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Abstract

In recent years it has been shown that the outstanding properties of graphene, a direct
consequence of its unique 2D structure, could be further tailored by surface function-
alization with suitable materials, towards a fine tuning of the system’s physical and
chemical properties. In particular, the covalent functionalization of graphene using
organic functional groups has been explored as a pivotal step towards the formation of
graphene composites at the nanoscale. Alongside the commonly diffused approach with
diazonium salts (abundant and quick but hard to control), a more selective and con-
trolled method has been shown as very promising: 1,3–dipolar cycloaddition (1,3–DC)
of azomethine ylide has been investigated for the chemical modification of graphene–like
systems. However, while graphene’s high specific surface area of 2630 m2/g provides
numerous possible binding sites, its chemical inertness makes it difficult to modify
graphene’s structure without disrupting it or introducing excessive disorder. Thus, to
finely control or intentionally design the binding sites of functionalizing molecules on
the surface of graphene while preserving the high quality of its unique structure re-
mains an open challenge. A promising route in order to locally improve the reactivity of
graphene is to introduce beneficial structural defects. For example, due to the defect–
induced electron charge redistribution, defective graphene shows increased chemical
reactivity towards addition reactions. At the same time, the precise control in defect
formation would allow a fine tailoring of the surface chemistry of graphene, fundamen-
tal for the engineering of its electronic properties or for sensing applications. The most
versatile approach that satisfies the requirements for a controlled introduction of struc-
tural defects in graphene is based on particle irradiation techniques. Indeed, effective
defect modulations can be patterned over a large area via electron beam irradiation
(EBI), utilizing scanning electron microscopy (SEM), in a very flexible way.

The PhD research presented here builds upon this idea. Covalent functionalization
of different graphene–based systems has been achieved, allowing to explore various
parameters of the functionalization process, including EBI defect–engineering.

Firstly, the functionalization procedure is optimized utilizing graphene nanosheets
(GNS) and reduced graphene oxide (rGO) dispersed in the liquid phase, and, for the
first time, a comparison of the efficiency of 1,3–DC of azomethine ylide in different dis-
persant solvents (NMP and DMF) is reported. The functionalization is confirmed with
electron energy loss spectroscopy (EELS) and energy–dispersive X–ray spectroscopy
(EDX) measurements, and new Raman features arising from the functionalization with
azomethine ylide are detected. Density functional theory (DFT) models for pristine
and functionalized rGO are built and characterized by evaluating the restrained elec-
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trostatic potential (RESP)–derived partial atomic charges, which highlighted the lo-
calization of the charges in the pristine rGO induced by the presence of defects (epoxy
groups) in the initial structure. Furthermore, the computation of the power spectrum
(PS) helps with the assignment of characteristic Raman peaks to the functionaliza-
tion with the azomethine ylide. Finally, the elemental composition of pristine and
functionalized graphene is investigated via x–ray photoelectron spectroscopy (XPS)
measurements, allowing to confirm the stability of the functionalization (up to 180 °C)
and to estimate the efficiency of the 1,3–DC on graphene. Thanks to the local inho-
mogeneity of the partial charges, due to the presence of oxygen functional groups in
the initial structure, a higher functionalization is achieved on rGO (∼ 2 times higher
than on GNS).

The enhancement of the chemical reactivity measured in our defected graphene
validates the interest in further exploring the possibility to control the position of
defects on higher quality graphene systems. Defect patterns are designed on microme-
chanically exfoliated graphene flakes on silica substrates by EBI. Their distribution is
analyzed with Raman spectroscopy, revealing that surface treatments of the graphene–
supporting substrate have strong impact on the lateral resolution that can be achieved
on the final defective pattern. Unintentional defects–rich zones are revealed in the ad-
jacent parts of the irradiated areas, and Monte Carlo simulations of primary electrons
scattering events demonstrate that these transition zones originate within the area
where back–scattered electrons (BSEs) and secondary electrons (SEs) generated near
the substrate surface by BSEs (by interaction with organic impurities adsorbed on the
Si/SiO2 substrate) escape from the substrate surface. These results can be exploited in
order to design high spatially–resolved defect patterns on monolayer graphene flakes,
introducing a selectively enhanced chemical reactivity towards the organic functional-
ization.

To explore this route, defect patterns are designed on exfoliated graphene flakes
via low–energy (30 keV) EBI. Raman spectroscopy maps show the appearance of the
characteristic D peak only in the patterned area, while AFM images confirm the spa-
tial resolution of the pattern (∼ 100 nm). The 1,3–DC of azomethine ylide in–situ
involves the localization of a C=C bond of the graphene structure, which is favorable
in presence of the defects, hence introducing a selective control of the chemical mod-
ification of graphene. The Raman analysis on functionalized graphene flakes exhibits
new features only in the patterned area, while the unexposed area still presents the
spectrum of pristine graphene, confirming the selectivity introduced via defect pat-
terning. Moreover, AFM images of patterned graphene show an improved adhesion on
the silica substrate, allowing to avoid detachment issues during the functionalization
procedure in the organic solvent. DFT allows to identify the vibrational contributions
of the functional groups of the azomethine ylide grafted on the graphene surface and
of the modified vibrational modes of the graphene lattice in the experimental Raman
spectrum. Furthermore, under laser irradiation (up to 1.6 mW) the Raman spectrum
recovers towards the spectrum of non–functionalized patterned graphene, indicating
the desorption of the ylide and the reversibility of the functionalization.

Then, the functionalization of epitaxial graphene (EG) on SiC is investigated, ben-
efiting from the valuable addition of scanning tunneling microscopy (STM) and spec-
troscopy (STS). STM images of functionalized EG reveal the appearance of new struc-
tures, randomly arranged over the flat terraces (with lower density) and along the edges
(with higher density), with an average height in the range 2 – 15 Å, and a graphene sur-



Abstract iii

face coverage of ∼ 14%. The graphene structure is preserved after the functionalization
procedure, as confirmed by atomically resolved STM images of its hexagonal lattice.
STS spectra acquired on functionalization EG indicate the opening of a bandgap (of
0.13 – 0.20 eV) in the local density of states (LDOS) of these structures, in contrast
with the zero–gap linear behavior measured on graphene. The Raman analysis of
functionalized EG exhibit new features, together with a downshift of the G and 2D
peaks. These results indicate the grafting of azomethine ylides on graphene. Finally,
to increase the efficiency of the covalent functionalization of EG and, in particular, to
be able to spatially design the functionalization of EG, defect patterning via EBI is
explored. After patterning, Peak Force – Quantitative NanoMechanical (PF–QNM)
measurements allow to identify the designed defect pattern, confirming the spatial res-
olution of the technique (with different electron doses and e–beam scan step sizes).
Moreover, the analysis of the adhesion forces reveals that the patterning results in an
enhancement of the adhesion of the graphene with the substrate, as already seen in
previous experiments. Although incomplete, these are valuable results in the outlook
of a deterministic and controlled chemical functionalization of EG on SiC, which would
be extremely beneficial for the fabrication of high quality devices at the nanoscale. In
fact, EG on SiC eliminates the need for transfer procedures and presents favorable
characteristics for large–scale graphene electronics.

The results discussed here open the route for a controlled functionalization of dif-
ferent graphene–based systems with designed molecules, which could act both as active
functional groups or passive spacers towards multi–functional sensing devices or mul-
tilayered spaced graphene systems optimized for hydrogen storage or gas sensing.
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Introduction

Nanoscience is a flourishing area of science with a remarkable potential to reshape the
world around us. It consists in the study of matter at the nanometre–scale, where
materials demonstrate novel and unexpected properties. The concepts at the root
of nanoscience date back to December 29, 1959, when at the California Institute of
Technology (CalTech), the physicist Richard Feynman gave a lecture entitled There’s
Plenty of Room at the Bottom.1 In his talk, Feynman suggested a novel possibility for
the manipulation of individual atoms and molecules. Actually, his dream became real
only in 1981, when the development of the scanning tunneling microscope unlocked the
ability to see and interact with single atoms.

Nowadays, after decades of research and development in nanoscience and nanotech-
nology, remarkable benefits in various areas, including electronics, energy, medicine,
and communications, have been achieved for our society. However, the unparalleled
ability to investigate and tailor the core structure of nanomaterials, which remains the
essence of nanoscience, continues to drive scientists and inspire fascination in everyone
of us.

Among the recent breakthroughs in nanomaterials, graphene arises as one of the
milestones of the new millennium. Made only of carbon, the fourth most common
element in the universe and the very building block of life, this material was thought
not to exist2,3 until its experimental discovery in 2004,4 perfectly embodying both the
spirit and the challenges of nanoscience.

This PhD project focuses on the covalent functionalization of graphene–based sys-
tems. The cycloaddition of organic molecules as functional groups is investigated for
different graphene structures, towards increasing graphene quality, while the determin-
istic functionalization of defect–engineered graphene opens the route for devices and
applications at the nanoscale.
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A summary description of the thesis chapters is briefly listed below:

� in Chapter 1 we present the state of the art of the current research. The unique
properties of graphene, along with the potentialities unlocked by its chemical
functionalization, are presented. In addition, a brief report on the motivation for
the introduction of structural defects in graphene is given;

� in Chapter 2 we describe the sample production methods, the experimental se-
tups, and the measuring techniques utilized for the experiments;

� in Chapter 3 the cycloaddition with azomethine ylide on dispersed graphene is
reported, along with a wide characterization of the functionalized systems with
several techniques. The enhancement of the reactivity due to the presence of
structural defects is revealed;

� in Chapter 4 the introduction of defect patterns on graphene flakes via electron
beam irradiation is described. The importance of a clean substrate is revealed,
along with the precise correspondence of the experimental patterns on graphene;

� in Chapter 5 we present the functionalization of patterned graphene flakes. The
novel selectivity in the ylide grafting on graphene, arising from the locally en-
hanced reactivity of the patterned areas, is described;

� in Chapter 6 the preliminary investigation of the functionalization of epitaxial
graphene is reported. The partial functionalization of pristine graphene, along
with the effectiveness of patterning with electron beam irradiation are presented;

� in Chapter 7 we recollect and summarize the results of the present investigation.
An outlook of future improvements and applications is given.



1State Of The Art

1.1 Graphene

Since Novoselov and Geim isolated graphene for the first time in 2004,4 graphene–
based materials have had an enormous impact on a variety of disciplines, including
physics, chemistry, and materials science, resulting in numerous breathtaking advances
in nanoscience and nanotechnology.

Graphene’s attractive properties are a direct consequence of its unique atomic struc-
ture: a two–dimensional lattice of carbon atoms arranged in a honeycomb geometry
with a lattice parameter of 2.46 Å and a carbon–carbon spacing of 1.42 Å (see Fig-
ure 1.1). For each carbon, three of the four valence electrons form three in–plane σ
bonds with sp2 hybridization along 120° angled directions, while the remaining elec-
tron resides in an out–of–plane pz orbital. This particular atomic configuration creates
in graphene a continuous layer of both strong covalent bonds and delocalized π elec-
trons. The former are responsible for the planar nature of graphene and its extraor-
dinary thermal and mechanical properties, such as the highest thermal conductivity
(5000 W m-1 K-1) and tensile strength (130 GPa) ever measured,5,6 a Seebeck coef-
ficient (∼ 80 µV K-1) which outperforms those of semiconductors,7 and an excellent
flexibility.8

At the same time, the combination of the 2D structure of graphene, its hexagonal
lattice with identical C atoms on all sites, and its delocalized π electrons generates
a peculiar electronic structure. Applying the tight binding method with Bloch wave-
functions as basis, built using the pz orbitals centered in the C atoms residing in
two non–identical sublattices (due to symmetry considerations), the nearest neighbor
Schrödinger equation can be solved,11 and the electronic band structure is obtained
(see Figure 1.1).12 The π* (valence) and π (conduction) bands display a linear be-
havior around the K and K’ points (also called K+ and K−) of the reciprocal space,
allowing the electrons in graphene to behave as zero–mass Dirac fermions (near these
points) with a Fermi velocity of 106 m s-1 (only 300 times slower than light).13 From
these exclusive characteristics a plethora of remarkable electronic and optical properties
arise in graphene, such as the ambipolar electric field effect,14 a great carrier mobility
(higher than 104 cm2 V-1 s-1 under ambient conditions),15 a low level of 1/f noise,16 a
wide–band optical response,17 and high visual transparency (see Figure 1.2 for some
examples).18

Notwithstanding graphene’s great application potential,21 its outstanding prop-
erties are also a limitation. Due to the absence of a band–gap, graphene’s use as
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Figure 1.1: (a) Lattice structure of graphene: the lattice parameter of 2.46 Å (blue arrow),
the carbon–carbon spacing of 1.42 Å (purple arrow), and the unit cell (red diamond) are
indicated. (b) Schematic illustration of sp2 hybridization of C atoms that form the 2D
crystal structure of graphene together with the delocalized pz orbitals. (c) Band structure
of graphene calculated with the tight binding method. (d) Cross–section through the band
structure shown in panel (c), where the energy bands are plotted as a function of wave vector
component kx along the line ky = 0. The inset shows the Brillouin zone in reciprocal space
corresponding to the unit cell in the space shown in panel (a). Figures adapted from Refs.
9,10.
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Figure 1.2: Properties of graphene–based devices. (a) Ambipolar electric field effect in
single–layer graphene; the insets show its conical low–energy spectrum E(k), indicating
changes in the position of the Fermi energy EF with gate voltage Vg. (b) Hole and elec-
tron mobility as a function of carrier density and temperature of epitaxial graphene on SiC.
(c) Graphene–based multi–touch screen showing excellent flexibility. (d) Photograph of a
50–µm aperture partially covered by mono– and bi– layer graphene. The line scan profile
shows the intensity of transmitted white light along the orange line. Figures adapted from
Refs. 14,19,20,18.

an active element in electronic devices and sensors encounters many limitations and,
therefore, some sort of engineering of the structure of graphene is required.22 It has
been suggested that a powerful method to overcome these impediments is provided by
an efficient surface functionalization with suitable materials.
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1.2 Functionalization of Graphene

Functionalization of graphene offers the possibility to finely tune the system’s phys-
ical and chemical properties, resulting in a synergistic combination of the individual
features of each component. However, while graphene’s high specific surface area of
2630 m2/g23 provides numerous possible binding sites, its chemical inertness makes
it difficult to modify the structure of graphene without disrupting it or introducing
excessive disorder,24 and graphene functionalization reveals to be a complex process.

Figure 1.3: Exemplary schematic illustrations of (a) non–covalent and (b) covalent func-
tionalization of graphene. Figures adapted from Ref. 25.

Generally, graphene functionalization can be achieved through either non–covalent
interactions or covalent bonds (see Figure 1.3 for a schematic illustration of some ex-
emplary functionalizations).26,27 The non–covalent chemical modifications are usually
realized by intermolecular interactions, such as van der Waals forces,28 electrostatic
interactions,29 or π–π stacking interaction.30–32 For example, bandgap opening,33,32

surface transfer doping,34 and improved dispersibility and stability35 can be achieved
via functionalization with molecular adsorbates. Typically, non–covalent chemistry
presents the advantage of a minimal perturbation of the conjugated π network, and,
therefore, of the physical properties of graphene. On the downside, systems with limited
stability and higher disorder are often obtained. In contrast, the covalent functionaliza-
tion is usually realized via rehybridization of graphene’s unsaturated sp2 carbon atoms
into an sp3 configuration, for example with substitution of carbon atoms in the basal
plane of graphene by heteroatoms (atom doping)36,37 or reaction with molecular func-
tional groups.38–41 Even though this modification is accompanied by a local loss of the
electronic conjugation, the chemical alterations result to be deeper and more stable,
allowing for more controlled systems. Figure 1.4 shows some examples of non–covalent
and covalent functionalized graphene–based systems for different applications.
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Figure 1.4: Applications of functionalized graphene–based devices. (a) Transfer character-
istics of non–covalent functionalized GFET showing molecular n–type doping. (b) Organic
photovoltaic device incorporating covalent functionalized graphene–based (MoS2 QDs:f-RGO
hybrid) layers for high efficiency solar cells. (c) Schematic of the sensing mechanism of a flex-
ible piezoresistive sensor based on innerconnected polyvinyl alcohol nanowires and ultrathin
wrinkled graphene film, and current variation in response to loading and unloading. Figures
adapted from Refs. 42–44.

Moreover, the covalent functionalization of graphene’s surface with heteroatoms
or functional groups allows enhanced performance where the three–dimensionality of
graphene–based materials becomes fundamental. For example, in fuel–gas storage (like
H2) or electrochemical energy storage (like batteries or supercapacitors) applications a
large exposed functionalized surface is required.45,46 It has been shown that multilayer
functionalized graphene can be obtained using organic molecules as spacing pillars
between multiple graphene sheets, achieving variable spacing with different molecules
together with enhanced adsorption capabilities (as shown in Figure 1.5).47–50

In particular, the covalent functionalization of graphene sheets using organic func-
tional groups has been explored as a pivotal step towards the formation of graphene
composites at the nanoscale. A common approach is the use of diazonium salts, often
done through electrochemical or heating processes. Upon surface reduction of the di-
azonium compound, a highly reactive free radical is produced, which attacks the sp2

carbon atoms of the graphene lattice, forming a covalent bond (see Figure 1.6).53–55

While this mechanism leads to an abundant and quick functionalization, thanks to
its high tolerance for different experimental conditions, the potential oligomerization
and the required heating and radical conditions make it hard to control, and intro-
duce abundant defects. Instead, cycloaddition reactions have been shown to be a very
promising alternative, resulting in a more selective, controlled, and even reversible
method. Cycloadditions cause the closing of C–atom rings and are guided by HOMO–
LUMO interactions between a diene or a dipolar compound (electron–donating group)
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Figure 1.5: Applications of functionalized graphene–based 3D devices. (a) Simulation of
functionalized graphene oxide framework (GOF) as a promising H2 storage medium. (b)
Structural diagram of composite GOF membranes produced by cross–linking different di-
amine monomers, showing increasing d–spacing. Figures adapted from Refs. 51,52.

Figure 1.6: (a) Reduction of aryl diazonium salts. The aryl diazonium cation accepts
one electron from the substrate and forms an aryl radical through the release of a nitrogen
molecule. The aryl radical can then covalently react with the surface or with other surface–
mounted aryls leading to aryl oligomers. (b) Schematic of functionalized graphene with aryl
diazonium molecules. Figures adapted from Refs. 56,57.

and a dienophile (electron–withdrawing group). Noteworthy, due to the its zero–gap
Dirac point, graphene can act both as a diene and a dienophile,58 enabling chemical
reactivity towards different organic molecules. In literature, 1,3–dipolar cycloaddition
(1,3–DC) of azomethine ylide (which behaves as the dipolar compound) has been re-
ported for the chemical modification of carbon nanotubes, fullerenes, and other carbon
nanostructures.59–64 Its versatility arises from the availability of a plethora of organic
derivatives, obtained by selecting the appropriate precursors, with interesting applica-
tions in a variety of fields, such as biotechnology, sensors at the nanoscale, and solar
energy conversion.65–67

Recently, the graft of azomethine ylide on graphene via 1,3–DC has been reported
after the successful production of graphene sheets directly from graphite dispersed in
organic solvents (see Figure 1.7(a)).68 In a similar way, the selective binding between
the amino groups involved in the 1,3–DC on dispersed graphene and gold nanorods has
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been obtained (see Figure 1.7(b)).69 However, these were pioneering works, lacking a
systematic and wide investigation on solvent effects, computational investigation, XPS
analysis, or specific Raman signature of the functionalization. Therefore, a detailed
description of graphene functionalized with azomethine ylide is still missing, as well as
a deeper investigation on functionalization efficiency and signature.

Figure 1.7: 1,3–DC on graphene. (a) Scheme of the 1,3–DC of azomethine ylide on graphene
(the inset shows a photo of the dispersion of functionalized graphene in ethanol), and the
Raman spectra of pristine graphene and functionalized graphene (labeled as graphene–f –
OH). (b) Scheme of functionalized graphene derivatives and TEM images showing further
functionalization with nanorods of amine–functionalized graphene sheets. Figures adapted
from Refs. 68,69.

Moreover, in spite of these remarkable results, to finely control or intentionally
design the binding sites of functionalizing molecules on graphene’s surface while pre-
serving the high quality of its unique structure remains an open challenge.
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1.3 Structural Defects in Graphene

A promising route in order to locally improve the reactivity of graphene is to introduce
beneficial structural defects, i.e. engineered inhomogeneities and irregularities of the
ideal structure.70 Defects in graphene, and more generally in any crystal structure, are
commonly classified as topological defects, adatoms, vacancies, and sp3–defects.

Topological defects alter the lattice orientation and introduce disclinations (addition
or removal of one wedge to the hexagonal graphene cell without changing the coordina-
tion of carbon atoms) and dislocations (pairs of complementary disclinations). These
can combine in aligned one–dimensional chains and produce boundary–like defects (see
Figure 1.8).

Figure 1.8: Topological defects in graphene. Configurations of (a) disclinations, (b) dis-
locations, and (c) boundary–like defects in the graphene lattice. (d) ADF–STEM image of
two grains which intersect with a relative rotation of 27°, and are stitched together by an
aperiodic line of dislocations. (e) STM image of a regular line defect in graphene on Ni(111).
Non–six–membered rings are colored. Figures adapted from Refs. 71–73.

Adatoms, vacancies, and sp3–defects are more perturbative inhomogeneities (see
Figure 1.9). External atoms can adsorb on unperturbed graphene in different positions
above the lattice, favoring the one with minimal configuration energy. Moreover, in
presence of vacancies, i.e. missing atoms, external atoms can be introduced into the
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graphene lattice, introducing structural perturbation due to the different length of
their chemical bonds. Both adatoms and substitutional atoms are often utilized to
achieve doping, by shifting the Fermi energy in the valence or conduction bands,74

and can, for example, enhance the hydrogen adsorption capabilities, by multi–step
charge exchanges75 or catalyzing hydrogen spillover.76 Finally, sp3–defects involve the
evolution of unsaturated sp2 carbon atoms into sp3 configuration, and consist in the
fundamental step for covalent graphene functionalization.

Figure 1.9: (a) Depending on the element, adatoms favor either the high symmetry bridge
(B), hollow (H), or top (T) position in the graphene sheet. (b) HRTEM image and config-
uration of a single vacancy. Configurations of (c) adatoms adsorbed on single and double
vacancies and (d) sp3–defects. Figures adapted from Refs. 77–80.

Defects can profoundly influence the chemical properties of graphene,81 as well as its
mechanical, thermal, and electronic properties (see Figure 1.10).10 For example, they
modify the thermal properties of graphene via defect–phonon scattering, resulting in
the tailoring of its thermal conductivity by defects population82 and in the enhance-
ment of thermoelectric performance.83 Theoretical and experimental studies have also
demonstrated the relevance of structural defects in enhancing the surface chemical re-
activity of graphene sheets both in the presence (vacancy–type defects) or the absence
(topological–type defects or reconstructed vacancies) of dangling bonds.84–86 For ex-
ample, due to the induced electron charge redistribution,87–89 defective graphene has
shown increased chemical reactivity towards addition reactions,86 which are commonly
used approaches for the covalent organic functionalization of graphene–based materials,
as mentioned above.

While these approaches exploited already existing defects in graphene, like intrinsic
boundaries and edges, a precise control on the spatial distribution of the defects would
be more valuable in order to obtain a position–controlled surface functionalization.
Nonetheless, defect engineering of graphene requires an accurate control of the amount
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Figure 1.10: (a) Simulation results for the thermal conductivity of graphene with single
and double vacancies. Measured defect density dependence of (b) the thermal conductivity
and (c) the Seebeck coefficient (tuned by the gate voltage, ∆VG) in defected graphene. The
inset to panel (b) shows the device setup. Calculated charge density difference in defected
graphene relative to perfect graphene, for (d) single and (e) double vacancies (shown in the
insets). Figures adapted from Refs. 82,83,88.

of defects, and the minimization of contamination from external sources remains criti-
cal.90 Moreover, a precise control, with high lateral resolution, of the surface chemistry
of graphene is fundamental for specific applications in band gap engineering, device
fabrication, and sensors.91–94

The most versatile approach that satisfies the requirements for a controlled intro-
duction of structural defects in graphene is based on particle irradiation techniques,
i.e. the exposure of a graphene sheet to the focused beam of energetic particles, such
as ions or electrons.10 While ion or high energy (> 50 keV) electron exposure involves
elaborated and expensive equipment (such as ion implanters or electron accelerators)
and is limited to small chip areas, effective defect modulation can be patterned over
a large area via electrons generated by widely diffuse scanning electron microscopes
(SEMs).96–99 Indeed, depending on the electron energy, via electron beam irradiation
(EBI) a large variety of structural defects can be created in graphene, such as topologi-
cal defects, vacancies, or sp3–defects.10 In order to ensure high chemical reactivity, dan-
gling bonds or electron cloud deformations via bond rotation are necessary, and to fulfill
this requirement, long exposure to low–energy electrons can be employed. Although
the threshold beam energy for C–atom knockout in perfect graphene is 86 keV,100

continuous irradiation with low–energy electrons results in the creation of point-like
(single or double vacancies) and boundary–like defects (see Figure 1.11).82,95,101 Con-
sequently, by utilizing standard electron beam lithography systems, structural defects
can be patterned across the graphene surface in a very flexible way.
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Figure 1.11: Electron–beam patterning of graphene. (a) Schematic illustration of graphene
patterning mechanism. (b) Smallest feature sizes achieved (ribbon width ∼ 30 nm and slit
width ∼ 7 nm). (c) Letters composed of rectangular exposure windows (the acceleration
voltage is 25 kV for all patterns, the scale bars in all images represent 500 nm). Figures
adapted from Ref. 95.

The PhD research presented in the following Chapters is part of this framework.
Covalent functionalization of different graphene–based systems has been achieved, al-
lowing to explore various parameters of the functionalization process. Enhancement
of the chemical reactivity in defected graphene has been experimentally observed,
and EBI has been employed to engineer beneficial defect patterns in high quality
graphene systems. In this way, a selective, spatially–resolved, chemical functional-
ization of graphene monolayer has been achieved, opening the route for designing
multi–functional graphene–based devices.



2Experimental Methods

In this chapter the experimental apparatus are described, to allow a complete under-
standing of the measurement setups utilized for the experiments.

2.1 Graphene

Graphene can be produced by several techniques, either by top–down or bottom–
up procedures.102 The former approach generally involves the exfoliation of graphite
through chemical (liquid phase exfoliation, graphite oxide exfoliation and reduction),
electrochemical (oxidation/reduction or exfoliation) or simply mechanical (scotch tape)
processes, which weaken the van der Waals forces between the graphene layers in order
to separate them. On the other hand, the bottom–up approach generates graphene by
assembling small molecular building blocks into single or few layer graphene structures
by catalytic (chemical vapor deposition, CVD), thermal (SiC decomposition), or chem-
ical (organic synthesis) processes. In the work presented in this thesis, we explored
different graphene or graphene–like systems: dispersed graphene nanosheets (GNS),
dispersed reduced graphene oxide (rGO), micromechanically exfoliated graphene flakes,
and epitaxially grown graphene (buffer and monolayer).

2.1.1 Exfoliation of graphene nanosheets

Wet–jet milling (WJM) exfoliated graphene powder was provided by BeDimensional
Srl, Italy. By using high pressure (180 – 250 MPa), the WJM process drives the mixture
of solvent and layered–crystal through perforated disks with variable hole widths (0.3
– 0.1 mm, termed nozzle). The 2D crystal planes of graphite, in our case, slide as a
result of the shear stress,103,104 starting the exfoliation process (see Figure 2.1 for a
scheme of the setup).105 This technique allows to obtain exfoliated few–layer graphene
nanosheets having an average thickness of ∼ 1.6 nm and an average lateral size of
∼ 500 nm.
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Figure 2.1: (a) Scheme of the wet–jet mill (WJM) system. The arrows indicate the flow of
the solvent through WJM, and (b) close–up view of the processor. The zoomed–in image in
(b) shows the channel configuration and the disk arrangement. The solvent flow is indicated
by the white arrows. On the right is a top view of the holes and channels on each disk. The
disks A and Ā have two holes of 1 mm in diameter, separated by a distance of 2.3 mm from
centre to centre and joined by a half–cylinder channel of 0.3 mm in diameter. The thickness
of the A and Ā disks is 4 mm. Disk B is the core of the system; the image ((b), disk B) shows
the 0.10 mm nozzle. It can be changed to 0.10, 0.20, and 0.30 mm nozzle diameter disks
according to the size of the bulk layered crystals. The thickness of the B disk is 0.95 mm.
Figure and caption adapted from Ref. 105.
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2.1.2 Reduced graphene oxide

Reduced graphene oxide (rGO) in nanoflake form was purchased from Graphenea,
Spain. The reduction of GO, i.e. the partial removal of the oxygen functionalities from
its original structure, was achieved via chemical methods.106 The resulting rGO sheets
contain an oxygen percentage of ∼ 13% (see Figure 2.2), as obtained from the elemental
analysis performed by the producer.

Figure 2.2: Schematic structure of reduced graphene oxide (rGO). Figure adapted from the
datasheet of the producer.

2.1.3 Mechanical exfoliation of graphene flakes

Micromechanical exfoliation of graphite consists in the repeated peeling of layers of
graphite by using scotch tape (see Figure 2.3). This simple process is possible thanks
to the weak wan der Waals interplanar interactions between adjacent graphite layers
and allows to isolate few–layers and single–layer graphene flakes. By pressing the tape
onto a substrate, usually silica, the so obtain flakes can be transferred and further
modified or studied. Thanks to its perfect crystalline structure and the extremely low
presence of undesired defects, micromechanically exfoliated graphene is of the highest
quality, even if this method is extremely labor–intensive and time–consuming.

For our experiments, graphene flakes were micromechanically exfoliated from highly
oriented pyrolytic graphite (HOPG) and transferred on boron–doped Si substrates
(about 7 ×7 mm2 in size) having 300–nm–thick thermally–grown SiO2. Metallic mark-
ers were lithographed by electron–beam (e–beam) and metal (Au) evaporation for defin-
ing flake positions. Before the exfoliation process, the substrate surface was cleaned
either only by e–beam resist residue removal solution or also by oxygen plasma at 100 W
for 5 minutes. In Chapter 4 the former will be referred to as no–plasma–treated sub-
strate, while the latter will be referred to as plasma–treated substrate. All substrates
used in the experiments reported in Chapter 5 were cleaned using both steps. The ex-
foliation, marker lithography, and cleaning procedure were performed by Dr. Federica
Bianco at NEST Laboratory.
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Figure 2.3: Illustrative procedure of Scotch–tape based micromechanical cleavage of
graphite. Figure and caption adapted from Ref. 107.

2.1.4 Epitaxial growth of graphene on SiC

By thermal decomposition of silicon carbide (SiC), the epitaxial growth of graphene
directly on the substrate is possible. Because of the different vapor pressures of silicon
and carbon, only the Si atoms are removed from the surface via sublimation and
the remaining C atoms rearrange on the surface.108 By controlling the temperature
(usually in the range of 1200 – 1800 ◦C), the atmosphere (vacuum or inert gases),
and the heating time it is possible to grow both single–layer and multi–layer graphene
samples.109 In particular, increasing the annealing temperature, C and Si atoms are
provided with higher kinetic energy and their mobility increases, leading to an easier
surface reconstruction. On the other hand, with higher temperature, a faster desorption
of the Si atoms occurs, leading to a more difficult control on the number of layers. This
issue can be solved by placing the samples in an atmosphere of Si or inert gases, such as
Ar. This leads to an improved control on the sublimation speed of Si atoms, allowing
to slow down their emission from the surface and leading to a more uniform surface
reconstruction. The first carbon layer that forms on the SiC surface is called buffer
layer (or zeroth layer). Its structure is already the atomic structure of graphene, but
around 1/3 of its C atoms are bound to the Si dangling bonds of the SiC substrate (see
Figure 2.4). This strong interaction results in a high corrugation of the layer and causes
the electronic dispersion of the buffer layer to deviate from that of perfect graphene,
making it a semiconductor with an energy gap of ∼ 5 eV. Continuing the growth,
the next layer appears under the buffer layer, and the previous buffer layer detaches
from the substrate, becoming epitaxial monolayer graphene (EMLG). EMLG exhibits
the characteristic linear electronic dispersion, responsible for the excellent electronic
properties of graphene.

The epitaxial graphene samples used in our experiments (reported in Chapter 6)
were grown in an AIXTRON black magic cold walled CVD reactor, starting from com-
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Figure 2.4: Basics of graphene growth by thermal decomposition of SiC, together with the
structural model of bilayer graphene on SiC, showing the buffer and the two graphene layers.
The dashed blue line and the continuous blue lines indicate, respectively, the buffer and the
graphene layers. Figure and caption adapted from Ref. 110.

mercially produced and polished 6H silicon carbide wafers (purchased from SiCrystal,
Germany), by Dr. Neeraj Mishra of the Dr. Camilla Coletti group at NEST Labo-
ratory. After the initial hydrogen etching (heating for 4 minutes at 1200 ◦C in an
argon–hydrogen atmosphere at 450 mbar) in order to remove the scratches on the
SiC(0001) surface, the samples were grown by heating up to 1250 – 1300 ◦C for several
minutes (in the range of 12 – 15 minutes) in argon atmosphere of 750 – 790 mbar. The
resulting samples are characterized by Raman spectroscopy and AFM measurements,
in order to obtain information on the number of layers (from the Raman spectra) and
the graphene surface coverage (from the AF images). In our experiments the surface
of the samples is mainly EMLG (between 60 and 80 %) with some areas of buffer layer
or bi–layer graphene.

2.2 Graphene Nanosheets and rGO dispersion

Liquid–phase exfoliation (LPE), being simple and direct, is a very powerful technique
for preparing graphene nanosheets (GNS).111 Here, we already started from exfoliated
graphene and rGO nanoflakes (in the form of commercial graphene and rGO powders).
However, in order to perform the functionalization, they need to be re–dispersed in a
suitable solvent. Therefore, we explored and compared two widely used methods: son-
ication and homogenization. In addition, a fundamental parameter is that the interac-
tions between solvent and graphene must at least be comparable with those between the
aggregated graphene sheets, in order to allow for the most efficient dispersion. Hence,
we compared the dispersant efficiency of two common dispersant solvents, which are
also suitable solvents for the cycloaddition to occur: 1-methyl-2-pyrrolidinone (NMP)
and N,N-dimethylformamide (DMF).

2.2.1 Sonication

Sonication has been widely utilized to induce exfoliation of bulk materials through
growth and collapse of micro–bubbles due to pressure fluctuations in liquids (see Fig-
ure 2.5).112,113 Typically, sonication of graphite (or graphene powder) is considered a
non–destructive process,114 because the defects introduced by the sonication process
are mainly of a topological (boundary-like) nature.115

Here, graphene powder (35 mg) was dispersed in NMP or DMF (140 mL). Son-
ication (using a SONOPULS Ultrasonic HD 2070 from Bandelin) was performed for
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different time periods, from 15 minutes to 2 hours, at 60 W and 20 kHz. The samples
were maintained in an ice bath, during the sonication, in order to prevent excess heat-
ing and avoid degradation of the solvent (along with possible oxidation of the graphene
flakes).116

Figure 2.5: The driving force of LPE is the implosion of micrometer–sized, vigorously
oscillating bubbles. When they collapse, the energy is instantaneously released, resulting in
the exfoliation of the graphite layers. Figure and caption adapted from Ref. 113.

2.2.2 Homogenization

Recently, also homogenization has been demonstrated to achieve excellent exfoliation
of graphite, even in a more scalable way, and, similarly to sonication, it introduces
mainly topological (boundary-like) defects.104 A high–speed rotating mixer generates
high shear stress in the narrow gap (∼ 100 µm) between the rotor and stator (see
Figure 2.6).

Here, graphene powder (35 mg) was dispersed in NMP or DMF (140 mL). For the
dynamic light scattering measurements, homogenization (using an OV5 Homogenizer
from VELP Scientifica) was performed in time steps of 10 minutes, up to 1 hour, at
30000 rpm. For the functionalization procedure, homogenization was performed for 30
minutes at 30000 rpm. Similarly, rGO powder (10 mg) was dispersed in DMF (40 mL),
and homogenization was performed for 30 minutes at 30000 rpm.

2.3 Chemical Reaction

The reaction mechanism of the 1,3–dipolar cycloaddition (1,3–DC) is well known.118

The name of this type of reactions derives from the presence of a 1,3–dipolar compound
as one of the reagents.



2.3. Chemical Reaction 20

Figure 2.6: (a) 3D sectional drawing of the shear stress generator. (b) Main energy dissipa-
tion regions of the high shear mixer (sectional view). (c) The schematic model of preparing
GNSs by shear force. Figure and caption adapted from Ref. 117.

Here, in collaboration with Dr. Giovanni Signore and Aldo Moscardini at NEST
Laboratory, we selected N-methylglycine (sarcosine) and 3,4-dihydroxybenzaldehyde
as reagents (see Figure 2.7), to form azomethine ylide as 1,3–dipolar compound, which
is one of the most reactive among them. The dipolar compound, in our case, must be
produced in–situ, i.e. in proximity of the graphene sheet, in order to allow the reaction
to happen.

Figure 2.7: Scheme of the azomethine ylide (1,3–dipolar compound) formation.

In order to obtain a dipolar compound, the use of the N-methylated α–amino acid
is crucial, because the condensation of a secondary amine (the N-methylglycine, having
two organic substituents and one hydrogen bound to the nitrogen) with an aldehyde
leads to the formation of an imine with a positive charge (one part of the dipolar
compound). The presence of an electron–withdrawing group, like the carboxylic group
(COOH), on the α carbon easily leads to the deprotonation and the formation of the
azomethine ylide. Then, the 1,3–dipolar ylide compound grafts onto graphene’s struc-
ture thanks to the electron charge displacement between the ylide and the graphene,
closing a five–member C–ring (see Figure 2.8). Noticeably, the presence of the aro-
matic ring of the aldehyde can favor the alignment of the ylide with the graphene
lattice, thanks to π–π interactions. According to the Sustman’s terminology, in the
case of a 1,3–DC reaction of an azomethine ylide, the dominant interaction, using the
frontier molecular orbitals theory, is that of the HOMO (highest occupied molecular
orbital) of azomethine ylide with the LUMO (lowest unoccupied molecular orbital) of
graphene.119 Finally, because of the highest localization of electronic charges in the
presence of defects, the preferred reaction sites are the graphene edges (more chemi-
cally reactive). Anyways, also the delocalized C=C bonds of the graphene basal planes
are expected to participate in the 1,3–DC reaction (via electron charge displacement
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with the azomethine ylides), as also confirmed from literature.69

Figure 2.8: Scheme of the cycloaddition of azomethine ylide onto graphene (the dashed
arrows indicate the direction of the electron displacements).

2.3.1 1,3–DC of dispersed GNS and rGO

To perform the organic functionalization, 3,4-dihydroxybenzaldehyde (25 mg, corre-
sponding to 0.18 mmol) and an excess of N-methylglycine (25 mg, 0.28 mmol) were
added to the GNS dispersion (22 mL, 0.20 mg mL-1) in NMP or DMF. The same
process was employed for rGO dispersed in DMF (22 mL, 0.20 mg mL-1). Sodium car-
bonate (5 mg, 0.05 mmol) was added in order to lower the acidity of the environment.
This helps both the formation of the 1,3–dipolar compound and to prevent the loss of
the carboxyl group of the azomethine ylide. The reaction mixture was kept at 150 °C
for 120 h, under magnetic stirring, with successive additions of the reagents every 24 h
(see Figure 2.9 for the setup).

Figure 2.9: Setup for the 1,3–DC of dispersed graphene and rGO.

In order to limit secondary reactions from the oxidation of the solvent at high
temperature, an inert atmosphere (N2) was kept during the functionalization reaction.
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The resulting mixture was then thoroughly washed with clean solvent (several passages
of centrifugation and pipetting off the solvent).

2.3.2 1,3–DC of exfoliated graphene flakes

The organic functionalization has been carried out in a Schlenk–type glass flask, adding
3,4-dihydroxybenzaldehyde (40 mg, 0.29 mmol) and an excess of N-methylglycine
(40 mg, 0.45 mmol) to 20 mL of NMP. The chip with the graphene flakes (described in
detail in Section 2.1.3) was submersed in the reaction mixture and placed on a custom
made Teflon support, which allowed for a safe magnetic stirring underneath with no
risk of collision with the chip (see Figure 2.10 for the setup). The reaction environment
was kept at 150 °C for 16 h, under magnetic stirring. During the functionalization reac-
tion an inert atmosphere (N2) was kept, in order to limit secondary reactions from the
oxidation of the solvent at high temperature. The chip was then thoroughly washed
several times with clean NMP, ethanol, dichloromethane, and finally air dried.

Figure 2.10: Setup for the 1,3–DC of exfoliated monolayer flakes.

As aforementioned, sodium carbonate (Na2CO3) can be added in order to facil-
itate the cycloaddition reaction. Here, the functionalization procedure was initially
performed with and without the adding of sodium carbonate, with no evidence of
changes in the Raman analysis of the functionalized graphene. After the 1,3–dipolar
cycloaddition, without Na2CO3, the carboxyl group would be partially lost, due to the
temperature of the reaction environment. Anyway, in order to minimize the number
of reagents, simplifying the reaction and avoiding undesirable residues (which would
appear in further chemical analysis such as the XPS, as shown in Chapter 3), and con-
sidering that the Raman analysis of the functionalized graphene shows the vibrational
peak arising from the carboxyl group (confirming its presence in the final product),
from this point forward we decided to perform the functionalization procedure without
the addition of sodium carbonate. Moreover, it is well known120 that the sarcosine
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does not undergo decarboxylation before closing the 1,3–dipolar cycloaddition, hence
the effectiveness of the functionalization would not be deeply affected.

2.3.3 1,3–DC of epitaxial graphene

Analogously to previous experiments, epitaxial graphene samples were submersed in
a reaction mixture of 3,4-dihydroxybenzaldehyde (40 mg, 0.29 mmol) and N-methyl-
glycine (40 mg, 0.45 mmol) in 20 mL of NMP. The experimental setup is the same as
in Figure 2.10. An inert N2 atmosphere was kept and the reaction environment was
heated under magnetic stirring at 150 °C for 1 to 10 days. Subsequently, the EG samples
were thoroughly washed several times with clean NMP, ethanol, dichloromethane, and
finally air dried.

2.3.4 Chemicals

1-methyl-2-pyrrolidinone (NMP, ReagentPlus, 99%), N,N-dimethylformamide (DMF,
anhydrous, 99.8%), dichloromethane (puriss, ≥99.9%), ethanol (puriss, ≥96%), N-
methylglycine (98%), and 3,4-dihydroxybenzaldehyde (97%) were purchased from Sig-
ma–Aldrich–Merck, Germany, while sodium carbonate (for analysis, ≥99.5%) was pur-
chased from Carlo Erba, Italy.
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2.4 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is an established and reliable technique for mea-
suring the size distribution of spherical particles dispersed in liquid solvents. When
in solution, particles move randomly (Brownian motion) and cause laser light to be
scattered at different intensities. These time–dependent intensity fluctuations are re-
lated to the rate of diffusion of the particles through the solvent and, therefore, to
the particle dimensions, specifically to their hydrodynamic radius (larger particles dif-
fuse slower, causing less rapid fluctuations in the intensity than smaller particles, as
shown in Figure 2.11(a)).121 For non–spherical particles, as in the case of dispersed
graphene, the measured hydrodynamic radius corresponds to the radius of a sphere
that has the same average translation diffusion coefficient as the particle being mea-
sured (see Figure 2.11(b)). Advantages of DLS are a non–invasive nature, simple and
fast measurements, and sensitivities in the submicron region.

Here, DLS measurements were performed with a Malvern Zetasizer Nano ZS (pro-
vided with a 633 nm HeNe laser), using quartz cuvettes (1 mL). Samples were equili-
brated to 25 °C for 30 seconds before measuring, and the data were acquired with a
scattering angle of 12.8°. Values for NMP viscosity and refractive index at 25 °C are
1.6660 cP and 1.468, while for DMF they are 0.8020 cP and 1.428, respectively (data
from the supplier). Graphene refractive index and absorption at 25 °C are 2.704 and
0.023, respectively.122

Figure 2.11: (a) Hypothetical dynamic light scattering of two samples: larger particles at
the top and smaller particles at the bottom. Figure and caption adapted from Ref. 123. (b)
Hydrodynamic diameter for a non–spherical particle.
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2.5 Electron Beam Irradiation

Electron–beam irradiation (EBI), i.e. the exposure of a sample to a focused beam of
energetic electrons, is a versatile method that satisfies the requirements for a controlled
introduction of structural defects in graphene. Depending on the electron energy, a
large variety of structural defects can be created, such as topological defects, vacancies,
or sp3–defects.10 Coupling a pattern generator system to a scanning electron microscope
(SEM), as in a standard electron beam lithography system, structural defects can be
patterned across the graphene surface in a very flexible way (see Figure 2.12(a)).

Figure 2.12: (a) Schematic illustration of the setup for EBI: a lens focuses the e–beam on the
surface while a beam–blanking shutter mechanism and magnetic deflection coils are used to
scan the beam across the sample. Figure and caption adapted from Ref. 124. (b) Exemplary
pattern design with a step size of 100 nm, in an area 5 × 5 µm2 wide.

Here, for the experiments reported in Chapter 4, a defective area was created by
irradiating, in a single step, the graphene flakes with electrons accelerated to 20 keV or
30 keV. This area was well–defined by a pattern generator coupled–SEM and is 4 µm
long and as wide as the graphene flakes. The dimensions of the defect–rich area were
arbitrarily chosen in order to be sufficiently resolved by the used micro–Raman system.
The e–beam (current of about 0.15 nA) was scanned with a step–size of 100 nm (see
Figure 2.12(b)). The dose was varied from 5 to 200 mC/cm2, resulting in a dwell–time
ranging from 3 to 140 ms. Similarly, for the experiments described in Chapter 5, the
defective area was created by irradiating, in a single step, the graphene flakes with
electrons accelerated to 20 keV. The e–beam was scanned with a step–size of 100 nm
and a current of about 0.15 nA. The dose was 40 mC/cm2, resulting in a dwell–time
of 30 ms. Finally, for the patterning of EG (reported in Chapter 6), the e–beam
parameters were: electrons acceleration voltage 20 kV, beam current 90 pA, electron
dose between 10 mC/cm2 and 120 mC/cm2 (corresponding dwell time from 12 ms up
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to 140 ms), and scan step–size between 100 nm and 500 nm. The time needed to
complete the designed pattern depends on the chosen settings and the total pattern
extension. For example, in order to irradiate an area of 100 × 100 µm2 using a step–
size of 200 nm, an e–beam current of ∼ 100 pA, and a dose of ∼ 100 mC/cm2, about
7 hours are required. The EBI procedures were performed by Dr. Federica Bianco at
NEST Laboratory.

2.6 Raman Spectroscopy

Raman spectroscopy is one of the most suitable techniques for the characterization of
graphene–based materials, being able to provide both structural and electronic infor-
mation, and allowing for fast and non–destructive measurements.125,126 A laser of a
known wavelength is focused onto the surface of graphene, and the scattered photons
are collected and analyzed in terms of parameters as wavelength, polarization, and
scattering angle (see Figure 2.13(a) for the setup). Most of the scattered light has
the same wavelength as the laser (elastic light scattering or Rayleigh scattering), but
a small amount of the scattered light has a different wavelength than the excitation
photon, due to the creation or annihilation of phonons (quantized excitation in the
material). This light scattering process is inelastic and known as the Raman effect.127

Graphene has a characteristic Raman spectrum which has become a standard in iden-
tifying the number of layers in the sample, as well as the amount of defects or the
chemical modifications in its surface (see Figure 2.13(b)).128,129

Here, Raman spectroscopy was carried out with a Renishaw InVia system, equipped
with a confocal microscope, a 532 nm excitation laser and a 1800 line/mm grating
(spectral resolution 2 cm-1). For the experiments reported in Chapter 3, all spectra
were measured with the following parameters: excitation laser power 500 µW, single
acquisition time for each spectrum 20 s, two acquisitions per spectrum, with a 100×
objective (NA = 0.85, spot size 1 µm). At least 3 different samples were measured, both
for pristine and functionalized graphene, and they all showed the same features as the
ones reported here as representative results. The samples were prepared by dropcasting
(2 µL) onto a clean silica substrate and dried under vacuum for several days. Similarly,
the same parameters were used for the experiments described in Chapter 4. In addition,
a proper step–size of 0.5 µm was used to map the Raman modes across the surface of
the graphene flakes. The defects induced by electrons were investigated just after the
exposure with the same parameters of pre–exposure investigation. For the experiments
described in Chapter 5, single spectra were measured with the following parameters:
single acquisition time for each spectrum 3 s, 10 acquisitions per spectrum, excitation
laser power from 22 µW to 1560 µW, with a 100× objective (NA = 0.85, spot size
1 µm). Maps were collected with the following parameters: single acquisition time for
each spectrum 3 s, 4 acquisitions per spectrum, excitation laser power 120 µW, with
a 100× objective (NA = 0.85, spot size 1 µm). A Newport power meter, model 843-
R, with a low–power calibrated photodiode sensor was used to measure the incident
Raman laser power for different nominal percentages (between 0.1% and 5%).
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Figure 2.13: (a) Experimental setup for Raman spectroscopy (figure and caption adapted
from Ref. 130). (b) Raman spectra of carbon solids, carbon nanostructures, and graphene–
based materials, including graphite, 1LG, 3LG, disordered graphene, graphene oxide and
nanographene. Figure and caption adapted from Ref. 131.
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2.7 Scanning Transmission Electron Microscopy–

EDX/EELS

In a Scanning Transmission Electron Microscope (STEM) a high–energy e–beam is
focused on the sample surface. Using lenses and deflection coils, this focused probe is
scanned across the sample and local information can be collected with high resolution
(atomically resolved images can be achieved with aberration–corrected STEMs). In
particular, Electron Energy–Loss Spectroscopy (EELS) and Energy Dispersive X–ray
spectroscopy (EDX) allow to identify the chemical elements of the surface enabling
compositional evaluations, elemental mapping, and electronic property analysis (see
Figure 2.14 for the setup). In EELS, the electrons in the e–beam experience an energy
loss as they move through the sample due to interactions with the electrons in the
sample, they are scattered inelastically, and their energy distribution is measured.
Similarly, EDX reveals the emission energy of the X–rays created when high–energy
electrons from the e–beam cause the ejection of the sample’s atoms inner shell electrons
and the subsequential relaxation of outer shell electrons.

Here, STEM–EDX/EELS measurements were carried out with a Zeiss Libra 120
microscope operating at an accelerating voltage of 120 kV, equipped with a thermionic
LaB6 source and an in–column Omega filter for energy–filtered imaging and EELS
analysis. EELS spectra were collected by integrating the EELS signal on the TEM
CCD (a TRS 2k × 2k CCD camera binned 2 by 2) and by selecting the measured
area using the entrance slit aperture of the Omega filter. The samples were prepared
by washing the dispersant solvent with ethanol several times and collected on carbon
film–supported copper grids. STEM–EDX/EELS measurements were performed by
Dr. Andrea Griesi at NEST Laboratory.
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Figure 2.14: (a) Arbitrary microscope configurations of EM, EDX, and EELS. Note that
with EELS, the spectrometer must be on the transmission side of the sample. For EDX,
this is typically not the case. (b) EDX and EELS physical principles. The atomic origin
of EDX and EELS signals is indicated for a nitrogen (N) atom. N has seven electrons
arranged in two orbital shells: K and L. Electron binding energies of specified orbitals are
shown (right). When an incident electron dislodges an electron from the K shell, inner–shell
ionization occurs (left). To fill the vacancy, an electron from the L shell drops, and the
difference in binding energies is released as a characteristic X–ray. A K shell vacancy being
filled from an L shell electron results in a Kα line. This Kα X–ray is used to fingerprint N
in the collected spectra. The incident electron that created the vacancy has lost an amount
of energy approximately equal to the binding energy of the ejected electron. Therefore, in
the EELS spectrum, transmitted electrons that have lost 401 eV represent N content in the
sample. The zero–loss peak represents transmitted electrons that did not lose energy, and
may be used to determine the sample thickness. Ionization edges represent the inner–shell
ionization of sample atoms. Figure and caption adapted from Ref. 132.
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2.8 X–ray Photoelectron Spectroscopy

X–ray Photoelectron Spectroscopy (XPS) is a highly surface–sensitive technique, which
allows chemical and quantitative analysis of the top few atomic layers (1 – 10 nm) of
the sample. XPS detects the photoelectrons emitted from the surface under irradiation
with X–rays (see Figure 2.15 for the setup) and measures their kinetic energy. The
surface elements and their chemical state can be derived from the detected energy, being
directly connected to the photoelectrons’ binding energy (B.E.) inside the parent atom.

Here, XPS core level emission spectra were acquired using a Surface Science Instru-
ment SSX-100-301 spectrometer operating an Al Kα source (hν = 1486.5 eV), achieving
an overall energy resolution of 0.85 eV. The collected spectra were fitted using the XP-
SPEAK software, subtracting a Shirley–type background133 and fitting the peaks using
mixed Gaussian and Lorentzian components. The samples were prepared by repeated
dropcasting onto clean highly doped silicon substrates (with native oxide), and dried
under vacuum between several drops and at the end of the deposition process. XPS
measurements were performed by Dr. Silvia Rubini at CNR IOM Laboratory in Trieste,
Italy.

Figure 2.15: Scheme of XPS: X–rays hit the sample surface and interact with core–level
electrons. The electrons closer to the surface (the top few nanometers) manage to escape and
are collected and measured. Figure and caption adapted from Ref. 134.
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2.9 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a scanning probe technique that allows to image
the morphology of a sample’s surface, with resolution at the nanometer scale.

Figure 2.16: TEM images of exemplary silicon nitride triangular cantilever and tip used in
AFM measurements. Figures adapted from Ref. 135.

In an AFM measurement in contact mode, a sharp tip (typical tip radius 5 – 10 nm)
at the end of a flexible cantilever (as shown in Figure 2.16) is brought into contact with
the sample and scanned across the sample’s surface. A piezoelectric actuator and a
feedback system maintain a constant force (or a constant height) between the tip and
the sample. The bending of the cantilever during the scan movements is detected by a
laser beam focused on the cantilever and reflected into a 4–quadrant photodiode. Al-
though this imaging mode is fast, simple and allows to simultaneously measure other
parameters such as the surface friction or resistance, it presents the risk of damaging
the tip because of lateral forces and drag across the surface. On the contrary, in non–
contact mode the tip is kept at a small distance from the surface of the sample and
the cantilever is made oscillating at its resonance frequency and with low amplitude.
While scanning, the amplitude, the frequency and the phase of the cantilever oscillation
change because of the interactions between the tip and the sample’s surface, and can
be recorded simultaneously, giving information about the sample’s topography or com-
position. Typically, because non–contact mode requires demanding performances from
the feedback system in order to avoid an excessive decrease in the lateral resolution, an
intermediate technique is preferred. In tapping AFM mode, the tip touches the sample
surface only for a short time while the cantilever oscillates at its resonance frequency
and with higher amplitude normal to the sample surface. Hence, intense lateral forces
that can damage both the sample and the tip are minimized (see Figure 2.17 for the
setup). Noteworthy, unlike Scanning Tunneling Microscopy, AFM permits to image
both conductive and non–conductive surfaces.

Here, AFM was performed for surface analysis utilizing an Anasys Instruments
AFM operating in tapping mode, coupled with a microscope system for positioning.
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Figure 2.17: Setup of AFM operated in non–contact mode. A laser beam is deflected by the
back side of the cantilever, and its deflection is detected by a split photodiode. The cantilever
vibration is caused by an external frequency generator driving an excitation piezo. A lock–in
amplifier is used to compare the cantilever drive with its oscillation. The amplitude signal
is held constant by a feedback loop controlling the cantilever–sample distance. Figure and
caption adapted from Ref. 124.

Peak Force – Quantitative NanoMechanical (PF–QNM) mode is an AFM imaging
mode based on Bruker’s proprietary Peak Force Tapping� technology. This technique
simultaneously provides information about the nanomechanical properties of nanoma-
terials and the topography of the sample. This is possible if the individual force curves
from each tap that occurs during the scan are instant–by–instant acquired and analyzed
instead of time–averaged as in standard AFM imaging. Therefore, PF–QNM requires
that the bandwidth of the force sensor is significantly higher than the frequency of the
periodic interactions. Then, the force curve is converted into a force vs. tip–sample
separation plot which, with further analysis, reveals the mechanical properties of the
sample, such as adhesion, modulus, deformation, and dissipation (see Figure 2.18).

Here, PF–QNM was performed using a Bruker Dimension ICON–PT operating
in tapping mode, coupled with a microscope system for positioning. The Gwyddion
software package was used to analyze the AFM and PF–QNM images.137
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Figure 2.18: (a) Scheme of the force curve for a cantilever operating in Peak Force Tapping
and (b) scheme of the single cycle force vs. separation curve with the dark blue dashed line
fitted to the retract curve using the Derjaguin–Muller–Toporov (DMT) model. Figures and
caption adapted from Ref. 136.

2.10 Scanning Tunneling Microscopy and Scanning

Tunneling Spectroscopy

A Scanning Tunneling Microscope (STM) is used for investigating surfaces at the
atomic level (on the scale of Å), and therefore visualizing the atoms’ positions on the
sample surface. The STM is based on the quantum–mechanical tunneling effect: when
a conductive atomically sharp tip is brought very close to the surface to be examined,
electrons can tunnel through the vacuum (or air) between them. If no bias voltage is
applied between the tip and the surface the net tunneling current is zero, otherwise
the resulting current is a function of several parameters, as tip position, applied bias
voltage, and the local density of states (LDOS) of the sample.138 Once tunneling is
established, the tip’s bias and position with respect to the sample can be varied, and
moving the tip across the sample in the x–y plane allows to obtain surface images.
Images can be acquired in two different modes: in the constant height mode the tip–
sample distance is maintained fixed by a feedback mechanism while the changes in the
current are measured, whereas in the constant current mode the current is fixed and
the tip is moved closer to or further away from the sample (see Figure 2.19(a) for the
setup).

Similarly, Scanning Tunneling Spectroscopy (STS) relies on the tunneling effect in
order to measure the electronic properties of a material. The scanning tip is stopped in
a fixed position and distance from the sample’s surface (with the feedback mechanism
off) and a voltage sweep is performed, while recording the tunneling current. Using
a lock–in amplifier and a small AC signal added to the DC bias, the differential con-
ductance dI/dV is calculated, which is proportional to the LDOS of the sample (see
Figure 2.19(b)).139 It is important to underline that, in order to be able to investigate a
sample surface with STM or STS, the sample must be able to allow a tunneling current
to flow. Hence, these techniques are restricted to conductive (metallic or semiconduc-
tor) samples.
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Here, STM and STS measurements were performed with an ultra–high vacuum
(UHV) STM from RHK Technologies, at room temperature, in an UHV chamber (base
pressure ∼ 10-11 mbar).

Figure 2.19: (a) Schematic view of an STM: a tube scanner moves the probe tip, via 3D
piezoelectric elements, on the sample surface. Moving the tip in the z direction and applying
a bias voltage, the tunneling condition can be established. If the tip is moved across the
sample in the x–y plane, the changes in surface height and density of states cause changes in
current, which are mapped in images. The current is amplified and the data are processed
and shown on the computer. (b) Energy band diagram for the tip and the sample when a
positive bias is applied to the sample, such that electrons flow from the filled states of the
tip to the empty states of the sample (black arrow). During a STS measurement, the voltage
applied between the tip and the sample is swept. Since the density of states of a metallic
tip is constant, the differential conductance represents the density of states of the sample.
Figures adapted from Refs. 139,140.
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2.11 Computational Methods

All calculations reported in Chapters 3 and 5 are performed with the CP2K141,142 pro-
gram at the density functional theory (DFT) level using the Perdew–Burke–Ernzerhof
(PBE) exchange and correlation functional.143 Second–generation dispersion correc-
tions (D2)144 were used to take into account a proper description of van der Waals inter-
actions. The Gaussian–and–Plane–Waves (GPW) method as implemented in CP2K145

was used; the energy cutoff for the auxiliary plane–wave basis was set to 340 Ry. The
wavefunction convergence criterion was set to 10−6 Hartree. Geometry optimization of
the systems was performed by using the Broyden–Fletcher–Goldfarb–Shanno (BFGS)
algorithm by setting a root mean square (RMS) value of 10−4 Hartree/Bohr for the
force and 10−4 Bohr for the geometry as convergence criteria. Goedecker–Teter–Hutter
(GTH) pseudopotentials,146 together with double–zeta quality basis sets (DZVP), were
used. The systems were treated with periodic boundary conditions.

Figure 2.20: Hexagonal (a) rGO and (b) graphene computational cells. The boundaries of
the cell (a = b = 1.98 nm, c = 2 nm) are shown only for graphene and are the same for rGO.
Dark grey: C atoms, blue: N, red: O, white: H.

Reduced graphene oxide was modeled starting from an hexagonal graphene cell
(a = b = 1.98 nm, c = 2 nm) consisting of 154 atoms (128 carbons plus 26 atoms of
the ylide molecule) and positioning 10 oxygen atoms on top of randomly chosen carbon
atoms (as shown in Figure 2.20(a)). The total amount of oxygen was 8% in weight,
in agreement with similar rGO models in literature.147 The Restrained Electrostatic
Potential (RESP) charges148 for periodic systems were evaluated by using REPEAT
methods149 as implemented in CP2K.150

After structural optimization, the functionalized system was subject to free molec-
ular dynamics (MD). MD simulations were performed in the NVT ensemble (canonical
ensemble, T = 300 K) employing a canonical–sampling–through–velocity–escalating
(CSVR) thermostat151 with a time constant of 500 fs. A single integration time step of
0.4 fs was used. MD simulations were carried out for 12 ps. Vibrational spectra were
obtained by calculating the Fourier transform of the atoms velocity auto–correlation
function (VACF) taken from the last 10 ps of the simulated trajectory of the system
(see Figure 2.21 for a scheme of the steps of the computational simulations).152

Similarly, functionalized graphene was modeled starting from an hexagonal graphene
cell (a = b = 1.98 nm, c = 2 nm) including 154 atoms (128 graphene’s carbons plus 26
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Figure 2.21: Scheme of the simulation steps: it begins with the model of the hexagonal
graphene cell, followed by the geometry optimization of the entire system, then MD simula-
tions are performed, and the vibrational power spectrum is eventually obtained.

atoms of the ylide molecule, as shown in Figure 2.20(b)). After structural minimiza-
tion, the system was subjected to a 38 ps MD run, performed in the NVT ensemble
(T = 300 K) using a CSVR thermostat with a time constant of 500 fs. A single inte-
gration time step of 0.4 fs was used. Vibrational spectra were obtained through the
Fourier transform of the atoms VACF taken over the last 36 ps of the MD simulation.
Normal modes and vibrational analysis were performed for graphene and functionalized
graphene using the VIBRATIONAL–ANALYSIS module of CP2K. All DFT simula-
tions were performed by Dr. Luca Bellucci, in collaboration with Dr. Valentina Tozzini,
at NEST Laboratory.

For the calculations described in Chapter 4, Monte Carlo simulations were carried
out with the CASINO software,153 considering the following experimental conditions:
∼ 8 × 105 and 4 × 106 incident electrons (corresponding to about 40 mC/cm2 and
200 mC/cm2, respectively), and beam radius of 10 nm. These calculations were per-
formed by Dr. Federica Bianco at NEST Laboratory.



3Functionalization of
dispersed GNS and rGO

Here we present a detailed investigation on 1,3–DC of azomethine ylide on both
graphene nanosheets (GNS) and reduced graphene oxide (rGO), including solvent ef-
fects. We compare sonication and homogenization as dispersion techniques, while 1-
methyl-2-pyrrolidinone (NMP) and N,N-dimethylformamide (DMF) are used as disper-
sant solvents, for their excellent efficiency in dispersing graphene as well as facilitating
the in situ production and the grafting of the ylide onto graphene. Energy–dispersive
X–ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS) confirm the
organic functionalization of graphene and verify its homogeneity on the entire surface.
While these techniques have already been applied to analogous systems, a detailed char-
acterization of functionalized graphene with Raman spectroscopy is presented here for
the first time. Raman spectroscopy, performed on both the pristine and functional-
ized samples, allowed the detection of the characteristic Raman signature of graphene
together with new distinctive peaks from the ylide. Moreover, X–ray photoelectron
spectroscopy (XPS) is used to estimate the coverage and the efficiency of the function-
alization process, assessing the elemental composition. An ab initio density–functional
theory (DFT) molecular dynamics simulation illustrates how the presence of epoxy
groups in the rGO surface induces a local inhomogeneity of the partial charges of the
structure of graphene, promoting the 1,3–DC of azomethine ylide and showing how de-
fects (like functional groups, edges, or vacancies) could be exploited to acquire control
on the degree of the functionalization. Finally, the simulated power spectrum provides
a precise idea of the Raman signature of functionalized graphene, in agreement with
the experimental data.
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3.1 Dispersion of GNS

Exfoliated GNS produced by wet–jet milling (as described in Section 2.1.1)105 were dis-
persed in NMP and DMF in order to obtain a stable dispersion with a concentration
of ∼ 0.2 mg mL-1, as shown in Figure 3.1. It is well known that these are well–suited
organic solvents for the dispersion of graphene,114 since they minimize the interfacial
tension between solvent and graphene. Moreover, both NMP and DMF are commonly
used in 1,3–dipolar cycloadditions for their ability to favor the reaction.68,69,154,155 Both
these aspects are fundamental for the functionalization procedure, which will be de-
scribed in the following.

Sonication has been widely utilized to induce exfoliation of bulk materials through
growth and collapse of micro–bubbles due to pressure fluctuations in liquids.112 Re-
cently, also homogenization, which consists in the shear mixing in suitable stabilizing
liquids, has been demonstrated to achieve excellent exfoliation of graphite, even in a
more scalable way.104

Figure 3.1: Dispersion of GNS in NMP after (a) sonication and (b) homogenization.

In order to compare NMP and DMF as dispersion solvents, as well as sonication
and homogenization as dispersion techniques, we performed dynamic light scattering
(DLS) measurements on dispersed GNS (0.25 mg mL-1). A commercially available
Malvern Zetasizer Nano ZS equipped with a 633 nm HeNe laser was used for this
purpose. In the automatic setting, the system optimizes the focal position and the
attenuation of the incident beam before the data acquisition. The Zetasizer software
uses a set of algorithms to analyze the correlation of scattering events and gives as
output the relative intensity of light scattered by particles of a given average lateral
dimension. We have to keep in mind that, as explained in detail in Section 2.4, because
we are not measuring spherical particles the lateral dimensions resulting from the DLS
measurements are not the actual dimensions of the dispersed graphene. However, being
related, they still allow a quantitative analysis. The values are collected in Table 3.1.

Comparing the average lateral dimension of the dispersed nanosheets, we noticed a
reduction in size from 850 nm to 600 nm (using sonication) or 400 nm (using homog-
enization) after 60 minutes in NMP, in contrast with a decrease in size from 950 nm
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Table 3.1: Average lateral dimension of GNS dispersed in NMP or DMF, via sonication
(60 W) or homogenization (30000 rpm), measured at the beginning and after 30, 60, and 120
minutes of re–dispersion. ( — ) : not measured.

Solvent
Dispersion
technique

Start
[nm]

After 30
minutes
[nm]

After 60
minutes
[nm]

After 120
minutes
[nm]

NMP sonication
850 ±
100

— 600 ± 100 500 ± 100

NMP homogenization
850 ±
50

600 ± 40 400 ± 20 —

DMF sonication
950 ±
150

— 850 ± 150 800 ± 150

DMF homogenization
950 ±
150

800 ± 50 600 ± 50 —

to 850 nm (using sonication) or 600 nm (using homogenization) in DMF. A better
dispersion was achieved in NMP with respect to DMF (smaller dimensions indicate
thinner GNS, with fewer layers). This can be explained as a result of the optimal
surface tension of NMP (γ = 40 mJ m-2), compared to DMF (γ = 37.1 mJ m-2), which
falls in the ideal range for graphene liquid phase exfoliation (40 – 50 mJ m-2).111,156

We also observed that in both NMP and DMF, homogenization allows a faster disper-
sion of GNS. For example, sonication in NMP for 60 minutes allows a decrease of the
average lateral dimension from 850 nm to 600 nm, while the same result was obtained
after only 30 minutes of homogenization. Therefore, homogenization results to be the
advisable dispersion procedure, and the subsequent experiments were performed after
dispersion via homogenization.

3.2 1,3–DC of GNS and rGO

Functionalized GNS were prepared by adding N-methylglycine and 3,4-dihydroxyben-
zaldehyde to the GNS dispersion, as schematically represented in Figure 3.2. The 1,3–
DC of GNS was performed both in NMP and in DMF, in order to allow a comparison
between the two solvents. As will be shown below, a higher degree of functionalization
was achieved for GNS dispersed in DMF. Moreover, together with their dispersant
efficiency, an important parameter to take into account is the boiling point of the
solvents, 202 °C for NMP and 153 °C for DMF. A higher boiling point results in a more
time–consuming procedure for removing the solvent under vacuum, after dropcasting
the functionalized graphene onto the substrates for characterization. Taking all this
into consideration, rGO was dispersed only in DMF (∼ 0.2 mg mL-1) and only via
homogenization, while the subsequent functionalization procedure remained the same.
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Figure 3.2: Schematic representation of the 1,3–DC of azomethine ylide on GNS and rGO.

3.3 EDX/EELS analysis

After the functionalization procedure, the dispersant solvent was removed by several
washings with ethanol, and graphene was deposited on carbon film–supported copper
TEM grids. Several scanning transmission electron microscopy (STEM) images were
acquired in order to identify the GNS (a representative STEM image is shown in
Figure 3.3), while the successful functionalization of graphene was confirmed with
energy–dispersive X–ray spectroscopy (EDX) and electron energy loss spectroscopy
(EELS), which are very useful techniques for the elemental analysis or the chemical
characterization of a sample.

Figure 3.3: Representative STEM image of an exfoliated few–layers GNS.

The detection of N and O peaks from functionalized graphene in the EDX spectra
(shown in Figure 3.4) confirms the presence of azomethine ylides on graphene’s surface,
which present functional groups containing nitrogen and oxygen. EDX spectra were
acquired using carbon film–supported copper grids, therefore, signal from C and Cu of
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the grid is expected, in addition of the C signal from the graphene lattice, and thus a
quantitative analysis is not possible.

Figure 3.4: EDX spectra (red line) of functionalized (a) GNS in NMP and (b) GNS in DMF
(colored lines: deconvolution). Only a zoom of the region of interest is shown.

As shown in Figure 3.5, EELS spectra of the N K–edge of functionalized GNS
and rGO exhibit two bands, centered at 402 eV and at 410 eV, assigned respectively
to π* and σ* contributions. Like in the EDX measurements, signal from nitrogen is
expected only from the azomethine ylides, and its presence confirms the success of the
functionalization.

Figure 3.5: EELS spectra of functionalized (a) GNS in DMF and (b) rGO in DMF. The
background was subtracted from the spectra in order to highlight the K–edges of N.
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The elemental signature of nitrogen was detected mapping the functionalized GNS,
and is shown as superimposed map (green signal) on the STEM image of the graphene
flake in Figure 3.6. It is interesting to notice that the molecules bond with graphene
not only along the edges of the GNS, but also at the central C=C, as indicated by the
uniform distribution of the N signal in the EDX map.

Figure 3.6: EDX map of a functionalized GNS (superimposed on the STEM image) showing
the uniform distribution of the signal (green pixels) arising from N atoms.

3.4 Raman spectra of pristine and functionalized

GNS

Both pristine and functionalized GNS were dropcasted onto clean silica substrates, and
the solvent was removed under vacuum (see Figure 3.7(a,b)), in order to investigate
them with Raman spectroscopy.

Since a Raman spectrum of graphene was first recorded in 2006,125 this technique
has become one of the most suitable methods for the characterization of carbon–based
nanomaterials, allowing to obtain both structural and electronic information, and be-
ing fast and non–destructive.126 Figure 3.8 shows the Raman spectra of pristine GNS
dispersed in NMP and in DMF, along with the fit and the assignment of the 5 charac-
teristic peaks of graphene. The most recognizable features in the Raman spectrum of
graphene are the G band, here centered at 1581 cm-1, and the 2D band, here centered
at 2695 cm-1 (for both GNS in NMP and GNS in DMF). The G band comes from the
in–plane bond–stretching motion of pairs of C atoms of the graphene ring, while the 2D
peak is the second order of the D peak and originates from a double–phonon process,
where momentum conservation is satisfied.125 Because no defects are required for their
activation, both G and 2D peaks are always present. It is well–established that the
width (FWHM) of the 2D band is related to the number of layers of graphene sheets.125

In particular, a single curve with a FWHM of about 24 cm-1 128 can be used for the
fitting of the spectrum of monolayer graphene, while several curves (or a broader single
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Figure 3.7: Optical microscopy images of functionalized GNS in (a) NMP and (b) in DMF,
and (c) functionalized rGO in DMF dropcasted onto silica substrates for Raman measure-
ments.

one) are needed for the fitting of the spectrum of multilayer graphene. Here we can
fit the 2D band with a single symmetrical Gaussian–Lorentzian curve, with a FWHM
of about 75 cm-1 for GNS in NMP (∼ 70 cm-1 for GNS in DMF), which allows us
to identify the GNS as few layer graphene (less than five layers thick, following the
criterion described in Ref. 105).

Figure 3.8: Raman spectra of pristine GNS in (a) NMP and in (b) DMF. The fit of each
spectrum is shown and all peaks are labeled.

In the presence of small size graphene and/or defects, which we can relate to the
breaking of the symmetry of the infinite carbon honeycomb lattice,157 additional bands
appear. The D peak, here centered at 1346 cm-1, and the D’ peak, here centered at
1620 cm-1 (for both GNS in NMP and GNS in DMF), involve respectively intervalley
and intravalley double resonance processes, and for low defect concentrations their
intensities are proportional to the amount of defects.131 The intensity ratio of the D
and D’ peaks has been shown to indicate the nature of the defects in the graphene
lattice. In particular, I (D)/I (D’) reaches a maximum value of ∼ 13 for sp3–defects,
decreases to ∼ 7 for vacancy–like defects, and has a minimum of ∼ 3.5 for boundary–
like defects.157 Here, I (D)/I (D’) is 4.89 in case of pristine GNS in NMP, and 4.02 in
case of pristine GNS in DMF, confirming the boundary–like nature of the defects in
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pristine GNS. Finally, a weak G* band is visible, here centered at 2460 cm-1 for GNS in
NMP (2463 cm-1 for GNS in DMF), which arises from an intervalley process involving
an in–plane transverse optical phonon and one longitudinal acoustical phonon (also
called G + A2U).158 Here, as in the following chapters, the identification of the G*
peak is reported only for completeness and no further analysis are performed due to
its low intensity.

Figure 3.9: Raman spectra of functionalized GNS in (a) NMP and in (b) DMF. The fit
of each spectrum is shown and all peaks are labeled (the peaks that appear only after the
functionalization of GNS by 1,3–DC of azomethine ylide are in bold).

The Raman spectra of functionalized GNS exhibit new features and modifications,
as shown in Figure 3.9. The intensity of the D peak substantially decreases. The
ratio between D and G intensities is a benchmark for the grain size and the defect
concentration.159,160 The ratio I (D)/I (G) passes from an initial value of 1.02 for pris-
tine GNS in NMP to a final value of 0.20 for functionalized GNS in NMP. Similarly
I (D)/I (G) decreases from 1.01 to 0.68 for GNS in DMF. The decrease of I (D)/I (G)
can be explained considering that the azomethine ylides are grafting onto graphene’s
most favorable bonding sites, which are in the defected areas of the lattice, possibly
leading to a local structural relaxation and a decrease in the Raman intensity of the
defects. Considering that the GNS lateral size is comparable with the Raman laser
spot (∼ 1 µm), the initial high intensity of the D peak before the functionalization also
derives from the high density of edge defects, which are passivated by the presence of
the azomethine ylides after the functionalization, leading to a decrease of the intensity
of the D peak. Observing the 2D peak, its intensity remains almost constant, with
I (2D)/I (G) slightly changing from 0.53 to 0.51 for GNS in NMP and from 0.49 to 0.47
for GNS in DMF. This behavior of the 2D peak confirms that the long–range order of
the graphene lattice is maintained, and that we are not introducing some strong dis-
order towards amorphous graphene. A further sign of the successful functionalization
of GNS is the rise of a new broad peak centered at 1548 cm-1 for GNS in NMP and at
1545 cm-1 for GNS in DMF. This band, called D” and usually seen in the range 1500 –
1550 cm-1, is thought to be related to either the amorphous phase (increasing with the
decrease of crystallinity)161 or to interstitial defects associated with the functionaliza-
tion with small molecules.162–164 As aforementioned, the constant intensity of the 2D
peak suggests that we are not inducing an amorphous phase, while the functionaliza-
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tion with azomethine ylide would explain the creation of interstitial defects. Moreover,
the peak centered at 1717 cm-1 for GNS in NMP and at 1716 cm-1 for GNS in DMF
is usually assigned to the presence of the C=O functional group,165 and would reason-
ably arise from the carboxyl group of the azomethine ylide. Finally, a set of four new
peaks appears, which are labeled here as 1, 2, 3, and 4, centered respectively at around
1902 cm-1, 2057 cm-1, 2190 cm-1, and 2338 cm-1 for GNS in NMP and at 1895 cm-1,
2072 cm-1, 2201 cm-1, and 2343 cm-1 for GNS in DMF. These peaks are located in a
region which is usually silent in Raman spectroscopy, and remarkably their positions do
not significantly change with the change of the solvent. Hence, we tentatively attribute
these peaks to Raman–active features of the azomethine ylide. This will be discussed
in more detail in Section 3.6. Lastly, the G* peak is slightly visible also in the spectra
of functionalized GNS, centered at 2463 cm-1 for GNS in NMP and at 2459 cm-1 for
GNS in DMF. Table 3.2 summarizes the position and the appearance of all peaks, both
for pristine and functionalized GNS in NMP and in DMF.

Figure 3.10: Raman spectra of residuals of (a) NMP and (b) DMF after drying under
vacuum (same intensity scale of Figure 3.9).

Finally, in order to properly assign the Raman features that arise from the func-
tionalization by 1,3–DC of azomethine ylide, Raman spectroscopy was performed also
on residuals of NMP and DMF (see Figure 3.10). Both solvents were dropcasted on
clean substrates, which were then dried under vacuum, and analyzed. Noticeably, the
intensities of the spectra are evidently small, with respect to the intensities of the spec-
tra of pristine and functionalized graphene. No characteristic peaks are present in the
intermediate zone of the spectrum, where peaks 1 – 4 were detected on functionalized
GNS and rGO. This result confirms that this set of new peaks originates from the
azomethine ylide and not from the solvents.
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3.5 Raman spectra of pristine and functionalized

rGO

Raman investigation was also performed on pristine and functionalized rGO, after drop-
casting onto a silica substrate (see Figure 3.7(c)) and drying under vacuum. Figure 3.11
shows the Raman spectra, which were collected in three overlapping regions (lower, in-
termediate, and higher) in order to allow a more detailed comparison. Because of the
initial presence of oxygen functional groups in graphene oxide (GO) and the subse-
quent chemical reduction process, rGO presents several defects in its structure.147,166

This leads to the broadening of the characteristic D and G bands of graphene, here cen-
tered at 1345 cm-1 and 1595 cm-1, as shown in Figure 3.11(a). Of fundamental interest
is the broad valley between the two peaks, which has been reported for carbon–based
materials and rGO.162,164,167 By deconvolution we can identify three additional peaks,
centered at 1240 cm-1, 1515 cm-1, and 1621 cm-1.

Figure 3.11: Raman spectra of pristine rGO taken in the (a) lower, (b) intermediate, and
(c) higher region of Raman shift.

The first peak, usually called D*, can be related to disordered graphitic lattices
provided by sp2–sp3 bonds at the edges of networks,162 whereas the second peak can
be identified as the D” band and the last one as the D’ band. While in pristine GNS
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the D” peak is not present, here its appearance can be explained by the presence of
a number of C sp3 bonds from residual functional groups already present in the rGO
structure before the functionalization. Correspondingly, the band centered at 1734 cm-1

can be attributed to the presence of C=O functional groups. Moreover, a weak band
centered at 1108 cm-1 is visible. A similar peak around 1150 cm-1 has been reported in
nanocrystalline diamond to be due to the sum and difference modes of sp2 C=C and
C–H vibrations of trans–polyacetylene–type segments occurring at grain boundaries.168

Likewise, a peak around 1130 cm-1 has been observed arising from the edges and holes
of GO flakes which present similar H–ending C=C chains.169 We use here the same
nomenclature, labeling it as sp2–bound. As expected, in higher disorder graphene170

the intensity of the 2D band decreases and broadens, as observed in Figure 3.11(b).
At higher Raman shift values (see Figure 3.11(c)), besides the 2D band centered at
2681 cm-1, the D+D’ combination band is visible, centered at 2933 cm-1. Finally, we
can assign the peak centered at 3179 cm-1 to the C–H stretching mode.169

Figure 3.12: Raman spectra of functionalized rGO taken in the (a) lower, (b) intermediate
(zoom is shown in the inset), and (c) higher region (zoom, where a smoothing of the signal
was performed, is shown in the inset) of Raman shifts. The fit of each spectrum is shown
and all peaks are labeled (the peaks that appear only after the functionalization of rGO by
1,3–DC of azomethine ylide are in bold).

The Raman spectrum of functionalized rGO shows new and interesting features
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(see Figure 3.12). As already seen for functionalized GNS, the intensity of the D peak
decreases (as shown in Figure 3.12(a)), and the I (D)/I (G) ratio passes from 1.39 to
1.17 after the 1,3–DC of azomethine ylide. Likewise, I (D’)/I (G) decreases from 0.44
to 0.29. Furthermore, the intensity of the D” peak increases, with I (D”)/I (G) moving
from 0.29 before to 0.67 after the 1,3–DC, indicating the functionalization due to the
presence of azomethine ylides. It is interesting to notice that also the intensity of the
Raman signal from the C=O group increases. As shown in Figure 3.12(b), the same
set of four peaks (1 – 4) arises in the Raman spectrum after the functionalization.
Similarly to what we see in functionalized GNS, peak 1 is centered at 1904 cm-1, peak
2 at 2071 cm-1, peak 3 at 2204 cm-1, and peak 4 at 2341 cm-1. In the region of higher
Raman shift, shown in Figure 3.12(c), the decrease of the intensity of the D+D’ peak is
clearly visible, explicable with the corresponding decrease of the D and D’ intensities.
Finally, a new weak band centered at 3457 cm-1 appears. This peak can be attributed
to the O–H stretching171 of the carboxyl or the catechol groups in the azomethine
ylide, and to our knowledge this is the first time it is seen in functionalized graphene.
Table 3.3 summarizes the position and the appearance of all peaks, for both pristine
and functionalized rGO.

Significantly, the appearance of the peaks 1 – 4 is in complete agreement between
functionalized GNS in NMP and in DMF and functionalized rGO in DMF. Moreover,
the exact correspondence of the positions of the peaks 1 – 4 within error intervals is
noteworthy. This result corroborates the conclusion that these peaks do not originate
from the solvents (same position in NMP and in DMF) or the substrate (same position
for GNS and rGO), but arise from the functionalization with the azomethine ylide.

Finally, acquiring Raman spectra in a lower Raman shift region, the broad shoulder
[950 – 1050] cm-1 coming from the Si signal of the substrate is clearly detected in the
Raman spectra of both functionalized GNS and rGO (see Figure 3.13).

Figure 3.13: Raman spectra of functionalized (a) GNS in DMF and (b) rGO in DMF. The
shoulder arising from the Si signal of the substrate is indicated by an arrow.
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3.6 Computational simulations

In order to deepen our understanding of the functionalized graphene after 1,3–DC
of azomethine ylide, models for pristine and functionalized rGO were built. Pristine
rGO was modeled by positioning 10 oxygen atoms on top of randomly chosen carbon
atoms, followed by structural minimization (as described in detail in Section 2.11).
Functionalized rGO was modeled by adding the azomethine ylide in the central area of
the rGO structure, followed by structural minimization. Functionalized rGO appears
mildly corrugate, with a final morphology depending on the position of the epoxy
groups and the azomethine ylide.

Figure 3.14: Distribution of the RESP–derived partial atomic charges reported as a color
gradient for the atoms in (a) pristine rGO and (b) functionalized rGO (blue = positive, red
= negative). The highest positive/negative charge values are close to the epoxy groups (that
present O atoms outside the graphene plane). The amplification of the charge gradient due
to the presence of the azomethine ylide is visible.

Both models were characterized by evaluating the restrained electrostatic potential
(RESP) derived partial atomic charges.148 The RESP-derived partial charges, map-
ping the electrostatic features of the system, highlight the localization of the charges
in the pristine rGO induced by the presence of the epoxy groups. The highest posi-
tive/negative charge values are, in fact, localized in the sp3 carbon atoms linked to the
epoxy groups (blue/red in Figure 3.14(a)). The partial charge in the sp3 atoms affects
theirs neighbors, an effect that gradually decreases at longer distances. Remarkably,
the presence of the azomethine ylide amplifies the localization ot the charges (see Fig-
ure 3.14(b)), demonstrating that the functionalization can modulate the distribution of
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charges on the lattice, eventually favoring the further binding of additional molecules.

Figure 3.15: Model of the azomethine ylide attached to rGO, where the red atoms are the
oxygens of the epoxy groups. The functional groups of interest are highlighted: carboxyl
group = yellow, nitrogen and the connected atoms = orange, methyl group = violet, cathecol
group = green.

The functionalized system was then subjected to 12 ps of molecular dynamics (MD)
simulation at 300 K. During the MD simulation, the lattice did not undergo a large
conformational rearrangement. The vibrational density of states has been obtained as
the Fourier transform of the velocity autocorrelation function. The power spectrum
was then decomposed and analyzed by computing the power spectra of the autocor-
relation function of appropriate groups of atomic coordinates (highlighted in different
colors in Figure 3.15), and is shown in Figure 3.16. In the intermediate region, the
characteristic vibrational peak from the C=O in the carboxyl group of the azomethine
ylide is visible, centered at 1730 cm-1. Moreover, there is a set of four vibrational
regions (labeled as 1’, 2’, 3’, and 4’ in the inset of Figure 3.16) corresponding to the
C–N stretching from the nitrogen of the azomethine ylide, centered around 920 cm-1,
980 cm-1, 1050 cm-1, and 1200 cm-1 respectively. If we consider the second order of
these bands, we obtain four vibrational bands around (1900 ± 100) cm-1, (2000 ±
100) cm-1, (2100 ± 100) cm-1, and (2400 ± 100) cm-1 (the errors are related both to
the simulation and to the extension of the regions 1’ – 4’). These values are consistent
with the Raman features which appear in the intermediate region of both functional-
ized GNS and rGO. The corresponding first–order Raman bands are not visible in the
experimental Raman spectra, being covered by the broad shoulder from the silicon sub-
strate around 950 – 1050 cm-1 (shown in Figures 3.13). The simulated power spectrum
also exhibits a vibrational band from the C–H groups of the aromatic catechol of the
azomethine ylide around 2980 – 3200 cm-1, in agreement with the experimental peak
seen in functionalized rGO. Finally, the O–H groups of the ylide possess stretching
bands around 3460 cm-1 and over 3650 cm-1, in agreement with the result from the
experimental Raman spectrum of functionalized rGO.
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Figure 3.16: Power spectrum (PS) of the velocity autocorrelation function (black). Pro-
jections on the PS for the functional groups of interest are highlighted in the same colors
of Figure 3.15. The regions of interest are labeled. The inset shows the zoom of the region
where the stretching of the CN bonds are visible. It is worth to recall that the intensities of
the peaks in the simulated PS do not directly correspond to the ones from the experimental
Raman spectra, where additional selection rules are involved.

3.7 XPS analysis

X-ray photoelectron spectroscopy (XPS) provides a powerful and direct method for the
determination of the surface elemental composition of a material. This information is
crucial in order to quantify the efficiency of the functionalization, as well as the atomic
abundance. Figure 3.17(a) shows the wide–range survey collected on each sample,
showing the core levels of interest for the study of functionalized graphene. Here, the
investigation was focused on the C 1s, N 1s, and O 1s core levels, which are related to
the graphene substrate and the functionalizing material.

Pristine and functionalized GNS and rGO were dropcasted onto silica substrates,
and the solvent was removed under vacuum. This procedure was repeated several
times in order to achieve a homogeneous coverage of the entire surface of the substrate,
allowing measurements without any signal arising from the substrate. Performing the
deconvolution of the C 1s core level photoemission spectra of functionalized graphene
(both GNS and rGO), we can identify five different components. Figure 3.17(b–d)
shows the spectra of functionalized GNS in DMF, GNS in NMP, and rGO in DMF. The
main peak centered at a binding energy (B.E.) of 284.4 eV can be assigned to the sp2

C–C bonds of the graphene sheet, while a second weaker peak due to sp3 C–C bonds is
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Figure 3.17: (a) XPS survey spectra (B.E. = binding energy) collected on functionalized
samples. XPS spectra of the C 1s core level from functionalized (b) GNS in DMF, (c) GNS
in NMP, and (d) rGO in DMF (Shirley–type background in brown).
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distinguishable at 285.2 eV.172 The additional peak arising from carbon atoms bound to
oxygen (C–O) and to nitrogen (C–N) is found at 286.1 eV.173 Finally, the contributions
from C=O and O–C=O are seen at 287.8 eV and 290.8 eV, respectively.174

The XPS C 1s core level spectrum taken on functionalized rGO shows a higher
intensity of the component of C–C sp3, consistent with a higher degree of functional-
ization and a higher presence of defects in the initial structure of rGO. This is also
noticeable from the comparison of the spectra (see Figure 3.18): the spectrum col-
lected on functionalized rGO shows a broader shape with respect to the ones collected
on functionalized GNS.

Figure 3.18: XPS spectra of the C 1s core level from functionalized GNS in NMP, GNS in
DMF, and rGO in DMF. The data was normalized for better comparison of the spectra.
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Further information can be derived from the N 1s core level photoemission spectra.
First of all, in order to measure the B.E. of the N atoms from the solvents, pristine GNS
dispersed in NMP and pristine rGO dispersed in DMF were deposited via dropcasting
onto silicon substrates, following the same procedure used for functionalized samples,
and then analyzed with XPS. From the fitting of the N 1s core level spectra (see
Figure 3.19), the B.E. of both NMP and DMF were calculated, resulting in 400.9 eV
for NMP and 400.0 eV for DMF. These components arise from the residual solvent that
remains adsorbed or trapped after the dropcasting process and was not removed during
the drying under vacuum. The values obtained from these preliminary experiments
were then used as references in the fitting of functionalized samples.

Figure 3.19: XPS spectra of the N 1s core level from pristine GNS in NMP and pristine
rGO in DMF. The fit of each spectrum is shown, as well.

From the N 1s core level spectra of functionalized graphene (see Figure 3.20) we
can see that all spectra display a shoulder for lower values of the B.E. which can be
assigned to the peak coming from the N atom of the azomethine ylide. This peak is
always centered at around 398.8 eV. The principal peaks seen in the N 1s spectra are
identified as coming from the N atoms of the solvents and their presence is related to
the specific sample preparation procedure for XPS. Indeed, Raman analysis has never
shown peaks related to the solvent.

Comparing the N 1s core level spectra acquired after annealing of functionalized
GNS in DMF at 90 °C, 130 °C, and 180 °C, the decrease of the intensity of the peak
centered around 400.1 eV (black dash line in Figure 3.21) indicates the desorption of
the solvent. Remarkably, the intensity of the peak arising from the azomethine ylide
(green dash line in Figure 3.21) remains almost constant, validating the stability of the
functionalization. The isolated peak centered at 403.7 eV, visible only in functionalized
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Figure 3.20: Normalized XPS spectra of N 1s core levels of functionalized GNS in NMP,
GNS in DMF, and rGO in DMF (shifted in height). The different positions of the peak
related to the solvent are labeled (dashed black line for NMP, dashed blue line for DMF),
together with the constant position of the peak from the ylide (dashed green line). Each
fit is shown by a dashed line, with a Shirley–type background in brown (the spectrum of
functionalized GNS in NMP shows an additional signal arising from NaNO2, and its fit is
shown as dashed violet line).

GNS in NMP (see Figure 3.20), derives from the NO2 (from partial degradation of
the NMP solvent) bonded to Na (added to lower the acidity of the environment, as
explained in details in Section 2.3.1), and disappears after annealing at 180 °C.175

After the annealing at 90 °C the B.E. of both the solvent and the ylide shift towards
higher value (by the same amount of 0.3 eV), and then remain the same after the
successive annealing experiments. Similarly, also the other core level peaks shift to
higher B.E. after the first annealing. This shift of the entire spectrum possibly indicates
a shift in the Fermi level of the system after the annealing at 90 °C, which probably
arises from the desorption of a little quantity of water which was adsorbed from the
environment. In fact, it is know that water can induce doping in graphene samples on
silica substrates.176 Moreover, in vacuum water desorbs below 100 °C and, therefore, is
reasonable to expect the residual humidity to desorb after the first annealing at 90 °C.
In order to properly assess the cause of this shift, however, further measurements would
be required.

Finally, the O 1s core level photoemission spectra of functionalized graphene are
shown in Figure 3.22. From the spectrum taken on functionalized GNS in NMP, the
overlapping of the KLL Na Auger can be distinguished (as aforementioned, Na is used
as base in the reaction procedure of the 1,3–DC). From the spectrum collected on
functionalized rGO, the peak originating from O–H bonding is noticeable, as a result
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Figure 3.21: XPS spectra of the N 1s core level from functionalized GNS in DMF at room
temperature, and after annealing at 90 °C, 130 °C, and 180 °C. The fit of each spectrum is
shown, as well (peak from DMF in black dashed line, peak from the ylide in green dashed
line).

of the higher abundance of this functional group already in the initial structure of rGO.
From the intensities of the C 1s, N 1s, and O 1s spectra, we can calculate the

elemental abundances after the 1,3–DC of azomethine ylide, which are presented in
Table 3.4. As expected, the oxygen abundance in functionalized rGO is higher than in
functionalized GNS, deriving from the fact that pristine rGO already contains around
13% of O (data from the supplier). The data in Table 3.4 also provide an estimation
of the efficiency of the functionalization, resulting in the presence of 1 azomethine
ylide every ∼ 225 carbons in case of GNS in NMP, 1 ylide every ∼ 170 carbons for
GNS in DMF, and 1 ylide every ∼ 110 carbons for rGO in DMF. A higher degree of
functionalization for GNS in DMF is consistent with the fact that DMF is a better
organic solvent for the reaction process, having a superior capability to stabilize the
reaction intermediate, with respect to NMP. The higher coverage of ylides in rGO is
attributed to the higher presence of defects in its graphene–like surface, which increases
the number of favorable binding positions for the azomethine ylide. As shown in
the RESP–derived charge map, the epoxy groups in the pristine structure affect the
electronic distribution, providing localized partial charges in the pristine rGO which
favor the 1,3–DC.
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Figure 3.22: XPS spectra of the O 1s core level from functionalized (a) GNS in NMP, (b)
GNS in DMF, and (c) rGO in DMF. The fit of each spectrum is shown, as well (Shirley–type
background in brown).

3.8 Conclusions

In this initial experiment we have successfully functionalized graphene via 1,3–dipolar
cycloaddition of azomethine ylide. For the first time, a comparison of the efficiency
of this reaction in different dispersant solvents is provided. Even if the dispersion
capability of NMP for graphene is slightly higher, the reaction proceeds more efficiently
in DMF, allowing a greater organic functionalization of graphene in the liquid phase. To
begin with, the functionalization was confirmed by detecting the presence of nitrogen
in functionalized graphene with XPS, EDX, and EELS measurements. New Raman
features arising from the functionalization with azomethine ylide were detected both in
functionalized GNS and in functionalized rGO, and were assigned with the help of DFT
simulations of the vibrational power spectrum of functionalized graphene. Thanks to
the local inhomogeneity of the partial charges, due to the presence of oxygen functional
groups in the pristine structure, a higher functionalization was achieved on rGO. This
validates the interest in further exploring the possibility to control the position and the
nature of defects, towards a precise building up of specific nanostructures, by exploring
the design of the organic functionalization. Further chemical modifications of the
functionalized graphene could be implemented by activating the carboxyl group of the
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Table 3.4: Elemental composition of functionalized GNS and rGO, calculated from the XPS
intensities.

C [%] N(ylide) [%] N(solvent) [%] O [%]

GNS in NMP 80.2 0.34 3.7 15.7

GNS in DMF 82.1 0.45 4.6 12.8

rGO in DMF 72.6 0.60 5.4 21.4

azomethine ylide, with N-hydroxysuccinimmide for example, which would allow the
binding of linker molecules and additional functional groups. Moreover, the efficiency
of 1,3–DC of azomethine ylide suggests its use in future organic functionalization of
higher quality graphene systems, like exfoliated flakes or epitaxial monolayer samples,
where the controlled use of defect engineering would allow the realization of tailored
devices starting from a performing substrate, in terms of transport properties. These
results have been published in Nanoscale Advances – RSC (see Ref. 177) and open the
route for a wider range of applications, such as electrochemical devices for gas sensing
or storage, enzymatic essays, catalysis, or protein interaction. Some of these aspects
will be explored in the following Chapters.



4
Defect Engineering of
Monolayer Graphene
Flakes via Electron
Beam Irradiation

Chemical, mechanical, thermal and/or electronic properties of bulk or low–dimensional
materials can be engineered by introducing structural defects to form novel functional-
ities. When using particle irradiation, these defects can be spatially arranged to create
complex structures, like sensing circuits, where the lateral resolution of the defective
areas plays a fundamental role.

Here, we show that structural defects can be patterned by low–energy electrons
in monolayer graphene sheets with lateral resolution strongly defined by the surface
of the supporting substrate. In particular, we present that surface treatments of the
substrate supporting graphene sheet play a key role in improving the lateral resolution
of defective regions induced by low–energy electron beam irradiation (EBI). Two–
dimensional micro–Raman mapping reveals that unintentional defects are created in
the surroundings of the exposed areas, whose extension and density strongly depend
on the used surface cleaning method. Monte Carlo simulations point out that these
defects are produced by the back–scattered electrons (BSEs) and by the interaction
of the secondary electrons (SEs) generated near the substrate surface by BSEs with
organic impurities (for instance hydrocarbons) that are adsorbed on silicon/silicon
dioxide (Si/SiO2) substrate, as shown by the full agreement between simulation and
experimental data.
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4.1 Defect introduction and analysis

Before electron irradiation, the initial conditions of as–exfoliated graphene resulted in
negligible intrinsic defects density (absence of Raman mode D, see black line in Figure
4.1(a)). When irradiating a part of the graphene sheet with electrons of 30 keV (violet
area in the inset of Figure 4.1(a), 4 µm long and wider than the graphene flake), D
and D’ peaks clearly appear in the Raman spectrum (violet line in Figure 4.1(a)),
unambiguously indicating the lattice symmetry breaking.131 In particular, the ratio
between the intensity of D and G peaks (I (D)/I (G)) quantifies the defect density in
the sampled area.159,160,178,179

Figure 4.1: (a) Representative Raman spectra of as–exfoliated (black curve) and e–beam
exposed graphene (violet curve) on a no–plasma–treated substrate, shifted in height for clar-
ity. The inset is the optical image of the graphene flake, where the violet area indicates the
exposed area. In both spectra also the G* peak is visible. The electron kinetic energy is
30 keV and the dose is 40 mC/cm2. (b) Two–dimensional spatial distribution of I (D)/I (G).
The white dashed lines indicate the flake edges. Zone 1 is the unexposed area; zone 2 is the
transition area; zone 3 is the irradiated region.

Figure 4.1(b) shows the spatial distribution of I (D)/I (G) estimated across the
graphene flake on a no–plasma–treated substrate after irradiation with electrons of
30 keV and a dose ∼ 40 mC/cm2 (as presented in detail in Section 2.5, the surface
of no–plasma–treated substrates was cleaned only by e–beam resist residue removal
solution). As expected, I (D)/I (G) reaches the maximum value (∼ 3.5) in the region
exposed to the electron beam (zone 3), while it drops to zero in the unexposed area
(zone 1). Assuming the model proposed in Ref. 178, the measured I (D)/I (G) value
in zone 3 corresponds to a density of defects of about 7×1011 cm−2. Interestingly, the
transition between zone 1 and zone 3 is not abrupt, but a region containing non–zero
I (D)/I (G) values exists in between (zone 2). As shown in the averaged profile along
the Y–axis (Figure 4.2), I (D)/I (G) assumes a constant value (∼ 1.5) in the first 2 µm
from the edge of the irradiated area, and then monotonically decreases to zero. This
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transition area has an overall extension of about 5 µm and is homogeneously distributed
along the X–axis (see inset in Figure 4.2).

Figure 4.2: Averaged I (D)/I (G) profile along the Y–axis calculated from the 5 profiles
extracted along the reference line (black dashed line in Figure 4.1(b)) shown in the inset.
The yellow area indicates the irradiated area. The solid line is a guide to the eye.

Graphene irradiated at 20 keV with the same dose shows similar behavior: the
presence of an area with monotonic decrease of I (D)/I (G) to zero that is followed by
an almost constant I (D)/I (G) zone (Figure 4.3(a)). Unlike 30 keV, irradiation with
20 keV–electrons generates a transition area having much smaller extension (about
2.5 µm), while the irradiated zones have comparable I (D)/I (G) values. A different
evolution was observed when exposing graphene to a 200 mC/cm2 dose at 30 keV, as
shown in Figure 4.3(b). As expected, a much higher I (D)/I (G) value was quantified
in the irradiated area due to the larger e–beam dwell time (140 ms compared to 30 ms
for 40 mC/cm2), while the transition zone expands for a longer distance (about 6 –
7 µm) compared to the smaller dose. It is worth to notice that the data for the
40 mC/cm2 exposure in Figure 4.3(b) were acquired in a different flake compared to
the one of Figure 4.2 and Figure 4.3(a). This confirms the systematic creation of similar
unintentional defects in the adjacency of irradiated areas.
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Figure 4.3: Defect dependency on irradiation conditions for graphene on a no–plasma–
treated substrate: (a) averaged I (D)/I (G) profile along the Y–axis after 20 keV (orange
curve) and 30 keV (blue curve) EBI. (b) Averaged I (D)/I (G) profile along the Y–axis as a
function of the irradiation dose for electrons of 30 keV. The blue curve is for 40 mC/cm2 and
the cyan curve for 200 mC/cm2. The yellow area in the main panel indicates the irradiated
area. In both panels, insets show the spatial distribution of I (D)/I (G) across the graphene
flakes. The white dashed lines indicate the flake edges.

4.2 Monte Carlo simulations

Although electrons–irradiated graphene has been largely studied,96–99 the analysis of
the crystalline structure of the overexposed graphene edges has been only poorly in-
vestigated by two–dimensional mapping.180 In order to understand the origin of the
observed defects, we simulated the scattering events of primary electrons within our
structure for the two used kinetic energies, as shown by the trajectories reported in
Figure 4.4(a).

When multiple scattering events occur, some electrons can generate secondary elec-
trons (SEs energy < 50 eV) and some others can be scattered back towards the surface
and escape at a distance that depends on the energy of the primary electrons (with
energy ∼ 60 – 80% of primary energy). As a result, BSEs are laterally spread with
a radial distance, i.e. the distance of the escaping position from the landing point of
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Figure 4.4: Monte Carlo simulations: (a) representative 500 trajectories of primary electrons
simulated considering 8×105 electrons having kinetic energy of 20 keV (red curves) and 30 keV
(blue curves). (b) The number of escaping BSEs and (c) the energy of BSEs as a function of
the radial distance from the primary beam landing position simulated for kinetic energy of
20 keV (filled red curve) and 30 keV (filled blue curve).

the primary electrons, that can be of the order of few microns. When irradiating with
kinetic energy of 20 keV, Monte Carlo simulations show that BSEs can escape at dis-
tance of the order of ∼ 3 µm, while at 30 keV this distance increases up to ∼ 6 µm
(see Figure 4.4(b)), due to the larger penetration depth of the primary electrons (see
Figure 4.4(a)). Moreover, kinetic energy of BSEs has a functional dependency on the
radial distance. As shown in Figure 4.4(c), BSEs from 20 keV primary electrons have
maximum kinetic energy of about 10 keV at a radial distance of about 1 µm. Instead,
at 30 keV beam energy, BSEs having a maximum energy of 15 keV can escape at about
2.5 µm from the primary electrons landing point.

By comparing the radial distribution of the number and kinetic energy of BSEs with
the spatial dependence of I (D)/I (G) values within the transition area (zone 2), we
found a very good agreement between the two distributions. As shown in Figure 4.5,
for both primary electron kinetic energies, the area where I (D)/I (G) has constant
value corresponds to the region with the largest number of high energetic BSEs that
escape from the surface. Indeed, irradiation in scanning mode implies a superposition of
several BSE radial distributions, thus an almost homogeneous dose of BSEs is expected
within a radial distance of ∼ 1 µm and ∼ 3 µm at 20 keV and 30 keV, respectively.
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Figure 4.5: Comparison of Monte Carlo simulations with experimental data: spatial de-
pendence of I (D)/I (G) values quantified starting from the edges of the irradiated area [(a):
dotted blue curve for 30 keV; (b): dotted orange curve for 20 keV] and radial distance of
escaping BSEs [(a): filled blue curve for 30 keV; (b): filled red curve for 20 keV].

4.3 Comparison of substrate surface treatments

Interestingly, similar experiments carried out on graphene exfoliated onto plasma–
treated substrates revealed very different results (as detailed in Section 2.1.3, the sur-
face of plasma–treated substrates was cleaned by e–beam resist residue removal solution
and by oxygen plasma at 100 W for 5 minutes). As shown in Figure 4.6, by increasing
the exposure dose from 5 mC/cm2 to 200 mC/cm2 no strongly defective areas emerge
outside the irradiated zones, except for the largest dose. This strong reduction of un-
intentional defective regions can be more clearly seen when comparing the normalized
I (D)/I (G) trends for graphene on no–plasma– and plasma–treated substrates when
exposing to EBI. Figure 4.7 shows EBI at 20 keV and 40 mC/cm2, and at 30 keV and
200 mC/cm2, respectively. The difference is highlighted by plotting the two dimen-
sional map of the normalized I (D)/I (G) ratio across the graphene flake. An example
is given in the inset of Figure 4.7(a) when irradiating at 20 keV with 40 mC/cm2.
Table 4.1 summarizes the data, which were normalized by the values of I (D)/I (G) in
irradiated zones.

The maximum extension of unintentional defects at 20 keV is about 1.5 µm in
plasma–treated substrates and the maximum I (D)/I (G) of the transition zone is ∼ 0.1
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Table 4.1: Maximum extension of unintentional defect zones (indicated by the dash–dotted
arrows in Figure 4.7) for different primaries kinetic energies, electron doses and surface treat-
ments.

Defect Kinetic Dose Surface

extension energy treatment

3.5 µm 20 keV 40 mC/cm2 no–plasma

1.5 µm 20 keV 40 mC/cm2 plasma

7 µm 30 keV 200 mC/cm2 no–plasma

3.5 µm 30 keV 200 mC/cm2 plasma

times the one in the irradiated area, while it is about 3.5 µm and a factor ∼ 0.4 in
no–plasma–treated substrates, respectively. At 30 keV the maximum radial distance
reachable in plasma–treated substrates is about 3.5 µm, while it is 6 – 7 µm in no–
plasma–treated substrates. In plasma–treated areas the I (D)/I (G) value is a factor
∼ 0.15 of the irradiated zone, instead of ∼ 0.4 in no–plasma–treated substrates. On
no–plasma–treated substrates, the non–zero I (D)/I (G) zones precisely reproduce the
spatial distribution of arrival BSEs (as shown in Figure 4.7). In fact, the I (D)/I (G)
ratio reaches a plateau in the transition zone and the black dashed line, which indicates
the distance at which the largest number of BSEs escape from the surface according
to Monte Carlo simulations, is right in the middle of the transition zone. Instead, on
plasma–treated substrates the I (D)/I (G) ratio reaches zero within the distances where
the largest number of BSEs escapes from the surface. Consequently, the BSEs appear
having only a minor effect on the adjacent areas of the irradiation in plasma–treated
substrates, suggesting the contribution from additional defects sources in no–plasma–
treated substrates. The reduction of the defect extension after plasma cleaning reported
here was observed and measured on several samples, with similar results (at least 10
samples after EBI at 20 keV and 40 mC/cm2 and 5 samples after EBI at 30 keV and
200 mC/cm2).

A possible explanation to the obtained data can involve secondary electrons. As al-
ready mentioned, secondary electrons can be generated during the scattering events of
primary electrons passing through solids. However, the penetration depth of primary
electrons in silicon is much larger than the escape depth of SEs, thus their contri-
bution in forming SEs is expected to be low. Instead, the BSEs can dissipate their
energy in the SEs escape region. Thus, they can extensively contribute to SEs creation
even when the backscattering coefficient is relatively small.181 Conventionally, SEs are
defined as particles having energy lower than 50 eV. It is worth mentioning that this en-
ergy range matches with the energy of maximum dissociation cross section of molecules
like hydrocarbons or other organic molecules.182,183 For example, a complete or par-
tial hydrogenation process mediated by SE–induced fragmentation of adsorbed H2O
molecules has been reported in electron–irradiated graphene.184,185 Hence, under EBI,
adsorbant dissociation can occur on the solids surface, creating reactive radicals far
from the landing point of primary electrons and within a spatial length determined by
the radial escaping distance of BSEs. Consequently, when irradiating graphene placed
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Figure 4.6: I (D)/I (G) profile along the Y–axis for different doses (from 5 mC/cm2 to
200 mC/cm2) when irradiating graphene on a plasma–treated substrate at 30 keV.

onto surfaces (here SiO2) with residual organic compounds, the SE–formed radicals
are trapped at the interface between graphene and SiO2 and are expected to interact
with the graphene lattice and/or its defects, promoting the formation of Raman–active
bond deformations, and thus the appearance of D peak in the Raman spectrum, and
charge transfer to graphene.182,186 Based on these considerations, the large D peak in
the transition zones observed in no–plasma–treated substrates may be explained by
the presence of SE–dissociated organic contaminants that are trapped at the interface
between graphene and SiO2.

187 Indeed, the solvent stripper, like specific resist remover,
is less effective in removing most organic contaminants, while oxygen plasma cleaning
results in SiO2 surfaces clean of adsorbents due to the strong action of plasma activated
species.188

4.4 Transition zone doping analysis

To further corroborate our hypothesis, we also analyzed the doping condition of the
transition zones, because, as mentioned, radicals can induce a charge doping in the
graphene sheet. An unambiguous Raman fingerprint of the doping status in graphene
is represented by the width of the G peak (Γ(G)).189 In pristine graphene, the Γ(G)
value is mainly determined by the chemical potential, as the possible electron–hole
pair formation is controlled by Pauli blocking. In intrinsic graphene, Γ(G) ∼ 16 cm−1,
whereas Γ(G) symmetrically decreases as electron or hole concentration increases, due
to the limited phonon decay paths.179 Instead, in electron–irradiated graphene, the
Γ(G) value arises from the competitive action of carrier concentration (G peak narrow-
ing) and defect density (G peak broadening), where the latter mainly dominates for
I (D)/I (G) > 3.98

Figure 4.8 shows the Y–axis profile of the difference of ΓG with respect to its value in
as–exfoliated graphene in plasma– and no–plasma–treated substrates when irradiating
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Figure 4.7: (a) Comparison between normalized I (D)/I (G) profiles of irradiated graphene
on no–plasma–treated (orange dotted curve) and plasma–treated substrate (yellow dotted
curve) for 20 keV and 40 mC/cm2. The inset shows the two–dimensional spatial distribu-
tion of normalized I (D)/I (G) across the graphene flake on no–plasma– (left orange–framed
panel) and plasma–treated (right yellow–framed panel) substrate. The white dashed lines in-
dicate the flake edges. (b) Comparison between normalized I (D)/I (G) profiles of irradiated
graphene on no–plasma–treated (blue dotted curve) and plasma–treated substrates (cyan
dotted curve) for 30 keV and 200 mC/cm2. In both panels, the yellow area indicates the
irradiated area, the dash–dotted arrows show the maximum extension of the unintentional
defects zones, and the dashed–line indicates the distance at which the largest number of BSEs
escape from the surface according to Monte Carlo simulations.
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Figure 4.8: Irradiation effects on G peak width: (a) profile of the difference between G–peak
width in 30 keV–exposed (Γex) and as–exfoliated (Γun) graphene along the Y–axis in no–
plasma– (blue dotted–line) and plasma–treated (cyan dotted–line) substrates. The electron
dose was 200 mC/cm2. Inset: Γex – Γun as a function of I (D)/I (G) (both normalized by their
maximum values in the irradiated zone). (b) Profile of the difference between G–peak width
in 20 keV–exposed (Γex) and as–exfoliated (Γun) graphene along the Y–axis in no–plasma–
(orange dotted–line) and plasma–treated (yellow dotted–line) substrates. The electron dose
was 40 mC/cm2.

with 30 keV (Figure 4.8(a)) and 20 keV (Figure 4.8(b)). For both electron kinetic en-
ergies, the irradiated areas have G peak width (Γex) larger than in as–exfoliated (Γun)
graphene, both in plasma– and no–plasma–treated substrates, as expected due to the
larger defect–dominated scattering contribution.98 In the transition areas of graphene
on plasma–treated substrates, Γex – Γun goes to zero. Instead, a narrowing of the G
peak is observed in the transition zones of graphene on no–plasma–treated substrates,
confirming the doping of graphene in these areas. This result is also supported by the
analysis of the G peak width as a function of I (D)/I (G). As shown in the inset of
Figure 4.8(a), the G peak width firstly decreases for low defect density (corresponding
to the transition area) and then increases reaching its maximum value in the irradiated
area. Similar data are obtained also at 20 keV. Additionally, these narrower ΓG values
have Y–axis profiles that follow the spatial distribution of BSEs, like for I (D)/I (G),
reaching the minimum value at the same radial distance at which the maximum number
of BSEs escapes from the surface. Instead, in plasma–treated–substrates ΓG is almost
equal to the value of as–exfoliated graphene, suggesting a negligible doping related to
the electrons irradiation. In both substrates, the G peak has almost unaltered width
when considering zones very far from the patterned areas, indicating a conservation
of the graphene conditions during the entire experiment. Hence, the combination of
I (D)/I (G) and ΓG data pointed out the relevant role of BSEs and SEs in affecting the
lateral resolution of defects–patterning in graphene sheets: BSEs possess sufficient ki-
netic energy to introduce defects in the graphene lattice, as revealed in plasma–treated
substrates; BSEs–generated SEs, instead, induce molecular dissociation of surface or-
ganic residues, which results in both structural defects and charge doping, as clearly
observed in no–plasma–treated substrates.
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4.5 Conclusions

Here, we created patterned structural defects on graphene sheets by low–energy EBI
and analyzed their distribution by spatially–resolved micro–Raman spectroscopy. Sur-
face treatments of the graphene–supporting substrate have strong impact on the lateral
resolution that can be achieved on the final defective pattern. Micrometer–large unin-
tentional defect–rich zones were revealed in the adjacent parts of the irradiated areas
and have I (D)/I (G) spatial distribution that strongly depends on primary electron dose
and kinetic energy, but also on SiO2 surface cleaning methods. Indeed, in no–plasma–
treated substrates, the irradiation–surrounding areas have large I (D)/I (G) values with
a few–µm–long lateral extension, whereas plasma–treated substrate areas show smaller
I (D)/I (G) values in a shorter distance from the primaries impact point. Simulation of
primary electrons scattering events via Monte Carlo method demonstrated that these
transition zones originate within the area where BSEs and BSE–created SEs escape
from the SiO2 surface. In no–plasma–treated substrates, the radial distribution of un-
intentional defective areas is in very good agreement with the simulated one of BSEs.
In these substrates, the I (D)/I (G) values is larger and has longer extension due to the
combined action of BSEs and SEs. BSEs have sufficient energy to induce defects on the
graphene lattice. Instead, SEs dissociate organic residues trapped between graphene
and SiO2 surface. These SE–created radicals, interacting with the graphene sheet,
cause additional structural defects and charge doping. The latter was confirmed by
analyzing the G peak width. Instead, in plasma–treated substrates, only BSEs affect
the lateral resolution of defects–patterning, as the plasma treatment removes the im-
purities adsorbed on the substrate. In general, the BSE contribution can be mitigated
by using very low Z–number materials or, alternatively, by reducing the thickness of
the substrate.

These results have been published in Surfaces and Interfaces – Elsevier (see Ref.
190) and have been exploited in order to engineer a more controlled defect pattern and
design monolayer graphene flakes with improved chemical reactivity towards organic
functionalization, as discussed in the next Chapter.



5Functionalization of
Patterned Monolayer
Graphene Flakes

Here, we present the selective covalent functionalization of defect–engineered monolayer
graphene with 1,3–dipolar cycloaddition (1,3–DC) of azomethine ylide. Atomic force
microscopy (AFM) and Raman spectroscopy allow the analysis of the samples as-
exfoliated, after the patterning, and after the functionalization. Raman spectroscopy
maps show the appearance of the characteristic D peak only in the patterned area,
while AFM images confirm the spatial distribution of the pattern designed via low–
energy EBI. The 1,3–DC of azomethine ylide involves dipolarophile species (e.g. the
localization of a C=C bond of the graphene structure),60,191 which is favorable in
presence of defects hence introducing a selective control of the chemical reactivity of
graphene. In fact, as shown in literature88 and confirmed in the experiments reported
in Chapter 3, the presence of defects in the graphene lattice induces electron charge
localization, which remarkably favors the organic functionalization via 1,3–DC reaction.

Indeed, the Raman analysis of the functionalized graphene flakes exhibits new fea-
tures in the region 1050 – 1750 cm-1, only in the patterned areas, whereas the unexposed
areas still present the spectrum of pristine graphene, confirming the selectivity of func-
tionalization introduced via defect patterning. To deepen our understanding of the
system, a model for functionalized graphene is built, and ab initio molecular dynamics,
at density functional theory (DFT) level, is exploited to evaluate the power spectrum
(PS).152 Evaluating the PS for specific groups allows to identify the contribution of
the functional groups of the azomethine ylide grafted on the graphene surface (methyl,
carboxyl, and catechol groups) and of the modified vibrational modes of the graphene
sheet. Furthermore, the functionalization is shown to be reversible under irradiation
with a focused laser beam (100× objective, up to 1.6 mW). The desorption of the
ylide is indicated by the recovery of the Raman spectrum towards the spectrum of
non–functionalized patterned graphene, a result which opens the possibility for a con-
trolled removing of the molecules and an even finer tailoring of the surface, toward a
functional integrated circuit (IC) architecture. Indeed, laser ablation of azomethine
ylide paves the way for a sequence of functionalization/ablation steps in order to build
a functional super–array of molecules expressing different capabilities. This device
processing mimics the IC design.
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5.1 Pattern design on graphene flakes via EBI

Monolayer graphene flakes (labeled here as Flake 1, 2, and 3) are mechanically exfoli-
ated on silicon dioxide substrates. Even if this was the first method used by Novoselov
et al.4 to produce graphene monolayers, mechanical exfoliation still plays a fundamen-
tal role in the production of high quality single crystal graphene samples for research
scale experiments.192 The pristine high quality monolayer graphene flakes are initially
characterized by Raman spectroscopy and AFM. Then, a part of each flake is exposed
to EBI with electrons accelerated to 20 keV and a dose of 40 mC/cm2. The irradiated
area is designed in order to expose half of the length and the entire width of each flake
(as shown in Figure 5.1, where the exposed area on Flake 2 is 8 µm × 14 µm), with
a homogeneous irradiation pattern (as shown in Figure 2.12(b)) and an electron beam
step–size of 100 nm.

Figure 5.1: Optical microscopy image of Flake 2. The white dashed line follows the edges
of the flake, the orange rectangle indicates the patterned area (8 µm × 14 µm), and the green
dotted rectangle is the area mapped by Raman spectroscopy (8 µm × 12 µm, the maps are
shown in Figure 5.2).

Figure 5.2 shows a representative Raman spectrum collected on the unexposed area
of the graphene monolayer (in black) along with a Raman spectrum recorded on the
irradiated area (in red). The spectrum of the pristine graphene shows the characteristic
G band, here centered at 1583 cm-1, and 2D band, here centered at 2675 cm-1, and the
absence of the defect–activated D peak. Both G and 2D peaks are always present in the
Raman spectra of graphene–based nanomaterials, since no defects are required for their
activation. In particular, a single Lorentzian peak is the benchmark for the spectrum
of single layer graphene.128 Here, we can fit the 2D peak with a single symmetrical
Lorentzian curve, with a FWHM of 24.3 cm-1. Besides the absence of the D peak,
further evidence for the high quality of the pristine monolayer graphene is the intensity
ratio of the 2D and the G peaks.193 Here I (2D)/I (G) ∼ 3 for the unexposed graphene
flake, confirming its single–layer structure. Finally, the weak G* band is visible, here
centered at 2460 cm-1.158
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Figure 5.2: Exemplary Raman spectra collected in the pristine (black) and patterned (red)
areas of the flake (shifted in height), with the characteristic peaks labeled.

The Raman spectrum of patterned graphene (the red line in Figure 5.2) exhibits
additional bands, which are known to appear in the presence of structural defects. The
D peak, here centered at 1342 cm-1, and the D’ peak, here centered at 1621 cm-1, involve
respectively intervalley and intravalley double resonance processes, and for low defect
concentrations their intensities are proportional to the number of defects.131 It has been
shown that the intensity ratio of the D and D’ peaks indicates the nature of the defects
in the graphene lattice. In particular, I (D)/I (D’) reaches a maximum value of ∼ 13 for
sp3–defects, decreases to ∼ 7 for vacancy–like defects, and has a minimum of ∼ 3.5 for
boundary–like defects.157 Here, we obtain I (D)/I (D’)∼ 4 for Flake 2 (I (D)/I (D’)∼ 5.5
for Flake 3), indicating a dominant presence of boundary–like and vacancy–like defects.
We expects these types of defects to be the most beneficial towards the subsequent
cycloaddition because they induce modifications in the electronic structure of graphene
(in particular electron localization)88 without saturating it through sp3 hybridization.

Acquiring Raman maps of the patterned flake, it is possible to verify the spa-
tial distribution of the defects. In the patterned area, the intensity of the 2D band
(Figure 5.3(a)) decreases to an average value of I (2D)/I (G) ∼ 2, while the 2D band
width (Figure 5.3(b)) increases to an average value of FWHM ∼ 31 cm-1. As de-
fects are introduced in the graphene lattice, defect–dominated scattering processes
become more likely, which results in a decrease of the intensity of the 2D peak and
an increase in its width.157,194,195 From the intensity ratio of the D and G peaks, here
I (D)/I (G) ∼ 0.9, it is possible to estimate the amount of disorder in the graphene
sheet, both in case of boundary–like and point–like defects. For the former, we can
estimate the nanocrystalline size Lα using the Tuinstra–Koenig relation: I (D)/I (G) =
C(λ)/Lα.196,197 I (D) and I (G) are the D and G peak intensities, Lα is the graphene
nanocrystalline size, and the factor C(λ) is empirically derived and depends on the
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Figure 5.3: Raman maps of (a) I (2D)/I (G) intensity ratio, (b) 2D peak width (w2D),
and (c) I (D)/I (G) intensity ratio collected on the flake after exposure to EBI (in the area
identified by the green dotted rectangle in Figure 5.1). The white dashed lines follow the
edges of the flake, and the X and Y axis refer to the position of the laser spot during the
Raman mapping of the area (8 µm × 12 µm in size).

excitation laser wavelength λ. From the work of Cançado et al. (reported in Ref. 198),
we can calculate C(λ) for our experiment: C(λ) = (2.4 × 10-10) λ4(nm) = 19.2 nm,
at λ = 532 nm. Therefore, in case of patterned graphene, we obtain Lα ∼ 21 nm,
confirming that we remain in the low–defect regime (Lα > 20 nm).199 In case of
point–like defects in graphene, an useful measure for the amount of disorder is the
distance between defects, LD.199 In case of low–disordered graphene, I (D)/I (G) was
found to be inversely proportional to LD

2, and from the analysis presented in the
work of Cançado et al. (see Refs. 179,200) it is possible to obtain the following em-
pirical relation: LD

2(nm2) = [(1.8 × 10-9) λ4(nm)] / [I (D)/I (G)]. Therefore, in our
case, we can estimate LD ∼ 11 nm at λ = 532 nm, which means a defect density
nD(cm-2) = 1014/(πLD

2) ∼ 2.5 × 1011 defects/cm2. Moreover, the presence of defects
influences also the G peak, which blue shifts to 1591 cm-1, while its width remains
almost constant (FWHM ∼ 12 cm-1). While the position of the G peak is particularly
sensitive to doping, its width follows two competing mechanisms: due to doping it
tends to decrease, while due to disorder it tends to increase. In the regime of a low
concentration of defects (I (D)/I (G) ≤ 1) these two effects compensate each other.201

Finally, mapping the intensity ratio of the D and G peaks (Figure 5.3(c)) allows to
confirm that no defects are introduced in the unexposed area of the flake.

AFM is a powerful technique for the investigation of surfaces and interfaces at the
micro– and nano–scale, allowing to detect features with high spatial resolution (down
to few nanometers). Here, the acquisition of AFM images of the patterned flake allows
to clearly reveal the defect pattern, both in the height and in the phase channels (see
Figure 5.4). The AFM phase channel reveals the defect spots with higher contrast,
showing a step size of ∼ 100 nm (see Figure 5.5), which exactly reproduces the input
parameter of the EBI. From the AFM height image, the RMS roughness measured in
the pristine area is 0.79 nm, while the RMS roughness of the patterned area is 0.80 nm.
These similar values confirm that, via low–energy EBI, no significant structural defects
are introduced in the graphene lattice, which maintains a similar roughness. Again, no
defect pattern is visible in the unexposed area of the flake.
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Figure 5.4: AFM (a) height and (b) phase images (10 × 10 µm2) of Flake 1. As indicated
below the figure, the left side of the flake is patterned, the right side is pristine.

Figure 5.5: (a) AFM phase image of patterned graphene (Flake 1) showing the defect
pattern in the lower part of the image. (b) Profile taken along the blue line in panel (a),
showing a pitch of ∼ 100 nm.

5.2 Functionalization of patterned graphene via 1,3–

DC

Patterned graphene is functionalized via a wet chemistry process, by adding N-methyl-
glycine and 3,4-dihydroxybenzaldehyde in NMP. The 1,3–DC of azomethine ylide oc-
curs involving the localization of a C=C bond of the graphene lattice, as schemati-
cally represented in Figure 5.6. After the functionalization, the solvent is removed by
several rinses (as described in detail in Section 2.3.2), and finally AFM and Raman
spectroscopy are performed.

Figure 5.6: Schematic representation of the in–situ 1,3–DC of azomethine ylide on graphene.
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5.2.1 AFM images of functionalized patterned graphene

Figures 5.7 shows AFM images of patterned graphene (Flake 2 and Flake 3) before
and after the functionalization. After the functionalization procedure, the part of
the graphene flake that was exposed to EBI remains adhered to the silicon dioxide
substrate, while most of the non–irradiated part of the flake detached from the substrate
and folded.

Figure 5.7: AFM height image of Flake 2 (a) after low–energy EBI (the blue rectangle
shows the area which was exposed) and (b) after functionalization. The most part of the
non–patterned zone of the flake detached from the silicon dioxide substrate and folded, while
the patterned zone remains adhered to the substrate. AFM height image of Flake 3 (c) after
low–energy EBI (the blue rectangle shows the area which was exposed) and (d) after func-
tionalization. The most part of the non–patterned zone of the flake detached from the silicon
dioxide substrate and folded. Here, also part of the patterned area has folded.

It is well known that NMP is an optimal organic solvent commonly used in 1,3–
DC for its ability to favor the reaction by both dissolving the reagents and stabilizing
the intermediates of reaction. On the other hand, it is among the best solvents for
the dispersion of graphene, since its surface tension falls in the ideal range of 40 –
50 mJ/m2.111 This means that NMP, while promoting the 1,3–DC of azomethine ylide
on graphene, introduces an adhesion issue for the graphene flake. Remarkably, pat-
terned graphene exhibits an improved adhesion towards the silicon dioxide substrate
(as can be seen in Figure 5.7), overcoming the risk of dispersing the flake in the reaction
solvent during the functionalizing procedure and allowing for further analysis and use
of the graphene flake after the functionalization in NMP.

Notably, this result could help when fabricating devices based on graphene flakes
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functionalized with organic molecules. Indeed, designing defect patterns ad hoc would
yield to both spatially resolved–functionalization and adhesion promotion of the func-
tionalized graphene sheet. Moreover, the original pattern with a step size of ∼ 100 nm
is still present after the organic functionalization, as shown in Figure 5.8. Hence, as
expected, the functionalization process preserves the designed pattern. Finally, the
RMS roughness measured on the non–patterned area of the graphene flake (shown in
Figure 5.8(a)) is 0.96 nm, while the one measured on the patterned area is 1.38 nm.
Even if, unfortunately, no molecular resolution was achieved from AFM images, to
a first approximation the increase in the roughness of the patterned graphene area
(+ 0.57 nm) is compatible with the size of the azomethine ylides (the height of the
molecule is ∼ 0.55 nm).

Figure 5.8: (a) AFM height image of Flake 2 after the functionalization showing both a
patterned area (on the right) and a non–patterned area (on the left) as indicated. (b) Profile
taken along the blue line in panel (a) showing a step size of 100 nm, as originally designed
via EBI, in the patterned area. (c) AFM height image of the patterned area of Flake 2, in a
different zone, after the functionalization. (d) Profile taken along the blue line in panel (c),
showing a step size of 100 nm, as originally designed via EBI.

5.2.2 Raman analysis of functionalized patterned graphene

The selectivity of the chemical functionalization is confirmed by the Raman maps
collected on graphene after the functionalization procedure. Although most of the
non–patterned area is folded, a narrow stripe of defect–free graphene is still present,
and its Raman spectrum can be investigated. The Raman spectra of functionalized
graphene collected in the non–patterned area and in the patterned area of the flake
show very different behavior (see Figure 5.9).

The spectrum of functionalized patterned graphene exhibits new features and sev-
eral modifications, as presented in detail below. In particular, there is a complete
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Figure 5.9: (a) Raman spectra of the functionalized Flake 2 collected in the non–patterned
(black line) and patterned (red line) areas of the flake (shifted in height). New Raman
features are visible only in the spectrum of patterned functionalized graphene (the violet
arrow indicates the most intense peak arising from the functionalization, at 1525 cm-1).
Raman maps of (b) D peak intensity and (c) intensity at 1525 cm-1 collected on Flake 2 after
the functionalization procedure (the white dashed line follows the edges of the flake). The
yellow and red arrows indicate respectively the positions where the spectra of patterned and
non–patterned graphene after functionalization (shown in panel (a)) were collected.

correspondence between the spatial distribution of the Raman intensity of the defect–
activated D peak at 1342 cm-1 (shown in Figure 5.9(b)), and the Raman intensity at
1525 cm-1 (shown in Figure 5.9(c)), which arises from the organic functionalization (as
described in detail below). This correlation confirms the selectivity of the organic func-
tionalization introduced by the spatially–resolved defect engineering of graphene via
EBI. On the other hand, non–patterned graphene after the functionalization presents a
decrease in the intensity of the 2D peak in comparison to the non-patterned graphene
spectrum acquired before the functionalization (I (2D)/I (G) decreases from 2 to 0.65),
and a shift of the positions of the G peak (from 1591 cm-1 to 1582 cm-1) and the 2D
peak (from 2677 cm-1 to 2696 cm-1). It is worth to mention that the 2D peak intensity
decrease possibly indicates electron doping202–204 while a frequency shift of the G and
2D peaks is known to occur in presence of strain.205–207
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5.2.3 Computational simulations

In order to deepen our understanding of the functionalized graphene after 1,3–DC of
azomethine ylide and assign the new Raman bands that arise, a model for functionalized
graphene is developed (see Figure 5.10).

Figure 5.10: Model of the azomethine ylide attached to graphene. Highlighted with different
colors are the functional groups of interest: carboxyl group = yellow, pyrroline ring = orange,
methyl group = violet, cathecol group = green. The carbon atoms of graphene at the base
of the molecule are highlighted in blue.

The system is subjected to an ab initio molecular dynamics (MD) simulation at
300 K for 38 ps. During the MD simulation, the graphene lattice does not undergo a
large conformational rearrangement.

Figure 5.11: Power spectrum (PS) of the velocity autocorrelation function (black). The
projection of the functional groups of interest on the PS are highlighted by the same colors
as in Figure 5.10. The regions that correspond to the peaks detected in the Raman spectra
are indicated by colored lines and labeled. It is worth to recall that the intensities of the
peaks in the simulated PS do not directly correspond to those from the experimental Raman
spectra, where additional selection rules are involved.

The vibrational density of states is obtained performing the Fourier transform of
the velocity autocorrelation function.152 Then, by computing the power spectra of
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the autocorrelation function of appropriate groups of atomic coordinates, the power
spectrum (PS) is decomposed and analyzed. The functional groups of interest are
highlighted in different colors in Figure 5.10, and their corresponding projections are
shown in Figure 5.11.

Figures 5.12 and 5.13 present in detail the experimental Raman spectra of func-
tionalized patterned graphene collected on Flake 2 and Flake 3, respectively, with a
fit to the data. For both Flake 2 and Flake 3, looking at the 2D peak, here cen-
tered at 2682 cm-1, the intensity ratio I (2D)/I (G) decreases from 2 to ∼ 1.5, and
the 2D width increases to a FWHM ∼ 37 cm-1. These modifications of the 2D peak
are consistent with the presence of small doped domains due to the introduction of
the organic molecules.208 Also the intensity ratio between the D peak, here centered
at 1343 cm-1, and the G peak, here centered at 1586 cm-1, decreases from an initial
value of I (D)/I (G) ∼ 1, for patterned graphene, to a value of I (D)/I (G) ∼ 0.3, for
patterned functionalized graphene. The decrease of I (D)/I (G) is due to the intro-
duction of new covalent bonds between the carbons of the graphene lattice and the
molecules of azomethine ylide around the defects, as already seen in Chapter 4 and
in literature.195,177 A further sign of the functionalization is the rise of new bands in
the Raman shift region 1050 – 1750 cm-1, which can be assigned with the aid of the
computed PS (see Figure 5.11).

Figure 5.12: Raman spectra of functionalized patterned graphene (Flake 2) collected at
1560 µW laser power in the (a) lower and (b) higher Raman shift regions. A fit to the data
is also shown, and the main peaks of graphene are labeled. The broad band [920 — 1050]
cm-1 originating from the Si signal of the silica substrate is visible in panel (a).

The characteristic vibrational peak from C=O is centered at 1730 cm-1 (as shown
in the PS) arises from the carboxyl group (COOH) of the azomethine ylide. This
corresponds to the peak centered at 1705 cm-1 in the experimental Raman spectrum,
as also seen in literature.177,165 Another functional group of the azomethine ylide is the
methyl group (CH3), which possesses characteristic vibrational modes around 1110 cm-1

(as shown in the PS). This could correspond to the new band revealed in the Raman
spectrum of functionalized graphene, centered at 1130 cm-1, which is, therefore, labeled
CH3.

The cathecol group of the azomethine ylide, being a more complex part of the
molecule, possesses a broader set of vibrational stretching modes, which fall around
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Figure 5.13: Raman spectra of functionalized patterned graphene (Flake 3) collected at
120 µW laser power in the (a) lower and (b) higher Raman shift regions. A fit to the data is
also shown, and the main peaks of graphene are labeled. The broad band [920 — 1050] cm-1

originating from the Si signal of the silica substrate is visible in panel (a).

1150 – 1250 cm-1 (as shown in the Figure 5.11). Moreover, in the same region also
contributes also the D* band, usually found around 1180 – 1200 cm-1, which can
be related to disordered graphitic lattices provided by sp2–sp3 bonds at the edges of
networks.162 These bands correspond to the wider band in the Raman spectrum that is
centered at 1204 cm-1, and is labeled as catechol/D*. Finally, three sets of vibrational
modes can be identified in the region between the D and the G bands. From the
projections on the PS of the carbon atoms of graphene at the base of the azomethine
ylide, it can be inferred that these bands originate from vibrational normal modes of
the modified graphene lattice. In particular, these bands are very close in frequency
to the well–known D, D”, and G bands of graphene. The D” band, usually seen
in the range 1500 – 1550 cm-1, is thought to be related to either interstitial defects
associated with the functionalization with small molecules162–164 or to the evolution
to an amorphous phase, i.e., decreasing crystallinity.161 In the case of functionalized
graphene, the presence of a molecule of azomethine ylide grafted on the graphene
sheet breaks its homogeneity and slightly modifies the symmetry and the frequency
of the vibrational normal modes of the graphene lattice. For example, computing the
normal modes of the functionalized graphene, in the region around the G and D peaks,
vibrational symmetries very similar to the ones of the canonical G and D peaks appear
(see Figure 5.14). Hence, the bands in the Raman spectrum centered at 1383 cm-1,
at 1520 cm-1, and at 1574 cm-1 are labeled here as DY, D”Y, and GY respectively,
since they originate from modified graphene lattice vibrations due to the grafting of
azomethine ylide.

In comparison with the results shown in Chapter 3, here is possible, thanks to the
high quality of the graphene substrate, to identify the Raman peaks arising from the
azomethine ylide in the region 1000 – 1300 cm-1, which is a region where several bands
related to structural defects appear, especially in highly defected graphene samples.
On the other hand, the second order of the stretching vibrational bands of the ylide
(which should arise in the region 1900 – 2400 cm-1) are here not detected, possibly
due to a lower degree of functionalization (because of a lower density of defects in the
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graphene substrate).

Figure 5.14: Computed vibrational normal modes (calculated using the VIBRATIONAL–
ANALYSIS module of CP2K) in the region of (a–b) the GY and (c) the DY bands, slightly
different from the well–known classic normal modes of (d–e) the G peak in pristine graphene
and (f) the D peak in defective graphene.209

5.3 Reversibility of the functionalization

Finally, the evolution of the surface functionalization for increasing laser power irra-
diation is investigated. In order to explore it, subsequential Raman spectra are col-
lected from the same position in the functionalized patterned area of the graphene flake
(Flake 3). The power of the excitation laser can be varied with different internal optical
filters allowing measurements at various incident powers, which were accurately mea-
sured with a power meter. The actual incident laser powers used in this investigation
are 22 µW, 120 µW, 210 µW, and 1560 µW. As shown in Figure 5.15, for increasing
laser power irradiation, the intensity of the Raman modes previously assigned to the
functionalization of the graphene lattice with azomethine ylide gradually decreases.

In order to quantify the modifications in the Raman spectra, fits with the same
bands that were identified from the previous analysis (see Figure 5.13 for reference)
were performed. For each Raman spectrum, it is useful to normalize all peak intensities
to the intensity of the G peak (see Table 5.1). Looking at the bands that originate
from the functional groups of the azomethine ylide, we notice that I (CH3)/I (G) passes
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Figure 5.15: Raman spectra of de–functionalization. Raman spectra (normalized to the
intensity of the G peak) of functionalized graphene (Flake 3) collected at increasing laser
power (a) in the region 600 – 2200 cm-1 and in (b) the region 1350 – 2800 cm-1.

from 0.83 (for the spectrum collected at 22 µW) to 0.07 (for the spectrum collected at
1560 µW). Similarly, I (catechol/D*)/I (G) passes from 0.18 to 0.10. Also the modified
graphene vibrational bands gradually decrease in intensity when increasing the incident
power. In fact, I (DY)/I (G) passes from 0.83, for the spectrum collected at 22 µW,
to 0.39 for the spectrum collected at 1560 µW. Likewise, I (D”Y)/I (G) decreases from
0.64 to 0.05, and I (GY)/I (G) from 1.28 to 0.42. Finally, I (2D)/I (G) notably increases
from 0.88 to 1.54, while the 2D peak FWHM decreases from 40 cm-1 to 30 cm-1.

Table 5.1: Intensity of the Raman peaks arising from functionalized graphene normalized
to the G peak intensity, for spectra collected at different incident laser power.

Laser power 22 µW 120 µW 210 µW 1560 µW

I (CH3)/I (G) 0.83 0.50 0.28 0.07

I (cathecol/D*)/I (G) 0.18 0.17 0.15 0.10

I (D)/I (G) 0.37 0.44 0.44 0.30

I (DY)/I (G) 0.83 0.62 0.56 0.39

I (D”Y)/I (G) 0.64 0.54 0.30 0.05

I (GY)/I (G) 1.28 0.83 0.77 0.42

I (2D)/I (G) 0.88 0.92 0.98 1.54

The partial recovery towards the spectrum of non–functionalized patterned graphene
suggests the desorption of the azomethine ylide from the surface. The broad band [920
– 1050] cm-1 coming from the Si signal of the silica substrate is visible in Figure 5.15(a).
The intensity of the Si peak increases with increasing laser power, which is consistent
with the desorption of the ylides. Often, surface reactions promoted by laser irra-
diation are thermally activated processes, but in this case the substrate heating is
estimated to be less than a few degrees, due to the very low laser power used in the
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Raman measurements. Therefore, other photoinduced chemical processes are involved
in the desorption of the azomethine ylide. Possibly, the energy of the incident photons
(2.3 eV) would activate a resonant vibrational excitation210 that can overcome the
two C–C bonds of the molecule with the graphene surface (the C–C bond energy is
estimated to be ∼ 1 eV).211 Consequently, a photoinduced dissociation process could
activate the retro–cycloaddition (as seen in case of functionalized fullerenes),212 re-
sulting in the desorption of the azomethine ylide. The complete understanding of the
desorption process will require further investigations. However, our results undoubt-
edly indicate the reversibility of the functionalization. Indeed, this is a valuable result
in view of designing more complex surface functionalization, by implanting different
molecules in sequential steps for example, or simply to recover a clean graphene sheet.

5.4 Conclusions

In this Chapter we have presented a technique that successfully allowed a spatially–
resolved functionalization of monolayer graphene by combining low–energy EBI with
1,3–dipolar cycloaddition of azomethine ylide. Low–energy EBI is shown to be a ver-
satile method for defect engineering in graphene, allowing for the introduction of mild
modifications of the graphene lattice. Due to the defect pattern, which can be designed
with the high spatial resolution of the EBI (few nm), it was possible to selectively en-
hance both the chemical activity of the graphene sheet towards the organic function-
alization and the adhesion of the graphene monolayer to the silicon dioxide substrate.
AFM and Raman spectroscopy analysis demonstrated a homogeneous distribution of
the defects in the patterned area after low–energy EBI. After the functionalization
procedure, only the patterned area of graphene, which maintained the original pattern
periodicity, exhibited new Raman features, which were assigned with the aid of DFT
simulations of the vibrational power spectrum of functionalized graphene. These new
features originated from the presence of the azomethine ylide, both from the functional
groups of the molecule itself and from the modifications that the molecule induced in
the vibrational normal modes of the graphene sheet. Their identification in the Ra-
man spectra of chemically modified graphene is now available as a new method for the
assessment of the covalent functionalization of graphene systems, even in case of low–
density coverage, when the Raman signature of the ylide cannot be directly detected.
Finally, the organic functionalization was shown to be thermally stable (up to 180 °C
for analogous systems, as shown in Chapter 3) but reversible through laser irradiation.

While cycloaddition reactions were already used in previous works for the covalent
functionalization of graphene in the liquid phase, the achievement of a selective organic
functionalization of a higher quality graphene system like exfoliated monolayer flakes
opens the route for a wider range of applications. In fact, by exploring the controlled
use of defect engineering, the precise building of specific nanostructures is possible, such
as electrochemical devices for sensing or gas storage. Moreover, specifically designed
surface patterns will support the assembly of graphene multilayer systems, where the
molecules that act as spacers or linkers can be precisely positioned over the tailored
graphene surface. These results, available in the preprint version online (see Ref. 213)
and currently in the submission process, also validate the interest in further explor-
ing the nature, the shape, and the quantity of the defects in different high quality
graphene systems, like multilayer exfoliated flake, monolayer or multilayer epitaxial
graphene, and CVD grown graphene. Remarkably, the stability of the functionaliza-
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tion is an advantage for applications at room temperature. Finally, the possibility of
local de–functionalization via high resolution laser irradiation opens the route for a
further tailoring of the surface with different organic species towards multi–functional
graphene–based devices, such as printed 2D integrated circuits.



6Functionalization of
Epitaxial Graphene

In this last chapter, we present some preliminary results on the organic functionaliza-
tion of epitaxial graphene (EG) on silicon carbide (SiC). EG unlocks the invaluable
potential of Scanning Tunneling Microscopy/Spectroscopy (STM/STS) measurements
directly on the graphene sample, without further procedures. On the contrary, be-
cause silica (SiO2), which is the common substrate for dispersed nanosheets and exfo-
liated flakes due to the favorable optical contrast for graphene on it, is not conductive,
STM/STS measurements on these graphene systems would require the complex trans-
fer on a conductive substrate or the metallic patterning around the graphene on silica.
Indeed, EG allows STM/STS investigation and avoids the risk of introducing contam-
inants during further procedures. Being capable of molecular and atomic resolution,
STM and STS are extremely beneficial for fundamental studies and detailed investiga-
tions at the nanoscale and below. For this reason, even if due to time limitations these
experiments were not completed, useful data were obtained.

EG on SiC is investigated with STM and Raman spectroscopy before and after
the 1,3–dipolar cycloaddition (1,3–DC) with azomethine ylide. STM images of func-
tionalized EG reveal the appearance of new structures, randomly arranged over the
flat terraces (with lower density) and along the edges (with higher density), with an
average height in the range (2 – 15) Å, and a graphene surface coverage of ∼ 14%. The
graphene structure is preserved after the functionalization procedure, as confirmed by
atomically resolved STM images of its hexagonal lattice. STS spectra acquired on func-
tionalized EG indicate the opening of a bandgap (of 0.13 – 0.20 eV) in the local density
of states (LDOS) of these new structures, in contrast with the zero–gap linear behavior
measured on non–functionalized graphene. The Raman analysis of functionalized EG
exhibit new features in the region 1300 – 1550 cm-1, together with a downshift of the G
and 2D peaks. Even though the complex Raman peak structure of the SiC substrate
lies in the same region of these new peaks, these results are analogous to the ones re-
vealed in previous experiments on functionalized exfoliated graphene flakes (reported
in Chapter 5) and are consistent with the grafting of azomethine ylides on graphene.

After patterning with low–energy Electron Beam Irradiation (EBI), Peak Force
– Quantitative NanoMechanical (PF–QNM) measurements allow to identify the de-
signed defect pattern, confirming the spatial resolution of the technique (with different
electron doses and e–beam scan step sizes). Moreover, the analysis of the adhesion
forces mapped over patterned and non–patterned EG (both monolayer and buffer layer)
presents a qualitative comparison of the different interactions between the EG and the
substrate. The patterning results in an enhancement of the adhesion of the graphene
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with the substrate, as already seen in previous experiments (see Chapter 5).

Although incomplete, these are valuable results in the outlook of a deterministic
and controlled chemical functionalization of EG on SiC. Firstly, the detection and
analysis of new features arising from the 1,3–DC of azomethine ylides endorse this
functionalization procedure also for EG. Secondly, low–energy EBI is demonstrated to
be a viable method for the introduction of defect patterns in EG. The correspondence
between the designed pattern parameters and the measured morphology of patterned
EG (such as electron dose or scan step size) confirms the reliability of this technique.
Finally, our investigation suggests the optimal EBI parameters for a patterning towards
a future chemical functionalization.
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6.1 Pristine Epitaxial Graphene

6.1.1 STM images of pristine EG

STM is a powerful scanning probe microscopy technique, which exploits the exponential
decay of the tunnel current between the sample surface and the metal tip to achieve
atomic spatial resolution (as explained in detail in Section 2.10). In our setup (constant
current mode), a voltage bias of ∼ 1 V is applied between the sample and the tungsten
tip, and a current setpoint of ∼ 1 nA is set, which means that the distance between
the sample surface and the tip is less than 10 Å. Being so close to the surface, the
scanning tip is extremely sensitive to every feature in the sample surface. Therefore,
in order to remove any adsorbates (such as water or gases molecules) coming from the
environment, prior to the STM measurements our EG samples were initially degassed
in UHV (base pressure ∼ 10-10 mbar) at ∼ 600 ◦C overnight, followed by a short
10 minutes degassing at ∼ 800 ◦C.

Figure 6.1: STM images of pristine EG in different zones: (a) 6 × 6 µm2 (image parameters:
0.7 V, 1.0 nA), (b) 3 × 3 µm2 (1.0 V, 1.0 nA), (c) 1 × 1 µm2 (1.0 V, 1.0 nA), and (d)
0.5 × 0.5 µm2 (1.2 V, 1.0 nA) wide areas.

Pristine epitaxial graphene on SiC exhibits an atomically flat surface with steps.
These steps belong to the SiC substrate and result from the small angle off the crys-
tallographic axis at which the silicon carbide substrate was cut. The average width of
the terraces depends on the miscut angle. As can be seen from the STM images of
pristine EG (see Figure 6.1), our samples present µm–large terraces with principally
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monolayer graphene and a very low percentage of buffer layer graphene, which can be
clearly identified even at larger scale by its higher corrugation.214

Because these samples are mostly monolayer EG, the STM images at lower scale
were acquired principally in zones with no buffer layer. Smaller scale STM images
collected in the monolayer parts exhibit atomic resolution (see Figure 6.2), confirming
the high quality of the graphene samples. In fact, a defect–free graphene honeycomb
lattice is revealed, with a lattice parameter of (2.4 ± 0.2) Å, in perfect agreement
with the theoretical value of 2.46 Å.10 Also the measured corrugation, with a RMS
average of (0.31 ± 0.08) Å, corresponds to the literature value for monolayer graphene
(∼ 0.4 Å).214

Figure 6.2: STM image of pristine monolayer EG at small scale: (a) a 20 × 20 nm2 wide
area (image parameters: 0.73 V, 0.40 nA), showing the quasi–(6 × 6) unit cell (white dashed
diamond), (b) a FFT–filtered zoom of the area indicated by the green rectangle, showing
the atomic graphene lattice, (c) height profile taken along the blue line shown in panel (a)
(showing the graphene lattice periodicity of ∼ 2.4 Å).

Moreover, Figure 6.2(a) shows the characteristic quasi–(6 × 6) periodicity,215 asso-
ciated with the Moiré pattern. In the case of EG on SiC, the hexagonal buffer layer
(with a lattice parameter of 2.46 Å)10 differs from the hexagonal faces of SiC (with a
lattice parameter of ∼ 3.08 Å).216 The resulting super structure is called Moiré pat-
tern,217 and is transferred to the monolayer graphene on top, resulting in a periodicity
of ∼ 1.8 nm (indicated by the white dashed diamond in Figure 6.2(a)).218

6.1.2 Raman spectrum of pristine EG

Epitaxial graphene lies on the silicon carbide substrate underneath, with the buffer
layer chemically bound to the substrate and the monolayer just on top of it. Therefore,
Raman analysis of EG on SiC has to take into account the complex peak structure
arising from the silicon carbide crystal. The Raman signature of SiC was recorded by
collecting several spectra on a substrate before the graphene growth, performing the
average. The SiC contribution is particularly important under 2000 cm-1 of Raman
shift, as shown in Figure 6.3 (red line).
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Figure 6.3: Raman spectra collected on the SiC substrate (red line) and on pristine EG
on SiC (black line). For an easier comparison, the spectrum of EG was normalized to the
spectrum of SiC, which is the average of several spectra collected in different positions, using
the intensity of the broad shoulder at ∼ 1900 cm-1 as reference. The characteristic graphene
G and 2D peaks are labeled.

The spectrum of pristine EG on SiC (shown as black line in Figure 6.3) exhibits
the characteristic G peak, arising from the in–plane stretching of the bond of C–atom
pairs in the graphene hexagonal ring, and 2D peak, originating from a process which
involves two phonons and in which momentum is conserved. The G peak, here centered
at 1598 cm-1, is often difficult to extract since it is in the middle of the complex peak
structure of the silicon carbide spectrum. Moreover, due to the interaction between
the substrate and the graphene that forms on top of the silicon carbide, a perfectly
flat background cannot be recovered by simply subtracting the SiC spectrum (see
Figure 6.4). On the other hand, the 2D peak, here centered at 2732 cm-1, lies in
a Raman shift region where the SiC contribution is negligible, allowing for a more
reliable analysis. The shape of the 2D peak provides a reliable method to assess the
number of layers of epitaxial graphene on SiC. First of all, an asymmetrical shape
indicates multilayer (> 2) graphene, towards the well-known spectrum of graphite.219

In case of a single symmetrical 2D band, from its fitting, it is possible to distinguish
the monolayer EG (single peak) from the bilayer graphene (four peak contributions).
More in general, even in the case when a single peak cannot be distinguished from
multiple contributions, a 2D width (FWHM) below 65 cm-1 indicates monolayer EG,
65 cm-1 < FMHW < 75 cm-1 indicates bi-layer EG, and FMHW > 80 cm-1 indicates
multilayer EG.220 Here, the 2D peak can be fitted with a single symmetrical Lorentzian
curve, with a FWHM of 52 cm-1, confirming that the sample is principally monolayer
graphene. In addition, a small D peak is detected, here centered at 1358 cm-1, which
involves intervalley double resonance processes in presence of defects. Considering
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that, like the G peak, also the D peak lies in the zone where the SiC contribution is
relevant, its intensity cannot be measured with precision. However, we can estimate an
indicative value for the ratio I (D)/I (G) ∼ 0.1, very low, which means that our samples
present a near defect–free graphene surface.

Finally, as seen in previous graphene samples, the weak G* band is visible, here cen-
tered at 2484 cm-1, arising from an intervalley process involving an in–plane transverse
optical phonon and one longitudinal acoustic phonon.

Figure 6.4: Intensity difference between the Raman spectra shown in Figure 6.3. The
characteristic graphene D, G, G*, and 2D peaks are labeled.
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6.2 Functionalization of near defect–free Epitaxial

Graphene via 1,3–DC

Pristine, near defect–free, monolayer EG is functionalized via a wet chemistry process,
by adding N-methylglycine and 3,4-dihydroxybenzaldehyde in NMP, as explained in
Section 2.3.3. Several time intervals were explored for the functionalization procedure,
increasing the time, step by step, from 1 up to 10 days, in order to explore the possibility
of a higher functionalization with the azomethine ylide molecules. Finally, the solvent
is removed by multiple rinses, and subsequently Raman spectroscopy and STM/STS
measurements are performed. Both the Raman and the STM analyses show similar
results for each of the different functionalized samples, independent of the duration of
the functionalization process. Therefore, here the results obtained after the 10 days
are presented.

After the functionalization procedure, in order to avoid any possible degradation or
desorption of the ylide, no high temperature degassing is performed. Instead, EG sam-
ples are stored in UHV for several days, at a pressure in the range of ∼ 5 × 10-10 mbar,
allowing for a slower degassing of surface adsorbates. The pressure of the UHV chamber
is monitored, and after a couple of days it recovers its base value of ∼ 1 × 10-10 mbar.
This means that no excessive dirt or environmental gases are still adsorbed on the
graphene surface, and, therefore, STM measurements can be performed without severe
risks for the scanning tip. However, this procedure does not completely avoid the pres-
ence of residual adsorbates from the chemical functionalization, which could affect the
resolution of the STM images.

6.2.1 STM analysis

From the STM images acquired at intermediate range (see Figure 6.5) new structures
can be detected, which were not present on the surface of pristine EG.

Cluster–like structures are randomly distributed on the flat part of the graphene
sample, whereas filament–like structures are mostly aligned along the step edges. The
higher chemical reactivity of the graphene at the edges is well know221 and, therefore,
a higher density of edge–aligned filaments with respect to clusters is expected, as can
be seen it Figures 6.5(a) and 6.5(d). Interestingly, the position of the clusters does
not change in successive images, and, therefore, the scanning tip does not carry them
around. This is a first indication that these structures are chemisorbed (and not only
physisorbed) on graphene. Collecting several height profiles on these structures, it is
possible to obtain their average dimensions, with a height in the range of 2 – 10 Å for
clusters (see Figures 6.5(b), 6.5(e) and 6.6(b)) and in the range of 5 – 15 Å for filaments
(see Figures 6.5(c) and 6.5(f)). Moreover, mapping the area of clusters and filaments
grafted on the graphene, it is possible to calculate the surface coverage, as an indication
of the functionalization efficiency. Here, considering only the area of the flat terraces,
we obtain an average graphene surface coverage of ∼ 5%. Otherwise, taking into
account also the larger coverage along the edges, an average graphene surface coverage
of ∼ 14% is calculated. These values show that, in case of near defect–free EG, only a
low percentage of functionalization is achieved.

While acquiring smaller scale STM images of EG after the functionalization, it is
very difficult to resolve the atomic graphene lattice. This issue comes from the presence
of the clusters and their unstable interaction with the scanning tip. Therefore, as shown
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Figure 6.5: STM images of functionalized EG. (a) 500 × 500 nm2 wide area (image param-
eters: 1.0 V, 0.70 nA) showing both cluster–like and filament–like new structures and height
profiles collected on (b) clusters and (c) filaments taken along the lines indicated in panel (a).
(d) 200 × 200 nm2 wide area (0.8 V, 0.30 nA) showing both cluster–like and filament–like
structures. Height profiles collected on (e) clusters and (f) filaments taken along the lines
indicated in panel (d).
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in Figure 6.6(a), after passing on top of a cluster, the resolution of the background
graphene surface is worsen and scanning–line artifacts appear.

Figure 6.6: STM image of monolayer EG after functionalization: (a) a 50 × 50 nm2 wide
area (image parameters: 0.70 V, 0.30 nA) showing cluster–like structures and the Moirè
pattern of monolayer EG in the background (the inset shows a FFT filtering on the area
indicated by the green rectangle, so that the Moirè pattern is highlighted). The scan line
direction is indicated by the withe arrow. Height profiles collected on (b) clusters and (c)
clean EG taken along the blue and the green lines, respectively, indicated in panel (a). The
height profile taken on clean EG shows the Moirè periodicity of ∼ 1.7 nm.

A possible way to mitigate this problem is to slow the scanning tip, increasing the
time of a scan line. On the other hand, in order to avoid thermal drift (not negligible
at room temperature), the tip cannot be too slow. Here, we increase the scan line
time from 0.16 s to 1.08 s. Over a scan area of 50 × 50 nm2, for example, this means
to decrease the tip scanning velocity from ∼ 300 nm/s down to ∼ 50 nm/s. Still,
the resolution does not improve. This can be due to the residual presence of unstable
adsorbates on the sample surface (keep in mind that no high temperature degassing was
performed). These small adsorbates may interact with the scanning tip and be carried
around over the surface during the scan, generating noise and artifacts in the images.
Notwithstanding these problems, the Moiré pattern can be resolved in the flat area
around the clusters (see the inset of Figure 6.6(a), with a periodicity of (1.7 ± 0.2) nm
(see the height profile in Figure 6.6(c)), confirming that the monolayer EG is preserved
after the functionalization procedure.

Eventually, after numerous scans, atomic resolution of the graphene hexagonal lat-
tice is achieved in an area with no clusters or filaments (see Figure 6.7(a)). The FFT–
filtering allows for a clear visualization of the honeycomb lattice (see Figure 6.7(b)),
while from the height profile a periodicity of (2.3 ± 0.2) Å is measured (see Fig-
ure 6.7(c)). These measurements, again, confirm that the functionalization procedure
preserves the graphene lattice around the new structures, without breaking its hexag-
onal symmetry.

Unfortunately, no atomic resolution is achieved neither on cluster–like nor filament–
like structures. Therefore, a more detailed identification of these new structures is not
possible only with STM experiments, and STS measurements are performed.



6.2. Functionalization of near defect–free Epitaxial Graphene via 1,3–DC 96

Figure 6.7: STM image of monolayer EG after functionalization: (a) a 5 × 5 nm2 wide area
(image parameters: 0.70 V, 0.40 nA) with no clusters or filaments, (b) FFT–filtered zoom
of the area indicated by the green rectangle in panel (a), highlighting the atomic graphene
lattice, (c) height profile taken along the blue line shown in panel (a) (showing the graphene
lattice periodicity of ∼ 2.3 Å).

6.2.2 STS analysis

Spatially–resolved spectroscopy is permitted by the precise control of the scanning
tip. Therefore, the local electronic properties and the variations in the LDOS can be
investigated, point by point, on the surface of functionalized EG.

Figure 6.8 shows a STM image of an area where, over the clean graphene background
(as confirmed by the Moiré pattern), both clusters and filaments are imaged. After
the acquisition of the image, the scan is stopped, and the tip is moved on top of the
three locations marked with the blue, green, and red crosses. In order to perform STS
measurements, the tip is fixed at the chosen position and a current setpoint is selected.
Then, the feedback system is disconnected, so the tip stays at a fixed distance from
the surface while the bias voltage is swept. 20 consecutive spectra are acquired, in the
range (−0.80 to 0.60) V.

The average spectra for the three measurements are shown in Figure 6.9. The
spectrum collected on the clean graphene surface (blue line) shows its characteristic
metallic behavior with no band–gap: from a minimum at zero bias (which indicates
the Fermi energy of the system, EF, i.e. the energy boundary between filled and empty
electron states), the dI/dV curve increases sharply for both empty and filled states.
The local minimum at ∼ −0.4 V, corresponds to the Dirac point of graphene. As shown
by the schematic band structure in the inset of Figure 6.9, the Dirac point indicates
the crossing of the linear π and π* bands, which occurs at the K point of the Brillouin
zone of graphene. The position of EF, ∼ 0.4 eV above the Dirac point, is indicative of
n–type doping. This doping of the graphene layer arises from the growth process, in
which electrons from the n–type SiC migrate and accumulate into graphene, and its
value is in agreement with literature.222,223

On the contrary, the spectra acquired on the cluster–like (green line) and filament–
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Figure 6.8: STM image of monolayer EG after functionalization: a 50 × 50 nm2 wide
area (image parameters: 0.30 V, 0.30 nA) where both clusters and filaments are imaged,
and the Moiré pattern from the graphene background surface is resolved (with a measured
periodicity of ∼ 1.7 nm). The inset shows a FFT–filtered zoom of the area indicated by the
green rectangle, highlighting the Moiré pattern. The colored crosses indicate the locations
where the STS spectra shown in Figure 6.9 where acquired.

like (red line) features exhibit a different nature. Their dI/dV curves present a range
of zero values, indicative of the opening of a band gap in the electronic structure, of
(0.20 ± 0.04) eV for clusters and (0.13 ± 0.02) eV for filaments. This trend is con-
sistent with the functionalization of EG with azomethine ylide. In fact, as the ylides
covalently attach onto the graphene surface, the original sp2 hybridization is disrupted,
and the zero–gap linear characteristic dispersion is broken. Indeed, covalent modifica-
tions of graphene with cycloadditions and diazonium salts have shown an analogous
gap opening in the range 0.15 – 0.5 eV.56,224,225
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Figure 6.9: Average STS spectra acquired on different positions of EG after functional-
ization (spectra parameters: sweep range (−0.80 to 0.60) V, setpoint 0.30 nA): graphene
background surface (blue line), cluster–like (green line) and filament–like (red line) struc-
tures. The colors of the spectra correspond to the colored crosses in Figure 6.8. The blue
arrow indicates the Dirac point in the graphene spectrum, the red and green arrows indi-
cate the gap in the filament and cluster spectra. The inset shows a schematic of a n–doped
graphene Dirac cone (the energy levels of the Fermi energy and the Dirac point are indicated).
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6.2.3 Raman analysis

After the functionalization procedure, the samples are investigate with Raman spec-
troscopy, in order to visualize new features arising from the chemical modification.
Figure 6.10 shows the spectrum of functionalized EG (blue line) in comparison with
the spectra of pristine EG (red line) and the SiC substrate (black line). Functionalized
EG exhibits a large downshift of the 2D peak and a moderate similar downshift of the
G peak. In addition, new features arise between the G and the D peaks.

Figure 6.10: Raman spectrum collected on functionalized EG (blue line) compared with the
spectra acquired on the SiC substrate (black line) and on pristine EG on SiC (red line). For
an easier comparison, the spectra are normalized to the spectrum of SiC (using the intensity
of the broad shoulder at ∼ 1900 cm-1 as reference). The characteristic graphene G and 2D
peaks are labeled.

In order to better analyze the new Raman features of functionalized EG, the SiC
spectrum is subtracted from the spectrum of functionalized EG (see Figure 6.11, blue
line). Again, we have to keep in mind that, due to the interaction between the SiC
substrate and the graphene on top, this simple procedure does not produce a completely
reliable graphene spectrum. However, it helps to visualize the new features and allows
to estimate the peaks modifications.

A downshift of both the G and the 2D peaks is noticeable: the G peak after func-
tionalization is centered at 1593 cm-1, while before it was at 1598 cm-1. The 2D peak
is centered at 2703 cm-1, while before it was at 2732 cm-1. The moderate redshift
of the G peak (−5 cm-1) together with a greater redshift of the 2D peak (−29 cm-1)
can be interpreted with the appearance of strain in the functionalized graphene struc-
ture.205,226,227 This strain is consistent with the grafting of the azomethine ylides, which
locally modify the flat graphene lattice. A frequency shift of the G and 2D peaks could
also originate from electron doping.202–204 As shown by the STS results, the electronic
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Figure 6.11: Comparison of the intensity difference between the Raman spectra of pristine
EG (red line) and functionalized EG (blue line), with the silicon carbide substrate contribu-
tion subtracted. The characteristic graphene D, G, and 2D peaks are labeled, and the region
where new features arise from the functionalization is indicated by the green circle. Also, the
shift of the G and 2D peaks is visible.

properties of functionalized EG are modified by the ylides, which can act as an elec-
tron dopant.228 Moreover, new Raman features arise in the region 1300 – 1550 cm-1,
which are clearly shown in Figure 6.12 (intensity difference between the two curves of
Figure 6.11). A new peak, centered at 1347 cm-1 is visible near the D peak, together
with a new peak, centered at 1515 cm-1, near the G peak. As discussed in Chapter 5,
the presence of the azomethine ylide molecules grafted on the graphene sheet breaks
its homogeneity and slightly modifies the symmetry and the frequency of the vibra-
tional normal modes of the graphene lattice. Using the same nomenclature, here we
can identify these new peaks as the DY and the D”Y, respectively. The DY consists in
the variation of the D peak, arising from the presence of new defects in the graphene
structure, while the D”Y corresponds to the modification of the D” band, which can
be associated with chemical functionalization with small molecules.162–164

In comparison with the results shown in previous chapters, due to the broad and
complex peak structure of the SiC substrate and its interaction with the graphene
layer, here it is not possible to clearly identify the Raman peaks arising directly from
the functional groups of the azomethine ylide, which are found on functionalized pat-
terned graphene flakes in the region 1000 – 1300 cm-1. On the other hand, in the region
1900 – 2400 cm-1 the SiC substrate does not contribute much to the Raman spectrum
and, therefore, we would expect to see the second order bands of the stretching vibra-
tional bands of the ylide, which were found on functionalized GNS and rGO. However,
possibly due to a lower coverage of the functionalization, these bands are not visible
here.
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Figure 6.12: Difference between the two curves shown in Figure 6.11, highlighting the
modifications arising from the functionalization. The shift of the G and 2D peaks is visible.
The inset shows the zoom of the region 1300 – 1550 cm-1, in which the new DY and D”Y
peaks arise.

6.3 Peak Force–QNM of Patterned Epitaxial Gra-

phene via EBI

In order to increase the efficiency of the covalent functionalization of EG and, in par-
ticular, to be able to spatially design the functionalization of EG, defect patterning
via EBI is explored. First of all, to find the optimal parameters for EBI, such as elec-
tron dose and scan step size, different EG samples are irradiated and their topography
is imaged using PF–QNM. In fact, PF–QNM measurements are less time–consuming
than STM measurements, allowing a faster optimization process.

Initially, gold markers are lithographed by e–beam for defining recognizable posi-
tions on the surface of the sample. Then, using different electron doses, from 10 mC/cm2

to 120 mC/cm2 (which corresponds to a dwell time from 12 ms to 140 ms), different
patterns are designed in different positions. The other exposure parameters are kept
the same for each pattern: electrons acceleration voltage 20 kV, beam current 90 pA.

Figure 6.13 shows the PF–QNM height images taken on an area irradiated with a
dose of 10 mC/cm2 (panel (a)) and on an area irradiated with a dose of 120 mC/cm2

(panel (b)). The EG sample used for this experiments shows both a less homogeneous
monolayer graphene, due to an imperfect epitaxial growth, and residual particles on
the surface, probably polymer residuals from the lithography process. However, we can
infer that the patterned dots cannot be detected at low dose, while they are clearly
visible at higher dose. Therefore, in the following experiments, the electron dose is set
to 120 mC/cm2.
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Figure 6.13: PF–QNM height images of patterned EG: (a) 8 × 8 µm2 wide area irradiated
with a dose of 10 mC/cm2 and (b) 9 × 9 µm2 wide area irradiated with a dose of 120 mC/cm2.

Then, different scan step sizes are used during the EBI of a second sample: six
350 µm × 350 µm wide areas are patterned exactly in the middle of an EG sample, so,
no markers are needed here. Figure 6.14 presents the CAD pattern design of a single
region, with the repetition of five columns of squares, each square 5 µm × 5 µm wide,
of different step size, from 100 nm to 500 nm.

Figure 6.14: CAD project for the EBI pattern with five different step sizes, from 100 nm
to 500 nm. Each square is 5 × 5 µm2 wide.

Figure 6.15 shows a PF–QNM height image at large scale (40 × 40 µm2) where six
patterned squares are imaged, with different scan step size. Intermediate scale PF–
QNM height images (8 × 8 µm2) of 100 nm and 200 nm patterned areas are shown in
Figure 6.16. Each irradiated dot is distinguishable, with no overlap or merging, even
at the higher density, confirming that these EBI parameters allow to obtain a high
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spatial resolution for the patterning on EG.

Figure 6.15: PF-QNM height image of patterned EG: a 40 × 40 µm2 wide area. Six
patterned regions are imaged, with step sizes of 100 nm, 200 nm, and 300 nm.

Finally, useful data can be obtain analyzing the adhesion channel of the PF–QNM
images of patterned EG. Figure 6.17(a) shows a large scale adhesion force image
(40 × 40 µm2) where six patterned squares, with different scan step size, are visi-
ble (it is the adhesion channel of the same image shown in Figure 6.15). As seen
also in the height channel images, at large scale the contrast of the patterned region
decreases with increasing pitch. A smaller scale adhesion image (500 × 500 nm2) col-
lected in a patterned region, showing individual dots with 100 nm step size, is shown
in Figure 6.17(b).

At both scales, a lower adhesion force is measured over the irradiated regions,
especially over monolayer graphene. Typically, a lower adhesion force between the
scanning tip and the topmost layer of the sample suggests a higher adhesion between
the topmost layer and the ones underneath. In literature, a decrease in the adhesion
between the scanning tip and the sample surface was reported in case of laser–induced
graphene nanobubbles.229 In that case it was attributed to a decrease in the contact
surface between the measuring tip apex and the nanobubble, due to the temporarily
modified morphology as the nanobubble acts like an elastic membrane under the tip.
Here, however, the lateral resolution of our measuring PF–QNM technique (∼ 5 nm) is
smaller than the dimension of the irradiated dots on patterned EG (∼ 50 nm), which,
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Figure 6.16: PF-QNM height images of patterned EG: 8 × 8 µm2 wide areas showing (a)
100 nm and (b) 200 nm step size patterns.

therefore, are homogeneously mapped. For a uniform contact surface between tip and
sample, the adhesion force is determined by the respective interactions, i.e. attractive
or repulsive forces. Even though for a complete analysis a variety of intermolecular
interactions and phenomena that affect adhesion should be taken into account, such
as van der Waals forces, electrostatics, or capillarity forces,230,231 the present study
is limited to a qualitative picture. Under EBI, various defects can be introduced in
the graphene structure, such as point–like or boundary–like topological defects, or
even vacancies. These structural defects locally enhance the chemical reactivity of the
graphene lattice, increasing its interaction with the substrate. Indeed, an enhanced
adhesion between patterned monolayer graphene and the substrate was previously seen
in case of patterned exfoliated flakes (see Chapter 5), where the patterned areas of the
flakes remain attached to the silica substrate while the non–patterned areas detach
during the functionalization procedure.

From the adhesion image shown in Figure 6.17(b), it is possible to measure and
compare the adhesion force between graphene and the PF–QNM tip. On non–patterned
graphene the adhesion between the buffer layer and the tip is ABL—tip ∼ 0.77 nN and
the adhesion between the monolayer EG and the tip is AMLEG—tip ∼ 1.18 nN. On the
patterned areas, we measure Ap-BL—tip ∼ 0.74 nN and Ap-MLEG—tip ∼ 0.79 nN. Because,
in our setup, it is not possible to precisely calibrate the mechanical characteristics of the
scanning tip, it is to be kept in mind that these are not absolute values. However, they
permit a reliable qualitative comparison. Noteworthy, for the buffer layer, the adhesion
measured on non–patterned and patterned areas is nearly the same (ABL—tip ∼ 0.77 nN
vs. Ap-BL—tip ∼ 0.74 nN). On the contrary, a bigger decrease is measured over monolayer
EG (AMLEG—tip ∼ 1.18 nN vs. Ap-MLEG—tip ∼ 0.79 nN), which, after EBI, reaches a value
very similar to the one measured over the buffer layer. This result supports the idea
that topological defects break the perfect sp2–hybridization of monolayer graphene,
introducing sp3 bonds, similarly to the buffer layer structure. In addition, a lower
adhesion between the tip and the buffer layer with respect to the one between the tip
and the monolayer was expected, due to the residual interactions of the carbon atoms
of the buffer layer with the SiC substrate underneath. Finally, a similar adhesion
decrease, of ∼ − 0.40 nN, was measured on patterned graphene with respect to non–
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Figure 6.17: PF–QNM adhesion image of patterned EG: (a) a large scale 40 × 40 µm2

wide area showing six patterned regions, with step size of 100 nm, 200 nm, and 300 nm, and
(b) a small scale 500 × 500 nm2 wide area with step sizes of 100 nm collected in the region
indicated by the green square in panel (a) (the edge between monolayer and buffer layer EG
is labeled). Noteworthy, lower adhesion force is mapped over the irradiated spots.

patterned areas in a preliminary QNM investigation on exfoliated graphene flakes on
silica substrates.

6.4 Conclusions

In these preliminary experiments on EG on SiC, we have presented surface modifica-
tions of EG obtained via 1,3–DC of azomethine ylide. The chemical functionalization
modified both the surface morphology and the Raman signature of EG. In particular,
new cluster–like and filament–like structures appeared on the graphene surface after
functionalization. The first ones were randomly placed over the monolayer flat ter-
races, with low density, while the latter tended to aggregate with higher density along
the terrace edges, which are known to present higher chemical reactivity. Although
no atomic resolution was achieved, spatially resolved STS measurements indicated a
gap–like behavior for these new features, completely different from the standard linear
LDOS of clean graphene. Moreover, Raman spectroscopy of functionalized EG revealed
structural modifications of the graphene lattice, with the appearance of new peaks and
redshifts of the G and 2D peaks. These results are consistent with the grafting of
azomethine ylides onto EG.

Finally, a patterning of EG on SiC via EBI was performed. Preliminary investiga-
tions on the electron dose and the e–beam scan step size were explored, and PF–QNM
height and adhesion images were collected on patterned EG. The successful introduc-
tion of the designed defect pattern was confirmed, and the analysis of the mechanical
properties of the system revealed an enhanced adhesion between patterned graphene
and the substrate. This effect was already seen in previous experiments (as shown
in Chapter 5) and, here, PF–QNM allowed a deeper qualitative measurement and a
comparison of the adhesion forces.

While in the previous chapters we demonstrated the functionalization of different
graphene systems, a successful and deterministic covalent functionalization of EG would
be extremely beneficial for the fabrication of high quality devices at the nanoscale. In
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fact, EG on SiC eliminates the need for transfer procedures and presents favorable
characteristics for large–scale graphene electronics, such as a near–defect free intrinsic
lattice. Moreover, the SiC substrate is a semiconductor with a large bandgap, widely
used in electrochemical and sensing devices. The promising results shown here open the
route for a controlled functionalization of EG with designed molecules, which could act
both as active functional groups or passive spacers towards multilayered graphene sys-
tems optimized for hydrogen storage or gas sensing. Moreover, the control electronics
for readout of the functional groups would be integrated on the same SiC wafer.
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Summary

The research project realized in this PhD thesis led to novel and valuable advances in
the field of chemically functionalized graphene–based systems.

Different graphene structures were explored, and 1,3–dipolar cycloaddition of azome-
thine ylides was achieved on dispersed rGO and GNS, on monolayer flakes on silica,
and on epitaxial graphene on silicon carbide, moving towards higher quality graphene
systems. The successful functionalization was confirmed with several characterization
techniques, adapting to the different properties of the individual systems.

At large scale (with ∼ 0.1 – 1 µm lateral resolution), EDX/EELS, XPS, and Raman
spectroscopy revealed the presence of the functional groups of the ylide on graphene.
EDX/EELS and XPS measurements detected the presence of nitrogen from the func-
tionalized groups, allowing to distinguish the ylide from the residuals of the organic
solvents and quantitatively estimate the efficiency of the functionalization. Signifi-
cantly, the Raman signature of this molecule was detected here for the first time, ini-
tially in functionalized rGO and GNS. Moreover, in higher quality graphene systems,
such as monolayer exfoliated flakes and epitaxial graphene, Raman spectroscopy on the
functionalized samples identified new vibrational features of modified graphene, arising
from the grafting of the ylide onto the graphene lattice. This result was achieved in col-
laboration with the computational group at NEST Laboratory, with the help of DFT
simulations of the vibrational power spectrum of functionalized graphene. The identi-
fication of these novel features in the Raman spectra of chemically modified graphene
is now available as a new method for the assessment of its covalent functionalization,
even in case of low–density coverage, when the Raman signature of the ylide cannot
be directly detected.

An enhancement of the chemical reactivity of graphene towards the cycloaddition
of azomethine ylide was distinctively correlated with the presence of structural defects
in its atomic lattice. In fact, the presence of oxygen functional groups (sp3–defects)
in rGO generates a local inhomogeneity of the partial charges which led to a higher
functionalization of rGO with respect to GNS. This motivated the interest in exploring
low–energy electron beam irradiation as a spatially controlled technique for introducing
defect patterns in high–quality graphene, in collaboration with Dr. Federica Bianco at
NEST Laboratory. The Raman investigation on patterned monolayer graphene flakes
on silica revealed the importance of substrate surface treatments in order to avoid un-
intentional defected zones and charge doping in the proximity of the designed pattern.
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Therefore, the removal of the substrate impurities with oxygen plasma cleaning before
the transfer of graphene is now understood to be a fundamental step in order to achieve
the best lateral resolution in the patterning with SEM–based low–energy electron beam
irradiation.

This technique was promptly applied to the engineering of spatially–resolved pat-
terned graphene flakes to selectively enhance the chemical functionalization with azome-
thine ylide. Raman spectroscopy allowed to map the presence of the ylide on the surface
of functionalized patterned graphene, confirming the deterministic grafting of the ylide
only in the patterned areas. Moreover, through laser irradiation, the reversibility of the
functionalization was achieved, towards the recovering of a clean patterned graphene
sample. The combination of defect patterning and 1,3–dipolar cycloaddition is now
demonstrated to be a valuable method in order to selectively functionalize graphene
with high spatial resolution.

At smaller scale (under 100 nm of lateral resolution), AFM and STM measurements
revealed new features in the morphology of functionalized graphene. AFM investigation
on patterned graphene flakes suggested an increased adhesion of the patterned areas
with the silica substrate. The adhesion enhancement was also confirmed with PF–QNM
measurements collected on patterned epitaxial graphene on silicon carbide. This result
suggests defect patterning as a novel technique for preserving the graphene flakes dur-
ing wet chemistry functionalization procedures, exploiting the adhesion enhancement.
Moreover, the exact correspondence of the irradiated patterns with the designed ones
is confirmed with AFM images of both monolayer flakes and epitaxial graphene. STM
measurements revealed new structures of few Å size on the surface of functionalized
near defect–free graphene and confirmed the preservation of the graphene atomic lat-
tice in the background (via atomically resolved images). In addition, spatially resolved
STS measurements revealed the gap–like nature in the LDOS of these novel structures,
different from the zero–gap linear behavior of the graphene background.



109

Outlook

The research reported here opens several routes for advancements. Firstly, high reso-
lution STM images on patterned epitaxial graphene would allow to further investigate
the nature, the physical properties, and the evolution in time of the introduced defects.
Moreover, by individually identifying the defects in STM images, the estimations for
Lα and LD made in Section 5.1 could be directly compared with experimental values
(in a similar graphene system). Then, the 1,3–DC of azomethine ylides on patterned
epitaxial graphene would be the natural following step. Such a system would intro-
duce both enhancement and selectivity in the functionalization process, still offering
the possibility of atomically resolved STM and STS measurements. The morphology
and the electronic properties could be investigated individually on defects and organic
molecules, offering novel information on the mechanism of the functionalization and
on the new properties introduced by the functional groups. These measurements have
already been initiated under the supervision of Dr. Stefano Veronesi and Dr. Stefan
Heun at NEST Laboratory.

Moreover, the versatility that 1,3–DC offers as functionalization process could be
further explored. The synthesis of a different ylide is currently being tested under the
supervision of Aldo Moscardini and Dr. Ylea Vlamidis at NEST Laboratory. The new
ylide presents the same dipolar nature that would enable the grafting on the graphene
surface and offers an easier possibility of further functionalization with other molecules
(as shown in Figure 7.1). Fluorophores and gold nanoparticles (with the adequate
linkers) are two examples of the following steps, which would add optical or sensing
properties to the system. In addition, the possibility of local de–functionalization via
laser irradiation opens the route for multi–step tailoring of the graphene surface with
different organic species, towards multi–functional graphene–based devices. Then, a
more detailed Raman investigation on functionalized graphene, in order to distinguish
the contributions from strain and doping, also comparing the old with the new ylide
molecules, would provide a deeper insight in the electro-chemical modification of the
graphene sheet after functionalization.

Figure 7.1: New ylide for further functionalization steps towards multi–functional graphene–
based devices.
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Finally, patterning of graphene paves the way for a designed positioning of organic
molecules on its surface, which could act as either passive or active pillars towards
spaced multilayer graphene systems (see Figure 7.2). Similar structures would present
enhanced gas storage capabilities (hydrogen, for example) or add sensing and catalysis
properties. The design and practical development of such structures would benefit from
the input deriving from the DFT computational simulations performed by Dr. Luca
Bellucci and Dr. Valentina Tozzini at NEST Laboratory in an ongoing collaboration.

Figure 7.2: DFT model for a pillared graphene multilayer system, with azomethine ylides
as spacers. Figure courtesy of Dr. Luca Bellucci.
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[230] A. Dupré. Théorie mécanique de la chaleur. Gauthier-Villars, 1869.

[231] B. Pittenger, N. Erina, and C. Su. Quantitative mechanical property mapping at
the nanoscale with PeakForce QNM. Application Note Veeco Instruments Inc,
1:1–11, 2010.


	Abstract
	List of Publications
	Introduction
	State Of The Art
	Graphene
	Functionalization of Graphene
	Structural Defects in Graphene

	Experimental Methods
	Graphene
	Exfoliation of graphene nanosheets
	Reduced graphene oxide
	Mechanical exfoliation of graphene flakes
	Epitaxial growth of graphene on SiC

	Graphene Nanosheets and rGO dispersion
	Sonication
	Homogenization

	Chemical Reaction
	1,3–DC of dispersed GNS and rGO
	1,3–DC of exfoliated graphene flakes
	1,3–DC of epitaxial graphene
	Chemicals

	Dynamic Light Scattering
	Electron Beam Irradiation
	Raman Spectroscopy
	Scanning Transmission Electron Microscopy–EDX/EELS
	X–ray Photoelectron Spectroscopy
	Atomic Force Microscopy
	Scanning Tunneling Microscopy and Scanning Tunneling Spectroscopy
	Computational Methods

	Functionalization of dispersed GNS and rGO
	Dispersion of GNS
	1,3–DC of GNS and rGO
	EDX/EELS analysis
	Raman spectra of pristine and functionalized GNS
	Raman spectra of pristine and functionalized rGO
	Computational simulations
	XPS analysis
	Conclusions

	Defect Engineering of Monolayer Graphene Flakes via Electron Beam Irradiation
	Defect introduction and analysis
	Monte Carlo simulations
	Comparison of substrate surface treatments
	Transition zone doping analysis
	Conclusions

	Functionalization of Patterned Monolayer Graphene Flakes
	Pattern design on graphene flakes via EBI
	Functionalization of patterned graphene via 1,3–DC
	AFM images of functionalized patterned graphene
	Raman analysis of functionalized patterned graphene
	Computational simulations

	Reversibility of the functionalization
	Conclusions

	Functionalization of Epitaxial Graphene
	Pristine Epitaxial Graphene
	STM images of pristine EG
	Raman spectrum of pristine EG

	Functionalization of near defect–free Epitaxial Graphene via 1,3–DC
	STM analysis
	STS analysis
	Raman analysis

	Peak Force–QNM of Patterned Epitaxial Graphene via EBI
	Conclusions

	Summary and Outlook
	Bibliography

