamber and an analysis chamber. These cham-
bers are kept in a UHV atmosphere by turbomolecular pumps, which are set in series with
scroll pumps, maintaining the vacuum in the 10−10 mbar range.
Preparation Chamber : Along the common axis of the chambers, a manipulator is mounted,
allowing the sample to move in the three spatial directions (x, y and z) and to rotate around
the chamber axis. On the manipulator, the sample can be heated up to ∼800 ◦C through a
direct heating. Indeed, tantalum wires, put in direct contact with the sample, are heated
and thus the sample temperature is increased. Several instruments to prepare and analyze
the samples are also available into the chamber: LEED optics for long-range structures
investigation, and molecule evaporators, where small crucibles, �lled with the molecules
powder, are rolled up with a �lament. The latter is passed through by a current, which
warms up the molecules allowing their evaporation in the experimental chamber. More-
over, a fast-entry lock system is mounted to rapidly insert and extract the samples into the
chamber, without break the vacuum.
Analysis Chamber : In the analysis chamber, a X-ray source, an UV discharge lamp, an
electron energy analyzer for photoemission spectroscopy, a residual gas analyzer (RGA)
and an ion gun to clean the samples are located. This con�guration allows to characterize
the prepared sample in situ.
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Figure 3.7: Schematic representation in top view of the experimental chamber at the INSPECT
laboratory at the CNR-IOM in Trieste.

X-ray source : The source consists of a copper anode which is magnesium-covered on
one side and aluminium-covered on the other side. Electrons are accelerated by
a �lament (one per side, so that the target and the emitted radiation can be cho-
sen) through thermionic emission at a voltage of about 10 kV. The electrons collide
against the anode, which acts as a target, and generate holes in core levels. Valence
electrons �ll these so-formed holes and consequently soft X-ray photons are emitted.
These photons, impinging on the sample surface, produce photoelectrons which are
collected in an hemispherical electrostatic analyzer. In general, more than one X-ray
line is emitted from the anode, where the energy and line-width values depend on
the particular material used.

Helium Lamp : For ultraviolet photoemission spectroscopy (UPS), a discharge helium
lamp is available in the analysis chamber. Similarly to a X-ray source, this lamp also
works thanks to spontaneous emission of radiation at a well-de�ned energy, and
the emission lines are obtained by de-exciting an electron which was previously
promoted from the highest occupied molecular orbital (HOMO) to the lowest unoc-
cupied molecular orbital (LUMO).
Gaseous helium is inlet in a cylindrical pipe where, at the end of the latter is applied
a voltage of some kV, in order to produce a direct electric discharge. This discharge
causes a continuous transition of helium atoms from the ground level to a higher
one, which de-exciting spontaneously emit photons.
There are two main spectral lines, usually called He I and He II: He I corresponds to
the photon energy 21.22 eV, while the corresponding photon energy for He II line is
40.82 eV.

Analyzer : The analyzer in operation at the INSPECT laboratory at CNR-IOM is a PSP
RESOLVE120 Hemispherical Electron Energy Analyzer, and it is mounted on the
analysis chamber so that its axis is aligned with the sample. The analyzer provides
a kinetic energy distribution of the electrons, selecting them by de�ecting their tra-
jectories via an electrostatic �eld. Before the analyzer, a set of grids slows down
the electrons, which then have a lower energy. The energy E0 detected by the ana-
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lyzer depends on the applied voltage V. Since electron trajectories inside the analyzer
depend on the velocities of the electrons before entering the analyzer itself, the an-
alyzer resolution depends on V as well. As these electrons come one at a time every
about 1 µs, they are detected one by one and the signal corresponding to a single
electron arriving is too weak to be detected. Thus, this signal needs to be ampli�ed.
To this aim, at the exit of the analyzer, �ve channel electron multipliers, also known
as channeltrons, are found, formed by a high-resistance semiconductor glass-made
vacuum-tube collecting the electrons coming from the analyzer. Electrons collide
with the glass-made walls and, since a voltage is applied at the ends of the tube,
secondary electrons are produced at every collision. These secondary electrons also
collide with the walls and cause other electrons to be produced. In the end, a cascade
process ampli�es the initial signal by a factor of 109.

As previously reported, the majority of the spectra presented and discussed in this the-
sis were acquired in the experimental setup described above, by means of a Mg source
(hν=1253.6 eV). In order to investigate speci�c features in the nitrogen region (around
400 eV), not detectable using a Mg source due to the presence of a Ni Auger peak in the
same energy range, we performed some measurements with an Al source (hν=1486.6 eV)
at ALOISA beamline [30], at Elettra Sincrotrone Trieste.

3.3.3 PES analysis

To a �rst approximation, a photoemission spectrum provides the distribution of the bind-
ing energies of the electron states in the probed material. The intensities of the photoemis-
sion structures re�ect the density of states and depend furthermore on the cross sections
of the photoemission processes involving electrons of di�erent energy levels. For these
reasons, several features are present in a measured photoemission spectrum and an exam-
ple of this is reported in Figure 3.8.

Figure 3.8: Photoemission spectrum from a CuGeO3 single crystal (hν=1253.6 eV). Core levels and
Auger peaks are indicated.

The most intense and sharp peaks are related to the emitted electrons from the core lev-
els of the atoms in the material. Due to the discreteness of the core levels energies, each
core level distribution is a speci�c �ngerprint of a given chemical element, allowing the
chemical identi�cation of the surface composition and thus making PES an atom-speci�c
technique. For the core level identi�cation, XPS spectra for each solid element are col-
lected in handbooks, usually used as reference data base for the experimental core levels
identi�cation.
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Besides the sharp peaks due to elastic photoelectrons, usually called primary structures,
a continuous background is visible ascribed to the almost continuum distribution of the
secondary electrons produced after the inelastic scattering within the solid. However, the
analysis of the XPS spectra is not so trivial. Indeed, a core level binding energy strongly
depends on the chemical bonds and the local environment of a speci�c atomic site. These
interactions result in the so-called core level shifts, typically in the range from 1 to 10 eV.
Therefore, an in depth analysis of the core level shifts provides important information on
the chemical state of the investigated atomic species, making possible the identi�cation of
the chemical state of an atom in an unknown solid system.
The broad structure at the higher kinetic energies of the photoemission spectrum is re-
lated to the energy distribution of the valence band states. Their delocalized character,
compared to the local nature of the core levels, induces a markedly change of their distri-
bution in energy as the chemical bonds are changed.
In the photoemission spectra other structure are visible, such as Auger peaks, shake up
losses and correlation satellites due to relaxation processes, like excitation and de-excitation
of the system after the creation of the hole. Moreover, the cross-section for excitation is
di�erent for di�erent electron levels, a�ecting the spectra shape.

Figure 3.9: Schematic representation of the di�erent photoemission lineshape contributions in an
isolated molecule and a solid.

The width of a photoemitted peak depend on several factors, schematically indicated in
Figure 3.9 and listed in the following points:

- mean lifetime of a hole created in the photoelectric process, whose typical de-
excitation time is of the order of 10−14-10−15 s and goes by means of radiative or
Auger processes, contributing to the photoemission peak width with a Lorentzian
line-shape;

- electronic excitations, due to the electronic states of the system modi�ed by the
creation of the hole. This perturbation induces in metallic systems, where in�nitesi-
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mal excitations are possible across the Fermi level, a characteristic asymmetric line-
shape of the photoemission peak toward lower kinetic energies [129];

- phonon coupling, connected to the vibrational modes of the system and caused by
the excitation of electrons in a solid;

- instrumental broadening, due to the �nite instrumental resolution of the elec-
tron energy analyzer and, often, to the non perfectly monochromatic character of
the light source. These factors contribute giving a Gaussian broadening of the pho-
toemission peaks.

Considering what just reported, in order to properly �t photoelectron line-shapes, a con-
volution of a Gaussian and a Lorentzian pro�le, known as Voigt function, is required. All
the spectra were collected at RT in normal emission geometry using di�erent experimen-
tal apparatuses, X-ray sources (hν= 1486.7 eV and hν=1253.6 eV for Elettra and CNR-IOM
apparatuses, respectively) and hemispherical electron energy analysers, with an overall
experimental resolution of ∼0.8 eV. All binding energies were calibrated by measuring the
Fermi level. The spectra were normalized to the incident photon �ux and analyzed by
performing a non-linear mean square �t of the data.

3.4 Low-Energy Electron Di�raction

Low-energy electron di�raction is a powerful technique for surface structural investiga-
tions, which allows identifying the symmetry of an ordered crystal surface [127, 119]. In
particular, LEED is based on the interference of beam of low energy (20-200 eV) collimated
monochromatic electrons impinging normally on the sample surface. These electrons are
di�racted and accelerated towards a �uorescent screen, forming a di�raction pattern, and
thus providing structural information on the crystal surface.
Three are the main LEED operation modes. The simplest one, described and used in this
thesis, consist in the determination of the surface lattice geometry through the analysis
of the arrangement of the di�racted beams. In the second one, called LEED-IV, the inten-
sities of di�racted beams are recorded as a function of the incident electron beam energy
to generate the so-called I-V curves; by comparison with theoretical curves, these provide
accurate information on the atomic positions on the surface. The third one, named Spot
Pro�le Analysis Low-Energy Electron Di�raction (SPA-LEED), gives information on the
surface order through the analysis of the shape of the di�raction peaks, as the sharper are
the spots, the more ordered the surface is expected.
In the following sections, the geometrical theory and the experimental setup of this tech-
nique are brie�y described.

3.4.1 LEED geometrical theory

According to the wave/particle duality, a monochromatic electron beam can be considered
as a plane wave, whose wavelength is given by the de Broglie relation:

λ =
h

p
⇒ λ =

h
√

2mEk

where h is the Planck constant, and p is the electron momentum de�ned as p = mv =
√

2mEk , where m is the electron mass (9.1 × 10−31 kg), v is the velocity (in ms−1), and Ek
is the kinetic energy (in eV).
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This electron beam, impinging on a periodic structure such as a crystal surface, is scat-
tered by the surface atoms which, being regions of high localized electron density, act as
scattering points, giving rise to di�racted spherical waves. In order to obtain a di�raction
pattern, the electrons wavelength has to be comparable to the lattice distances (∼ few Å),
therefore the typical energies used in LEED range between 20 and 200 eV. This is a nec-
essary condition to observe the di�raction e�ects associated with the atomic structure.
Moreover, the mean free path of these low-energy electrons is very short inside materials,
of the order of few atomic layers, and most elastic collisions occurs on the very top layers
of the sample. Thus, LEED provides mainly information about the 2D atomic structure of
the sample surface.

In more detail, considering a monochromatic electron beam impinging on a crystal
surface with an incident angle θ , as sketched in Figure 3.10a, in order to have constructive

interference between the scattered waves, these have to remain in phase and the di�erence
between the path lengths of the incident and scattered waves (2dsinθ , see Figure 3.10a) has
to be equal to an integer multiple of the wavelength. Therefore, the condition for the con-
structive interference, known as the Bragg’s law, is:

2dsinθ = nλ

wheren is a positive integer and λ is the wavelength of the scattered (and incident) wave. A
di�raction pattern is obtained by measuring the intensity of scattered waves as a function
of scattering angle. Very strong intensities known as "Bragg peaks" are obtained in the
di�raction pattern at the points where the scattering angles satisfy the Bragg condition.

ki

kf

a b

Figure 3.10: (a) Bragg di�raction. Two beams with identical wavelength and phase approach a
crystal surface and are scattered o� by two atomic planes. The lower beam crosses an extra length
of 2dsinθ . Constructive interference occurs when this length is equal to an integer multiple of the
wavelength of the radiation. The geometrical construction of Q = ki − kf is also provided. From
Ref. [130]. (b) Ewald construction for di�raction on a 2D surface lattice.

In a periodic system such as a crystal, the condition for elastic scattering is [130]:

Q = ki − kf ≡ G

whereki is the incident wave vector, kf is the scattered wave vector, andG is the reciprocal
lattice vector. Thus a necessary condition for di�raction is that the di�erence between
the incident and scattered wavevectors equals a reciprocal lattice vector. The previous
equation represents the law of conservation of momentum. Since for elastic scattering
| ki |=| kf |= 2π/λ, then:

| Q |= 2 | ki | sinθ = 2
2π
λ
sinθ = n

2π
d
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where the previous equality follows from Bragg’s law, and | Q | is an integer multiple of
the quantity 2π/d .

For the case of di�raction from a 2D surface, the law of conservation of the momentum
becomes:

k | |i − k
| |

f = Ghk

Indeed, only the components parallel to the surface are involved in the law of conservation
of the momentum and therefore, the scattering vectors parallel to the surface (k | |i −k

| |

f ) must
be equal to the vector of the 2D surface reciprocal lattice,Ghk . In order to easily determine
the occurrence of elastic di�raction peaks, the geometrical construction due to Ewald can
be considered, known as the Ewald construction for di�raction on a 2D lattice, reported in
Figure 3.10b.
The reciprocal lattice rods perpendicular to the surface are related to every 2D reciprocal
lattice point. To explain this, a 2D lattice can be imagined as a 3D lattice with in�nite
periodicity in the normal direction. Therefore, along the normal direction, the reciprocal
periodicity tends to zero, and the reciprocal lattice points are in�nitely dense, forming
rods. The incident wave vector ki terminates at a reciprocal lattice rod. With its center at
the origin of the vector ki , a circle of radius ki is drawn, the Ewald circle. The intercepts
of the rods with this circle de�ne the scattered wave vectors kf for di�racted beams.

3.4.2 LEED instrumental setup

In order to detect the di�racted electron beams, LEED measurements are performed in
UHV (see section 3.1) and the experimental setup, schematically represented in Figure 3.11,
is composed by:

- an electron gun, which produces the low-energy electrons in a collimated beam;

- the sample under investigation,

- an hemispherical �uorescent screen with a set of four grids to observe the di�raction
pattern of the elastically scattered electrons. It is important to note that the sample
is placed at the center of curvature of the grids and screen;

- a camera connected to a PC in order to observe directly on the screen the di�raction
pattern.

The electron gun unit consists of a cathode �lament with a Wehnelt cylinder followed by
electrostatic lenses. The cathode is at negative potential, −V , while the last aperture of
the lens, the sample, and the �rst grid are grounded. The electrons emitted by the cathode
are accelerated to an energy of eV within the gun and then propagate and scatter from
the sample surface in the �eld-free space. The second and third grids have the purpose to
reject the electrons not elastically scattered. The fourth grid is grounded and screens the
other grids from the �eld of the �uorescent screen, which is biased to a high voltage of few
kV, so that the elastically scattered, di�racted electrons are reaccelerated to the �uorescent
screen, so that the di�raction pattern can be observed.
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kV

Figure 3.11: Schematic diagram of a standard four-grid LEED setup and LEED pattern of a Si(111)-
7×7 surface. From Ref. [119].





Chapter 4

N-doped Graphene on Ni(111)

In this chapter, the alternative and reproducible growth method we developed to obtain
N-doped graphene on Ni(111) is described in detail.

The as-grown doped layer was thoroughly characterized by means of STM/STS and
XPS. The experimental evidences, reported in the following sections, were corroborated
and con�rmed by Density Functional Theory (DFT) calculations and STM simulated im-
ages, allowing to unambiguously identify di�erent N dopant con�gurations trapped in the
graphene network [131].

4.1 Growth

As previously discussed in chapter 2, section 2.3.2, N-doped graphene on Ni is usually
grown by a direct synthesis approach, such as CVD using N- and C- containing precur-
sors, or by a post-synthesis approach, bombarding a previously grown pristine graphene
layer with nitrogen atoms. However, in the �rst case the high pressure and temperature re-
quired for the growth process and the dangerous precursors needed, make the production
troublesome, while in the second case the morphological quality of the resulting graphene
�lm is drastically reduced.

In order to overcome these limitations, we developed an alternative method, struc-
tured in two steps: (i) N doping of a Ni substrate and (ii) standard low pressure (LP) CVD
graphene growth. In this way, we introduce N in the graphene production process directly
from the substrate itself, while performing the standard CVD growth, thus obtaining �at
and continuous N-doped graphene layers.

The Ni(111) substrate was �rst cleaned by several cycles of Ar+ sputtering (1.5 KeV)
and annealing (700 ◦C) in UHV. The cleanliness of the sample was checked by XPS (lab-
oratory source), in order to assess the presence of core level peaks related to possible
contaminants present in the crystal. In Figure 4.1, a typical wide scan of the Ni substrate
is reported, where only peaks from Ni core levels and Auger excitations are visible and no
detectable signals of other chemical species are noticeable.

The Ni substrate was N doped via its exposure to Tetraphenylporphyrin (2H-TPP)
molecules which, decomposing on the surface, act as nitrogen source. 2H-TPP (schemati-
cally represented in Figure 4.2a), a synthetic heterocyclic compound that resembles natural
porphyrins, ca be easily synthesized and appears as a dark purple powder. It is formed by
a core porphyrin macrocycle, in which are present four nitrogen atoms, two iminic and
two pyrrolic, attached to four phenyl rings, rotated with respect to the macrocycle plane.
The behavior of these molecules whence deposited in several experimental conditions on
di�erent metal surfaces was widely investigated and reported in literature, demonstrat-
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Ni 2s
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Figure 4.1: XPS wide scan of the Ni(111) substrate where core levels and Auger (Ni(LMM)) peaks
of Ni are visible. A gray �lled window highlights the Auger region in between 390 eV and 600 eV.
Photon energy hν= 1253.6 eV.

a b

Figure 4.2: (a) Schematic representation of the Tetraphenylporphyrin (2H-TPP) formed by carbon
(dark gray), nitrogen (blue) and hydrogen (white) atoms. (b) Sketch of the N doping procedure: the
hot Ni substrate is exposed to a �ux of 2H-TPP.
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ing the strong e�ect of the substrate on their properties [132, 133, 134, 135, 136, 137, 138].
For example, by depositing these molecules at room temperature on Au [139, 140] and Ag
[132] substrates, it was demonstrated that it is possible to obtain a single molecular layer
without any modi�cation of the macrocycle, which was shown to be adsorbed parallel to
the substrate surface, whereas its phenyl legs exhibit a tilt angle of ∼50 ◦ with respect to
the surface plane [141]. On the other hand, after annealing at 250 ◦C, Di Santo et al. pre-
dicted and observed a temperature-induced conformational adaptation of the porphyrin
molecules on the surface [142]. The thermal stability of these molecules was also investi-
gated. For example, Chen et al. reported that the NiTPP molecules on Au(111) are stable
up to at least 300 ◦C, while above 360 ◦C, thermal decomposition of the molecules occurs
[137].
Transition metals like Fe [143], Co [135], Ni [137] can be easily inserted in the 2H-TPP
macrocycle to form metallo-porphyrins by in-situ metal evaporation on substrates like
Ag(111) and Au(111). Alternatively, the metals can be directly coordinated by evapora-
tion of the 2H-TPP monolayer on suitable metal substrates. Indeed, it was theoretically
and experimentally reported that on reactive substrates, like Cu [144, 145, 146], Fe and Ni
[138], single layers of 2H-TPP molecules metalate simply by picking-up substrate atoms
or ad-atoms and the direct evidence of this metal coordination comes from the N 1s XPS
spectrum [138]. In particular, in the N 1s spectrum of the 2H-TPP molecules two easily
resolved components are expected, about 2 eV apart, due to the two N species: the one at
higher binding energy is assigned to the two pyrrolic N atoms, while the lower binding
energy peak corresponds to the two iminic ones. For example, in the case of 2H-TPP on
Ag(111) these two peaks are centered at 399.6 eV and 397.6 eV, respectively [138]. In the
metallo-porphyrin, instead, just one peak is observed with a binding energy in between
the iminic and pyrrolic peaks, con�rming that the four nitrogen atoms become equivalent
and coordinated with a metal atom. This is the case of 2H-TPP adsorbed on Ni(111) at RT,
for which just one peak at 398.5 eV was reported, clearly con�rming the self-metalation
of the molecule [138].

Our approach to N dope the Ni substrate takes advantage from its high catalytic activ-
ity, which allows cracking 2H-TPP molecules on the surface at relatively low temperatures,
and exploits the well-known property of Ni to act as a "sponge" for several heterospecies.
Indeed, theoretical calculations demonstrated that, besides carbon [99], also nitrogen and
boron are easily diluted in the Ni crystal [147] and, in particular, the nitrogen solubility is
nearly comparable to that of carbon. As for C atoms [56], N atoms are expected to dissolve
into the Ni bulk and segregate to the surface, activated by the temperature (see the sketch
reported in Figure 4.2b).
Following this strategy, a clean Ni(111) substrate was heated to 400-450 ◦C, while thermal-
izing the 2H-TPP molecules for few minutes at a temperature slightly below the evapo-
ration condition, in order to have a constant and reasonable �ux of molecules impinging
on the Ni surface during the exposure. Then, the Ni(111) substrate was exposed to the
2H-TPP �ux for few minutes. The e�ectiveness of the doping procedure was checked by
XPS.
As it is shown in Figure 4.3, the N 1s spectrum is dominated by the Ni(L3VV) Auger tail,
due to the photon energy of the Mg source used. However, a small shoulder is clearly visi-
ble in the N 1s core level region, in between 396 eV and 398 eV and we can unambiguously
identify the main component of the nitrogen spectrum centered at ∼ 397 eV.
Based on the existing literature, we would expect two peaks at 399.6 eV and 397.6 eV, if the
2H-TPPs were intact on the Ni surface and not metalated, or just one peak at 398.5 eV, if
they were metalated [138]. In our case, we observe that there is a single main component
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Ni nitride  
397.15 eV

Figure 4.3: N 1s core level spectra of Ni clean (black spectrum) and Ni nitride (red spectrum)
surfaces. The black arrow indicates the Ni nitride binding energy. Photon energy hν= 1253.6 eV.

centered at 397.15 eV, which is the binding energy assigned in the literature to N atoms in
a nitride-like coordination with the Ni surface atoms [27, 109].
In order to rule out the possibility that the molecules are still intact on the surface, we per-
formed UPS measurements. The UV light, probing the valence bands, is more sensitive to
the sample surface, thus unambiguously detecting the presence of molecular states on the
Ni surface. As it is reported in Figure 4.4, no molecular states were detected on the surface
after several doping cycles with di�erent exposure times. Indeed, the spectra after expo-
sure do not show signi�cant changes with respect to the clean Ni spectrum, con�rming
the absence of intact molecules on the surface and the cracking of the 2H-TPP molecules.

Figure 4.4: UPS spectra of Ni clean and several cycles of exposure to 2H-TPP.

In order to increase the amount of nitrogen in the bulk and to assess its capability to
withstand several cleaning cycles, we repeated the doping procedure many times, observ-
ing a progressive increase in the intensity of the Ni nitride peak in the N 1s spectra [131].
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Finally, in order to con�rm the presence of a N reservoir in the Ni bulk and to investigate
the e�ect of a standard cleaning procedure, several cycles of sputtering and annealing were
performed. After these cycles, no detectable signal of Ni nitride was visible in the spectra,
which resemble the clean pro�le in black of Figure 4.3, con�rming the cleanliness of the
Ni surface. However, we did not remove all nitrogen from the Ni crystal because nitro-
gen was detected again after graphene growths. It segregates back to the surface and it is
trapped as pyridinic or graphitic species in the graphene mesh, con�rming the successful
N doping procedure of the Ni crystal.

In a second step, the standard LP-CVD graphene growth was carried out, as sketched
in Figure 4.5.

Figure 4.5: Schematic representation of the N-doped Gr growth: the previously N contaminated
Ni substrate was exposed to ethylene, obtaining N-doped Gr.

In order to obtain high-quality graphene, ethylene (C2H4) was used as C-containing pre-
cursor. The recipe adopted was the same reported in chapter 2, section 2.5.1 aimed at
obtaining a complete, �at and homogeneous monolayer of graphene on the Ni(111) sub-
strate.
XPS and STM measurements, performed after the �rst CVD cycles, revealed a signi�cant
amount of nitride below the graphene layer (see section 4.5). Only after several cycles of
cleaning and growth, the presence of Ni nitride was reduced, thus having N mainly in the
graphene network.

4.2 N-doped Graphene: epitaxial domains

The chemical and morphological characterization of the N-doped graphene layer was car-
ried out by means of LEED, XPS and STM/STS measurements, corroborated by a detailed
DFT investigation and simulations of STM images and STS maps. LEED and XPS measure-
ments were performed at room temperature (RT), while STM experiments were carried out
at both room and cryogenic (liquid nitrogen temperature, 77 K) temperatures. The elec-
tronic states and the surface morphology of N-doped graphene will be described in detail
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in the following sections.
After the growth, performed as reported in the previous section, LEED measurements

allowed us to investigate the long-range order of the surface structure, comparing it with
that obtained for pristine graphene on Ni(111). In Figure 4.6a, a typical LEED pattern
of a pristine graphene is reported, where a (1×1) structure is well-de�ned, indicating
the growth of mainly epitaxial graphene domains on the Ni surface (see chapter 2, sec-
tion 2.5.1). Gr/Ni N-Gr/Ni

a b

Figure 4.6: LEED patterns of (a) pristine graphene and (b) N-doped graphene on Ni(111). (E=70
eV).

The LEED pattern reported in Figure 4.6b, was instead acquired after the growth of N-
doped graphene on Ni(111). As clearly visible, the same structure observed in the pristine
case was detected. Furthermore, the shape and the intensity of the di�raction spots and the
lack of additional extra spots indicate that the quality of the graphene layer is unchanged
with respect to the pristine case. This experimental evidence provides a �rst hint that the
adopted growth protocol does not a�ect the con�guration of the resulting layer, leading
in both cases to well-ordered epitaxial graphene.

In order to investigate the quality of the graphene layer and the potential presence
of N dopants trapped in the network, XPS measurements were performed. Indeed, this
technique allows con�rming the presence of N atoms on the surface and identifying their
chemical con�guration. In Figure 4.7, XPS spectra of C 1s and N 1s core levels regions are
reported.
The C 1s spectrum reported in Figure 4.7a shows a peak centered at 284.6 eV. The data
�tting indicates that there is mainly one C con�guration present on the surface. In partic-
ular, the binding energy at which the main component is centered (284.6 eV) is very close
to that assigned in literature to graphene strongly interacting with the Ni substrate (284.8
eV) [56, 100]; two other components were added to the �t in order to reproduce properly
the experimental data: C of weakly interacting rotated graphene (284.4 eV) and Ni carbide
underneath (283.2 eV). However, as expected from the LEED pattern in Figure 4.6b, their
contribution is very small.

In Figure 4.7b, the typical XPS spectrum measured in the N 1s region after several
CVD cycles is reported. The presence of several components indicates the co-existence of
di�erent chemical N con�gurations. The best �t of the experimental XPS data in the N
1s region was obtained using a Shirley background and two Doniach-Sunjic peaks, with
binding energies converging to 398.6 ± 0.15 eV and 400.6 ± 0.15 eV.
A complex picture regarding the binding energies of N defects in a graphene overlayer
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Figure 4.7: XPS spectra of (a) C 1s and (b) N 1s. The C 1s main peak is centered at 284.6 eV,
slightly lower than the reference value reported in literature for graphene on Ni (284.8 eV). Two
other components related to Ni carbide and graphene on Ni carbide were added to �t properly the
experimental data. The N 1s peak appears formed by two components centered at di�erent binding
energies: (i) 398.6 eV, associated to the pyridinic N con�guration, and (ii) 400.6 eV, associated to
the graphitic N structure. Photon energy: (a) hν= 1253.6 eV, (b) hν= 1486.7 eV.
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exists in the literature: the pyridinic defects are found in the 397.8 eV - 401.8 eV binding
energy range (depending on the N coordination and the possible presence of adsorbates),
while the graphitic defects are found in the 400.2 eV - 401.8 eV energy range [27, 148, 109].
Pyrrolic defects are generally found in the energy range 400.1 eV - 400.5 eV [27], lying in
the same energy region of the graphitic ones. However, on the basis of an in-depth STM
analysis - presented in detail in the following sections - we rule out the presence of the
pyrrolic nitrogen con�guration.
Based on literature binding energies and the STM analysis, the data �tting allowed distin-
guishing these two N species in our spectrum:
(i) pyridinic defects (398.6 eV), where N is placed at the edge of a C vacancy and bonds to
two C atoms as part of a six-membered ring;
(ii) graphitic defects (400.6 eV), where N atom is substituting a C atom in the graphene
network and bonds to three neighbouring carbon atoms.
The two components are a clear indication that N atoms are trapped in the graphene mesh.

This assignment is con�rmed by DFT calculations: the spectral separation calculated
between the graphitic and pyridinic defects in graphene on Ni(111) is about 2.1 eV, in very
good agreement with the experimental value of 2.0 eV [131].

The ratio between the intensities of the pyridinic and graphitic N components, ob-
tained from the spectrum reported in Figure 4.7b, is roughly 2:1, indicating an higher
amount of pyridinic N dopants with respect to the graphitic ones.
Finally, the intensity of the total N 1s peak compared to the C signal intensity suggests
that the amount of nitrogen trapped in the network is very small (few percent, ∼1-2%),
thus comparable to that obtained with other growth methods [27, 109, 110]. Therefore, a
small doping e�ect on the graphene electronic bands is expected.
Nitrogen is predicted to dope graphene inducing n-type doping when N is in a graphitic
con�guration, or p-type doping when pyridinic N defects are formed, thus shifting the C
1s peak toward higher or lower binding energies, respectively (see chapter 2, section 2.3.1).
In our case, we have a mixture of the two N dopant structures and probably this prevents
a clear predominance of one kind of doping.
Based on the XPS ratio between the two nitrogen con�guration components (∼2:1) and
thus the higher abundance of pyridinic N with respect to graphitic defects, we expect a
p-doping e�ect. Indeed, the C 1s spectrum reported in Figure 4.7a appears slightly shifted
towards lower binding energies (284.6 eV) with respect to the reference value reported in
literature for graphene on Ni(111) (284.8 eV). Due to the high stability of the experimen-
tal apparatus formed by stable components (electron energy analyzer and photon source,
Mg Kα ), we rule out the possibility that the shift is related to an artifact. Moreover, it
is important to note that the experimental resolution of 0.8 eV can introduce mainly an
enlargement of the peaks but not a shift. Furthermore, the error bar of the data �tting of
0.05 eV allows us to validate the hypothesis of a real shift of the peak due to the presence
of N doping in the graphene network.

The surface morphology was investigated by means of STM, performed at room and
cryogenic temperature. The atomic resolution achieved allowed us to identify several
structures embedded in the graphene network, each one characterized in detail, both ex-
perimentally and theoretically.

In Figure 4.8, a 15×15 nm2 overview of the graphene layer acquired at 77 K is reported.
The STM image con�rms that a graphene layer of good morphological quality was ob-
tained: the surface appears �at and regular, as normally observed for graphene grown
epitaxially on the Ni(111) substrate. Not all the atoms of the hexagon are visible, due
to the strong interaction at the interface between graphene and its substrate. Indeed, by
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Figure 4.8: LT-STM image acquired at 77 K. Several defects are present on the surface. In the
inset, the three most abundant types of defects are visualized. Ni adatoms, also present in pristine
graphene, are encircled in white. New kinds of defect, not present in the pristine case, are visible
(encircled in black and purple), tentatively associated to N atoms trapped in the graphene mesh.
Scale bars: 2 nm, I = 2.0 nA, Vbias = −0.2 V.
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STM, under typical imaging conditions, only one graphene sublattice is visible for epitaxial
graphene on Ni(111) [107]. This means that, instead of visualizing a honeycomb structure,
a prominent triangular lattice is imaged. This symmetry breaking is due to the two dif-
ferent adsorption sites of the carbon atoms on the Ni(111) substrate, namely hollow and
top sites, as explained in chapter 2, section 2.5.1. In particular, the carbon atoms located
above hollow sites (Ni fcc sites) are imaged brighter while the carbon atoms on top sites
are less bright. Based on the Ni crystal orientation as revealed by LEED and STM, we as-
signed this arrangement to the top-fcc registry, on which we based all our experimental
and theoretical analysis.

In Figure 4.8, a grain boundary is visible, separating two regions that have the same
top-fcc geometry. This con�rms that the graphene layer was formed on the surface start-
ing from di�erent seeds that, during the growth, have given rise to distinct graphene do-
mains. This is totally analogous to the case of pristine graphene, thus validating that the N
doping method presented in this thesis does not a�ect signi�cantly the standard epitaxial
graphene growth process, as suggested by LEED and XPS measurements.

The graphene surface appears sprinkled by a huge number of defects with diverse ap-
pearance. The large white spots, clearly visible in Figure 4.8 and in its inset (white circle),
are observed also in the pristine case and were previously assigned to Ni atoms trapped in
the graphene network during the growth process [65, 149]. Indeed, it was experimentally
and theoretically demonstrated that Ni surface adatoms actively participate in the LP-CVD
graphene growth process, catalyzing the C-C bond formation [65] and remaining at times
trapped into the graphene network [149]. Besides the trapped Ni adatoms, new kinds of
defects were observed in the large scale high-resolution images, not present in the pristine
graphene case, that can be tentatively linked to N atoms trapped in the graphene mesh.
The inset reported in Figure 4.8 shows a magni�cation of two of the most abundant fea-
tures of this kind, appearing as clover-like defects (purple circle) and dark triangles (black
circles).
The high-resolution STM measurements allowed for a detailed investigation of the di�er-
ent types of defects, characterized by peculiar appearance, shape and size. DFT calcula-
tions revealed that these features are clearly reproduced by embedding N atoms inside the
graphene lattice, arranged in di�erent con�gurations.

4.2.1 Most abundant N defects

Atomically resolved images of the most abundant N defects observed are reported in the
top row of Figure 4.9. For the defects in panels 4.9a and 4.9b, the graphene network appears
to be complete, with no vacancies in the mesh. This points to the presence of N atoms fully
embedded in the graphene network, where they replace C atoms in a graphitic con�gura-
tion, in line with the XPS results discussed above. The clover-like defect (Figure 4.9a) is
centered in a top site, with the �rst fcc neighbouring C atoms appearing brighter than the
other C atoms of the mesh, thus suggesting a localized increase in the density of states.
Instead, in the case of the defect centered in a fcc position (Figure 4.9b), a localized intensity
decrease is present at the position of the �rst neighbors of the central atom, accompanied
by the appearance of brighter clovers formed by second and forth neighbor C atoms in
symmetric positions. Considering their registry, we assign these two defects to top ( 4.9a)
and fcc ( 4.9b) graphitic N con�gurations, respectively. This identi�cation is con�rmed by
DFT calculations and simulated STM images of the proposed models (Figure 4.9, second
row in the top panel), which nicely reproduce the appearance of these defects. At variance
with Figure 4.9a and b, Figure 4.9c and d show images characterized by a dark core, suggest-
ing that the corresponding defects involve one or more atomic vacancies in the network.
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Figure 4.9: N defect con�gurations in Gr on Ni(111). Top panel: Experimental and simulated STM
images for various defects. Image size: 1×1 nm2. Structures are classi�ed according to number of
N atoms, con�guration type and position. Experimental parameters: (a) N graphitic top, I = 3 nA,
Vbias = -0.2 V, (b) N graphitic fcc, I = 4 nA, Vbias = -0.2 V, (c) 3 N pyridinic fcc, I = 0.6 nA, Vbias =
-0.2 V and (d) 3 N pyridinic top, I = 0.6 nA, Vbias = -0.2 V. Computational parameters: Vbias = -0.2
V; ILDOS isosurface lying ≈2 Å above graphene and with ILDOS value of 5×10−5 |e|/a3

0. Bottom
panel: ball-and-stick model of DFT relaxed structures (side and top view).
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More speci�cally, the defects imaged in Figure 4.9c and d display a threefold symmetric
shape, centered in top and fcc positions, respectively. In Figure 4.9c, the down-pointing
black triangle shows three protrusions in fcc position close to the corners, with a slightly
less bright appearance than C atoms in the network; conversely, the triangular defect in
Figure 4.9d displays a completely black core. Due to the likely presence of vacancies, it is
reasonable to expect that these two defects involve nitrogen in pyridinic structures. The
comparison between the experimental STM images and those obtained from an extensive
DFT investigation leads to the following assignment: the defects in Figure 4.9c and 4.9d
are compatible with a threefold symmetric pyridinic con�guration of three N atoms in fcc
and top positions, respectively. These 3N pyridinic models consist of three N atoms, each
bound to two C atoms, at the edge of a C vacancy, as it is illustrated in the corresponding
ball-and-stick model reported in the bottom panels in Figure 4.9.

The presence of pyridinic species in the N-doped graphene layer is fully consistent
with the XPS measurements reported and discussed above. In particular, the 3 N pyridinic
top con�guration is the one that best �ts the experimentally observed XPS shift with re-
spect to the graphitic top species (calc. 2.1 eV) [131], as mentioned above.
A direct quantitative comparison between the amounts of 3 N pyridinic and graphitic de-
fects measured by XPS and STM is not trivial, as we could not perform in situ XPS measure-
ments on the same layers imaged by STM. In any case, both techniques agree in indicating
that the amount of N atoms in pyridinic con�guration exceeds that in graphitic con�gu-
rations. However, STM on average estimates the presence of more than twice pyridinic N
than XPS, but the reason of this discrepancy remains unclear and might be related to the
di�erent distribution of defects at the grain boundaries, to the in�uence of the di�erent
history of the measured layers and/or to e�ects such as photo-electron di�raction on the
spectroscopic measurements.

We further characterized the electronic structure of the observed N defects by acquir-
ing STM images at di�erent bias voltages. This allows the empty and �lled states near the
Fermi level to be probed. The comparison between the experimental and the simulated
STM images is reported in Figure 4.10, showing a good agreement for N graphitic top and
fcc defects, as well as for the 3N pyridinic fcc defect, both at negative and positive biases.
In the case of the 3N pyridinic top, the simulated image did not adequately reproduce the
experimental features for positive bias polarity. Indeed, in this case simulated STM images
show a dark core at all the considered biases (negative and positive), while the experimen-
tal images display a dark core only at negative biases and a bright protrusion at positive
ones. We still do not have a clear explanation for this e�ect; it can be tentatively related
to an enhancement of the inelastic scattering of tunneling electrons due to vibrational
excitations of possible adsorbates on the tip, when the tip is located on speci�c defects,
such as the 3 N pyridinic with an fcc vacancy, as previously reported in literature [150],
or to the speci�c theoretical method, the Terso�-Hamann approach, used for the simula-
tions. In particular, in the Terso�-Hamann approach [122], the shape of the simulated tip
is spherical, thus only the s orbitals are considered and the possible p orbitals involved are
neglected. This might a�ect the resulting calculations and simulations, producing unreal
features, not in agreement with experiments.

To further corroborate our assignment based on the good agreement between exper-
imental and calculated XPS shifts and STM images at negative bias, and to shed light on
the discrepancy between theoretical and experimental imaging at positive bias, we have
performed STS maps at cryogenic temperature (77 K) to locally probe the spatial distribu-
tion of the density of states around defects [124]. The cryogenic temperature allows the
tip to be stable and sharp on a longer time, reducing artifacts due to atoms rearrangement
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Figure 4.10: Experimental and simulated STM images of the N graphitic and 3N pyridinic con�g-
urations in top and fcc positions at negative (-0.2 V) and positive (+0.2 V) biases.
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on the tip or thermal drift.
In Figure 4.11, the experimental results at ±0.2 V are compared to the simulated STS maps
at the same biases for N graphitic (top and fcc) and 3N pyridinic top. In particular, ex-

3N pyridinic top

Figure 4.11: Experimental and simulated STS dI/dV conductance maps at constant height of the
1N graphitic fcc, 1N graphitic top and 3N pyridinic top defects, for two di�erent biases, -0.2 V and
+0.2 V. Simulation parameters: LDOS iso-surface with a constant height of 2 Å above graphene.
Experimental setpoint parameters: N graphitic fcc I0 = 3.0 nA, Vbias = ±0.2 V, N graphitic top I0 =
4.0 nA, 3N pyridinic top I0 = 4.0 nA, Vbias = ±0.2 V. Lock-in parameters: Modulation amplitude =16
mV, Frequency= 971.5 Hz.

perimental constant-height dI/dV conductance maps of graphitic defects in top and fcc
positions, acquired at two di�erent biases (±0.2 V), nicely match the corresponding maps
of LDOS, providing further support to our interpretation about the nature of the observed
N defects.
For the 3N pyridinic top con�guration, a dark core was experimentally imaged in the dI/dV
maps at both positive and negative biases (±0.2 V), as it is shown in Figure 4.11, which in
this case is in agreement with the simulated STS maps. To �nd a possible explanation for
the discrepancy between theoretical and experimental STM imaging at positive polarity,
we probed the empty and �lled states very close to the Fermi level, mapping at ±0.05 and
±0.1 V and comparing the experimental results with the STS simulated maps at the same
biases. In Figure 4.12, the obtained maps are reported, showing a good agreement at ± 0.1
V and -0.05 V. The discrepancy was observed again very close to Fermi, more clearly at
positive bias values (+0.05 V), where it is visible an enhancement of the brightness at the
center of the defect, thus suggesting the presence of a state very close to the Fermi level.
Nevertheless, our statistics is not high enough to con�rm this observation. It is also im-
portant to consider that the high atomic resolution might be ascribed to a functionalized
tip, which can introduce artifacts in the experimental maps, causing an enhancement of
inelastic scattering of electrons. It is well known [150] that at biases very low in magni-
tude the electron tunneling current can �ow also inelastically through vibrational states of
molecules that sit on the tip. Such e�ect, that in principle occurs everywhere on scanned
surface, might be enhanced by the particular conformation of the defect: at the center,
where no atom sits, the tunnelling current could �ow also on the side of the tip through
the N dangling bonds, thus changing the matrix element that describes the tip-sample tun-
nelling process and giving raise to extra features in STM images and STS maps. This e�ect



4.2 N-doped Graphene: epitaxial domains 55

-0.1 -0.05 +0.1 +0.05 
Ex

pe
rim

en
ta

l 
Si

m
ul

at
ed

 

3N pyridinic top - dI/dV maps

Figure 4.12: Experimental and simulated STS dI/dV conductance maps at constant height of the 3N
pyridinic top defect, for several di�erent biases near the Fermi level, ±0.05 and ±0.1 V. Simulation
parameters: LDOS iso-surface with a constant height of 2 Å above graphene. Experimental starting
parameters: 3N pyridinic top I0 = 4.0 nA, Vbias = ±0.05, ±0.1 V. Lock-in parameters: Modulation
amplitude =16 mV, Frequency= 971.5 Hz.

is not considered in theoretical calculations.
Finally, we demonstrated that these N dopant structures have the same appearance

at a given bias and for di�erent tip conditions and are stable at di�erent temperatures
(cryogenic, room temperature and after a �ash annealing at 250 ◦C), as it is reported in
Figure 4.13. Indeed, the N defect structures were exactly replicated at 77 K by means of
the LT-STM and at higher temperatures using the VT-STM.

It should be noted that in the above analysis we never considered pyrrolic N defects.
This is due to the fact that in our STM images we never observed defects of pentagonal
shape, as expected for pyrrolic N, where one N atom is part of a 5-member ring; on the
other hand, the appearance of all the main N defects observed were adequately reproduced
using graphitic and pyridinic con�gurations. On this basis we can safely assume that, al-
though we cannot exclude the presence of some pyrrolic N defects, their coverage is not
relevant.

These experimental evidences, in synergy with the DFT calculations and the simulated
STM/STS data, unambiguously con�rm the presence and the structure of N graphitic and
3N pyridinic defects embedded in the graphene network.

We theoretically investigated why some defects are more abundant and other more
rare. In particular, the following two facts are worth noting: (i) although 3N pyridinic con-
�gurations are the most abundant in the network, pyridinic con�gurations with 2N top,
1N top and 1N fcc, are never observed in our experimental STM images of the N-doped
graphene layer, and (ii) other defects, which we will present in the following sections, are
rare or very rare.
In order to shed light on this experimental evidence, in collaboration with the University
of Milano-Bicocca, we performed a set of DFT calculations aimed at evaluating the en-
ergy cost/gain of having N atoms at either pyridinic or graphitic positions in the lattice.
We compared the total energy of three model con�gurations with the same number of N
atoms (3 N) but di�erent relative positions (see Figure 4.14).
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Figure 4.13: STM images of the two most abundant N defects (N graphitic top and 3N pyridinic
top) at cryogenic (77K), room temperature and after a �ash annealing at 250 ◦C. Vbias= − 0.2 V.

ΔE = 0 eV ΔE = +2.53 eV ΔE = +4.65 eV

3N pyridinic top 2N pyridinic top + 1N graphitic top 1N pyridinic top + 2N graphitic top

Figure 4.14: Top and side views of three di�erent N-doped graphene models involving 3 nitrogen
atoms, classi�ed according to the con�guration type and position of the N atoms. The relative en-
ergy with respect to the most stable model (3N pyridinic top) is reported below each con�guration.
Color coding: Ni atoms in the �rst, second and third layer are rendered in dark grey, grey and light
grey, respectively; N atoms in blue; C atoms delimiting the defect site in red, graphene network in
black.
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The most stable model (3 N pyridinic top) is taken as energy reference. Both the other
tested structures ("2 N pyridinic top+1 N graphitic top" and "1 N pyridinic top+2 N graphitic
top") are characterized by higher total energies, +2.5 eV and +4.6 eV, respectively. This is
a clear indication of the preference for the N atoms to be located at the edges of the C
vacancy site rather than elsewhere, replacing a C atom within the graphene matrix, which
explains the experimentally observed higher abundance of pyridinic defects with respect to
graphitic ones. Such balance is likely related to the doping technique: adding N atoms dur-
ing growth favors the dynamic selection of defects with lower energy, with no constraint
posed by the local abundance of N atoms required. Conversely, other doping techniques
such as post-growth ion implantation favour defects with a di�erent graphitic/pyridinic
ratio, as a consequence of the ballistic formation process [27, 151].

4.2.2 Rare N defects

So far, the most abundant N con�gurations have been analyzed in details but, as it is visible
in Figure 4.8, other, more rare, kinds of defects are present on the graphene surface, thus
suggesting the presence of additional possible N defect structures. For instance, in prin-
ciple, the pyridinic con�guration with one C vacancy can involve a number of nitrogen
atoms ranging between 1 and 3, each of them located in top or fcc sites. Moreover, other
exotic structures, like for example multiple vacancies or pairs of nitrogen atoms embedded
in the network, cannot be a priori ruled out.
Based on our huge statistics obtained by a thorough STM investigation, we present here
more rare experimentally observed structures, and compare them with a wide variety
of possible theoretical models, involving di�erent numbers of C vacancies and N atoms,
placed in di�erent positions of the graphene network, at the interface with the Ni substrate
and/or interstitially embedded in its �rst layers.

In Figure 4.15, rare defects embedded in the graphene network are presented. All of
the reported defects are rare or very rare and their structure is suggested on the basis of
a reasonable comparison with theory. In Figure 4.15a, the imaged defect displays a mirror
symmetry with a dark core, suggesting that one or more atomic vacancies are involved.
On the other hand, the defect imaged in Figure 4.15b displays a complete mesh where an
atom placed in fcc position appears brighter than all the others. Having already assigned
the N graphitic fcc con�guration with an high level of con�dence, a di�erent arrangement
of the nitrogen atoms must be found for this defect. Similarly to the 3N pyridinic defect,
the con�guration in Figure 4.15c shows a dark core with a "shadow" in the center and two
brighter atoms on one side of the dark triangle. Finally, a bigger dark triangular structure
is imaged in Figure 4.15d, suggesting a multiatomic C vacancy.
The comparison between the experimental STM images and those obtained from a thor-
ough DFT investigation results in the following assignment (see bottom panels in Fig-
ure 4.15): the defect in Figure 4.15a is compatible with a 2N pyridinic fcc con�guration
with mirror symmetry, whereas the one in Figure 4.15b can be ascribed to a N atom lo-
cated in between the two �rst layers of the Ni substrate, below a graphene carbon atom in
fcc position. Instead, the con�guration in panel 4.15c can be classi�ed as a N-N pair em-
bedded in the graphene mesh. Finally, the large defect in Figure 4.15d is remarkably well
reproduced by the simulated STM image of a tetra-atomic vacancy with edges decorated
by six N atoms in the top positions.
It is important to note that the structures shown in Figure 4.15b and c were always ex-
perimentally imaged in groups of three defects, thus forming a bigger triangular shape, as
evident in Figure 4.15e (models in Figure 4.15f and g). We do not have a precise explanation
for this peculiar behavior. Based on the results presented so far, nitrogen seems to pre-
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Figure 4.15: (a)-(d) Experimental and simulated STM images of N con�gurations rare or very
rare imaged in the graphene network. Vbias= -0.2 V. (e) STM topographical image of N-doped
graphene: several defects are clearly visible on the surface. Green and blue dashed circles highlight
G/Ninterstitial/Ni and N-N pair defect groups, respectively. Scale bar: 1 nm. Image parameters: I = 8
nA, Vbias= -0.2 V. (f), (g) Top and side view model of the group of defects inside the dashed squares
in (e).
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fer aggregating in groups of atoms, thus we might expect a minimization of the energy by
forming groups of nitrogen atoms. However, we have to keep in mind that the �nal con�g-
urations observed by STM are the results of kinetic and/or thermodynamic processes, and
in order to validate the previous speculations, further speci�c theoretical investigations
should be performed.

4.3 N-doped Graphene: rotated domains

As it is well-known in literature, CVD graphene growth on a Ni(111) substrate can result
into two di�erent graphene phases: epitaxial and rotated graphene (see section 2.5.1). So
far, we focused on nitrogen doping in the epitaxial graphene domains, unveiling several
kinds of N defects, di�erent in shape, size and number of N atoms involved in the struc-
ture. In this section, we will investigate the N doping sites in rotated graphene domains at
the atomic level.

In a preliminary LEED characterization, comparing two di�raction patterns for pris-
tine and N-doped graphene reported in Figure 4.16a and b respectively, no signi�cant dif-
ferences are visible in the long-range arrangement when nitrogen is added to the prepa-
ration using our protocol, as it was highlighted for the case of epitaxial graphene in the
previous section (see Figure 4.6).Rotated Gr/Ni Rotated N-Gr/Ni

a b

Figure 4.16: LEED patterns of (a) pristine rotated graphene and (b) N-doped rotated graphene on
Ni(111). (E=68 eV).

The analysis of the LEED patterns allowed identifying two main features: the typical (1×1)
structure of epitaxial graphene in register with the Ni substrate, and the arc-like spots ex-
pected for rotated graphene domains (more details in chapter 2, section 2.5.1). Indeed,
as already reported for pristine graphene on Ni(111), the rotation angle of the graphene
domains varies in a small range around 17◦, creating arc-like features in the di�raction
pattern.

In order to investigate the surface morphology of the sample, STM experiments at
room temperature were carried out. In Figure 4.17, a 15×15 nm2 overview of a rotated
graphene domain is imaged. The triangular ordered arrangement of big bright spots is
the typical moiré pattern originated from the superposition of two periodic layers (Ni and
rotated graphene), as explained in chapter 2, section 2.5.1.

Several dark defects with di�erent shapes and sizes are imaged in Figure 4.17, not
present in the pristine rotated graphene case, which appear to be located in di�erent moiré
regions: (i) a triangular dark defect (in the black solid square) placed in a valley of the moiré
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Figure 4.17: (a) VT-STM topographical image of a rotated graphene area, where the moiré pattern
is clearly visible. Several dark defects are observed on the surface with di�erent shape, size and
position in the moiré pattern. Two of them are zoomed on the right, in (b) and (c). Scale bars: 2
nm. Images parameter: (a) 15×15 nm2, I=0.2 nA, Vbias= - 0.4 V (b) 4×4 nm2, I=0.7 nA, Vbias= - 0.08
V (c) 4×4 nm2, I= 0.09 nA, Vbias= -0.3 V.

pattern, (ii) a rectangular dark defect (gray solid square) bridging two ridges, (iii) a circu-
lar dark defect (blue solid square) on a ridge. The moiré pattern determines the defects
symmetry. Indeed, a threefold, mirror or hexagonal symmetry is identi�ed for the three
defects placed in di�erent moiré positions, respectively.
From the magni�cations shown in Figure 4.17b and c, the limited image resolution achieved
for two of the defects do not allow to well de�ne their con�guration and thus a precise
model can not be inferred. Nevertheless, by comparing the roughly triangular shape and
the dark appearance of these defects in rotated domains with respect to the previously
discussed 3N pyridinic con�gurations observed in epitaxial graphene domains, we might
expect one or more vacancies in the network, tentatively assigned to pyridinic structures,
also in the case of rotated graphene. Their bigger size with respect to a commonly im-
aged 3N pyridinic defect can be due to the presence of more than one C vacancy, as well
as just one C vacancy where the three N atoms interact di�erently with the Ni substrate
underneath, due to the rotation of the graphene domain. However, more experiments are
needed to clarify the structure of these defects.

4.4 Other models for N defects

The complete characterization of the N-doped graphene layer on Ni(111) required an ex-
tensive investigation from an experimental and theoretical point of view. Despite the
atomic resolution achieved and the huge statistics of the STM measurements (both at
room and cryogenic temperature), the comparison between the experimental results and
the simulated models was not straightforward for all defects. Indeed, in the case of N
graphitic con�gurations, both in fcc and top position (see Figure 4.9), the agreement was
actually very good, while the identi�cation of the pyridinic defect was much more trou-
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blesome.
Signi�cant e�ort was dedicated to the identi�cation of the "triangular dark defects"

highlighted in Figure 4.8, and several possible models were proposed, aimed to �t the
experimentally observed structure. A thorough DFT analysis, complemented by a wide
number of simulated STM images, was carried out. The complete set of simulated images
is reported in Figure 4.18, considering 1N pyridinic con�guration both in top and fcc po-
sition (ideally, the easier structure), as well as 2N and 3N pyridinic defects. Also other
models were taken into account: the possibility to have hydrogenated dangling bonds has
been considered, as well as the chance of having N atoms at the interface or interstitially
in the �rst layers of the Ni substrate. All these possibilities were evaluated, simulated and
compared with the experimental results.
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Figure 4.18: Simulated STM images and relative side view models. All the models have been
simulated at Vbias= -0.2 V, corresponding to the experimental bias.
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4.5 N-doped Graphene on Ni nitride

As mentioned in section 4.1, the amount of detected Ni nitride decreased after several
cleaning/growth cycles. In particular, we experimentally observed a drastic reduction of
nitride at the interface while keeping constant the amount and kinds of N defects trapped
in the graphene network. In this section, we present the experimental LEED, XPS and
STM measurements acquired just after the Ni crystal doping, showing the signi�cant role
played by nitride during the �rst N-doped graphene preparations.

After the standard cleaning procedure, the resulted di�raction pattern of the bare Ni
substrate is shown in Figure 4.19a.

after cleaning- NI nitride 13/09/2018 after growth 10/09/2018

a b

Figure 4.19: LEED patterns of (a) Ni nitride on the surface after Ni cleaning and (b) epitaxial and
rotated graphene on Ni(111) after CVD. Red dotted circles indicate the extra spots. (a) E= 68.4 eV,
(b) E= 61.4 eV.

Besides the expected hexagonal Ni spots, an additional complex structure is faint but visi-
ble. As reported in literature, we ascribe these extra spots to the long-range ordered struc-
ture formed by nitrogen atoms arranged in a Ni nitride-like coordination [152]. It is worth
nothing that also carbon atoms in a Ni carbide coordination produce the same di�raction
pattern. However, we can safely assign the di�raction pattern to Ni nitride on the basis
of the XPS measurements previously discuss in section 4.1, where the main component in
the N 1s spectrum was given by the Ni nitride-like coordination of nitrogen.
On the other hand, the LEED pattern acquired after the standard CVD graphene growth
shows the typical Ni, epitaxial graphene and rotated graphene spots, without any addi-
tional complex structure (Figure 4.19b), suggesting that the majority of the nitride layer
dissolved in the bulk after the graphene growth procedure.

In Figure 4.20, the reported XPS spectrum shows the measured N 1s signal (main plot)
after just few CVD cycles; the inset at the top left shows the spectrum acquired after sev-
eral cycles and already discussed in section 4.2.
Comparing the two spectra, it is possible to see the evolution of the di�erent N con�g-
urations after few (main plot) and several (inset) CVD cycles. In both case, the presence
of multiple components indicates the co-existence of di�erent chemical N con�gurations
and their concentrations change with CVD cycling.
At the beginning (see Figure 4.20, main spectrum), N is present in the form of (i) nickel
nitride (397.1 eV), stemming from N atoms in the very �rst layers of the Ni substrate in
a Ni nitride-like coordination, (ii) pyridinic defects (398.6 eV), where N is placed at the
edge of a C vacancy and bonds to two C atoms as part of a six-membered ring, and (iii)
graphitic defects (400.6 eV), where N atom is substituting a C atom in the graphene net-
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Graphitic N 
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Ni Nitride 
397.1 eV

Figure 4.20: XPS spectrum of the N 1s core level, after few (main spectrum) and several (inset)
CVD cycles. Photon energy hν= 1486.7 eV.

work and bonds to three neighboring carbon atoms. The latter two components are a clear
indication that N atoms are not exclusively present in the Ni substrate, as evidenced by
the lower energy component, but also trapped in the graphene mesh. However, the XPS
results show that the amount of nitride in the �rst surface layers is signi�cant.
After several CVD cycles, the nitride-like component is not visible anymore (see inset
spectrum in Figure 4.20), suggesting that the cleaning/CVD procedure has depleted the N
content in the �rst Ni layers, while the �ngerprint of N-doping of graphene is still evident
(N dopants trapped in the network in form of graphitic and pyridinic defects).

Finally, STM measurements unambiguously validate the presence of nitride at the in-
terface between N-doped graphene and the Ni substrate.
In Figure 4.21a, a 15×15 nm2 image of graphene with Ni nitride underneath is imaged.
The surface appears rough and irregular, completely covered by the graphene layer, as
evident in the magni�cation shown in Figure 4.21b where the typical honeycomb lattice
of graphene is visible. However, di�erent color contrast suggests di�erent heights on the
surface, pointing out a di�erent interaction of the graphene layer with the substrate and
thus a di�erent substrate composition at the interface. Based on XPS and LEED measure-
ments, we speculate the presence of Ni nitride underneath graphene. Indeed, we exclude
the possibility of carbide underneath graphene because graphene on top of carbide gives
rise to a peculiar square moiré pattern [153], not imaged on the surface in Figure 4.21a and
b.
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scale bar: 2 nm
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Figure 4.21: (a) STM images of graphene with Ni nitride underneath. (b) Zoom-in on the white
dashed square in (a). Scale bars: 2 nm. Images parameters: (a) I= 2 nA, Vbias= -0.2 V; (b) I= 0.85 nA,
Vbias= -0.08 V.



Chapter 5

Reactivity

In this chapter, a fundamental study on the interaction of one of the simplest but poten-
tially lethal gases, namely carbon monoxide (CO), and pristine and N-doped graphene on
a Ni(111) substrate is presented and discussed. The reactivity towards CO of both pristine
and doped graphene is described in detail from an experimental point of view, pointing
out the di�erences among the two systems. Numerical simulations corroborating the ex-
perimental results are also presented.

5.1 CO on pristine Graphene on Ni(111)

As discussed in chapter 2, section 2.4, the possibility to exploit graphene as gas sensor has
been intensively studied in literature. In particular, CO was investigated in interaction
with graphene under di�erent experimental conditions of pressure and temperature. At
low pressures (∼ 10−6/10−7 mbar of CO), graphene on Ni(111) was demonstrated to be inert
at room temperature whereas at low temperature (∼ 80 K) CO molecules were reported to
adsorbe on the graphene surface forming aligned short chains [24].
On the other hand, at pressures in the mbar regime, CO was demonstrated to interca-
late at the interface between graphene and its substrate already at room temperature. For
example, spectroscopic and microscopic investigations demonstrated intercalation in the
con�ned region between graphene and Ir(111) [83] while, to the best of our knowledge, in
the case of graphene on Ni(111) only spectroscopic measurements have been reported so
far, where a partial intercalation was observed already at 0.1 mbar [106], as discussed in
chapter 2, section 2.5.3.

In this section, we will describe and discuss our experimental results regarding the re-
activity of pristine graphene on Ni(111) towards high CO pressures (in the millibar regime)
at room temperature, in order to investigate the interaction process. These results will
then be compared to those obtained for the reactivity of the N-doped graphene system,
performed using the same experimental conditions.

5.1.1 CO intercalation at the Graphene/Ni(111) interface

As mentioned above, it is known from the literature that when pristine graphene on
Ni(111) is exposed to high CO pressures, the gas molecules intercalate at the interface,
reaching the con�ned zone between graphene and the substrate. By means of XPS mea-
surements, this process was demonstrated to start at CO pressures around 0.1 mbar and a
full intercalation was obtained at ∼6 mbar [106]. Starting from these results, we tried to
reproduce the intercalation process monitoring the spectroscopic �ngerprints by XPS, in
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order to then fully characterize the morphology of the sample surface by means of STM.
After the standard LP-CVD growth procedure performed as described in chapter 2,

section 2.5.1, the quality, homogeneity and morphology of the graphene surface was as-
sessed by LEED, XPS and STM.
In order to determine the pressure threshold for CO intercalation, we proceeded by expos-
ing the sample to a gradually increasing CO pressure and characterizing it by XPS. Indeed,
being sensitive to the chemical behavior of the physical system surface, this technique can
quickly provide information about the interaction between CO and graphene, which in-
duces signi�cant modi�cations in the electronic structure of the graphene layer.
In Figure 5.1, the C 1s spectra of pristine graphene collected before and after exposure to
0.01 mbar and to 0.7 mbar of CO for 1 h at room temperature are reported in panels a, b
and c, respectively.
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Figure 5.1: C 1s core level spectra of pristine graphene on Ni(111) (a) before the exposure to CO,
(b) after the exposure to 0.01 mbar and (c) 0.7 mbar of CO for 1 h at room temperature.

In the C 1s spectrum shown in Figure 5.1a, related to pristine graphene before exposure
to CO, the experimental peak appears broad, indicating di�erent chemical environments
and coordinations of C atoms on the surface. In order to properly �t the data, we used
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a Shirley background and reproduced the C 1s photoemission peaks using asymmetric
Doniach-Sunjic lineshapes (more details in section 3.3.3). Based on the data �tting and
on the binding energies reported in literature for pristine graphene [100], the C 1s peak
appears to be formed mainly by three components:

- graphene C atoms strongly interacting with the Ni substrate, whose peak is centered
at 284.8 eV and labeled as "Gr/Ni" (green). This component is associated to pristine
graphene on Ni(111);

- graphene C atoms belonging to the component that we label "Gr free", centered at
284.4 eV, stemming from C atoms less interacting with the substrate with respect
to "Gr/Ni" and that we ascribe to rotated graphene domains with Ni2C underneath
(purple);

- C atoms coordinated with the Ni surface atoms forming nickel carbide underneath
graphene, labeled "Ni2C" and centered at 283.2 eV (blue).

After the �rst exposure to CO at a partial pressure of 0.01 mbar for 1 h (Figure 5.1b), the
C 1s spectrum appears similar to the spectrum reported in Figure 5.1a, related to clean
graphene before exposure to CO. This indicates that no e�ects have been induced on pris-
tine graphene by CO exposure at those pressure conditions and no CO intercalation oc-
curred.
On the other hand, in the C 1s spectrum measured after exposure to 0.7 mbar of CO for 1 h,
a clear change was detected, as shown in panel c in Figure 5.1. In this case, two new com-
ponents arise, centered at 283.6 eV (in yellow) and 285.3 eV (in red), respectively. On the
basis of the data �tting and the binding energies reported in literature for CO intercalated
graphene [106], the additional components were associated to:

- graphene partially decoupled from the Ni(111) surface, as indicated by the shift to
lower binding energies of the graphene carbon atoms components (yellow peak at
283.6 eV),

- carbon atoms of CO adsorbed on Ni(111) in a bridge positions (red peak at 285.3 eV).

It is worth noting that, based on the literature, during the data �tting of the C 1s spec-
trum shown in Figure 5.1c, relative to the exposure to 0.7 mbar of CO, another component
was introduced, ascribed to C atoms of the CO molecules adsorbed on Ni top sites. This
peak, reported in black and labeled "CO_t", is almost not detectable, as was reported in
Ref.[106], suggesting a preferential CO adsorption in bridge sites. The presence of CO on
the Ni surface is con�rmed also by the O 1s spectrum measured from the same preparation
(see Figure 5.2). The rise of a clear peak at energy around 531.0 eV validates the hypothesis
of the adsorption of CO molecules at the bridge sites of the Ni substrate [106].
By analyzing the peaks’ intensity, taking into account also the attenuation due to the pres-
ence of the graphene layer, it is possible to deduce the CO coverage, obtaining an estimated
coverage of 0.6 ± 0.1 ML.

LEED measurements show weak and faint additional spots in the di�raction pattern
of graphene on Ni(111) after the exposure at 0.7 mbar (see Figure 5.3).
In particular, the typical hexagonally distributed (1×1) spots are related to Ni and epitaxial
graphene, while the arc-like structures are due to rotated graphene domains. In addition,
new extra spots are visible, forming a pattern in line with those reported in literature for
CO on clean Ni(111) and compatible with the coexistence of c(4×2) and (√7×√7)R19◦ CO
domains (nominal coverage of 0.50 ML and 0.57 ML, respectively) [118, 117]. This con�rms
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Figure 5.2: O 1s core level spectrum of pristine graphene on Ni(111) before (black pro�le) and after
(red pro�le) CO intercalation.

that CO intercalates underneath graphene forming ordered structures with a coverage of
0.50/0.57 ML, in agreement with the estimation from the XPS data. Indeed, the possibility
that in our sample CO is adsorbed on a clean Ni region (not covered by graphene) was
ruled out by the experimental evidences provided by the characterization of the graphene
layer before CO exposure, which con�rm that the graphene layer completely covers the Ni
substrate. Moreover, the weak and faint intensity of the di�raction spots suggest that CO
molecules do not arrange in a single well-ordered structure all over the Ni surface. This is
compatible with the coexistence of two di�erent adsorption structures, as discussed above.

In order to rationalize the speci�c CO intercalation pattern and the observed e�ects on
the electronic structure, in collaboration with a theoretical group at the University of Tri-
este, a systematic density functional theory investigation of pristine graphene/CO/Ni(111)
was performed, relatively to the experimentally observed CO coverages of 0.50 ML and 0.57
ML. Numerical simulations demonstrated that CO intercalated molecules occupy mainly
positions between hollow and bridge sites on Ni(111). For the considered coverages, stable
con�gurations involving CO on top sites were not found, thus indicating that the graphene
cover inhibits the occupation of top sites, as suggested in Ref.[106]. This validate the pres-
ence in our C 1s spectrum of the component we ascribed to CO in bridge positions and
clarify the absence of the component related to CO on top sites.
Furthermore, to validate the spectroscopic assignment and to analyze in detail the chemical
con�guration of the system, the core-level shifts (CLSs) of the C 1s levels were calculated
and compared with those computed for free-standing graphene and for graphene directly
supported on Ni(111). In the case of supported graphene on Ni, an average CLS of C 1s of
about 0.4 eV towards higher binding energies was obtained. Indeed, the calculated value
of the binding energy for free-standing graphene is 284.4 eV while for graphene supported
on Ni(111) is 284.8 eV, in agreement with the experimental results.
Moreover, the e�ect of CO intercalation on the C 1s core levels of graphene was studied
and the CLS for C atoms in graphene and in the intercalated CO molecules were calcu-
lated, resulting strongly dependent on the CO coverage. As reported in table in Figure 5.4,
a good agreement was obtained between the theoretical values and the attribution of the
experimental C 1s peaks for graphene C atoms considered in di�erent con�gurations, in
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Figure 5.3: LEED patterns of pristine graphene on Ni(111) after exposure to 0.7 mbar. Red dotted
shapes indicate the extra spots. (E=102 eV)

particular graphene C atoms directly interacting with Ni and those detached from Ni by
CO intercalation. The assignment is more di�cult in the binding energies region relative
to CO, where the experimental spectroscopic features are broad. Here, the deconvoluted
experimental peaks were tentatively assigned to CO in hollow (both fcc and hcp) and
bridge sites. At even higher binding energies, where the contribution of CO in top sites is
expected, no signi�cant evidences are visible in the experimental spectrum. This is con-
sistent with the calculations, con�rming that the top sites occupation is inhibited by the
graphene capping.

C 1s Exp (eV)
DFT (eV) 

Graphene/CO/Ni(111)

Graphene 
decoupled by CO 283.8 283.85 [0.50 ML]


284.05 [0.57 ML]

Graphene not 
interacting 284.4 284.40

Graphene/Ni 284.8 284.8

CO bridge 

CO hollow
285.3

not stable


284.95 [0.50/0.57 ML]

CO top 285.9 not stable

Figure 5.4: Experimental and DFT calculated C 1s XPS peaks. The calculated values have been
aligned with the experimental peaks for the not-interacting (free standing) graphene. In the DFT
column, for each coverage we report the value mediated over di�erent inequivalent C atoms.

We �nally investigated by STM the sample surface morphology after CO intercalation,
in order to characterize it at the nanoscale.
In Figure 5.5a and b, two topographical STM images (17×17 nm2 and 15×15 nm2, respec-
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tively) show a mainly �at surface sprinkled by bright spots. The atomic resolution achieved
allowed obtaining speci�c information about the morphology of the intercalated graphene
layer.

domain boundary

domain boundary

a b

c d e

( 3 ! 3)R30"

(1 ! 1)

Figure 5.5: STM topographical images of: (a) region with several graphene domains. The grain
boundaries separate the di�erent patches and the scattering around these structure is clearly ap-
preciable. Image parameters: I= 0.22 nA, Vbias= -0.35 V; (b) di�erent types of defects and bubbles
imaged on the surface, surrounded by the typical quantum interference pattern due to the scatter-
ing e�ect. In the inset, the FFT of the STM image is shown, exhibiting the (1×1) and (√3×√3)R30◦
spots. (c), (d), (e) magni�cations of defects imaged in (b). In (e) a bubble is shown. Image parameters
(b), (c), (d), (e) I= 1.0 nA, Vbias= -0.08 V. Scale bar: 2 nm.

In Figure 5.5a, several interesting features are visible. First of all, it is important to note
that after CO exposure the honeycomb lattice of the graphene mesh is fully visible and all
six atoms of the hexagonal structure de�ned, as expected because of a weaker interaction
between the graphene layer and the Ni substrate due to the intercalated CO molecules.
Moreover, the superperiodicity observed in the LEED patterns, presented in Figure 5.3,
after CO intercalation was not imaged by STM as well as the moiré patterns formed by
rotated graphene domains, con�rming that graphene is completely detached from the Ni
substrate, weakly interacting with the CO molecules at the interface and behaving as a
quasi-free-standing graphene. For this reason, we never imaged moiré patterns, even if
di�erent graphene orientations are present (see arrow directions in Figure 5.5a). As indi-
cated by the dotted black lines, two domain boundaries are clearly visible in this area, sep-
arating graphene patches with di�erent orientation. Along the boundaries, several bright
spots are visible, surrounded by the typical defect-induced quantum interference pattern
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due to the scattering e�ect, leading to a (√3 × √3)R30◦ superstructure with respect to the
graphene (1×1) lattice [154], as visible in the 2D fast Fourier transform (FFT) shown in the
inset in Figure 5.5b. This pattern was appreciable also around the other bright and dark
spots randomly distributed on the surface, suggesting that they are defects in the graphene
network, likely constituted by Ni adatoms or defects formed during the CO intercalation.
In addition, bright protrusion of the graphene mesh were also imaged (upper right corner
in Figure 5.5a). These blobs, with di�erent sizes, visible all over the surface only after CO
exposure, appear as bubble-like extended defects which might be due to CO clusters or
contaminations at the interface. Indeed, the graphene mesh on top is fully visible in Fig-
ures 5.5e, compatible with an arrangement "under-cover".

Other kinds of defects have been �nally imaged, as shown in Figure 5.5b. All these
defects appeared with di�erent shape and size, as dark features or bright protrusion. A
zoom on two of these defects is reported in Figure 5.5c and d. Although the atomic reso-
lution achieved allows imaging all C atoms of the graphene network far from the defects,
it is not straightforward to identify the precise structure of the defects themselves, due
to the remarkable scattering e�ect. In particular, for the defect in Figure 5.5c, the dark
appearance may suggest the presence of one or more C vacancies, while for the defect in
Figure 5.5d, the bright protrusion in the center might suggest the presence of a Ni trapped
adatom. On this basis, we can tentatively assign them to single or multiple vacancies and
Ni adatoms, respectively. Since we did not observe so many multiple C vacancies on the
graphene surface before CO exposure, these kind of defects may likely be induced by the
high CO pressure at which the sample was exposed.

Once the pristine graphene layer on Ni(111) after CO intercalation at the threshold
pressure was fully characterized, we performed some preliminary LEED and STM studies
on the e�ect of the exposure of pristine graphene to higher CO pressures. As mentioned
above, only spectroscopic results were reported in literature after CO exposure. CO was
demonstrated to intercalate at the interface already at 0.1 mbar and a complete intercala-
tion was observed after exposure to few mbar of CO. However, how the surface appears
after the exposure to such high pressure and if CO adsorbs on the Ni surface forming
the same structures also in presence of the graphene capping are still questions to be ad-
dressed.
In order to investigate these aspects, we exposed pristine graphene on Ni(111) to high CO
pressures, in particular to 1.3 mbar and 13.3 mbar of CO for 1 h at room temperature, per-
forming LEED and STM characterizations after exposure. In Figure 5.6a and b, the LEED
patterns obtained are shown.

a b

1.3 mbar 13.3 mbar

Figure 5.6: LEED patterns of pristine graphene on Ni(111) after exposure to (a) 1.3 mbar and (b)
13.3 mbar for 1 h. (a) E= 98 eV, (b) E= 78 eV. Red dotted circles indicate the extra spots.
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As after exposure at the threshold CO pressure, the standard graphene/Ni(111) pattern and
additional spots due to CO on Ni(111) are visible. However, after high pressure exposures,
the extra spots appear sharp and clear, forming two well distinct patterns at 1.3 mbar and
13.3 mbar of CO, which clearly correspond to those reported in literature for di�erent or-
dered CO superstructures on the clean Ni surface [117, 118]. In particular, the di�raction
pattern in Figure 5.6a is associated to c(4×2) (coverage of 0.50 ML) whereas the pattern in
Figure 5.6b corresponds to (√7 × √7)R19◦ (coverage of 0.57 ML). We can therefore con-
clude that CO, once intercalated, adsorbs at the interface between graphene and Ni(111),
arranging in the same structures formed on bare Ni(111).
Comparing these LEED patterns to the one obtained after exposure to 0.7 mbar of CO
and reported in Figure 5.3, it is important to note that at higher pressures the enhanced
intensity and sharpness of the di�raction structure formed by CO on Ni(111) con�rm an
increase of the CO long-range order at the interface.

From a morphological point of view, no signi�cant di�erences with respect to the pre-
viously presented STM data obtained at lower pressure were observed.

50x50 nm^2 scale bar: 5 nm             1 Torr e 10 Torr

m18 del 14/12/2017     -0.6 V, 0.05 nA m35 del 10/01/2018    1 V, 0.3 nA

a b

Figure 5.7: STM topographical images of the pristine graphene surface after the CO exposure at
(a) 1.3 mbar and (b) 13.3 mbar for 1h at room temperature. Insets show 5×5 nm2 magni�cations
of the surface. Images parameters: (a) I=0.05 nA, V= -0.6V. Inset: I=0.7 nA, V= -0.2V; (b) I= 0.3 nA,
V=1V. Inset: I= 0.2 nA, V= 0.2V. Scale bar= 5 nm.

The surface appears �at with bright spots of di�erent size on top. As already discuss,
we ascribe the small bright spots to defects in the graphene network, such as Ni adatoms
trapped in the network and C vacancies, whereas the bigger bright spots might be at-
tributed to contaminations deposited on or below the surface during CO exposure, due to
the high pressure �uxed.

5.2 CO on N-doped Graphene on Ni(111)

So far, the reactivity of a pristine graphene layer on Ni(111) at di�erent CO pressures was
described and discussed. In this section, we present the experimental data obtained for
the reactivity experiments carried out on the N-doped graphene layers grown on Ni(111)
substrate, following our alternative protocol described in chapter 4, section 4.1, focusing on
the comparison with the reactivity of pristine graphene. Also in this case, we investigated
the pressure threshold above which the CO molecules start to intercalate at the interface
between the N-doped graphene layer and the Ni substrate and the modi�cations of the
electronic structure and the surface morphology, induced by CO intercalation.
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5.2.1 CO intercalation at the N-doped Graphene/Ni(111) interface

In order to determine the pressure threshold for CO intercalation underneath N-doped
graphene on Ni(111), we proceeded by exposing the sample to a gradually increasing CO
pressure and characterizing it by XPS, as done for pristine graphene. To compare the N-
doped graphene data with the pristine graphene case, we exposed the doped system to
similar pressure conditions, while keeping the sample at room temperature.

In Figure 5.8, the XPS spectra relative to the C 1s core level region are shown, com-
paring the experimental results for N-doped graphene before (Figure 5.8a) and after (Fig-
ure 5.8b) exposure to 0.03 mbar of CO for 1 h at room temperature, which resulted to be
the threshold pressure for intercalation under N-doped graphene.
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Figure 5.8: C 1s core level spectra of N-doped graphene on Ni(111) (a) before the exposure and (b)
after the exposure to 0.03 mbar of CO for 1 h at room temperature.

As it is visible in panel a of Figure 5.8, the C 1s peak relative to N-doped graphene on
Ni(111) before exposure can be �tted using three components, as already described in de-
tail for the case of pristine graphene (see section 5.1):

- graphene C atoms ascribed to the graphene domains strongly interacting with the
Ni substrate: "Gr/Ni" (green);

- graphene C atoms belonging to the component that we labelled "Gr free", less inter-
acting with the substrate with respect to "Gr/Ni" and ascribed to rotated graphene
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with Ni2C underneath (purple);

- C atoms coordinated with the Ni surface atoms forming nickel carbide underneath
graphene: "Ni2C" (blue).

Small variations in the components intensity are related to di�erent composition of the
sample due to the preparation. Indeed, even if the same growth protocol is used, di�erent
ratio between epitaxial and rotated graphene phases are observed and a di�erent amount
of Ni carbide is formed at the graphene/Ni interface, depending on the speci�c sub-surface
carbon concentration.
After exposure of N-doped graphene to 0.03 mbar of CO, the relative C 1s spectrum, re-
ported in Figure 5.8b, appears clearly di�erent. As for pristine graphene after exposure
to 0.7 mbar of CO, a new component centered at 283.6 eV is clearly visible. According
to the literature, this was the one we ascribed to graphene C atoms weakly interacting
with the Ni substrate, due to the presence of CO at the interface. We also notice that the
component associated to C atoms of CO molecules on Ni(111) at 285.3 eV is very small,
probably because the sample is not completely intercalated (as suggested by the presence
of a signi�cant peak of graphene on Ni at 284.6 eV) and the C signal of CO is attenuated by
the graphene layer. Nevertheless, the clear peak at 283.6 eV, ascribed to graphene weakly
interacting with Ni, is a strong evidence that the intercalation took place. Furthermore,
the O 1s core level spectrum reported in Figure 5.9 unambiguously con�rms the presence
of CO on Ni(111), showing a peak centered at a binding energy of 531.0 eV, in agreement
with literature [106].

N-Gr/CO/Ni     O1s

Figure 5.9: O 1s core level spectrum of N-doped graphene on Ni(111) before (black pro�le) and
after (red pro�le) CO intercalation.

Comparing the pressure required for CO intercalation in the pristine and N-doped graphene
systems, it is worth noting the signi�cantly lower threshold pressure at which the process
occurs in presence of nitrogen dopants, one order of magnitude lower with respect to pris-
tine graphene.

In order to thoroughly investigate the process and to con�rm CO intercalation, we
characterized the sample surface by means of LEED and STM, obtaining long-range order
structural information and a morphological analysis at the nanoscale, respectively.

In Figure 5.10, the LEED pattern of the N-doped graphene sample exposed to 0.03 mbar
of CO is reported. As for pristine graphene after exposure to 0.7 mbar of CO, besides the
standard spots expected for Ni(111), epitaxial graphene and rotated graphene domains,
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Figure 5.10: LEED patterns of N-doped graphene on Ni(111) after exposure to 0.03 mbar for 1 h at
room temperature. Red dotted circles indicate the extra spots. (E= 97.5 eV)

new extra spots clearly appeared in the di�raction pattern.
At variance with what observed in Figure 5.3 for pristine graphene exposed to 0.7 mbar
of CO, in this case the extra spots forming the superstructure appear sharp, indicating
a well-ordered distribution of CO at the interface between the graphene layer and the Ni
substrate. Indeed, in the case of pristine graphene, we ascribed the smearing of the di�rac-
tion spots to a not completely ordered structure, also compatible with the coexistence of
two adsorption con�gurations. The resulting di�raction pattern for N-doped graphene is
compatible with the one obtained in the pristine graphene case after exposure to 13.3 mbar
of CO pressure, three orders of magnitude higher than for CO on N-doped graphene, thus
pointing out an enhancement in the sensitivity for the doped system. The LEED structure
corresponds to the (√7 × √7)R19◦ CO superstructure on clean Ni, ascribed in literature to
a CO coverage of 0.57 ML [118]. This pattern appears homogeneous on the whole sam-
ple surface, apparently in disagreement with the XPS spectrum where we observe only a
partial CO intercalation, as shown in Figure 5.8b. Thus, we conclude that there are small
regions not intercalated, randomly distributed on the sample surface. Therefore, we can
guess that, where the intercalation occurred, the CO molecules arrange on the Ni surface
in a well-ordered superstructure, maximizing their coverage in those areas, as proved by
the LEED pattern in Figure 5.10.
In order to validate our interpretation, numerical simulations were performed by our col-
laborators at the University of Milano-Bicocca. Their computational study demonstrated
that, after the �rst CO molecule reaches the interface, there is a signi�cant energy cost for
each additional CO to access the interface. They found a critical point, corresponding to a
CO coverage of 0.14 ML, for which the energy cost to detach the graphene layer from the
Ni substrate is counterbalanced and even overcame by the energy gain of establishing a
certain amount of Ni-CO bonds and higher coverages, like 0.50 ML and 0.57 ML, are even
more favorite [155]. This corroborates the possibility to have high CO coverage "clustered"
in localized areas and not equally distributed at the whole interface.

We �nally investigated the sample morphology by STM at room temperature, in order
to characterize the surface at the nanoscale.
In Figure 5.11a and b, two large-scale STM topographical images show the N-doped graphene
surface after CO exposure.

In Figure 5.11a, a 30×30 nm2 image allows appreciating the standing waves in the



76 Reactivity

a b

scale bar 5 nm

( 3 × 3)R30∘

(1 × 1)

Figure 5.11: STM topographical images of two regions of the N-doped graphene layer after the
exposure to CO. The surface scattering e�ect due to the presence of defects is clearly visible in both
the STM images and con�rmed in the FFT inset in (b) by the typical (√3×√3)R30◦ periodicity. Image
parameters: (a) I= 0.45 nA, Vbias= -0.09 V; (b) I= 0.98 nA, Vbias= -0.05 V. Scale bar: 5 nm.

electronic structure surface originated by the presence of defects and impurities in a con-
�guration of quasi-free-standing graphene. This is a clear evidence of the detachment of
the N-doped graphene layer from the Ni substrate, unambiguously con�rming CO inter-
calation, at lower pressure with respect to the pristine case. Another interesting feature
visible in Figure 5.11a is the scattering e�ect around the bright defects and impurities,
which is clearly imaged in the zoom shown in Figure 5.11b. More information can be ex-
tracted from the latter. First, the graphene mesh is fully visible, as C atoms in the network
do not hybridize with the substrate any more, due to the presence of CO molecules at the
interface. Second, the bright protrusions indicate the presence of defects or impurities
trapped in the graphene mesh. Based on the characterization of the layer before exposure
to CO where several defect con�gurations were identi�ed, we expect these defects to be
N dopants and/or Ni adatoms trapped in the network. Third, thanks to the high atomic
resolution achieved, the (√3×√3)R30◦ periodicity around the defects, due to the impurity-
induced quantum interference e�ect [154], is clearly visible in the STM topographical im-
age and unambiguously con�rmed by the 2D fast Fourier transform (FFT) shown in the
inset in Figure 5.11b. However, at variance with pristine graphene, it is worth noting that
in this case not all defects show a quantum interference pattern around and this might be
a key factor in order to discriminate between di�erent defect con�gurations. Indeed, the
scattering e�ect is expected to be induced by the presence in the graphene network of one
or more C vacancies or dislocation. Thus, this feature might help to discriminate at least
between graphitic and pyridinic N defects.

In order to investigate this aspect, we imaged at high resolution two defects of di�er-
ent kind, shown in Figures 5.12a and b, both displaying a triangular shape but appearing
di�erently in size and brightness, as described above.
In particular, the defect shown in Figure 5.12a appears bigger and brighter than the one
imaged in Figure 5.12b. Around it, a bright pattern forming a (√3×√3)R30◦ periodicity is
clearly visible, which we ascribe to the typical quantum interference pattern due to scat-
tering e�ect likely induced by one or more C vacancies in a graphene weakly interacting
with the substrate [154]. These markers point to a N pyridinic con�guration, as nicely con-
�rmed by the simulation reported in Figure 5.12c. On the other hand, the defect shown in
Figure 5.12b is not surrounded by the same bright scattering pattern, therefore suggesting
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Figure 5.12: Experimental (a,b) and simulated (c,d) STM images of 3N pyridinic and 1N graphitic
on the N-doped graphene layer after the exposure to CO. (e) and (f) show the model in top and side
view of the N con�gurations in (a) and (b), respectively. Image parameters: (a), (b) I= 0.98 nA, Vbias=
-0.05 V. Computational details: Vbias = -0.05 V, ILDOS iso-surface lying ≈3 Å above graphene and
with ILDOS value of 1×10−5 |e|/a3

0.

a complete graphene mesh and thus a N graphitic con�guration. This hypothesis was con-
�rmed by the simulated image reported in Figure 5.12d, where mustache-like features are
theoretically reproduced, similarly to the experimental image. However, it is important
to note that the center of the defect appears bright in the experimental images while it
appears dark in the simulated ones. This discrepancy might be related to the theoretical
approach used. The Terso�-Hamann method [122], indeed, is a widely used theoretical ap-
proach for simulating STM images which, however, use several approximations and thus
has some limitations. In particular, the tip is approximated with a spherical shape using
only s orbitals and this might result in a signi�cant discrepancy with the observed exper-
imental features [25].

The experimental results discussed so far demonstrate that CO intercalates at the inter-
face between the N-doped graphene layer and the Ni substrate at RT and high pressures.
This process occurred at a signi�cantly lower pressure compared to pristine graphene,
thus pointing out an enhancement of the sensitivity of the N-doped graphene/Ni(111) sys-
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tem towards CO molecules. As reported in the chapter 2, section 2.5.3, at RT, N-doped
graphene was demonstrated to be inert to low pressure of CO [88], showing a clear signal
of CO adsorption on the surface only upon exposure of the layer at low temperature (87 K).
In these experimental conditions, the authors detected two chemisorbed CO species in the
HREEL spectrum: the dominant one corresponds most likely to adsorption at non-doped
sites; the minority species, on the contrary, is associated to CO admolecules sitting close to
N-doped sites of pyridinic and/or pyrrolic nature, thus concluding that N doping enables
stabilization of adsorbed CO at graphene/Ni(111).
According to literature, we did not observe interaction between CO and N-doped graphene
at low CO pressures at room temperature. Only after exposure to high CO pressures, above
a threshold pressure, CO was experimentally demonstrated to intercalate in the con�ned
zone between graphene and Ni. This process drastically modi�ed the electronic prop-
erties and the morphology of the doped system, as demonstrated by the C 1s core level
spectra and the STM images presented and discussed above, allowing us to conclude that
CO intercalation is possible only at high pressures and can not be achieved at low pressure
conditions.

5.3 CO intercalation mechanism

The experimental data discussed above for pristine and N-doped graphene on Ni(111)
demonstrate that similar e�ects are induced by exposing the two systems to near-ambient
pressure of CO, in the mbar regime. Indeed, CO was demonstrated to intercalate at the
interface on pristine and N-doped graphene, showing analogous chemical and morpho-
logical �ngerprints but at drastically di�erent CO pressure threshold (one order of mag-
nitude di�erence in the threshold pressure for the process): the N-doped graphene layer
was demonstrated to react at a lower CO pressure with respect to the pristine layer, thus
suggesting a possible role of the nitrogen dopants in the interaction with CO molecules.

In order to explain the large di�erence in the threshold pressure for the process, the
CO intercalation mechanism and the role of N dopants must be unveiled. In collaboration
with the theoretical group at the University of Milano-Bicocca, we performed a thorough
DFT investigation aimed at proposing a possible pathway promoting CO intercalation at
the interface [155]. Indeed, it is well known that defect-free graphene is impermeable to
any atomic or molecular species in gas or liquid phase [156]. Even the smallest element
of the periodic table, hydrogen, can not penetrate the graphene mesh. Recently, it has
been reported that it seems possible to activate the permeation of atomic and molecular
hydrogen by a peculiar �ipping mechanism in the presence of a local curvatures of the
graphene layer [157]. On the other hand, for large-sheet stacked graphene-membranes, it
has been reported that gas permeation may take place through structural defects and the
kinetics of the process largely depends on their size and concentration [158]. Therefore, it
is reasonable to assume that structural defects may play a key role in the intercalation of
gas molecules at the interface between graphene and its supporting substrate [159]. More-
over, the graphene permeability may be in�uenced by the presence of dopants [160].

In this chapter we will investigate the physical mechanism behind the CO intercalation
at the interface between the pristine and N-doped graphene layers and the Ni substrate.

5.3.1 Pristine Graphene/Ni(111)

As previously discussed, atoms and molecules cannot penetrate defect-free pristine graphene
[156] thus, in order to access the con�ned zone at the interface between graphene and the
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supporting substrate, structural defects like carbon vacancies or large dislocations should
be present in the network.

In pristine graphene on Ni(111), the most common atomic defect is reported to be a
tri-atomic C vacancy trapping a Ni adatom (1Ni@3VG) [149]. In this kind of defect, as ex-
perimentally imaged and theoretically demonstrated, Ni partially �lls the large vacancy,
leaving a hole in the network which is supposed to be the door for CO intercalation. How-
ever, based on our theoretical calculations, the 1Ni@3VG defect is not involved in the
process. Indeed, modeling a CO molecule on top of this defect, the C atom of the molecule
is found to �ll the C vacancy of the graphene mesh and the oxygen atom strongly binds to
Ni, as shown in Figure 5.13. By adding a second CO molecule to the system, the formation
of CO2 is observed, with a C atom healing the graphene mesh. Therefore, the �nal state
of the system results in a vacancy-free graphene layer promoting the catalysis of CO in
CO2. Since the tri-atomic vacancy was theoretically found to be not suitable for CO inter-
calation, due to steric hindrance, a tetra-atomic vacancy was considered. In this case, the

Figure 5.13: Top and side views of the intermediates along the CO reaction path on the most
common defect in pristine graphene on Ni(111): a tri-atomic C vacancy with a trapped Ni adatom
(1Ni@3VG). The reaction energies (in eV) are reported below each structure. Color coding: Ni
atoms in grey, Ni adatom (labelled) in dark grey, C atoms in black, O atoms in red.

uncoordinated C atoms surrounding the vacancy appear to be very reactive, opening two
scenarios: (i) they bind to the underlying Ni substrate, closing in this way the door and
blocking the passage of the molecules into the con�ned zone between graphene and the
Ni surface, or (ii) they might react with the residual hydrogen gas present in the chamber
forming CH bonds or directly with the dosed CO molecules. In this second case, the phys-
ical space is drastically reduced by the bounded H atoms or CO molecules, making hard
for CO molecules to pass through the gate because of steric hindrance. This results in a
high energy barrier to be overcome, lowering the probability for the process to occur.
However, experimentally, such tetra-atomic vacancies were not imaged on the pristine
graphene surface on the terraces. Signi�cant distortion of the graphene network was im-
aged only along the domain boundaries where it is often possible to see a regular pentagons-
octagon arrangement [107].
Therefore, we can conclude that CO molecules arrive at the interface passing through the
dislocations at the domain boundaries or by the physical borders of the sample.
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5.3.2 N-doped Graphene/Ni(111)

We demonstrated that N-doped graphene on Ni(111) is more sensitive to CO molecules
than pristine graphene, and intercalation occurs at a signi�cantly lower pressure. There-
fore, N dopants are supposed to be the key factor for such enhanced CO reactivity [155]. In
the case of N-doped graphene on Ni(111), the most common atomic defect is a C vacancy
decorated by three pyridinic N atoms (3N pyridinic top defect discussed in chapter 4, sec-
tion 4.2.1). Based on theoretical calculations, the adsorption of one CO molecule in this C
vacancy is very unstable because the defect is too small to accommodate it [155].
As for the pristine case, a larger tetra-atomic C vacancy has been proposed. Observing
that N atoms tend to di�use and segregate at the defect edge, this would result in a 6 N
pyridinic defect (4VG-6N). At variance with what discussed for the tetra-atomic defect in
pristine graphene, where C atoms at the edge were demonstrated to be strongly reactive, N
atoms in pyridinic con�guration are much less bound to the underlying Ni substrate than
unsaturated C atoms, resulting in a passivation of the defect towards a possible reactivity
with residual H2 or dosed CO (as supposed for the pristine case) and keeping in this way
the door open for intercalation. Indeed, no steric hindrance has been observed in this case,
allowing the possible entrance of the molecules through this defect.
Experimentally, the 4VG-6N defect was imaged on the N-doped graphene surface and
along the domain boundaries, as shown in chapter 4 section 4.2.2 (see Figure 4.15). This
experimental evidence validates this defect as possible gate for CO molecules towards the
interface.

In order to investigate the CO intercalation mechanism, the approach used to simulate
the kinetic process by ab initio calculations was to investigate the energy pro�le for one
CO molecule to vertically enter the atomic hole, by moving the CO molecule along the
z-direction and, at each di�erent CO height, allowing all the atoms to fully relax. Numer-
ical simulations show that a �rst CO molecule is favorably bound to the Ni surface (-0.6
eV), as reported in Figure 5.14a. As a further step, other CO molecules were added to the
system, one at a time, and the variation in energy normalized to the number of added CO
molecules was analyzed, demonstrating that the energy cost is relatively small not only
for one CO molecule at a time to go through the hole, but also to intercalate at the interface
between graphene and Ni [155]. This is because the N atoms are not strongly interacting
with the substrate and therefore graphene can be lifted at a reasonable cost to facilitate
the CO passage.

In order to investigate the whole process, an energy decomposition analysis has been
performed considering the cost to decouple graphene from the substrate, the cost to dis-
tort the graphene layer and accommodate the CO molecules and the binding energy for the
Ni-CO bonds. The �rst two terms represent an energy costs, whereas the third one is an
energy gain. Then, a further investigation of the role played by the CO molecules distribu-
tion on the Ni surface was performed. Indeed, from an experimental point of view, a well
ordered di�raction pattern was observed even after a partial CO intercalation, allowing to
assume that in the initial phase most of the CO molecules are regularly distributed close
to the multiatomic hole through which they reached the interface and then they gradually
di�use under the graphene layer, becoming more equally distributed on the Ni surface.
Numerical simulations veri�ed this scenario in two steps. In the �rst step, the stabiliza-
tion energy at a CO coverage of 0.14 ML was compared for two di�erent CO distribution
for 4VG-6N: (a) close to the hole edges and (b) more equally distributed at the interface.
Passing from (a) to (b), there is an energy gain per CO molecule of -0.044 eV, which in-
dicates a driving force for the CO molecules to better distribute at the interface between
the N-doped graphene layer and the supporting Ni substrate. In the second step, the ac-
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Figure 5.14: Top and side views of the intermediates of the CO intercalation process on 4VG-6N.
The adsorption energies (in unit of eV), normalized to the number of CO molecules, are reported
below each structure. Color coding: Ni atoms in grey, C atoms in black, O atoms in red, N atoms
in blue.

tivation barrier for CO di�usion in the con�ned zone between Ni(111) and graphene was
estimated through a nudged elastic band (NEB) calculation and it resulted to be very close
to that computed for the corresponding process on the bare Ni(111) surface [161, 162], thus
indicating that a regular distribution of CO on the Ni surface is favored even in presence
of the graphene capping.





Chapter 6

Conclusions

In this thesis, the growth, structure and reactivity of N-doped graphene layers on Ni(111)
have been investigated by means of STM, XPS and LEED in UHV conditions, and compared
to the pristine graphene case. The experimental results are complemented by numerical
simulations and allow unveiling, to the best of our knowledge for the �rst time, the struc-
ture and morphology of a N-doped graphene layer on Ni(111), as well as its enhanced
sensitivity towards CO. In this regard, we presented a mechanism for CO molecules inter-
calation at the interface between graphene and Ni, demonstrating that the presence of N
dopants in the graphene layer highly facilitates the permeation process.

In chapter 4, we presented a new growth method, alternative to those already reported
in literature, to obtain high-quality nitrogen-doped graphene on Ni. We illustrated our
protocol, which allows introducing nitrogen dopants in the graphene network via stan-
dard LP-CVD growth by exposing a Ni crystal, previously doped with nitrogen, to a com-
mon carbon-containing precursor, ethylene. This clean and highly reproducible growth
method, based on a simple and controlled preparation procedure, ensures the formation of
layers of high morphological quality. The resulting N-doped graphene layers were thor-
oughly characterized by STM and XPS, in synergy with an in-depth Density Functional
Theory (DFT) investigation, including simulated STM images for a wide set of models for
the N centers. XPS measurements unambiguously con�rmed the presence of N dopants
trapped in the graphene network in the form of graphitic and pyridinic N defects. Their
con�gurations at the nanoscale were imaged by STM and their atomic structure unveiled.
N dopants were found to be located in di�erent graphene sublattices and thus in di�erent
sites with respect to the Ni substrate, resulting in di�erent defect con�gurations: graphitic
N in top and fcc sites, as well as three pyridinic N atoms decorating the edges of a C va-
cancy, in top and fcc position. Other structures involving di�erent numbers of N atoms,
imaged and described in chapter 4, were also found although more rarely, pointing out
a lower stability of such structures which is re�ected also in the ratio between pyridinic
and graphitic defects imaged on the surface. On the basis of our experimental evidences
and of the numerical simulations performed, we concluded that the higher abundance of
3N pyridinic defects with respect to graphitic ones is a clear indication of the preference
for the N atoms to be located at the edges of a C vacancy rather than replacing a C atom
within the graphene matrix, thus explaining the pyridinic/graphitic ratio. Moreover, the
higher stability of N atoms in a pyridinic con�guration leads to the formation of a fully
N-decorated C vacancy, thus excluding the possibility to have 1N pyridinic defects. We �-
nally tentatively related such pyridinic/graphitic balance to the doping technique: adding
N atoms during growth conditions favors the dynamic selection of defects with lower en-
ergy, with no constraint posed by the local abundance of N atoms required. Conversely,
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other doping techniques such as post-growth ion implantation may favor a distribution of
defects with a di�erent pyridinic/graphitic ratio, as a consequence of the ballistic forma-
tion process.

In chapter 5, the reactivity towards CO molecules of N-doped graphene on Ni(111)
was investigated and compared to pristine graphene. By means of spectroscopic and mi-
croscopic measurements, we con�rmed that, by exposing pristine graphene to CO pres-
sures in the mbar regime at room temperature, CO molecules intercalate at the interface
between pristine graphene and the supporting Ni substrate. The presented LEED patterns
show, in presence of the graphene capping, the same typical structures formed by CO on
bare Ni(111) at di�erent coverages. Combining the XPS and LEED experimental proof
with the theoretical results, we shed light on the CO adsorption sites on the Ni surface,
con�rming that intercalated CO molecules occupy mainly positions between hollow and
bridge sites, while the graphene cover inhibits the occupation of top sites.
As for the pristine case, by exposing N-doped graphene on Ni to high pressures of CO, we
demonstrated that the intercalation process took place. However, for the doped system,
CO intercalation was demonstrated to occur at a threshold pressure one order of magni-
tude lower with respect to pristine graphene. Moreover, the di�raction pattern visible in
this case was the same observed for pristine graphene after exposure to three orders of
magnitude higher CO pressure, thus pointing to a signi�cant enhancement of the senis-
tivity towards CO molecules of the N-doped graphene/Ni(111) system.

We �nally tried to combine the results we obtained for the morphology and the reactiv-
ity towards CO for pristine and N-doped graphene layers, in order to rationalize the huge
di�erence in the threshold pressures for the two systems, explaining the role played by N
atoms in the enhancement of the sensitivity. Since, in general, defects and dislocations are
supposed to be the door towards the interface, from the N-doped graphene characteriza-
tion, we expected that the huge amount of 3N pyridinic defects were responsible for the
enhanced intercalation. However, we demonstrated they are too small to accomodate CO
molecules at the interface, thus suggesting the presence of larger defects. Therefore, we
proposed a CO intercalation mechanism where the doors to the bidimensional nanospace
at the interface are multiatomic vacancy defects, as the 4VG-6N con�gurations imaged on
the N-doped graphene surface and along the grain and domain boundaries. The N atoms
decorating the edges of the large defects facilitate the permeation process, lowering the
intercalation barrier due to a reduced interaction between the graphene layer and the un-
derlying substrate, thus keeping open the doors to the con�ned zone at the graphene/Ni
interface.

Summarizing, the work presented in this thesis addresses the open questions reported
in the introduction, developing a new growth method which allows producing N-doped
graphene on Ni of high morphological quality in a easy, reproducible and scalable way,
thus avoiding the often troublesome production methods reported so far in literature. The
resulting layers were fully characterized from a chemical and morphological point of view
and the N dopant structures at the nanoscale revealed. Finally, it was demonstrated a
signi�cant enhancement towards CO reactivity in presence of N dopants trapped in the
network with respect to pristine graphene, as it was predicted in literature. Thanks to
a joint approach between theory and experiment, we propose a CO intercalation mech-
anism, capable to explain why the process can occur for pristine and doped graphene,
even if it is impermeable to any atomic and molecular species in gas and liquid phase as
well as a reasonable explanation of the role played by N dopants in the intercalation and
of the large di�erence in the threshold pressure between the doped and pristine systems.
Similar mechanisms are likely to apply to other cases of molecular intercalation at the
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graphene/metal interface, where the process has been observed but not yet explained.
These results can have crucial implications in several �elds, for example, in gas sensors

and storage. Indeed, CO intercalation at the interface between graphene and Ni produces
a double e�ect. First, CO molecules are successfully trapped below graphene, obtaining
stable CO con�gurations on Ni at room temperature. This results in an e�cient storage
of CO molecules, durable in time, making this promising as a storage system. Second,
since the electronic properties of graphene have been signi�cantly modi�ed by the inter-
action with CO molecules, as demonstrated by XPS measurements, we may expect it to be
suitable as prototype of a graphene-based gas sensor. The enhancement of the sensitivity
towards CO demonstrated for the N-doped system, makes N-doped graphene one of the
most promising candidates for this kinds of technological applications.
Besides these two implications, CO trapped in the con�ned bidimensional nanospace might
participate in processes of catalysis under-cover, due to the high catalytic activity of the Ni
substrate, thus pointing to a possible key performance of pristine and N-doped graphene
on Ni for nanoreactors. Combining this to the predicted properties of N-doped graphene
as e�cient metal-free electrocatalyst for oxygen reduction, the system may result in inter-
esting and unexpected applications, for example as nanoreactor for the oxygen reduction
reaction in fuel cells.
The next challenge is now to assess to what extent the mechanism we have proposed is a
general one, which will require a systematic investigation considering other gases and dif-
ferent dopants. A clear solution to this puzzle is a crucial step toward the graphene/metal
interface engineering in order to design and realize systems with tailored properties for
practical applications.





Appendix A

DFT calculation details

Density Functional Theory (DFT) calculations were performed by the group of Prof. Maria
Peressi (University of Trieste) [163] and the group of Prof. Cristiana di Valentin (University
of Milano-Bicocca) [155, 131], using the plane-wave-based Quantum ESPRESSO package
(QE) [164, 165]. All the details can be found in the PhD thesis of Dr. Daniele Perilli of
the University of Milano-Bicocca. The ultrasoft pseudopotentials [166] were adopted to
describe the electron-ion interaction with Ni (3d, 4s), C (2s, 2p), O (2s, 2p), N (2s, 2p), and
H (1s), treated as valence electrons. Energy cuto�s of 30 Ry and 240 Ry (for kinetic energy
and charge density expansion, respectively) were adopted for all calculations. The Perdew-
Burke-Ernzerhof functional (PBE) was used for electron exchange-correlation [167]. To
properly describe the graphene/Ni interaction, semiempirical corrections accounting for
the van der Waals interactions were included with the DFT-D2 formalism [168]. Spin po-
larization was always included. The Ni(111) surface was modeled by a three-layer slab
with a bottom layer �xed to the bulk positions during the geometry relaxation to mimic
a semi-in�nite solid. To avoid interactions between adjacent periodic images, a vacuum
space of about 15 Å in the direction perpendicular to the surface was used. Epitaxial
graphene, i.e., aligned with respect to the substrate, was always considered and in partic-
ular in the top-fcc registry as initial con�guration, motivated by the higher abundance of
such domains as experimentally detected [107]. In the top-fcc registry, (2√7 × 2√7) and
(8×8) supercells were used for pristine and defective graphene, respectively. The geometry
relaxation of all considered systems was performed only at Γ point, followed by a single
self-consistent �eld (SCF) cycle calculation with a 2×2×1 Monkhorst-Pack k-points mesh
[169] to get more accurate total energies. The Climbing Image-Nudged Elastic Band (CI-
NEB) method [170] was employed to simulate the CO di�usion process at the graphene/Ni
interface, generating the minimum energy path of the reaction step and an evaluation of
the energy barrier. STM simulations were performed using the Terso�-Hamann approach
[122], according to which the tunneling current is proportional to the energy-integrated
Local Density of States (ILDOS). Ball-and- stick models and STM images were rendered
with XCrySDen [171] and Gwyddion [172] software, respectively.
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