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i

General summary

In the past 30 years, materials science has observed a change of paradigm where more and more
research interest has started to focus on nanomaterials. This change of paradigm has become
evident with the isolation of graphene in 2004 and the wave of nanomaterial research it has
brought along with it.

One of the main properties for which nanomaterials are of increasing interest for the research
community are their optoelectronic properties. These properties have brought along applications
in photovoltaics, nanophotonics, sensors and fields as biology or medicine. The tuning of these
optoelectronic properties offers even further applications for this kind of materials.

On the other hand, the investigation of property tuning in materials in situ offers a much
more detailed picture than any other possible kind of study.

In this sense, electron microscopy and spectroscopy (EELS) offer the possibility to gather
a myriad of information on different properties at once, such as thickness, mass density or
optoelectronic properties (such as the band gap, features on its density of states or plasmonic
response).

Furthermore, the merging of all the possibilities that TEM/STEM/EELS can provide along
with the possibility of modifying the sample in situ, whether it is by applying a bias, heating
the sample up or by electron irradiation, offers the possibility for dynamic studies not just on
the properties of a certain material, but on their evolution.

This manuscript exists at the intersection between TEM/STEM/EELS studies, optoelec-
tronic properties, creative data analysis for challenging conditions and in situ experiments.

This thesis has been developed within the context of Initial Training Network Marie Slodowska-
Curie ’Enabling Excellence’. The essential works of this thesis are condensed in this manuscript.

The optoelectronic properties in atomically thin 2D MoxW1−xS2 alloys have been investi-
gated. Their band gap, excitonic features and features deriving from Van Hove points in the
density of states have been measured as a function of the alloying degree (Mo content) and
thickness (number of layers) of the flakes.

Plasmonic analyses of high aspect-ratio Au nanostructures using STEM-EELS have also
been performed. This analysis focuses both on the materials aspect of the study (the plasmonic
properties of these high aspect-ratio Au nanostructures) as well as on the data analysis aspect
of it, providing a promising analysis routine that can potentially be used for other types of
characterisation.

Finally, the in situ thermal reduction of GO flakes has been investigated within a TEM. The
TEM/EELS analysis at various temperatures allow for the gathering of enough information to
properly devise a hypothesis of which groups desorb from the sample at which temperature, and
what this desorption entails for the sample itself.

In conclusion, these works have furthered the understanding of the diverse 1D and 2D ma-
terials present in it, as well as the possible changes they can undergo; which can be beneficial
for the conceiving of different kinds of future applications.
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Resumen general

Durante los últimos 30 años, la ciencia de materiales ha contemplado un cambio de paradigma,
donde se ha generado cada vez más interés dentro de la investigación en torno a los nanomateri-
ales. Este cambio de paradigma se ha vuelto evidente a partir de la śıntesis del grafeno en 2004
y la ola de investigación en nanomateriales que trajo consigo.

Unas de las principales propiedades por las que los nanomateriales tienen cada vez más interes
para la comunidad investigadora son sus propiedades optoelectrónicas. Estas propiedades han
tráıdo consigo aplicaciones en fotovoltaica, nanofotónica, sensores y campos como la bioloǵıa o
la medicina. La modificación de estas propiedades optoelectrónicas ofrece aún más posibilidades
de aplicaciones para este tipo de materiales.

Por otra parte, la investigación de la modificación de propiedades de materiales in situ ofrece
un análisis más completo que cualquier otro tipo posible de estudio.

De esta manera, la microscoṕıa y espectroscoṕıa de electrones (EELS) ofrece la posibilidad de
aunar una vasta cantidad de información sobre diferentes propiedades de forma simultánea, como
el espesor, la densidad másica o propiedades optoelectrónicas (como el band gap, caracteŕısticas
de la densidad de estados o respuesta plasmónica).

Asimismo, la unión de todas las posibilidades que el TEM/STEM/EELS pueden ofrecer junto
con la posibilidad de modificar una muestra in situ, ya sea aplicándole un voltaje, calentándola
o a través de la irradiación de electrones, permite la posibilidad de estudios dinámicos no sólo
sobre las propiedades de un material concreto, sino también en su evolución.

Este manuscrito existe en la intersección entre los estudios de TEM/STEM/EELS, las
propiedades optoelectrónicas, el análisis de datos creativo para condiciones dif́ıciles, y los exper-
imentos in situ.

Esta tesis se ha desarrollado dentro dle contexto de la Initial Training Network Marie
Slodowska-Curie ’Enabling Excellence’. Los trabajos más esenciales de esta tesis se han plasmado
en este manuscrito.

Se han investigado las propiedades optoelectrónicas de aleaciones 2D atómicamente finas de
MoxW1−xS2. Hemos medido su band gap, caracteŕısticas espectrales relacionadas con excitones
y otros fenómenos espectrales que derivan de puntos de Van Hove en la densidad de estados;
tanto en función de el grado de aleación (el contenido de Mo) como en función del espesor
(número de capas) de los copos.

También se han realizado análisis plasmónicos de nanoestructuras de oro con una alta relación
de aspecto. Este análisis se centra tanto en la parte de materiales del estudio (las propiedades
plasmónicas de estas nanoestructuras de oro de alta relación de aspecto) como en el aspecto
relacionado con el análisis de datos, ofreciendo una rutina de análisis prometedora que podŕıa
en principio ser usada para otros tipos de caracterización.

Por último, la reducción termal in situ de copos de óxido de grafeno se ha estudiado dentro
de un TEM. Los análisis TEM/EELS a varias temperaturas han permitido aunar suficiente
información como para poder elaborar una hipótesis completa sobre qué grupos se desorben de
la muestra a qué temperaturas, y qué implica esta desorción para la muestra en śı.

Para concluir, estos trabajos han hecho avanzar el entendimiento sobre los diversos materiales
1D y 2D presentes en ellos, aśı como sobre los posibles cambios que pueden sufrir; lo cual puede
ser beneficioso para el desarrollo de diferentes tipos de aplicaciones en el futuro.
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1

Introduction to this manuscript:
From electron microscopy to
nanomaterials

In this introductory chapter, we will cover the motivation of this whole manuscript. There are
three main axes that intertwine along the studies: Electron microscopy, electron energy loss
spectroscopy and nanomaterials. These three subjects are presented and discussed in a proper
manner, although we provide a briefer explanation of the latter since each nanomaterial of
interest is detailed in their corresponding experimental chapters.

1.1 Motivation of this manuscript

The motivation for all of these works can essentially be divided into two different but converging
lines of work. On the one hand, we have the study of fundamental properties in nanomaterials,
which has been the core of a vast amount of research in the past few decades. However, for
this purpose the analytic techniques related to the transmission electron microscope sometimes
need to be taken up a notch to provide further information on the study of these fundamental
properties. Here we provide some insight on both these concepts.

1.1.1 Nanomaterials: fundamental research for future applications

As we have stated, research on nanomaterials is a field that has attracted a great deal of research
interest over the last few decades for its many possible applications. Thanks to these applications,
nanomaterials have obviously revolutionised the world of physics, chemistry and material science,
but also that of disciplines so seemingly far as medicine, biotechnology and engineering. However,
in order to know what those applications are and how to get to them, it is vital to perform
fundamental research on these materials and their properties. Along this manuscript, the main
properties focused on have been the optoelectronic response of nanomaterials, as well as their
response to in-situ modifications either by means of temperature or by means of beam irradiation.
A brief summary of these experiments is shown in Section 1.8



2 Introduction to this manuscript: From electron microscopy to nanomaterials

1.1.2 Electron microscopy and spectroscopy: taking the techniques a step
further

As we have said in this section, as the need for a better understanding of nanomaterials arises,
it is accompanied by an increasing urge for the analysis techniques used to study them to catch
up in a way. There is a myriad of different and novel analytic techniques for the characterisation
of nanomaterials. Out of these techniques, two of the most prominent technique families are
microscopies (including, but not limited to, optical microscopy, focused ion beam, electron mi-
croscopies, scanning probe microscopy, etcetera) and spectroscopies (including energy-dispersive
x-ray spectroscopy, x-ray photoelectron spectroscopy, electron/ion energy loss spectroscopy, in-
frared, ultraviolet, cathodoluminescence, and many more). Our work will be focused on trans-
mission electron microscopy in various forms, as well as electron energy loss spectroscopy. Both
techniques are pushed forward in several different ways:

• First and foremost, the combination of electron microscopy and EELS, in and of itself,
offers a better amount of information when compared to both techniques separately. This
is discussed in detail in Section 1.5.2.

• Secondly, both the electron microscopy and the electron spectroscopy techniques shown
in this manuscript have had their own individual improvements, by means, for example,
of aberration corrected microscopy or monochromated EELS. These improvements are
discussed in sections 1.3.2 and 1.4.1.

• An additional improvement to these techniques comes after the gathering of the pertaining
data. Novel or more accurate ways to analyse our data, especially our EEL spectra, greatly
improve the quality of our research. This is especially visible in the experimental results
in chapter 3.

• Finally, the opportunity to actually modify our nanomaterials within the electron micro-
scope allows to not only perform static studies of a sample with specific environmental
parametres, but also to study the evolution of said materials when modifying these parame-
tres.

However, in order to achieve such feats in the different techniques and materials used, one
must start by knowing about them in depth, starting by the main technique of this manuscripte
with no doubt whatsoever: the transmission electron microscope.

1.2 The transmission electron microscope

The main driving force behind most , if not all of the research shown in this manuscript, is that it
has either been performed in a transmission electron microscope or related to it. Understanding
its working principle and how it has been improved over the years is key to fully comprehend the
subject of this thesis. In this section, we try to give a detailed explanation of every technique
related to this manuscript that can be performed within an electron microscope, from their
working principle to their implementation and applications.

1.2.1 Brief history of the transmission electron microscope

The history of transmission electron microscopy can be traced back to a bit less than a centrury
ago. In 1924, Louis DeBroglie initially proposed a dual character of electrons as both particles
and waves [1], which was confirmed in two different experiments by Davisson and Germer on
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the one hand and Thompson and Reid on the other hand, two years later [2]. This proposition
had many different applications, one of them being that particles could, in theory, be used to
image samples in the same way as electromacnetic waves, such as light.

However, in order to achieve this, it was necessary to be able to guide beams of moving
electrons in a similar way lenses guide light. The basis for this kind of technology came from
the study from Busch in 1926, who calculated the trajectories of charged particle beams under
different sorts of magnetic and electric fields [3]. This would eventually evolve into the devel-
opment of the first electron lenses, which were the thesis subject of Ernst Ruska, who would
become one or the fathers of electron microscopy [4]. Two years after this dissertation, the first
electron microscope was built by Ruska and Knoll [5, 6], which would eventually earn Ruska the
Nobel Prize in 1986. This first-ever micrsocope can be seen in Figure 1.1.

Figure 1.1: The electron microscope built by Ruska and Knoll in Berlin in the early 1930s. Source: [2].

In only three years, developments in this kind of microscope made it surpass the resolution
of conventional light microscopes, with 40 nm in resolution [7]. By 1939, the first commercial
TEMs were available, with a spatial resolution around 10 nm, which can be seen in Figure 1.2
and just one year later RCA systems offered 2.5 nm in resolution. The next decade brought
with it an increase in resolution that left it below the nanometre limit [8]; and in the mid 1970s,
many commercial TEMs were already able to resolve individual atomic columns in crystals,
which originated the concept of high resolution TEM or HRTEM, which we will focus on in
Section 1.3.2.

From then on, different routes have been used to improve the resolution in TEM, from higher
accelerating voltages to the MeV range, obtaining better resolution but damaging in turn the
samples measured. The true revolution for the increasing of spatial resolution in transmission
electron microscopy would come with the advanced aberration correction of the microscope
electron lenses. This topic had been worked on since the 1940s [9], but it did not achieve an
actual improvement of the resolution of an electron microscope until the studies by Zach and
Haider in 1995 [10].This will be seen in section 1.3; as well as improvements in data analysis,
which will be seen throughout this work. Even though there is still a long path before us, much
more has already been developed with regard to this technique.

1.2.1.1 Interactions between electrons and matter: a brief review

To properly understand electron microscopy, as well as many of the techniques derived from it,
it is vital to understand the interactions that take place between an electron beam and a sample.
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Figure 1.2: Siemens’ first commercial electron microscope, 1939. Source: [8].

The first notion that is important to understand, is which kind of sample can be imaged in a
TEM. The first and most important aspect for a sample to be imaged is its thickness. Due to the
diffusion of electrons in thick samples, it is important that the sample is thin enough that most
of the electron beam can get through the it. We use the term ”electron transparent” for samples
that are thin enough for this. The thickness below which a sample is electron transparent is not
a fixed value, but it ranges from a few nanometres to a few tenths of nanometres, depending on
the density of the sample.

The interaction of high energy electrons with matter has been extensively studied in the past
[11].There is a considerable amount of phenomena taking place when a high-kV electron beam
impacts a sample, as it can be seen in Figure 1.3. This comes from the electron beam being
an ”ionising radiation”, that is, a radiation capable of removing one of the inner-shell electrons
from the sample atoms [2]. We can group these radiation interactions (or lack thereof) in five
main categories:

• The first category comprises the electrons that do not interact with the sample in any
way. This forms the sometimes wrongfully denominated ”transmitted beam”, where the
electrons follow the same trajectory and have the same energy as the incident beam.
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• The second category deals with the electrons that do interact with the sample, being
scattered by it. This scattering encompasses transmitted elastically scattered electrons
(which we will delve into in Section 1.2.1.2, inelastically scattered electrons (which we
will talk about in the same section) and backscattered electrons (BSE), which scatter
back to the same side of the sample that the incident beam focuses on. Backscattered
electrons are not a part of transmission electron microscopy per se, since they are not, by
definition, transmitted electrons. However, in some TEM systems, BSE detectors exist as
an additional feature. Nevertheless, in the case of scanning electron microscopy (SEM),
BSE are of great importance both for imaging and analysis.

• Inelastic scattering implies a transfer of energy from the electrons to the specimen, which in
turn excites the atoms of said specimen producing a myriad of different phenomena. These
include the emission of secondary electrons from the sample (electrons that were within the
atomic structure of the sample), the emission of different optical radiations coming from
different characteristic transitions in the sample (both X-Rays and visible light), as well
as the emission of Auger electrons. These eletrons, discovered by Lise Meitner in 1923, are
emitted after an inner shell electron is ejected from an atom due to an inelastic scattering.
An electron from an outer shell replaces it, and the energy from this level transition is
given to a different outer shell electron, which can, in turn, either emit light or be ejected
from the sample atom. Within this category we can also include Brehmsstralung X-Rays,
produced by the energy lost by electrons decelerating due to their interactions with the
sample. These X-Rays are not of direct importance to electron microscopy itself, but they
hold importance for other techniques that can be performed in an electron microscope,
such as EDX.

• Finally, the last category refers to the phenomena taking place within the excited sample.
On the one hand, the sample can get negatively charged, especially if it is non-conducting.
In other words, some samples are susceptible of absorbing electrons. On the other hand,
this kind of excitation can also produce electron-hole pairs, also known as excitons, which
will be of importance during several parts of this manuscript.

1.2.1.2 Electron Scattering

In the previous subsection we have hinted the concept of scattering, which we will focus on in
this part of the chapter. Scattering is, without a doubt, the main interaction between an electron
beam and a thin sample and, much like light scattering is responsible in one way or another
for all light optical systems, from microscopes to telescopes, a similar statement can be made of
electron optical systems such as TEM. Furthermore, in the same way as light, for something to
be ”visible” using TEM, it is needed that this object scatters electrons in some way[12]. From
a wave point of view, we can think of a uniform electron beam as a planar wave front upon our
sample. The transmitted wave contains the information necessary for the imaging of the sample
[11].

From the different types of phenomena shown in Figure 1.3, we will focus on the electron
signals transmitted through the sample. This comprises the direct beam, that is, the beam
formed by the electrons that do not undergo any kind of scattering, electrons that are elastically
scattered through the sample, diffracted electrons, refracted electrons and inelastically scattered
electrons.
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Figure 1.3: interactions generated when a high-energy beam of electrons interacts with a thin specimen.
Most of these interactions can be detected in different types of transmission electron microscope. The
directions shown for each signal do not always represent the actual direction of the signal but indicate, in
a relative manner, where the signal is strongest or where it is detected. Edited from [2].

Electron scattering concepts
In order to define electron scattering, it is important to define the following parametres:

The point-spread function (PSF) of a certain scattering at the image plane could be
interpreted as the image of a point source after undergoing a certain type of scattering [13].
This point spread function can also include aberrations affecting each sort of scattering, so it is
a relevant parametre to take into account to describe scattering phenomena. This point spread
function can be seen as the projection of the scattering function of the source on a plane that
is perpendicular to the scattered beam. A good approximation for this scattering function is a
Lorentzian angular distribution that terminates bruptly at a cutoff angle θc.

For inelastic scattering, literature shows there is a characteristic angle θE for each phe-
nomenon of inelastic scattering [13], where there is a relationship between this angle, the energy
E transferred during the scattering phenomenon and the beam energy following the expression
θE ≈ E/(2E0) without taking into account any relativistic corrections. This angle is, in other
words, the median angle of the scattering distribution, and therefore the center of the point
spread function is situated at this precise angle.

The Rayleigh diffraction limit is a common parametre of any sort of image formed through
scattering, whether it is light or electron scattering. This diffraction limit is defined as:
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∆x =
0.6λ

sinβ
≈ 0.6λ

β
(1.1)

Where β is the aperture semi-angle of the optical system that is used for the imaging in
question and λ is the wavelength associated with the scattering in question.

Finally, an interesting parametre to describe an inelastic scattering phenomenon is its me-
dian scattering angle < θ >; that is, the angle within which half of the inelastic scattering is
contained.

Elastic scattering Elastically scttered electrons are the main source of contrast in TEM
images and electron diffraction patterns.

There are two main notions in elastic scattering, and they are both important for different
parts of this manuscript. These two notions are high-angle elastic scattering by a single atom
by an atom nucleus and low-angle elastic scattering by a thin surface, either monocrystalline,
polycrystalline, amorphous or a combination of the above. The latter will be called diffraction
from now on, even though some of the elastic interactions between the beam and the sample
might not fall under this catergory as we will define it.

When it comes to single atom scattering by an atom nucleus, a good starting point is the
Rutherford scattering equation, which relates the differential cross section for this kind of high-
angle scattering by a nucleus alone as a function of the scattering angle θ:

σR(θ) =
e4 · Z2

16(4πε0E0)2
· dΩ

sin4 θ
2

(1.2)

Where e is the electron charge, Z is the atomic number of the nucleus, E0 is the energy of the
incoming beam and dΩ is the differential of solid angle. Electron screening can have an effect of
diminishing the effective charge seen by the incoming electrons and correction factors arise from
this event, but the main notion to be had is that this differential cross-section is dependent on
the atomic number of the nucleus scattering the incoming electrons. This will be of importance
when explaining HAADF STEM imaging.

When it comes to diffraction, we can understand this phenomenon, much like with light, by
treating the incident electron beam as a planar wave. The concept of using waves with a shorter
wavelength (e.g., a higher energy) would undergo a diffraction process by the sample atoms
themselves. In this sense, each atom that interacts with the incident beam can be thought of as
a source of secondary spherical wavelets [14]. The interference between these wavelets depends on
the atomic structure of the sample. This is the origin of one of the two main contrast sources in
TEM imaging, diffraction contrast. The electrons conforming this diffracted beams are scattered
at low angles. In the case of crystalline materials, these angles are characteristic for the crystalline
structure being imaged [12].

It is known from light optics that two diffracted rays are in phase (and therefore, interfere
constructively) if their path difference is equal to the wavelength of said rays multiplied by an
integer number. Although Laue proposed a successful mathematical model for this phenomenon,
nowadays we use the simpler approach developed by Bragg and Bragg (father and son). This
approach describes diffraction as a reflection of a plane wave incident at a certain angle by two
atomic planes spaced out by a distance d. This is the general notion used not only in electron
diffraction, but in any kind of optical diffraction, and is valid not only for reflected waves but also
for transmitted waves, since the condition for constructive interference is the same. A scheme of
this approach is shown in Figure 1.4
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Figure 1.4: Bragg’s description for diffraction in terms of the reflection of a plane wave of wavelength
λ, incident at an angle θ to atomic planes with a spacing d among them. Source: [14].

As we can see in this image, the difference in path between the incident and the scattered
wave is the segment AB plus the segment AC, which we can derive from the interplanar distance
and the incidence angle:

AB = BC = d · sin θ (1.3)

And by applying the constructive interference condition previously described:

n · λ = 2 · d · sin θ (1.4)

In other words, for a specific crystalline material, only the angles that fulfill this condition
(also called Bragg angles, θB) will have constructive interference and therefore a high scattering
cross-section. This will be delved into in Section 1.2.5 and 1.2.3.

Inelastic scattering Along with elastic scattering, there are scattering phenomena taking
place simultaneously that do imply an energy exchange. This energy exchange is appreciable,
as hinted by the similarity in mass between the projectiles in the electron beam and the target,
that is, the sample atoms and nuclei [15]. In ascending order of energy, here are several different
excitations that can give rise to this kind of scattering [16] [12] :

• The least energetic phenomena consists on the collective vibration of the atoms in a certain
sample, commonly known as phonons. They did not use to be visible in terms of EEL
spectroscopy, but new monochromators have rendered these features visible.

• - Some electronic properties like a semiconductor band gap can induce scattering phenom-
ena when overcoming the conduction band energy, producing intraband transitions. This
is explained in detail in chapter 2.

• - The creation of electron-hole pairs, also known as excitons, is a possible outcome of
inelastic scattering as well. This kind of phenomenon happens at different energies from
sample to sample, and it can rule other electronic properties in the sample such as the
band gap. This is further discussed in section 1.4.3.1 and chapter 2.

• - An adittional phenomenon that can result from this sort of scattering is the collective
oscillations of electrons in the sample, commonly known as plasmons. These will be a
crucial part of this manuscript, and we will come back to them in depth in Section 1.4.3,
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chapter2 and chapter4. Plasmons can occur in pretty much any material with weakly
bound or free electrons, but they tend to occur mainly in metals.

• - Finally, as long as spectroscopy goes, we also have inner-shell ionisations, which happen
when a beam electron transfers enough energy to a core-shell electron (that is, an electron
in the inner shells of the atom) to move it outside the attracting field of the nucleus of said
atom. It is the basis for high energy EELS, as well as many other phenomena from the
ones shown in Figure 1.3, such as light and X-ray scattering, Auger electrons or secondary
electrons.

With the exception of the last mentioned phenomena, in general terms the other four phe-
nomena mentioned result from the interaction between the electrons in the incident beam and
the conduction electrons in the sample. We will go back to these concepts and how they relate
to electron spectroscopy in Section 1.4.3.

The delocalisation of inelastic scattering Generally speaking, all of the phenomena men-
tioned take place between the incident beam and the electron beam. This kind of electron-
electron interaction comes from electrostatic forces, which present quite a long-range nature
with respect to the typical sizes in these sort of experiments. This implies there is a basic limit
for the spatial resolution we can obtain using techniques related to inelastic scattering.

If we consider the inelastic scattering phenomena to be defined by their distribution of
scattering probability [13], also called object function [17], we can define the delocalisation of
each inelastic phenomenon as the width of its correspondent distribution in the real space.

The mean free path There are several ways to describe a particular interaction (elastic
scattering, inelastic scattering, etc) between electrons and a particular sample. One of the most
employed ones, and the one we will use for the purpose of this manuscript, is the mean free
path.

Simply put, the mean free path of a specific electron scattering interaction is the average
distance an electron travels between scattering events of a specific kind [11, 12]. This means
that there are both elastic and inelastic mean free paths. The latter can be used to estimate the
thickness of a sample using EEL spectra, as it is shown in Section 4.2.3.1 of this manuscript.

Generally speaking, these parametres are important in the realm of TEM studies, since it
provides an estimate of the maximum thickness a sample can have without having a significant
amount of plural scattering (which could have negative effects in terms of TEM and EELS
resolution).

1.2.1.3 Electron diffraction and the reciprocal space

In a similar way to other scattering diffraction interactions in matter, such as X-rays or other
charged particles, in order to talk about electron diffraction and the importance of the analysis of
electron diffraction patterns in microscopy works, it is important to address how this diffraction
process occurs from a geometrical point of view. For this purpose, we offer a brief explanation
on the reciprocal space in crystallography and how it relates to electron diffraction [18].

For the subject of our studies (that is, crystalline and amorphous thin samples) we can
think of them as atomic sets that can present some sort of periodical arrangement (such as
graphene or TMDs, crystalline materials) or more of a disordered structure (such as amorphous
carbon or GO). For the first kind (crystals), we can conceive two different representations for the
arrangement of the atoms in these materials. The first one has to do with the specific position
of each atom. We call this representation the real lattice of a crystal.
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The second kind of representation is an array of points which is specifically defined for each
particular crystal but does not relate to the position of the different atoms; instead, each point
is related to a particular set of planes in the crystal. We call this the 3D reciprocal lattice of a
crystal.

In a more general way, instead of speaking only of real and reciprocal lattices, we can refer
to real and reciprocal spaces, the vectorial spaces where these lattices take form.

We can picture a sphere in the reciprocal space centered at the origin of coordinates an with
a diametre of 1/λ (which is generally called the Ewald sphere for its inventor P. P. Ewald [19].
If we superimpose the reciprocal lattice of a sample and the Ewald sphere, we can see that, for
the points where the lattice and the sphere intersect, the Bragg condition (see equation 1.4) is
met and constructive interference is achieved. For high energies, such as the ones shown in these
works, λ is very small and the Ewald sphere has a much bigger radius, therefore having a flatter
edge and intersecting more points.

This comes of interest if we think about electron diffraction patterns in the TEM. A diffrac-
tion pattern is, on the one hand, the intensity distribution of the scattered beams at the diffrac-
tion plane, but it is also the projection of the intersection between the Ewald sphere and the
reciprocal lattice. This implies that there is a lot of information about the atomic structure of
a material that can be gathered from its electron diffraction pattern.

1.2.2 Working principle of a transmission electron microscope

The working principle of a TEM can be thought as an analogous path to the working principle of
a conventional transmission optical microscope. The radiation beam (in this case the accelerated
electron beam) is produced at a source, a lamp of sorts. This beam is then conveyed onto the
sample by means of a set of lenses. After the radiation goes through the sample in question, an
additional set of lenses convey the transmitted beam in order to form an image.

However, this parallelism has to be taken within context, and it is important to understand
how each of these processes happen in order to better understand electron microscopy.

1.2.2.1 Elements of an electron microscope

In order to understand the working principle of TEM, it is necessary to know of its different
parts first. Following the previous analogy, an electron microscope needs to have an electron
source, a way of conveying said electrons onto a sample and forming an image with it, and a
way of visualising said image. This section is dedicated to these different parts.

Electron sources
A reliable electron source is key for electron microscopy of any kind. Much like with its light
counterpart, a good electron source must produce an electron beam of high intensity and coher-
ence, concept that will be delved into in this section.

There are mainly two mechanisms for the production of an electron beam, both based on
giving the electrons enough energy to overcome the natural barrier that keeps them within a
solid, called the work function of a material [20]:

• The first mechanism is called thermionic emission. By heating up any material to a high
enough temperature, it is possible to give the electrons in said material enough energy
to ”leak out” from it by overcoming the work function threshold. In most materials
this amount of energy would either melt or vaporise it, so the only viable materials for
thermionic sources are either those with a high melting point or those with a really low
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work function. In modern microscopes, the electron sources using this mechanism are
mainly made of LaB6 or W.

• The second mechanism is called field emission (FE). This mechanisms is based on two very
well known concepts in fundamental physics: The tunnel effect and the tip-induced effects
on electric fields, which are explained in detail in Section 3.2.3. These tip-induced effects
imply that the strength of an electric field E is importantly increased at sharp points.
Applying a high potential to an extremely fine metallic tip increases the electric field at
the tip greatly, lowering the work-function enough so that the electrons of the material can
tunnel out of the tip. A vital factor for field emission to occur is that the surface of the
tip has to be pristine. One way to achieve this is to operate in ultra-high vacuum (UHV)
conditions (pressures under 10−9 Pa). This is what is commonly known as cold FEGs. The
other way to achieve this is to keep the surface pristine in worse vacuum conditions by
heating it.

In order for an electron source to produce an electron beam, it is necessary to build a
device commonly known as an electron gun. Simply put, this device accelerates and focuses the
electrons coming from the different electron sources. There are electron guns that produce an
electron beam using either thermoionic or field emission mechanisms, and a third kind that uses
both mechanisms at once, also called Schottky electron sources.

In the case of thermionic guns, the electrons coming out of the heated filament need to
be focused somehow before accelerating them. This is done by means of an electrostatic lens
known as Wehnelt. After this, the focused electrons undergo acceleration by means of an anode,
applying the desired acceleration voltage between this anode and the Wehnelt and the source,
which act as a cathode.

As for FEG, their working principle is much simpler than that of thermionic guns. In order
to get a FEG to work, the FEG source acts like the cathode for two different anodes. The first
anode is charged several KV with respect to the tip, providing the extraction voltage needed to
generate the high electric fields mentioned before. The second anode is used to accelerate the
extracted electrons to the desired energy. It is important to know that the spatial coherency of
these guns is dependent on the size source, so new research is being made of smaller sources for
FEG such as nanowires [21] or carbon nanotubes [22, 23].

Interaction of electrons and magnetic fields
The interaction between a moving charge and a magnetic field can be derived from the Lorentz
force law for a charge moving at a speed v and subjected to an electric field E and a magnetic
field B:

~F = q · ~E + q~v × ~B (1.5)

From the magnetic contribution to this law, we can deduce that the magnetic force acting
on an electron is perpendicular to both its velocity vector and the applied field on each point.
We can also deduce that the magnitude of this force for a specific electron in an electron beam
is:

Fe = e · v ·Be · sin θe (1.6)

Where v is the velocity of v is the electron velocity, Be is the magnitude of the magnetic
field at the point where the electron is, and θe is the angle between the magnetic field and the
velocity vector of the electron at said point.
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Knowing the interaction between electrons and a magnetic field means it is possible to
produce magnetic fields in a way that can focus an electron beam in an analogous way glass
lenses can focus light. This kind of device is known as an electron lens.

Electron lenses
During this chapter, the analogy between optical and electron microscopy has been brought
up several times. When it comes to electron lenses, this is still very much the case. The name
electron lense derives from optical lenses, in the sense that they can do to electron beams what
glass lenses can do to light beams, that is:

• Take the rays coming from a certain point A in a sample and recreate a single point A’ in
a specific image plain.

• Focusing electrons with parallel trajectories in the focal plane of the lens.

However, unlike glass lenses, this kind of lenses can vary in magnification or focus, as we will
see in this section.

An electron lens consists of two main parts. On the one hand, we have a cylinder (sometimes
a cone) made of a magnetically soft material (that is, easily magnetisable and demagnetisable,
such as soft iron) with a hole through its centre. A lense can have several polepieces, which can
be part of the same soft iron or completely detatched. A respresentation of an electron lens with
two connected polepieces (upper and lower) can be seen in Figure 1.5.

Figure 1.5: Schematic diagram of a magnetic lens. The magnetically soft iron polepieces sit in the hole
down the middle of the lens and are surrounded by copper coils. Current runs through these copper coils
in order to magnetize the polepieces. This cross section allows the bore and the gap between the polepieces
to be visible.

The distance between the upper and lower polepieces is called the gap, and the size of the
hole within the polepiece is called the bore. In this kind of lense, the bore-to-gap ratio controls
to an extent the focusing of the lens.

The second part of these lenses is a coil of copper wire that surrounds each polepiece, which
basically acts as solenoid when we pass an electric current through it creating a magnetic field
that magnetises the polepieces. This field is inhomogeneous on the plane perpendicular to the
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electron beam, but homogeneous on the direction parallel to the beam. On the beam axis, this
magnetic field has the weakest value, and it increases in strength the closer a point is to the
sides of the polepiece.

In simple terms, this means that the more the electrons travel off axis the more strongly
they are going to be deflected, which is an analogous behaviour to the interaction between light
and a spherical glass lens. However, there is a very important difference between the two: in the
case of electron lenses, we can change focus, the intensity of illumination or the magnification
an optical system provides by changing the strength of the lenses at will, which can be done by
changing the current in the coil.

Apertures
Another fundamental part of an electron microscope are apertures. They consist of interchange-
able metallic disk structures with holes of various diametres that are placed along the column of
an electron microscope. The aperture is the name for the hole in said disk, while the disk itself
is called a diaphragm. Their function is mainly selecting to what extent off-axis electrons will
be used for the construction of an image.

For example, the collection aperture on the objective lens of an electron microscope deter-
mines its collection semiangle, which in turn limits the scattered intensity that is collected by the
microscope. This can affect the resolution of the image formed by the lens. An aperture closer
to the sample can also be used to select the region of a specimen (or its diffraction pattern) that
is going to be analysed, like the case of the aperture at the entrance of EEL spectrometres. This
can correct effects due to scattering in the sample (such as beam broadening) or even solve prob-
lems caused by lens aberrations to some extent, since the electrons closest to the optic axis are
the least affected by lens aberrations [24]. However, these pieces can contribute to aberrations
as well, as we will see in Section 1.3 [13].

Screens, cameras and detectors

In order to form an image from the electrons that go through the sample, it is vital to have
some way of detecting them. This is done by means of screens, cameras and detectors.

There are two main types of transmission electron microscopy images. On the one hand,
TEM images and diffraction patterns are both, in principle, electron density distributions. A
way of translating this electron distribution into an image that can be analysed and interpreted.
This is the function of screens and cameras. On the other hand, as we will see in Section 1.2.4,
STEM imaging employs a scanning electron probe that moves along the sample, and the image is
taken by detecting the electron intensity gathered in each point of the sample. For this purpose,
electron detectors offer the best solution.

Regarding the first kind of electron images (TEM), images and diffraction patterns are
static; which means they can be projected onto a viewing screen or camera. TEM images are
representations of the electron density variations at the image plane, and diffraction patterns
the same type of representations at the object plane.

Viewing screens in TEM are coated with a cathodoluminescent material, that is, a material
that emits photons when hit by high energy electrons, usually copper-doped ZnS, which produces
light around the visible green wavelengths. This means that the viewing screen will emit light
in proportion to the intensity of electrons impacting it [25, 26]. This has the advantage of a
live analog viewing of the images before the actual recording of an image. This was especially
important back in the day when images were recorded by photographic means and each image
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recorded implied a resource expense. However, an analogic viewing of these images might be
decreasing in favor of digital cameras, which offer several advantages, such as not needing the
lights to be out (viewing screens are best used in the dark) and the possibility for remote
viewing, which means the electron column does not even need to be in the same room as the
person performing the study.

In the context of this mansucript, we will understand the term ”camera” as a type of serial
electron detector, that is, one that can detects several values of intensity at once and therefore
can ”see” an electron density distribution. The current devices being used for this purpose are the
so-called charge-couple device (CCD) and complementary metal-oxide semiconductor (CMOS)
detectors. These detectors are able to digitally store the charge generated by light or electrons.
They consist of a series of arrays of pixels where each pixel is a capacitor electrically isolated
from its neighbouring pixels by means of potential wells under each cell. In other words, these
devices accumulate charge proportionally to the incident electron radiation intensity [27, 26] and
therefore can construct, by means of specialised software, a digital TEM image. This detection
used to precise of an intermediate scintillator to convert the electron distribution onto a light
distribution, since detectors were not resistent enough for high energy electrons. However, nowa-
days direct electron detection using CMOS has started to be implemented in TEMs, which offer
a detection method involving less steps [28]. This is of interest for the development of ultrafast
electron microscopy [29]

As for STEM imaging, the devices used for image recording are sequential electron detectors,
that is, detectors that take one single reading of electron intensity but do so periodically. These
are not limited to forward scattered electrons, secondary electron and backscattered electron
detectors are used in SEM imaging, but we will focus on those used in transmission electron
microscopy since this is the technique that concerns this manuscript.

There are two main kinds of annular sequential electron detectors. First we have semicon-
ductor detectors (generally a p-n junction) where the incoming electrons create electron-hole
paris that are separated by the p-n junction internal bias, therefore converting the impacting
electrons onto a current between the surface contacs of the detector. The second kind are based
on CL just as the fluorescent screens. However, here the scintillator material needs to have a
much lower decay time [27]. This signal is then amplified by a photomultiplier.

An additional type of detectors are segmented detectors, generally in 4 quadrants, which are
used for Integrated differential phase contrast (iDPC) which allows for direct phase imaging in
STEM, increasing the effective resolution and contrast in thin samples[30, 31].

There are several kinds of STEM detector configurations in a STEM optical system, which
we will delve into in Section 1.2.4. These are used depending on the type of sample that is being
analysed and the sort of image that we want to take of it.

Spectrometres
Performing diverse types of spectroscopy within a TEM is one of its many advantages with
respect to other techniques. In this sense, spectrometres are not a fundamental part of an electron
microscope in the sense that a TEM can perfectly work without the need for spectrometres, but
they do open a new world of analytic possibilities within the instrument.

There are mainly two kinds of spectrometres to be found in TEM optic systems. The first
one is related to the photons the sample can produce when excited by an electron beam. This
interaction generally produces X-rays, but in some materials we can see a cathodoluminescence
phenomenon, where the sample produces light in the visible spectrum in an analogous way to a
photoluminescent sample when hit by white light [32]. For these two phenomena, X-ray detectors
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and cathodoluminescence detectors exist as part of some optic TEM systems.

The second kind of spectrometre found in these systems will be explained in detail in Section
1.4.1, and it has to do with the energy loss of the electrons that undergo inelastic scattering
when going through the sample. This, along with X-ray spectroscopy, are the two most used
spectroscopic techniques in the TEM.

Aberration correctors
These elements are also not a fundamental one in electron microscopy in the sense that we can
find current microscopes that do not feature this element, but it has revolutionised the reach of
electron microscopy in the last two decades.

Transmission electron microscopes are not perfect optical systems, and like any other real
optical system, there are aberrations that arise from an imperfect working of the lenses in the
microscope. As it will be delved into in Section 1.3.2, there are certain devices that can be
included in a TEM to compensate for these aberrations.

Monochromators
In a similar way that aberration correctors compensate for the imperfections the optical system
has that affect the spatial resolution of the microscope, monochromators do a similar function
for the imperfections the electron source has that affect the energy resolution of the beam, that
is, the width of the energy distribution in the incident beam. To do so, the monochromator
builds an energy spectrum off the electrons ejected by the electron source and projects them
onto an energy-selecting slit, which defines the energies of the electrons that will form the final
electron beam. This working principle is very similar to the EFTEM mechanism and the EELS
spectrometer, which will be seen in following sections [33].

As with any other aperture in the TEM system, the inclusion of a monochromator, although
having the advantage of greatly reducing the energy spread of the electron beam, includes some
optical aberrations of its own. Recent works, of which the ones by Krivanek et al are particularly
remarkable, have dealt with the improvement of monochromators in TEM systems to the point
of arriving to an energy resolution around ∼ 10 meV [34, 35, 36]. This is not only a remarkable
improvement in terms of chromatic aberration, but also a very important step forward for EELS
in terms of resolution.

1.2.2.2 Basic optics of an electron microscope

Now that we know what are the different parts that conform a TEM, we can have a look at the
general optics of an electron microscope using these parts. These concepts are summarised in
Figure 1.6

The electron beam is produced and focused in the electron gun. From there it is conveyed to
the sample by means of one or several condenser lenses. A condenser aperture is set between the
condenser lenses and the sample, which allows us to choose the collection angle of the electron
beam. From there, the electrons impact the sample either with a parallel or a focused beam
depending on the configuration being used (that is, conventional TEM, CTEM, or scanning
TEM, STEM). This is the region of the microscope where phenomena like X-ray scattering and
cathodoluminescence take place, so the detectors for the analysis of these features are located
on this section of the microscope.

From there on the transmitted electron beam is conveyed by an objective lens, which also
features an objective aperture that serves to choose which section of the transmitted beam is
used for imaging. After this, the electron beam goes through an imaging system, that is different
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Figure 1.6: General scheme of the assembly of the optical system of a transmission electron microscope.
Elements are not shown to scale.

depending on whether we have a CTEM or a STEM and will be delved into in sections 1.2.3
and 1.2.4.

Below the imaging system, in the electron microscopes that feature it, we can find an EELS
setting to perform this sort of spectroscopic analysis. This device will be explained in detail in
Section 1.4.1.

After we have explained the basic working principle of the transmission electron microscope,
it is time to focus on its two main working configurations: the parallel beam TEM imaging and
the focused beam STEM imaging.

1.2.3 Parallel beam TEM imaging

The first configuration to take into account is the one commonly known as conventional TEM,
where we use a ”parallel beam” to interact with the sample. It is important to notice that, in
this section, parallel does not necessarily mean completely parallel but rather a beam that is
not very convergent [37].

A beam that is almost parallel can be achieved with two condenser lens, which we will from
now on call C1 and C2. C1 forms an image of the electron gun crossover, and C2 is set to form
an underfocused image of this, hence producing a beam of low convergence.

However, nowadays all TEMs have an additional lens that allows for a much more parallel
beam. This last lens can also switch a microscope from CTEM configuration to STEM config-
uration, hence the name of upper objective lens (an objective lens that is situated before the
sample in question), that is also called a condenser-objective lens or, in this particular configu-
ration, C3. Here, C1 and C2 are used to create an image of the crossover of the electron gun at
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Figure 1.7: Parallel-beam operation in the TEM. Left: Two lens configuration, using just the C1 and
an underfocused C2 lens. Right: The practical situation in most TEMs; using the C1 and C2 lenses to
image the source at the FFP of the condenser-objective lens, and therefore creating a truly parallel beam.
Edited from [37]

the focal point of C3, hence producing a parallel beam. The optical arrangement of the CTEM
configuration with two and three lenses can be seen in Figure 1.7

Nevertheless, this is only half of the structure of a CTEM. After being transmitted through
the sample, this electron beam needs a second set of lenses in order to be able to form an image
with it. For this purpose, we use objective lenses, along with objective apertures that serve the
purpose of selecting electrons that have been scattered through a particular angle[37]. This al-
lows for image formation using not only the paraxial electron beam (CTEM bright field mode),
but also a specific diffracted beam (CTEM dark field mode), as shown in Figure 1.8

Figure 1.8: Comparison of the use of an objective aperture in C hbn TEM in two different positions
to select either the direct beam, forming BF images (left); or the scattered electrons, forming DF images
(right). Edited from [37].

After the first image is formed by the objective lens, there is the possibility of improving
the quality of this first image by means of an aberration corrector, which we will describe in
detail in Section 1.3.2. This image can then be magnified by a set of lenses, ending with a
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Figure 1.9: Scheme of the CTEM structure used for the works presented in this manuscript.

projector lens. An additional aperture is found in these intermediate lenses, with the purpose
of being able to select a specific area for a TEM or TEM/EELS study. After being magnified,
this electron density can either be projected onto a TEM viewing screen or camera for imaging.
Finally, EEL spectroscopic analysis can be performed if the microscope in question features an
EEL spectroscopic system, which encompasses yet another aperture to use electrons as paraxial
as possible, along with a magnetic prism, a multipole system able to convey the electron beam
onto the magnetic prism and focus it properly on its way out, and an EELS detector. A scheme
of this complete TEM structure can be seen in Figure 1.9, and it is a simplified scheme of the
image-corrected TEM used for this work, which will be described in Section 1.6.
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Origin of contrast in TEM imaging: Amplitude and phase contrast

In order to form an image in any kind of optical system, there is a need for a difference in
intensity between the points of said image. We call this difference in intensity contrast.

In TEM imaging, contrast comes from the scattering of the incident beam by the sample. If
we think of the electron beam as a wave set, this wave can change both its amplitude and its
phase as it goes through the sample. Both of these changes are the source of image contrast in
TEM, hence the distinction in this kind of microscopy between amplitude contrast and phase
contrast. In general, both kinds of contrast can contribute to the overall contrast of an image,
although we can selec experimental setups where one will rule over the other.

We will focus on the first of the two, since it is the most relevant for the purpose of this
manuscript.

In CTEM configuration, the amplitude contrast can be differentiated into two very clear
sources: mass-thickness contrast and diffraction contrast. We will briefly delve deeper into these
two concepts.

Mass-thickness contrast
This first source for amplitude contrast is simply related to the amount of scattering phenomena
an electron beam will undergo when going through a sample, as well as the deviations these
scattering phenomena will induce.

Let us picture two different regions within our imaging area, namely A and B. If area B has
a higher thickness than area A, or, in the case that their thickness is the same, in the case that
area B is more dense (that is, it has a higher mass and therefore its atoms are more tightly
compactec) region B is supposed to host a higher number of scattering events than area A, and
the deviations of the scattered electrons coming out of region B should be higher than in region
A. As we have seen in section 1.2.3 there is an aperture at the entrance of the objective lens in
CTEM systems. This means that, in bright field configuration, some of the ”highly scattered”
electrons from region B will not be able to get past this aperture, therefore the image intensity
for region A will be higher than in region B, hence creating a contrast between the two. A scheme
of this process can be seen in Figure 1.10

However, if we choose a diffracted beam (TEM dark field mode), region B will have a higher
amount of scattering and therefore diffract a higher amount of electrons, having a higher inten-
sity than region A. In any case, a change of mass or thickness in a sample represents a change
of this type of contrast.

In terms of applications, this sort of contrast is the basis of most of CTEM imaging, allowing
us to discern between regions with and without matter in them. Furthermore, this sort of contrast
also indicates abrupt changes of composition or thickness on a sample. A good example of this
would be the imaging of metallic nanoparticles on a carbon matrix, where the high density of
the metallic nanoparticles show as a dark contrast in bright field CTEM images. This example
is shown in Figure 1.11

Diffraction contrast There is a second sort of contrast that arises from the diffraction of
the electron beam, which has been explained in Section 1.2.1.2. We have seen that the angle at
which electrons scatter from a material is related to the structure of said material. In the case of
crystalline materials, the scattering angles are reduced to those that fulfill the Bragg condition.
We can think of the direct beam and the different diffracted beams as a set of different waves
that are focused on the same point of the image plane. When this happens, the direct beam and
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Figure 1.10: Mass-thickness contrast in a BF image. Thicker or higher-Z areas of the sample (darker,
marked with a B in the figure) will scatter more electrons off axis than thinner, lower mass (lighter,
marked with an A in the figure) areas. That means fewer electrons from the darker region get to the
image plane and therefore, the intensity of the TEM signal is lower. Source: Williams et al [38]

Figure 1.11: TEM images of Au nanoparticles. Source: Meen et al [39]

the scattered beams produce an interference phenomenon, which gives rise to what is known in
optics as an interference pattern. Since each θB is related to a different atomic plane and atomic
distance, the wavelength of this interference pattern is, in fact, the interplanar atomic distance
of the sample. However, this is merely an interference pattern and not an actual image of the
atomic planes in the sample[38, 37].

The combination of these two contrasts generally constitutes what we know as an TEM
micrograph.

Structure studies: the Fourier transform An important kind of information that can
be inferred from a TEM micrograph relates to the atomic structure in the samples. Since the
early models by Ewald in the 1930s and 1940s [40], which dealed with X-ray diffraction and its
mathematical approach, it has been seen that the reciprocal lattices explained in section 1.2.1.3
are just a fraction of the information of a specific sample in the reciprocal space, and that the
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most accurate depiction of an object in the reciprocal spaces is the Fourier transform of said
object

In this sense, TEM micrographs allow insight onto the general morphology and shape of a
certain sample, but high resolution TEM can offer real information about the general atomic
structure of a sample. This, on the one hand, can help identify the type of sample at hand,
whether it is amorphous, polycrystalline or monocrystalline. On the other hand a quantification
of the Fourier transforms of TEM micrographs can be performed in a similar way to the quan-
tification of electron diffraction patterns. this quantification can lead to the determination of
the lattice parametres in crystalline materials, which in turn can help identify a specific sample.

1.2.4 Focused beam TEM imaging: STEM

The other main imaging mode in transmission electron microscopy is known as scanning trans-
mission electron microscopy or STEM. Instead of using a parallel beam, this imaging mode forms
a ”probe”, or focused beam, to image samples by rastering them. This scanning is achieved by
the use of macnetic coils that deflect the electron probe slightly, with a spatial accuracy that
goes below atomic resolution.

The optic system to obtain this convergent beam is not too far from the one that has been
explained for a parallel beam. In essence, it is possible to produce a convergent beam using the
same two condenser lenses (C1 and C2) as in parallel beams.

In order to understand this optical scheme, it is important to understand the principle of
reciprocity when it comes to electron imaging. If we consider scattering so that all the electron
waves have the same energy, we can say that the propagation of electrons from A to B is
equivalent to the popagation of electrons from B to A. The application of this principle to STEM
[41] indicates that the condenser optics in STEM are equivalent to the objective optics in CTEM.
In a similar way, the detector plane in STEM is analogous to the illumination configuration in
CTEM [17].

However, by turning off or minimising the intensity of C2 and including a condenser-objective
lens such as the one mentioned in the previous section, it is possible to form a more convergent,
smaller probe. This is due to the distance between the lens and the sample being much smaller
compared to the distance between C1 and C3, which lowers the magnification of the gun crossover
(in this case we aspire to have a probe as small as possible)[24, 37].

After the probe is rastered along the the sample, a different mechanism is used to be able to
form an image. In this case, we do not have an electron distribution, such as the one found for
CTEM, but rather intensity values on each position where the probe scans the sample.

After the electron probe is scattered by the sample, it is possible to collect the electron
intensity that is scattered at different angles. As we have seen in Section 1.2.1.2, electrons that
interact with the atomic nucleus are scattered at higher angles that those that are not, so in
STEM systems there are three kinds of detectors:

• A detector on the optic axis of the system, set in place to collect the electrons that are
not scattered by the sample. These electrons will conform what is known as STEM bright
field images, where regions where electrons have been scattered (e.g., a sample is present)
will appear darker.

• an annular detector for scattered electrons at low or medium angles θ <∼ 3°. These
electrons will conform annular dark field or ADF STEM images.

• An annular detector for scattered electrons at high angles θ >5°. These are the electrons
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Figure 1.12: Focused-beam operation in the TEM. Left: Two lens configuration, using just the C1 and
an focused C2 lens. Right: The actual situation in most TEM-STEM systems; turning off the C2 lens
and using a lower C3 lens to obtain a more convergent beam. Edited from [37]

that hold the most information about the sample, and their collection results in the con-
struction of high-angle annular dark field STEM images (HAADF STEM images).

A scheme of the different detectors present in a STEM system can be seen in Figure 1.13. As
we have seen previously with CTEM, an actual microscope scheme is not as simple as the ones
shown in this section. Current STEM systems can provide aberration correction, which, contrary
to what is seen for CTEM, is performed not on the electron image but on the electron probe. This
means that, in this case, the aberration corrector will be situated between the condenser lenses
and the sample, and not between the sample and the imaging collection system. A complete
scheme for STEM system that is much close to the one used in this manuscript can be seen in
Figure 1.14.

Origin of contrast in HAADF STEM imaging: mass-thickness and HAADF contrast

The origin of the difference in intensity between different points of a sample in STEM has an
origin in common with that of CTEM imaging, which is related to the density and thickness of
the sample.

With relation to thickness, In a similar way to what we have seen in Section 1.2.3, if we
take two regions of a sample that has the same composition but a difference in thickness, the
amount of electrons scattered to high angles by this sample will be proportional to the thickness
of said sample and their HAADF intensities will be proportional to the thickness as well. In
this sense, we can identify regions down to the nanoscale with differences in thickness, which
has been what has allowed us to distiguish atomic flakes with a different number of layers in
Chapter 2. Another important notion, which we have already mentioned in Section 1.2.1.2, is
that the cross-section of atoms scattering to higher angles due to electron-nucleus interaction is
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Figure 1.13: On-axis and annular forward-scattered and high-angle dark field detectors. This scheme
is not depicted on scale. Edited from [27].

proportional to the size of said nucleus, that is, to the atomic number of the element in question.
The expression for the screening contrast is not as simple as the one given by Rutherford given
the influence of electron screening in this scattering process, so the proportionality between the
measured HAADF intensity and the atomic number of the nucleus scattering the electron probe
is I ∝ Zξ, with ξ taking a value between 1.5 an 2 and being generally approximated as 1.7 [42].

This means that STEM imaging, and especially aberration-corrected STEM imaging, offers
the possibility for a quick chemical identification at the atomic scale, given that we know the
composition of the sample beforehand. This has been used for the alloying degree quantification
of the samples in Chapter 2.

1.2.5 Electron diffraction in a TEM

In Section 1.2.2.1, we referred to the fact that what we call image within the optical system
of an electron microscope is just an electron distribution. However, this distribution can be
represented as a spatial distribution (that is, a conventional TEM image) or as an angular
distribution, which is commonly known as a diffraction pattern. We will only be covering parallel
beam electron diffraction because convergent beam diffraction is not of interest for the purpose
of this manuscript.

We have seen in Section 1.2.1.2 that one of the forms of elastic scattering in CTEM is
by diffraction. Diffraction in the TEM provides information on the atomic structure of the
samples being analysed, specifically the cristallinity of the sampple (or lack thereof), the type of
crystallinity in the case of cristalline samples, and whether or not there are different crystalline
orientations (or even materials) within a certain area [43].

If we go back to the optics of parallel beam TEM, it is possible to see that there is a plane
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Figure 1.14: Structure of a STEM with probe correctors and an EELS spectrometre, similar to the one
used for these works.

above the image plane where rays coming out of the sample with the same angle are focused,
the diffraction plane. A scheme of this process can be seen in Figure 1.15

Now, with this in mind, in the electron microscope it is possible to take an image of this
diffraction plane, which can be done either by lifting the camera up to the diffraction plane
(which is not recommended) or by tuning the focus of the different objective lenses so that the
diffraction plane of the optical system will coincide with the camera or viewing screen. The
image taken in these conditions is known as a diffraction pattern. It consists of a central bright
spot coming from the part of the beam that has not been diffracted and a set of features that
hold qualitative and quantitative information about the structure of the sample being imaged.
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Figure 1.15: Scheme of the diffraction plane of an optical system. The lens focuses the rays coming out
of point A and point B into two different points in the image plane A’ and B’. At the same time, there is
an intermediate plane, the diffraction plane, where rays that are scattered out of the sample at a specific
angle are focused. Source: Williams and Carter [20].

Bragg’s law has been covered in Section 1.2.1.2 (see equation 1.4). If we think of this law in 3
dimensions, in a crystalline material there are specific Bragg angles for each of the atomic planes
present in the sample (we will not take the structure factors into account for this introduction
because they are not of importance for the studies shown here). This provides the diffraction
contrast shown in Section 1.2.3, but in diffraction mode, the fact that electrons are diffracted
following different Bragg angles implies that their diffraction patterns are going to be a set of
spots that hold relation to the different atomic planes in the sample. The distance between these
spots and the central spot (the direct beam spot) is directly related to the Bragg angle at which
the electrons have been scattered, and these angles in turn are related to the interplanar distance
for a specific diffraction. In other words, the diffraction pattern of a crystalline material allows
us to reconstruct its structure.

We can think of the diffraction patterns of polycristalline materials as a linear combination
of the diffraction patterns of the different monocrystalline materials composing them. If there is
only one kind of material, this means there will be visible spots at a certain distance from the
central spot, but it will not be as easy to understand the structure of the material itself.

As for amorphous materials, we can consider it as a polycristalline material with an infinitely
small grain size. In this case the diffraction pattern of the materials show rings around the central
spot with a certain diametre.

Other types of imaging in a transmission electron microscope

Throughout the years, new technical approaches have been developed within the TEM realm.
Here we provide a very brief description of some of them.
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Electron tomography has been developed throughout the years as other kinds of tomogra-
phy (such as MRI) was developed. In essence, it is known that any TEM or STEM micrograph
is a two-dimensional projection of a 3D specimen. By gathering images from more than one
direction, it is possible to computationally reconstruct the 3D object from the 2D projections of
it [44].

Another technique that creates a 3D image of an object is electron holography, a process
that uses the information of both the intensity and the phase information of the scattered
electrons to reconstruct a 3D image. For this, a reference beam from the same source is guided
outside the sample and then deflected by a biprism so it interferes with the beam that has gone
through the sample. From this interference, the holographic image of the sample is built [45].

It is possible to image magnetic samples in the TEM, as long as there is a correction for the
magnetic field introduced by the sample. When this happens, it is possible to image the magnetic
domains using a form of phase-contrast microscopy, generally called Lorentz microscopy,
which plays with the different ways a magnetic sample with different domains deviates the
electron beam [44].

Geometrical phase analysis, or GPA is a technique used to quantify the strain in dif-
ferent nanostructures from their HRTEM micrographs. This method consists on placing a small
aperture around a strong reflection in the Fourier transform of an HRTEM micrograph (which,
as we have seen, is to some extent equivalent to its diffraction pattern) and performing an inverse
Fourier transform to this filtered image. The phase component of the complex image resulting
from this inverse transform holds information on local displacements of atomic planes. Local
strain components can be inferred by analysing the derivative of the displacement field of these
atomic planes [46, 45].

Electron ptychography is a computational method for electron imaging. When a sample
is imaged using electron microcopy, there is phase information that is encoded in the form of
interference patterns between overlapping scattered beams. As the sample is being scanned,
this phase information changes and therefore the interference patterns change in a predictable
manner, whcih can then be used to obtain the phase differences between regions in a sample
[47, 48].

Precession-assisted crystal orientation electron mapping is a somewhat novel tech-
nique that scans a precessed electron beam in nanoprobe mode (STEM mode) over the area of
the sample, creating a series of precession electron diffraction patterns. The analysis and index-
ing of these diffraction patterns can provide information on the structure of the sample being
imaged.

1.3 Aberration correction in the transmission electron micro-
scope

One of the main turnaround points, if not the main one, for both CTEM and STEM image has
been the incorporation of aberration correction into these microscopes [49, 42, 10]. As with any
other optical system, elements like electron lenses and apertures can produce optical aberrations
that, in turn, can lower the resolution of the imaging or distort the image itself. This section will
be divided into two main concepts: First, we will try to explain the cause and the shape of the
different aberrations in the electron microscope. Then, we will delve into how these aberrations
are corrected and the results of said correction.
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1.3.1 Aberrations in an electron optical system

The aberrations in an electron optical system can be mainly grouped into two catergories.
On the one hand, we have geometrical aberrations, caused by geometrical imperfections in the
TEM system, particularly lenses and apertures. These aberrations, and particularly the spherical
aberation and the astigmatism, are responsible for the spatial resolution of the sample [50],
the chromatic aberration limits the ”information transfer of high-frequent object information”
[50, 51]. Here we delve a little deeper into these different kinds of aberrations.

Spherical aberration

Spherical aberration is an aberration linked to the very working principle for electron lenses
shown in Section 1.2.2.1. This aberration occurs when the lens and its magnetic field behaves
differently for on-axis and off-axis electrons. As it has been mentioned before, in electromagnetic
lenses, the further off-axis an electron is, the more it is bent toward the axis, not just in direction
but also with a different force. as a result, a point would be imaged as a disk of finite size, which
would limit the resolution.

Chromatic aberration

Chromatic aberration can the next in importance after spherical aberration. This aberration is
due to the electrons in the beam having slight variations in energy among them. An electron
gun can produce an electron beam accelerated to a specific energy, but always with some sort
of uncertainty. As it was explained in Section 1.2.2.1, the force exerted by the magnetic field of
a lens on an electron is proportional to the velocity of said vector, which is in turn higher the
higher the energy to which it has been accelerated. A lower velocity in the axis region means the
magnetic field from the objective lens will bend these electrons more than the rest. This would
mean the image of a single point in the sample would become a small circle when projected.

Astigmatism

Astigmatism is arguably one of the most important aberrations in the TEM. This aberration
occurs when the electrons go through a non-uniform magnetic field in the electron lenses. It is
not possible to fabricate perfectly center-symmetrical polepieces to the microscopic level, which
means the magnetic field in the lens will not be completely center-symmetrical with respect
to the central axis of the microscope. Even if these issues could be fixed, off-centering of the
apertures can disturb the field even if it is just by a few Angstroms. Astigmatism, in first order,
distorts the image by an amount RA1 , where:

RA1 = β ·∆f (1.7)

Where β is the collection angle and ∆f is the maximum difference in focus that is induced by
the astigmatic aberration.

Coma

Coma is an aberration that might not be as important in terms of resolution as the abovemen-
tioned ones, but it becomes more and more important as the other aberrations are corrected.
Generally speaking, this aberration relates to a set of rays emerging from a point in the sample
plane, which passes an aperture in a given angle, leading to a circle in the image plane. Without
this aberration, the circles of a set of off-axis rays in the image plane are concentric. However,
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the effects of this aberration induces a translation between the circles for on-axis rays and those
for off-axis rays, so the image of a single point in the sample plane would appear as a comet-like
feature in the image plane, hence the name of the aberration. Unlike with light optics, due to the
helical trajectory of electrons under a magnetic field, the coma aberration related to magnetic
electron lenses has two different contributions, radial coma and azimuthal comma [50].

These are just the most intense aberrations within TEM microscopy, without taking into
account other higher order aberrations such as star aberration or rosette aberration [52].

In order to counteract the effects of these aberrations on electron microscopy, aberration
correctors have been devised.

1.3.2 Aberration correction

In some modern electron microscopes, aberration correctors are set in place for the improvement
of the images obtained by counteracting the effects of the different optical aberrations. There is
not just one corrector for all of the different aberrations that exist in the electron microscope,
so we will briefly delve into the different routes taken for these corrections.

Astigmatism is corrected by means of stigmators, which are small octupoles (8-fold pole-
pieces) that produce a magnetic field to compensate for the effects inhomogeneities have on
the magnetic field of the lens. There are stigmators both in the condenser lenses and in the
objetive lens, and they are used both for image and for probe aberration corrections. Second
order stigmators are used not only for the correction of astigmatism in the TEM, but also for
the correction of the coma aberration.

As for the spherical aberration correction, the correction system has two main variants,
one using multiple quadrupole and octupole lenses (used by Nion mostly for STEMs), and
another one using hexapoles and other transfer lenses (used by CEOS both for image and
probe correction) [24]. Since it had been proven since the 1930s that the spherical aberration
cannot be corrected in an axyally symmetrical problem [10], they both base their correction
on the displacement of the whole optical system off-axis and a further correction by means
of polepieces. Modern quadrupole-octupole correctors also account for the correction of the
chromatic aberration, which is also helped by the incorporation of monochromators into TEM
systems.

HRTEM

The application of aberration correction, under a set of specific conditions has allowed for an
instrumentation, theory and computational tools that allow for the characterisation of certain
materials at an atomic resolution, which conforms the field of study known as high resolution
transmission electron microscopy or HRTEM. Nowadays, the challenges presented are not only
those related to the instrumentation itself, but also the theory used to describe the way images
are formed[52].

Some novel studies allow for the fine-tuning of the aberration correction by means of software
alone [53, 54].

HRSTEM

In the case of STEM, aberration correction has allowed for the formation of probes with a size
comparable to atomic sizes. Providing atomic resolution to STEM has also implied providing
atomic resolution to the implicit chemical quantification provided by the contrast of HAADF
imaging [45] as well as their potential combination with spectroscopic techniques such as EELS.
Thanks to this increase in resolution, it is now possible to perform STEM-EELS analyses with
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a resolution that allows not only for the identification of specific species within a matrix to an
atomic level (such as dopants), but that also allows for the in-depth study of these species with
all the information EELS can offer [55].

1.4 Spectroscopy in a transmission electron microscope: EELS

There are several kinds of spectroscopies that can be performed within a TEM. However, for the
purpose of this manuscript, we will focus on one in particular, electron energy loss spectroscopy
(EELS).

1.4.1 Working principle of an EEL spectrometre

The main device that allows for EEL spectrometry is known as a magnetic prism. To some
extent, it works in a similar way to the polepiece lenses shown in Section 1.2.2.1, only with an
added factor: magnetic prisms provide an additional uniform magnetic field that interacts with
electrons, of the order of 0.01 T, which is generated by an electromagnet with carefully shaped
polepieces [15]. As it has been seen in Section 1.2.2.1, The interaction between accelerated
electrons and a uniform magnetic field is for the electrons to follow circular paths of radius
R, where said radius follows an expression that is dependent on the energy of each electron.
This expressions comes from the magnetic part of equation 1.5 for magnetic fields that are
perpendicular to the velocity vector of the electrons (that is, θe = 90 deg. The Lorentz principle
states that that the magnetic force on the particle is equal to its centripetal force

B × q × v =
m× v2

R
(1.8)

Where B is the magnetic field, q is the charge of the particle (which we call e in this case for its
being an electron), m is the mass of the particle (here, me),v is the velocity of the particle, and
R is the radius of the curvature of the particles. The expression fo R would be as follows::

R =
me

e
×B × v (1.9)

and by equating the energy coming from the acceleration of the electrons in the column, EV ,
and the kinetic energy of the sample, 1

2me × v2 we obtain: 2ev/m

R =
me

e
×B ×

√
2× EV
me

=

√
2×me × EV

e
×B (1.10)

Since the rest of the parametres in this equation are constant, we have a 1-to-1 relationship
between energy and curvature radius. This means that, for an electron beam with a constant
acceleration, we also have a 1-to-1 relationship between energy loss and curvature radius. This
is the working principle of EELS.

The optics of this working principle and its inclusion in a TEM system, adapted from [15],
can be seen in Figure 1.16

In this figure, the purple beam represents the whole of the electrons that go through the
sample. After going through the spectrometre aperture, that limits the maximum angle at which
the electrons can get through, the magnetic prism is able to form an image where electrons with
different energies are focused in different points. This is here represented by the blue beam,
focusing on the point I , and the red beam, focusing on the point I’ . In other words, this is able
to build an EEL spectrum. It is imporant to know that, in this schematic, the points I and I’
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Figure 1.16: EELS working principle. Left: Dispersive and focusing properties of a magnetic prism in
a plane perpendicular to the magnetic field. Right: implementing of a magnetic prism in a TEM optic
system. TEM parts not represented to scale. Source: [15].

would be on the same vertical line, since the prism acts as a lense as well, focusing the dispersion
that will later be the EEL spectrum onto a single line.

There are other kinds of spectrometers for EELS, like the electrostatic ones or some that
combine magnetic fields and their electrostatic character. However, magnetic prism spectrome-
tres in EELS (also known in this configuration as parallel-collection EELS or PEELS for the
Gatan devices) offers advantages with respect to these other kinds of spectrometers, in terms of
resolution and in ease of implementation [56].

Now that we have seen the working principle that allows for this kind of spectroscopy, it is
time to dive into the EEL spectra, their characteristics and their analysis.

1.4.2 General notions of EELS: Zero loss, low-loss and core-loss

Figure 1.17, taken from [57], displays a complete energy loss spectrum with different signaled
features.

There are several features signaled in this figure, which will be explained in depth along this
section. Out of these, there are three that relate to different energy windows in the EEL spectra:

• The zero-loss peak (ZLP) is mainly conformed by electrons that have suffered elastic
scattering or have not undergone scaterring at all. This feature is the most intense one
and its contribution renders dificult the analysis of the following low-loss EELS, as we will
see in chapter 3. It is generally considered within the low-loss region of the EEL spectra
for proximity reasons, so we will delve into it a little bit in Section 1.4.3.
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Figure 1.17: A typical EELS spectrum displayed in logarithmic scale. The zero-loss peak is an order of
magnitude more intense than the low energy-loss portion (characterized by the plasmon peak), which is
many orders of magnitude more intense than the small ionization edges identified in the high energy-loss
range. figure taken from the bibliography [56].

• The low-loss region of the EEL spectra goes up to a few tenths of eV in energy, with
a general consensus of an upper limit of this region around ∼ 50 eV. This region comprises
the electrons which have interacted with the outer-shell electrons of the atoms in the
sample, in other words, the conduction electrons of the sample. It contains information
about the optoelectronic properties of the sample and, as we will delve into in Chapter 4,
we can obtain information about the thickness of a sample and the mass density from the
analysis of this spectral region.

• The core-loss region of the EEL spectra (above ∼ 50 eV in energy) contains informa-
tion from the inelastic interactions between the electron beam and the inner or core shells
of the sample, that is the nucleus and the valence electrons. Generally speaking, it contains
information about the chemical composition and atomic configuration of the sample.

1.4.3 Low-loss EELS: features, properties and applications

As we have mentioned in the previous section, this subsection of the manuscript focuses on the
spectral window that goes from 0 to ∼50 eV in energy loss, which is a reasonable low estimate
for the energy of inner-shell ionisations.

The low energy at which this spectroscopy interacts means that we will only be measuring
the response of the valence electrons in the sample [58], although, to be completely precise,
we will be measuring the combined response of the valence electrons and the electromagnetic
field [59]. This is why, for example, in chapter 3, we are able to measure the effects of surface
plasmons even when we are not probing directly on top of our sample. In other words, low-loss
EELS is ”a direct measure of the dielectric response of the sample to the external electromagnetic
excitation” [60]

From this we can deduce that we will be able to analyse the electronic properties mentioned
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in Section 1.2.1.2 from the low loss EELS. Additionally,this energy window covers plasmons and
phonons as well, although the latter cannot be seen in most EEL spectra due to its low energy
(around 10 meV) [58].

1.4.3.1 The low-loss EEL spectrum

Here we introduce the main phenomena and features related to the low-loss EEL spectrum.

The predominant feature in any low loss EEL spectrum is the zero-loss peak, or ZLP. As we
have mentioned, this feature consists mainly of electrons that have not suffered any energy loss
when being transmitted through the sample. This includes, in a broad sense, any electron within
the energy resolution of the EEL spectrometer; from those who did not undergo any scattering
events, to those who were elastically scattered and, in most cases, phonon-scattered electrons.
The have an energy loss so little that most EEL spectrometers do not have an energy resolution
good enough to discern their features, even when monochromated [58].

The resolution of a given EEL spectrum is typically given by the full width alt half maximum
(FWHM) of the ZLP, and its signal, along with the plasmonic contributions, constitutes the most
part of the background signal in the spectra. This resolution depends mainly on two factors:
the nature of the electron gun and whether there is a monochromator in the optical system of
the electron microscope or not. In order to minimize an additional tail due to the point-spread
function of the electron detector, which can also influence the resolution of an EEL spectrum,
these are generally recorded with a high dispersion, that is, with a small energy window per
channel in the spectrometre [13].

After the ZLP, and in suitable samples, features related to plasmonic phenomena are
the most intense feature of a LL-EEL spectra. These peaks come from collective excitations of
the free electrons in said samples. This phenomena translate into somewhat wide peaks that
depend on the nature of the material, as well as its geometry. There can be a single plasmon
phenomenon in a sample (a bulk plasmon) along with one or more surface plasmons, in the case
of samples with a high surface-to-volume ratio. The bulk plasmon contains information about
the density and the mechanical properties of a material, a large value of the energy related to
the plasmon feature implies a higher valence-electron density, which is both related to a higher
atomic density and a stronger interatomic bonding [15]. These phenomena will be delved into
in detail in chapter 3 and, to some extent, in chapter 4.

Excitonic transitions due to electron-hole pair creation, characteristic of each material,
can also play a part in the LL-EEL spectra. When the energy exchange between an electron from
the beam and the sample is high enough, this promotes an electron from one of the sample atoms
from its valence band to its conduction band. Every different material has their own characteristic
excitonic transitions, which means the features associated with them can be a fingerprint of sorts
for their corresponding samples. In some materials their optical gap is defined by these excitonic
transitions, so their study is also of importance when it comes to optoelectronic properties.

Finally, in certain samples that fulfill a series of conditions (which we will get into in chapter
2), and if there are no visible features going on below this energy value, it is possible to see
features in the LL-EEL spectra related to the density of states of a sample. This allows, for
example, for the determination of the optical gap [13] as well as other optoelectronic features,
such as Van Hove discontinuity points in the density of states, which also reflect as features in
the LL-EEL spectra [61, 62].



1.4 Spectroscopy in a transmission electron microscope: EELS 33

1.4.3.2 Interpretation of low-loss EELS: feature analysis, information and applica-
tions

Here we present a classic routine for the analysis of LL-EELS, along with the information that
can be gathered from it and even some application this analysis could have.

When it comes to the analysis of LL-EEL spectra, the first feature to analyse is the ZLP.
This intense peak has a tail either side of it, which intensity is tied to the energy resolution. On
the negative part of the ZLP, its tail is only due to the energy spread of the incoming beam,
whereas the positive part of the peak may have additional components coming from phononic
resonances [58]. However, these contributions are generally much less intense than the ZLP
itself and, for the case of our studies (monochromated beam), we can consider the ZLP to be
pretty much symmetric. The center of this peak is used for calibration, since, even with previous
experimental calibrations, the spectrum in question might have shifted slightly from its correct
position (that is, with the ZLP centered around 0).

The tail of the ZLP goes far beyond its FWHM. In other words, the ZLP can have an
observable effect even at energies that are eV apart from it. This tail is mostly composed of
backscattered electrons that have then been reabsorbed by the sample and find their way to
the electron detector by means of multiple backscattering [13]. However, in most cases, at high
energies it is the tail of other features, such as plasmons, that dominate the background.

To remove the tail of the ZLP there are two main routes: either fitting it using a specific
function (power-law, polynomial, gaussian+lorentzian, etc) or to fit it using a ZLP obtained
in a region where the absence of our signal or signals of interest is assured [63]. During the
experiments of this manuscript, for several reasons, we have been in need of both approaches.
However, the one that has been used more often has been a fitting using a power-law function,
which is a command already implemented in our analysis software, Digital Micrograph.

The noise and the high dynamic range of the low loss spectra (the high variation of intensity
along the spectra) make the background fitting window a crucial parametre for an optimal fitting
of the ZLP. This is why we have paid special attention to this window for every ZLP fitting
in this manuscript, especially in chapter 2, where an optimal fit of the ZLP was crucial for a
correct analysis of the optoelectronic properties in the alloy samples.

Another possible use for the ZLP is as an estimation of the non-scattered electron intensity.
This, along with an estimation of the total transmitted electron intensity (an integration over
the ZLP as well as the rest of the features in the LL-EEL spectra, can be used for the estimation
of the thickness of a specific sample using the log-ratio method [64]. This method is explained
in detail in chapter 4.

The analysis of plasmonic components is also a key procedure for the studies in this manuscript,
especially in chapter 3 but also to a lower extent in chapter 4. There are many different ways this
features can be analysed, but there are two that have been used for our studies. In chapter 3, in
view of the difficult experimental conditions for the plasmonic component analysis, multivariate
analysis has been set in place, which is discussed vastly in said chapter. This has allowed for
a very complete description of the plasmonic behaviour of our samples. On the other hand, in
chapter 4, the Drude model has been used to fit our plasmonic spectral features, as it has been
used before in the literature for this sort of features [13, 65]. The expression for this kind of fit
is:

Im

(
− 1

ε(E)

)
=

E2
p × E ×∆Ep

(E2 − E2
p) + (E ×∆Ep)

(1.11)

Where, in this case, we approximate the energy loss function by Im
(
− 1
ε(E)

)
and use this
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expression to fit our plasmon peaks. This has been useful for estimations of the mass density
of our samples, as well as a rough estimation of the surface-to-volume ratio in our samples
by checking the ratio between the surface plasmon in the GO and its bulk plasmon, which
essentially was an indicator of the increasing surface effects that were taking place in the sample
as it thinned out.

For the purpose of this manuscript, all other properties measured on the LL-EEL spectra
(band gap, excitonic transitions and Van Hove features) have been measured by means of either
linear fitting (band gap) or multi-peak gaussian fitting (excitonic and Van Hove features).

1.4.4 Core-loss EELS: features, properties and applications

In this section of the manuscript, we will focus on the section of EELS that focues on the spectral
region from 50 eV and up, even though depending on the elements being analysed the threshold
energy for this energy window can be lower. This spectral window shows features related to the
interactions between the electron beam and the inner-shell electrons in the sample shown in
Section 1.2.1.2. This spectral window can go up to a few thousands of eV [15], although for the
purpose of our core-loss studies (mainly used in chapter 4 for the analysis of GO samples) we
will be focusing on the spectral window between 200 and 600 eV, since the signatures of all the
elements of interest for this study are located within this spectral window. [66]

1.4.4.1 Working mechanism

As we have mentioned, the high-loss part of EEL spectra is produced by the inelastic interactions
between the electron beam and the electrons located at inner levels of atoms, also called core
levels. In these kinds of interactions, a beam electron transfer sufficient energy to one of these
core-shell electrons to pull it out of the nucleus Coulombic attractive field. The deionisation
of these atoms produce the characteristic X-rays measured in EDS, so we could say these two
techniques measure two processes that are closely related.

The ionisation process that takes place with the interaction that yields the high-loss EEL
spectra is characteristic to the atom said ionisation is taken place in, as well as the core shell
where the ionisation takes place (named K, L, M, N... in ascending order as they are further
apart from the atom nucleus), so this part of the spectra is essential for the determination
of the chemical composition of a sample, and as it will be explained in this section, for the
quantification of said chemical composition.

Compared to the low loss excitations mentioned in Section 1.4.3, core-loss features have much
smaller cross-sections and, as a result, the intensity of said features are much smaller than low-
loss features such as the plasmonic peaks. These features become fainter for higher characteristic
energies. We will focus on the two main features taking place at these energies: ionisation edges
and fine peak structures.

1.4.4.2 General shape of a core-loss EEL spectrum: Ionisation edges and fine peak
structures

Taking into account the structure of any given atom, it is possible to see that atom ionisation via
displacement of their core shell electrons is a process that requires a certain minimum energy,
a threshold of sorts from which said ionisation will take place. In this regard, we can categorise
the threshold ionisation energies of all different atoms, which will in turn provide an energy map
of the localisation of the different ionisation peaks, something extremely useful for qualitative
chemical composition determination.
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It is possible to ionise a core-shell electron with an energy higher than its ionisation threshold
energy. However, it is important to notice that the ionisation cross section of a certain electron
is lower the higher the energy transfer. This means that the contribution to the energy loss
distribution of the electrons corresponding to a certain ionisation process have a very distinctive
shape, with a sharp rise to a maximum intensity at the threshold energy and a decreasing
”tail” at higher energies. An example of this sort of edge, before and after the removal of plural
scattering background, can be seen in Figure 1.18.[57] This distribution, of course, is framed

Figure 1.18: Shape of an ideal core-loss EELS ionisation edge, both with a plural scattering background
(left) and after background removal (right). Edited from [57]

within a full EEL spectra, so there are several other contributions taking place simultaneously,
which have to be taken into consideration, such as plural scattering and plasmonic contributions.
However, there is a second kind of features in core-loss EEL spectra that is remarkably important
not only for EELS analysis in general, but also for this manuscript in particular. This is what
we know as fine structure peaks.

Fine structure peaks
Besides the ideal ionisation edges here explained, there are a second kind of features to core-
loss EEL spectra that are of extreme importance for EELS analyses. These EELS features are
denominated fine structure peaks.

These processes arise from the energy transferred from the beam electrons to the core-shell
electrons being higher than the threshold ionisation energy of the atoms in the sample, that is,
the energy needed by the core electron to be ejected from this inner shell.

Depending on the energy excess of the electron after being ejected from this inner shell, we
can have two different phenomena taking place. This gives rise to the two types of fine structure
peaks: energy-loss near-edge structure features (ELNES) and extended energy-loss fine structure
features (EXELFS). We will provide a brief description of their working mechanism, focusing
mainly on the ELNES features since they are a key part of the studies in this manusctript.

Electrons with only a few eV of energy excess are ejected from their core shell but their
energy is not enough to be ejected to the vacuum level. In other words, the final state of this
ejected electron is set on the ”empty” energy levels above the Fermi energy (EF ) of the atom in
question. In other words, these electrons probe the unoccupied density of states (DOS) of the
material, hence their uniqueness and their importance for studies related to the chemistry of the
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sample. These features (ELNES features) can yield unique information on the internal bonds of
the different atoms in the materials.

ELNES electrons undergo multiple elastic scattering interactions with the atoms surrounding
our ionised one, which means the analysis of these features is more challenging than it could
seem at first sight. This will be briefly explained in Section 1.4.4.3.

On the other hand, electrons with enough energy after ionisation to escape the atom can be
considered as free electrons, which can in turn be diffracted by its neighbouring atoms. Given
the cross-section of these interactions is smaller the larger the energy, it is sensible to consider
these interactions as single scattering events. These scattering events produce oscillations on the
”ideal” ionisation edge, which are also known as EXELFS features. These features are analogous
to the oscillations in extended X-ray absorption fine structures (EXAFS) seen in synchroton x-
ray spectroscopy, which is one reason why it has been said that EELS has been able to place a
synchroton within a TEM[67].

1.4.4.3 Analysis in core-loss EEL spectra

As far as this manuscript goes, there are three main areas of application that are of interest for
EELS analysis: elemental analysis, chemical quantification and fine structure peak analysis.

Elemental analysis in EELS It has been said in the previous section that one of the main
features of core-loss EEL spectra are the ionisation edges. These edges are characteristic for each
element present in the sample, so by identifying the different ionisation edges present in an EEL
spectrum we can discern different elements conforming our sample.

Chemical quantification in EELS
The theoretical basis of relative chemical quantification of samples using core loss EELS has
been extensively covered in the literature [57, 13, 68]. Here we present a succint explanation on
how relative elemental quantification works.

An adequate way to discern how this quantification process works is with the expression
for the probability of ionisation of a certain edge in a certain atom, which we can name PE .
Assuming single ionisation events, this probability can be described in a similar way to the
scattering probability mentioned in Section 1.2.1.2:

PK = N · σE · e−t/λE (1.12)

Where t is the thickness of our sample, N is the surface density of atoms of the specific kind
that contributes to the edge in question, σE is the ionisation cross section for this particular
edge and λE is the mean free path for this ionisation phenomenon.

If we know the probability for this phenomenon to happen, this could be defined as the
ratio between the amount of electrons that undergo this ionisation phenomenon and the total
amount of transmitted electrons. In other words, this probability represents the ratio between
the intensity of a given ionisation edge (IE) and the total transmitted intensity(It:

PE =
IE
It

(1.13)

If the sample is thin enough, or if multiple scattering events are corrected somehow, the
exponential term in equation 1.12 is approximated by 1, given the large mean free path this
kind of interaction has. This leaves us with a simplified expression for the number of atoms of
a certain kind in a specific area:
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NE =
IE

σE · It
(1.14)

However, from an experimental point of view, there is an important experimental challenge in
taking EEL spectra that cover both the core-loss ionisation edges and the ZLP, which represents
the majority of the transmitted intensity. This is the reason why in this manuscript we will be
representing relative compositions of different elements instead of absolute ones. If we calculate
the ratio between edges coming from different atoms A and B, we can obtain a composition
ratio, in other words, a relative atomic quantification:

NA

NB
=
IAE · σBE
IBE · σAE

(1.15)

It is important to notice that the collection of the intensity corresponding to a specific
ionisation edge is not taken over the whole spectrum, but a spectral window that generally
ranges between 20 and 100 eV. Another important fact is that not all of the electrons coming
out of the sample are collected, therefore the collection angle in the experimental setup has to
be taken into consideration as well. Both this energy window and this collection angle will have
an effect on the values both of the measured intensities and the ionisation cross-sections. Both
of these will be taken into account when dealing with the actual experimental treatments shown
in this manuscript.

ELNES peaks analysis
The other cornerstone of core-loss EELS analysis in this manuscript is the analysis of fine
structure peaks, in this case those corresponding to ELNES, which is extensively used in Chapter
4.

The plural scattering giving rise to ELNES features, along with the possibility of not knowing
the unoccupied DOS of a certain sample, make this kind of analysis quite challenging. If the
composition and structure of a sample is known, it is possible to model the behaviour of ELNES
features [69]. However, if that is not the case, the only viable route is fingerprinting the ELNES
features of a certain spectrum based on previous data on similar samples.

This previous data, in the form of EEL spectra where we actually know the composition of
the sample and how its atoms are arranged, can come from samples from a previous study, from
the literature and, nowadays, even from EELS databases [70].

There is an additional technique that can be extremely helpful for this sort of analyses. We
have seen in this section that ELNES features are caused by electrons that receive enough energy
to escape a core shell but not to be expelled to the vacuum level. This can be achieved not only
by means of an electron beam, but with any sort of excitation that transfers the same amount
of energy. X-Ray excitations are a good candidate to produce similar states to the ones that
cause ELNES features, and X-Ray photoelectron spectroscopy (XPS) can be used to an extent
to better understand ELNES features.

In this sense, it is possible to somewhat establish a correlation between features at a certain
energy in an XP spectra and ELNES features in a core-loss EEL spectra. Due to the different
natures of the two spectroscopy techniques, both spectra do not have to be similar in shape, but
when analysing the same sample it is possible to see at least some features in common for both
spectra. This has been one of the main keys for the ELNES analysis shown in Chapter 4.
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1.4.4.4 Applications

Core-loss EELS gathers a remarkable amount of information not only about the elemental com-
position of a sample, but also about how these elements are chemically arranged within the
sample. some examples of this are the studies performed on oxydation states in transition metal
oxides [71] or complex boron nitride samples [72], or the quantification of sp2 hybridised C atoms
in the analyses performed in chapter 4.

In conjunction with STEM, this kind of spectroscopy has allowed for an elemental character-
isation down to the atomic level [73]. It has also become more used than EDS, since it is better
suited for the detection of light elements [56].

Some unusual applications of this kind of spectroscopy relate to magnetic measurements.
Specific areas in the diffraction plane of magnetic materials have a different amount of inelastic
interference that is dependent on the spin direction and the location of the detector. By sub-
stracting two spectra taken at regions with different spin direction, it is possible to obtain a
signal that relates to the spin behaviour of the material [13].

Other types of spectroscopy in the electron microscope

Besides EELS, there are other kinds of spectroscopy that can be used within a TEM, mostly for
chemical quantification reasons but also for the analysis of the optic response of a material.

With the exception of EELS, the most known type of spectroscopy within TEM is energy-
dispersive X-ray spectroscopy (EDX), which, within the TEM context, relates to the character-
istic X-rays emitted by the sample when relaxing after its being ionised by the electron beam.

An additional spectroscopic technique that has gathered more and more interest throughout
the years has been cathodoluminescence, which analyses the visible light emitted by a pho-
toactive species after it has been excited with an external source, in this case, an electron beam,
which in terms of photoluminescence can be thought of as a perfect white light [32].

Both of these spectroscopies need specific instruments to be placed within the TEM, namely
spectrometers and, for the case of CL, a specific set of mirrors for a better gathering of the
emitted photons. It is also important to notice that both of these techniques can be coupled with
STEM (STEM-EDX and STEM-CL, respectively), whcih combines the remarkable spectroscopic
properties of these techniques with the very high spatial resolution provided by STEM.

1.5 Intersection of EELS and other microscopy techniques

EELS is a very poweful technique in and of itself, but perhaps some of its most interesting
applications come from the intersection between this spectrometry and the imaging techniques
an electron microscope can offer. In this section, we focus on the two main intersections between
EELS and electron microscopy, which can be seen as complimentary with one another: energy-
filtered TEM (EFTEM) and STEM-EELS.

1.5.1 EFTEM

The first of this intersections stems from a principle simple in theory but rather complicated
in practice. We have seen the optics of TEM imaging extensively in Section 1.2. We have also
discerned the way EEL spectrometres work by focusing electrons with different energies on
different points in Section 1.4.1. In theory, by using apertures centered on the points where
electrons of a certain energy are focused, we could use only said electrons to form a CTEM



1.5 Intersection of EELS and other microscopy techniques 39

image in the same way shown in Section 1.2.3. These are known as energy-filtred TEM images
(EFTEM).

There are two main ways to obtain these images experimentally, both with an energy filter.
The first one is known as an in-column filter or Omega (Ω) filter. This filter is set between the
intermediate and projector lenses (see Figure 1.9) and consists of a set of four magnetic prisms
arranged in a shape that reminds of a Ω, hence its name. This filter moves the electron beam
off-axis but, thanks to its geometry, it brings it back on axis. By means of selecting a particular
region in the filter, it is possible to produce an EFTEM image.[56]

The second kind of energy filter for this purpose, and the one used for the studies presented
here is what is known as a post column filter, specifically a Gatan Image Filter (GIF). In essence,
this system can be seen as a development for the magnetic prism shown in Figure 1.4.1. An
aperture can be set at any given point of the prism focusing plane, selecting only the electrons
with a specific energy value which we can name E1 (and therefore a specific energy loss). This
electron beam with energy E1 can then be treated as any other incident beam and produce an
image by means of an electron lense optical system, in a similar way to the one shown in Section
1.2.3.

A simplified scheme of these EFTEM filters working principle, along with a cross-section of
a modern GIF, can be seen in Figure 1.19.

This technique is especially useful for the analysis of samples when we know their elemental
compositions, since it can provide morphological distributions of each particular element by
selecting energy losses close to their ionisation edges, for example. It can also be used to increase
contrast when imaging atomically thin samples such as fullerenes or nanotubes. Selecting an
energy loss slit around the ZLP filters out most of plural scattering, which in turn enhances the
imaging contrast.

1.5.2 Spatially-resolved-EELS

The other side of this intersection between TEM imaging and EELS also stems from princi-
ples that we have covered in previous sections, which are the principles of STEM imaging and
detection as well as the basic principles of EEL spectroscopy. This intersection consists on simul-
taneous STEM-EELS data acquisition, a technique first conceived and named ”spectrum image”
(SPIM)in 1989 [74] and experimentally proven in 1991 [75]. It offers the combined spatial reso-
lution of STEM with the energy resolution of EELS, making it a unique tool for analyses at the
nanoscale. Here we present a brief explanation of this technique, which is of great importance
for the understanding of chapters2 and 3.

Working principle

As we have seen in Section 1.2.4, STEM imaging can be performed using a variety of detectors
depending on the angle at which the transmitted electrons are scattered (see Figure 1.13).
These detectors work independently, and the beam corresponding to the detector for which the
scattering angle is either 0 or very close to 0 (bright field detectors) can be considered as an
incident beam for EEL spectroscopy. This means that, using the scanning coils, the electron
probe can scan a point array in the sample, taking an EEL spectrum in each of the points.
Furthermore, since the electron detectors are independent among them, it is possible to gather a
value for the HAADF intensity at the same time as the EEL spectrum. This three-dimensional
array, with a set of points with a spectra on each point, is what is known as a data cube.
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Figure 1.19: General notions of a post-axis energy filter for EFTEM. Top: simplified scheme of the
working principle of a post-axis energy filter and EFTEM image formation. Bottom: Cross section of a
Gatan Tridiem imaging filter (GIF) showing the actual experimental complexity of real GIFs. Source: [56]

The datacube

The data cube is the basis of STEM-EELS analysis and, to some extent, of EFTEM analysis
too. We can think of this data cube as a three-dimensional cube in the x and y spatial dimen-
sions, where to each (x,y) point there would be an additional dimension in energy loss with its
corresponding EEL spectrum. Other way of thinking about this datacube is a three-dimensional
matrix where there exists a certain intensity value for each (x,y,E) point [63].

In this sense, STEM-EELS and EFTEM can both be used for the obtention of a datacube. In
STEM-EELS, the collection of an EEL spectrum for each (x,y) point would add an additional
”pixel row” to this data cube, whereas a collection of EFTEM images taken at continuously
growing energy losses would add a new ”pixel plane” to this data cube per EFTEM image
gathered. A scheme showing this equivalency can be seen in Figure 1.20

In a similar way, a datacube can be interpreted in two different ways, either by showing the
spatial distribution of energy loss intensity at a specific energy, or by showing the EELspectra
corresponding to a specific area.
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Figure 1.20: Acquisition of a datacube using STEM-EELS and EFTEM. Left: EEL spectrum at a (x,y)
position as a 1-dimensional matrix of energy loss intensity values; and construction of the datacube by
stacking of the different spectra taken at different (x,y) positions. Right: EFTEM image at a specific energy
loss as a 2-dimensional distribution of energy loss intensity values, and construction of the datacube by
stacking EFTEM images taken at different energy loss values. Edited from [63].

The spectrum profile mode
A spectrum profile can be thought as a data cube with a thickness of 1 pixel in one of its spatial
dimensions. This would not be something optimally achieved by EFTEM methods, so it is a
mode exclusively used in STEM-EELS.

In spectrum profile mode, the STEM probe takes EEL spectra rastering over a straigt line,
leaving a preset distance between measures and thus creating the 1D datacube. A representation
of this process can be seen in Figure 1.21. This is the main technique used in chapter 2.

Figure 1.21: Acquisition process for a STEM-EELS spectrum profile. The electron probe rasters the
sample, taking an EEL spectrum and possibly the value for HAADF at each of the measuring points. The
example spectra on the Figure are shown after ZLP extraction, showing the characteristic C-K edge.
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The spectrum image mode (SPIM-EELS)

If we think of a spectrum profile as a data cube that is 1 pixel wide, we can think of a spectrum
image as a datacube that is, at least, several pixels wide in each of its dimensions. It can be
thought of as a collection of EEL spectra along a 2D array of equidistant points. This is the
acquisition mode shown in Figure 1.20 for STEM-EELS. This mode is the cornerstone for the
studies shown in Chapter 3.

1.5.2.1 Applications of STEM-EELS

STEM-EELS is, without a doubt, one of the most prolific techniques in TEM microscopy. We
have previously seen in sections 1.4.3 and 1.4.4 that EEL studies can be used for a variety of
possible applications, from measuring changes in the dielectric function and plasmonic studies
in low-loss EELS; to elemental analysis and bond identification in core-loss EELS. STEM-EELS
adds the possibility, on the one hand, to obtain a spatial distribution of any of these properties,
and, on the other hand, to group and integrate spectra based on their spatial positions, in order
to obtain better signal-to-noise ratios.

Applications of STEM-EELS to show the spatial distribution of plasmonic modes are exhaus-
tively delved into in chapter 3. Other possible applications include elemental mapping with high
spatial resolution, even getting to atomic resolution [76] as well as mapping different coordination
values and different types of bonding for a single element [77].

1.5.2.2 Electron delocalisation

STEM-EELS offers a uniquely accurate technique in many ways for the analysis of thin samples,
given its potential high resolution both in terms of energy and in terms of spatial resolution.
However, there are some potential issues that come with this technique. Aside from acquisition
issues, such as adjusting acquisition times to have a good enough SNR over a whole region,
some of the most important issues with regard to this manuscript are those arising from electron
delocalisation.

As we have seen in Section 1.2.1.2, inelastic scattering implies spatial delocalisation, which
can affect the resolution of this technique as well as that of EFTEM. A common parametre
for this sort of resolution when there is an aperture present, which collection angle we will
call β, is the Rayleigh diffraction limit which, as shown in equation 1.1, follows the expression
∆x = 0.6λ/β.

However, for the case of inelastic scattering, β is not a characteristic angle of the interaction.
We have defined a characteristic median angle for a certain electron scattering phenomenon
< θ > as that which contains half of the inelastic scattering. Based on this angle, we can give
an estimation of the object width containing 50% of the inelastically scattered electrons (L50),
which is a good indicator of the delocalisation induced by said inelastic scattering. Given the
angular distribution for the scattering phenomenon that we have specified in section , that is, a
Lorentzian angular distribution with a specific cutoff angle θc, we know from the bibliography
[13] that:

< θ >≈
√
θEθc (1.16)

Where θE is the characteristic angle from the scattering interaction in question. We also
now from the bibliography that a good approximation for the cutoff angle is the Bethe-ridge
angle, which follows the expression θR =

√
2θE . This means that, taking only into account
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the scattering interactions, the estimation for the object width L50 would follow the following
expression:

L50 ≈
0.6λ

< θ >
≈ 0.5λ

θ
3/4
E

(1.17)

And if we were to take into account the effects of a given aperture, the expression would be
calculated the same way as any standard error:

L50 ≈

√√√√(0.5λ

θ
3/4
E

)2

+

(
0.6λ

< θ >

)2

(1.18)

As it can be seen, given the fact that θE is smaller the lower the energy, and that λ is higher
the lower the energy, it seems evident that in enrgies close to that of the ZLP, the effect of this
delocalisation effects will be especially noticeable. This is one of the main discussions given in
chapter 2, where we have been working at energies close to 0 eV. For the energies in this study
(1-2 eV), the literature sets L50 in a few nanometres [13].

1.6 Equipment used in these works

Here we present the main equipment used for the experiments shown in this manuscript, that is,
the microscopes used and the transfer setup employed for the fabrication of the HOPG reference
samples in Chapter 4.

1.6.1 Image-corrected FEI Titan3 60-300

The instrument used for the TEM and TEM-EELS presented in this manuscript has been a
FEI Titan 3 60-300. This instrument is devoted to sub-angstrom high-resolution TEM imaging
(HRTEM), atomic resolution low-voltage HRTEM and aberration corrected field-free Lorentz
microscopy and off-axis electron holography. It works at acceleration voltages between 60 and
300 kV, although our experiments have been carried out at 80 kV to have a good resolution-
damage trade-off. The microscope is fitted with a standard Field Emission Gun (FEG) emitter
and a Cs-objective corrector allowing a maximum point resolution of 0.08 nm in TEM mode.
For TEM image acquisition, it features a 2Kx2K CCD camera. This TEM is also equipped with
a Lorentz lens, and a motorized electrostatic biprism, allowing Lorentz and electron holography
experiments to be carried in magnetic field free conditions. The spherical aberration of the
Lorentz lens can be compensated with the Cs corrector to reach a spatial resolution of 1 nm in
Lorentz mode. In addition, this microscope can also be used for un-corrected STEM imaging,
and is fitted with a GIF Tridiem for EELS and EFTEM experiments

1.6.2 Probe-Corrected FEI Titan Low Base 60-300

All STEM-EELS studies performed for this manuscript have been performed in this microscope.
This instrument is dedicated to atomic resolution STEM imaging, atomic resolution EELS spec-
troscopy and low-loss EELS spectroscopy and off-axis electron holography. For these purposes,
this instrument can be operated at acceleration voltages from 60 and 300 kV (although, again,
we have kept the acceleration voltage at 80 kV for our experiments). It is fitted with a high-
brightness Schottky Field Emission Gun (X-FEG) emitter, a Wien-filter monochromator, and a
Cs-probe corrector allowing a ultimate spatial resolution of 0.08 nm in STEM mode. For analyt-
ical studies, it is equipped with Gatan Energy Filter (GIF) Tridiem 866 ERS (which combined
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with the monochromator provides a maximum energy resolution of 110 meV), and an EDS de-
tector. This TEM also features a dedicated Lorentz lens and an electrostatic biprism which,
coupled with a 2Kx2K CCD camera for TEM imaging. It is also equipped with a tomography
set-up to perform 3D analysis.

1.6.3 Transfer Setup

A custom-built transfer setup for 2D materials has been built following the setup presented
by Castellanos-Gomez et al in [78], where they offered a very detailed explanation on how to
build this equipment. In this setup, a micromanipulator is used to be able to stamp comercial
elastomeric films with mechanically exfoliated 2D materials onto diverse substrates, including
TEM grids. It is possible to see the manipulation of the stamps and the stamping region in real
time by means of a digital camera and a lens tube, which offers a precision in the stamping
process down to micrometres. An image of our transfer setup can be seen in Figure 1.22

Figure 1.22: Transfer setup used for the experiments in this manuscript.
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1.7 Advanced 0D, 1D and 2D materials: from graphene sheets
to lego bricks

The second main axis for this manuscript, and directly related to that of electron microscopy,
is that all the studies presented in this manuscript have nanomaterials as their field of study.

More specifically, this manuscript verses on two different kind of materials: atomically thin
2D nanomaterials (transition metal dichalcogenides, graphene oxide, reduced graphene oxide and
graphene) and plasmonic 1D materials (high aspect-ratio gold nanostructures, to be precise).
There is, thus, a need for some context with respect to these materials, namely a bit of historical
context and a word on their properties and its modification, which will help understand the role
this manuscript plays on its current context.

1.7.1 A brief history of atomically thin nanomaterials

In this section of the manuscript, we would like to provide a historical context for the materials
that are at the very core of the studies presented here, as well as a brief description of said
materials. In this context, the history of atomically thin nanomaterials is bound to the history
of carbon-based nanomaterials.

Carbon is a fairly abundant element in our planet. It makes up a sizable amount of our own
composition, and carbon-based materials have been a pillar for the development our societies
since their very beginning and up to our very days.

However, in the past decades and with the rising of nanomaterials as a new field of study,
carbon has not only been a part of this feat: it has become one of its main pillars.

The earliest research on nanocarbons, to the best of our knowledge, dates back to the struc-
ture of carbon formed during the thermal decomposition of carbon monoxide on a Fe contact,
almost seventy years ago[79], finding some sort of elongated nanostructures with a diametre
under 200 nm

However, it is sensible to consider that the study of carbon and carbon-related nanomaterials
as a field started in 1960 in the MIT with the research by M. S. Dresselhauss [80]. This research
was focused mainly on accurately determining electronic and structural properties of graphite
for the most part of the 1960s.

In the 1970s, intercalation started to be used as a way to separate individual ”graphite
monolayers”, or a specific number of graphite layers in general, and modify them [81]. This
could be considered as the first cases of tuning for carbon nanomaterials, if we consider the
separated graphitic monolayers as independent at least to some extent.

By the 1980s, thanks to the myriad of advances in surface sciences, smaller samples could
start to be studied. By this time it was possible to study carbon atom clusters and not only that,
but knowing the amount of carbon atoms in them. In 1984, a study by Rohlfing, Cox and Kaldor
achieved the fabrication of molecularly heavy carbon clusters by pulsed laser vaporisation of a
laser target combined with a pulsed helium expansion source [82]. A year later, a very similar yet
completely independent study performed by Smalley, Kroto and Curl would yield similar results,
but their interpretation would eventually give rise to the discovery of the very first atomically
thin carbon nanostructure: the fullerene.

1.7.1.1 The 0D discovery: Fullerenes

The atomic clusters in the aforementioned studies were analysed by time-of-flight mass spec-
troscopy. Since the original samples were composed exclusively of carbon, these time-of flight
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mass distributions could be reinterpreted as a cluster size distributions. These resulting atomic
size distributions for both studies can be seen in Figure 1.23.

Figure 1.23: Original TOF-MS of carbon clusters from the study by Rohlfing, Cox and Kaldor [82](left);
and from the study by Kroto, Smalley and Curl [83] (right). Both studies show an exceptionally high peak
for C clusters having 60 atoms

Besides other interesting conclusions, the most important one concerning this subject was
the unusually high intensities of the peak corresponding to 70 atom clusters and, especially,
to 60 atom clusters. The group of Rohlfing et al did not comment this anomaly in any way,
but Kroto, Smalley, Curl and co-workers theorised that this unusually stable 60 atom cluster
corresponded to a truncated carbon icosaedral cage. This geometry would contain 20 hexagons
and 12 pentagons in a similar way to a soccer ball. This way, all carbons were sp2 hybridised
(were bound to other 3 carbons) with no dangling bonds. This discovery would eventually grant
Kroto, Smalley and Curl the Nobel Prize in Chemistry in 1996.

In time, a big enough amount of this molecule was prepared in order to perform a full char-
acterisation, confirming this structure, shown in Figure 1.24 This amount of fullerenes were
prepared by arcing two graphite electrodes in a heliun atmosphere which produced soot contain-
ing the molecule [84]. This device would play a role in the continuity of the history of carbon
materials as well.

Figure 1.24: Schematic representation of a fullerene. Source: [85].

As for C70, it was considered an enlarged, although stable, version of C60. This would actually
play a role in carbon materials in the years to come.
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1.7.1.2 1D: Carbon nanotubes

In a conference organised by the US Department of Defense in 1990 to discuss fullerenes and
carbon fibers, a hypothesis was made that, if C70was an enlarged version of C60, it could be
possible for the process to keep on going, eventually forming a single wall carbon nanotube.
With this in mind, in 1991 Ijima published a study on the structure of ”Helical microtubules
of graphilic carbon”[86], which are now known as multi-walled carbon nanotubes or MWNTs.
These were being produced at the same reactor where a big quantity of fullerenes was first
obtained. The structure of these nanotubes corresponds to a single layer of graphite (known
today as graphene) rolled up in a seamless way. The structure can be seen in Figure 1.25. It
is important to acknowledge that, in retrospective, it is most probable that other groups had
found either single or multi-walled carbon nanotubes before Ijima. However, he was the first one
to propose a molecular structure for these materials.

Figure 1.25: Schematic representation of a single-walled carbon nanotube.

The year after, a very important study was published by Fujita and Saito that did not only
clarify that the preparation of SWCNT was experimentally possible (which would be confirmed a
year later, in 1993, by two independent groups), but most importantly delved into the electronic
structure of carbon nanotubes. In this publication they showed that nanotubes would be either
semiconducting or metallic depending on the orientation of their hexagons with respect to the
central axis of the nanotube. These properties are delved into in Section 1.7.2 and are the basis
of an important part of their applications. During the 1990s and 2000s, and even to this day,
research on CNTs was increased and improved, which increased the interest in the research world
on the possible behaviour of carbon monolayers, which would in turn result in the discovery of
a new kind of material: graphene.

1.7.1.3 2D: graphene, GO and TMDs

Along with the discovery of fullerenes and nanotubes, the third turning point for nanomaterials
was the discovery of graphene in 2004 by Geim and Novoselov [87] and the remarkable properties
it showed, which will be explained in Section 1.7.2 and chapter 4. Motivated by previous work on
SWNT [88, 89] They achieved this by mechanical exfoliation of highly oriented pyrolitic graphite
using a piece of scotch tape.

The aforementioned myriad of properties and potential applications attracted an incredible
amount of interest to graphene research in particular and 2D materials in general, such as
graphene oxide, transition metal dichalcogenides or boron nitride.

This field of study has been coined ”beyond graphene” research and it is a very active
research subject nowadays [80]. A good amount of the research shown in this manuscript could
be considered as part of this particular field. Numerous new 2D materials have been synthesised
to date. A brief summary of these can be found in the literature [90, 91]
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1.7.1.4 Other carbon nanomaterials

We have covered the history of the main three axes of carbon nanomaterial research, but in time
this field has evolved beyond these three types of material. Here we offer a very brief review on
other kinds of carbon nanomaterials

The sp3 nanocarbon: nanodiamonds
Even though they are not a part of the same family as the rest of the materials in this section (in
the sense that these cannot be atomically thin), it would be incomplete without mentioning the
existence of carbon nanodiamonds, that is, nanoparticles consisting of sp3 hybridised carbon,
with their edges passivated somehow in order not to have any dangling bonds [92]. This material
was first discovered in 1963 when analysing carbon from explosion products [93], although they
would not be really known worldwide until the 1980s. A scheme of their structure can be seen
in Figure 1.26

Figure 1.26: Structure of a nanodiamond particle. Schematic model illustrating the structure of a 5-nm
nanodiamond after oxidative purification. The diamond core can be passivated either by converting the
sp3 carbon on the edges onto sp2 carbon, or by having the diamond core covered by a layer of surface
functional groups. A section of the particle has been cut along the amber dashed lines and removed to
illustrate the inner diamond structure of the particle. The two insets show close-up views of two regions of
the nanodiamond. The sp2 carbon (shown in black) forms chains and graphitic patches, but the majority
of surface atoms are terminated with oxygen-containing groups (oxygen atoms are shown in red, nitrogen
in blue). Some hydrocarbon chains (green) and hydrogen terminations (shown in white) can also be seen.
Source: [92].

Besides the ones mentioned in this section, there has been a wide range of carbon nanoma-
terials that have been synthesised in the few past decades, such as carbon nanoribbons, carbon
nanocones or carbon peapods. A comprehensive review of all these different materials can be
found in the literature [85].
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1.7.2 Brief description of the properties and applications of carbon-related
nanomaterials

After this brief piece of history to contextualise the research presented in this manuscript, it is
important to understand that said discoveries were not only relevant from a fundamental point
of view (obtaining new and interesting materials that further expand our insight on how carbon,
as well as other elements, can form different structures). These discoveries were also remarkably
important from the point of view of their different properties, the possible modification of said
properties, and the myriad of fields these materials have had applications in.

Starting with their electronic properties , carbon nanomaterials cover literally every possible
response to electron conduction depending on their structure, from semimetals (graphene) to
metals and semiconductors (CNTs) and insulators (nanodiamonds), to give an example of each
[85]. No other element can produce such a vast array of electronically different materials on its
own.

Graphene shows a really high electron mobility, with an electric behaviour known as semimetal.
As we can see in Figure 1.27, the band structure of graphene is what is known as a Dirac cone,
where the E(k) dispersion in the electronic band structure follows a linear relation that intersects
at the Fermi level (shown as a cone when using a three-dimensional representation). This implies
that graphene will behave as a semiconductor with zero band gap, or as it is best known, as a
semimental. This greatly increases its electron mobility, which can get up to 100000 cm2 and
could arguably still be improved, since impurities and corrugations of the graphene surface have
a significant effect on said mobility [94].

Figure 1.27: 3D representation of graphene band structure. Inset: region near the Fermi level. Source:
[90].

The difference in electronic behaviour of CNTs depending on their particular helicity can be
explained using the E(k) dispersion of graphene. We could understand the process of a seamless
rolling of a graphene sheet anbd the electron confinement it represents as an intersection of the
E(k) dispersion with vertical planes, which would give cutting lines from which we can deduce
its density of states. As it can be seen in Figure shown in 1.28, depending on the orientation
of the CNT this cutting line can either go through the K-point (Dirac point) or the electronic
band structure, resulting in a metallic CNT; or it can go through a section where a gap is
created around the Fermi level, resulting in a semiconducting CNT. The typical DOS of this
kind of systems show very well defined peaks coming from the discontinuity of the electronic
band structure. These features are known as Van hove peaks, which will be one of the subjects
treated in chapter 2. The seizing of this different character of CNTs as well as the ability to
separate both has been an important point for nanotube research in the past decades.

As for mechanical properties, carbon nanomaterials have offered some of the most mechani-
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Figure 1.28: Cutting lines showing the confinement of the electronic density of states for a 1-D system,
such as carbon nanotubes. Here the 1-D singularities in the electronic density of states are also shown.
Source: [80].

cally resistant materials ever made, with Young’s modulus on the 1 TPa order for both MWCNT
and SWCNT [95]. Graphene presents an exceptionally high Young modulus on the order of 1
TPa as well[96]. An important fact is that both materials have such high mechanical resistance
while keeping a high elasticity. Both properties stem from the strong but flexible covalent sp2

bonding among the C atoms in these materials.

Most of these nanocarbon materials also offer exceptional thermal conductivity, a character-
istic in comon with other nanocarbons [97].

The relevance of atomically thin nanomaterials

As we have mentioned, In the past couple of decades, research in material science has had a
peaking interest in carbon and carbon-related nanomaterials, due mainly to its variety of possible
applications, which stems both from the unique properties of these materials as well as the
possibility of tuning said properties. As an example of this growing interest, we provide in Figure
1.29 the yearly amount of publications found for the terms ”fullerene”, ”nanotube”, ”graphene”
and ”graphene oxide”, showing that the interest in these materials is not only remarkable, but
still growing to this very day.

However, in order to understand these materials, as well as the possible properties and
applications that can be obtained from their tuning, it is critical to offer an in-depth study of
said tuning processes.

1.7.3 Plasmonic nanomaterials

The counterpart to this study, that is, the only part of it that distances itself from carbon and
carbon-related nanomaterials, is the one related to plasmonic nanostructures. Chapter 3 offers a
very comprehensible review on the history, structure, composition and working principle of this
kind of materials. Plasmonics are also used to an extent in the analyses performed in Chapter
4, and their relationship to EEL spectroscopy has been delved into in Section 1.4.3.

Explained in a very brief way, nanomaterials with a dielectric constant that shows a large
and negative real component and a small and positive imaginary component (usually metals) are
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Figure 1.29: Number of publications per year since the year 2000 in the areas of fullerenes, nanotubes,
graphene and graphene oxide. The data were gathered from the Web of Knowledge (Science Citation
Index). The exact search terms were ”fullerene”, ”nanotube”, ”graphene” and ”graphene oxide”. This
graph is inspired by the one shown in [80], offering an up-to-date version that takes more into account
the nature of this manuscript.

prone to take part into plasmonic phenomena. These phenomena have to do with the collective
oscillations of the otherwise free conduction electrons in the sample when being excited by an
external electromagnetic source, whether it be a light beam or an electron beam. As we have
seen in Section 1.5.2, the combination of STEM and EEL spectroscopy allows for spectroscopic
studies with a remarkable spatial resolution, being the perfect tool for this kind of studies.

1.7.4 The importance of property tuning

We have mentioned in this section that one of the most interesting aspects of this sort of nano-
materials is their ample possibilities for tunability. Through means such as doping, chemical
functionalisation, thermal treatments, straining, laser ablation, electron and ion bean irradi-
ation, synthesis of heterostructures and composite materials, alloying, and, as we have seen,
intercalation; it is possible to change properties in carbon and carbon-related nanomaterials.
These changes range from its chemical reactivity to its optoelectronical properties or their me-
chanical ones. An extensive review on property tuning is given in Chapter 2 for the case of
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transition metal dichalcogenides, but the same can be said about any of the carbon-related
nanomaterials mentioned in this section.

As for plasmonic materials, their resonances and therefore their optoelectronic properties
are not only correlated with their composition, but also their actual geometry and morphology.
In other words, morphology-changing processes like laser manipulation are a form of property
tuning for these kind of structures.

Both the unique properties of all of these nanomaterials and the possibility to tune said
properties have been the reason for these materials to have applications in fields as far appart
as medicine, photovoltaics, electronic devices, mechanic devices or sensors.

This manuscript is, to a big extent, centered on the study of this sort of property tuning
in materials. On the one hand, in Chapter 2, the optoelectronic properties of several different
kinds of TMD alloys are studied while changing the alloying degree. Alternatively, in Chapter
4 we do not only look at the effects of thermal reduction on graphene oxide, but on each part
of the reduction process and how it affects the sample. Finally, Chapter 3 also has to do with
the tuning of properties in nanomaterials, where we change their morphology instead of their
composition.

Now that both the main techniques and the main materials for these studies have been
properly into context, it is important to explain how these two worlds will merge in the context
of this manuscript.

1.8 Structure of this work

The structure of this manuscript is divided in four differentiated sections:

• An introduction to the fundamental concepts of transmission electron microscopy, electron
energy loss spectroscopy as well as a brief history of nanomaterials, which is completed by
this structure section.

• An experimental section on optoelectronic properties of nanomaterials using the aforemen-
tioned techniques.

• A second experimental section on in-situ TEM and EELS studies

• A conclusions section where the main points of the research shown in this manuscript are
brought up.

This section tries to briefly get into each one of these sections in order to better understand the
structure of this text.

1.8.1 Fundamental concepts: materials and techniques

First and foremost, with this work being almost entirely related to some form of electron mi-
croscopy and/or spectroscopy, it is vital to understand the working principle of these techniques.
This includes a brief historical introduction, as well as an in-depth explanation on how trans-
mission electron microscopes and EEL spectrometers work, the different kinds of imaging, how
aberration correction has set a turning point for electron microscopy, the information we can
gather from the different features on EEL spectra, the combination of STEM and EELS, and,
last but not least, a brief description of our own equipment and how it fits within the theoretical
background provided. We also offer a brief insight into the world of nanomaterials and, more
specifically, carbon nanomaterials, since they are the starting point from where most of the
research in this manuscript has emerged from.
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1.8.2 Optoelectronic properties using STEM-EELS

Once we have seen the different possible features of a Low loss EEL spectrum, as well as how
STEM and EELS can be performed as a combined technique to obtain all the information
from EEL spectra with the spatial resolution of a STEM, we can now see how we can use this
knowledge for the analysis of different nanomaterials.

Band gap and Van Hove measurements of TMD alloys
The first material to be analysed using these techniques are transition metal dichalcogenide al-
loys, specifically MoxW1−xS2 alloys. In this section, we delve into what transition metal dichalco-
genides, and how alloying has allowed, among others, for a finer tuning of the optoelectronic
properties of these materials. By means of STEM-EELS measurements using the spectrum-line
configuration, which is explained in detail in Section 1.5.2, it has been possible to provide direct
measurements of the band gap of these alloys, as well as other optoelectronic properties such as
exciton features and Van Hove features. This study is shown in detail in chapter 2.

Plasmonic measurements of high aspect-ration Au nanostructures
The second study related to optoelectronic properties of nanomaterials and STEM-EELS relates
to the plasmonic properties of novel high aspect-ratio gold nanostructures. This section offers
insight on plasmonics and its applications, as well as how STEM-EELS can be a technique that
offers remarkable insight on the study of these properties. After having challenging experimental
conditions, this section also tackles the use of multivariate analysis, among other data analysis
methods, in order to try to gather as much information as possible from the raw data. This can
be seen in chapter 3.

1.8.3 In-situ TEM and EELS studies

The second main experimental focus of this work is the use of TEM and TEM-EELS techniques
for the purpose of in-situ experiments. In this sense, the principal subject of this section is the
thermal studies on the reduction of graphene oxide, althouh an added annex is provided on an
ongoing work related to in-situ studies on chemically modified carbon peapods.

In-situ TEM-EELS studies on the thermal reduction of GO
The main section concerning in-situ studies using TEM-EELS focuses on the reduction of
graphene oxide, or GO. After properly introducing this material, its possible models, its prop-
erties and its reduction mechanisms, a thorough thermal study has been performed where we
have been able to measure properties from the oxydation degree to the sp2 bond ratio in the
samples along a series of temperatures. This kind of study allows for an in-depth knowledge of
the sample not only before and after complete reduction, but on every step of the reduction
process, which also means a more intricate knowledge on the reduction mechanism itself. This
can be seen in chapter ??.

1.8.4 Conclusions

The final section of this manuscript focuses on the general conclusions drawn from the studies
shown in it. From sample preparation to data analysis optimisation, this section covers how
these studies fit on the current scientific panorama surrounding these materials and techniques.
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2

Optoelectronic properties and Van
Hove singularities in few-layer
MoxW1−xS2 alloys: a STEM-EELS
study

Transition metal dichalcogenides have been on the spotlight of nanomaterial research for decades.
Futhermore, as we have mentioned in Section 1.7, one of the main appeals of the research in
this 2D material, as well as many other atomically thin nanomaterials, is the possibility to tune
their properties using a diverse variety of methods.

In this chapter, we will delve into the history of TMDs, the differend kinds of TMD materials
and their properties, as well as the different methods that have been used for tuning said prop-
erties. The study presented here focuses on a specific tuning method, alloying, which is literally
a millenary technique that can nowadays be applied to nanomaterials.

The study presented in this chapter focuses on the optoelectronic properties of atomically
thin TMD alloys, specifically MoS2-WS2 alloys, which are a kind of material that has been
somewhat recently synthesised. This is the reason why a full study of its properties is needed,
and, as we have seen in Section 1.5.2, STEM-EELS allows for the study of these properties at
the nanoscale.

An additional aspect of alloy study, that is explained in this chapter but has been done pre-
viously to this study, has been the identification of the alloying degrees of different MoxW1−xS2

alloys using STEM imaging. In atomically thin flakes of these alloys, using the spectrum profile
explained in Section 1.5.2, and several data analysis techniques that we will explain in detail in
this chapter, it has been possible to study the evolution of several optoelectronic properties in
alloy regions showing a different thickness or a different alloying degree.

The properties studied in this chapter cover the dielectric function of the different samples
and several aspects dealing with the electronic density of states of said materials. Specifically,
we will be performing direct measurements of the bandgap, as well as estimations of features
related to Van Hove singularities in the density of states of the alloys, and features related to
electron-hole pairs that appear in the samples when excited by a TEM beam.

However, in order to fully understand the research performed in this study, we shall start by
understanding the history of this family of materials, transition metal dichalcogenides.
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2.1 Introduction to transition metal dichalcogenides (TMDs)
and the tuning of their optoelectronic properties

In the introduction of this work, specifically in Section 1.7, the importance of 2D materials for
modern research has been highlighted. Among them, as we will see, one of the most interesting
ones are transition metal dichalcogenides (or TMDs). This section focuses on these materials:
what they are, their history, their properties and the way they can be tuned.

2.1.1 What are transition metal dichalcogenides?

Transition metal dichalcogenides are layered materials with a stochiometry MX2, with X being
a chalcogen(X=S, Se, Te) and M being a transition metal.

There is no date of synthesis of the first TMD due to the fact that some of these materials
can exist in nature as minerals. However, the atomic structure of a TMD was first determined
by Dickinson and Pauling in 1923 using X-Ray diffraction (XRD). This TMD was molybde-
num disulfide (MoS2), also known as the mineral molybdenite, and the structure discerned by
Dickinson and Pauling was not far from one of the structures known for MoS2 nowadays. This
structure can be seen in Figure 2.1

Figure 2.1: Arrangement of atoms in molybdenite, MoS2. Source: [98].

Transition Metal Dichalcogenides became a growing interest for the scientific community,
and a vast diversity of TMDs were discovered over the next decades. A study by Wilson and
Yoffe in 1969 about TMDs reported over 60 types of TMDs, of which around two thirds were
known to have layered structures [99]. This study also showed a meticulous clasification of the
different TMDs found to that date, including their composition, crystallographic structure or
structures and some electrical properties.

Unlike graphene, TMDs, and more specifically MoS2, was fabricated as a 2D material decades
before graphene had even seen the light; with the first reports of the scotch tape mechanical
cleavage method being used to try and produce ultrathin MoS2 films dating all the way back
to 1963 in the study by Frindt and Yoffe. These ultrathn films were reported to be less than 10
nm in thickness. It was the same Frindt, along with Joensen and Morrison, who first reported a
solution of single layers of MoS2, produced by liquid exfoliation of MoS2 previously intercalated
with lithium atoms [100]; a phenomenon that will be delved into in Section 2.1.3

The 1990s and 2000s were, within the realm of nanomaterials, the golden years of nanotubes
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and fullerenes. It makes complete sense that it was these years that saw the first synthesis of
TMDs fullerenes and nanotubes, specifically WS2, in the study by Tenne et al from 1992 [101].
This was followed by similar synthesis on other TMDs such as MoS2 [102].

TMDs gathered a vast amount of research interest again during the discovery of graphene
and the beginning of the ”2D revolution”, that is, after 2004. There are two crucial moments
for this resurge research interest on 2D TMDs.

The first moment, circa 2010, was the fabrication of the first monolayer MoS2 transistor
using a hafnium oxide gate. This device had an on/of current ratio of 108, and it opened the
door to a new development in 2D nanodevices [103]. The second moment was the discovery of
a very strong photoluminescence behaviour in MoS2 monolayers. This would mean that MoS2,
considered an indirect bandgap material, would undergo an indirect to direct bandgap transition
when thinning it down to a single atomic layer [104, 105]. A similar property would be discovered
for WS2 three years later [106]. This study also reported a much higher luminescence at the edges
of WS2 monolayers, related to the the structure, the chemical composition and probably some
excitonic effects that have been presented in Section 1.4.3 and will be explained in detail in this
chapter.

An additional advantage of this kind of materials was that, in time, 2D nanosheets were able
to be fabricated with a really high yield and large scale, which make TMDs an ideal candidate
for industrial scale applications[107].

For the purpose of this chapter, and for their being arguably the most worked-on TMDs
to date, we will focus on two specific cases among the different TMDs: molybdenum disulfide
(MoS2) and tungsten disulfide (WS2).

2.1.2 MoS2 and WS2

Although there is a vast number of layered TMDs discovered to date [108, 109], as far as we
know there are only two layered TMDs that exist in nature: MoS2 and WS2, in the form of
molybdenite and tungstenite, respectively. This has kickstarted their research with respect to
others, since synthesis was important but not essential to the development of further studies
on these materials. For example, the first transistors with high mobility made of monolayer
MoS2 were actually fabricated using material gathered from molybdenite [103] using the scotch-
tape micromechanical cleavage method commonly known for being used for the fabrication of
few-layer graphene.

Since this study focuses on alloys between MoS2 and WS2, it makes sense to delve deeper
into the properties of these two materials

2.1.2.1 Atomic structure and phases

Although TMDs exist in different structures, MoS2 and WS2 have the two most common struc-
tural phases in TMDs: trigonal prismatic (2H) and octahedral (1T) coordination of the transition
metal atoms, the first one being the most stable one. These two structures can be seen in Fig-
ure 2.2. A third option, a distorted 1T phase, is given as well. Finally, two different stacked
superstructures are given, which will be studied in detail in Section 2.1.3

A monolayer of MX2 consists of a sandwich structure formed by three superposed layers,
X-M-X, the 2H structure (1H in the case of monolayers) would represent an A-B-A stacking
among these layers (the atoms of the two chalcogen layer are in the same positions in their
respective planes) and the 1T would represent an A-B-C stacking.

For the case of TMDs formed by Mo and W with either Se or S (that is, the family of TMDs
that is most common), both DFT and experimental studies show the two aforementioned phases.
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Figure 2.2: Atomic structure of single layers and simple stacks of TMDs in different phases. From left
to right: trigonal prismatic (2H), ideal octahedral (a×a)(1T) and distorted octahedral (2a×a) phases; 2H
ABA stacking and 3R ABC stacking. Edited from [110]

The 2H phases are semiconductors; and the 1T are metals. We will delve deper into these studies
in Section 2.1.2.2. This has sparked a lot of interest, research-wise [111, 112, 113].

As it has been mentioned, the most stable structure for these materials is the 2H structure.
However, several processes can be used to transition the materials from one phase to the other,
something that belongs to a somewhat new discipline for TMDs called phase engineering, which
will be studied more thoroughly in Section 2.1.3

2D TMDs are oftentimes thought of as perfect lattices. however, grain boundaries and are
not uncommon, and chalcogen vacancies are fairly common as well. This is interesting from
an application point of view, since grain boundaries, defects and other structural disorders like
terraces between regions of different atomic thickness is vital for the catalysis applications of
TMDs. This is due to the fact that both chalcogen vacancies (which generally imply a dangling
bond) and grain boundaries (which can imply a certain amount of structural disorder that can
increase reactivity) are both used as active sites for these catalytic applications, especially in
the case of chalcogen vacancies [114, 115]

2.1.2.2 State of the art

As we will see in Section 2.1.4.1, MoS2 and WS2 are currently used in a variety of studies,
mostly as a part of some sort of heterostructure or composite, or using new approaches for their
property tuning, such as doping or, of course, alloying. These are shown in depth in Section
2.1.3. However, studies are being performed to this very day on the properties of these materials
on their own, and the possible applications of these properties.

When it comes to MoS2 and WS2 monolayers, a lot of recent studies have focused on the
study of its excitons (which we will delve deeper into in Section 2.1.2.3. These studies range
from probing this excitonic behaviour by exciting the TMDs with photons above the lowest
energy exciton [116] to the studies of excitonic effects under high magnetic fields [117, 118].
Additionally, we have seen the role defects and grain boundaries in 2D TMDs when it comes to
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its applications, but these structural defects also play a role on their excitonic behaviour[119].
Excitonics have also been a subject of study for large scale batches of TMDs presenting a varied
array of thicknesses [120].

As we have seen in Section 2.1.1, photoluminescence is a big research interest when it comes
to TMD monolayers like MoS2 and WS2. An important notion that will be explained in detail
in chapter 3 is that the plasmonic behaviour of a material can enhance the the photoresponse
of a material as well as its luminescence. This has been a main reason for the study of surface
plasmon-mediated enhancements of these properties [121], which have already yielded some
applications in the form of photosensors [122].

Another vast field within TMD applications, which we will see in detail in Section 2.1.4.1
for the case of TMD alloys, is catalysis and specifically hydrogen evolution reaction (HER)
applications. In this sense, MoS2 and WS2 have both been used on their own for this purpose,
in order to study the role of its phase, defects and edge effects in this type of catalysis [123].

In recent years, one of the biggest research interests in terms of properties of 2D materials
has been the behaviour of twisted bilayers. When it comes to MoS2 and WS2, plenty of new
studies have focused on the properties of these twister bilayers, from the vibrational properties of
their Moiré patterns [124, 125] to the dependence of their coupling as a function of the twisting
angle [126, 127]. This interface coupling has found applications in photodetector sensors as well
[128].

In conclusion, despite being two materials that have been long known, the relevance of MoS2

and WS2 for research is still quite high, as is the research interest in materials that derive from
them.

2.1.2.3 Physical Properties

There is a vast number of interesting physical properties in these materials, from mechanical to
thermal and, especially, optoelectronic properties. We will briefly delve into these different kind
of properties.

As we have seen in the previous section, this type of TMDs consists of interacting sandwich
structures (S-X-S, where X=Mo or W). Generally speaking, the average thickness for a layer
is ≈ 6.5Å [129], which makes for a material with a very high mechanical anisotropy. When it
comes to the internal bonds in TMDs in general, it is known that the intralayer bonds, regardless
of their being among transition metals, among chalcogens or between one and the other, are
covalent bonds. As for the bonds between two MX2 layers, they are generally van der Waals
bonds [130]. This is the main reason why this material can be exfoliated, in a similar manner as
other 2D materials such as graphene or boron nitride [131, 132, 133].

However, differently from what we will see for carbon materials in chapter 4, where the
electronic properties stem from the hybridization of s and p orbitals, the electronic properties
of TMDS depend on the transition metals in question, specifically the filling of their d orbitals
[110].

We can deduce the oxydation state of the chalcogens is the same one as oxygen, as they
are on the same column of the periodic table; that is, -2. Since the material is not charged at
equilibrium, this would take the oxidation state of the transition metals to be +4. If we take into
account that both Mo and W are in the group VI, with electronic configurations with 6 valence
atoms each, we get to the conclusion that these TMDs have a total of 2 d orbital electrons

For both our case studies, the naturally ocurring phase in the materials without any kind of
doping nor treatment is the trigonal prismatic one (2H). In other words, both MoS2 and WS2

are, in principle, semiconductors. Due to their general structure, explained in Section 2.1.2.1,
layered TMDs are extremely anisotropic, both mechanically (which allows for exfoliation) and
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electrically, with a conductivity perpendicular to the planes that can be up to orders of magnitude
higher than its in-plane conductivity [99]. In terms of mechanical properties, MoS2 and WS2 offer
rather interesting properties, with MoS2 being a very flexible material, with a Young modulus
of 270 GPa for monolayer MoS2 and 240 for bulk MoS2 [134]. It is not as high as graphene but
it still makes for a very flexible and resistent material. Its fracture strain has been modeled to
be between 25 and 33%, and it has been measured at 23% for monolayers [134].

With relation to their thermal properties, both MoS2 and WS2 offer good thermal stability
[135], but very poor values of thermal conductivity, with a value of 40 W m−1 K−1 for monolayer
MoS2 and a value of 50 W m−1 K−1 in the intraplanar direction and 4 W m−1 K−1 in the
interplanar direction for bulk MoS2. Bulk MoS2 offers a coefficient for thermal expansion of 1.1
·10−5 K−1 in the in-plane direction [134].

Optoelectronic properties
Even though other properties of the material are of importance, this study focuses particularly
on the optoelectronic properties of TMDs.

Due to their general structure, explained in Section 2.1.2.1, layered TMDs are extremely
anisotropic, both mechanically (which allows for exfoliation) and electrically, with a conductivity
perpendicular to the planes that can be up to orders of magnitude higher than its in-plane
conductivity [99]. Briefly put, these kind of materials offer a high electrical conductivity [135],
with an in-plane carrier mobility of 200 to 500 cm2 V−1 s−1 for MoS2 [136]

As we have seen in Section 2.1.2.1, the electrical properties of both MoS2 and WS2 are
heavily influenced by their structure, with two main structural phases that are metallic and
semiconductor, respectively. However, as we will see in Section 2.1.3, many other factors can have
an effect on the electrical properties of these materials; like strain, temperature or thickness.
This is why we can see values for the bandgap of semiconducting MoS2 that range from 1.25 eV
[137, 138] to 1.83 eV for MoS2 [139]; and from 1,35 eV [138] to 2 eV in WS2 [140]. In general
terms, there is consensus that MoS2 has a lower bandgap than WS2.

As we have mentioned, thickness plays a part on the electrical properties of both semicon-
ducting MoS2 and WS2, especially when it comes down to an atomic thickness. As an example,
we can see the calculated band structure for bulk MoS2 as well as samples of a specific atomic
layer thickness in Figure 2.3 [104].

As we can see, bulk MoS2 is characterized by an indirect bandgap, as are 4-layer and bilayer
MoS2. The direct excitonic transitions still occur at high energies at K point. However, as the
atomic thickness goes down to a few layers, the indirect bandgap becomes larger, while the
direct excitonic transition barely changes. For monolayer MoS2 (see plot d in Figure 2.3), this
material turns into a direct bandgap semiconductor. This dramatic change of electronic structure
in monolayer MoS2 is related to the increase of photoluminescence for monolayer MoS2, which
has been previously covered in this chapter.

The main phenomena that rules over this electronic band structure and its lowest energy
transitions, and therefore the bandgap of the sample, are excitons. The dielectric confinement
present in TMDs allows for the formation of highly stable, strongly bound excitons [117, 141].

The spin-orbit interaction in TMDs is much stronger than in other 2D materials like graphene.
This interaction comes from the heavier elements in TMDs compared to graphene and from the
transition metals d orbitals as well. As a consequence, there is a spin splitting at the valence band,
which has been seen to be around 0.2 eV for monolayer MoS2 and 0.4 eV for WS2 [142, 143]. In
turn, this coupling creates a splitting of the valence band into two subbands. This means there
are two different types of excitons involving transitions from the upper and lower energy spin
states, which we call A and B.
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Figure 2.3: Theoretically calculated band structures of (a) bulk MoS2, (b) 4-layer MoS2, (c) bilayer
MoS2, and (d) monolayer MoS2. The solid arrows indicate the lowest energy transitions, responsible for
the bandgap. Source: [104]

For the purpose of this study we will also focus on higher energy excitonic transitions. There
is an additional excitonic feature in EELS, which we call C feature, that comes from several of
these higher energy excitonic transitions.

An additional property of these materials, which will be delved into a lot deeper in chapter 3,
are its plasmonic optoelectronic properties. These do not only have to do with the material itself,
but also with the morphology of it and with the technique we have used for these studies. These
properties arise from the excitation of the material, in this case with an electron beam, which
in turn produces collective excitations of the materials valence electrons. In few-layer flakes of
MoS2, for example, it has been seen in the literature [144] that these excitations take two forms:

• On the one hand, we have the bulk plasmons, which affect the whole sample and are
somewhat constant for a given thickness of the sample. It is situated at somewhat high
energies (approximately 20 eV).

• On the other hand, we have surface plasmons, which are a lot more spatially localised.
Their energy is much lower (under 4 eV) and they are hard to analyse because there are
several features in a similar spectral window. According to the literature, these plasmons
tend to concentrate at the edges of the different steps of the flakes. However, it has been
seen that this effect could not be the only one that is spatially localised in MoS2; suggesting
that maybe excitonic behaviour also showed some edge effects [144].

These are not our main focus for the purpose of this study, but just as a cautionary measure
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we will avoid any EEL spectra taken at the edges of the alloy flakes, since these are regions with
an enhanced plasmonic activity.

An additional property of these materials, and one that is clearly of interest for the purpose of
our study, is the existence of discontinuities in their density of states. This kind of discontinuities
are called Van Hove singularities, and their effect can be seen in the EEL spectra as peaks around
this discontinuity in the DOS, since these discontinuities serve as triggers for transitions at a
very specific energy. In the case of our materials, they both exhibit two distinct Van Hove
singularities, which in turn produce two separate features in the EEL spectra which we will
denominate α and β from now on.

2.1.3 Tuning properties of 2D TMDs at the nanoscale

Additionnally to having really interesting properties by themselves, one of the most attractive
features of 2D TMDs, as with most of 2D materials, is the versatility they can have in terms of
modifying and tuning said properties. This section is focused on the different ways this property
tuning can be performed on 2D TMDs, including the one being the subject of this study, that
is, alloying.

Phase engineering

As we have seen in Section 2.1, 2D TMDs have a layered structure where each unit layer is
3 atoms thick. The intralayer bonds are covalent, whereas the bonds among layers are usually
van der Waals bonds ,which are the ones allowing for exfoliation. The main different phases
in which these TMDs can appear have already been explained in Section 2.1.2.1. The phase of
single-layer TMDs depends quite a lot on the electron density of the d orbital of the transition
metal. Tuning the filling in said orbital allows for phase engineering in TMDs [110].This phase
engineering can be achieved through several different paths, some of them already mentioned in
this section.

The actual structural process taking place in the transition from 2H to 1T phase has been
seen in situ by means of electron microscopy. When heating the sample up to 600 °C and
combining this with the energy given by the interaction between the electron beam and the
sample, it can also undergo this phase transition [113].

However, the most common path for phase engineering is alkali metal intercalation. For
example, lithium intercalation has been used for decades for chemical exfoliation of different
TMDs [111]. The effects of Li intercalation on the structural phase of MoS2 were known to be
a change from a 2H to a 1T phase [145, 146, 147]. This is due to tan electron transfer from the
reducing agent to the TMD during the intercalation, increasing the electron density of the 4d
orbital in the transition metal [110, 148]. This is not the case for all TMDs. For example, the
lithiation of TaS2 induces the opposite phase change, from 1T phase to 2H phase [149].

Generally, single-layer TMDs are not phase stable and end up having a regions of several
phases, most commonly 2H and 1T. This creates grain boundaries, which have been previously
mentioned in Section 2.1.2.1 and will be delved into later in this section.

Another way of tuning the phase of TMD compounds is the generation of heterostructures,
which will be discussed later in this section. For example, the stacking of 1H TMDs can generate
an ABA sequence (2H in Figure 2.2) or an ABC sequence (3R in Figure 2.2). This sort of
restacking gives the TMDs different properties from their non-stacked equivalents. For example,
bilayer MoS2 and folded MoS2 show different properties from one another.

As we will see in this section, both hot electrons coming from plasmonic nanostructures and
mechanical strain can also provide the necessary energy for this phase transition [150, 151].
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Heterostructures

Heterostructures are a commonly used technique for property tuning in different 2D materials,
especially graphenic ones [152, 153]. Heterostructures are stackings of two or more 2D materials.
In the case of TMDs, these stackings can consist of two layers of the same TMD (in which case
we speak of TMD homostructures), different kinds of TMDs or a mixture of TMDs and other
2D materials.

The stacking of two layers of the same TMD is essential for the study of twisted bilayers
mentioned in Section 2.1.2.2 [154, 125, 127] for the study of the properties mentioned in said
section, especially the coupling of the two layers in question depending on the twisting angle
among them.

TMDs have been built as well into heterostructures with a variety of 2D materials, resulting in
various applications. Materials like graphene, rGO and black phosphorous enhance the electrical
conductivity of TMDs [155, 156, 157], and graphene has even been used to tune spin injection and
transport in TMDs [158]. These kind of heterostructures have had a wide array of applications,
mostly in sensors [159, 160] but also in transistor-like devices. Hexagonal boron nitride (h-BN)
can also be used for this purpose despite its being an insulator. When put together with a TMD
in a heterostructure, its high smoothness reduces the TMD carrier mobility barriers caused by
sample roughness if we compare it with other sorts of substrate [161]

As we will see in Section 2.1.4.1, one of the main applications of TMD nowadays is in hydrogen
evolution reaction catalysis (HER). In this sense, heterostructures combining TMDs and other
layered nanomaterials such as a Ni-Co layered double hydroxide (LDH)[162] or Co(OH)2 [163]
can increase the performativity of TMDs in this reaction, and it is a prominent field of study
nowadays[164].

Another possible use of heterostructures can be the tuning of the TMD phase, a property
tuning covered in this section as well. This can be achieved through excitation via hot electrons
coming from plasmonic sources [165]. This can be used to obtain a plasmon-induced HER reactio
n[150].

An important matter when it comes to 2D materials and property tuning is that the substrate
does not just play a part in the efficiency of the property tuning, but can be a part of this tuning
itself. In other words, we can think of the combination of the sample and the substrate as a
heterostructure itself. Choosing a particular substrate over another can modify chemical or
electrical properties at will [166]. This is one of the reasons why the studies on this chapter are
performed on free-standing TMD alloys.

It is possible to use several property tuning methods simultaneously to obtain a higher control
over the final properties of the material. In this sense, alloying and heterostructures have already
been used together for a better tuning over the final optoelectronic properties of the material,
like for example building heterostructures out of pure MoS2 and MoS2(1−x)Se2x with a tunable
alloying degree [167].

Composites can be seen as a specific kind of heterostructures. As it has been explained at
the beginning of this chapter, TMDs can be currently synthesised with hihg yield and in large
batches. This along with their interesting properties, has made them a perfect candidate for
their hybridization with other materials in order to fabricate new composites [107].

Functionalisation

In order to modify their properties for the optimisation of their applications, routes towards their
chemical functionalisation have been developed. Within this functionalisation, we distinguish two
very different areas, namely chemical and non-chemical functionalisation.
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Chemical functionalisation refers to the kind that implies a chemical bond formation
between the functionality and our TMD. Despite their promising properties, 2D TMDs are
rather intert, chemically speaking, which difficults this type of functionalisation. This is due to
the chalcogen atoms in the basal planes of charge neutral TMDs being saturated and therefore
not highly reactive [168] leaving only the edges of the 2D TMD flakes as reactive sites. However,
several routes have been found to chemically functionalise TMDs not only on the edges but also
on the basal plane.

One of the first examples of chemical functionalisation of 2D TMDs was the functionalisation
of 1T-MoS2, WS2 and MoSe2 using diazonium salts and organoiodides. This kind of covalent
fucntionalisation seemed to be based on the cration of defects in the TMD nanosheets to which
the functionality could attatch to. This study also had to do with the previously explained
phase engineering [169]. Other examples include thiol/sulphur functionalization. In fact, a study
on this kind of functionalisation (dibenzothiophene adsorption on MoS2) seems to be the first
covalent TMD fucntionalisation of which there was direct evidence [170, 171].

With regard to this last example of TMD chemical functionalisation, it is imporant to high-
light a study performed within the context of this PhD, of which the object of study was the
functionalisation of MoS2 with 1,2-dithiolanes with organic electron donor units for energy con-
version applications [172]. The TEM microscopy shown in said study was also performed as a
part of this doctorate.

On the other hand, non-chemical functionalisation relates to the sort of functionalisa-
tion where the functionality is attatched to our TMD without the need of a chemical bond, for
example by physisorption or Van der Waals forces. Some examples include the functionalisation
of WS2 monolayers with small fullerenes in order to tune their electronic properties and pho-
toactivity [173] which has been calculated using DFT; although this could be considered as a
Van der Waals heterostructure.

A more recent approach consists on tuning the surface charge density of MoS2 nanosheets by
exfoliating MoS2 with various exfoliants, namely pyridinium tribromide, imidazole, and chloro-
phyll. Non-covalent functionalisation of MoS2 is caused by said exfoliation processes, and these
functionalisations seem to improve the performance of MoS2 in HER reactions, which will be
delved into in Section 2.1.4.1

Doping

Following the path of other atomically thin nanomaterials, another common method for tuning
the properties of TMDs is doping.

One of the first kinds of doping regarding TMDs deals with the topic of phase engineering,
which we will delve into later. In this sense, Li intercalation (which can be considered a kind of
doping) has been used extensively for the phase transition of layered TMDs [111].

One of the most known applications of doping for TMDs is the doping of MoS2 and WS2

for the improvement of HER catalytic performance[137]. This will be delved into in depth in
Section 2.1.4.1.

A very comprehensive review on the different doping methods and their possible applications
is shown in [135]. These application range from optoelectronic sensors, biological imaging and
sensing applications, photodetectors or data storage memories.

Alloying

Alloying is a technique that has been used for the improvement of bulk materials for millenia.
When it comes to the tuning of optoelectronic properties in bulk materials, alloying has been a
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technique vastly used [174]. These bulk alloys have been studied for decades now, with studies
on any possible property of these materials. Regarding optoelectronic properties, there have
been studies in these alloys with subjects ranging from from elasto-optic effects, to ”Electro-
optic constants”, and even some specific effects under electrical fields such as the Franz-Keldysh
effect, which measures the changes in optical absorption under said fields [175, 176].

The study of these bulk semiconductor alloys was especially focused on ”Tuning the mag-
nitude of the band-gap energy and other material properties so as to optimize and widen the
application of semiconductor devices” [174]. With respect to the case of binary alloys in semi-
conductors, it is commonly the case that the bandgap of the alloy has a gradual behaviour with
the alloying degree, if not always within the energy window marked by the individual bandgaps
of its parent compounds. However, this method does provide a way of tuning the bandgap of a
material within a certain energy range, wich makes it a perfect candidate for doing the same in
2D materials.

Even though there were some bulk TMD alloys around the same time as MoxW1−xS2 [177]
(so we cannot know for sure if this was the first bulk alloy to be synthesised), the first time this
method was successfully employed to produce a crystal of a MoxW1−xS2 alloy was reported on
the study by Bonneau et al, in 1993 [178]. In this study, they used a common reaction that had
already been used for the synthesis of other materials. This technique, a modification of the one
introduced by Bouchard in 1968 [179], had two different steps. First, high-quality (Mo,W)S2 solid
solutions were synthesised by reacting a mixture of MoCl5 and WCl6 with Na2S. This mixed-
metal dichalcogenide solutions were reduced in a H2 atmosphere at 900°C. The 2D approach to
these alloys will be later discussed in Section 2.1.4.

Other forms of tuning properties in 2D TMDs

Strain In Section 2.1.2.1, there was reference to a distorted 1T phase in TMD structures. The
strain in this distortion changes the metal-metal bond distance in the TMD, hence modifying
the electronic structure. For example, in the case of ReS2, studies show that the distorted layers
create an energy gap instead of its being metallic, as expected by its 1T structure[180, 181].

This seems to be applicable as well to other TMDs, where DFT calculations are predicting
a small gap opening of a few tenths of meV in 1T MoS2 due to the distortion of 1T phase[182,
183]. Tensile strain has been predicted to red-shift the bandgap of semiconducting TMDs, and
experimentally a decrease has been found in the bandgap, of about 70 meV per percent of
applied strain[184]. Strain has also been shown to improve the catalytic activity of TMDs[185].
All in all, this makes strain engineering a very interesting field for this type of materials.

Gating Electric field gating of TMDs, in other words, controlling the amount of charge carriers
in a sample by applying an electric field of a certain intensity, is a method for property tuning
that has been used vastly with metallic and semiconductor 2D materials, and TMDs are no
exception. In fact, due to their electronic properties, an increase in charge carriers in layered
TMDs can have rather exceptional effects, most notably superconductivity. This has been a
phenomenon known for more than 50 years, but still relevant to this very day [99].

2.1.4 Alloying in 2D TMDs

Even though TMD alloys have existed for decades now, 2D TMD alloys have all been synthe-
sised in the past ten years. New and novel methods like optimised chemical vapor deposition[186],
physical vapor deposition [187], chalcogen exchange [186], and colloidal solution synthesis[188][189]
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The synthesis of these alloys has also been succesful by combining several techniques. This
includes transport vapor deposition and mechanical exfoliation [166], Electrochemical coating
and annealing [190]

These techniques have made it possible to create new and novel alloys within this realm. The
alloys that have been synthesised to date (that we know of), along with measurements related
to the bandgap, are shown in table 2.1:

Alloy Reference Gap value estimation (eV)

MoxW1−xS2 [113, 191, 192]

≈ 1.85 - 1.93 eV [113]
Excitonic peak ruling bandgap
at 1.93 eV for Mo0.33W0.67S2 and
Exc. peaks from 1.87 to 2.03 eV
depending on alloying degree [191]

MoxW1−xSe2 [188]
A exciton ranging from
1.61 eV (x=0) to 1.50 eV (x=1)

WS2xSe2(1−x) [188]
A exciton ranging from
1.61 eV (x=0) to 1.93 eV (x=1)

MoS2xSe2(1−x) [186, 187]
1.86 eV - 1.57 eV [186]
Band g in PL ranging from
1.55 (x=0) to 1.86 (x=1) [187]

MoxW1−xTe2 [193] Possiby 0 (semimetal candidate)

WS2xSe2(1−x) [194] 1.62 (x=0) to 1.97 (x=1)

VxMo1−xS2 [190] (unpublished)

Table 2.1: Brief review of different TMD alloys discovered in the last years.

2.1.4.1 Applications of 2D TMD alloys

The development in the last years of all the abovementioned TMD alloys has given raise to a
myriad of possible applications. Here we try to give a brief explanation of the most notable ones.

Electronic properties

Optoelectronic properties The 2D TMD family presents a wide variety of optoelectronic
properties, with bandgaps going from 0 to ≈2 eV, with a majority of these bandgaps ranging
from the infrared to the near ultraviolet energy range [195]. This, along with the presence of
direct and indirect transitions depending on the number of layers, make these materials ideal
candidates for applications in optoelectronic devices, both as photodetectors [196] and as LED
emitters. In the photodetector field, they have even managed to achieve spectral response from
ultraviolet to infrared using a single kind of TMD (in this case, MoS2) [197]. Alloying allows for
tuning of these optoelectronic properties, tailoring them to the application needed .

Hydrogen evolution reaction catalysts In the current energy context, it is an increasing
interest to employ hydrogen as a sustainable, green carbon-free energy carrier. For the production
of this hydrogen, it is vital to find new catalysts with good performance on electrochemical
water reduction, also known as hydrogen evolution reaction (HER). For global scaling purposes,
another significant factor is that these catalysts are not fabricated from precious materials.
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In this regard, there have been studies on the high performance of TMD-based catalysts
for this purpose, with the first report on HER activity for TMDs published in 1977 [198].
However, it would take three decades and a 2D materials revolution to significantly advance
HER catalysis using TMDs. in 2005, the free energy of H adsorption on MoS2 was calculated by
DFT, showing that this free energy was close to that of hydrogenase and platinum. The edges
of MoS2 were considered as potential active sites in catalysts for HER reactions [199]. This was
experimentally proven two years later using MoS2 NPs on Au(111), finding a linear correlation
between the electroacatalytic activity for hydrogen evolution and the number of edge sites on
the MoS2 catalyst [200]. The results from this study were completely different from the ones of
bulk MoS2 and focused the research effors on TMDs for HER applications on nanostructures
where surface phenomena were enhanced.

Four main approaches are being taken with respect to improving the HER activity of these
materials [201]:

• The first approach has to do with the electronic properties of TMDs. As we have seen
in Section 2.1.2.3, different TMDs have quite different electronic properties, going from
being semimetals semiconductors with a bandgap of ≈2eV. Furthermore, as it has been
explained in Section 2.1.3, these electronic properties can be tuned using a vast amount of
procedures. Given that the electronic properties of the TMDs involved in HER, it makes
sense that tuning these electronic properties would be a way of improving the HER activity
of these materials.

• A second approach has been the improvement of the catalytic activity of these TMDs.
For this purpose, one of the possible routes to go is doping TMDs with Co, which has
been used before as a catalysis promoter of MoS2 in hydrosulfurization reactions. In this
regard, different approaches for an even higher HER performance have been studied using
co-doped MoS2 as one of its main elements. These approaches include amorphous Co-do
ped MoS2 nanosheets coated on metallic CoS2 nanocubes [202], Co-doped MoS2 annealed
thermally with a CoMoS phase (which was shown to be crucial for the enhance HER
activity)[203], as well as Co-doped MoS2 nanosheets on CdS [204]. In all of these cases,
the HER activity has been increased with respect to plain MoS2.

• A third approach for this optimisation has to do with increasing the amount of active sites
in the catalysts, which have a direct correlation among others with the surface area of the
different morphologies in which we can find TMDs. For example, changing the dimensions
of MoS2 from bulk sizes to single-layer structures lead to special surface properties that
could enhance HER performance [205, 206].

• Finally, the last approach is to improve the electron transport from these active sites to the
electrodes. This has been attempted by synthesising core-shell structures including TMDs
and other materials with better electrical conduction such as metallic multi-walled carbon
nanotubes [207]; as well as hybrid structures using other materials in the 2D realm such
as reduced graphene oxide [208], mesoporous graphene foams [209] or graphene itself.

Alloying can play a role in several of these optimisation approaches. For example, monolayer
WS2-WSe2 alloys have been shown to offer a better HER performance than both of their precur-
sors. This improved performance is thought to be caused by crystal distortions produced by the
different atomic radii of S and Se in the crystal lattice, which in turn create localised electron
fields that can help break the bonds in the molecules adsorbed on the alloy basal plane [194].
Similarly, calculations show that hydrogen adsorption is a bit weak on the Mo edges of MoS2
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(∆GH ≈ 80 meV)and slightly too strong on the Mo edges of MoSe2 (∆GH ≈ −140 meV). Alloys
between these two materials can improve hydrogen adsorption by having a value for ∆GH that
is as close to 0 as possible, improving HER catalytic activity [210].

In conclusion, TMDs, both as alloys [211, 210, 194, 212, 213] and in and of themselves
[214, 201, 215, 216, 217], has been as a new source of catalyst materials for hydrogen evolution
reaction.

We will delve deeper into the alloy being subject of our study, MoxW1−xS2, in the next
section.

2.1.5 MoxW1−xS2 alloys

Out of all the possible TMD alloys that have been discovered so far (see table 2.1), this study
focuses on the behaviour of MoS2-WS2 alloys with a variable alloying degree. This section focuses
on these alloys, their structure and their properties

2.1.5.1 Structure

Much like its predecessors (MoS2 and WS2), it was assumed that MoxW1−xS2 could have either
the 2H or the 1T structure from its parent compounds, as explained in Section 2.1.2.1. The first
TEM images seemed to support this assumption, since it showed images that were very close to
those of MoS2 or WS2, with the exception of the difference in contrast due to the variation in
atomic number between Mo and W [166]. These images can be seen in Figure 2.4

Figure 2.4: (a) Top view of MoxW1−xS2 monolayer and a side view of a unit cell. (b) STEM image of
Mo0.47W0.53S2 monolayer. (c) STEM image in panel (b) after FFT filtering. Source: [166]

Simply put, we can think of these alloys as having the exact same structure as MoS2 or WS2,
with either an atom of Mo or W in each unit cell, depending on the proportion of both elements.
this proportion, numerically represented by the Mo fraction in each alloy, will be called alloying
degree from now on.

Our particular alloy sample presents a semiconducting 2H phase. However, much like with
its predecessors, it is possible to meddle with the phases of a certain alloy . For example, in
the case of the subject of this study, MoxW1−xS2, it has been found that, after its fabrication
via CVD, the difference between thermal expansion coefficients between TMD monolayers and
different substrates produces in-plane thermal strains during cooling that can in turn produce
a phase transition from 1H to 1T [192]. This further enriches the amount of properties that can
be tuned using phase engineering and alloying (explained in Section 2.1.3) by being able to use
both approaches simultaneously.
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2.1.5.2 Properties

Since these materials were conceived with applications in optoelectronics, these properties have
been the one that have gathered the most interest from the research community, and other
properties have not been delved into as much. For example, there are no studies to our knowledge
evaluating the mechanical properties of these alloys, even if some structural strain could be
present in the sample due to the different atomic radii of Mo and W. However, there have
been extensive theoretical and experimental studies on the optoelectronic properties of these
materials.

Much like we have seen in Section 2.1.2.3, 2H-phase MoxW1−xS2 is a semiconductor, much
like their precursor materials, and just like with them excitons play a crucial role on the value
of the bandgap of the material. In other words, these stable excitonic states represent the lowest
unoccupied states of the material. In other words, the value of the bandgap for a MoxW1−xS2

flake of a specific alloying degree is directly related to the energy position of the A exciton (the
lowest energy exciton) for that alloying degree. This is a phenomenon that has been seen for
both MoS2 and WS2 [144], so it is reasonable to see it as well in alloys of both materials.

Previous studies on excitons in MoxW1−xS2 alloys have been made using two main tech-
niques, theoretical simulations [218] and experimental photoluminescence studies [219]. The
studies on the A excitonic peak, the lowest one in energy, throw light on the behaviour of the
bandgap in these alloys [218]. Furthermore, a deconvolution of this photoluminescence peaks
into neutral excitons and trions delve further into the behaviour of the bandgap and the nature
of the excitons in each material [219]. A summary of these studies can be found in Figure 2.5,
taken from a study in the literature that employs the x value of the alloying degree as the amount
of W in the sample and not as the amount of Mo, which is important to understand this figure.

What these studies infer is that, as far as the bandgap goes, is a bowing effect. This means
there is a small decrease of the bandgap ocurring at low W amounts (x over 0.7) and then an
increase as the amount of W in the sample goes up. Furthermore, these studies show that the
amount of trionic excitons, as well as the excessive charge densities go down as the amount of
W increases .

2.1.6 The importance of EELS for the measurement of optoelectronic fea-
tures in few-layer TMDs

As we have seen in the previous section, the studies concerning the bandgap of Mo1−xWxS2 alloys
are based on PL experiments. However, this is a direct measurements of the low energy empty
states of the materials, which are related to the material bandgap but not a direct measurement
of said bandgap, even though some studies have actually made an equivalence between the two
[220].

However, as we have seen in Section 1.4.3, low-loss EELS does offer the opportunity to
directly probe the dielectric function of materials. Furthermore, as we have seen in Section
1.5.2, it is possible to perform these studies while having a spatial resolution that allows for the
study of these alloys down to the nanoscale. Additionally, as we will see both in this chapter and
chapter 4, it is possible to estimate the thickness of our samples based on their scattered and
unscattered electron ratio, and as we have seen in Section 1.2.4, the HAADF intensity, assuming
a homogeneous composition, is proportional to the thickness of a sample. So, in conclusion,
STEM HAADF imaging can be used to find alloy flakes showing regions with a different amount
of layers, and STEM-EELS spectrum lines, along with the HAADF intensity value of each of
the pixels in the spectrum line, holds all the information needed to study the optoelectronic
behaviour of Mo1−xWxS2 alloys not only as a function of the alloying degree, but also as a
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Figure 2.5: PL studies on Mo1−xWxS2 alloys. (a) The PL spectra for the single-layer Mo1−xWxS2 (x
= 0, 0.38, 0.48, 0.63, and 1) alloys. The spectra are fitted with peaks corresponding to neutral excitons
(AX) and trions (AT ). (b) The peak maximum positions of PL intensity, the AX component, and the AT

component as a function of the alloy composition. (c) From top to bottom: The intensity ratios of AX to
AT , AX to total excitons, and the excessive charge density calculated by both the mass action model and
three-level model. Source: [219]

function of the sample thickness; in other words, the number of layers in each region.
This section focuses on how low-loss EELS has been used for the measurement of optoelec-

tonic properties in 2D materials, especially MoS2 and WS2, and what we can learn from it for
the purpose of this study. A good starting point for this is to analyse EELS studies on these
materials found in the bibliography, in order to get familiar with the general shape of the low-loss
EEL spectra on these samples, the features present in said spectra and their interpretation.

2.1.6.1 EEL spectrum analyses of MoS2

In Figure 2.6, we can see the EEL spectra of MoS2 samples presenting different numbers of
layers. These spectra come from the literature [62], but the Figure has been modified to include
the three main regions from the spectra from an analysis point of view, which are the following
in ascending energy:

• The first region of interest for our analysis contains information about the bandgap of
the material, as well as features corresponding to the A exciton (which rules the bandgap
behaviour) and the B exciton. In Figure 2.6, as well as in our case, both peaks are to
close among them to be resolvable from one another. However, we know them to be two
different peaks from both theoretical studies [61] and PL studies [220].
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Figure 2.6: Angle-integrated low loss EEL spectra of MoS2 samples showing 1, 2 and 6 layers, as well as
a sample thick enough to be considered bulk MoS2. Regions containing the main features of these spectra
have been highlighted. Modified from [62]

• The second region of interest for this analysis contains information about the C excitonic
features of the sample as well as the α Van Hove feature. These two are really close in
energy and they are not easy to discern from one another, but our data analysis seems to
have resolved them well enough.

• The third region of interest contains the feature related to the β Van Hove feature in the
sample. However, since this feature is really wide in energy, it is sensible to analyse this
region along with the previous one to account for any overlapping effect.

We will see the physical phenomena lying behind these features, as well as how they impact the
EEL spectra, in the remainder of this section.

2.1.6.2 The bandgap

One or the main objectives of these works is the direct measurement of the bandgap for the
different alloys present in the studies. The mechanism through which these measurements can
be performed is explained in this section.

Usually, optical absorption spectroscopy is the technique chosen for measuring the optical
gap of a bulk material. This technique probes the frequency dependance of the imaginary part
of the dielectric function (ε(ω)) [221]. In the case of EELS, an EEL spectrum is proportional to
the energy loss function (Im(-1/ε(ω))) [13]. In a penetrating geometry, when the electron beam
is going through the sample, this energy loss function, neglecting the surface loss contributions,
is expressed as:

Im(−1/ε(ω)) = ε2/(ε
2
1 + ε2

2) (2.1)
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where ε1 and ε2 are, respectively, the real and imaginary parts of this complex dielectric
response function. Kramers-Kronig transformation allows to determine this dielectric function
from the measured energy-loss function [13]. Thus, optical properties at the local scale can be
measured [13, 222, 223]. However, as the dimensions of the objects decrease, the surface effects
get more importance, and this energy loss function is not a correct response function anymore.
Under these circumstances, the response function is different from the bulk one, as it depends
on the geometry of the object.

One of the advantages of STEM-EELS is that allows to investigate the surface effects and
to work in a non-penetrating (”aloof spectroscopy” (Howie & Milne, 1985 [224]) or ”near field”
spectroscopy), where the electron beam is focused at a grazing incidence to the nanostructure,
no intersecting it. In this case, the only excited modes in the EEL spectra correspond to surface
contributions. Under these conditions, a successful approach for investigating these optical re-
sponses by EELS is the continuous dielectric model [225, 226, 227, 228, 229, 230, 231, 232, 77].
It is a macroscopic semi-classical model based on the resolution of Maxwell’s equations for fixed
boundary conditions. In particular, for different nanostructures (spheres-onions, fullerenes, nan-
otubes...), it has been shown that for the aloof geometry, an EELS spectrum is a weighted sum
of the imaginary part of the multipolar polarisabilities (γ) [229, 231]. Two different regimes
can be distinguished depending of the dimensions (thickness - number of layers in lamellar-
based systems (including nanotubes, nanoonions, 2D planar materials) of the nanostructures:
(1) strong-coupling and (b) week-coupling regimes, respectively. In our case, as we will deal
with a reduced number of layers (1-3 layers), the strong-coupling between the two surface modes
existing in the flakes regime is considered. Therefore, the imaginary part of the polarizability
can be written:

Im(γ(ω) = (Im(ε⊥(ω)− 1/ε‖(ω))) (2.2)

where ε⊥ and ε// are respectively the in-plane (perpendicular to the anisotropy axis) and
out-of-plane (parallel to the anisotropy axis) components of the dielectric tensor of a planar
MoxW1−xS2 sheet. This is interesting because, as we can see from the analysis of the dielectric
constants for MoS2 and WS2, below 3 eV the two terms do not overlap, and then, a direct
measurement of a quantity proportional to the optical absorption perpendicular to the anisotropy
axis can thus be obtained [228, 229, 231]. Thus, the bandgap of the flakes can be directly
measurable by aloof spectroscopy as previously has been done for BNNTs [233, 232, 77].

2.1.6.3 The excitons

As we have seen in section 2.1.5.2, both precursors to our alloy and our alloy itself present stable
empty states in their electronic structure where electrons from the valence band can go to if
they are excited. This is known as excitonic transitions or excitons [144].

In the low-loss EELS spectra in MoS2, there are two features related to excitons at a very
low energy, around 1.5-2 eV. These excitons have been vastly probed by a wide set of techniques,
namely optical absorption, photoluminescence, cathodoluminescence and EELS [234, 235, 191,
186, 188, 236, 237]. It is known that their origin is found on the transitions between the maxima
of split valence bands and the minimum of the conduction band, which are all located at the K
point of the Brillouin zone according to the simulation of the electronic structure of MoS2 in the
literature [104]. As we have seen in Section 2.1.2.3, the splitting of this excitonic feature comes
from spin-orbit coupling effects. The name of the two features for this study will be A and B,
although our spectra do not have a resolution good enough to discern between both features.
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These features have also been observed for WS2 in a similar manner [237], as well as
MoxW1−xS2 alloys, which have been probed by means of IR spectroscopy. The comparison
between the DFT simulations of the bandgap of the alloys and the A exciton position of the
same alloys showed a correlated behaviour between one and the other with the alloying degree
[166]. In other words, the bandgap of the sample is heavily influenced by the A exciton in said
sample and follows its behaviour when varying the alloying degree of the samples.

This is the reason that the measurements of the excitonic peak behaviour and the behaviour
of the bandgap are considered equivalent in a portion of the literature [187, 188, 189]. However,
this equivalence is inaccurate since the excitonic peak is centered around the maximum number
of transitions, not the lowest ones in energy, which would be the ones ruling the bandgap. In
this sense,no previous direct measurements of the bandgap of these alloys have been performed.

There is a third excitonic feature present in the EELS spectra that was not gathered as such
in recent literature [62]. Recent studies show this appearing on theoretical simulations [144] and
it is coherent with our data. This feature was first predicted in 2013 [238] and evidence of it
has only been found in recent years [239]. Full ab-initio modelling of these features has been
performed[144, 240], which is quite useful to put this study into context.

This excitonic feature does not correspond to a single exciton, but rather from ”six nearly
degenerate exciton states made from transitions between the highest valence band and the first
three lowest conduction bands near, but not directly at, Γ, reflecting the fact that the lowest
transitions are degenerate at multiple points near Γ” [238]. However, in terms of data analysis,
all these 6 excitons overlap and we treat the feature as a whole.

2.1.6.4 The Van Hove features

As we have seen in Section 2.1.2.3, these kind of TMDs show what is known as Van Hove
singularities that appear on the EEL spectra as energy loss features or peaks. For the purpose
of our study, much like the one shown in Figure 2.6 [62], we will focus on both the α feature,
situated around ≈3.5 eV; and the β feature, situated around ≈5.5 eV. The analysis of these
two features will not only provide further information about the optoelectronic properties of the
sample, but it will also ease the analysis of the C excitonic feature, since it is quite overlapped
with the α Van Hove feature.

2.1.6.5 state of the art

There have been several studies using low-loss EELS and theoretical simulations to delve deeper
into what we know about out precursor materials, MoS2 and WS2. here we present

Excitons and bandgap In fact, a similar study to ours has been performed for MoS2 and
Re2 by Dileep et al [61], using high resolution EELS to try and calculate the indirect and direct
bandgaps of these materials. This gives us a starting point in terms of results in MoS2. However,
this measurements were not performed for the alloys that are the subject of our study. They
used Tauc plots to determine the direct and indirect gaps.

A second study by Nerl et al focused on high resolution STEM-EELS studies on MoS2,
this time focusing on the one hand on the distance to steps, edges and number of layers and
their role on the excitonic features (which they managed to resolve) and, on the other hand,
with theoretical calculations on the excitonic behaviour of MoS2, which made it clear that there
was an additional excitonic feature at an energy ≈2.8 eV. Both of these points are of extreme
importance for a correct understanding of the analysis of our data.
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Van Hove features The study by Hong et al on MoS2 versed not only on momentum-
dependent spectra of monolayer MoS2 but also on the behaviour of the Van Hove features in the
spectra as a function of the layer thickness of the sample. However, even though it is a signal
that an be sort of seen in the spectra, they did not take the C excitonic features into account
for their analyses.

2.2 Experiment

Now that we know the starting point for this study, it is time to focus on how it has been
performed. This section focuses on all the different experimental parametres, from the sample
preparation as a whole to the data gathering and analysis. These explanations will be crucial
for the understanding of the results yielded by the experiment.

2.2.1 Sample preparation

In order to obtain a STEM measurable sample of the different MoSxW1−xS2, there is a series of
steps to be followed, from the synthesis of the alloy to the transfer of alloy flakes onto a TEM
grid and ht selection of optimal flakes for their study. Here we focus on each one of these steps.

2.2.1.1 Synthesis of the sample: chemical vapour transport

The bulk sample has been prepared using the chemical vapour transport method (CVT), a
technique that has been used far and wide for the creation of crystalline materials [241]. This
process was discovered by Bunsen more than 150 years ago while studying the vulcanic eruptions
of the Vesuv [242]. In this study, he noticed the formation of hematites in the presence of
hydrogen chloride. This, along with confirmation laboratory experiments, made Bunsen develop
the concept of ”pneumatolysis” and pneumatolytic reactions. In this kind of reactions, a solid
could be transfered to a gas phase material and then redeposited somewhere else.

After its discovery, and some modelling approaches, the biggest breakthrough in the develop-
ment of this technique was done by Schäfer, in his study ”Über den Transport des Bodenkörpers
im Temperaturgefälle mit Hilfe heterogener Gleichgewichte”. In this study, Schäfer studied the
migration of iron oxide when put in a hydrogen chloride atmosphere in a temperature gradi-
ent from 100°C to 800°C in a sealed ampoule. A general scheme for the set-up of this kind of
experiments can be seen in Figure 2.7

Figure 2.7: CVT synthesis method. Sketch of a transport ampoule in the temperature gradient of a
two-zone tubular furnace. In an exothermic reaction solid AB and the transport agent [L(g), which might
be regarded as solvent] form the transporting gas species AL(g) and B(g). At the sink, which is for the
chosen example at the higher temperature, the reaction is reversed. Source: [241]
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His conclusions allowed a reproductible and versatile method for the production of different
crystals.

In CVT, generally, a condensed phase (normally a solid) is heated up and volatilised with
a gas present in its medium (called a transport agent), and then redeposited in the form of a
crystal in a different location. The volatilisation, the transport and the redeposit all take place
within a sealed container where there is a temperature gradient. The three steps of a CVT
reaction are perfectly explained in the historical review done by Binnewies et al [241]:

”It is the characteristic of a chemical vapor transport reaction that only gaseous
products are formed off a condensed phase and a gaseous transport agent. [...] Three
steps are distinguished:

1. Forward reaction (the condensed phase reacts with the transport agent; first
phase-transfer reaction).

2. Gas flow

3. Back reaction (deposition of the condensed phase under release of the transport
agent; nucleation, crystal growth; second phase-transfer reaction)”

This method has previously been used for the preparation of a variety of crystalline materials,
mainly pyrites [243], a variety of oxides [244], and, most notably, transition metal chalcogenides
in various forms (including TMDs)as well as mixed crystals, which could be considered as alloys
nowadays [245, 246]. This would later be used for the preparation of a variety of TMDs [247,
248, 249, 108].

In the context of this study, bulk MoxW1−xS2 alloys have been synthesised using this method
in previous studies by our collaborators [250] as well as other independent studies [136]. They had
been previously synthesised twenty years before using chemical reactions as stated in Section
2.1.3, so a stable phase of this alloy was known to exist. However, chemical vapor transpot
ensured a single phase crystal.

Nowadays, alternative bottom-up techniques are being used for the production of these alloys,
such as Chemical Vapor Deposition (CVD) [251]; as well as bottom-up plus top-down approaches,
such as CVD plus laser thinning [219]. This allows for a better control of the sample thickness,
allowing for the growth of a specific number of layers. However, in terms of TEM samples, these
two methods are not ideal since an effective transfer from the substrates employed for these
synthesis methods to a TEM grid is more challenging than the exfoliation and transfer from a
single phase crystal.

Preparation of the grid

After the synthesis of the material in the form of single crystals using CVT, these crystals were
exfoliated using the scotch tape method, much like the original exfoliation of graphene [? ]. After
exfoliation, the alloy flakes were transfered onto a TEM grid. Optical microscopy was used to
determine areas with flakes showing a high degree of transparency, in other words, few layers.
These regions of interest were the ones studied using STEM-EELS.

2.2.2 STEM-EELS measurements

Once the samples have been brought into the microscope, it is time to perform the necessary
measurements to ensure, on the one hand, that we are choosing regions that offer what we are
looking for; i.e., flakes with distinct regions of different number of layers, and on the other hand,
that we have a truly alloyed sample. Additionally, this section covers the treatment of the EEL
spectra in this study to obtain a better spectral resolution.
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Initial STEM measurements

For each region of interest, an initial STEM micrograph has been gathered to fulfill several
different purposes:

• Initial STEM micrographs in several different areas were taken by our collaborators for
the determination of their alloying degree. The method for this will be explained in detail
below.

• These same micrographs proved that all of our alloys have a 2H structure, and are therefore
semiconducting.

• Another goal is to correlate the results from the optical microscopy to actual STEM
micrographs, where the specific morphology of each flake is more evident.

From the regions of interest mentioned here, several have been chosen where there was an evident
change in layer stacking that could be gathered in a single line. These selected areas have been
subjected to STEM-EELS measurements.

2.2.2.1 Calculation of the alloying degree using STEM micrographs

Several different ways have been used to analyse the alloying degree of alloys throughout the
years, most of which focused on chemical quantification [178]. However, a study by Dumcenco
et al from 2013 offered a simple alternative when it comes to atomically thin dichalcogenide
alloys [250]. The technique for the calculation of the Mo and W ratio (what we define in this
manuscript as the alloying degree) is pretty straight-forward.

As we have seen in Section 1.2.4, the contrast of an atom in HAADF imaging is proportional
to Z1.7. by taking a simple STEM-HAADF micrograph, they proved that it is possible to dis-
tinguish the intensity profiles corresponding W, Mo and stacked S atoms. in other words, just
by analysing a big enough micrograph of a monolayer of a certain MoxW1−xS2 sample, one can
quantify the ratio of Mo atoms in the sample x. The procedure for this quantification is shown
in Figure 2.8

The same study provided a great tool not just to analyse the ratio of Mo and W in the sample,
but also to determine what they define as the ”alloying degree”, which could be understood as
a level of homogeneity of the sample at the atomic level.

This calculation comes from the observation of heteroatoms in neighbouring sites for a specific
species (either Mo or W), also known as its coordination number. An analysis of the different
coordination numbers of each W atom in a micrograph of a Mo0.5W0.5S2 sample can also be seen
in Figure 2.8. Once we have measured the coordination numbers of all the atoms of a certain
species, the quantification of the alloying homogeneity of Mo and W atoms can be calculated.
For example, the homogeneity of W atoms can be expressed as:

JW =
Pobserved
Prandom

× 100% (2.3)

In this expression, and for this example, Pobserved is defined as the average coordination
number of all the W atoms measured, divided by the total coordination number (in this case, six).
Prandom is the same ratio for a sample with a random distribution of atoms, which coincides with
the ratio of the species of interest in the sample being studied, in other words, what we call the
alloying degree. in a sample with perfectly random distribution of W atoms, Pobserved=Prandom
and JW=100%. a value of JW under 100% is indicative of a homophilic configuration for this
species, while a value of JW over 100% indicates a configuration that favours heteroatoms.
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Figure 2.8: Alloying degree quantification and coordination number calculation for these alloys. Left:
An ADF image of a MoxW1−xS2 single layer with x=0.2 (filtered), in which the atomic positions of
sulphur are also visible. (b,c) Modelled structure and simulated ADF image (red: Mo, blue: W, yellow:
S). Note that the two sulphur atoms are overlapped with a small inclination of (5°in x axis and 6°in y
axis). (d,e) Profiles of the experimental and simulated ADF counts for lines indicated in a and c. They
confirm the W, Mo and 2S atomic sites, that is, the brighter spots correspond to W and the less bright
ones to Mo. Right: (a) Example for ADF image of MoxW1−xS2 single layer (x=0.5). The W atoms are
shown in different colours on the same image (b): purple, blue, light blue, green, yellow, orange and red
for six-, five-, four-, three-, two-, one- and zero- coordinate sites. Source: [250]

The alloys measured in the study by Dumcenco et al have been prepared in the same con-
ditions and using the exact same equipment, so for the purpose of this study we will assume a
somewhat random distribution of Mo and W atoms in our samples.

STEM-EELS measurements- experimental conditions

Finally, in the selected aforementioned regions, HAADF intensities and EELS spectra have
been gathered using the spectrum profile technique explained in Section 1.5.2. An image of a
micrograph of our sample, as well as an explanatory image of a spectrum profile, can be seen in
Figure 2.9.

These studies have been performed with an electron beam energy of 80 KeV, to prevent
beam damage and reduce Cherenkov effects. The convergence semi-angle of the measurements
has been of 25 mrad, and the collection semi-angle has been of 35 mrad. Spectrum profiles of
40 spectra were taken where a 2 ms spectrum was collected for each probe position. The energy
resolution was found to be around 180 meV.

2.3 Analysis

2.3.1 Selection and preparation of the spectral data

The two main variables of this study are the number of layers of the different analysed regions,
as well as the alloying degree of the samples being analysed. The latter has been calculated in
our samples with the method explained in Section 2.2.2.1. For our spectral data, as it has been
explained in Section 2.2.2.1, we have measured profiles gathering data both about the EELS
spectra and the general HAADF intensity. An example of a sample with their HAADF–STEM
micrograph along with their HAADF intensity can be seen in Figure 2.9.
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Figure 2.9: Left: STEM micrograph of a Mo0.5W0.5S2. The spatial location of the STEM-EELS spectrum
line is shown with a green line. Right: HAADF intensity of the profile indicated on the left. The regions
appartaining to areas with the same number of layers where we have integrated the spectra are highlighted.

In order to have a study as accurate as possible, and to optimise the signal to noise ratio
in the spectra, we opted for integrating several spectra corresponding for each measurement.
For this purpose, we analysed the HAADF intensity related to each point of the STEM-EELS
spectrum-line. As we have seen in Section 1.2.4, the HAADF intensity changes mainly with two
parametres: the chemical composition and the thickness. We assume a homogeneous chemical
composition; which would be the case given that we have a grain size that is only a few atoms
wide and therefore we can consider the sample as homogeneous in terms of atomic distribution
of the transition metals.

The HAADF intensity profile shown in Figure 2.9 seems to have some sort of steps, as does
the HAADF micrograph. This corresponds to a change in the number of layers of the sample.
Based on the HAADF microgrpah, we know there is no sample on the left of this profile. We will
integrate 6 spectra over this ”background” signal from the vacuum, as reference in each of the
samples analysed. The spectra chosen for this sample are the ones in the black area highlighted
in Figure 2.9.

The flat steps on the HAADF profile correspond to regions with a constant number of layers.
We will integrate 6 spectra over these regions as well (as highlighted in Figure 2.9). The choice
of 6 as the number of spectra to integrate comes simply from the fact that, for this study, this
was the biggest spectral window that could be used without getting too close to the edge of each
layer for most of the spectrum profiles in the study.

The need to not get too close to the edge spectra comes from the possible plasmonic influence
of the edges of the flakes. This has been proven for MoS2, both by DFT calculations [252, 253]
as well as spatially-resolved EELS. This plasmonic behaviour [254] happens at low losses, and
could therefore interfere with our measurements.

For the specific case of the optical gap measurements, since it was vital to choose a region
that was as close as possible to the sample without actually being over the sample, a different
approach was taken in order to avoid possible offsets between the point of the sample where the
HAADF profile was taken and the point of the sample where the EEL spectra had been taken.
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These offsets are generally under a pixel long, but in this particular case this was a big enough
offset.

For this particular case, a thickness profile was extracted from the spectrum profile by
analysing the relative thickness estimated from each single spectrum. This provided a much
more reliable way of choosing the integration window for our gap measurements.

The spectra have also been removed of their Zero Loss Peak (ZLP) by means of a power-law
fitting of the ZLP and its subsequent substraction from the spectra, as explained in chapter
3.3.3.

Finally, in order to improve the resolution of the features in the spectra, these have been
subjected to a Richardson-Lucy deconvolution.

2.3.1.1 Spectral preparation: The Richardson-Lucy deconvolution

In order to improve the accuracy of the measurements, a matter of importance is to improve the
energy resolution of the EEL spectra taken. Here we present a technique that has been widely
used for this purpose in EEL spectroscopy. We will discuss the effectivity of this technique for
the purpose of this study in Section 2.4.1.

This technique originates in the analysis of astrophysical data. In these cases, there is a large
point spreading caused by telescopes and different numerical approaches have been used to try
to inverse this spreading. One of the techniques that has been used the most is the one known
as the Richardson-Lucy deconvolution [255, 256].

As it has been seen previously in the bibliography, this is also applicable to EEL spectroscopy,
as it has been seen in previous studies which offer a comprehensive explanation on the matter
[257]. In this case, the point spread function (PSF) comes from the aberration of the spectrom-
eter, the energy spread of the electron beam itself and the PSF of the CCD camera used to take
said spectra. Since the spectra taken by the CCD is an integration over a number of pixels in
the CCD in the non-dispersive axis of the EEL spectra, the treatment of EEl spectra, provided
that a CCD camera is used (which is our case) can be treated as an image reconstruction.

This image reconstruction algorithm begins with the imaging equation of any sort of image,
including the one formed in the CCD camera by the EEL spectra. This equation is a mathe-
matical approach to the blurring of an object by a PSF when forming an image:

I(i) =
∑
j

P (i/j)O(j) (2.4)

Where Oj is the signal coming from the original unblurred object in its location j, I(i) is the
intensity measured on the image at the pixel i, and P (i/j) is the PSF of the system with respect
to the pixel i and the location j in the image and the object, respectively. We assume the PSF
not to vary at different energy losses, which means P (i/j) = P (i − j) and this sum becomes a
convolution.

Assuming a Poissonian distribution for the noise, the probability to get N counts in a specific
pixel when the mean expected number of counts is Nm is:

P (N/Nm) =
e−NmNN

m

N !
(2.5)

Given these past two equations, one can deduce the expression for the joint likelihood of
getting the the observed D(i) in a pixel given the expected intensity I(i) by substituting equation
2.4 into the logarithm of equation 2.5:
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lnL =
∑
i

[D(i) ln(I(i))− I(i)− ln(D(i)!) (2.6)

The Richardson-Lucy deconvolution applies an iterative method to approach the maximum
of this likelihood:

Ok+1
(j) = ∂k(j)

(∑
i

P (i/j)D(i)∑
l P (i/l)Ok(i)

)
/

(∑
i

P (i/j)

)
(2.7)

This method starts with the observed image, and calculates the the k+1 object taking the
object k as the basis. Following this iterative method, The image O should end up converging
to something closer to the original object before the blurring of the PSF. In the case of EEL
spectra, this implies an enhancement of the resolution.

2.3.2 Thickness analysis and number of layers

For the analysis of the thickness of the samples, we have employed a log-ratio method as the
one used in chapter 4. Since we assume the composition of each sample is constant, we can
use a more direct implementation of this method. This implementation needs the experimental
parametres of the data acquisition, shown in Section 2.2.2.1, and the effective atomic number of
the sample, which we can calculate from the alloying degree of the sample,

The effective atomic number Zeff is defined as the average atomic number of the sample.
This is easy to know given the alloying degree (taken as the x in MoxW1−xS2) . Knowing the
atomic number of Mo, W and S, NMo=42, NW =74 and NS=16, the effective atomic number is
calculated as a function of the alloying degreeas follows:

Zeff =
x×NMo + (1− x)×NW + 2×S

3
=
x× 42 + (1− x)74 + 2× 16

3
=

106− 32x

3
(2.8)

It is important to notice that, in the vacuum spectra we have selected where we are only
nm apart from the sample, there are some medium-range interactions taking place between the
beam and the sample, mostly due to the delocalisation effects explained in Section 1.5.2.2. This
causes some of the electrons to interact with the sample and therefore lose energy, thus we obtain
a non-zero value for the sample thickness of this vacuum area, since it was dependent on the
scattered beam intensity. (see chapter 4 for details). This ”background thickness” has a value
between 0.5 and 1 nm.

As for the number of layers, we estimate them from the thickness of the sample. Taking into
account the interlayer distance for MoS2 and WS2, ≈6.5Å [129], we can estimate the number
of layers of the different regions of the samples based on their thickness.

2.3.3 Estimation of the bandgap

For the estimation of the bandgap, and based on the shape of the spectra, we have chosen a
linear fit to analyse a spectral window located between the onset of the spectra and the feature
corresponding to the A and B excitons.

The intersection between this linear fit and the X-axis is considered as the onset point of the
spectra, in other words, the point where we start having signal. We consider the energy value of
this onset point to be the bandgap value of the sample being measured. In other words, we fit
the spectral region with a linear fit y = a× x + b, and we choose the value xonset = − b

a as our
bandgap value. An example of this analysis can be seen in Figure 2.10.
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Figure 2.10: Scheme of the method used for the estimation of the bandgap.

The energy window for performing these fits has been kept at a width of 0.2 eV; except for
a few cases where the noise of that specific spectrum was too high to obtain a regular behaviour
over the whole window. . The position of the window has varied depending on the spectra.

2.3.4 Estimation of the Van Hove features and the C exciton peak: 2 vs 3
Gaussian analysis

The initial analysis performed for the spectral window from 2 to 6 eV was a two feature fitting,
since the literature at the time did not account for the presence of the C excitonic peak. This
initial analysis used a double Gaussian to try to locate only the peaks in the EELS spectra
related to the α and the β Van Hove features.

However, recent experimental studies and simulations [240, 238, 258], as well as calculations
performed by our collaborators acknowledge the presence of a feature in the EELS spectra of
a peak corresponding to a C exciton in the sample. Furthermore, for most spectra, a three
Gaussian analysis seems to yield a much more accurate result than a two Gaussian analysis, as
it can be seen in Figure 2.11.

Based on this information, the analysis of this spectral region has been performed using a
three Gaussian analysis. The assignment of the peaks, from lower to higher energy, is: C exciton,
α Van Hove feature, and β Van Hove feature. An example of this fit is shown in Figure 2.11.

As we can see, the three Gaussian fit does not only make more sense from a purely physical
point of view, but it also performs better in terms of how close the fit is to the actual shape
of the spectra, as shown by the reduced difference between the fit and the original using the
three-Gaussian approach.

The Gaussian widths We have tried to do the 3 Gaussian analysis without a fixed width for
any of the Gaussians and it seems that it influences the rest of the analysis. Small changes in
dominant features can have great effects on smaller features and this seems to be the case. As
the number of layers go up, so does the width of the β feature, which greatly complicates the
analysis of the alpha feature and the C exciton since it is much more intense. For the purpose
of this analysis, we have set the width of the β feature to the mean value of the width of the β
feature for each alloying degree, namely w(β)=3.1, 3.9, 2.8, 2.7 and 2.1 for an alloying degree
x= 1, 0.7, 0.5, 0.3, and 0; respectively.
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Figure 2.11: Side-by-side comparison of the 2 Gaussian vs 3 Gaussian fit for the spectral region of
interest in this study. The two Gaussian approach contains fits accounting for the α and β Van Hove fea-
tures in the sample(green); and the three Gaussian approachs contains fits accounting for the C excitonic
features (blue) as well as the α and β Van Hove features. The sum of all the different Gaussian fits is
shown in each case (pink) and the difference between the original data and the fit is shown as well (purple
inset).

2.3.5 Error calculation and propagation

For the calculation of errors, and its propagation, several methods have been employed depending
on the error being calculated.

For the bandgap measurements, we consider the error in the measurement as the error of
− b
a , which we can calculate from the error values of a and b, respectively:

δx2 =
∑
i

(
∂x

∂xi

)2

δx2
i (2.9)

∂x

∂a
=

b

a2
(2.10)

∂x

∂b
= −1

a
(2.11)

δx2 =
δb2

a2
+
δa2b2

a4
=
δb2a2 + δa2b2

a4
(2.12)

δx =
1

a2

√
δa2b2 + δb2a2 (2.13)

For average values in the bandgap, the standard deviation of the measurement set has been
used as the error in the measurement.

In the case of C excitons and α and β Van Hove features, the error values of the position of
these peaks come directly fron the Gaussian analysis. For the average C exciton and α and β
Van Hove features, the error value shown in their respective figures is calculated using equation
2.16:

x =

∑n
i=1 xi
n

(2.14)

∂x

∂xi
=

1

n
(2.15)



2.4 Results and discussion 83

δx =
1

n

√√√√ n∑
i=1

δx2
i (2.16)

2.4 Results and discussion

Here we present the results regarding this study, as well as the conclusions we can draw from
them.

Thickness and layers

The histogram on the number of layers of the different samples in this study can be seen in
Figure 2.12.

Figure 2.12: Histogram containing the number of layers of each measurement performed in each alloy
for this study.

The difficulty to perform the measurements needed for this study has not allowed us to have
a stable amount of measurements for each number of layers of each sample, and for some of
the samples no regions containing monolayers have been found. However, as we can see, there
are enough different thicknesses on each sample to talk in general about the variation of the
different optoelectronic properties of these samples both with the alloying degree and with the
number of layers.

2.4.1 Bandgap studies

Influence of the Richardson-Lucy deconvolution on the determination of the bandgap

The Richardson-Lucy deconvolution, explained in Section 2.3.1.1, has been used, in principle,
to enhance the different features present in the EELS spectra of the alloys. a comparative study
of both the average bandgap values for the raw spectra compared to the deconvoluted spectra
can be seen in Figure 2.13b.

As we can see, the deconvoluted spectra do not only yield a bandgap behaviour that is much
more coherent with previous bibliography on the matter [218], but it also presents smaller errors
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(a) (b)

Figure 2.13: Comparison between raw and deconvoluted spectra for a selection of spectrum profiles.
a) Average estimation of the bandgap for raw EELS spectrum profiles. b) Average estimation of the
bandgap for Richardson-Lucy deconvoluted EELS spectrum profiles. The error bars represent the statistical
deviation among measurements.

in their measurements. This is why, as far as the bandgap studies are concerned, we will be
analysing the values taken from the deconvoluted spectra.

These results represent the first direct measurement of this property that we have been able
to find in the literature. The found values are lower than those shown in the literature for PL
studies, but it is coherent, since generally the value given for the optical gap for these materials
is the value of the A exciton peak, which dominates the bandgap but is slightly higher in energy
than the bandgap itself.

Bandgap vs number of layers

The individual measurements of the bandgap, as well as the average measurements for different
numbers of layers and for different alloying degrees can be seen in Figure 2.14

(a) (b)

Figure 2.14: a) Individual estimation of the bandgap for all raw EELS spectrum profiles. b)average
estimate of the bandgap for all raw EELS spectrum profiles.

As it can be seen, there are no clear tendencies in the behaviour of the babd gap, either seen
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individually or averaged. Our hypothesis is not that the bandgap does not shift with the number
of layers, but rather that we cannot confirm it. This may have to do with our energy resolution,
the role of the exciton peaks in the EELS spectra or even with our linear fit not being the most
accurate tool for this study. In other words, the inaccuracy in the measurements coming from
this fit is too big to be sure of any changes in the sample, although if we were to estimate based
on the given data we would probably say there is a slight decrease in the bandgap as the number
of layers goes up. It is important to notice, however, that for each individual number of layers,
the average bandgap for each alloy seems to follow the same tendency as the average bandgap
of the alloy for all thicknesses.

2.4.2 The C excitonic feature

The results corresponding to the values of the individual measurements of the C exciton, plotted
against the number of layers of the selected region for all of the alloying degrees in this study,
can be seen in Figure 2.15a. The average value of these measurements of the C exciton for each
number of layers can also be seen in this figure.

(a) (b)

Figure 2.15: a) Individual measurements of the position of the Gaussian fit corresponding to the C
exciton for different number of layers and different alloying degrees. b) Average measurements of the
position of the Gaussian fit corresponding to the C exciton for different number of layers and different
alloying degrees.

The results show a somewhat clear tendency from the C exciton to decrease with the number
of layers for a specific alloying degree. This behaviour seems to be more evident for some alloying
degreees than for others. As for the general behaviour with the alloying degree, the position of
the C exciton seems to decrease with the alloying degree as well.

2.4.3 α Van Hove Feature

The measurements corresponding to the position of the Gaussian fit assigned to the α Van Hove
feature can be seen in Figure 2.16

The average results seem to confirm what the individual measurements seem to indicate.
The results for a low number of layers seem to show a slight decrease for lower values of the
alloying degree. Besides that, there is a general, albeit slight, increase of the α Van Hove feature
with the number of layers. As for the variation of this feature with the alloying degree, it seems
to go down as the alloying degree goes up. However, within this trend, the only thing we can
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(a) (b)

Figure 2.16: a) Individual measurements of the position of the Gaussian fit corresponding to the α Van
Hove feature for different number of layers and different alloying degrees. b) Average measurements of
the position of the Gaussian fit corresponding to the α Van Hove feature for different number of layers
and different alloying degrees.

assure taking into account our error propagation is the great difference in this value between
WS2 and the rest of the alloys.

2.4.4 β Van Hove Feature

(a) (b)

Figure 2.17: a) Individual measurements of the position of the Gaussian fit corresponding to the β Van
Hove feature for different number of layers and different alloying degrees. b) Average measurements of
the position of the Gaussian fit corresponding to the β Van Hove feature for different number of layers
and different alloying degrees.

For this feature, whether we focus on the individual measurements or the average values,
it is pretty straight-forward to see that there is an increase on the value of the β Van Hove
feature as the number of layers increases. However, in this case, it is not as easy to discern
the behaviour of this feature with the alloying degree of the sample. This can be due to the
setting of a specific width for the Gaussian fitting this feature. The other possible explanation is
that this feature changes abruptly with the alloying degree several times, so the aforementioned
explanation seems more plausible.
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2.5 Theroetical modelling

Preliminary GW-BSE calculations on this subject have been performed by our collaborators L.
Wirtz and E. Torun from the University of Luxembourg, calculating the density of states for
monolayer, bilayer and trilayer MoS2 and WS2, as well as modelling the LL-EEL spectra for
these cases.

The results of these calculations can be seen in Figures 2.18 and 2.19
There are two main points of interest for these calculations when comparing them to our

experimental results. First, the modelling of the band structure of MoS2 and WS2 confirms that
the C excitonic feature that we have measured corresponds to the sum of several contributions,
highlighted in figures 2.18 and 2.19.

The second important point relates to the simulation of the EEL spectra in the calculations.
As we can see, the C excitonic feature in the model seems to decrease as the number of layers
increases, which further confirms our experimental results.

2.6 Discussion

There are several points of discussion when it comes to this study, that we can group up in
experimental discussion and analytical discussion.

When it comes to the data analysis, there are several issues that come to mind. First of all,
we do not have a measurement of the extinction distance for the plasmonic resonances taking
place at the edges of the alloys, so our choice of spectra to integrate is an estimate that these
resonances only span in a non-negligible way over a few nanometres.

When it comes to the analysis of the data using the triple Gaussian fit, it is clear that, even
though this approach is more complete than the analysis using only two Gaussians, there are
still some issues with this new analysis. This is manifested in the relative behaviour of the C
exciton and the α Van Hove feature as we increase the number of layers. even though the general
behaviour of the C exciton is a slight decrease and the general behaviour of the α feature is a
slight increase, if we compare the two sets of data side-by-side, it seems like their behaviour is
somewhat correlated. This could be due to our resolution being just good enough to gather data
using a 3 Gaussian fit but not good enough to actually be able to discern the specific behaviour
of the C exciton and the α feature as we increase the number of layers.
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Figure 2.18: Top: band structure modelling for monolayer (left), bilayer (centre) and trilayer (right)
MoS2. The contributions to the C excitonic feature are highlighted. Bottom: Simulated EEL spectra for
monolayer, bilayer and trilayer MoS2 including the C excitonic feature.

[h!]

Figure 2.19: Top: band structure modelling for monolayer (left), bilayer (centre) and trilayer (right)
WS2. The contributions to the C excitonic feature are highlighted. Bottom: Simulated EEL spectra for
monolayer, bilayer and trilayer WS2 including the C excitonic feature.
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2.7 Conclusion

In these works, we have succesfully managed to delve into the optoelectronic properties of
MoxW1−xS2 alloys, more specifically its optical gap, a feature related to excitonic transitions
(that we have called C) and two features related to discontinuities in the density of states (α
and β van Hove features, respectively).

The most interesting results are arguably those on the optical bandgap, which have been
obtained using a direct measuring method by aloof EELS. The average results for the bandgap
seem very coherent with what the bibliography stated on the matter [218], although our values
are lower, which is coherent since we are measuring the band gap onset and not the A exciton
peak, which rules the bandgap. The results show a decrease in the band gap from x=1 to x=0.7
(with x being the alloying degree) and a continous increase in the band gap value from x=0.7
to x=0. This provides a guide for the tuning of the band gap in this kind of alloys.

The behaviour of the gap with the number of layers remains unclear, although for a specific
number of layers our studies suggest that the behaviour follows the same patterns as the average
behaviour for any number of layers.

When it comes to the C exciton features, which come from different excitonic transitions,
the results within a specific alloying degree show a somewhat clear tendency for these features
to decrease with the number of layers in the sample. The average position of the C exciton
signature for each alloy seems to show a tendency for these features to decrease as the Mo
content in the sample increases. Both of these results seem to be supported by the preliminar
theoretical modelling on the matter.

The α van Hove feature seems to have a slight decrease for alloys high in Mo as the number
of layers go up. For the other alloys, there is a general increase of this feature with the number
of layers. Regarding the average variation of this feature with the alloying degree, the average
value for WS2 is remarkably higher compared to the rest of the alloys.

Regarding the β van Hove feature, for any alloying degree, the value for this feature increases
with the number of layers. However, probably due to this variable character within each alloy, it
is not possible to discern as clearly how the average value of this feature behaves as a function
of the Mo content.
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High aspect-ratio Au nanostructures:
Plasmonic studies via EELS

”It is during our darkest moments that we must focus to see the light.”

– Aristotle

The possibility of studying plasmons (collective vibrations of charge) using EELS has been
introduced in Chapter 1. This field of study, related to the interactions of light and matter, has
developed importantly during the past years, mainly for their applications on sensing [259] and
photovoltaics [260].

The field of study regarding the properties of new plasmonic nanostructures is an evolving
one, and EELS can play an important part in these studies. However, some structures can be
challenging when it comes to the analysis of the EEL spectra.

Here we delve into the plasmonic properties of novel high aspect-ratio Au nanostructures,
fabricated using templated electrodeposition and laser irradiation. These samples are challenging
in terms of EELS analysis. We propose a method involving custom-scripted background removals
and multi-variate analysis to show how the qualitative plasmonic analysis in these samples can
be improved, and, potentially, how this could be applied to other microscopy systems.

The plasmonic behaviour of these samples has also been modelled using DDEELS. A compar-
ative study between the modelled and the experimental data, as well as some drawn conclusions
with respect to the differences between the two, is shown in this study.

3.1 Introduction

This section may serve as a theoretical introduction, as well as a historical context review, for
most of the concepts appearing on this chapter related to plasmonics. We focus especially on the
subject of this study, that is, localised surface plasmon resonances, or LSPRs and, to a lesser
extent, surface plasmon polaritons (SPPs). The application for these two phenomena is shown,
with special attention to SERS and waveguiding. Finally, the main motivation for this study, a
previous work that encompasses LSPRs and SPPs for remote sensing, is put into context.

3.1.1 Plasmonics: a novel antique field

This study is focused on plasmonics, a field of study that got its name a little over twenty years
ago. As one of the authors of the presentation where it was coined stated in [261]:
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[...] The term ”plasmonics” was coined for a promising new device technology that
aims to exploit the unique optical properties of metallic nanostructures to enable
routing and active manipulation of light at the nanoscale.

This term was, in fact, coined at a conference presentation on the MRS symposium in Boston,
USA[262]. However, it is a subject that got started a long time before that, with first reports of
plasmonic activity being reported more than a century before [263, 264].

Even though plasmonics is considered a rather novel field, first reports of what we know now
to be a plasmonic behaviour were first noted by Faraday in 1857, when he was studying on the
ondulatory character of light and its interactions with gold and other metals [265]. However,
at the time there was not a correct explanation for this phenomena, nor was there for studies
showing plasmonic effects even 50 years later, such as the one by Wood in 1902 where he tried
to make sense of the distribution of light after reflecting on a grated surface [266]:

It is a well-known fact that in the spectra formed by a diffraction-grating the light is
unevenly distributed, that is the total light in any one spectrum will not recombine
to form white light. I have been examining a most remarkable grating recently [...]in
which this uneven distribution is carried to a degree almost incomprehensible. If the
spectra of an incandescent lamp are viewed directly in the grating without any other
optical appliance, at certain angles of incidence perfectly sharp monochromatic im-
ages of the filament appear in different parts of the first order spectra. Sometimes
these images are nearly black, and sometimes they are far brighter than the rest of
the spectrum. [...] Under certain conditions the drop from maximum illuinination to
minimum, a drop certainly of from 10 to 1, occurred within a range of wave-lengths
not greater than the distance between the sodium lines.

The mathematical description of surface waves was established by Sommerfeld a few years
later, by explaining the behaviour of radio waves propagating along the surface of a conductor
(along a wire) following previous works by Hertz [267]. Around the same time, Mie developed an
analytical solution to Maxwell’s equations for the specific case of the scattering and absorption
of light by particles of a diametre smaller than the wavelength of said light [268], which will be
discussed in depth in Section 3.1.2.

However, it would take a long time before the experimental and the theoretical work were
connected, more than thirty years later, in the theory shown in the study of Fano in 1941. This
publication consisted on trying to explain Wood’s diffraction gratings using quasi-stationary
waves on metallic surfaces, in other words, Sommerfeld’s ”surface waves” [269].

Around this time, studies involving interactions between metallic surfaces and electron beams
started to increase, and electron energy loss phenomena were recorded at metallic surfaces by
Ritchie in 1957 [270]. This is an extensive analysis that had electron energy loss at its core, much
like the study explained here. A deeper explanation of this study can be seen in Section 3.1.2.
However, it would not be until ten years later [271] that this was related to the grating studies
started by Wood more than sixty years before. With this, along with other important studies
on the matter around the same time [272, 273], the field of plasmonics started to become more
of a unified field as we know it today.

The applications of plasmonics evolved until becoming an important part of the field of
nanophotonics, which focuses on the confinement of electromagnetic fields on structures on the
order of or smaller than its wavelength [263, 274, 153]. In this sense, nowadays this discipline
finds applications in fields such as medicine [275], photovoltaics[260], sensing[259, 276] and spec-
troscopy [277, 278].
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Explained the most succint way possible, plasmonics is the discipline focused on the study and
applications of plasmons and their different effects. Plasmons are commonly defined as collective
vibrations of charge within a certain material, most commonly but not limited to noble metals.
These vibrations can occur for the whole of a certain nanostructure (bulk plasmons) or at the
interface between a metal and a dielectric medium (surface plasmons). The work of the study
presented on this chapter is focused on the latter.

To understand the notion of what a plasmon is, it is important to explain the concept of
electron sea. In this regard, the subatomic structure of metals can be described as a somewhat
rigid lattice of cations embedded in a sea of delocalised conduction electrons (also called the
plasma sea) [263]. A plasmon can be interpreted simply as an oscillation of this electron sea,
whtere the incident electic force (which can come from different electromagnetic sources such as
light or an electron beam) act as a driving force, and the coulombic attraction from the cations
in the metal act as a restoring force.

The free electron gas model: Volume plasmons

The electrons in the plasma sea oscillate in response to an applied electromagnetic field E, and
their motion is damped by collisions of this very electrons, occurring at a specific frequency
γ = 1/τ , where τ is the relaxation time of the free electron gas [263]. When it comes to the
motion of a specific electron of mass m on the plasma sea, we can describe its motion as:

mẍ+mγẋ = −e · E (3.1)

Assuming a harmonic time dependence of the electric field, E(t) = E0 · e−iωt, from there we
can deduct the oscillation equation for the motion of the electrons:

x(t) =
e

m(ω2 + iγω)
· E(t) (3.2)

From here we can calculate the polarization produced by the isplacement of a specific elec-
tron, given by P = −n · e · x. Since we know from basic electromagnetism that D = ε0E + P :

D = ε0E −
ne2

m(ω2 + iγω)
·E = ε0 ·E ·

(
1− ne2

mε0(ω2 + iγω)

)
= ε0 ·E ·

(
1−

ω2
p

ω2 + iγω

)
(3.3)

With ωp =
√

ne2

ε0m
being the plasma frequency of the free electron gas. Knowing that the

complex dielectric function ε(ω) is defined as D
ε0E

, we can easily deduce the value for this prop-
erty:

ε(ω) = 1−
ω2
p

ω2 + iγω
(3.4)

Where the term iγω is taken as negligible for high values of relaxation time.

When it comes to EELS, we can translate this expression in terms of energies, using the
relation E = ~ω:

ε(E) = 1−
E2
p

E2 + iγE
(3.5)

Where Ep is the characteristic bulk/volume plasmon energy.
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3.1.2 Surface plasmons, LSPRs and SPPs

The subject of this study is a specific kind of plasmonic resonances. We have talked about plas-
mons in Section 3.1.1 as collective oscillations of electrons inside a metallic material. However,
there is a particular kind of plasmonic modes that is characteristic of an interface between a
metallic material and a dielectric material [279, 280].

These excitations were first theoretically identified by Ritchie in 1957 [270]. This study was
trying to make sense of energy losses in fast electrons that were occurring at energies different to
the ”plasma energy” of the material in question (which would be the energy related to the bulk
plasmon in modern terms) in previous energy loss studies, such as the one shown in reference
[281]. In this previous study, they had assigned these features in the energy loss spectrum as
possibly due to interband transistions in the material being studied.

Describing the conduction electrons in metals using hydrodynamical equations, Ritchie showed
that, for very thin films, energy losses could indeed be found at an energy values lower than
the bulk plasmon energy. However, it would not be until 1959 that Powell and Swan confirmed
these surface plasmons [272] (named by Stern and Ferrell for their being ”surface plasma os-
cillations”[282]). The technique used for the experimental confirmation of this plasmons was,
indeed, electron energy loss spectroscopy.

Powell and Swan used EELS from electrons reflected on thin films of aluminum, which had
been a heavily extended material for low-loss EELS studies. Their spectra, showing what we
know today as a surface plasmon feature and a bulk plasmon feature, can be seen in Figure 3.1

As it can be seen in the figure, there was a set of two very distinctive features at low energies,
one at 10.3 eV and another one at 15.3 eV. It was known at the time that the bulk plasmon
energy of the sample was causing the latter feature. As for the feature at lower energies, studies
were performed where they measured the energy loss related to the bulk plasmon and this second
feature at different thicknesses, finding a variation on the ratio between both energy losses as
the thickness changed. Even though they had not been the first ones to find features at energies
lower than the bulk plasmon, they were the first ones to interpret this feature and to correlate
it to some sort of surface effect in the sample.

In terms of energy, on the interface of materials with opposite sign Re[ε] and for the case
of high relaxation times, we can deduce the frequency for the surface plasmon resonance from
their bulk plasmon resonance, using the continuity rules on the interface between the plasmonic
material and the medium [263]:

ωsp =
ωp√

1 + εm
(3.6)

Where ωsp is the surface plasmon resonance frequency of the interface, ωp is the bulk plasmon
frequency of the plasmonic material, and εm is the imaginary part of the dielectric constant in
the medium. For samples measured in vacuum, εm = 1 and ωsp =

ωp√
2
.

When a surface plasmon is confined to a nanostructure presenting a size that is comparable
to the wavelength of light in at least one of its dimensions, the free conduction electrons in
the nanostructure participate in collective, stationary oscillations. These type of oscillations are
called localised surface plasmon resonances (LSPR) [283]. This is the kind of resonances that
our study is focused on.

Surface Plasmon Polaritons

Now that we have established a somewhat general definition of what a surface plasmon is, it is
time to define what is known as surface plasmon polaritons or SPPs.
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Figure 3.1: . Original EELS spectra in the study by Powell and Swan. This figure shows the EELS
spectra from beam energies of 760, 1000, 1520 and 2020 eV. The ZLP has been adjusted in each spectrum
to 25 units to normalise all spectra. Source: Powell et al [272]. ∗Note to the reader: these spectra are shown as

they were plotted in the original source, which means the energy loss axis is mirrored with respect to the current way of

plotting this kind of spectra. Please take this into account.

In general lines, SPPs are defined as the coupling between surface plasmons and their re-
sulting confined electromagnetic field, here called polariton. This confinement appears in the
direction perpendicular to the interface between the metal and the dielectric, has an evanes-
cent character and can propagate non-radiatively along the aforementioned interface [284]. The
length of this propagation will depend on several parameters, such as the dielectric constants of
the metal and the medium it shares its interface with, as well as the geometry of said interface
and even the temperature at which it is kept [285]. This propagation length has been exten-
sively calculated for metals such as gold and silver at different energies [286, 287, 288]. Within
the visible spectrum, the values of this propagation length are generally in the micrometres for
gold and silver, which is generally orders of magnitude over the typical size for nanostructures.

This phenomenon is the one responsible for EELS being able to image plasmonic modes and
study their dispersion. The dispersion relation (Energy vs moment) for plasmonic nanostructures
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has been studied as well for several different nanostructures, namely nanoparticles [289] and
nanowires[288], which is of great importance for our works. One of this examples in the literature
[287] shows a general dispersion relation for different studies performed on Au NW, which can
be seen in Figure 3.2.

Figure 3.2: SPP dispersion relations for Au. Solid line: light line in vacuum. Dashed line: light line in
quartz glass. Solid curve: SPP of a thin gold layer on a flat quartz surface. Dotted line : limiting frequency
ωsp. Symbols: experimental wavevectors for Au NW, wz= 91 nm, h= 17 nm. Wave vectors for the symbols
are calculated as j × π/wy. Source: Schider et al [287].

As we can see, the E-k dispersion of Au NW is close to the surface dispersion of a Au planar
surface, with a linear beginning for small wavevectors that separates further away from the
light line the closer we are to the surface plasmon energy ωsp. This will be of interest for the
interpretation of our results.

3.1.2.1 Localised Surface Plasmon Resonances

Within the surface plasmonic resonsances, LSPR are the ones that conform the subject of our
study. We have seen in the section above that SPPs are propagating electromagnetic waves
coupled to the plasmons of a conducting material. LSPRs, on the other hand, are stationary
excitation of the conduction electrons of this material.

Both for the case of SPPs and LSPRs, we can differenciate between two different kinds of
modes:

• On the one hand, we have the modes where the coupling between the electromagnetic
waves and the plasmons of a conducting material does not need a momentum transfer.
This is the kind of modes that can be activated using light.

• On the other hand, we have the modes where this coupling needs a momentum transfer
from the electromagnetic wave to the plasmons in the material. This can only be achieved
using charged particles as the source of our electromagnetic wave, and these modes cannot
be accessed using light, hence why they are called dark modes.
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The distribution of LSPR modes, as well as their resonant energy, depend on the structure
of the plasmonic device in question, its composition and environment [290]. Here we present an
approximation for the behaviour of these LSPRs that explain how they can be used for some of
their applications.

The Mie theory: a brief approach to plasmonic scattering in nanoparticles

It is of interest to explain the plasmonics in nanoparticles and their relation to external parame-
tres in order to better understand both the phenomena taking place and the potential application
this field of study has.

This theory assumes a plane wave incident on a homogeneous metallic sphere.Mie theory
defines the total scattering (σsca), extinction(σext) and absorption (σabs) cross-sections of light
as follows [283, 268]:

σsca =
2π

|k|2
∞∑
L=1

(2L+ 1)
(
|aL|2 + |bL|2

)
(3.7)

σext =
2π

|k|2
∞∑
L=1

(2L+ 1) [Re (aL + bL)] (3.8)

σabs = σext − σsca (3.9)

where k is the wavevector of the incoming wave and L are integer numbers representing the
multipoles of the scattering. In the above expressions, aL and bL are parameters that include
Riccati-Bessel functions dependent on m (where m = ñ/nm, where ñ = nR + inI is the complex
refractive index of the material, and nm is the real refractive index of the surrounding medium)
and x (x = kmr, where r is the radius of the particle). In this context, km = 2π/λm is defined
as the wavenumber in the medium.

In order to simplify these expressions, a power approximation has been done for a nanoparti-
cle of a size considered very small in comparison to the wavelength of the inciding wave, x << 1.
This yields a much simpler expression for aL and bL. By taking only terms up to x3, the terms
bL are approximated by zero, as are all aL with L > 1. The term a1 takes the form:

a1 ≈ −
12x3

3

m2 − 1

m2 + 2
(3.10)

we can obtain an expression of a1 as a function of the complex metal dielectric function
ε̃ = ε1 + iε2. Given our previous definition of m, and the relations ε1 = n2

R − n2
1, as well as

ε2 = 2nRn1 and εm = n2
m, the expression for a1 is as follows:

a1 =
2x3

3

−iε2
1 − iε1εm + 3ε2εm − iε2

2 + i2ε2
m

(ε1 + 2εm)2 + (ε2)2 (3.11)

By substituting this into equation 3.8, and taking only the dipolar term, we obtain the very
well known formula for the extinction cross-section for nanoparticle plasmon resonances :

σext =
18πε

3/2
m V

λ

ε2(λ)

[ε1(λ) + 2εm]2 + ε2(λ)2
(3.12)

Now, these concepts might seem a bit apart from the main subject of this chapter, but they
are essential to understand one of the main applications of LSP resonances: estimation of the
dielectric function in dielectric media using the analysis of the plasmonic resonances.
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Even though this approximation is taken for small particles, it has been experimentally
quantified that the predictions related to dielectric sensitivity (which will be discussed in this
section when talking about applications) are still accurate for bigger sizes [291].

Applications of SPPs and LSPRs

According to the bibliography [292], there are five main characteristics that have attracted
interest to surface plasmons from an application point of view: their concentration of light
beyond the diffraction limit their potential to modify the local density of photonic states as well
as the local electric field, their envireomental sensitivity to the refraction index of the medium
the samples are in (among others), as well as their flexibility in design, which has been a source
of constant growth in this field and will be delved into in Section 3.1.4.1.

Refractive index sensitivity As it has been explained in this section, LSPR phenomena
are heavily dependent on the refractive index both of the material conforming the plasmonic
nanostructure, as well as the refractive index of the surrounding medium. It can be inferred
from this that, by studying the LSPR of a certain interface and knowing the refractive index
of our nanostructure, it is possible to discern the refractive index of the surrounding medium.
This brings up one of the main applications of LSPR: Refractive index sensing[283].

The LSPR mode in a nanoparticle will appear at the energy corresponding to the wavelength
λ that maximises equation 3.12. This will happen when the denominator in the equation is
minimised. By derivating this denominator, we can find out that the resonance condition for
these modes is ε1 = −2εm.

In the Drude model, explained in this section there is a frequency-dependent way to express
the real part of the dielectrical constant of the material conforming our nanostructure (ε1) as a
function of the plasma frequency of the material and a damping parametre γ, that is negligible
for the energy range in this study:

ε1 = 1−
ω2
p

ω2 + γ2
≈ 1−

ω2
p

ω2
(3.13)

by applying the resonance condition ε1 = −2εm, we obtain a set of equivalent equations,
one for predicting the resonance frequency if the dielectric constant of a medium is known, and
another one to discern said dielectric constant, and hence the refraction index of a medium, by
measuring the resonance frequency of the LSP resonances:

ωmax =
ωP√

2εm + 1
=

ωP√
2n2

m + 1
(3.14)

n2
m = εm = −1

2
·

(
1−

ω2
p

ω2
max

)
(3.15)

Due to this possibility of measuring the refraction index of a medium, this has become one
of the biggest applications for LSP resonances.

Surface-Enhanced Raman Spectroscopy Raman scattering is a widely known type of
vibrational spectroscopy. In this type of spectroscopy, the Raman spectra are related to the
molecular structure, the composition and the geometry of the analyte in question [276]

One of the main drawbacks for Raman spectroscopy is that it has quite a low yield, more than
10 orders of magnitude lower than other similar analytical techniques such as fluorescence[293].
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This means that regular Raman spectroscopy is not suitable for the detection of molecules in
low concentrations.

The dipole moment induced by the Raman scattering of light is proportional to the amplitude
E of the electric field used to excite these photoelectric species:

P = α · Eapplied (3.16)

With α beint the polarisability of the material. The intensity of the Raman signal is defined
as the square of this dipole moment.

This is where LSPR comes into place. As we have seen in Section 3.1.2, in the case of surface
plasmons there is an enhancement of the amplitude of the electric field close to the interface
between the metal and the medium. This has an effect on the photoactive species that are close
to the surface of the nanoparticle, enhancing their Raman signal.

This effect, name surface-enhanced Raman spectroscopy, or SERS, was first discovered by
Fleischmann and his coworkers in 1974 [294]. It has been since then one of the main applications
of LSPRs [295, 278, 276, 296, 297]

Generally speaking, there are two main phenomena taking place in SERS: the enhancement
of the incident electric field at the vicinity of the plasmonic nanostructure and the enhancement
of the Raman scattering, also called re-radiation.

In the case of LSPRs, previous literature [296] shows a proportionality between the incident
electric field on a plasmonic surface E0 and the electric field at the surface of a metallic sphere:

E2 ∝ E2
0

∣∣∣∣ εm − ε0

εm − 2ε0

∣∣∣∣2 (3.17)

with εm the wavelength-dependent dielectric constant of the material in the plasmonic device.

Provided we excite a plasmonic structure with an electric field of amplitude E0, the local
electric field at the surface of the plasmonic structure ELOC will be proportional to this incident
electric field, with an enhancement factor that will depend on the excitation wavelength λ0 since
εm is wavelength-dependent:

ELOC = f(λ0) · E0 (3.18)

Now, considering this is the situation where the first Raman phenomenon occurs, the pho-
toactive species close to the surface of the nanostructure will be excited by this enhanced local
field ELOC . As a result, these analytes will produce a Raman scattering at a shifted wavelength,
λR. The amplitude of the Raman scattering can be calculated by applying equation 3.16:

P = α · ELOC = α · f(λ0) · E0 (3.19)

At this point, a second process takes place. The Raman scattered light can interact with the
plasmonic nanostructure in the same way as our incident radiation. We follow what has been
explained in equation 3.18, but taking several things into account. First of all, now the incident
field is P = α · f(λ0) · E0. Second, the Raman scattering has a different wavelength λR and
therefore a different enhancement factor f(λR):

ESERS = f(λR) · f(λ0) · α · E0 (3.20)

And since ISERS = E2
SERS and taking into account that I0 is the original Raman intensity,

I0 = α2 · E2
0 ,

ISERS = f2(λR) · f2(λ0) · α2 · E2
0 = f2(λR) · f2(λ0) · I0 (3.21)
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Figure 3.3: Adapted from [264]and [276].

A scheme of the working principle of this technique can be seen in Figure 3.3.

A particular case of this phenomenon is the study of the molecules located in areas like the
one marked in yellow in Figure 3.3. Because this area has a combination of the enhanced local
field of both the nanoparticles around it, it is what is called an ”electromagnetic hot spot”.
Molecules in this region will have an even greater Raman signal [298].

Waveguides and remote sensing As it has been said in Section 3.1.2, SPP are propagative
in nature. In other words, structures that control this propagation can be used as light waveguides
with a smaller size than the wavelength of the light they are propagating. This has been an
extensive application for plasmonics throughout the years [299].

By combining structures that allow the propagation of an SPP forth and back along a
certain axis, and the combination of these structures with closely located photoactive species, it
is possible as well to use this sub-wavelength wave-guiding for remote sensing. In this context,
remote sensing would apply to a sensing mechanism where the photoactive species is not located
at the point where the signal measurement is being taken, yet the signal measured at said point
comes from the photoactive species. It is also possible to create remote switches, where SPPs
trigger a certain phenomenon, like the remote activation of catalytic reactions shown in reference
[21].

A good example for this kind of application is shown in our collaborative study in Section
3.1.5 [300]. As it is seen in that study, this waveguiding, as well as the remote sensing applications,
can be coupled with other plasmonic applications such as SERS. This study serves as a base for
the works presented in this chapter.

3.1.3 STEM-EELS, a tool for spatially localised plasmonic analysis

As we have seen in Section 3.1.2, EELS had been a technique for the study of plasmons even
before the discovery of surface plasmons, and played a key role on the experimental confirma-
tion of the existence of surface plasmons by Powell and Swan[272]. However, there is a key
aspect of this kind of spectroscopy that makes this technique, along with cathodoluminescence
(spectroscopy performed on the photons that are emitted from the sample when said sample is
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under an electron beam)[280], two of the most promising techniques for the study of the spatial
distribution of different plasmonic modes.

As it has been reported in chapter 1, the combination of STEM and EELS allows the study
of localised excitations, being able to achieve a sub-nanometric spatial resolution and an energy
resolution that can go down to a few meV [223, 301]. As we have seen in Section 3.1.2, the study
of this distribution can provide further information on the plasmonic device being imaged. On
top of this, as we have seen in section 3.1.2, there are certain modes (dark modes) that precise a
momentum transfer from the exciting electromagnetic waves and therefore can only be imaged
using charged particle beams.

There are studies dating back to 1980 describing the measurement of surface plasmons on
nanoparticles using STEM-EELS [302], and even on the coupling effects of several nanoparticles
[303]. However, these studies, as well as the ones that followed for two decades, focused more
on the spectroscopic component of the plasmonic behaviour and deduced from it. The main
constraints for these experiments were, on the one hand, the lack of monochromaticity of the
beam, which resulted on a larger ZLP and therefore made the analysis of the peaks at low
energy (where surface plasmon resonaces appear) [58] much more challenging. In addition, the
field of plasmonics had not yet flourished along with all its possible applications. Finally, there
were some aberrations that had to do with the EELS detector that also played a part on the
inaccuracy of the results.

With this in mind, the STEM-EELS technique was improved over the years, and in time,
several EELS measurements could be performed on the same sample, thus being able to dif-
ferenciate different sections of the same nanostructure [304]. A few years later, the first studies
mapping the energy loss at low losses coming from Ag nanotriangles [305, 306] (see Figure 3.4)as
well as different geometries of Ag NP[307](see Figure 3.5). This, in and of itself, provided a new
tool for the analysis of surface plasmons that offered a unique advantage to it: the possibility to
study the electric field perturbations caused by LSPRs in nanostructures at a lower scale than
the size of said nanostructures. In other words, this provided a tool for the measurement of the
spatial distribution of the different LSPRs within a single nanostructure.

As we can see in Figure 3.5, this tool provides information about all the different types
of plasmonic resonances taking place in the sample (the Ag NP in this case) simultaneously,
whether they are surface longitudinal resonances, surface transversal resonances or bulk reso-
nances. However the latter will only be visible for samples that are thin enough to be ”electron
transparent” [11]. This will be of importance when explaining the study performed on this chap-
ter. This was also a turning point for plasmonics, since EELS allowed for an analysis of the
spatial distribution of all the plasmonic resonances in the sample with a single spectrum image.

STEM-EELS has even provided to be a powerful technique for the analysis of plasmonic
features at the nanoscale in three dimensions, by combining the possibilities of plasmonic feature
imaging of STEM-EELS with the three-dimensional analysis possibilities of electron tomography
[308, 309, 310]

3.1.4 EELS, nanostructures and plasmonics

In this section we focus on the state of the art when it comes to plasmonic nanostructures,
especially those that have been studied by means of STEM/EELS. for this purpose, we will
focus on the different geometries that have been studied over the years, especially those that
are close to the samples studied in this chapter. On a second subsection we will focus as well on
the different preparation methods that have allowed the growth of plasmonics to the extent we
know it today.
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Figure 3.4: Mapping of plasmons for two different sizes in silver nano- prisms. EELS spectra acquired
at a corner (A), the middle point of an edge (B) and the center (C) of (a) a 97 nm edge-long (thickness 4
nm) (b) and a 176 nm edge-long (thickness 6 nm) nanoprisms, respectively. The corresponding insets show
the HAADF images of each nanoprism and the exact positions at which the EEL data were measured.
In each case, three main resonances were identified. The energies of these modes vary from one prism to
another. P anels (c,e,g) present maps of the intensity distributions of the main resonances detected on
the prism in (a). Similarly, panels (d,f,h) show the intensity maps of the three modes on the prism in (b)
Source: Nelayah et al [306]

Figure 3.5: (a) Annular dark field STEM image of an ellipsoidal silver particle. (b) Spectra from the
three regions indicated in (a). (c) Map of the plasmon intensity at 2.45 eV (λ = 506 nm), showing the
longitudinal resonance mode. (d) Map of the plasmon intensity at 3.45 eV (λ =360 nm), showing the
transverse resonance mode. (e) Intensity map of the bulk plasmon resonance at 3.75 eV (λ =330 nm).
The intensity in the last map further than about 10 nm off the ellipsoid is caused by spectral noise. Source:
Bosman et al [307].
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Sample Material(s) References

Al voids Al [318]

Bypiramids Ag, Au [308, 316]

Chiral star-like
structure

Au [312]

Cubes Ag [319]

Decahedra Au [320]

Disks Ag [321]

Meta-atoms
(curved antennae)

Ag, Au [322, 323, 324]

Nanoantennae
(NW and NR of
a high-enough
aspect-ratio)

Ag, Au [325, 326, 327, 328]

Nanocarrots Ag [329, 330]

Nanospheres or
short rods

Au [331]

Other nanoparticles Au, Mg [317, 332]

Nanostars Au, [333, 334]

Nanorings Au [335]

Tapers Au [313]

Triangles Al [336, 337, 338, 339, 340, 341]

Hollow structures Ag, AuAg [309, 310]

Bimetallic structures AuAg, AuPd [315, 316, 342]

Coupled structures Au, Ag [324, 343, 344, 345, 346, 347, 348, 349, 350]

Flower-like structures Ag/ZnO [314]

Table 3.1: Brief review of plasmonic nanostructures studied using EELS in the last years.

3.1.4.1 Geometries

In the past few years, many different nanostructures have been fabricated with novel plasmonic
properties. For many of these nanostructures, such as the ones presented in the previous section,
EELS has been a key technique to gather a deeper understanding of their plasmonic compo-
nents. A review by Kociak et al in 2014 gave a quite complete list of geometries of plasmonic
nanostructures analysed using EELS to that date [311]. This section aims to provide a brief
updated version of this list.

The initial nanostructures used for the study of plasmonic materials have been nanoparticles
and nanorods, which are considered the most simple structure for this kind of study [311].
Along with new studies on this kind of structures, such the works presented here, several new
geometries have been created for these studies. These structures have evolved into more and
more complex structures through the development of their fabrication techniques, which we
will see in section 3.1.4.2. Nowadays, structures as complex as star-like chirals structures [312],
u-shaped structures[313], hollow nanoparticles [309], flower-like structures [314] or bi-metallic
structures [315, 316] have increased the different properties of these plasmonic systems, hence
opening new possibilities for future applications. New materials are being used as well for these
structures, such as magnesium [317] or zinc oxide [314]. A comprehensive list of these different
geometries, along with the materials they have been fabricated with, is shown in Table 3.1.
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The applications of these recent structures have been extensive, from photocatalysis [314] to
the fine-tuning of nanophotonic devices [316], hydrogen sensors [342] or wavelength tunability
using new materials [332].

3.1.4.2 Preparation methods

In order to achieve this myriad of structures, several preparation methods have been needed.
This methods include, but are not limited to, nanosphere lithography or colloidal lithography
[335, 351], thermal synthesis [318], templated electrodeposition [300, 264] (which we will delve
into in section 3.2.1, coaxial lithography [352], and chemical synthesis [315, 351], to name a few.
On top of this, secondary fabrication techniques to produce core-shell nanostructures such as
evaporation [353],

However, the world of plasmonics developed quite fast after the use of electron lithography
to obtain different types of samples, becoming arguably the most used preparation method when
it comes to plasmonic samples [353, 347, 315, 340, 332, 323]. This method offered the possibility
to fabricate plasmonic devices at the nanoscale with a never before seen precision.

An additional state of the art technique used nowadays for this kind of fabrication that also
offers a high amount of precission is Focused Ion Beam (FIB) [354, 355]. This technique, along
with electron beam-induced deposition also offer a uniquely precise technique for the fabrication
of plasmonic nanostructures.

Modification methods for nanowires: dumbbell fabrication

Much like with any other kind of nanostructures, there are methods to modify previously fab-
ricated samples. In this sense, our works take into consideration a specific one regarding the
modification of Au NW. In this sense, recent studies [356, 357] show the possibilities to modify
the morphology of Au NW using laser irradiation.

These studies show that, given a certain amount of laser irradiation, the Au NW starts to
melt, and if given enough energy, it can even break apart, forming an Au NP on one of the
broken edges. A figure showing this change in morphology can be seen in figure 3.6

Figure 3.6: Morphological changes undergone on a 300-nm-diameter gold NW after light irradiation
using different powers (a) Scheme of a focused light irradiated on different positions. The irradiation
power is (b) 39 mW (47 mJ/cm2), (c) 40 mW (48 mJ/cm2), and (d) 42 mW (51 mJ/cm2) for positions
”B”, ”C”, and ”D”, respectively. Inset scale bars are 1 µm. Source: Zhou et al [357]
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This technique has been the one used to fabricate the dumbbell shaped samples of these
works, as we will see in Section 3.2.1.

3.1.5 Motivation for this study: Au high aspect-ratio nanowires as effective
remote SERS tools

One of the most interesting applications of plasmonic nanostructures is in remote sensing, as it
has been explained in Section 3.1.1 . In this regard, a collaborative study within the framework
of the Enabling Excellence ITN, along with the Institut de Matériaux Jean Rouxel and the
Renishaw company has been the starting point for the studies found in this chapter [300]. The
PhD subject of one of the students within this ITN has been one of the main sources for the
studies shown in this chapter [264].

In this study, 1D plasmon-mediated Raman nanosensor was crafted by creating a coaxial
Au@PEDOT NW following a similar procedure as the one stated in Section 3.2.1, but with an
intermediate step after the fabrication of the Au NW core. This step consisted on enlarging the
pore by a few nm as reported in previous studies [358] and covering the etched space in the
porous membrane with a 3,4-ethylenedioxythiophene (EDOT) monomer. After carrying out an
oxydative electropolymerization a core-shell Au-PEDOT system was formed. In order to have
a better-suiting sample for the remote Raman experiments, core-shell Au@PEDOT NW with
PEDOT present in just one of the tips of the Au NW were fabricated by not enlarging the AAO
membrane pore completely and following the rest of the procedure in a similar way.

Thanks to a novel approach to the Raman optics within the experiment, succintly explained
in images a and b of Figure 3.7, it was possible to acquire a signal present at a remote point
with respect to the excitation taking place.

After performing an initial map to be sure about which part of the Au@PEDOT NW had a
Raman signal corresponding to that of PEDOT, it was possible to find signal corresponding to
PEDOT at the opposite NW tip to the one with PEDOT present, as it is shown in images d and
e of Figure 3.7. This served as a proof-of-concept for the possible application of these structures
for remote Raman sensing of delicate photoactive species.

Au nanodumbbells: A possible enhancement

As we have seen in Section 3.1.2, the excitation of a SPP with light needs momentum matching
between the incident light and the SPP. In the case of metallic NWs, a simple way to satisfy
this criterion consists in irradiating one of the tips of the NW in order to excite the SPP, which
can then propagate toward the opposite tip of the NW.

The polarisation in said excitation is extremely important, since it allows to control the type
of plasmonic modes that will be excited [359] and it can even route an SPP towards a specific
branch of a branched nanowire [360]. We know that the propagation length of SPPs strongly
depends on several properties such as the material of the nanostructure, its shape and its size
[361], but, in the case of NWs, it also depends on the shape of its tips [362]. In our case, the
dumbbell and half-dumbbell sample of this study have been fabricated as explained in Section
3.2.1.

Acquiring a better understanding of the plasmonic phenomena taking place in these different
nanostructures, as well as how they correlate with their SPP propagation, has been the main
motivation for the development of the study shown in this chapter.
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Figure 3.7: Schematic view of the optical configuration (laser source, objective, sample and collected
light) for measuring the standard (a) and the remote (b) Raman signals. (c) Optical microscopy view
(objective Ã—100 LF) with superposed Raman spectroscopy mapping (intensity at 1430 cmâˆ’1 appears
green) of a single gold nanowire (diameter: 114 nm) partially covered with PEDOT close to the right tip.
(d) Four excitation configurations (X symbol labelled 1 to 4) and maintained collection area (O) of the
Raman signal plotted in (e) at 785 nm. (d2) Optical microscopy image without back light when exciting
in 2 with a 785 nm laser. Scale bars are 2 Î¼m. Source: Funes-Hernando et al [300].

3.2 Experiment

After having set a general notion of surface plasmonics, their mechanism and their importance,
this section focuses on the experimental part of this study. First, a short description of the sample
preparation, namely the growth of Au NW and their irradiation into dumbbells, is shown. Initial
TEM studies are shown, which confirmed the crystalline character of the Au NW prepared with
this method. Finally, the STEM-EELS gathering of our data SPIMs is shown, and experimental
drawbacks are brought to the spotlight.
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3.2.1 Sample preparation

The preparation of these samples was performed by Daniel Funes-Hernando as part of his thesis
project, directed by Jean-Luc Duvail and taking place at the Institut de Matériaux de Nantes.
Among the various preparation methods stated above, the Au NW used for this study have been
prepared using a bottom-up approach, to be specific, by electrodeposition by means of a hard
template, in this case a porous template made of anodic aluminum oxide (AAO). This method
has been discussed in depth in Section 3.1.4.2 and a schematic of the complete preparation can
be seen in Figure 3.9.

For these particular Au NW, an AAO membrane was sputtered on its barrier layer with
gold, and was then introduced into a home-made electrochemical cell providing three electrodes,
one (the working electrode) connected to the Au sputtered layer, and the other two (the counter
electrode and a reference electrode) in contact with the electrolyte within the electrochemical
cell. A schematic cross-section of this electrochemical cell can be seen in Figure 3.8, coming
from the thesis manuscript of Dr. Funes-Hernando [264]. A table containing the composition
of the initial chloroauric acid aqueous electrolyte solution, as well as the reason for each of the
components to be in said solution, are displayed in table 3.2.

Species Concentration Role

HAuCl4 0.03 M Electrolyte to reduce
K2HPO4 0.1 M Buffer at pH = 7.6
KCl 0.1 M Enhances the conductivity of the solution

Table 3.2: Composition of the electrochemical solution for Au plating prior to mixing. Source: D. Funes-
Hernando PhD thesis manuscript [264]

Figure 3.8: Schematic of setup for confined electrochemistry within a nanoporous membrane. Source:
D. Funes-Hernando PhD thesis manuscript [264]

The counter electrode, a platinum foil, was inserted, along with the reference elctrode, in
the electrolyte aqueous solution. Then, a cyclic voltammetry was performed in the potential
window 0.75-0 eV with respect to a saturated calomel electrode (SCE) reference electrode. This
voltammetry was performed at a rate of 50 mV/s, which prompted the reduction of [AuCl4]−

into Au0. This gold started to deposit at the bottom of the pores.
The cyclic voltammetry starts at 0.75 V, the equilibrium potential of this reaction, so that

the process is not started by means of a spontaneous reaction. As the potential different went
down, specifically when crossing the 0.46 v threshold, the electrolyte solution was reduced into
gold. After getting to 0 V, the potential was brought up again to allow the electrolyte to refill
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the nanopores of the AAO membrane, and with this a single cycle of the deposition would be
complete.

The diametre of the AAO membrane pore determined the diametre of the Au NW, and the
number of cycles in this voltammetry determined the length of the Au NW, since this length
and the number of cycles mantain a linear relation. Taking into account the time for a single
cycle, the growth rate of these Au NW was around 4.7nm/s.

After the NW synthesis, the membrane and the Au NW were thoroughly rinsed with ultra-
pure water. This was done to remove any possible residue of the electrolyte solution. After this,
the AAO template was etched by immersing the AAO template along with the Au NW in a 4.9
M H3PO4 solution for 48 hours.

The remaining gold film was then rinsed with ultrapure water several times and stored in
water into small glass containers. When the TEM study started, this gold film in water was
sonicated during 0.5 s, the nanowires broke off from the gold film and got dispersed in ultrapure
water. From then on, the TEM samples were prepared by drop-casting this water dispersion
onto a 20 nm thick SiOx TEM grid.

Figure 3.9: Detailed preparation of the Au NW using templated electrodeposition. Edited from [264]

The dumbbell fabrication

After the study shown in Section 3.1.5, and the idea for a possible geometrical filter that is
explained within, it was of great interest to fabricate samples that combined nanoparticles and
nanowires. Out of the different modification techniques shown in Section 3.1.4.2, the one that
has been chosen by our partners at the IMN for this part of the study has been laser irradiation
at the tips of the nanowires, melting the metal due to temperature increase [356]. These samples
were part of a bigger study, which has been explained in Section 3.1.5 and can be seen as a
whole in references [264] and [300]. Due to this reason, the original samples for this fabrication
were Au NW with PEDOT shells on their tips. For this reason, the PEDOT in the samples had
to be taken off using laser dry etching before fabricating our dumbbells.
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For the fabrication of the specific dumbbells shown in our study, the tips of the Au NW were
irradiated using a green laser (λ = 488nm, power = 14 mW) for 3 seconds on the tips of our
half-dumbbell and dumbbell samples. In the case of our half-dumbbell, both tips were irradiated
but one of them got volatilised. An in-depth description of these and all of the other samples
fabricated for this study can be seen in Section 3.2.3

3.2.2 Initial TEM studies

During the studies prior to this one, which have already been published [300] and have been
delved into in Section 3.1.5, several preliminary HRTEM studies have been performed on samples
fabricated using the method explained in detail in Section 3.2.1. These studies focused on the
crystalline quality of the Au NW, as well as the homogeneity of the coaxial Au-PEDOT NW.

The results concerning the presence and even distribution of the PEDOT shells in these
systems has already been shown in Section 3.1.5. using TEM and EELS we were able to determine
that the Au-PEDOT NW was, indeed, coaxial and that the Au surrounding shell had an EELS
sulphur signal, which gave us proof that it was not carbon residue but PEDOT. However, an
additional study was performed to check the crystallinity of the sample. A TEM micrograph
showing the high crystallinity of the sample can be seen in Figure 3.10

Figure 3.10: TEM studies on Au NW. Left: TEM micrograph showing a protion of an Au NW, with
a thin carbon layer coming from sample pollution. Right: HRTEM micrograph of the Au NW on the left,
showing the planar diffraction due to the high cristallinity degree of the Au NW used in this study.

3.2.3 STEM-EELS experiments

This section focuses on the main experiment of this chapter, that is, the STEM-EELS spectrum
images taken over several different Au nanostructures. We provide an in-depth explanation of
these samples, the experimental conditions as well as the experimental drawbacks associated with
these studies. The as-taken SPIMs for this study can be seen in the videos in the supplementary
information.

Experimental conditions

The STEM-EELS studies shown in these works have been performed using the monochromated
FEI Titan Low-Base microscope shown in Section 1.6.2. The accelerating potential has been kept
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at 80 keV to avoid damage to the samples during the STEM-EELS studies. The convergence
angle α has been kept at 25 mrad, and the collection angle β has been kept at 35 mrad

As for the SPIM-EELS acquisitions, the acquisition time has been set at 0.01 s/pixel. The
pixel size has been chosen individually for each sample, depending on the area to be analysed.
The energy step for this experiment has been set at 0.02 eV, and the energy resolution has
been estimated by measuring the full width half maximum of the ZLP, resulting in an energy
resolution of 160 meV.

The analysed samples

Five samples have been selected from the analysis of these studies. A scheme for the morphology
of these different samples is displayedin Figure 3.11. In this description, we will provide a general
explanation of the morphology of each one of the Au nanostructures in the study, as well as the
number of spectra gathered in their corresponding SPIM. This last parametre will be of interest,
since NMF is a statistical analysis method and should therefore be more accurate for a higher
number of spectra.

• The first sample consists of a half-dumbbell. This half-dumbbell consists of a NW of 110±5
nm in diameter. To this nanowire, using the abovementioned laser irradiation (see Section
3.2.1), a nanoparticle measuring an average of 340±10 nm in diametre has been attatched.
The total length of the sample amounts to 3.6 ± 0.1 µm. Its corresponding SPIM has a
total of 538× 65 = 34970 spectra

• The second and third samples are, respectively, of a single NW and a double NW where
two NW have been joint during the drying process after the drop-casting of the Au NW
solution. These high aspect-ratio Au NW make 3±0.1 µm long with a diameter of 30 ± 1
nm. The SPIMs used to study these two samples have 379 × 37 = 14023 and 288 × 37 =
10656 spectra, respectively. This means that the amount of spectra in these samples is
between half and a third of the number of spectra in the aforementioned one.

• The fourth sample consists on a nanowire with an increase in diametre following its
transversal edge. The diametre of the NW goes from 120 ± 5 nm to 225 ± 5 nm in a
quite homogeneous way. This could also be understood as a high aspect-ratio conical sec-
tion. The size of its SPIM is 578× 55 = 31790 spectra, that is, on the same range as the
half-dumbbell. This sample makes 4±0.1 µm long.

• The fifth sample consisted of a full dumbbell, resulting of joining a NW 4.1±0.1 µm long
and 110±5 nm in diameter, with one nanoparticle in each end, each measuring an average
of 300±10 nm and 210±10nm in diameter, respectively. The full dumbbell initally had a
little 60±5 nm diameter Au particle attached to it. Its associated SPIM presents a size
of 538 × 40 = 21520 spectra, which means a decrease over a 30% with respect to the
half-dumbbell.

This variety of geometries give us a vast range of responses we can gather from these studies,
such as the coupling between Au NP of different diametres with Au NW presenting the same
diametre (samples a and e in Figure 3.11), the effects of coupling between two Au NW with
respect to a single NW of the same characteristics (samples b and c in Figure 3.11) and finally,
and arguably most interestingly, the variation of both the EEL spectra and the plasmonic
components on a Au NW with a varying diametre (sample d in the aforementioned figure).

This sample with a varying diametre offers a very interesting set of properties due to its
geometry, since the response of the sample to the electron beam at a specific point of this NW is
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Figure 3.11: In-depth morphological descriptions of the analysed samples. Geometrical schemes (top)
and HAADF micrographs (bottom) of: a) Au half-dumbbell b) Single NW c) Double joint NW d) Varying
diametre NW and e) Au dumbbell.

correlated to the diametre of the NW at said point in what is commonly called the electrostatic
tip-induced effect.

This is a direct derivation of the Coulomb Law. For simplicity purposes when integrating, we
will compare two spheres of a different radius when they are both subjected to the same potential
to explain this phenomenon, since our whole sample is subjected to the same potential.

Deriving from the expression of the electrostatic potential, on the surface of each particle,
Vi = K×Qi

Ri
, where K = 1

4πε0
. Taking into account that our particles 1 and 2 are at the same

potential at their surface, we can deduce:

KQ1

R1
=
KQ2

R2
(3.22)
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And, defining the variable n as the ratio between these two radii, we obtain:

Q1

Q2
=
R1

R2
= n (3.23)

Now, by applying the same law as before, we know we can define the electric field Ei at a
distance d from its center as:

Ei(d) =
K ·Qi
d2

(3.24)

And thus comparing the electric field at the surface of both spheres we obtain:

E1 (R1)

E2 (R2)
=
Q1

Q2
· R

2
2

R2
1

=
n

n2
=

1

n
(3.25)

In other words, if the radius of particle 1 is n times higher than that of particle 2, the electrical
field will be n times stronger at the surface of this second particle. This can be extrapolated to
our specific case, where the electrical field in the thinner parts of the Au NW is stronger than
that of the thicker parts of the NW, hence having a higher energy loss.

With respect to the EELS plasmonic studies shown in this section, there is an additional
subject that is necessary to address when it comes to these samples. Even though the sam-
ples have different diametres, they all have diametres that are higher than the electron quasi-
transparency limit in TEM for materials this dense. Simply put, the vast majority of the electrons
going through the Au NW will be dispersed and hence not retrieved by the STEM nor EELS
detectors. This poses a problem when measuring the bulk plasmon in the samples.

As we have seen in Section 3.1.4, there are two types of plasmonic resonances going on in
these sort of plasmonic nanostructures: surface plasmon resonances and bulk plasmon resonances.
since the surface plasmon resonances happen at the interface between the nanostructure and
vacuum, EELS is a very adequate technique for its study. However with samples as thick as ours,
EELS cannot be used to study bulk plasmons simply because the electron beam disperses when
going through the sample. This is clearly seen in the TEM micrographs taken by integrating
each SPIM, such as the one for the half-dumbbell shown in figure 3.12.

Figure 3.12: Intensity micrograph built by integrating the half-dumbbelll SPIM. The black area shows
almost no electrons from the electron beam are able to get through the sample.

At the edges of the nanostructures, since there are areas where the thickness of the sample
is much lower, this signal could in theory be retrieved. However, the map for this plasmonic
resonance would be, in principle, indistinguishable from the one for the transversal surface
plasmon. This is the reason why bulk plasmons are not shown in the results of this study.

The noise issue

Due to an unknown experimental cause, there has been some unexpected electronic noise in the
spectrometre for all of the SPIMs gathered for this experiment, with the exception of the SPIM
related to the Au half-dumbbell. This noise can especially be seen in the background-extracted
SPIMs shown in the videos in the supporting information for this manuscript. An example of
this noise can be found in Figure 3.13.
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Figure 3.13: Energy loss intensity maps representing examples of the experimental noise. From top to
bottom, intensity maps of: the Au dumbbell at 1.17 eV, the increasing diametre NW at 1.15 eV, the single
NW at 0.51 eV and the double NW at 0.5 eV.

We can group the samples in three main catergories depending on the signal-to-noise ratio
(SNR) they present: the one with a high SNR (the half-dumbbell), the ones with a medium
SNR (the single and double Au NW) and the ones with a very poor SNR (the Au dumbbell
and, especially, the increasing diametre nanowire). An important thing to take into account is
that, with the exception of the increasing diametre NW, the plasmonic components are visible
for most of the energies in the SPIM, even with the noise effects. This will be of importance, as
it will be explained in Section 3.3.2.

A Richardson-Lucy deconvolution [255, 13, 256, 257], like the one presented in chapter 2,
was tried to be used in order to try and improve the quality of the different spectra. However,
at least for the purpose of this analysis, this deconvolution was unfruitful. After performing this
deconvolution, the spectra seemed to have even more noise than it had before performing this
analysis.

On top of this, the noise levels in the SPIMs make it impossible to use the somewhat tradi-
tional Reflected Tail method for the extraction of the background [15]. This consists on assuming
the ZLP as symetrycal with respect to the 0 eV point, which it should be. using the negative
part of the ZLP as a reflection of its positive part, it is possible to extract the background from
the spectra. However, in this case and with this level of noise, it would not be advised, since
noise is randomly distributed and extracting a noisy background from a noisy signal would only
decrease the SNR.

3.3 Methods: Data analysis

3.3.1 Challenges in the EELS spectra analysis

When it comes to the analysis of these samples, after aligning the spectra in the SPIMs around
its ZLP,there are several issues to be taken considered into account besides the experimental
noise reported in Section 3.2.3. These issues can be divided into two main groups: those having
to do with the removal of the background of the EEL spectra, and those having to do with the
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plasmonic features themselves. This section aims to explain them in detail.

The background issue

As seen in section 1.4.3, generally speaking, when an analyisis of an EEL spectrum needs to
be performed, generally one of the first steps is the removal of the zero-loss peak (ZLP) of the
spectrum, which can be considered a background for the purpose of the analysis of low-loss
EELS. In general, the ZLP is removed from the EEL spectra by fitting it using a power-law
function.

An EEL spectra for the ZLP with no sample present has been taken at the beginning of
each measuring day, which could have been used as a background to extract from each one of
the EELS SPIMs taken. However, the ideal case would be to be able to extract the background
from the particular SPIM being analysed.

However, as it has been seen in Section 3.1.4, high aspect-ratio nanostructures tend to have
plasmonic components that are more closely packed in energy, with this packing being tighter
the higher the aspect ratio [329]. In the particular cases of this study, the plasmonic features in
the EEL spectra are so tightly packed that the ones at lower energies are overlapped with the
lowest energy region that could be used for the fitting of the ZLP. In other words, there is no
energy window in the spectra that fulfills these two conditions:

• Being far enough from 0 eV that the behaviour of the ZLP can be fitted using a power
law. For our particular experimental conditions, this would mean a few thenths of eV far
from the ZLP, minimum.

• Not having any sort of plasmonic features present in the spectral window.

Furthermore, and also because of this reason, the results yielded by the in-built background
extraction routines in our data analysis software (Digital Micrograph) are far from optimal,
and not enough of the negative part of the ZLP has been gathered to be able to perform a
background extraction using the reflected tail model, where the negative section of the ZLP is
mirrored with respect to zero and used as the background to be extracted from each spectrum.
This complicates greatly the data analysis for these samples.

The plasmonic components issues

As we have stated in Section 3.1.3, the energy resolution of our experimental system was about
160 meV. With this in mind, a second effect raising from the high aspect-ratio of the sample
is that the different longitudinal plasmonic components will start to be indistinguishable from
each other once the difference in energy between two consecutive components starts to be in the
same order of magnitude as the spectral resolution or our system. This is the case for all of our
samples. In other words, even after hypothetically removing the background from the spectrum
images, we are still facing the issue that we cannot distinguish the different spectral features of
each plasmonic mode.

On top of this, as with any other kind of metal nanowire [328], we encounter a transversal
plasmonic mode at an energy that, for our samples, has been between 2.5 and 2.8 eV. In general,
this transversal mode depends on the specific material the nanowire is made of as well as its
size and aspect ratio. This plasmonic component is substantially more spread in energy than
its longitudinal counterparts, which is coherent with the literature [325, 327]. In our particular
case, we have been able to find this component at energies more than 1.5 eV away from the
center of the feature. As a result, a non-negligible part of our longitudinal plasmonic features
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in our samples are mixed to some degree with their transversal features, difficulting even more
this spectral analysis.

3.3.2 Multivariate analysis and EELS: a brief review

As we have stated in sections 3.2.3 and 3.3.1, the SPIMs we have gathered for this study present,
on the one hand, a very high level of noise. On the other hand, these SPIMs also present
plasmonic components that are so close in energy to each other that they overlap. This creates
a necessity to implement some sort of data analysis that de-noises the spatial distributions of
the different plasmonic modes and at the same time separates the different plasmonic modes
independently.

This is not necessarily a novel problem, since there are plenty of EELS studies where SPIMs
with various phenomena taking place at once are dealt with [363]. This is where the so-called
hyperspectral analysis comes into play. These kind of methods analyse the whole SPIM at once,
which make it easier to discern different components within the whole SPIM.

A very interesting part of hyperspectral analysis, concerning our study, is multivariate anal-
ysis (MVA). A very good general definition for this sort of analysis is given in [364]:

The EELS dataset is regarded as an N×M matrix, where M is the total number of
pixels and N is the spectral size. For instance, a spectrum image dataset is D(x, y,E),
with N equal to the pixel-area covered by x and y. One way to sort this data array is
to solve the matrix factorization problem in the linear mixing model, by proposing
a new representation of D as a combination of components,

D(x, y, E) =
∑
n

Sn(x, y)LTn (E) (3.26)

where n is the component index, that runs up to the minimum between N and M.
Moreover, each S is a score matrix and LT is the transpose of the loading matrix.
Notice that score and loading matrices keep the spatial and spectral dimensions,
respectively

Simply put, when applied to an SPIM-EELS, this kind of analysis decomposes a given SPIM
(which can be understood as a matrix in 3 dimensions) into a sum of different components.
Each component is the product of two different matrices, one that contains all of the spatial
information of the component (Sn(x, y)), and another matrix that contains all of the spectral
information of the component (LTn (E)). This means that, even though this component is in and
of itself a 3D matrix, for any given point (x,y), the spectrum associated in the component will
mantain the same relative intensity between any two given energies. This relative intensity (in
other words, the shape of the spectrum) is the information stored in LTn (E). The only factor
that will change among points will be the intensity of the spectral component at each point (x,y)
(in other words, the spatial distribution of the component), which is an information stored in
Sn(x, y).

Principal component analysis decompositions

Principal component analysis (PCA) is a possible solution to equation 3.26. This is a method
mathematically found more than a century ago by Karl Pearson [365]. The different analysis
methods under the PCA umbrella have one particular aspect in common, which is that they solve
equation 3.26 by imposing orthogonality on the loadings [364]. A very comprehensive review on



116 High aspect-ratio Au nanostructures: Plasmonic studies via EELS

PCA and its general use can be seen in [366]. In other words, applied to our system this would
impose orthogonality between the different spectral components, or said otherwise: if we consider
two spectral components as two vectors, their scalar product would be 0. In simple words, the
PCA analysis tries to provide a solution tot his problem that will minimise the distance between
the solution proposed and the different points contained in the experimental data.

To the best of our knowledge, the first reports on the use of PCA for the analysis of EELS
spectrum images (although with a different kind of data acquisition) date back to 1990 [367],
although here is reported as a simplification of another multivariate analysis, factorial analysis
of correspondence (FAC). The only difference between this method and PCA is the technique
used to calculate the distance between the experimental points and the solution. While PCA
used a regular euclidean distance, FAC uses χ2 as a measure of distance.

Generally speaking, algorithms using PCA evaluate the amount of information shown in a
specific component by the value of their explained variance. If the variance of the signal is higher
than that of the noise (an assumption on which basis the whole PCA method is sustained [368])
, it is possible to set a number of components for the analysis by setting a variance threshold.

It is of interest to notice that the orthogonality imposed by PCA, when applied to our EELS
signal (which is always positive for any energy), implies that some of our components might have
negative values for some energies. This makes it really hard to be able to discern the physical
phenomena taking place from the data given by the analysis; which means it complicates greatly
the initial objective of the study. This objective was to discern the different plasmonic modes
from one another.

The use of PCA as a hyperspectral EELS analytic tool has been quite extensively used in
the last twenty years, especially since a PCA-based method was offered in Digital Micrograph,
one of the main analytic software for TEM-EELS data, in 1999 [363]. Since then, PCA has
shown some remarkable results, going from early EELS component analysis [369] to being able
to map chemical components by PCA analyses of SPIM-EELS [370] and even played a part as a
noise reduction algorithm in EEL spectroscopy tomography studies [371]. One of its main perks
is that it is somewhat cheap in terms of computational cost. Another main perk is that, even
though the components given by the analysis will not be something that can be interpreted right
away, the elimination of low-variance components do make PCA a valuable algorithm for noise
reduction, hence its vast use as such.

Many studies over the years have performed modifications on the original PCA method in
order to make its final components more intuitively interpretable, for example by scaling the
EELS data so that both matrices out of the PCA method would be orthogonal and then rotating
them to maximise their mutual simplicity [372], or as a first denoising step before a different
sort of MVA [373]. This is where blind source separation comes into play.

Blind source separation: Independent Component Analysis and Non-negative Ma-
trix Factorisation

Blind source separation (or BSS) refers to the decomposition of a mixed set of signals and noise
into the different denoised signals that compose it, in a way that the final product is as close as
possible to the real components as possible, that is, the final components mantain as much as
possible of their physical significance. In our specific set, this relates to obtaining the individual
components for each plasmonic resonance.

BSS is built on the basis of PCA and there are two main variations to this method: Inde-
pendent component analysis (ICA) and non-negative matrix factorisation (NMF).



3.3 Methods: Data analysis 117

Indepenedent Component Analysis

The concept of independent component analysis (ICA) is not far from that of PCA in the
sense that it searches in a random source of data for ”a linear transformation that minimizes
the statistical dependence between its components” [374]. In other words, the constraint that
is imposed on the different components for this analysiss is not their orthogonality but their
independence from one another. In this case we define two scalar-value random variables y1 and
y2 as independent ”if information on the value of y1 does not give any information on the value
of y2 and viceversa”[375], which is a property that can be defined by the probability densities
of these two variables.

This analysis was first addressed by Herault and Jutten around 1983. They worked on trying
to solve this problem algorithmically using a recursive neural network even before providing
a theoretical explanation for it. Their method can be seen thoroughly explained in [374], as
well as an initial proof-of-concept of this analysis that consisted on straightening text lines. At
the same time, a myriad of different studies working on this issue started to be done. A very
comprehensive review of these first studies can be seen in [376].

Nowadays, it is possible to perform an ICA decomposition on a system without the need
for any special sort of neural circuit, by reducing the dimensionality of the sample. This is
done by performing a first decomposition using PCA and only retaining the components over a
certain variance threshold [375]. Then, it is possible to perform a transformation on these PCA
components trying to minimise the dependence among them, in other words, imposing mutual
independence to the source components [364].

To this day there are plenty of studies that employ ICA with relation to EELS hyperspectral
studies [363, 368, 371], but a very clear example of why ICA offers a better performance than
PCA is the study performed by de la Peña et al in 2011 [368]. This study used EELS mapping
over a sample consisting of a thin foil of separated TiO2-SnO2 phases. By using a PCA-treated
dataset, and the combination of the resulting components, they were able to create maps corre-
sponding to the different elements present in the sample. Nevertheless, the interpretation of said
components and their linear combination was something performed by the research team from
three components with no physical value. However, when applying ICA to the PCA components,
three new independent components were found with a clear physical meaning: the spectral back-
ground, a component that seem to correspond to the spectrum of TiO2 and another one that
was thought to be related to SnO2. However, it is important to notice that this is not always
the case and the ease of interpretation and amount of physical meaning of the ICA components
depends heavily on the dataset analysed.

To sum up, even though this method poses many advantages with respect to PCA for certain
datasets, there are two main throwbacks to this analysis. The first one is the computational cost
of performing two different analysis, first PCA and then ICA. The second one is more relevant
for our study: a characteristic that ICA inherits from PCA is that their results can also not refer
to actual physical phenomena, therefore making their interpretation more dificult [364]. Since
our main goal with this analysis is obtaining components as close as possible to our plasmonic
modes, this method is not the most recommended either.

Non-Negative Matrix Factorisation

The other main BSS method currently being used in EELS, and the one used in this study, is
non-negative matrix factorisation, or NMF. In general terms, we can think of this technique as
a solution for equation 3.26 for a data set D(x,y,E) that has positive values in energy for the
whole SPIM (which is the case for EELS). The two constrains that we apply to this specific
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method is the number of constraints, which we must set beforehand, and the non-negativity of
all the components for all their energy values. A more general mathematical definition can be
found in the bibliography [377]:

Given an M dimensional random vector x with non-negative elements, whose N ob-
servations are denoted as xj,j=1,2,...,N , let data matrix be X =[x1, x2,..., xN ] ∈ RM×N≥0

, NMF seeks to decompose X into non-negative M × L basis matrix U =[u1, u2,...,
uN ] ∈ RM×L≥0 and non-negative L × N coefficient matrix V =[v1, v2,..., vN ]∈ RL≥0

such that that X ≈ UV , where RM×N≥0 stands for the set of M×N element-wise
non-negative matrices. [...] Hence NMF decomposes each data into the linear com-
bination of the basis vectors. [...] In other words, this approach tries to represent
the high dimensional stochastic pattern with far fewer bases, so the perfect approx-
imation can be achieved successfully only if the intrinsic features are identified in
U

This definition is entirely coherent both with our simplified definition and with the general
introduction on MVA in this section. It also states an important issue with this method: The
intrisic features of our system (plasmonic resonances) need to be visible at least to some extent
for this method to work. Just like with ICA, it can be interpreted as a neural network learning
algorithm, which aims to depict the parts a certain additive dataset is made of [377].

The concept of NMF was first introduced by Paatero and Tapper with the name of positive
matrix factorisation [378, 379]. These studies focused on a very specific application and therefore
did not offer a generalised version of the algorithms, which made it more difficult to apply it
to other fields. Later on, Lee and Seung focused on the potential of NMF to perform parts-
based representation, which played a key role on the popularisation of this analysis [380]. In
this first study, they performed two proofs-of-concept for NMF as a method for parts-based
representation, one applied to faces and another one applied to words semantics. The first one
was a clear example of how this method was, in principle, more intuitive than PCA, since it
managed to represent face pictures using a set of basis images (its components) that actually
resembled parts of faces.

An additional study, a year later, delve deeper into the formulation of NMF as recursive
algorithms, discussing the cost functions to estimate the quality of the approximation, the proof
of convergence to interpret a result as valid, and the formulation that could be given to NMF
as optimisation problems [381]. Given the approximation problem set in equation 3.26, here
noted as D ≈ SL, one of the formulations is set on the basis of minimising the square of the
euclidean distance between the matrix D and the factorisation product SL. In other words,
finding a minimum for equation 3.27 with the constraint that Dijk, Sij , Lk ≥ 0∀i, j, k within the
dimensions of their respective matrices:

‖D − SL‖2 =
∑
ijk

(Dijk − Sij · Lk)2 (3.27)

An alternative method mentioned in this study consists in defining a ”divergence” of A from
B that also fulfills the conditions that it is always non-negative and it is only zero if and only if
A and B are the same. The one proposed in this study is described in equation 3.28:

D(D‖SL) =
∑
ijk

(
Dijk log

Dijk

Sij · Lk
−Dijk + Sij · Lk

)
(3.28)

Briefly explained, these two studies put NMF in the spotlight for parts-based decomposition
by not only giving proofs-of-concept centered in vastly different applications, but also paved the
way for an actual implementation of this analysis.
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As of lately, NMF has become more of a family of methods than a method in and of itself,
with new catergories of NMF appearing, each one with new constraints applied to said NMF,
from orthogonality (whenever it is applicable) to weights or sparseness [377], although the latter
usually comes naturally from the non-negativity constraint [380]. This sparsity can be define in
our study as the fact that, for a specific energy window, we do not always need all the components
given by the algorithm to reconstruct our energy loss spatial distribution.

Some approaches, like semi-NMF, only subjects a specific factor matrix to the non-negativity
constraint, which is useful for the cases where we know some of the sources in the additive dataset
are always positive, while others are not [377]. However, for this study, we will be using the most
basic form of NMF, where the only constraint imposed is the non-negativity one.

The applications of NMF, just like with the rest of MVA, cover a vast array of different
fields. As it has been said, one of the main perks of this kind of analyses is their versatility.
This analysis method has been used for subjects that fall under completely different catergories.
Apart from the two proofs of concept presented before [380], NMF has also been used, to name
a few, for document clustering [382], text data mining (using orthogonal constraints and tri-
factorisations) [383], chemometrics(its original usage) [378], face recognition [384], audio pattern
separation [385] and, obviously, for spectrosopic analysis.

Within spectroscopic analysis, we will focus on the use of NMF for the analysis of hyper-
spectral datasets in EELS, although it has been used as well for other sorts of spectroscopy
such as EDX [386, 387]. This sort of analyses have gathered a considerable amount of interest,
especially in the past few years. Both core-loss EELS [386, 387, 388, 389] and low-loss EELS
[290, 308, 312, 318, 328, 342, 350, 390, 391, 392] have been the subject of these studies.

NMF in EELS has been used for a variety of applications besides plasmonic analysis, such as
separating the low-loss EELS spectra of silicon nanotcrystals in a dielectric matrix from EELS
signal coming both from the dielectric matrix and from instrument-related signals, in order to
study the electronic properties of said silicon nanocrystals [393], studying the local chemical
morphology of single metal-organic framework glass bend nanoparticles from the precursors of
said metal-organic framework [392], or chemical mapping going down to the atomic resolution
[386, 387, 388].

Within the plasmonic field of study, there has been an increasing amount of studies in
the past 7 years, which range from the study of single SPIMs of different types of geometries
and noble metals such as the ones explained in Section 3.1.4.1 [312, 328, 342, 350, 391], as
well as other types of structure such as topologically enclosed aluminum voids [318]; to three-
dimensional EELS studies combining SPIM-EELS with tomography techniques [290, 308]. The
study presented on this chapter builds on this previous work and applies it to arguably even
more challenging datasets, with higher aspect ratios, more closely packed components, different
geometries and low-SNR experimental noise conditions.

As it is explained in Section 3.3.3, in terms of implementation, we have implemented our
NMF method using a custom script on the Hyperspy software [394], which already includes an
NMF package. A more detailed explanation can be seen in Section 3.3.3.

The noise effects

There is an issue with NMF and in general with MVA that has been briefly mentioned in this
section but needs to be taken as one of the most important factors to take into account when
performing an MVA decomposition. This kind of analyses are extremely sensitive to the noise
level, in other words, to the signal-to-noise ratio of the specific data being decomposed [395, 396].
We know from our raw data that we have a variable SNR in the different SPIMs that conform
this study (see Section 3.2.3 and joint videos), but it is clear that all of them have a considerable
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amount of noise and some of them have a way too poor SNR. This has already been mentioned
in the aforementioned section and will be explained again in detail in Section 3.4.

3.3.3 Creative data analysis solutions for the EELS challenges

As we have seen in sections 3.3.1 and 3.2.3, all the different challenging conditions happening all
at once in our SPIMs (with different degrees of noise) make almost impossible to apply some-
what traditional methods to our EELS analysis. These methods include power-law background
extraction, integration of the SPIMs on small spectral windows around the plasmonic features,
or even multi-peak analysis, although the latter could in theory be of use for samples with even
less noise than our high signal-to-noise ratio sample.

In consequence, more novel, out-of-the-box methods have been had to be put into action.
These two methods consist, on one hand, of a custom background extraction, and on the other
hand, on the use of NMF to perform a component analysis that is coherent with the physical
reality taking place in the samples.

Zero Loss Peak - background extraction

The custom ZLP extraction does not rely on the fitting of the ZLP at low energies like most
traditional ZLP extractions. Inspired by the component analysis applied for the plasmonic fea-
tures, we have implemented a method that uses the ZLP itself as a component, which is then
subtracted from each and every spectrum in the SPIM-EELS. This ZLP component is gathered
from the SPIM itself, by integrating an average of ∼200 spectra from the edges of the SPIM.
The SPIM edges chosen for this integration do not show any plasmonic activity, at least at first
glance. This tells us that, even if there were some plasmonic activity, it would be negligible with
respect to the rest of the SPIM.

Once we have our SPIM and our corresponding background, we can start our customised
background extraction routine, using a custom-made script in our TEM analysis software, Digital
Micrograph. A scheme of this routine can be seen in Figure 3.14.

First of all, we take our SPIM and get its size, which will be parametres of this routine.
Secondly, we get our background spectrum and re-bin it, in our case by three. This will minimise
the effects of the noise on our routine, which will increase the accuracy of the background
extraction. We also get only the first 20 channels of our re-binned spectrum for the calculations
we are going to perform. We name this reduced and re-binned background Bred.

Then we repeat the process in this list for every spectrum of the SPIM one by one:

• We get the spectrum in question, and we apply the same procedure as we have applied
to the background: we re-bin it and get only the first 20 channels in the spectrum. The
spectrum of the (i,j) pixel in the SPIM is defined as Sred(i, j).

• We divide each of the reduced spectra by the background, channel by channel. In other
words,

C(i, j) = Sred(i, j)/Bred (3.29)

where C(i, j) is the result of this fraction.

• We obtain the global minimum point of C(i, j). The energy loss and the intensity of this
point are defined as Emin(i, j) and Imin(i, j), respectively. We also obtain the intensity
of each of Sred(i, j) at Emin(i, j); which we define as Smin(i, j). We do the same for the
background spectrum. The intensity obtained for the background is labeled IBmin.
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Figure 3.14: Step By step scheme of our custom background extraction.

• We normalise the background with respect to each one of the spectra in the SPIM. For this,
we put as a condition that the intensity of the background at Emin(i, j) (IBmin) has to be
equal to the intensity of the given spectrum at Emin(i, j)(Smin(i, j)). This way, we ensure
that the background will be lower than the spectrum for all the energy window being
analysed except for Emin(i, j). In other words, the background-subtracted spectra will be
positive for all energies except for Emin(i, j), which we consider to be an energy point
with no plasmonic activity that depends on the spectrum being analysed. The operation
to achieve this is

Bnorm(i, j) = B × Smin(i, j)

IBmin
(3.30)

where Bnorm(i, j) is the normalised background with respect to S(i, j)

• We subtract the normalised background in every spectrum of the SPIM, and we label it
Sext:

Sext(i, j) = S(i, j)−Bnorm (3.31)
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• Finally, we save each of the bacground-subtracted spectra in a new SPIM.

An integrated spectrum after background extraction from one of our SPIM-EELS can be
seen in Figure 3.15. As we can see, what this background extraction does is just subtracting
the background component so that the remaining spectrum is positive for all energies, which is
coherent with the physics taking place in the mentioned spectrum.

Figure 3.15: Integrated EEL spectrum from the half-dumbbell SPIM-EELS after background extraction.
The different plasmonic components can be seen in the spectrum.

Using only this background routine, we are able to obtain a SPIM where we can already
observe some of the spatial distributions of the different plasmonic features, especially those at
low energies, where the SNR is the lowest and there is almost no influence from the transversal
component of each NW. An example for these components, visible right after the background
extraction with no further analyisis, can be seen in Figure 3.16. However, for other components
at lower and higher energies, where either the background extraction has not been as successful,
the different features start to not be discernible from one another or there is an undeniable
part of the spectrum coming from the transversal plasmonic mode, a more accurate analysis is
needed. This is where NMF is needed.

Component analysis: Non-negative Matrix Factorisation

After the background has been subtracted, it is time to discern the different features present
in the low-loss EEL spectra. Since the traditional approach for this analysis (isolating different
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Figure 3.16: Comparison between the original SPIM of the Au half-dumbbell at 0.57 eV before and
after the background extraction.

spectral windows where we only have one specific feature) cannot be used, and multi-peak fitting
without constraints has not worked, a statistical multivariate analysis using NMF has been put
in place, as explained in Section 3.3.2.

As it has been stated in Section 3.3.2, to implement this component analysis, we have used
the Hyperspy interface. In here, we have created a custom algorithm that reads our SPIM files,
performs an NMF decomposition, and then gives individual data for each component of the
decomposition. Instead of saving our scores and our loadings as two separate matrices, one
containing the spatial distribution of all of the different components and another one containing
the spectral data of said components, we have set our custom algorithm to provide one SPIM-like
dataset for each component.

Analysis using a different number of components have been tried, as well as several spectral
windows. Due to the noisy character of this data, large spectral windows did not work well for
this analyis. On the other hand, spectral windows that were too small did not have enough
energy channels to be able to perform a statistic analyis on them.

As stated in Section 3.3.2, NMF requires a number of components to be given before the
analysis itself. When performing this analysis in data sets with high amounts of noise and an
unknown number of sources, this has been tackled by setting a high number of components.
It has been observed that a number of components close to the actual number of features
in the sample (roughly estimated from the SPIMs) yields acceptable results, but using more
components to account for noise, as well as components we migh not know to be there, yielded
more accurate results. However, as a result, in a few cases some of the plasmonic resonances are
spread over several components. In a few other cases, two resonances are intertwined over two
or more components. In these cases, the NMF components have had to be integrated in order
to retrieve the actual plasmonic resonances. The output of each component as an independent
SPIM-like dataset has eased this process greatly.

Finally, we have considered spectral windows 1 eV in width, moving up by 0.5 ev. This is,
if the first window is from 0 to 1 eV, the second one will be from 0.5 to 1.5, and so on. The
only exception to these spectral windows will be the initial one, which will go from 0.2 to 1
eV since the noise, as well as the residue signal from the background extraction, is especially
concentrated at very low energies.

The number of components per decomposition has been set at 16 to account for residual low
energy components and noise, although calculations have been done with a few less components
for some of the samples yielding similar results.

We have mostly taken into account components that appear in at least two overlapping
spectral windows, since that shows that the feature is physically present and not a product of
the NMF decomposition and the noise in the SPIM.

In very few cases, and probably due to noise in the SPIM, two components have appeared



124 High aspect-ratio Au nanostructures: Plasmonic studies via EELS

for the same plasmonic feature. In this case, we have taken both components, summed them and
integrated them for a spectral window between 0.8 and 1.2 eV wide around the main spectral
feature.

A visual representation of two integrated background-extracted spectra taken from a SPIM,
as well as their component analysis, can be seen in Figure 3.17. Here, we can see that the two
background-extracted spectra, integrated over two different areas of the same size in the SPIM,
present completely different characteristics at the same energy. We also see that the shape of
the different components is not as sharp as it should be for some of the components. This could
be due to the noise in the different SPIMs, a small error in the background extraction, or just
an effect of the component analysis itself. However, the components are a lot more differentiable
than they were prior to this analysis and, as we will see in Section 3.4, so are their spatial
distributions.

Figure 3.17: Component analysis comparison between two areas in a SPIM. Top: STEM bright field
micrograph corresponding to our Au half-dumbbell sample. The two areas where the spectra have been
integrated have been marked in blue and red, respectively. Bottom: Plots showing the raw spectrum in
each of the aforementioned areas, as well as their background extracted spectra and the intensity of the
components present in that energy window.

3.4 Results

An example of the joint analysis of the background extraction and the NMF decomposition can
be seen in Figure 3.18. For this example, at 2.05 eV, we can see the intensity map at this energy
of the original SPIM, as well as the same map after the background removal. For this specific
energy, we can see two different components: on the one hand, a feature corresponding to a
longitudinal mode that peaks at 2.05 ev, and the tail of the transversal mode, which peaks at
2.7 eV for this sample.

It is easy to see that the map of the SPIM after the background removal corresponds to
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Figure 3.18: Joint background removal and component analysis in a SPIM, result example at 2.05
eV. From top to bottom: Intensity map of the original SPIM, SPIM after background removal, and the
components for the longitudinal mode, which has a peak at 2.05 eV, and for the transversal mode, which
peaks at 2.6 eV, respectively.

a combination of the longitudinal and the transversal mode. By being able to discern both
modes, we can perform an analysis that yields much more accurate spatial distributions for the
longitudinal modes at energies clsoe to the transversal mode. This is of great importance for the
analysis of the plasmonic behaviour of these samples.

For the purpose of this study, and since we are testing the combination of our custom
background extraction and the NMF analysis, we will be looking at the results from the different
analysis ordering them by an increasing amount of noise in the SPIM-EELS, regradless of their
morphology.

3.4.1 High SNR: the Au half-dumbbell

The results concerning the plasmonic response of the Au half-dumbbell can be seen in Figure
3.19. Due to the higher SNR in this SPIM, this is the most accurate of the analyses shown in
this study. Several characteristics are to be pointed out from these results:

• The first important remark is the accurate discerning of the different components, in some
cases going below the spectral resolution of the study(∼ 160 meV). The nodes and antin-
odes shown in the spatial distribution of these plasmonic features are clearly differentiated,
providing an in-depth information for the plasmonic behaviour of this system.

• Another remarkable concept concerning these results is the spectral window that we have
been able to cover using this technique. At low energies, we have been able to discern
plasmonic modes down to 250 meV, quite an astounding result given that the spectral
resolution of the EELS spectra during this study has been ∼ 160 meV. As for the energies
closer to the transversal mode, we have been able to discern energy modes up to 2.2 eV.
If we see the integrated spectrum shown in Figure 3.15, we can observe that the spectral
components are not discernible at this energies even when integrating the spectra, let alone
when studying the spatial distribution of said component.
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Figure 3.19: Spatial distribution of the plasmonic modes for the Au half-dumbbell. From left to right:
STEM-HAADF micrograph of the area where the SPIM has been taken, spatial distribution of the different
longitudinal modes in ascending order of energy of the plasmonic resonance, and spatial distribution of
the transversal plasmonic mode corresponding to the NW (at 2.6 eV) and the NP attatched to the NW
(at 2.7 eV).

• Finally, this analysis lets us discern the transversal components coming from the Au NW
(peaking at 2.6 eV) and the ones coming from the Au NP (peaking at 2.7 eV). Given
the intensity and width of the Au NW transversal mode, and the fact that the energy
difference between the two transversal modes is below the energy resolution of our study,
it is quite an interesting result to have. Furthermore, this answers our initial inquiry about
this system (whether the Au NW and the Au NP are coupled), showing proof that they
are indeed not coupled at all.

3.4.2 Medium SNR: The Au nanowire

As it has been explained in Section 3.2.3, there has been one SPIM with a SNR high enough to
present more challenges in the data analysis than the Au half-dumbbell, but low enough that, to
some extent, a complete plasmonic analysis can be performed. This SPIM comprises a very high
aspect-ratio Au NW. It is of importance to notice that, for this SPIM, the number of spectra
taken has been a 40% of the spectra present in the SPIM described in Section 3.4.1. This has
been an added handicap to the analysis on top of the noise in these EELS SPIMs.

The Au NW

Results concerning the Au NW SPIM can be seen in Figure 3.20.

First and foremost, the presence of a lower SNR is evident, as the plasmonic components
resulting from the NMF analysis are sensibly noisier than in the previous case. The components
at low energies appear irregular due to this noise, and at higher energies the intensity of the
modes closer to the tips of the Au NW are much more intense than the ones in the central part
of said NW. This could be due to the curvature of this sample. However, this lower intensity,
combined with the higher SNR, makes the analysis of the central longitudinal modes of this
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Figure 3.20: Spatial distribution of the plasmonic modes for the Au NW. From left to right: STEM-
HAADF micrograph of the area where the SPIM has been taken, spatial distribution of the different
longitudinal modes in ascending order of energy of the plasmonic resonance, and spatial distribution of
the transversal plasmonic mode corresponding to the NW.

sample even more challenging, even getting to confusing them with the background noise at
some points.

Even with all these challenges, the analysis manages to find plasmonic components down to
0.3 eV, which is astounding given the amount of noise in the SPIM. It also allows us to find
longitudinal components up to 2.1 eV, really close to its transversal mode at 2.3 eV. Within
this analysis, the differenciation of the plasmonic modes between 1.65 eV and 2 eV is especially
remarkable, given the amount of noise, the proximity to the transversal plasmonic mode and
the lesser number of spectra taken.

For this specific sample, since it is a homogeneous sample (that is, a single symmetric sample,
with a known and homogeneous diametre an length) we can perform a study on the regularity
of the wavenumber of the different longitudinal plasmonic modes in the sample. For this study,
we have measured the inter-nodal distance of each mode by means of a simple intensity profile.

Since the sample is curved and intensity profiles are generally performed in a straight line, we
have created a custom script that analysed the integrated signal for the whole SPIM-EELS, and
discerned the region of the spim occupied by the Au NW by setting a threshold total intensity.
For each measurement in the longitudinal direction of the Au NW, the three spectra gathered
the closest to the interface between the sample and vacuum (where the plasmonic signal is at its
highest) were taken in order to create a final intensity profile. This proved to be more effective
than a regular profile, where the intensity values of the profile were not accurate due to the
curvature of the sample.

In order to get the highest accuracy possible, and with the exception of the 3 nodes compo-
nent at 0.3 eV, the measurements have been performed on the second-to-last node for each side
of the sample since they are, in general, the most intense for each component. The wavenumber
k is then obtained by using the following expression:

k =
2 · π
d

=
2 · π
dm
n−3

(3.32)
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where d is the internodal distance, dm is the distance measured between the second-to-last nodes
on each side, and n is the number of nodes in that specific component.

We have compared our results to a perfect resonator, represented in this case by a line that
is obtained simply by assuming a homogeneous distribution of the plasmonic modes:

kL =
2 · π
dL

=
2 · π
L
n−1

(3.33)

where kL is the wavenumber of a specific component with a number of nodes, dL the ideal
internodal distance for this component, L the length of our nanowire (here taken as 2.94 µm)
and n again the number of nodes in this specific component.

The results for the wavenumber of the different plasmonic longitudinal components and their
comparison with the light line can be seen in Figure 3.21.

Figure 3.21: Wavenumber analysis for the Au NW. The black dots show the wavenumbers calculated
from the internodal distance measures for the different plasmonic components. The red dotted line repre-
sents the light line for this sample.

We can see in these results that the wavenumber distribution for the different components
follows the the behaviour of a perfect resonator for most of the plasmonic components analysed.
However, at higher energies, these wavenumbers seem to start to stem out of this tendency,
having a slightly lower value than expected.

3.4.3 Low SNR: The double Au NW, the increasing diametre NW and the
Au dumbbell

Within the context of this study, some SPIMs have gathered a vast amount of experimental
noise. On top of that, some of these affected SPIMs had a lower number of spectra than our
high SNR one.

However, this has been a chance to test our analytic method at the most challenging condi-
tions possible in terms of SNR. The results show that, even though not even this analysis can
provide a full explanation of the plasmonic behaviour of these samples, it is possible to gather
at least partial results from these SPIMs that would not have been able to be retrieved using
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the aforementioned traditional methods. Another option is to use parts of the analysis indepen-
dently, like the NMF decomposition, to try and obtain results where the noise has difficulted
the background extraction using our custom routine.

The results of these low SNR SPIMs, as well as their discussion, are shown in this section.

The double Au NW

Due to its specific SNR and its low number of spectra, this sample is unique in the way the
analysis affects it. At low energies, the noise in the SPIM merges with the spectroscopic signal,
making the background extraction even more challenging than the other SPIM-EELS mentioned
in this section. This is the reason why, at least for low energies, the NMF decomposition does
not work as well as it should after background extraction. In return, the data collected from
the NMF decomposition of the SPIM with no background extraction (gathered during an initial
stage of this analysis) is more accurate in depicting the different plasmonic components than
the decomposition after the background extraction. At higher energies, however, the analysis
with background extraction seems to yield better results, since the background extraction is less
crucial for the analysis in this energy window with respect to the NMF. The results related to
this analyses of the double Au NW spim are shown in Figure 3.22.

Figure 3.22: Spatial distribution of the plasmonic modes for the double Au NW. From left to right:
STEM-HAADF micrograph of the area where the SPIM has been taken, spatial distribution of the different
longitudinal modes in ascending order of energy of the plasmonic resonance, and spatial distribution of
the transversal plasmonic mode corresponding to the double NW.

It seems that, even for this challenging level of noise, the results for this double Au NW
are clear enough to try and make a comparative study with respect to the single Au NW, at
least to some extent. However, it is true that the lowest energy to which we can get with this
analysis for this SPIM is 0.5 eV, which is far worse than our results for the SPIMs with a better
SNR. The spatial distribution of the longitudinal surface modes are also blurrier and noisier
than their counterparts in the single NW SPIM. Nevertheless, the modes at lower energies for
this sample seems to point to the fact that the longitudinal modes of these samples do not
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shift in energy when two different NW are joint. However, when it comes to their transversal
component, where they both light up at the same energy, there is indeed a difference between
the transversal resonance for a single NW (2.3 eV) and a double NW (2.7 eV). This could, in
theory, indicate some sort of coupling between the two Au NW. The sample in this case could
be interpreted as a single NW with a higher effective radius.

Figure 3.23: Energy of the longitudinal plasmonic modes with the more visible nodes in the single and
double NW sample for the same aspect ratio.

However, a comparison between the plasmonic modes with the more visible nodes of the
single (Figure 3.20) and double nanowires (Figure 3.22) seems to show otherwise. As it can be
seen in Figure 3.23 there is a high similitude in energy for the longitudinal plasmonic modes
in both samples. This seems to point out to a lack of coupling between the two NW in the
double NW sample. Instead of making contact, they might be separated by a thin layer vacuum.
This would be coherent with the fabrication method employed for these samples, since they
come from the dispersion of an aqueous solution. A water meniscus between the two NW could
result in a gap between said NW once it dried up. This hypothesis seems to be confirmed in the
simulations shown in Section 3.5.2 and will be discussed in depth in said section.

As for the difference in energy in their respective transversal plasmonic features, there are
two possible hypothesis that could answer this response. On the one hand, it could be possible
that the transversal plasmon had a higher-range interaction than longitudinal plasmons, being
able to couple even though both NW in the double NW sample do not seem to be touching each
other. On the other hand, there is always a chance of it being an error coming from the high
SNR or the analysis method.

All in all, the analysis has not been as accurate as the one for the single NW, mostly due
to the noise present in the SPIM. However, the results obtained, like the ones shown here, are
quite accurate especially taking into account the levels of noise present in the SPIM.

The increasing diametre Au NW

Results for the increasing diametre Au NW SPIM-EELS can be seen in Figure 3.24.

This sample, as it has been previously mentioned before, presents an astounding amount of
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Figure 3.24: NMF analysis of the spatial distribution of the plasmonic modes for the increasing diametre
Au NW. From left to right: STEM-HAADF micrograph of the area where the SPIM has been taken, spatial
distribution of the different NMF components supposedly linked to the different longitudinal modes in
ascending order of energy of the plasmonic resonance, and spatial distribution of the transversal plasmonic
mode corresponding to the nanostructure.

noise, which moves somewhat homogeneously in the SPIM space when increasing the energy.
This can be seen in the videos attatched as supplementary information for this chapter.

As it has been seen in Section 3.2.3, as well as in the supplementary information, this is, by
far, the worst SPIM in terms of SNR out of our whole study. However, as mentioned in Section
3.11, this morphology gives us a unique opportunity to measure plasmonic components with
different intensities in a SPIM with a constant amount of experimental noise. Due to the tip-
induced effect shown in Section 3.11, as the diametre of the NW increases, the intensity of the
components decreases, and viceversa. We relate this behaviour to the tip induced effect explained
in Chapter 1, which is coherent with studies on plasmonic samples so-called ”nanocarrots” [329],
where modes are more intense in the thinnes parts of the samples. Since the noise level is the
same for the whole SPIM, this greatly lowers the SNR, making it even more challenging for
the NMF analysis. This can be observed in the sensitivity of the analysis with respect to the
plasmonic modes in the thinner parts of the NW (with a higher SNR) versus the plasmonic
modes in the thicker parts of the NW (with a lower SNR). In the latter, the noise levels are so
high that the NMF analysis mistakes the noise for plasmonic components.

This response of the analysis implies that the results from the NMF analysis that can relate
to a physical phenomenon taking place in the sample are the ones located in the thinnest part
of the sample (top half of Figure 3.24).For the rest of the SPIM, the analysis mistakes the noise
in the SPIM for actual plasmonic modes, which explains the erratic behaviour of this SPIM



132 High aspect-ratio Au nanostructures: Plasmonic studies via EELS

compared to the rest of the analyses performed in this study. However, this information is still
quite important, since it shows in just one image the performance variation between a region
with a medium-low SNR (for which this analysis can still yield some important information)
and a region with a really low SNR, where a statistic method such as NMF will take the most
intense components in the SPIM, in this case, the noise.

The Au dumbbell

Finally, the plasmonic components found for the Au dumbbell are displayed in Figure 3.25. As

Figure 3.25: NMF analysis of the spatial distribution of the plasmonic modes for the Au dumbbell. From
left to right: STEM-HAADF micrograph of the area where the SPIM has been taken, spatial distribution
of the different NMF components linked to the different longitudinal modes in ascending order of energy
of the plasmonic resonance, and spatial distribution of the transversal plasmonic mode corresponding to
the nanostructure.

it can be seen in the video in the additional materials for this manuscript, this SPIM has an
astounding amount of noise, making it almost impossible to analyse its plasmonic properties
using the conventional analysis techniques. However, our analysis routine proves that, even
though a complete analysis might not be possible for this SPIM, we still gather an important
amount of data that is interesting both from a plasmonic and an analytic point of view:

• The analysis can go to energies as low as 0.4 eV, even for this amount of noise
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• We have been able to discern a plasmonic mode for the nanoparticle attatched to the
the dumbbell from the dumbbell longitudinal mode below the resolution limit. They are
located at 0.4 and 0.45 eV, respectively, which makes their discerning quite impressive
given that the energy resolution was around 160 meV.

• Given the energy at which this resonance from the nanoparticle is found, our two main
hypotheses are that either there is a coupling phenomenon that lowers the energy of the
plasmonic resonance or the geomety is closer to that of a low aspect-ratio NW than a NP.
What we can be sure of is that this small nanostructure is not just a protuberance from
the NW, since we can see the surface component of the NW through the NP.

• Even for the amount of noise present in the SPIM, we still have managed to retrieve
12 different longitudinal surface plasmon modes, as well as the transversal mode of the
dumbbell.

• The information gathered from the transversal plasmon in the dumbbell seems to indicate
that, even though the nanoparticle in the dumbbell does not seem to be coupled with the
Au NW, the nm nanoparticle seems to be so. Indeed, both transversal plasmons occur at
the same energy.

3.4.4 Energy dispersion studies

In the case of the plasmonic samples where the experimental conditions have allowed for a
successful measurement of the wavelength of the resonations in each plasmonic mode (single Au
NW, half-dumbbell and dumbbell), we have been able to perform an experimental measurement
on their characteristic energy dispersion relation.

AU NW: The results for the E-k dispersion on the Au NW can be seen in Figure 3.26.

Figure 3.26: E-k measurements for the Au single NW. The light line in vacuum is shown for reference
(blue dashed line).

These results seem to show more of a linear dependency of energy to wavenumber than the
ones found in the literature [287]. This is probably due to the higher aspect-ratio of the sample,
which makes it closer to an ideal resonator.
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Au half-dumbbell: The experimental results regarding the E-k dispersion of the Au half-
dumbbell can be seen in Figure 3.27.

Figure 3.27: E-k measurements for the Au half-dumbbell. The light line in vacuum is shown for reference
(blue dashed line).

This time, we do find a nanostructure that behaves in a more similar way to the one shown in
the literature [287], with a curved E-k dispersion that stems further away from the light line the
higher the energy. This can be due to two different factors. The first possible factor is the lower
aspect-ratio of this sample with respect to the single Au NW, which would make it closer to the
ones shown in section 3.1.2. The second possible factor is the presence of the Au NP. However,
this possibility is less likely, since, as we have seen in this section, the NP in the half-dumbbell
is not coupled to the NW.

Au dumbbell: The E-k dispersion for the Au dumbbell, as well as its comparison to the Au
half-dumbbell, is shown in Figure 3.28.

Here we can see the similarities between the half-dumbbell and the dumbbell dispersions.
If we take into account that both samples have a quite similar aspect ratio, we can see that,
regardless of the presence of NP in the dumbbell structure and the coupling or lack thereof
between the NW and the NPs, the main factor regarding the E-k dispersion of our samples is
its aspect-ratio.

3.5 Theoretical calculations

For further insight on the plasmonic behaviour of these samples, simulations were performed.
These simulations have two main objectives. On the one hand, confirming that our experimental
data is coherent. On the other hand, seeing how close the response of these nanostructures is to
their response in vacuum. These simulations have been carried out by our collaborators at the
Université de Namur (Belgium), Dr. Bruno Majerus and Prof. Luc Henrard.
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Figure 3.28: E-k measurements for the Au dumbbell (red) and comparison to the Au half-dumbbell
(black).

3.5.1 Calculation methods: The discrete dipole approximation for electron
energy loss spectroscopy

These simulations have been performed using the discrete dipole approximation for electron
energy loss spectroscopy (DDEELS). This procedure, which uses the code developed by the
group of Prof Henrard, divides the system being simulated into a discrete number of small (in
comparison with the size of the system in question) polarizable volume elements. These volume
elements produce electric dipoles under an electric field, and the electromagnetic response of the
system is simulated as the interaction of all of these discreet dipoles.

The polarizability of these discrete volumes (the relation between the electric field applied to
each one of these dipoles and their polarization) is calculated from the bulk dielectric function
of the material in question. The total polarization of each discrete dipole is calculated by taking
into account both the applied electric field and the fields radiating from the rest of the discrete
dipoles in the sample.

For the modelisation of EELS experiment, the electron beam is simplified by a classical
charge q moving in vacuum in the OZ-axis with a velocity dependant on the energy of the
beam. By calculating the the energy exchange between the beam and each oscillating dipole
system, and integrating it for the whole of a sample, we can simulate the response of a specific
nanostructure in an EELS analysis. This is exquisitely explained in detail in reference [397].

In this same study, however, the influence of the substrate on which the metallic nanostruc-
tures are placed on for their EELS studies is also mentioned, since the EELS description used
for these modelisations is based on an electron beam moving in vacuum. This will be a point of
interest for the interpretation of the DDEELS simulations with respect to our actual results. It
is possible to perform DDEELS simulations taking into account a semi-infinite substrate, but
we have decided to perform them in vacuum to keep these simulations as simple as possible.

This technique had been applied to carbon nanostructures [398, 399] before being applied
on plasmonic metallic nanostructures [397, 400? ], and is now one of the main tools for the
simulation of these kind of EELS experiments.
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3.5.2 Theoretical simulations and comparison with the experimental results

The single Au NW

Figure 3.29: DDEELS simulation of the plasmonic modes of the single Au NW . Spatial measurements
are shown in nm. The x and y axis do not share the same scale.

The simulation results for the single Au NW can be seen in Figure 3.29. It is important to
note that these figures are not at 1:1 scale.

At first sight, we can already see a similar behaviour between the modelled and the experi-
mental spatial distributions of the plasmonic components, which was something to be expected
given that metallic NW are a kind of sample that has been extensively studied in the past [311]
and due to their simple and symmetric geometry it is also an easy sample to model.

Just as we did with their experimental counterpart in Section 3.4.2, we can perform an
analysis on the wavenumber of the plasmonic components that have been modelled. The results
of this analysis can be seen in Figure 3.30

The direct comparison between the simulated and the experimental spatial distributions has
not been possible due to the slight curvature of the NW, which difficults the comparison between
both sets of maps. However, we can see that the wavenumber analysis of these model presents a
very similar tendency to the one shown in Figure 3.21 for its experimental reference. This means
that, even though we cannot compare the spatial distributions of the NW one by one, we know
with further proof that the spatial distribution of these longitudinal plasmonic modes is very
similar in the simulations and in their corresponding experimental results.
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Figure 3.30: Wavenumber analysis for the modelled Au NW. The black dots show the wavenumbers
calculated from the internodal distance measures for the different plasmonic components. The red dotted
line represents the light line for this sample.

When checking these wavenumber analysis, it is clear that, even though the simulated com-
ponents do step away from the light line ”modellic” behaviour, they do so at much higher
modes than its experimental counterpart. For an explanation on this behaviour, it is of interest
to analyse the energy position of the different intensity maps related to the different plasmonic
components for each specific plasmonic component (that is, for a specific number of nodes in
the intensity map). This comparison is shown in Figure 3.31.

Figure 3.31: Comparison of the energy modes of different plasmonic components. The black dots rep-
resent the experimental measured energy, while the red dots represent the model energy.

In this figure, we can see that both the experimental and the modelled simulated components
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seem to show a similar trend in energy. However, it is clearly seen that there is an almost constant
energy difference between the energy of a specific plasmonic mode and its simulated counterpart,
with this energy being around 0.25 eV.

Our explanation for this difference in energy comes from a matter already discussed at the
beginning of this section: the simulations that have been carried out have assumed a plasmonic
nanostructure in vacuum, with no interaction with a substrate whatsoever. However, the inter-
action between our samples and the substrate they are sitting on, and the energy dispersion that
is associated with it, could accurately explain the difference in energy between our experimental
and our simulated results [335]. This is also the case for the behaviour of the wavenumber of our
plasmonic modes: our experimental results detatch from the ideal resonator tendency at modes
with lower nodes than its modelled counterparts, but the energy at which these plasmonic modes
start to detatch from the light line is very close for both (∼1.7 eV)

The double Au NW

Based on our STEM data, the double Au NW has been simulated as two touching Au NW. The
results for this simulation can be seen in Figure 3.32.

Figure 3.32: DDEELS simulation of the plasmonic modes of the double joint Au NW. Spatial measure-
ments are shown in nm.

Once again, a one-by one comparison of the intensity maps of the simulated and the experi-
mental plasmonic components is not feasible due to the slight curvature present in the former.
Additionally, the noisier experimental results for the double NW make it harder as well to
perform an wavenumber analysis such at the one performed for the single NW. However, the
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conclusions gathered from the single NW studies and simulations, presented in the previous
section, seem to show enough proof that these simulations are close enough to the experimental
intensity maps obtained from the STEM-EELS studies, given the geometry given as basis for
the analysis is accurate. The comparisons between simulated and experimental data shown in
this section for the Au half-dumbbell and the Au dumbbell seem to show further proof of this.

With respect to our hypothesis formulated in Section 3.4.3 that the two NW conforming
this sample are not couple (i.e., in contact), we can look at a comparison between the simulated
plasmonic modes of the single and the double NW. This comparison is shown in Figure 3.33.

Figure 3.33: Comparison of the longitudinal plasmonic modes of the DDEELS simulation of the single
and double joint Au NW.

As we can see in these results, there is a noticeable difference in energy between the single
and the double NW simulations, something that was clearly not the case for their experimental
counterparts. In the case of the simulated coupled double NW, the energy needed to reach a
certain plasmonic mode is about ∼0.25 eV higher than it is for the single nanowire.

Additionally, the simulated transversal plasmonic mode of the double NW, as well as half
of its longitudinal modes, show something that their experimental part lacks, which is a higher
intensity of the plasmonic modes in the junction between both NW.

This seems to confirm our initial hypothesis that the double NW shown in Section 3.4.3 is,
in fact, two individual single NW with a very narrow gap between them. These results seem
to be a better indicator, in this case, of the lack of coupling, than the presence of transversal
plasmonic modes at different energies.

The Au half-dumbbell

The DDEELS simulation for the Au half-dumbel plasmonic modes can be seen in Figure 3.34.

Given the similitude between the simulated and the experimental samples, as well as the low
amount of noise in the corresponding SPIM-EELS, the results of both the experimental analysis
and the modelling are good enough so that we can just compare the spatial distributions of the
different plasmonic modes one by one. An example of this comparison is shown in Figure 3.35.

In this comparison we can see two main characteristics. The first one is that the general
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Figure 3.34: DDEELS simulation of the plasmonic modes of the Au half-dumbbell. Spatial measurements
are shown in nm.

Figure 3.35: Comparison of the experimental and modelled spatial distribution of the 8 node longitudinal
plasmonic mode for the Au half-dumbbell. The energy of these modes is 1.2 eV for the experimental results
and 1.09 eV for the theoretical model. Scale is as set in Figures 3.19 and 3.34.

spatial distribution of the nodes of these plasmonic nodes seems to be coherent between the
experimental results and their modelled counterpart.

Additionally, a comparison between the energy of the different modes in our experimental
analysis versus our model results, which can be seen in Figure 3.36, shows an almost constant
difference in energy between an experimental plasmonic mode and its corresponding model.

This difference of about 0.15 eV seems to be reminiscent of the behaviour of the Au NW
(see Figure 3.31), which would lead us to attribute this energy difference to the effect of the
substrate on the whole experiment. However, in this case, this energy difference seems to be
visibly lower than that of the Au NW, being about half of the value for that sample.

There are two possible causes for this variation in the energy gap between experiment and
models:

• On the one hand, this can be due to the different aspect-ratio of two samples. The Au
NW is a much thinner sample than the half-dumbbell, and therefore the contact surface
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Figure 3.36: Energy comparison between the experimental plasmonic modes of the au half-dumbbell and
their simulated counterparts.

between the NW and the substrate can represent a higher fraction of the total area of the
sample, therefore increasing the coupling between sample and substrate.

• An alternative hypothesis is related to the NP in the half-dumbbell. As we have seen
in section 3.11, the Au NP of the half-dumbbell is notably larger in diametre than the
NW. This could mean that the NW is suspended on the NP instead of ”laying”on the
substrate like the Au NW. This would reduce the contact surface and the coupling for the
half-dumbbell.

The Au dumbbell

The simulated DDEELS intensity maps for several plasmonic modes of the Au dumbbell can be
found in Figure 3.37.

This simulation, much like the previous one, corresponds to a geometry that is not excessively
curved in the experimental section and therefore their intensity maps can be compared, as it is
shown in Figure 3.38. As it can be seen here, there is a great agreement between the experimental
data and their respective simulated intensity maps. The comparison of the different nodes of
both maps seems to point out that, for the same mode, this model seems to simulate the position
of said nodes quite accurately, which is in good agreement with all of our previous analyses.

However, once again, a comparison between the energy of the different plasmonic modes in
the experimental data versus the simulated maps, which can be seen in Figure 3.39 seems to
point out a constant difference in energy between the two.

This constant difference, which amounts to ∼0.1 eV for this sample, seems to have the same
nature as the one seen for the half-dumbbell, that is, an influence of the substrate damped either
because of the aspect ratio of the NW in the dumbbell or because the dumbbell is suspended
on its Au NPs and not all the way through the Au NW.

In other words, the effect we attribute to the substrate interaction can be seen for all of the
samples that we have been able to analyse. However, this substrate effect does not affect all the
samples the same way, with this effect being more visible for the Au NW and less visible for the
sample presenting Au NPs.
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Figure 3.37: DDEELS simulation of the plasmonic modes of the Au dumbbell. Spatial measurements
are shown in nm.

Figure 3.38: Comparison of the experimental and simulated spatial distribution of the 7 node longitudinal
plasmonic mode for the Au dumbbell. The energy of these modes is 1.1 eV for the experimental results
and 0.98 eV for the theoretical model. Scale is as set in Figures 3.25 and 3.37.

3.5.3 Energy dispersion: Experiments vs models

Since the E-k dispersions for three different samples (namely the single Au NW, the half-
dumbbell and the dumbbell) have been measured in Section 3.4.4, it makes sense to observe
how the modelling performed in these samples relates to these dispersions.

The modelled E-k dispersion relations, as well as their comparison to their experimental
counterparts, can be seen in Figure 3.40
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Figure 3.39: Energy comparison between the experimental plasmonic modes of the Au dumbbell and
their simulated counterparts.

Figure 3.40: From left to right: Experimental(black) and modelled(red) E-k dispersions for the Au NW
sample, the Au half-dumbbell and the Au dumbbell. A light line is included in each plot for reference
(dashed blue line).

The main difference between the modelled and experimental results occur for the Au NW,
where, on top of there being a rather high difference between the experimental and the simulated
results, the tendency of the simulated results seems to follow a curve (which is coherent with the
previous studies on the matter [287]) while the experimeantal results follow a somewhat linear
dispersion.

Generally speaking, these results are coherent with the ones shown in the previous section.
There is a significative difference in energy between the experimental and the modelled results
for the Au NW, whereas for the half-dumbbell and the dumbbell there is a somewhat constant
difference between the experimental and the modelled results but it is much more subtle. This
resonates with the idea that the substrate plays a role in the experimental value of the energy
dispersion relation, and that this role is not as important in the case of the half-dumbbell and
the dumbbell. This can be either due to their lower aspect ratio when it comes to their NW, or
due to them being suspended on top of the substrate instead of lying on said substrate.
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3.6 Future works

The analysis presented on this chapter is quite a versatile one. It has been clear that it pro-
vides an enhancement of the accuracy when analysing plasmonic features using EELS in the
abovementioned nanostructures, but its potential could be even greater.

3.6.1 Future works on high aspect-ratio NW-based structures

Other plasmonic structures

Besides the study of high aspect-ratio NW-based structures, this analysis could be used for
the treatment of plasmonic data in EELS. It could provide a higher accuracy with respect to
the intensity maps of the different plasmonic modes in SPIM-EELS, but, for samples such as
nanoparticles and nanorods, it could also provide a quicker method for the analysis of this data.

Other types of spectroscopy

The analysis method presented in this chapter is based on Non-Negative Matrix Factorisation.
As such, it is not strange to think that it could be applied to other kinds of spectroscopy based
on positive components.

There are examples in the literature that use NMF for XPS analysis, which makes sense for
the same reasons it makes sense to perform this analysis on EELS spectra: XPS signals are a
combination of positive components. In theory, this kind of analysis could improve the accuracy
of XPS analyses with respect to the currently used Gaussian multi-peak fitting.

Another technique that could benefit from NMF decompositions would be XPS. With a big
enough database of a certain type of material, this analysis could, in theory, separate components
coming from different physical phenomena, performing feats from chemical analysis to functional
group analysis such as the one shown in Chapter 4.

The NMF method as a pre-treatment

The method stated in this chapter has proven to yield components with a physical meaning
up to quite low SNR levels. However, at high levels of noise, it is clear that the components
it yields are not as accurate as they are at low levels of noise. What it does yield, even for
these cases, is an approximate estimation of the number of components and their approximate
energy. This information could be used for an even more intricate analysis, using this method
as a pre-treatment for other MVA analyses or for multi-peak fittings.

3.7 Conclusions

In this chapter, we have seen a novel method for the analysis of the plasmonic behaviour in high
aspect-ratio Au nanostructures, where the characteristics of said high aspect-ratio difficult the
EELS analysis of these plasmonic features.

This analysis has consisted, on the one hand, on a custom background extraction using
regions from the SPIM-EELS far enough from the sample to have almost no plasmonic features.
On the other hand, MVA, and more specifically, NMF has been used to discern the different
plasmonic components present in each sample.

The presence of different levels of experimental noise, as well as the different morphologies
of the different samples, have provided a variety of cases where we have been able to evaluate
the accuracy of this analytic method.



3.7 Conclusions 145

In terms of energy resolution, this analysis has provided astounding results, being able to
differentiate plasmonic components down to 0.25 eV with a resolution of 160 meV in the best of
cases, and allowing for a sensible qualitative analysis of the plasmonic features in the samples
even at low levels of SNR.

Finally, the DDEELS modelling and its comparison to our experimental results has provided
some key information for this study:

• The components we have identified as longitudinal plasmonic modes in the different sam-
ples have been confirmed as such.

• The spatial distribution of the experimental modes is very close to that of their corre-
sponding simulated mode. However, this model does not take into account the intensity
gradient derived from the geometry of the samples such as the case of the Au half-dumbbell,
which might derive from a lack of contact between the NW of the half-dumbbell and the
substrate.

• The calculations on the single and double Au NW has proved that the sample we thought
to be two joint Au NW is in fact two individual Au NW with a very narrow gap between
them.

• We have seen, by comparison, the difference between a simulation without a substract
and their corresponding experimental results. This has shone light on the influence of the
substrate in this particular experiment, which is an energy difference of about 0.25 eV.

The comparison between the models and our experimental data suggests there is an energy
dispersive effect coming from the substrate, which has been a recurring theme since the beginning
of DDEELS modelling [397]

Furthermore, the analysis presented in this chapter opens the possibility to perform high-
grade qualitative plasmonic analyses to equipments with a resolution lower than the state-of-
the-art; and could possibly be extrapolated to other characterisation techniques.
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4

Graphene Oxide: a TEM-EELS in
situ thermal study

As we have seen in Section 1.7, 2D materials and its derivatives have given rise to a whole new
family of materials with astounding properties, with this ”2D renaissance” being considered to
be started by the experimental discovery of graphene in 2004 [87].

It is known that nowadays one of the main challenges, if not the main challenge regarding
graphene and its production, is the large-scale production as well as the lack of dispersability
of the final product. This is where graphene oxide (GO) comes into play. This graphene-derived
material offers large-scale production and dispersability in water and other polar solvants [401,
402]. Furthermore, the reduction of graphene oxide provides a material (reduced GO, rGO) with
properties that resemble those of graphene. However, as we will see in this chapter, the actual
structure and composition of GO is still up for debate nowadays, and the mechanisms behind
the different kinds of GO reduction are still unknown.

In this study, we use TEM, electron diffraction, as well as low-loss and core-loss EELS to
try to understand the changes that a GO sample goes through when it undergoes a thermal
reduction. This study focuses on the chemical functional groups adsorbed on the sample, as well
as their desorption temperature and the effects of this desorption in the material.

4.1 Introduction: Graphene Oxide and its reduction

In order to put our work into context, it is important to know what GO is, from its composition,
to its structure, the properties it has and how they can be modified. This section focuses on
this material in extent: from a brief historical introduction of GO as a material, to a historical
discussion of the unresolved problem of GO structure, how it can be prepared and reduced, and
the state of the art when it comes to spectroscopic studies on GO and rGO.

4.1.1 A brief history of Graphene oxide

The history of the oxidation of graphite begins with a study quite unknown to most on different
alloys using carbon, silicon, iron and other metals [403]. In this study, while trying to find a
chemical method to purify graphite, Schafhaeutl found a new reaction that he defined as ”an
interesting phaenomenon”:

I poured [...] concentrated sulphuric acid over two grains of these purified graphite
scales[...] and made the acid boil briskly over a spirit lamp. After this, I removed the
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crucible from the fire, till the dense fumes which arose began somewhat to cease. I
then drew up [...] strong fuming nitric acid into a long small glass tube, and dropped
one half of the acid rather slowly, the other half quickly, into the hot sulphuric acid,
which caused the latter to boil again[...]. As soon as the boiling began to cease, I
placed the crucible again over the lamp, and boiled the liquid till all the nitric acid
was decomposed. I found the scales of graphite so much swollen as to fill up the
whole lower part of the crucible, so that the liquid was no longer visible. On nearer
inspection, I percceived that every single leaf of those scales was converted
into a spongy body, of the lustre of coke, and of the same breadth and thickness,
about the size of a pea.

He had unknowingly fabricated for the first time the material we know nowadays as graphite
oxide.

Almost twenty years later, in 1860, Sir benjamin Collins Brodie, a Professor of Chemistry in
the University of Oxford, and the President of the then Chemical Society wrote a review paper
for the Philosophical Transactions of the Royal Society of London [404] on the atomic weight
of graphite, this term understood as a vast definition. In it, he explained his findings on the
oxidation on graphite, of which we offer a freely translated quote:

The lamellar graphite is found in great abundance in Ceylon, whence large quan-
tities ar annually imported into this country.[...]When Finely-divided carbon, in the
form of lampblack, or charcoal from the decomposition of sugar, is heated with a
mixture of 1 of nitric and 4 of sulphuric acids, the carbon is rapidly oxidized, and
a black substance is formed, soluble in the concentrated acid, but precipitated on the
addition of water. This substance is insoluble in acids and saline solutions, but is
soluble in pure water and in alkalies. [...] When the graphite of Ceylon is treated
in a similar manner, the result is very different: the graphite becomes of a beautiful
purple colour, and falls to pieces in the fluid. The substance [...] has much of the
appearance of the graphite itself, but is darker in colour.[...] My efforts to procure
this substance of a constant composition have been unavailing;[...]When heated it un-
dergoes a remarkable change; gasses are given off in the interior of the substance,
which swells up in a most singular manner and is reduced to the minutest state of
division. The residue consists of carbon, which has the appearance and the structure
of the lamellar graphite. [...]These experiments established one point of importance,
the existence of a peculiar compound of carbon in the form of graphite. The discovery
of this substance led me to turn my attention to the oxidation of graphite.

He had first written about his experiments on the oxidation of graphite in a much shorter
publication 5 years before, in 1855 [405]. Even though Schaftaeutl had seen graphite oxide for
the first time, it was Brodie who coined the term ”oxidation of graphite”, unknowingly opening
a new branch of chemistry that would be relevant to our days. Coincidentally, he had discovered
graphite oxide while developing a method to purify graphite, which by modern standards would
be considered as producing graphite oxide from non-purified graphite and then reducing it
thermally. This two mechanisms, the production of graphite oxide and its thermal reductions,
will be delved into profoundly in sections 4.1.5 and 4.1.6.2, respectively.

Even though this article was written 160 years ago, there are plenty of ideas in this text that
are worth pointing out:

• First and foremost, Brodie was the first to ever discover a method to produce graphite
oxide. Other methods for its obtention will be discussed in Section 4.1.5.
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• Brodie talked about the dispersibility of graphite oxide in water, which is essential to
understand why GO has such a great interest within the realm of 2D materials.

• Brodie points out the chemical inhomogeneity of graphite oxide is still very much a real-
ity, with very little accuracy on the stochiometric composition of the samples, and with
variations of composition even within the same sample.

• The heating of the graphite oxide produces a change in the thickness of the sample and
the expulsion of gasses. The mechanism of this process is studied in depth throughout this
chapter.

• The obtention of graphite-like materials (reduced graphite oxide) after heating up the
graphite oxide is also a key point as to why GO is of importance nowadays: the oxydation
process for graphite, and graphene, is reversible up to a high point.

This opened up a whole new material to be studied. New, cleaner fabrication methods were
developed (which will be delved into in Section 4.1.5) and the structure of graphite oxide started
to be studied, giving rise to the different models on graphite oxide and thus graphene oxide (see
Section 4.1.2.

The questions surrounding graphite oxide, and GO, are in many cases still the same as they
were in 1859. In this chapter, we will use TEM-EELS to try to provide information to answer
some of these questions.

4.1.2 Structural models of GO: a historical comparative study

The general structure of graphene oxide is understood as a combination of a somewhat graphenic
structure and some sort of oxidative product. Quoting the study of Rourke et al from 2011 [406],

[...]We suggest that GO actually consists of two distinct components noncovalently
complexed together: the majority by mass being large functionalized graphene-like
sheets [...] together with small, more highly oxidized, fragments or debris (the OD).

[...]We believe that, in acidic or neutral conditions, the debris is strongly adhered
to the graphene-like sheets of GO by a combination of π − π stacking and hydrogen
bonds. The interaction between the oxidative debris and underlying covalently func-
tionalized graphene sheet under basic con- ditions becomes repulsive because of the
negative charge on the deprotonated debris. Once separated, it would appear that the
two components cannot be recombined, and hence the original structure is metastable.

For the remainder of this section, whenever we talk about the structure of GO, we will
be talking about the structure of the abovementioned graphene-like layers functionalised with
oxygen functional groups (OFGs). However, knowing which OFGs are present in each sample,
as well as what amount of them and their distribution, is a rather complex question that has
been tried to be solved for decades now.

Graphene oxide is considered to be a very inhomogeneous material, both in terms of sto-
chiometry (the amount of oxygen in the sample depends heavily on the preparation method and
is not necessarily reproducible) and in terms of structure [407] [408]. Even though the stochio-
metric composition of different samples of GO can be known using a variety of techniques (such
an XPS, EELS or IR, a subject delved into in detail in Section 4.1.8); the general arrangement
of the different atoms composing GO is still an open question.

The question of the structure of graphite oxide has been tried to be answered for at least
the past 85 years, way before the concept of graphene oxide itself. The inhomogeneity of GO
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has played an important role in the creation of several models, the inaccuracy of such models,
and the need for a model that did not try to explain graphene oxide accurately but provided an
informed reasoning on all the possible OFGs present in the sample. In the following, we provide
an overview of the most significant ones.

The Hofmann model

In 1934, Hofmann, Frenzel and Csalán published the first model to the structure of graphene
oxide we can keep track of [401][409], where they stated that ” By oxidation, the metallic
bond of the layer planes in the graphite is dissolved and oxygen is attached to the thus exposed
fourth valences of the C atoms.”(source:Hofmann et al [409], translated). It also stated that ”in
graphitic acid -How graphite oxide was called back then - layer planes are only held together
by intermolecular forces. The layer planes themselves are 2-dimensional macromolecules. These
2-dimensional macromolecules are what we call graphene oxide nowadays.

They also stated something that would change graphene oxide models for years to come:
given the C:O ratio in the sample, and based on their X-ray diffraction (what they called rotary
crystal absorption), there was no way to confine that amount of oxygen in a standard unit cell.
Their hypothesis was that the O atoms were randomly distributed among the possible lattice
sites with randomly distributed gaps. Their depiction of the model for the graphene oxide can
be seen in Figure 4.1

Figure 4.1: Hofmann model for the structure of GO. Original caption (translated): ”The O atoms
occupy all of the sites above and below the layer plane in a statistically uniform distribution in the form
of ethylene oxide-like bonding. The C atoms corresponding to the C: O atom ratio = 3 are saturated by
double bonds.”. Source: [409]

When Hofmann et al referred to O atoms being in ”ethylene oxide-like bonding” [409], they
meant that the functional groups they thought to be present in the GO were in the form of
epoxides exclusively. Further studies on the matter would show that this was not the case.
This model also considered the GO to be completely planar, much like graphite itself, with no
corrugation.

The Ruess model

In 1946, the Ruess model also brought in the presence of hydroxyls in the sample, as it can be
seen in Figure 4.2. They also linked them to the oxidation process by stating that ”[...]during
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the slow oxidation of the [GO] layer planes, the oxidation mixture attacks simultaneously the
layer plane edges, probably first with the formation of carboxyl groups”. [410]

In addition, as it can be seen in Figure 4.2, they no longer believed that the COC-bound
oxygen was in the form of epoxides but rather ether-like oxigen bridges bound between alternate
carbon atoms.

Figure 4.2: Ruess model for graphene oxide. Translated original caption: ”Structure of graphite oxyhy-
droxide layer (G.O. molecule). (Corrugated C plane, metastatic binding of O with simultaneous binding
of OH groups at the layer plane.)”. Source: [410]

They also proposed, for the first time, the puckering of the graphene layers in GO, changing
the models to come at least with respect to the general morphology of the graphene matrix in
GO.

the Scholz-Boehm model

In 1969, gathering data of functional group analysis and infrared spectra of a variety of graphite
oxides, Scholtz and Boehm developed a new structure model [411].

This structure model was given by the fact that they did not detect any kind of ether oxygen
in the sample, but they did detect the presence of hydroxyl groups and carbonyl groups in
different sourroundings. Their model can be seen in Figure 4.3.

Their answer to the general structure of the GO was that its layers were made up of mosaique
domains such as the one shown in the figure with different orientations, separated by less well
ordered regions. On top of this, they explained, as the previous model did, the role of the oxygen
of the GO in the corrugation of the graphitic layers in the sample.

They were also responsible for introducing a seemingly obvious parameter for the measure-
ment of the oxydation of GO, but one that had not been previously used for the study of this
samples: the carbon to oxygen ratio.

The Nakajima-Matsuo model

In 1988 and 1994, two studies, one by T. Nakajima and Y. Matsuo [412] and another one by
them and several other authors [413] used a different approach to try and discern the structure
of GO what OFGs were present in the GO.
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Figure 4.3: Scholz-Boehm model for graphene oxide. Left: Schematic model. Right: ball-and-stick model.
Translated caption left: ”Fig. 2. Schematic representation of the structural model for graphite oxide. On
the left is the top view of the layer, on the right the corresponding side view is shown”. Translated caption
right: ”Structural model of graphite oxide constructed from Stuart and Briegleb atomic models, according
to the scheme in Fig 2”(Fig 2 is the one on the left).Source: [411]

Figure 4.4: Nakajima-Matsuo model for GO. Caption embedded in the figure.

On one hand, they studied the formation process of graphite oxide. They focused on the
XRD of graphite oxide and the intermediate products of its oxidation for different production
methods (see Section 4.1.5), and proved that graphite oxide was fabricated through a series of
steps: First, the formation of graphite intercalation compounds; second, their oxidation, and
finally the hydrolysis of these compounds. The interplanar distance was also measured for these
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intercalation compounds, resulting in a distance around 1.44 nm [413].

They also studied the structure of GO by fluorinating the graphite oxide at temperatures
between 50 and 200°C. The infrared spectra of fluorinated GO was compared to that of regular
GO. They concluded that the main change in the compounds were the substitution of OH groups
by F atoms.

When measuring the interplanar distance of fluorinated graphite oxide, they found it was
close to the interplanar distance of the structure of (C2F )n. That is why they created a model
using the assumption that the structure of GO before fluorination was similar to that of (C2F )n,
but with -OH groups instead of F atoms. This model can be seen in Figure 4.4.

The Lerf-Klinowski model

In 1986, an infrarred spectroscopy study by Mart́ın-Rodriguez and Valerga-Jiménez [414] studied
the oxidation of graphite oxide. We will delve deeper into this study in Section 4.1.5. These works
were the first to provide some sort of experimental proof that there were carboxyl groups present
in GO, since their IR absorption peak was identified.

5 years later, in 1991, Mermoux et al published a study where they analysed graphite oxide by
means of Fourier-transform infrared spectroscopy (FTIR) and Solid-state13C nuclear magnetic
resonance (NMR) spectra [415]. In the FTIR analysis of this study, they found proof of alcohol
groups as well as carboxyl groups in the sample, although they admitted that it was possible
that there were some epoxides ethers or peroxides as well.

However, according to them, the 13C NMR analysis of the sample only had thre distinguish-
able peaks: one for the C-O-C bonds, one for the C-OH bonds and one for the C=C bonds. In
this study, this analysis was proposed as proof that the Ruess model for GO was consistent with
the analytical proof they provided. In turn, to adjust to this model, some of the C=C bonds in
the sample would be isolated.

An analysis of the same nature, taking into account the degree of oxydation this time, was
performed by Hontoria-Lucas et al in 1995[416]

In 1998, Lerf, He, Forster and Klinowski questioned the interpretation of the results proposed
in the study by Mermoux et al [417]. First, they had no way to prove that the C-O-C bonds
that had been found in the 13C NMR analysis corresponded to 1,3-ethers, as predicted by the
Ruess model. Second, they could not tell much about the disposition of the different OFGs in
the sample, and finally, even though they had postulated some of the double bonds in the GO
were isolated, they had no proof to back it up nor an estimate of how many.

This was the main motivation for their study of the products of the reaction of GO with
potassium iodide and their thermal decomposition, using 13C NMR. The GO used for this study
was prepared employing a modified Hummers method, that we will delve deeper into in Section
4.1.5.

This analysis proved that there was a presence of oxide groups in the sample, since it liberated
iodine when reacting with hydroiodic acid, which had been used before as a test for the presence
of epoxide groups by Hofmann [409].

The results also showed that, for the reactions to be able to take place, the sample had to had
alcohol OFGs attatched to the carbon rings, and at least one double bond present in the ring
or formed by deoxigenation of the epoxides during the reactions. In other words, their studies
confirmed the results of Mermoux et al concerning alcohol groups. However, their results seemed
to argue for the presence of epoxides in the sample instead of ethers as suggested by Mermoux
et al. The reactions taking place in the sample also indicated that the epoxides and the alcohols
in the sample were very close to one another.
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On top of this, this study also took into account the fact that carboxyl groups had been
found in GO samples by means of IR absorption. It also discussed the fact that isolated double
bonds could not be present in high amounts, since they are easily oxidisable. By joining all the
different ideas in this section, they created a new model for GO, which is shown in Figure 4.5

Figure 4.5: Top: Lerf-Klinowski model for GO. Source: [417]. Bottom: 3D representation of the Lerf-
Klinowski model. Source: [418]

They created this model taking into account the inhomogeneity of GO, that is, a non-
stochiometric structure. They divided the structure of GO into two sub-structures: on the one
hand, aromatic (graphitic) regions with no oxigen present, and on the other hand, regions con-
taining ”aliphatic six-membered rings”, which contain C-OH, epoxide groups and double bonds.
These regions are randomly distributed[419].

By this point, the model for GO was closer to the structure we think of today as GO.
However, there was still another advancement to be made, and it had a lot to do with something
that had been overlooked in the Lerf-Klinowski model as well as all the previous models to that
date: the defects in the graphene planes.
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The Dékány model

In 2006, Szabó, Dékány et al published what was probably the vastest study on GO, its com-
position and its properties to that date, trying to challenge the contemporary models for GO
[420].

It compared four different GO samples prepared using a Brodie method, which had a different
oxidation degree controlled by how many times they repeated the oxydising steps from the Brodie
method on each of them. These samples were labeled GO-1 to GO-4 depending on their degree
of oxydation. Judging by the description of the authors, our GO should be of a similar nature
to the one labeled GO-1 in the study.

Technique-wise, this article employed a miriad of techniques never seen before for GO within
the same study, namely elemental analysis, transmission electron microscopy (TEM), X-ray
diffraction (XRD), 13C magic-angle spinning NMR (13C NMR), diffuse reflectance infrared
Fourier transform spectroscopy (DRIFT), X-ray photoelectron spectroscopy (XPS), and elec-
tron spin resonance (ESR). Each technique apported a new piece of information about graphene
oxide.

Figure 4.6: Dékány structure model for GO. a)Surface species distribution in GO. b) Carbon skeleton.
Source: [420].

TEM imaging showed that the GO still presented a layered structure, but with some sort
of wrinkling or folding that seemed to increase with the oxidation degree in the sample.

As for XRD, it served several purposes. First, it provided final evidence of the oxidation
reaction completely taking place, since, as we will see in this section, the interlayer distance of
the GO increases moderately once the sample is oxidised with respect to its pristine counterpart.

They also assumed that the lack of the XRD reflection at θ=26.28°(which relate to pristine
oxide) prove the lack of any pristine graphitic areas whatsoever in the sample. To prove it, they
performed the same measurements in a 1% mixture of pure graphite with a 99% mixture of
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heavily oxidised GO, and they could appreciate the aforementioned reflection. However, this
statement can be heavily discussed, since, if the graphitic areas were small enough, the OFGs
in the oxidised areas would still keep all the layers further apart from one another, even if there
were some areas without any OFGs. They also performed XRD measurements on the course of
hydration of dry GO, which will be discussed later in Section 4.1.3.2.

13C NMR showed proof again of the presence of C-OH groups with a peak at 69.2 ppm,
as well as aromatic functionalities and/or double bonds with their resonance at 128.2 ppm[416,
421, 417]. There were several peaks that did not have a 100% clear explanation to them, which
the authors tried to explain. First, the peak at 57.6 ppm, which we have talked about before in
the Lerf-Klinowski model (see previous models) that was first thought to be a 1,3-ether peak
but was later described as an epoxide peak. Two more peaks were present in the sample: one
at 92.9 ppm which they could not find an explanation for, and another one at 166.3 that was
supposed to indicate the presence of C=O.

DRIFT spectroscopy was done in a quite novel manner. Their hypothesis was that the
GO in air had such an amount of strongly bound humidity that it could result in an inaccurate
interpretation of the spectra. The broad and intense OH bands could also play a part in discerning
other peaks in the same spectral window.

Taking the water and the OH out of the sample was not an option, since the sample could
take weeks to dehydrate and the OH groups are the most stable ones in GO [69], so, following
a previous study of their own [422], they achieved an elimination of the water and OH peaks
using deuterium exchange. The results of this study can be seen in Section 4.1.8. They seemed to
point to the presence of C-OH, dimeric COOH, water, aromatic C=C, as well as either ketones
or quinones. Another very important deduction from this set of data was the presence of phenolic
moieties in the bulk of the carbon network.

XPS spectroscopy was performed on air for both bare graphite and GO. The XPS data for
this study can be found in Section ??. This study found four peaks for the less oxidised sample
and three for the more oxidised sample. The extra peak for the less oxidised sample concurred
with the main graphite peak so they associated it with aromatic carbon, representing a 5% of
the total spectrum. The other three peaks were asigned to the bonding of C atoms with one, two
and three valencies to O atoms. Since electronegative oxygen induces a partial positive charge
on the carbon atoms, the more bonding to the carbon, the further up in energy the XPS peak
would be. Therefore, they assigned a peak at 284.4 for aromatic carbon, one at 287.2 for single
bound carbon (alcohols, phenols and ethers both 1-3 and 1-2, the latter also known as epoxides),
one at 289.3 for ketones and one at 290.8 for carboxylic groups.

ESR spectroscopy proved that there were no strong resonances as there were in graphite
even for the least oxidised GO, which proved there were no long-range pristine graphitic sheets
in the sample.

These results were the pillars on which Szabó, Dékáný and their collaborators came up with
their own model, which came to be a reinvention of the Scholz model adapting it to all the
models between Scholz’s and theirs, as well as adding their new results. This model can be seen
in Figure 4.6.

Due to the wrinkling seen in the TEM, their model does not start with a graphitic carbon
sheet but with a corrugated carbon network of flat carbon hexagons connected by C=C double
bonds, linked to each other by means of periodically cleaved ribbons of cyclohexane chairs and
thus forming a matrix. This is but another twist on the argument that GO is made up of
two types of structures quite different among them. The distribution of the different OFGs is,
according to them, as shown in the figure.
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The Liu model

In 2009, a study by Gao et al [423] charactherised GO obtained by a modified Hummers method
(see Section 4.1.5) using 13C NMR. Based on their own spectra, as well as previous studies
[424, 425], they found there was a feature in the spectra that had been previously been assigned
to non-protonated carbons [425], but no further comment had been made on them. The main
groups that could be causing this type of signal could be five- and six-membered ring lactols on
the edges of the GO. For clarification, schemes of these two OFGs are shown in Figure 4.7.

This study also found the presence of carbonyls such as esters and ketones, which had been
overlooked by the Lerf-Klinowski and the Dékány models.

Figure 4.7: Left: scheme of a five-membered ring lactol. Right: scheme of a six-membered ring lactol.
Black atoms represent C, white represent H and red represent O. Source: Liu et al [426]

In 2018, Liu et al [426] performed a study on GO with the objective of correcting the Lerf-
Klinowski model, which is the one generally thought to be the most accurate, with various
experimental studies confirming its accuracy, for the most part [60, 427, 408].

For this purpose, they employed XPS, Raman, FTIR and a new technique that allowed them
to map the spatial distribution of C-O and C=O bonds on GO with nanometric resolution:
AFM couple with infrared spectroscopy (AFM-IR) [428]. This technique allows IR spectroscopy
with AFM resolution, that is, tens of nanometres of lateral resolution (40 nm for their specific
setup)and 0.1 nm of resolution in z.

Using previous IR references for the different OFGs in GO, they identified the peaks in the
IR spectra corresponding to OH [429], C-O groups including epoxides, hydroxyls, ethers and
carboxyl groups [430, 431, 429, 432, 433], epoxides specifically [430, 431, 434, 435] and different
carbonyls, including carboxyl groups, ketones, lactons and anhydrides [432, 436, 437, 438]. This
will be delved deeper into in Section 4.1.8.

This identification, coupled with the novel technique of IR-AFM, allowed them to discern
between different OFGs with a lateral resolution of ∼40 nm. Point spectra, spectrum profiles,
as well as whole spectrum maps have been acquired. Several conclusions can be gathered from
these studies:

The first study is a point spectra study comparing three different regions: a multilayer GO region (with a thickness up to 6 layers), a monolayer GO region and the gold substrate; with a second experiment performed to ensure reproductibility. The spectra on GO have been taken at the basal plane, at least 100 nm away from any edge or fold.
From this study we can deduce the following:

• The strength of the C-O peaks with respect to the rest of the peaks suggests that most of
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the OFGs in the ample are C-O groups, either as epoxides, hidroxyls, ethers or carboxyl
groups. This peaks are more variable for monolayer GO, which is consistent with the
inhomogeneity of the material.

• The peaks corresponding to C-O groups seem to indicate the main presence of an epoxide
configuration.

• There is an absorption band that has previously been identified as coming from hydroxyl
[429] but it is unclear if it is as an independent hydroxyl or hydroxyl in carboxyl configu-
ration.

• There is an additional feature that appears both for multilayer and monolayer GO, that
has been identified as probably the aromatic bond stretching in the carbon plane. This
feature would be related to the amount of double bonds in the GO area being measure,
therefore it would be weaker in more oxidised areas with a higher amount of defects. This
seems like a small detail but it represents a very important part of the Liu model.

• The absorption region corresponding to C=O vibrations from carbonyls is negligible for
monolayer GO in this study, which either implies that the amount of carbonyls in the
monolayer is below the detection limit or that the proportion of carbonyl groups is higher
for multilayers.

• The IR absorption increases proportionally with sample thickness for the absorptions re-
lated to C-O and C=O groups; with the exception of monolayers that are proportionally
less oxidised than multilayers.

• Not any IR absorption was detected where the hydroxyl stretching is expected [431], which
is consistent with having them between the layers and not adsorbed on the surface of the
GO.

After having identified the main peaks of the IR spectrum, they could map the intensity of
a specific peak with the increased spatial resolution given by the combination of IR and AFM.

A map of the C=O groups peak, along with the topography of the same region and the
profiles of two regions of interest (a flake edge and a fold in a GO monolayer)can be seen in
Figure 4.8

The zones 1 and 2 in Figure 4.8 correspond to a flake edge and a fold in a GO monolayer,
respectively. As we can see, the intensity of the C=O stretch is considerably higher in the edges
of the flakes and the folds of the GO than in the rest of the sample.

Figure 4.9 represents two maps of the same GO area, one of the intensity of the C=O peak
and one of the C-O peak. These studies showed there was not only a higher proportion of C=O
stretches at the GO edges and folds, but a lower proportion of C-O bonds at the areas where the
C=O proportion is higher (not necessarily all folds). In other words, the higher the proportion of
C=O groups, the lower the proportion of C-O groups. This would be crucial for the development
of the Liu model.

Anotther important question to take into account is the existence of all the folds seen in the
maps and the different points of concentration of the different OFGs. Their hypothesis is that
oxygen functional groups concentrate at defective sitesin in the GO, leading to the formation of
folds. This wrinkling / folding will be delved into in Section 4.1.3.1.

In order to answer all the questions that have been posed here, Liu et al proposed an updated
structural model for GO, which would take inspiration both from the Lerf-Klinowski model and
from the Dékány model.
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Figure 4.8: (A) The GO IR absorption map collected at 1720 cm−1, which represents the C=O stretch
and (B) the AFM topography image from the same location. Feature height and IR absorption profiles
were recorded along stipulated line marked by 1 (C) and marked by 2 (D). Source: [426]

Figure 4.9: The IR absorption map from the same site at wavenumber (A) 1065 cm−1, which represents
the C-O stretch and (B)at 1720 cm−1, the C=O stretch. The intensity in the area of the arrow suggests
different distributions of C-O and C=O bonds along folds. Source: [426]

The model itself is sort of a modification of the Lerf-Klinowski model, with the update of
having C=O groups both on the edge of the GO and the basal plane. In this regard, this draws
inspiration as well from the Scholz-Boehm and the Dékány model, which assumed the presence
of C=O groups on the basal plane of GO. However, none of these models included carboxyl
groups nor epoxides. So, in a way, the Liu model is both a correction for the Lerf-Klinowski
model and for the Dékány model, making it the most unified model to date.

Much like its predecessor (The Lerf-Klinowski model), this model is also based on several
types of regions within the sample. The Lerf-Klinowski model proposed an oxidised region and
a pristine, graphite-like region that intertwined all through the sample. This model takes this
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approach a little further, and divides the GO samples in four different regions, depicted in Figure
4.10:

• The pristine, graphite-like region where the graphite matrix is not oxidated, much like
the one proposed in the Lerf-Klinowski model.

• The edges (orange region). Since this experiment has proved that the edges and folds in
the GO have a chemistry completely different to the rest of the sample, it makes sense
that this is a part of the model proposed.

• The non-defective oxidised region(green region), which would correspond to the ox-
idised region of the Lerf-Klinowski model. That is, an oxidised platelet of graphene that
has kept its carbon matrix intact despite oxidation

• The defective oxidised region (blue region). This is new to this model and it basically
depicts an oxidised platelet of graphene with vacancy defects on it, allowing for a differnt
kind of chemistry.

Figure 4.10: Liu model for GO

In order to be coherent with the data exposed here, the structural model fits several param-
eters:

• Having a considerable amount of disorder and defects in the GO plane, which agrees with
the level of wrinkling in the images.

• C-O groups are the most present in the sample, mainly as hydroxyls and epoxides
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• C=O is present as carboxyl and ketones. Lactons and anhydrides can be considered com-
binations of ketone and ether. This will be of importance within the context of our study.

• C-O groups are mostly on the plane (green domain in Figure 4.10)

• C=O groups are mostly on the edges and folds (orange area in Figure 4.10) but is present
on the plane in the areas with structural vacancy defects (blue area in Figure 4.10).

In conclusion, this updated model seems to be the most accurate approach we have for
the structure of GO. it is based on previous studies on the sample and it is a model that can
work for different types of GO regardless of production method or the precursor used. The GO
synthesised with different methods could have different proportions of each of these regions, but
in theory any GO sample can be described with these four areas.

We will consider for the rest of this chapter that the model by Liu et al is the most accurate
from the ones shown.

4.1.3 Composition of GO

4.1.3.1 Oxygen functional groups, their location and their role on the structure
and behaviour of GO

According to Liu’s model (see Figure 4.10), there are seven possible oxygen functional groups
(OFGs) that can be present in the sample. We will not take the lactones and anhydrides into
consideration because, on the one hand, given the oxidation of our GO the concentration of these
two OFGs should be minimal and therefore not mesurable; and on the other hand, as we have
seen in the previous section, lactons and anhydrides can be considered combinations of ketones
and ethers. This means that, should there be any signal related to these OFGs, it will be seen
as a combination of a ketone and an ether feature.

This leaves us with five possible OFGs in the samples:

• Alcohols (also called hydroxyl or OH groups).

• carboxyl groups (also called COOH groups).

• Epoxides (also called non-aromatic COC groups)

• Ketones (also called carbonyls or C=O groups)

• Ethers (also called aromatic COC groups)

We can separate these OFGs into two main groups: those that are in-plane with the graphene
sheets (carboxyl groups and carbonyls) and those that are in the basal plane of the graphene
sheets (alcohols and epoxides). Ketones can appartain to either group, depending whether they
are located at the edge of the GO flake or at a defect in the carbon matrix. The OFGs in
the basal plane are, at least partially, responsible for the increasing of the interlayer distance
between graphite and graphite oxide[439]. This distance goes from ∼ 3.35 Å before oxidation to
an astounding 7.37 Å after oxidation, according to the literature [440]

As we have mentioned before, these OFGs are what increases the polarity of GO, hence
increasing its dispersability in polar solvants [401].

Due to the disruption of the sp2 bonding in the graphene matrix due to oxidation in GO, it
becomes an electrically insulating material [401],with a conductivity that depends on the degree
of oxidation [441, 442]. However, if it is reduced, once the π-network is restored, electrical
conductivity can be recovered to a high extent.
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An effect of the presence of most of the OFGs is the puckering of the graphene sheets
conforming the carbon matrix [439], that has been mainly attributed to the c-OH functional
groups in the sample [417], resulting in a certain roughness in the carbon matrix rather than a
graphitic plane.

4.1.3.2 Physisorbed water, Chemisorbed water and their role on the structure of
GO

Within the context of the structure and composition of GO, the subject of water, whether
physisorbed on the GO matrix or chemisorbed by hidrogen bonds to C-O-C and C-O-OH groups
[433, 443, 444], has been an important one for decades. For the context of this study, we will
focus on some of the main studies that have delved into the subject of intercalated water and
its role either on GO or in its thermal reduction.

The first studies on intercalated water on graphite oxide date back to the 1950s, where
Franklin published a study called ”the role of water on the structure of graphitic acid”, another
name to what we call graphite oxide nowadays [445].

The role of water was relevant enough and its presence was certain enough for it to appear
already on early models of graphite oxide, like the Scholz-Boehm model [411], which has been
explained in detail in Section 4.1.2. By the time Nakajima presented his model in 1988 , it was
widely accepted that there was water ”absorbed between graphite oxide layers” and that the
interlayer distance increases by absorbing moisture of immersing in water [412].

The study that prompted the Lerf-Klinowski model also played a key part in explaining the
role of water in GO. First, they found there were strongly bound water molecules, ”locked in the
”defects” in the layers of oxygen atoms from the C-O-C and C-OH groups, that were, in their
own words, ”an integral part of the GO structure”.

Additionally, when performing NMR spectra of hydrated GO, they found two different res-
onances from water. This prompted the division of the water in GO samples to be divided into
two catergories: ”mobile water and strongly bound water”. This is what we know nowadays as
physisorbed and chemisorbed water, respectively. They also found proof that the removal of this
”strongly intercalated water” produced a disorder of sorts in the structure of GO.

In 2006, in the study by Szabó, Dékány et al [420], they managed to measure the water con-
tent in GO species with different levels of oxydation by measuring the mass between as-prepared,
hydrated GO samples and anhydrous GO, obtained by drying GO in a dessicator over concen-
trated H2SO4 for a month. They found that the amount of water that the sample adsorbed, and
the quickness to do so, was proportional to the degree of oxydation and that the interlayer space
in the GO augmented with the rehydration of the sample. When it comes to IR measurements,
as we will see in Section 4.1.8, they managed to distinguish the features coming from the OH
groups in the GO from the water features by deuterating the sample.

A study in 2011 by Acik et al [433] provided an in-situ study of the desorption of water in
GO by means of infared spectroscopy. The intensity of the OH vibrations in the IR spectra is
dominated by three main groups: water (both physisorbed and chemisorbed), OH groups and
COOH groups. By studying the behaviour of the intensity of this feature, shown in Figure 4.11, it
is possible to discern the temperature at which the water is mostly desorbed, which is somewhere
between 175 and 200°C. Models were created for the desorption of water using intrasheet and
intersheet interactions, which are depicted in Figure 4.12.

As we can see, the presence of water is higher at thicker samples and its chemistry upon mild
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Figure 4.11: Comparison of the integrated total OH contribution from H2O, OH, and COOH and
normalized absorbance of integrated carbonyl concentration. (i) Integrated intensities (3000-3700 cm−1,
std. ± 0.01-0.2%) of C-OH peak are shown as a function of temperature for GO-1 L (red), GO-3 L (blue),
and GO-ML (green). Removal of H2O up to 175 °C significantly decreases the intensity of the C-OH peak
(left). After removal of H2O, the intensities of C-OH and COOH groups are dominant (right). Source:
Acik et al [433]

heating is very different compared to monolayer GO. On top of this, this study also proved that
the intercalated water in close proximity to the OFGs facilitates the creation of larger holes,
indicated by the release of CO2 during the thermal treatment.

The presence of physisorbed and chemisorbed water has been since confirmed using sev-
eral techniques, namely X-ray scattering [444], broadband dielectric spectro- scopies [443], or
TGA[446, 444]. It was a study using the latter in 2017 [447] that decomposed the water desorp-
tion features in two distinct processes: on the one hand, the removal of physisorbed water, which
took place in a temperature range from 50°C to 120°C, and on the other hand the removal of
chemisorbed water, which took place in a temperature range from 120°C to 230°C. Merging this
data with the one by Acik et al [433], the temperature range for the desorption of physisorbed
water is between 50 and 120°C, and the one of chemisorbed water is between 175 and 200°C.
This will be of great importance for our study.

4.1.4 Interest of GO

GO offers interesting properties that have gather research interest on it for the past decades,
including its thermal properties, electrical properties and most importantly its tunability. Within
this topic, the reduction of GO is by far one of the biggest interests for GO, which will be further
discussed in Section 4.1.6.3

Nevertheless, one of the main interests of GO relies on its dispersibility on polar solvants,
which is important for its processing as well as for its implementation at larger scales. The
dispersibility of GO in solution depends on both the oxidation process and the solvent being
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Figure 4.12: Model structures are shown for processes involving only edge intrasheet interactions (GO-
1 L) (left), and both intrasheet and intersheet interactions (GO-3 L) (right) for 60-125, 125-175, and
175-250°C. Each species is identified with specific colors: epoxides (red), ethers (green), COOH (yellow),
C=C (gray), C=O (pink), H for H2O (aqua), O for H2O, CO, and CO2 (blue). Source: Acik et al [433]

used. The greater the polarity of the GO surface, the greater the dispersability. The typical
values for the dispersability of GO in water range from 1 to 4 mg mL−1. This dispersability can
be amped up to 15 mg mL−1 by means of functionalisation [402].

This dispersibility is essential for the preparation of thin films using methods like Langmuir-
Blodgett or Langmuir-Schaft [418, 440].

4.1.5 Preparation methods of GO

Throughout history, there have been mainly five methods for the preparation of graphite oxide,
and therefore, graphene oxide [448] [449]. Examining this methods is interesting from a historical
point of view, but it is also of scientific interest. This interest is due to graphene oxides prepared
using different methods exhibiting different compositions and different properties. This was first
shown in the study from Chua et al in 2012 [449] which used XPS, NMR, FTIR and Raman
spectroscopy to study samples prepared using the Staudenmaier, Hummers, Hoffman and Tour
methods. A summary table, extracted from the bibliography [448] can be seen in Table 4.1

The Brodie method

This preparation method was the first one ever used in 1855, since it was the very one graphite
oxide was dicovered with, as it has been explained in detail in Section 4.1.1. The preparation of
this graphite oxide is explained in detail in his article ”On the atomic weight of graphite”[404].

In this process, a mixture by weight of 1/4 graphite and 3/4 potassium chlorate is placed in
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a retort, and enough fuming nitric acid is added in order to render the whole system fluid. The
retort is then placed in a water bath and kept at a tempertature of 60°C for three to four days,
after which it is washed in water by decantation. The sample is then dried and the oxidising
process is repeated with the same proportion of KClO3 and HNO3 until no change is observed
upon oxydation. Finally, the sample is dried, first in vacuo and afterwards at 100°C.

To the best of our knowledge, there have been no comparative studies that have checked on
the differences between GO prepared using the Brodie method and other GOs. However, it is
still somewhat common to find this method still being used to this day, as we can see in the
literature [450] [422] [420].

The Staudenmaier method

In 1898 and 1899, with the Brodie method as a starting point, Staudenmaier improved this
oxydation in order to obtain larger quantities of GO, using sulfuric acid on top of the nitric acid
that Brodie had used [451] [452]. The proportions of each compound can be found in his study,
of which we offer a translated excerpt:

2 g commercial of Ceylon graphite are grinded with the same amount by weight
of potassium chloride as finely as possible, the powder was put into a mixture of 10
cc of pure concentrated sulfuric acid and 5 cc of nitric acid of 1.4% by weight, cooled
to room temperature in a porcelain dish, it is stirred, and the whole content is put
on a water-bath, and it is heated so that its temperature rises in one hour to 100°C,
occasionally turning over. When the emission of fumes has ceased, the contents are
added to water.

Other sources [449] [448] point out that another difference that Staudenmaier established for
this preparation of GO was adding the KClO3 little by little instead of adding it in one take,
although, to our best knowledge, that is not what is explained in the aforementioned study,
although it could have been a later addition

The Hoffmann method

Several studies and reviews [449] [448] point to a study by Hofmann and König from 1937 as
the starting point for a different method for the production of GO. This is quite debatable,
given that,in the article cited as the source for this ”new” method, the authors themselves state
that they are using the Staudenmaier method[453]. In the same study, they state that they use
concentrated sulfuric and nitric acid. This means that the use of sulfuric acid in this method
has gotten lost in translation for the reviews given. This has been corrected using a footnote in
the caption of table 4.1.

However, it seems to be true that Hofmann was indeed the first one to use concentrated
nitric acid for this procedure instead of fuming nitric acid. In other words, this method could
not be considered an independent one but an important improvement on the one proposed by
Staudenmaier.

The Hummers method

in 1958, Hummers and Offeman introduced a new method for the preparation of GO. Their main
motivation for this method was their concern with the Staudenmaier method and the possibility
of explosions it entailed [454].
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For this, they used potassium permanganate as an oxidant instead of the potassium chlorate
(which was used in unsafe quantities). They added the KMnO4 in a mixture of concentrated
sulfuric acid and sodium nitrate, which produced nitric acid in situ in stead of having to add it
and the fumes this might cause. The ingredients were mixed in an ice bath, as a safety measure.
Then the mixture was brought to 35 ± 3°C for 30 minutes, after which water was stirred into
the paste. This caused violent effervescence and an increase in temperature up to 98°C, where
it was mantained for 15 minutes before being diluted with more warm water and 3% hydrogen
peroxide to reduce the residual permanganate and manganese dioxide.

It is important to notice that several modifications have been done to this method for different
reasons, e.g. in order not to need the NaNO3, over the years. The modification that has been
used for our particular experiment can be seen in Section 4.1.5

The Tour method

A common issue for all of the abovementioned production methods is the generation of toxic gas
(fumes), which come from the usage of nitric acid (HNO3), either as a reactive in the oxidation
process (as in the Brodie, Staudenmaier and Hofmann methods) or as a product of the initial
reactives that oxidate the GO in a second reaction (Hummers method).

In 2010, Marcano, Kosynkin, Tour et al discovered a new method for the preparation of
GO that did not include nitric acid in any way during the oxidation process [455]. This method
consisted on increasing the amount of potassium manganate with respect to the Hummers
method, not using any sodium nitrate nor nitric acid, and perfoming the reaction by adding
potassium permanganate to a mixture of sulphuric and phosphoric acid as well as graphite
flakes. The reaction was then heated to 50°C and stirred for 12 h. Then, it was cooled to room
temperature and poured onto ice with 30% H2O2. This mixture was sifted, filtered, centrifuged at
4000 rpm for 4 h; and the supernatant was decanted away. After repeating this filtering process,
the obtained material was coagulated with 200 mL of ether and the resulting suspension filtered.
The solid obtained on the filter (the GO) was vacuum-dried overnight.

In this same study, they found that GO produced using this method was more oxidised
compared to GO produced employing the Hummers method under the same external conditions.
Moreover, when both were chemically reduced with hydrazine (see Section 4.1.6.1), both the GO
prepared using this method and the Hummers method had a similar electrical conductivity. This,
along with the lack of toxic fumes and the easy control of the temperature during the oxidation
process, make of this production method a clear candidate for lage-scale production of GO.
However, it is important to point out that the order of addition in this mixture is extremely
important, since a different addition order could cause the KMnO4 to be in high ocncentrations
in the acid mixture, which could rend this mixture explosive.

Comparative studies on GOs prepared using different methods

To the best of our knowledge, the study by Chua et al from 2012 [449] is the most complete com-
parative study that has been made among graphite oxides fabricated using different preparation
methods. The different graphite oxides that have been studied are the ones prepared using the
Staudenmaier method (GO-ST), the Hofmann method (GO-HO), a modified Hummers (GO-
HU), and a Tour (GO-TO) method.

In order to characterise these graphite oxides they use several spectroscopic methods, namely
high resolution X-ray photoelectron spectroscopy (XPS), electrochemical impedance spectroscopy
(EIS), NMR, Fourier transform IR (FTIR), Raman spectroscopy, electrochemical impedance
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spectroscopy, cyclic voltammetry, and solid-state reduction techniques. A brief run-through of
each of the findings for each technique is presented here.

XPS was used to detect surface elemental composition, finding atomic C/O ratios of 2.47,
2.71, 2.05 and 1.95 for GO-ST, GO-HO, GO-HU and GO-TO, respectively. In other words, the
methods that used permanganate (GO-HU and GO-TO) had a higher oxydation rate with re-
spect to the chlorate (GO-ST GO-HO) methods. For the remainder of this section, we will refer
to these methods as the permanganate methods and chlorate methods, respectively. High reso-
lution XPS could break down the XPS signal into four Gaussian peaks correspoinding to C=C,
C-O, C=O and O-C=O. They found a noticeably higher presence of C=O and O-C=O bonds in
the GOs prepared with permanganate methods than the ones prepared with chlorate methods.
The GO-TO had a particularly high amount of O-C=O which indicate a higher presence of
carboxyl groups.

Solid-state 13C NMR analyses found peaks caused by the presence of C)o, O-C=O,
graphitic sp2, C-OH and C-O-C bond types. In good agreement with the XPS results, the
peaks corresponding to carbonyl and carboxyl OFGs were only present on the permanganate
method GOs, confirming the previous differentiation between both sets of production methods.

FTIR studies showed the presence of preaks corresponding to O-C, C-O-C, and C=O, with
the latter only appearing for the permanganate method GOs, thus confirming the previous XPS
and 13C NMR findings.

The authors of the study used EIS to determine the heterogeneous charge-transfer resis-
tance (Rct) of the different samples in a solution containing ferro/ferricyanide electrochemical
probe. The complete results for this analysis can be found in table 4.1. In essence, they found
a correlation between the oxydation degree of the samples and their Rct values. This indicated
that a portion of the OFGs in the GOs were negatively charged at the working pH of the
electrochemical experiment.

Another electrochemical characterisation, cyclic voltametry, was used to determine the
heterogeneous electron transfer (HET) rate of the different GOs in ferro/ferricyanide probe.
After calculating the respective HET rates from the analysis of their data, it showed that the
charge transfer rate was inversely proportional to the oxidation rate, which is in good agreement
with the EIS findings.

Finally, a solid-state electrochemical reduction technique was also performed on these GO
samples to try to find electrochemically reducible OFGs (mainly epoxides, carbonyls and per-
oxyls). Again, the results seemed to point to all of the samples having epoxide groups to some
extent, but only the permanganate method GOs having carbonyl and carboxyl functional groups,
which reflects in higher reduction energies.

In conclusion, the preparation method used does not only increase or decrease the oxidation
rate given the same external conditions, but it also has a clear role in the OFGs in our GO.
According to this study, since we have used a modified Hummers method (see Section 4.1.5), we
should have carbonyls and carboxyl groups present in our sample.

The role of the precursor in the composition and properties of GO

The previous section has proved that different preparation methods yield different GOs with
different compositions and properties. However, even for the exact same method, this can be the
case as well. The study by Roy Chowdhury et al in 2014 [456] focused on the properties of the
graphite oxides prepared using the same Hummers method, only with three different graphite
precursors.

By means of different techniques (TGA, UV-visible spectroscopy, powder X-ray diffraction,
and even some microcopy, using SEM), they were able to characterise the original graphite
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Method Oxidant
Reaction
media

C/O
ratio

Raman
ID/IG ratio

RCT
(kΩ)

Notes

Brodie KClO3 Fuming HNO3 1.17 0.89 1.74 -

Staudenmaier KClO3 HNO3+H2SO4 - - -

KClO3 added
stepwise
rather than in
a single bolus

Hofmann KClO3 Non-fuming HNO3* 1.15 0.87 1.68 -

Hummers
KMnO4+
NaNO3

Conc. H2SO4 0.84 0.87 1.98
Modifications can
eliminate the
need for NaNO3

Tour KMnO4 H2SO4+H3PO4 0.74 0.85 2.15 -

Table 4.1: Summary of synthetic methods used to prepare GO. RCT refers to the charge-transfer re-
sistance. Source: [448] reproduced from [449]. *According to the original study cited in the bibliography
[453] , this term is incomplete and should read as ”Concentrated HNO3+H2SO4

precursors and the graphite oxides prepared with them.

Their drawn conclusions show that, for larger crystallite sizes (crystallite sizes vary from
graphite to graphite), and especially a longer c-axis of the crystallites, there was a higher favour-
ing of basal plane oxidations over sheet edge oxidations. They justified this with a longer c-axis
providing a higher surface area for the oxidants to react with the graphitic sheets.

Another finding of this study is that, the higher the basal plane oxidation, the higher the
strain on the GO sheets and the more they would break apart. In other words, a graphite sample
with larger crystallite, and especially a longer c-axis, would result in a graphite oxide sample
with smaller crystallites.

For less ”purely graphitic” samples of graphite, with presence of impurities such as amor-
phous carbon, a previous study [457] used similar techniques, as well as the study of the adsorp-
tion of ammonia, to determine that the presence of this amorphous carbon enhances oxidation
defects.

Importance of our preparation method

As we have seen in this section, the preparation of GO can play a key role in its structure, com-
position and properties. That is why it is of vital interest to know about the specific preparation
method used for our studies, as well as the possible role of this production in the final sample.

Production of our GO: modifications to the Hummers method In this study, a mod-
ified version of the Hummers method has been used.

As we have seen in this section, the amount of different OFGs in our GO should be varied,
as opposed to GO prepared using Staudenmaier or Hofmann methods. This will be of use when
analysing our data.

Oxidative debris It is important to notice that it has been previously seen in the bilbiography
(refs) that the chemical and physical processes taking place during the preparation of GO leaves
a non-negligible amount of oxidative debris, besides the one conforming the OFGs of the GO,
that will play a role in the study taking place. This debris can be broken down into two different
groups:
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• On the one hand, there is some amount of residue product coming from the GO preparation
itself, even after the washing of the sample. This oxidative debris consists of oxidative
groups that are not bound to the sample and that appear in very low proportions.

• On the other hand, because we have prepared the sample using liquid exfoliation (see
Section 4.3.1), it is very plausible that, during the sonication of the sample, we end up
some GO-like debris on our solution; that is, GO platelets of a much smaller lateral size
than our GO flakes.

This two kinds of oxidative debris are to be taken into account when performing the corre-
sponding data analysis of our experiments.

4.1.6 The reduction of Graphene Oxide

Besides the functionalisation of GO, its other main interest with applications in mind is its
reduction to a material resembling graphene as much as possible. The general materials obtained
after the various processes of reduction of graphene oxide are known as reduced graphene oxide
or rGO. However, much like with production methods, different reduction methdos will yield
different kinds of rGO with different sets of properties.

4.1.6.1 Chemical reduction

When dispersed in a colloidal solution, a variety of chemical reductants can be used to reduce
graphene oxide. It is important to notice that the main colloidal GO solution that is fabricated
is a GO aqueous solution. Other polar solvants can be used as well but as it has been mentioned
in Section 4.1.4, one of the main interests of GO relies on the application of its hydrophilicity. In
this context, the reduction of aqueous GO dispersions with strong reductants, suchc as lithium
aluminium hydride, is challenging because of their strong reactivity with water [401].

The most common reductant for GO, as well as one of the first ones to be reported, is
hydrazine monohydrate(N2H4). The reduction of GO in aqueous solution using hydrazine hy-
drate was first reported in 2007 by Stankovich and collaborators [446], although the reduction
of graphite oxide with hydrazine hydrate had been used even before the discovery of graphene
[458]. Hydrazine hydrate is a great candidate for this kind of reaction because it does not react
with water, providing a selective reduction where only the GO is affected.

They found that the product of this reduction was the aggregation and precipitation of
graphene-based sheets, forming a hig surface-area black solid that was extensively characterised
using a variety of elemental analysis, imaging and spectroscopic analysis, as well as electrical
conductivity measurements.

SEM images of this material revealed that it contained ”randomly aggregated, thin, crumpled
sheets closely associated with each other and forming a disordered solid”. Further characterisa-
tion of this material showed a very high surface area although not as high as the theoretical
specific surface area for isolated graphene sheets [459]). Elemental analyses showed a decrease
in oxygen content by almost an order of magnitude, and 13C NMR spectra of GO and rGO
showed a clear structural change after the reduction, with a single feature after the reduction
that corresponds to variation of carbon atom environments. A similar behaviour can be found in
the XPS spectra of the samples, where the C-C peak of the spectra change considerably, having
almost no signal corresponding to OFGs after the reduction.

In other words, the rGO, however strange its morphology, seems to acquire a lot of the
properties of graphene. Even though this reduction method has been vastly reproduced [460,
408, 461], the reduction mechanism is still unclear. DFT calculations have provided possible
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routes for the reduction of epoxides upon hydrazine treatment [460], but the reaction paths of
other OFGs have not been discerned yet.

Other chemical compounds have been used to chemically reduce GO, such as sodium borohy-
dride (NaBH4)[462], which has been reported to yield better conducting rGO than its hydrazine
counterpart. This could be due to hydrazine doping the final rGO sample with nitrogen atoms,
thus acting as donors which compensate the hole carriers in rGO.

Vitamin C has also been, for example, a candidate for an effective reduction of GO without
the use of hydrazine [463], which provide a cleaner solution for this process with a similar
outcome in terms of properties of the final product.

Metal-assisted reduction An interesting case of chemical reaction was found while trying to
find a cleaner method than hydrazine for the reduction of GO. It was found that, by introducing
aluminum powder in an aqueous solution of GO that contained hydrochloric acid as well [? ].
This process reduced the amount of oxygen in the sample about an 80%, with no aluminum
present in the final rGO. A similar study from the same team the following year [? ] found iron
to produce the same effect on GO. It is important to notice that, at least when it comes to
powder reactions, it seems that the pressence of hydrochloric acid is essential for the reduction
of GO.

4.1.6.2 Thermal Reduction

Another widely used method for the reduction of GO is thermal reduction. This kind of reduction,
which is the subject of these works, has also been on the research spotlight for more than a
decade. It consists on heating the sample, preferably under vacuum, so that the OFGs present in
the sample desorb, sometimes taking part of the carbon in the sample with them and producing
CO and CO2 [464, 465]. The processes taking place at the GO during its thermal reduction have
been studied using XPS and EELS as well by D’Angelo et al [407, 69]. This will be delved into
in detail in Section 4.1.8.

Lately, this kind of reduction has been coupled with pressuring the GO platelets to obtain a
better result [466]

Other reductions

Electrochemical reduction With the pursue in mind of a faster and cleaner method than
chemical reduction with hydrazine, a study in 2009 by Ramesha et al [467] found that it was
possible to reduce GO platelets previously attatched to a cystamine-gold substrate through
electrostatic interactions. This reduction took place when applying a negative potential lower
than -1 V.

The resulting rGO was characterised by Raman spectroscopy, and conductive AFM. The
former show a shift of the G band in the sample, which is consistent with a reduction of it. The
latter shows an increase in the current flow by at least 3 orders of magnitude after the reduction
of the sample, with a c:O ratio of almost 24:1.

This reduction phenomenon has been subsequently reproduced and charactersised with sev-
eral different techniques, such as XPS, XRD or cyclic voltammetry, wich similar results [468, 469].

Laser reduction In a study of 2010 by Sokolov et al, it was proven that, by focusing either
a continuous laser beam with λ=532 nm, or with a pulsed laser of either λ=355 or 532 nm
(the ones that were available to them, since they used the lasers provided by their Raman
equipment) it was possible to obtain rGO [470]. This was confirmed by the Raman ID/I2D ratio
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of the samples, proving an effective reduction in the area where the laser beam had impacted,
as well as a sizable amount of degradation. The cause for this reduction is a compendium of
different phenomena: the initial excitation produces electron-hole plasmas within the GO; where
both electrons and holes are trapped due to the strain caused by the OFGs in the sample. All
of this results in material instability as well as degradation. Phonon coupling is also a partial
cause of this reduction, contributing to heating the material.

This has proven to be a very cost-effective technique for the reduction of GO, which can be
applied not only to GO films but also to GO solutions [362], as well as being a great tool for
the creation of patterns of rGO in GO matrices, which sound promising in terms of nanodevice
engineering [471].

Substrate-assisted reduction Follwoing the studies in Section 4.1.6.1, where metals were
found to be part of a reduction mechanism for GO, a study by Cao et al [472] proved that foils
of these metals, used as a substrate that was plunged into an aqueous GO solution, can act as
a reducing agent, and what is more, that the unstable environment (hydrophylicity within the
solution and the zeta potential, that is, the static electrical field at the interface between the
substrate and the GO solution) triggers the bonding of the different rGO layers into a continuous
film. Unlike the previous studies, no HCl was needed to achieve this reduction.

Electrical reduction In the study of Ekiz et al in 2011, it was proved that electrical charge
could act as a switch in a graphene /graphene oxide system. For this, multilayer GO was de-
posited on top of two contacts and a current was applied while the sample was bieng measured
by means of XPS, AFM and multifrequency electrostatic force micrsocopy. Results show that,
upon application of a bias potential to the contactss, the positive contact is oxidised and the
negative contact is reduced. The stochiometry of the sample seems to be dependent on the dis-
tance from the contacts. This is coherent with the electronic structure of graphene and GO, since
electron injection into GO should weaken the bonds of the negatively charged oxygen atoms in
the OFGs.

Microbial Reduction Even though it might seem like an eccentric route, it makes sense that,
given that bacteria consume oxygen, there could be a way to reduce GO using them. This is
the main subject of a study of 2011 by Wang et al [473], where the marine bacteria Shewanella
oneidensis has been used to successfully reduce GO in aqueous solution. The rGO resulting from
this reduction has been studied using diverse techniques, such as XPS, elementary analysis or
cyclic voltametry. The results gathered seem to put this rGO in a range close to the one reduced
using hydrazine in terms of properties.

4.1.6.3 Our thermal reduction of GO:The need for different temperature regimes

Due to the very interesting role that adsorbed water plays in the behaviour of GO at low
temperatures,as well as the rehydration of the samples, the structure of the experiment has
been planned as follows:

As it has been seen in Section 4.1.3.2, there is a presence of chemisorbed and physisorbed
water on the sample, which, according to the literature, should desorb at a temperature lower
than 220°C. For this reason, on the first part of the study, the sample will be studied in a
temperature range that will go from 70°C to 300°C. This study will focus on the desoprtion of
the OFGs that leave the sample at low temperatures, as well as the physisorbed water attatched
to the GO and the chemisorbed water attached to said desorbing OFGs.



172 Graphene Oxide: a TEM-EELS in situ thermal study

It is known from previous research on the matter (refs) that physisorbed water tends to
desorb from the sample at a temperature close to water boiling point (100°C)[465] whereas
chemisorbed water tends to desorb from the sample at a higher temperature (between 180°C
and 220°C)[447]. This is the reason why there is a region of interest in the study around 95°C
and another one around 185°C. As it can be seen in Figure (reffigure), temperatures around
these two points of interest have been taken into account for this study.

After these measurements - which we will name from now on LT studies for low temperature
- have been performed, the sample has been taken out of the microscope and left out overnight
for it to rehydrate again. The sample has then been taken back into the microscope to perform
a second study from 70°C to 1200°C, which we will call HT studies for high temperature.

In principle, and according to bibliography (ref), the OFGs that the chemisorbed water is
attached to get desorbed at a temperature lower than 220°C. This means that, in theory, we
should only be able to find physisorbed water on the samples after the LT studies.

4.1.7 The tunability of Graphene Oxide

Graphene oxide has drawn interest not only for its ability to be reduced into rGO and therefore
acquire to some extent the properties of graphene, as it has been vastly explained in the previous
section, but also for the potential tunability of its properties. This can be done, for example, by
modifying the chemical structure of the GO in some way; or by combining this material with
other materials of interest to create composites with unique properties.

The functionalisation of graphene oxide

The chemical functionalisation of graphene oxide consists on the addition of other functional
groups to GO, by either non-covalent attachment to the pristine graphitic regions of the GO,
or by covalent attatchment, using some of the OFGs as anchor points. A vast review on these
processes has been performed by Dreyer and coworkers [401] of which we offer a short, updated
version.

Briefly speaking, the functionalisation of GO can be performed mainly at the epoxide
groups of the GO, at the carboxyl groups of the GO, and as a non-covalent functionali-
sation of the graphitic platelet through π− π stacking, cation-p or Van der Waals interactions.
The latter is also possible for reduced graphene oxide and even graphene itself.

The functionalisation at the epoxide groups generally needs a ring-opening reaction to
ocurr. These reactions range from the addition of octadecylamine to GO for the preparation of
thin films and inks using organic solvents [402] to the stabilisation of solid-phase dispersions of
GO (now chemically modified)by covalently attatching 3-amino- propyltriethoxysilane (APTS)
to the GO platelets [474].

The functionalisation at the carboxyl groups of the GO is usually done in two different
parts: first with the activation of the acid group using several chemical compounds, such as SOCl2
[475], 1-ethyl-3-(3-dimethylaminopropyl)- carbodiimide (EDC)[476], N,N0-dicyclohexylcarbodiimide
(DCC)[477][478], or 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HATU)[479]. After the activation of the acid group, the addition of nucleophilic species,
such as amines or hydroxyls, can produce functional groups covalently attatched to the GO.
In this sense, introduction of substitued amines is the most common method for this kind of
functionalisation, with applications in optoelectronics [475], drug delivery for non hydrosoluble
drugs [476], and polymer composites including biocomposites [480].

All these chemical functionalisations broaden the span of the different possible applications
for GO.
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Graphene oxide composites

Along with the chemical functionalisation of GO, another approach for the tuning of the prop-
erties of the material has been the fabrication of composites using either GO or rGO. These
composites can be made exclusively of GO, by forming GO networks with different properties
than the original GO [481]. They can also be made of two or more materials, with composites
ranging from GO-metal/metal oxide for water purification [482] to polyaniline/GO composites
for corrosion protection [483] or even ZnO rods /rGO composites for improved sunlight photo-
catalysis [484].

4.1.8 Previous spectrocsopic studies on GO and RGO and State of the art

The amount of studies on graphene oxide, graphite oxide and their reduced counterparts have
been extensive over the years. For this reason, we have chosen to focus, in general, on studies
that fulfill at least several of the following characteristics:

• Studies that focus on graphene oxide and not just on graphite oxide

• The GO used on the study has been fabricated using the Hummers method or a modified
Hummers method (they are more relevant for our study, since as we have seen in Section
4.1.5 GO fabricated using other production methods may have different properties).

• We will focus especially on studies that focus on the OFGs present in the GO using
spectroscopy, and within that subject, those that use EELS.

IR spectroscopy

Infrared spectroscopy, in its many different variants, has been widely used for the study of GO
and, especially, the OFGs conforming it. It was also one of the earliest techniques analysing GO
that we are still using to this very day. Here we offer a brief summary of these studies.

First of all, it is important to highlight that the interpretation of the different IR spectroscopy
studies has varied from study to study and that, to this very day, not all peaks are confidently
assigned to a certain functional group. Some features have been asigned to one group in some
studies and to another group in other studies. For this matter, we will be picking the first in-
depth IR study on graphite oxide from 1955 [485], one of the most exhaustive studies on IR and
GO [420], as well as a more recent study where a long discussion about previous IR studies on
GO is extensively done [432].

The study from Hadzi et al from 1995[485] is a very advanced one for its time, and would
set the initial ideas on which all other IR investigations on GO would be founded on.

Even though the GO in the study has been prepared using the Brodie method and not the
Hummers method, it is important to mention the study by Szabó et al, previously mentioned
in Section 4.1.5 [420] when it comes to the IR investigation and peak assignment of the GO
samples, since it is one of the most exhaustive studies to date. In the study, both GO and
deuterated GO have been studied. These results can be seen in table 4.2.

The study uses the diffuse reflectance infrared Fourier transform (DRIFT) technique. The
results obtained assign the main vibrational frequencies related to C-OH, H2O, C=O, COOH,
C-C, C=C and C-O, which pretty much sum up all possible bonds within GO.

An arguably even more exhaustive study was performed 5 years later by Acik et al, where
they did not only check the IR spectra of GO as prepared, but also studied the variation of
the features of the spectra depending on the GO thickness, and they also studied in depth the
thermal reduction of said GO. [432]
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GO-1/H2O GO-1/D2O assignment

3630*
m,sp

2680*
m,sh

νOH in C-OH/νOD in C-OD/

3490*
s, sp

2568
vs,br

νOH in C-OH/νOD in C-OD/

3210*
s, br

2396*
vs, br

νOH in H2O/νOD in D2O

2814
w, br

- νOH in dimeric COOH

1714
m,sp

1716
m,sp

νC=O

1616*
m,sp

1196*
m,sp

βOH in H2O/βOD in D2O/

1574
w,sh

1574
m,sp

aromatic νC=C

1368*
s, br

968*
s,br

βOH in C-OH/βOD in C-OD

1064
968
828
698

1064
968
828
698

skeletal modes of νC−C and νC−O bonds (m, sp)

Table 4.2: IR peak positions (in cm−1= of air-dry GO-1 (GO-1/H2O) and deuterated GO-1(GO-
1/D2O)and their assignments. Asterisks (in the same row) designate isotopomer peak pairs. Band inten-
sities and widths are classified as w (weak), m (medium), s (strong), vs (very strong), sh (shoulder), sp
(sharp), and br (broad).Source: [420]

The discussion of IR spectroscopy In the study by Acik et al, there is a very fruitful
discussion about the different asignations of the peaks in IR spectroscopy. After a thorough
bibliographic research up until the year 2015, this article from 2011 sums up very well the
differences and advances in IR spectroscopy when it comes to GO[432]:

Previous IR studies have been interpreted on the basis of simple model molecules
using common infrared tables. In general, conjugation and proximity effects can lead
to substantial frequency shifts and need to be taken into account, which has not been
the case so far. Consequently, determination of GO chemical composition has been
difficult. For instance, the identification of ketone and carboxyl groups is difficult,
and are mostly referred to as ”carbonyls” (e.g., an intense peak at 1732 cm−1 was
ascribed to the stretching vibration of a carbonyl by Melucci et al. [486]) or ”C=O
group” (at 1750 cm−1 by Nakajima et al. [413]). Although Chen et al. [487] assigned
a peak at 1734 cm−1 to carbonyls, they were not able to identify whether it was a
carboxyl or a ketone. The overlapping spectral features in the 1650-1850 cm−1 re-
gion complicate the spectral interpretations of as-synthesized GO. Therefore, it is
impossible to distinguish these infrared modes without using further differentiation
methods (e.g., selective removal of some species by thermal annealing). This difficulty
has led to confusing assignments. For example, absorption bands at 1630 cm−1 for
GO and 1570 cm−1 for reduced GO (rGO) were attributed to the asymmetric vibra-
tions of the carboxylate groups[488], partly because the contribution from ketones in
this region could not be distinguished. Taking into account the shifts associated with
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π-conjugation in benzene rings, the peaks at 1700 [489] and 1730 cm−1 [490] were
both attributed to the carboxyl groups adjacent to benzene groups. Indeed, Shen et al.
reported a lower frequency at 1650 cm−1 for noninteracting carboxyl groups [480].

Furthermore, the deformation mode of the C=O band of a carboxyl was first
associated with a peak observed at 1100 cm−1 in a thermal annealing study monitored
by thermal gravimetric analysis (TGA) [491]. Another tentative assignment of a peak
at 1647 cm−1 to carboxyl was made for the nonoxidized graphitic domains by Kim et
al.[492]

The presence of the other species, such as stretching and bending modes of hydrox-
yls and ethers, also complicates the identification of carboxyl groups and ketones in
lower-frequency spectral regions (800-1500 cm−1). Absorption features at 1414 cm−1

(carboxy) [493]or 1410 cm−1 have mostly been assigned to the deformation vibrations
of C-OH groups[494], an assignment that ignores the contribution of ketones in this
frequency region.

[...] Similarly, the assignment of modes at 1705, 1730, and 1750 cm−1 to free
carboxyl groups, esters, and lactone groups, respectively, has been made for carbon
fibers [495]. The assignment of the weak vibrational modes in the bending mode re-
gion for hydroxyls and carboxyl groups at lower frequencies has also been difficult.
For instance, Yan et al. [496] have assigned the peak at 1365 cm−1 to a C-OH,
while assigning only one peak to both carboxylic acid and carbonyl moieties at 1732
cm−1.In other studies, the stretching modes of carboxyl groups were ignored and only
a weak absorption at 1356 cm−1 was assigned to the stretching vibrations of carboxyl
groups[497]. Nonetheless, only IR measurements are sensitive enough to determine
the presence of carbonyl groups despite potentially controversial assignments.[...]

Similarly, epoxies have been identified, but the assignment of their associated vi-
brational modes has been unclear in most cases. [...] Some studies have avoided the
800-1330 cm−1 spectral region altogether because of the overlap of hydroxyl and car-
boxyl frequencies. Indeed, contributions in the 1000 - 1180 cm−1 region may arise
from hydroxyls, carboxyl groups, ethers, epoxides, and ketones. A mode at 1057 cm−1

was attributed to a C-O in C-OH or C-O-C functional groups by Xu et al. [498], an
assignment that ignores possible weak contributions from carboxyl groups and ketones.
Absorption bands at 1220, 880, and 850 cm−1 have been assigned to the symmetric
stretching, asymmetric stretching, and deformation vibrations of epoxy groups, re-
spectively [499]. However, the band at 1220 cm−1 may also originate from a ketone,
instead of an epoxy. In other studies, the C-OH stretch mode was placed at 1226
cm−1 [500],where ketone also has a weak contribution. Gonc et al. assigned the two
modes at 1139 and 873 cm−1 to CO in epoxy groups. However, they were not able to
distinguish scissor modes of water and ketone from aromatic carbon double bonds, all
occurring at ∼1620 cm−1, [501] whereas Bon et al. interpreted a similar absorption
to vibrations of nonoxidized graphitic domains [502]. In general, the identification
of sp2-hybridized C=C groups at 1580-1600 cm−1 is also greatly complicated by the
scissor mode of water (deformation vibration) at 1630-1650 cm−1.

Another challenge has been the identification of C-O stretch modes of CO and
CO2in the 2200-3000 cm−1 region that overlaps within a broad feature with C-OH
stretch modes (2800-3600 cm−1), arising from a number of functionalities [503]. [...]
In the work of Pham et al. [504], for instance, the observation of modes at 1703 and
3188 cm−1 was used to identify carboxylic groups, but additional contribution in the
O-H stretch region was not taken into account. Indeed, other studies have observed
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and assigned bands at 3616 and 3490 cm−1 to hydroxyl species [505].Hontoria-Lucas
et al [416] first identified a broad band at 3000-3700 cm−1 showing two maxima at
around 3190 and 3403 cm−1 and a shoulder at approximately 3590 cm−1. These were
attributed to the presence of the free and associated hydroxyl groups, due to ”adsorbed
and inhibited” water molecules and to the hydroxyl groups of GO.

This exhaustive discussion comes to say that there are several modes that have been more or
less assigned to certain groups, with spectral windows being assigned to two or more overlapping
features. In order to have an additional certainty on the assignment of the IR features, this study
provided an detailed DFT study that will be seen in Subsection 4.1.8

With this in mind, and with a more accurate assignment of the different IR features, Acik et
al provide a very in-depth study of GO and its thermal reduction, keeping the sample thickness
as a variable as well. The study is also done in two separate temperature regimes in order to
study the different features taking place in each one; one from 60 to 250°C, and another one from
250 to 650°C. Figure 4.13 shows the transmission infrared absorbance at room temperature with
the main OFG regions highighted, as well as the low temperature and moderate temperature
results for multilayer GO on transmission infrared differential spectra, which show the strongest
features. These studies have also been performed for monolayer, trilayer and 5-layer GO.

To sum up, this study offers two very distinctive sets of results. On the one hand, it offers
an updated version of the studies previously performed using IR on GO, with peak assignments
supported by DFT. This peak assignment, in essence, is the following:

• A hydroxyl peak,possible COOH and H2O contribution, at 3000-3600 cm−1.

• A ketone peak at ∼1750-1850 cm−1.

• A peak corresponding to carboxyl groups (COOH and/or H2O) at ∼1780-1850 cm−1.

• A peak related to the in-plane stretching of the sp2 C=C, at ∼1500-1600 cm−1.

• Several epoxide features, at ∼1280-1330 and 800-900 cm−1.

• All the previous OFGs have weaker features in the 900-1500cm−1.

The variation of these OFGs is the one shown in Figure 4.13. Its important to notice that,
even at the maximum temperature shown (650°), we cannot observe a complete reduction of
GO.

A very interesting piece of data gathered in this study is that not only are OFGs desorbed
during the thermal reduction of GO, but also some species were created, namely C=O.

Another important notion to take from this study is the fact that the quality of the thermal
reduction of GO, in other words, the amount of oxygen that does not desorb from the sample, is
dependent on the thickness of the sample. Thinner samples tend to desorb better, while thicker
samples have less of its oxygen desorbed after the same thermal treatment.

Finally, as it has been seen in Section 4.10, Liu et al have been able to visualise the distri-
bution of different OFGs in the GO sample, they have coupled the IR spectroscopy techniques
with AFM, greatly enhancing its resolution [426]. With this new technique range we can see not
only the OFGs present in the sample, but also the distribution of such OFGs along the sample
and which regions have a higher concentrations of which OFGs.
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Figure 4.13: Summary of the IR studies performed by Acik et al [432]. a) Transmission infrared ab-
sorbance spectrum of GO (multilayers) at room temperature. Vibrational modes are shown for hydroxyls
with contributions from COOH and H2O(C-OH, 3000-3700 cm−1), ketones and/or carboxyl groups within
the overlapped frequency plane stretching, ∼1550-1650 cm−1), and epoxides (C-O-C, ∼1350 range (C=O,
COOH, ∼1700-1900 cm−1), sp2-hybridized C=C (in-plane stretching, ∼1550-1650 cm−1), and epoxides
(C-O-C, ∼1350 and ∼800-900 cm−1). b) Transmission infrared differential spectra of GO(multilayers)
in the low-temperature regime (60-250°C). Changes of functional groups are shown at the temperatures
shown: The negative peaks below the baseline (black dotted lines) show the disappearance (loss) and the
positive ones above it represent new formation of the functional groups with respect to each annealing
temperature.c)Transmission infrared differential spectra of GO (multilayers) at moderate temperatures
(250-650°C). Changes of functional groups are shown at the temperatures shown like in figure b. Vibra-
tional modes of SiO2 (LO and TO modes) appear at ∼ 1250 and 1080 cm−1,respectively. For all figures,
the regions labeled as α (red), β (yellow), and γ (green) refer to the chemical species for the overlapped
infrared frequencies at 800-1500 cm−1. Source; Acik et al [432].
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XPS

Studies of XPS on GO are of extreme importance to our works, because there is a clear correlation
between the features in XPS corresponding to the different OFGs in GO, and the fine peak
structures in EEL spectra, a feature we will delve into in Section 4.2.3. In this particular case,
the XP spectra from the carbon 1s and oxygen 1s are correlated to the fine structure peaks
present in the C-K and O-K edges of the EEL spectra.

The use of XPS for the analysis of graphite oxide was in use way before the discovery of
graphene. Two interesting studies can be highlighed from these early studies, both by the same
collaborators.

The study by Evans et al from 1972 [506] compared graphite oxide prepared using the three
available methods at the moment, namely the Brodie[405], Staudenmaier[452] and Hummers[454]
methods. Their results, with the resolution they had at the time, showed similar results for the
three, gathering a single contribution for the oxygen present in the sample and two different
components for the carbon present in the sample in aprproximately equal proportions, which
they assigned to graphitic carbon and C-OH groups. This analysis was kept intact in their
subsequent study on the formation of graphite oxide [507] where they measured XP spectra for
GOs with different oxydation times. However, their spectra after 24 hr oxidation did seem to
have several components even when looking at it with the naked eye, although the means at the
time were not good enough to be able to discern said components.

With the revolution brought to research by the discovery of graphene in 2004 [87], it was
only a matter of time before a way was found to exfoliate graphite oxide nanoplatelets, which
nowadays could be considered few-layer GO. Several studies were focused on the exfoliation of
GO and its reduction, and many of them used XPS to characterise the surface of their GO
and rGO [459, 446, 508]. By this time, the resolution of XPS had improved considerably, and
what’s more, there was literature on other carbonaceous materials such as organic polymers
[509] and organic photoconductors [510] which had been able to assign the different features in
their samples to different OFGs based on the atomic charge of the atoms involved in said OFGs.
This, combined with the GO models present at the time, mostly the Lerf-Klinowski one [417],
paved the way for the assignation of the different features of GO in XPS to the different OFGs
present in the sample. An example from the literature [459, 446], featuring both GO and rGO,
can be seen in Figure 4.14

This assignation contemplates four different OFGs in the sample, coherently with what the
Lerf-Klinowski model. The different peaks go up in order of relative charge in the OFG in
question, since that is what causes the shifts between the different features. These features are,
in ascending order of energy:

• Graphitic carbon, situated around 285.6 eV.

• C-O bonds, corresponding to C-O-C and C-OH groups, around 286.3 eV.

• C=O groups, situated at 287.8 eV.

• C-O-OH groups, situated around 289 eV.

In time, peaks associated with chemisorbed water were also added to the assigned features,
such as the ones in the study by Ganguly et al [465], which studies the thermal reduction of
GO by XPS. This study raised several important points, namely the presence of chemisorbed
water in the GO and the possibility to measure it, a possible conversion of C=O groups into
C-O groups at low temperatures (200°C, and the fact that, even with an annealing of the sample
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Figure 4.14: The C1s XPS spectra of: (a) GO, (b) reduced GO. the different contributions in the peaks
have been assigned to the different OFGs present in the sample. Source: [446], adapted from [459] with
assignation of the peaks to the different OFGs.

C 1s peaks Position (eV) O 1s peaks Position (eV)

sp2 C 284.2 O=C 531.0
sp3 C 285.0 O-C 532.0
C-OH 286.0 O-C aromatic 533.0
C-O 286.8 O-H 535.0
C=O 287.7

COOH 289.1

Table 4.3: XPS peak deconvolution and assignation to different OFGs in GO. Taken from D’Angelo et
al [69]

up to 1000°C, the sample could not be completely reduced, with C-OH groups being the hardest
to desorb from the sample.

The study of D’Angelo et al in 2017 [69] provided an extended XPS/EELS analysis that will
also be discussed in Section 4.1.8. When it comes to XPS, though, its main apportation to our
study is the assignation of the different XPS peaks to different OFGs, which we will use as a
basis for the assignation of OFGs in our own spectra. These peaks can be seen in table 4.3

An additional study that is of importance to our analysis has to do with the nitrogen dopants
in the GO sample. Since the XPS studies are taken as a starting point for the assignation of
the ELNES features, and we know there is a small amount of N dopants in our sample, it is
important that we know the XPS peaks due to C-N bonds. The study by Wang et al [511]
provides this information. The C 1s XPS spectra for N-doped graphene can be seen in Figure
4.15

Apart from the peak related to the π∗ C atoms at 284.7 eV, this study offers two different
energy values for N atoms bonded to C atoms in graphene: a feature related to N atoms bonded
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Figure 4.15: C 1s XPS spectra and curve fitting of N-doped graphene nanosheets. Source: Wang et al
[511]

to sp3-bonded C atoms at 285.7 eV, and a second feature for N atoms bonded to sp2-bonded C
atoms at 287.5 eV. This data will be of importance for the analysis of the C-K edge ELNES of
our samples.

EELS

Electron energy loss spectroscopy (EELS) has been proven incredibly useful for this kind of
studies. As it will be delved into in Section 4.2.3, EELS allow us to measure a very important
number of characteristics in the material, although previous studies on GO have focused mostly
on elemental analyses and the measurement and assignment of features related to different OFGs.

These kind of studies have a long history within the materials community, with the pioneers in
using TEM and electron diffraction on this kind of samples being Aragon de la Cruz and Cowley
[512], where electron diffraction was first used on graphite oxide showing that the material was
a mixture of a crystalline material with a hexagonal layer structure with spacing a0=1.43 .
They discerned as well, based on structure, that there were hydroxyl and epoxide groups on the
sample.

By the time the ”graphene revolution” took off, GO did as well to a lower extent. During this
time, for example, we can find work that uses TEM as a qualitative tool to determine the level
of graphitisation of a GO sample, along with other techniques such as XRD or Raman [513].

In 2009, a study by Mkhoyan et al [60] expanded the ability of TEM-EELS studies for this
kind of sample by performing a detailed analysis of the atomic and electronic structure of GO
using TEM and EELS, along with several other techniques. This study proved the non-linearity
of the thickness of the GO samples with the number of layers, determined an average surface
roughness of 0.6 nm, created STEM image simulations for the main OFGs, and for the first
time, performed a complete EELS study on GO.

There are several aspects of this study that have influenced ours. For example, other studies
have also used least-squares curve fitting for the GO spectra, decomposing said spectra into a
linear sum of the spectra from graphite and amorphous carbon. This decomposition helped them
calculate the amount of sp2 bonds in the GO. This will be delved into in Section 4.3.6.4. They also
tapped into the analysis of the low-loss EELS of GO in order to study its plasmonic behaviour.
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This approach had already been used by Eberlein et al a year before [514] to characterise
graphene.

The study by Erickson et al [427] pointed out two major topics. On the one hand, this study,
along with Gomez-Navarro et al confirmed the structure of GO as a mixture of amorphous
oxidated regions, and much less oxidated, or even pristine graphenic regions, which would pave
the way for the Liu model eight years later [426]. The images from this study, with graphenic
and amorphous regions highlighted, can be seen in Figure 4.16 They also studied the structure
of GO and reduced and annealed GO (raGO), being able to even image and discern the presence
of specific OFGs in the sample. The images of this study, along with their respective simulations,
can be seen in Figure 4.16.

Figure 4.16: Left: Aberration-corrected TEM images for different materials. Scale bar, denoting 2
nanometres, is valid for all images, as is the colour coding of different areas: On the right images, we
offer a coloured version of the same images as on the left, where holes are indicated in blue, graphitic
areas in lime green, and high contrast, disordered regions, indicating oxygen functionalities, in red. B)
Single suspended sheet of GO. C) Suspended monolayer of raGO. Right: Averration-corrected TEM image
of a single sheet of suspended GO. The scale bar is 2nm. Expansion (A) shows, from left to right, a 1
nm2 enlarged oxidized region of the material, then a proposed possible atomic structure of this region with
carbon atoms in gray and oxygen atoms in red, and finally the average of a simulated TEM image on the
proposed structure. Expansion (B) focuses on the white spot on the graphitic region. This spot moved along
the graphitic region, but stayed stationary for 3 frames (6 seconds) at a hydroxyl position (left position of
expansion (B)) and for 7 frames (14 seconds) at a 1,2-epoxy position (right portion of expansion (B)).
The ball-and-stick figures below the microscopy images represent the proposed atomic structure for such
functionalities. The simulated TEM image for the suggested structure agrees well with the TEM data.
Expansion (C) shows a 1 nm2 graphitic portion from the exit plane wave reconstruction of a focal series
of GO and the atomic structure of this region. Source: [427].

The other vital point of this study was the beam resistance of GO and raGO. When exposing
both materials to an electron beam for a few seconds, the latter started being etched, forming
holes that grew bigger and bigger. This phenomena happened regardless of thickness, at least
for low values of t. This will play a role in our study, since, based on this study at least part of
the decomposition of GO in our sample will come from interactions between the beam and the
sample.
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In 2013, the study by Dimiev et al [450] used TEM imaging to prove another point that
we had to take very much into account for the development of our study, which is that GO
in an aqueous solution starts decomposing only weeks after its dispersion. This is due to GO
generating acidic groups through interaction with water, resulting in C-C bond cleavage.

In 2014, the group of Stobinski et al [515] used TEM, XPS and reflective EELS (EELS
using the electrons reflected by the material, therefore only those that interact with the material
surface)to study both graphene oxide and reduced graphene oxide. However, they assumed fixed
positions for the several features appearing at the low-loss region of the EELS spectra, which,
as we will see in Section 4.2.3.1, is not the reality of the matter.

However, there was not yet an EELS analysis that could discern between different OFGs the
same way we have seen XPS do in the previous section. This would change in time. In 2015, a
novel study by D’Angelo et al [407] used DFT to calculate and simulate the EELS spectra of
the C-K and O-K edges of GO functionalised, respectively, with O in bridge sites (epoxides),
C-OH groups and C=O groups. These simulations, which we will approach in Section 4.1.8,
gave a first impression on where the fine structure peaks of the different OFGs were located. In
other words, this study proved that one could distinguish betweent the features associated with
epoxide groups (a peak at ∼287 eV in the C-K edge of the spectra, and a peak at ∼533 eV in
the O-K edge of the spectra),to hydroxyl groups(a peak at ∼285.8 eV in the C-K edge), and to
what they call ”oxygens in vacancies”, that is, esters (a peak at lower resonances than the rest
at the O-K edge in the sample, located at ∼530-531 eV).

The study of Tararan et al in 2016 [408] used monochromated EELS with a high energy
resolution on GO, showing several interesting features. First, they analysed the impact of beam
exposure on the oxygen content of their samples, proving that beam exposure does reduce GO
to some extent, but in long periods. This is a point that we will also consider.

Furthermore, they continued the task started by D’Angelo by further assigning fine structure
peaks to OFGs present in the sample. Their EEL spectra for GO and rGO can be seen in Figure
4.17.

The fine structure peaks found in the spectra are labeled A, B, C and D. Comparing with
previous XANES results, absorption peaks A, B and C ”had been attributed in the literature
to C-O π symmetry antibonds: lower energy peaks to single bonds and higher energy peaks to
double bonds. More precisely, hydroxyl groups had been generally associated with peak A, epoxide
groups to peak A or B, and carbonyl and carboxyl groups to peak B or C. In the σ∗ region”, while
”carbonyl groups have been related to peak D.”.

D’Angelo et al provided in 2017 a continuation of the study they had previously performed
two years before, taking into account the studies that had been done up to that point. This study
focused on the study of thermal reduction of GO in different environments, namely ultra-high
vacuum, air, nitrogen and argon. However, the study was not really systematic in the sense that
they did not study all different variables at the same temperatures. The study was not carried in
situ either, which leaves the question of whether the transportation to and from the microscope
can have an effect in the composition of the samples.

They did, however, provide a new assignation for XPS peaks and EELS peaks, which included
a peak at 285.5 eV for hydroxyl groups, a peak at 287 eV for epoxides. A peak at 533 eV is
associated with epoxides as well. Their XPS study, shown in Section 4.1.8, is the basis for our
EELS studies as well, at least as far as OFGs go.

An additional study that is important to be mentioned here deals with the nitrogen impurities
that can be found in most GO samples. These nitrogen functional groups (NFGs) act as n-
dopants in the graphene matrix, and, in graphenic samples, they can be bonded to either sp2-
bonded carbon atoms, or sp3-bonded carbon atoms.
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Figure 4.17: Carbon K-edge EELS spectra of (a) GO and (b) RGO from regions with an oxygen content
within the range shown. Source: Tararan et al [408].

The EEL spectra of N-doped graphene has been studied at the nanoscale in a recent study
[516]. In this study, the spectra between an N-doped region on graphene and a non-doped region
have been compared, something that can be seen in Figure 4.18. In the original study, one
particular feature at ∼290 eV is highlighted, although a closer look at the spectral comparison
reveal two additional features at ∼286 and ∼287.5 eV. These three features have been signaled
in Figure 4.18 and, even though their appearance is not very clear due to a high SNR in the
spectra, these two additional features are confirmed by the additional XPS studies which we
have seen in Section 4.1.8.

Raman

Raman has been a method intimately linked to the characterisation of sp2 carbons for decades,
studying 0D carbon nanomaterials (fullerenes) [517], 1D (CNTs) [518, 519], 3D (graphite) [520]
and, since its discovery in 2004, graphene as well [521].

It does not come to a surprise that graphite-derived and graphene-derived materials such as
graphene oxide have been the subject of Raman studies as well. These studies offer information
about the vibrational and crystallographic information of the sample, as well as electron-phonon
interactions. If the Raman process comes together with an optical absorption, or an emission
from an excited state, this enhances the the Raman intensity to a level where it is even possible
to observe the Raman signal of a single graphene monolayer. In this case, the raman reesponse
is strong due to resonan enhancement caused by C-C π states, with the response of disordered
carbon materials being much weaker than graphenic materials [406]. Moreover, since most sp2

carbons do not exhibit an energy gap at the Fermi level, we always get a resonance condition
for Raman spectra regardless of the laser excitation energy. [522].

The transitions taking place in the different bands of the Raman spectra have been exten-
sively studied [523]. There are three main Raman features when it comes to 2D sp2 carbons
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Figure 4.18: Carbon K-edges obtained from the region surrounding a dopant atom (red) and from a
region of pristine graphene (black). (The peaks in the spectra atâˆ¼297 and 302 eV are artifacts and are
likely to be due to bad pixels on the CCD camera.). The three possible EEL features for the C-N ELNES
features are marked with a red arrow. Edited from Nicholls et al [516].

(other structures like nanotubes have additional features) [522, 401]:

• The G band is located around 1580 cm−1. This is the dominant vibrational mode in
graphenic structures.

• The G’ band is located at much higher energies , with a peak value that depends on the
energy of the incident laser (e.g., ∼ 2700cm−1 for a laser energy of 2.414 eV [519]). This
feature, along with the G band, acts as an indicator of the stacking structure when we
have a sample over one layer thick.

• We have two additional bands, called the D and D’ bands, that are related to atomic
defects and general disorder within the graphenic layers. These bands are closer to the G
band and it are also dependent on the incident laser energy [524], with energies of 1582
and 1350 cm −1 for a laser energy of 2.41 eV [520].

An example of these features can be seen in Figure 4.19

The D and G’ bands of the sp2 carbon Raman spectra are related to phonon modes close to
the K point in the Brillouin zone [522]. These features, as well as the ratios between them, have
been used to infer several properties of graphene and its derivatives.

On the one hand,the intensity ratio between the G and the G’ bands, as well as the shape of
the G’ band, have been used to extimate the number of layers of graphene samples. This is due
to monolayer graphene having less contributions to the G’ band than its multilayer counterparts,
with bilayer G’ bands being broader than monolayer G’ bands, and trilayer bands being broader
than bilayer bands. An example of said bands can be seen in Figure 4.20

As we can see by the change in shape (and the corresponding change in peak intensity) of
the G’ band implies that both the deconvolution of this band and the ratio between the G’
and the G band are valid methods for the estimation of the number of layers of atomically thin
graphenic samples.

Another interesting parametre in these studies is the intensity ratio between the D and G
bands. This is usually taken as a measurement of the disorder level in the sample [522, 524], in
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Figure 4.19: Example Raman spectrum of a nanographite sample, showing the main Raman features,
namely the D, G, D’ and G’ bands. The Raman spectrum was taken with a laser excitation energy of 2.41
eV. Source: Pimenta et al [520].

Figure 4.20: Raman spectra of the G’ band of (a) monolayer, (b) bilayer, and (c) trilayer graphenes.
The analyses were performed using 2.41 eV laser energy. The G’ band for monolayer, bilayer, and trilayer
graphenes were fitted with one, four, and six Lorentzians, respectively, with a FWHM of 24 cm−1. Source:
Malard et al [523].

other words, the amount of edges and defects in the samples. In graphene samples, this gives an
idea of the quality and homogeneity of the graphene, and its prospective electronic properties.

An additional property that can be inferred from this intensity ratio (one that is linked to the
disorder in the sample) is the in-plane crystallite size LC of graphitic/graphenic samples, that
is, the average size of the finite regions containing no structural defects. This work was started
in the 1970s with side-to-side comparisons of XRD diffraction patterns and Raman spectra of
different graphitic samples[525, 526], and has been implemented to graphene samples as well,
where the number of defects has been carefully controlled by ion radiation[521, 524].

The aforementioned studies have found that, for values of LC over a certain threshold (a few
nm), it was possible to see that the intensity D/G ratio (ID/IG) decreases as the crystallite size
LC increases. The exact expression relating LC and the D/G ratio, taken from the experimental
model, can be seen in the literature[521]. This has been an important remark for the study of
GO and rGO.



186 Graphene Oxide: a TEM-EELS in situ thermal study

When it comes to GO and rGO, several studies have covered this topic in relation to Raman
spectroscopy. These studies focus mainly on the thickness of the samples and the structural
quality of GO and rGO [446, 527, 406, 528], as well as potentially the oxydation degree in the
samples [528].

The first studies conducted on GO and rGO[446, 527] considered an interpretation of the
GO and rGO spectra according to what had been made for graphite and graphene until then,
that is, the feature assignation shown in Figure 4.19.

Using these parametres, the first comparative studies on graphene, GO and chemically re-
duced GO were performed. They found that, as seen in Figure 4.21, the D/G ratio was found to
be higher for rGO than for GO. The explanation given at the time was that, even though rGO

Figure 4.21: Raman spectra of SP-1 graphite (top), GO (middle), and the reduced GO (bottom), showing
the identified D and G bands when visible. Source: Stankovich et al [446].

was supposed to have a higher amount of ordered material (since it had a lower concentration
of OFGs), the crystallites in the sample could be smaller but more numerous [446].

However, more recent analyses of the same data has shed some light into what the actual
behaviour of these samples might be. In the study by King et al [528], a multipeak fit analysis
has shown that the feature considered as the G band in the study by Stankovitch et al [446]
might have been a combination of two different features, one related to the G band and another
one related to the D’ band, which would be a lot more intense than it had been expected for
the GO samples going even higher than the G band itself. This can be seen in Figure 4.22.

These studies show that the D/G ratio for the original GO Raman spectra is, in fact, a lot
lower that it had first been estimated, and that it did go up substantially after reducing the
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Figure 4.22: Raman spectra of (a,b) GO before and after thermal reduction at 1,000°C respectively and
(c,d) GO before and after reduction with hydrazine, respectively. A multipeak fitting has been performed
and the features related in this study to the D band (red line), G band (green dotted line) and D’ band
(blue dotted line) are shown. Source: King et al [528], modified from Stankovich et al [446].

GO either by thermal reduction or by chemical reduction. In other words, this meant that the
rGO crystallite size would be larger than that of GO. This seems more coherent with a lower
presence of OFGs in the sample, and it is also in better agreement with the results presented in
our work.

DFT

Another technique that has provided key information in devising the properties of GO has been
theoretical modelling, and more specifically, density functional theory (DFT).

DFT has been key in studying the atomic structure of GO, especially before studies like
the one performed by Mkhoyan et al [60] where experimental data on GO at the atomic scale
started to be available.

Different works have studied the structure of GO, from the atomic deviations due to certain
OFGs and the structure of GO with one or more types of OFGs bonded to it [529, 530, 531], to
the difference in structure with the oxidation levels [532, 408].

DFT has also tried to find answers to the reactions of oxidation that give rise to GO [530]
and the reactions taking place in GO when reducing it [460, 533]. A myriad of studies focus as
well on the position of the different OFGs with respect to the original graphene/graphite matrix
[439, 532, 531, 534, 535]

Many of these studies have also focused on the binding energy of different OFGs with respect
to the graphene matrix, both individually and in combination with other OFGs [529, 534, 536,
530, 533, 407, 69]. Thich gives an idea of which configurations are more energetically viable and
which groups are supposed to have a weaker binding energy. This is interesting from the point
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of view of thermal reduction, OFGs with a weaker binding energy are prone to desorb at lower
temperatures than those with stronger binding energies.

However, the use of DFT that is probably the most important with regards to these works
is as a theoretical support for spectroscopic data, as it has been mentioned previously in this
section.

For example, as previously stated, the studies by Acik et al [432] did not only focus on the
structure and position of OFGs in GO, but also on the vibration energies of the different OFGs
present in GO. Using these vibrational energies, it was possible to better discern the different
features in IR spectroscopy with relation to each OFG as well as water, which yielded the results
previously seen in Figure 4.13.

In a similar way, there have been several DFT studies that aim to simulate the EEL spectra of
different kinds of GO. Out of these studies, we highlight the works by D’Angelo et al [407, 69]. In
these works, the EEL spectra of GO samples presenting different kinds of OFGs were simulated.
This has allowed us to have an estimation of the energetic order of some the different fine
structure peaks both in the C-K edge and the O-K edge of our own EEL spectra, namely those
related to alcohols, epoxides and ketones. A summary figure of their latest study [69] can be
seen in Figure 4.23 As we can see, to an extent, these studies and the ones shown for XPS are

Figure 4.23: Simulated EEL spectra of the C-K and O-K edges (a and b, respectively) of dif-
ferent graphene supercells. Bridge configuration represents the epoxides. The configuration labeled
â€œvacanciesâ€ represent the in-plane ketones, with a an oxygen atom at a divacancy of a 3 Ã— 3
graphene supercell. Source: D’Angelo et al [69].

coherent with one another, in the sense that we can order the presented OFGs in the study in
ascending energy of their features. This will be key for the experimental part of these works.
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4.2 Methods

In this next part of the chapter, we will delve into the methods used for these works. These
methods mainly divide into two catergories: first, the device allowing for these thermal studies
(the TEM heating holder) and second, the analytical methods that allow for the estimation
of the atomic structure, mass density, thickness and the fraction of sp2-bonded carbon atoms
(graphitic carbon) in the sample.

4.2.1 Thermal in situ studies inside of a TEM: the heating holder

The experiment of this study has been carried out in a DENSSolutions Lightning biasing and
heating TEM holder. This has allowed us to perform our in situ heating experiment with an
accuracy of approximately 0.03°C. This holder allows heating between room temperature and
1300°C and can sustain pre-programmed custom heating routines, which we have used. This will
be further discussed in Section 4.3.2. A sceme of this biasing and heating holder, as well as the
chips used for this study, can be seen in Figure 4.24.

Figure 4.24: Scheme of a DENSSolutions Lightning heating holder. Source: DENSSolutions.com
(adapted)

In heating mode, the current applied to the contacts seen in Figure 4.24 transforms into
heat, that distributes along the spiral system shown in the scheme.

4.2.1.1 The chips

DENS store-bought heating chips were used for the experiments. These chips are formed by
homogeneous membranes on a heating spiral circuit, as it can be seen in Figure 4.25. Although
the chip membrane was supposed to be made of silicon nitride, SixNy , after an EELS analysis
during a first attempt for this studies, it was found out that there was also a noticeable amount
of oxygen (between a 15% and a 20% according to our quantifications) that seemed to come
from some form of silica. On top of that, the thickness of the membrane itself made it harder to
interpret the EELS measurements from the experiment.

This is why holes were carved into the chips using Focused Ion Beam in order to measure the
GO alone. These holes had diametres from 300 nm to 3 µm. Fifteen holes have been fabricated
on the chips in order to have several areas where the sample can be studied after drop-casting
it. A scheme of the distribution of these holes can be seen in Figure 4.25. The placement of
these holes is not at random, they are located around the centre of the chip. This is due to the
fact that the company that fabricates the chips advises that the most accurate values for the
temperature in the chip correspond to the centre of the chips, and it diverges as one approaches
the edge of the chips.
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Figure 4.25: Scheme of the holes carved into the heating holder chips using FIB.

4.2.2 The importance of TEM imaging

Besides showing general morphology of a material [537] and helping us find the right areas to
measure (holes with GO flakes on top), TEM, HRTEM and electron diffraction can be of great
help to understand the nature of GO at different temperatures. As discussed in Section 1.2.3,
both the Fourier transformed TEM micrographs and the electron diffraction micrographs provide
important information on the internal structure of the materials at the local scale, showing spots
in the k-space whenever cristalinity is observed. This, along with the sp2 ratio in the sample,
are the only two direct measurements of the graphitisation of GO during thermal reduction.

4.2.3 The importance of EELS

An extended report on the different features found in EELS spectra that are relevant for our
studies has been given in the introduction of this manuscript (see Section 1.4). This section will
focus on how these features can be used for the measurement of properties of interest in the
sample.

4.2.3.1 The Low Loss EELS region of Graphene Oxide

The low loss EELS spectra Besides the zero loss peak mentioned in Section 1.4.3, there
are several features we can find in the low loss spectra of GO, as well as other thin carbon
layers, namely its π∗ volume plasmon and its π∗+σ∗ volume plasmon. These features have been
previously studies both in graphene [514] and GO [538]. An example of these spectra after ZLP
removal can be seen in Figure 4.26.

The π∗+σ∗ volume plasmon will have a key role in determining the mass density of the
sample.

Plasmons and mass density estimation As we have seen in the Section 1.4.3, the low loss
EELS spectrum is proportional to the energy-loss function, Im(−1/ε(E)), where ε is the complex
dielectric function of the GO.

According to the literature [13], the expression for the energy loss function in the case of a
plasmon feature, in the free-electron limit, is:

Im

(
− 1

ε(E)

)
=

E2
p × E ×∆Ep(

E8 − E2
p

)2
+ (E ×∆Ep)

2
(4.1)

Where ∆Ep is the full width at half maximum of the plasmon peak, and Ep is the plasmon
energy, defined as:
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Figure 4.26: Low loss spectrum of a GO film after zero loss peek removal. The features corresponding
to the π∗ volume plasmon and the π∗+σ∗ volume plasmon are highlighted.

Ep = ~
(
nee

2

ε0m∗

)1/2

(4.2)

where ne is the valence electron density and m∗ is the effective electron mass, which will be
delved into in the next paragraphs[65].

By assuming a contribution of four valence electrons for carbon, five for nitrogen, six for
oxygen, and one for hydrogen, we can approximate the valence electron density of the material,
without accounting for impurities other than nitrogen, which is usually present in this type of
samples to some extent. This approximation yields the following expression:

ne = 12
ρNA

MC

(
4XC + 5XN + 6XO +XH

12XC + 14XN + 16XO +XH

)
(4.3)

Where ρ is the mass density of the sample, NA is Avogadro’s number, MC is the molecular weight
of carbon, and Xi are the respective ratios of each element. We have introduced the atomic mass
parameter µ and performed the approximation MC = 12×NA×µ. We also consider the fractions
of nitrogen and hydrogen to be negligible with respect to the fractions of carbon and oxygen; that
is, XC +XO ≈ 1. With these considerations, equation 4.3 turns into the following expression:

ne =
ρ

µ
× (4 + 2XO)

(12 + 4XO)
(4.4)

By substituting ne in equation 4.2 we obtain:
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Ep = ~×


(
β
µ ×

(4+2XO)
(12+4XO)

)
× e2

ε0 ×m∗

1/2

(4.5)

This equation gives an expression for ρ as a function of parametres that we can either measure
or approximate:

ρ =
E2
p ×m∗ × ε0 × µ× (12 + 4XO)

~× e2 × (4 + 2XO)
(4.6)

As for the effective electron mass, there has been a previous study by Ferrari et al [65] where
the mass density for amorphous carbon materials showing a mixture of sp2 and sp3 clusters
was calculated using X-ray grazing-incidence x-ray reflectivity, which is also related to the mass
density of the sample, and the plasmon energy. This study is shown in Figure 4.27. It yields a
value of m∗ = 0.87×me. The implementation of the estimation of the plasmon energy, as well

Figure 4.27: Plot of D= ρXRR×(3XC +1)/(11XC +1) against P= Mc×ε0×E2
p/(12~2×NA)(equivalent

to a ρXRR vs ρEELS plot). The linear fit gives an average interband effective electron mass of m∗ = 0.87me

for amorphous carbon materials. Source: Ferrari et al [65]

as the derivation of the mass density from it, will be explained in Section 4.3.6.3.

Thickness estimation: the log-ratio technique It can be derived from basic optics that
the transmittance of particles with no interaction in a sample of thickness t under a particle
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beam follows the expression in equation 4.7

T =
It
I0

= e
t
λ (4.7)

Where T is the transmittance of the sample for said beam, defined as the ratio between the
transmitted intensity, It (that is, the intensity of the particles that have not interacted with the
sample)and the incoming intensity to the sample, I0. The parametre λ represents the inelastic
mean free path (IMFP) of the beam particles in that specific sample, which, as seen in Section
1.2.1.2, is the mean distance traveled by a beam particle before interacting with the sample.

Although originally applied to optics, this expression can be applied as well to the case of
an electron beam striking a sample [64]. This has been the basis of a variety of studies that
have estimated the thickness of a sample by comparing the value of the trasmitted intensity It,
which in the case of EELS is equivalent to the intensity of the ZLP, and the value of the incident
intensity [13][64]. Since we assume the vast majority of the electrons going through the sample
are not backscattered, we approximate the value of the incident intensity I0 as the intensity of
the whole EELS spectrum. Equation 4.7 can be written as follows:

t

λ
= ln

(
It
I0

)
(4.8)

Hence the designation of ”log ratio technique” for this measurement.
If the IMFP of the sample is unknown, the value of t/λ is known as relative thickness.

However the value of the IMFP can be estimated from other parametres in the study. In 1988,
Malis et al fitted the experimental values of λ agains several parametres such as the atomic
number of the samples, the incident energy of the electrons, and the collecting angle of the
microscope. This approximation is cohesive for thicknesses up to five times the IMFP, which
allow most of the spectral features of the low loss to be in the first 100 eV of the spectrum[64].
This is the general case for our samples.

As for the behaviour of the mean free path with one kind of atoms, at low atomic numbers,
this study provides a dependence of λ with Z as follows:

λ ∝ z−0.28 (4.9)

which is coherent with previous atomic models of scattering [539] that give an estimation of
λ ∝ z−0.33.

We will be taking a proportionality exponent for z of 0.3 which is in good agreement with
both values.

On the other hand, a mean free path can be expressed as the cross section (σ) of a specific
type of atom for intelastic scattering;

λ =
1

na × σ
(4.10)

Where na is the amount of atoms per unit volume of the sample. According to this, σ =
1/naλ, which implies that σ ∝ Z0.3 Taking this into account, the effective atomic number, Zeff ,
of a sample with several kinds of atoms would be given by:

Zeff ≈
ΣifiσiZi

Σifiσi
≈

ΣifiZ
1+r
i

ΣifiZr
i

(4.11)

where σi is the cross section of element i, fi is its fraction and Zi its atomic number.
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Using a Kramers-Kronig sum rule, the mean free path for this kind of interaction can be
written as [13]:

λ =
2a0T

(1− n−2)

∫ S(E)dE
E ln(β/θE)∫
S(E)dE

(4.12)

Where a0 is the Bohr radius, n is the optical refractive index of the speciment, E is the energy
loss, and S(E) is the single scattering distribution (in other words, the experimental spectrum
after removing plural scattering). T is proportional to the incident energy with a relativistic
constant, defined by:

T = F × E0 =
1 + (E0/1022)

(1 + (E0/511))2 × E0 (4.13)

Taking into account that we are working at low energies, we can use the approximation that
θE ≈ E/2E0 [13]. For n >> 1, equation 4.12 can be expressed as:

λ ≈ 106× F × E0

Em × ln
(

2β × E0
Em

) (4.14)

With Em defined as:

Em =

∫
S(E)dE∫

E−1S(E)dE
(4.15)

After fitting the experimental values of λ of 11 different samples, an approximation of Em was
found:

Em = 7.6× Z0.36
eff (4.16)

This will be the approximation we will use to estimate the value of the thickness of each
sample. The implementation of this analysis will be explained in Section 4.3.6.2.

4.2.3.2 Core Loss EELS

Within the core-loss part of the EEL spectra, our works we will be focusing mainly on the EELS
spectra of the C-K and O-K edges , which represent the 2p partial density of states above the
Fermi level [60].

Fine structure near of the edge (ELNES) analysis As we have seen extensively in
Section 1.4.4, besides the features in the spectra coming from the ionisation edges, there is
a series of features in the core-loss spectra that belong to the interband transitions of atoms
linked in a specific way. The analysis of these features has even been used to identify and map the
different oxidation states within compounds [77]. These are the so-called fine structure peaks.
They will play a critical role on this study, since we have been able to correlate specific fine
structure peaks to different oxygen functional groups being linked to the sample.

When it comes to the C-K edge, there is a feature around 285.5 that sums three different
overlayed individual features, according to the bibliography [540, 538, 69] First, the fine peak
structure coming from the π∗ transitions of sp2 carbon; second, the fine peak structures coming
from the sp3 carbon, and finally an additional one corresponding to the -OH groups in the
sample.

Next, judging by these same studies, we can find a feature corresponding to non-aromatic
C-O-C at ∼287 eV, a C=O feature at ∼288 eV and a C-O-O-H feature at ∼ 289 eV.

As for the O-K edge, There are three distinct features that have been found at ∼531 eV,
∼534 eV and ∼540 eV for C=O, non-aromatic C-O-C and C-OH groups, respectively.



4.2 Methods 195

Quantification We will be using the integration quantification method delved into in Section
1.4.4. The edges used for this quantification are the C-K edge, the O-K edge, the N-K edge (a
common dopant on GO) and the Ca-L2-L3 edges (a common trace on aqueous solutions).

sp2 content The analysis of the C-K edge can be used to estimate the fraction of sp2 bonding
carbon in a thin film sample, and has been used so in many studies before [541, 542, 65, 543, 544,
538]. This estimation comes from the counts appertaining to the π∗ peak in the C-K edge with
respect to the whole edge is proportional to the number of π-bonded electrons in the material,
that is, the fraction of sp2 bonding [541]. In other words, for two different carbon thin films A
and B, and being I the intensity summed over a peak:[

Aπ∗
Aπ∗+σ∗

]
A

%sp2
A

=

[
Aπ∗

Aπ∗+σ∗

]
B

%sp2
B

(4.17)

provided that Aπ∗+σ∗ is gathered over the same spectral window for both spectra. Introducing
the variable y′ = Aπ∗Aπ∗+σ∗ , we obtain:

y′A
%sp2

A

=
y′B

%sp2
B

(4.18)

This means that, by having a reference sample of which we know its y′ and sp2 ratio value,
we can estimate, in principle, the value of the sp2 ratio for any sample provided that we can
measure y′.

The measurement of y’, specifically, has been a matter of discussion in the EELS community.
Initially, a very basic method of analysis has been comparing spectral windows corresponding
to the energy of the π∗ and σ∗ features, respectively. Gaussian fitting of the π∗ and σ∗ peaks
using a single Gaussian for each peak has been used as well [542]. A third method used in the
literature consists on fitting the carbon K-edge spectrum with three Gaussian peaks, one for the
π∗ peak, one for the σ∗ peak, and an intermediate one that accounted for indirect transitions
from the 1s to the π∗ state [542].

A different model takes into account the density of states (DOS) of graphite, calculated using
density functional theory (DFT) [544]. their calculations show a density of states for π∗ that
decreases in an almost exponential way but has a non-negligible intensity up until at least 10
eV after the onset of the DOS peak, well over the overlapping of the π∗ and σ∗ peaks. The
calculation of this DOS can be seen in Figure 4.28

We assume a somewhat direct proportionality between the DOS and the EELS spectra, that
is, that variations of the intensity near the ionisation threshold are proportional to the density
of unoccupied states of the material [13]. This means the π∗ feature of the carbon K-edge in
EELS will have a similar behaviour to its density of states, which means it will have some sort
of exponential decrease and a non-negligible intensity well over the overlapping edge with the σ∗

peak. This means the methods previously mentioned in this section will not be accurate enough
for the measuring of the sp2 fraction in carbon materials.

However, another method has been developed in the study of Bernier et al [544]. To account
for the initial peak of the GO and its decreasing tail, a series of successive decreasing Gaussians
has been proposed as a model to fit the π∗ feature. These Gaussians are spaced a parametre p
from one another and have a decreasing coefficient d from one Gaussian to the one after it. This
fit can be expressed as:

I = A×
60∑
i=1

di−1 × e
−(x−x0−pi−1)

2

2σ2 (4.19)
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Figure 4.28: First-principles DFT density of states (DOS) for graphite. The total projected DOS collects
the s and p orbital contributions, the total DOS is calculated from the plane-waves electronic density, pi
corresponds to the projection on the carbon pz orbitals whereas σ collects all the other contributions
(s+px +py). The π DOS can be seen to have a somewhat exponential decrease with energy. However, this
contribution seems to bave a non-negligible intensity well over the overlapping edge of both peaks. Source:
bibliography [544]

.

Where A is the intensity of the first Gaussian, d is the decreasing factor between one Gaussian
and the next one, x0 is the position of the first Gaussian, σ is the FWHM of the Gaussians,
and p is the energy shift between one Gaussian and the next one. The values of p and d have
to agree with the context of the study. The coice of an energy shift of 0.5 eV is made for this
analysis to be consistent with the smoothing used to calculate graphite DOS, which is between
0.4 and 0.5 eV [545, 546]. On the other hand, since we assume the EELS specta to be correlated
to the DOS, the decreasing parameter p of the model has to be coherent with the decreasing of
the DOS for the π∗ feature. This yields a value of p = 0.7. As we can see in Figure 4.29, this
fit yields a contribution for the π∗ feature in the literature that es coherent with the DOS of
graphite.

There is an additional issue regarding these analyses that is related to the orientation between
the beam and the sample. These issues, as well as the general development of this analysis will
be explained in detail in Section 4.3.6.4.

4.3 Experiment

4.3.1 Sample preparation

The GO samples for our works have been prepared by A. M. Benito and Z. W. Maser. Pristine
graphite was oxidated following the modified Hummers method indicated in Subsection 4.1.5 in
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Figure 4.29: Use of the Gaussian succession method to analyse the π∗ contribution in carbon K-edges
in EELS. Left: Gaussian succession fit applied to sp2-rich carbon. This figure shows the experimental
data (Exp), the individual successive Gaussians of the analysis (GF of fπ(E)) and its sum (fπ(E)),
the single Gaussian fit for the σ∗ contribution (GFsigma), and the sum of GFsigma and fπ(E) as the
fit for the experimental spectrum. Source - bibliography [544]. Right: Gaussian succession method applied
to the EELS spectrum of a graphite sample. The area highlighted in red is the π∗ component in that range
of energy. Both analyses seem to yield similar results.

order to obtain graphite oxide, as stated in previous literature [547]. A suspension of GO sheets
was obtained by liquid exfoliation, sonicating said graphite oxide in ultrapurified water in a ratio
of 0.5 mg/ml for 2 hours. The resulting dispersion was then subjected to a mild centrifugation
at 4500 rpm for 60 minutes in order to remove non-exfoliated materials.

This suspension was then drop-cast onto the modified DENS chips previously reported in
Section 4.2.1.1 and left in an exctraction hood overnight to reduce plausible pollution of the
sample while drying. The chip was then transferred to the heating holder and put into the
TEM. The sample was left under high vacuum for several hours at 70°C to further prevent
plausible pollution.

A reference highly oriented pyrolitic graphite (HOPG) sample was prepared as explained
in Section 1.22 by mechanically exfoliating HOPG, transfering some of the exfoliated graphite
flakes onto a viscoelastic stamp and then using said stamp to transfer the thin HOPG flakes
onto a gold TEM grid with a 1000/2000 mesh covered with a thin layer of glue.

4.3.2 Temperature ranges

Taking into account the different processes that take place at different temperatures during the
reduction of GO, delved into in Section 4.1.6.3, it seems that dividing the temperature ranges of
the experiment into two different regions is of interest to study these processes in greater detail.
These two regions will be called from now on the low temperature regime (70-300°C) and the
high temperature regime (300-1200°C).

4.3.2.1 The low temperature regime

As previously stated in Section 4.1.6.3, the desorption of physisorbed water in the sample occurs
at a temperature around 100°C, and the desorption of chemisorbed water, as well as the OFGs
chemisorbed water is attached to, occurs at a temperature around 190°C. The exact temperature
at which this phenomena take place can slightly differ from one sample to another due to the
general inhomogeneinity of GO [427] as well as parameters such as sample thickness. This is why
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a temperature regime at low temperatures has been used to discern the changes surrounding
these two phenomena, as well as some extra intermediate points.

Two different temperature schemes have been used for this purpose. In the first one, the
main goal of the study was to discern the exact temperature at which the PW and the CW
desorbed, so a second measurement was included for temperatures of interest, as we will see in
Section 4.3.3. A second one was put in place where these changes were measured with an equal
amount of time at each fixed temperature. The temperature changes over time for these low
temperature studies can be seen in Figure 4.30.

Figure 4.30: Temperature scheme for the low temperature studies performed for these works. The black
line represents the temperature the sample is being subjected to as a function of time, while the black dots
represents the moments where an EELS measurement has been made. The one on the left corresponds to
the early studies to find the desorption temperature and mechanism for PW and CW respectively, while
the one on the right corresponds to later studies where the sample stayed at each temperature for an equal
amount of time.

4.3.2.2 The importance of rehydration

According to the literature [447], only the physisorbed water can be reversibly removed by
heating. This can be deduced from the lack of interaction between the physisorbed water and
specific OFGs of the GO [548]. In other words, the GO will absorb physisorbed water as long as
there are any kind of OFGs in said GO. On the other hand, as it has been explained in Section
4.1.3, chemisorbed water is exclusively bonded to epoxides and carboxyl groups in the sample.

As it has been shown in Section 4.1.6.3, these two OFGs are desorbed from the sample, along
with the chemisorbed water, at a temperature below 300°C. As a consequence, the removal of the
chemisorbed water after the low temperature treatments is not expected to be reversible, since
the OFGs chemisorbed water could form a hydrogen bond with are no longer in the sample. For
this reason, we expect to have features related to both the chemisorbed and physisorbed water
for the low temperature studies, but only to the latter in the high temperature ones.

4.3.2.3 High temperature

After rehydrating overnight, the sample has been introduced in the microscope again. This time
around, two temperature schemes have been set to study the full reduction and graphitisation
path for GO, as well as to test whether the chemisorbed water desorption has been successful.
For this, temperatures between 70°C and 1200°C have been chosen. One of the temperature
schemes focused more on the behaviour over time of the samples (see Section 4.3.3), especially
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at lower temperatures, where the data on PW and CW desorption was of special interest. The
second temperature scheme focused only on the behaviour of the sample at high temperatures.
The specific temperatures over time for both studies can be seen in Figure 4.31.

Figure 4.31: Temperature scheme for the high temperature studies performed for these works. The black
line represents the temperature the sample is being subjected to as a function of time, while the black
dots represents the moments where an EELS measurement has been made. Left: Temperature scheme for
studies focusing more on low temperatures. Right: temperature scheme for studies focusing more on high
temperatures.

4.3.3 Cinematic studies

As we have mentioned, on top of examining the change of different properties in the sample with
temperature, it is of interest as well to study the change of said properties over time for a certain
temperature. This is why second and even third measurements have been performed within the
abovementioned studies to learn more about the evolution of the reduction and graphitisation
at a constant temperature.

For low temperatures, this meant having an extra measurement at critical temperatures for
the desorption of water, such as 100 and 175 °C, so that it was possible to provide a better track-
ing as to what was going on in the sample during the desorption of PW and CW, respectively.
These temperature schemes can be seen in Figure 4.32

As for high temperatures, both temperature schemes show two different approaches to this
study. On the one hand, one of the temperature schemes focused on the possible rehydration of
PW and the success on the desorption of CW, so additional measurements had to be made at
temperatures of interest regarding these phenomena. For all the other temperatures, a second
measurement was set in place for a better understanding of the dynamics of the desorption
of different OFGs. On the other hand, a second temperature scheme was set in place to get a
better understanding of the reduction of GO at high temperatures. As we can see in Figure 4.33,
only measurements for 500 and 700°C are shown. This is due to experimental problems that did
not allow us to take second measurements at 900°C, as well as the degradation of the sample
explained in Section 4.4.4.1

4.3.4 TEM imaging and EELS parametres

TEM images and EELS spectra in this study were acquired using the FEI Titan Cube TEM
described in 1.6.1, working at 80 kV to try to minimise the effects of electron radiation. Con-
vergence and collection angles were 6.3 and 19.7 mrad, respectively. EELS energy resolution,
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Figure 4.32: Temperature scheme for the low temperature cinematic studies performed for these works.
The black line represents the temperature the sample is being subjected to as a function of time, while
the black dots represents the moments where the first EELS measurement has been made for a specific
temperature and a red square represents where a second measurement has been made, 30 minutes after
the first measurement. The scheme on the left corresponds to the early studies to find the desorption
temperature and mechanism for PW and CW respectively, while the one on the right corresponds to later
works with no cinematic studies.

Figure 4.33: Temperature scheme for the high temperature cinematic studies performed for these works.
The black line represents the temperature the sample is being subjected to as a function of time. The black
dots represents the moments where the first EELS measurement has been made for a specific temperature,
a red square represents where a second measurement has been made (either 30 or 45 minutes after the first
measurement), and a blue triangle represents where a third measurement has been performed, 90 minutes
after the first measurement. Left: Temperature scheme for studies focusing more on low temperatures.
Right: temperature scheme for studies focusing more on high temperatures.

measured by means of full width at half maximum of the zero loss peak (ZLP) of the spectra,
was under 0.8 eV. We have used an energy dispersion of 0.2 eV/channel. The EELS acquisition
times were, respectively, 0.1 s for the low loss spectra, and 5 averaged frames of 2s (10 s total)
for the core loss spectra; with an 8x vertical binning. The size of the analysed area was around
100 nm in diametre.
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4.3.5 spectra calibration and alignment

The low-loss spectra were aligned by centering the ZLP of each spectrum taking a channel width
of 0.2 eV.

The core loss spectra had their background extracted using a power law and were subse-
quently calibrated using a custom script that aligned the different spectra using features from
the fine structures of C and O,respectively, except for the heavily reduced samples where the N
has been used due to a lack of intensity in the O peaks that prevented us from being able to
discern the aforementioned fine structure features.

To avoid the effects of multiscattering, a Fourier Log-ratio deconvolution has been performed
to each core loss spectrum using the built-in function for this purpose. This function uses a low
loss EEL spectrun taken in the same area as a point spread function of sorts and deconvolutes it
from the original core loss spectrum. An example of a spectrum before and after deconvolution
can be seen in Figure 4.34

Figure 4.34: Plural scattering treatment of core loss EEL spectra using the Fourier log-ratio deconvolu-
tion. Figure shows the core loss EEL spectra before and after background extraction, the background itself
and the deconvoluted core-loss spectrum.

4.3.6 EELS analyses

This section verses on the analysis of both the low-loss EEL spectra and the core-loss EEL
spectra, which focus on four specific elements:

• EELS is a technique known bv for their applications in chemical quantification. With
regard to GO samples, this means we have a way to calculate the oxydation degree of
the GO as it reduces. The specifics of this quantification are shown in Section 4.3.6.1.
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• The thickness of the sample can be estimated using the data related to the scattered and
non-scattered transmitted intensities. This can be approximated using the low-loss EEL
spectrum. The process for this estimation is shown in Section 4.3.6.2.

• The plasmonic features in the low-loss EEL spectra can lead to the estimation of the mass
density of the sample. The analysis to obtain these results is explained in detail in Section
4.3.6.3.

• Finally, the features of the C-K edge of the core-loss EEL spectra can be used to estimate
the fraction of the C atoms in the sample that are sp2-bonded. This process is explained
in Section 4.3.6.4.

The behaviour of these elements as a function of temperature, along with the ELNES analysis,
set the experimental basis for our hypotheses about the specific changes taking place in GO as
it reduces.

4.3.6.1 Chemical quantification: Oxydation degree

The integration quantification methods explained in Section 1.4.4 have been put into practice
in order to analyse the relative composition of carbon, oxygen, nitrogen and calcium, according
to the peaks that we have noticed in the core-loss spectra.

This measurement allows us to know the oxidation rate of the sample, taken as the normalised
oxygen ratio with respect to the carbon+oxygen ratio, without taking into account the amount
of other impurities. Similarly, the reduction rate can be expressed as the normalised carbon ratio
with respect to the carbon+oxygen ratio:

%O =
[O]

[C] + [O]
(4.20)

%C =
[C]

[C] + [O]
(4.21)

Additionally, the amount of nitrogen present in the sample, as well as the amount of calcium
we have as an impurity in the sample, have been measured as well.

4.3.6.2 Thickness estimation

As explained in Section 4.2.3.1, the parameterisation of the inelastic mean free path of electrons
in our sample is given by the expression:

λ =
106× F × E0

Em × ln
(

2β × E0
Em

) (4.22)

Where λ is the IMFP estimation, E0 is the beam energy, F is a relativistic correction factor, β
is the TEM collection semiangle, and Em is an effective energy that amounts to Em = 7.6 ·Z0.36

[64]. For this particular experiment, we have a value of E0=80KeV, β=19.7 mrad, and the
value of Zeff needed to calculate Em (see equation 4.11) can be estimated after the chemical
quantification of the sample, which has been delved into in the previous section For this particular
purpose, the quantification of trace elements such as N or Ca is important in order to have the
most accurate approximation possible for Zeff .

For the estimation of the thickness of the samples, two different regions of the spectrum, one
between -2 and 2 eV and another one between -2 and 100 eV, have been chosen as the regions
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corresponding to I0 and It, respectively. The choice for a 100 eV wide spectrum window has
been considered valid in the literature for specimens with low atomic number like ours [13]. The
corresponding regions of the spectrum can be seen in Figure 4.35. After having been cropped,
these spectral regions of interest have been integrated by calculating the sum of their individual
values in each point of the interest region, and then deducing the thickness of the samples by
using the parametrisation for the mean free path λ found in Section 4.2.3.1.

The error in the measurement of the different intensities has been taken as the noise in the
spectra, measured taking the standard deviation of the background extracted spectra as the
error in the measurement of one channel of the spectra [64].

Figure 4.35: Spectral windows for the ZLP region (I0) and a region wide enough to assume most of the
plasmonic behaviour has already taken place (-2 - 100 eV, It).

4.3.6.3 Mass density

Here we delve into the low loss EELS analysis related to the estimation of the mass density of
the samples. The spectral window for this background extraction has been taken after the π∗

plasmonic peak denoted in Section 4.2.3. In coherence with previous studies [538], and with the
objective of obtaining a more accurate analysis, a custom script has been made using Digital
Micrograph to consider only the spectral window where the intensity of the plasmon peak is 70%
of its maximum or higher, providing a spectral window where the influence of other spectral
features is minimal. This script has been used on the background extracted spectra and the
resulting cropped spectra have been fitted using a custom fit function following the expression



204 Graphene Oxide: a TEM-EELS in situ thermal study

for the electron loss energy in the shape of the Drude model referred to in Section 4.2.3.1 [538]:

Im

(
− 1

ε(E)

)
=

E2
p × E ×∆Ep

(E2 − E2
p) + (E ×∆Ep)

(4.23)

With both Ep and ∆Ep as two different parametres to optimise. An example of this particular
fit can be seen in Figure 4.36

Figure 4.36: Drude fit of a high thickness GO sample (left) and a low thickness rGO sample (right).
The Drude analysis of high thickness samples is performed with a single fit for the volume plasmon,
while the Drude analysis of low thickness samples needs a second fit to account for the surface plasmon
contribution.

To determine for the mass density of the sample in each of the areas studied, each low-loss
spectrum has been fitted at the volume π + σ plasmon spectral region. For this, after zero-loss
peak removal, a spectral window around the volume plasmon region has been selected. The
selection criteria for this spectral window was for energy loss to be higher higher than 70% of
the maximum intensity of the volume plasmon peak [65, 13].

The value for Ep, as well as its error, are gathered from this particular fit. As expressed in
Section 4.2.3.1 (see equation 4.6, the expression for the mass density estimation can be derived
from the fraction of oxygen in the sample (which is known from the chemical quantification)
and the value of the volume plasmon energy.

The rest of the parametres needed for the estimation of the mass density have been gathered
from the experimental conditions.

Thickness issues As it can be seen in Figure 4.37, it has been previously reported in the
literature [514] that, as the thickness of a graphenic sample decreases, there is a second plasmonic
component related to surface in the π∗+σ∗ plasmonic feature that arises in the EEL spectra.
Surface plasmon features arise for values of t

λ << 1 [549].

This happens as well in our samples for those at high temperature with a thickness under
10 nm. In these cases, a double fit using two Drude functions is applied, one to fit the surface
plasmonic feature and another one to fit the volume plasmonic feature. A comparison between
a clear one-component spectrum (thick sample at low temperature) and a clear two-component
spectrum (thin sample of less than 10 nm at 1200°C) with their respective fits can be seen in
Figure 4.36.



4.3 Experiment 205

Figure 4.37: (a)-(c)HAADF STEM images of ’pristine’ regions showing one, two, and five layers of
graphene. (d) Intensity traces have been gathered along the long dimensions of the rectangular cyan-
framed boxes in(a)-(c); these traces have then been averaged over 40 pixels (the same width as the boxes).
They show a discrete increase of the HAADF intensity correlated to the number of layers. The vacuum
intensity is at 268. (e) EEL spectra of one, two, five and several layers of graphene showing the π and
the π+σ plasmon. The spectra are taken from spectrum images; they are background subtracted and each
summed over 25 pixels. Source: Literature [514]

4.3.6.4 sp2 ratio: calculation for low and high sp2 values

In this section we focus on the different methods used for the estimation of the sp2-bonded C
atom fraction, as well as the issues regarding the accuracy of these methods.

The intensity ratio method

After the calibration and deconvolution of the core-loss spectra in order to have a single-
scattering energy loss function, a custom script in Digital Micrograph has been used to crop
each spectrum between 280 and 310 eV. This will be considered the spectral region for the π∗

+ σ∗ feature , and the integration of this spectra, expressed as the sum of all the intensity
channels (Sπ+σ) multiplied by the width of one channel ( 0.2 eV) will yield the area of the π∗

+ σ∗ feature.

At the same time, another custom-built script has been used to crop each spectrum from 280
eV to a point 3 eV over the local energy loss minimum between the π∗ peak and the σ∗ peak.
This specific spectral window comes from previous studies proving that the analysis of the sp2

fraction using the 60 decreasing Gaussians method explained in section [refsection] is stable in
spectral windows going up 2 to 4 eV over the aforementioned local minimum [538].

These second cropped spectra have then been transferred to IGOR where each spectrum
has been fitted using a custom-built function corresponding to the decreasing Gaussians sum
introduced in Section 4.2.3.2. According to the literature, as explained in said section, The
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resulting expression for the custom fit developed in IGOR is:

I = A×
60∑
i=1

0.7i−1 × e
−(x−x0−0.5i−1)2

2σ2 (4.24)

The spectra have also been fitted using a Gaussian fit centered at 294 eV to account for the
σ∗ features following the same literature [538]. An example of the resulting contribution for the
π∗ peak can be seen in Figure 4.38. As it can be seen, it is in very good agreement with previous
studies on the matter [538][544].

Figure 4.38: representation of the π∗ peak in a C-K edge EELS spectrum using the Gaussian succession
analysis.

The resulting 60 Gaussian fit has been considered as the π∗ feature, and the integration of
this fit, expressed as the value of the fit for each value of x in the spectra between 280 and 310
eV ( Sπ ) times the width of one channel(which we can call ∆E, is considered as the area of the
π∗ peak.

To calculate the value of y’ one only needs to divide the area of the π∗ peak over the area of
the π∗ + σ∗ peak, which is equivalent to dividing its respective sums, since for each spectra the
width of one channel is the same:

y′ =
Aπ∗

Aπ∗+σ∗
=

Sπ∗ ×∆E

Sπ∗+σ∗ ×∆E
=

Sπ∗

Sπ∗+σ∗
(4.25)

Finally, there are references for the value of y′HOPG for experimental conditions very similar
to ours (α=7.4°, β=19.7°, γ=0°, compared to our α=6.3°, β=19.7°, γ=0°)that yield a value of
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y’ 0.2 [65]. Assuming an sp2 ratio of a 100% for HOPG, we can simply calculate the ratio of
sp2 bonds in our sample using equation 4.26

%sp2
GO =

y′GO
y′HOPG

×%sp2
HOPG =

y′GO
0.2
× 100 (4.26)

The problem with oxidation
It is important to notice that this analysis uses only two different functions to fit a spectral
window where more features exist besides the π∗ and the σ∗ K-edge features. As it has been
explained in Section 4.1.8, fine peak structures corresponding to bonds other than C=C are
present in the spectra as well. The analysis of spectra of slightly more oxidated samples than
ours (more than a 25% oxidation rate)show that the fine peak structure features in the spectra
are intense enough so that this method cannot be applied to them without using additional
peaks to account for the fine peak structures in the spectra.

The anisotropy issue
It has been reported in the literature [542] that, due to its high anisotropy, graphite and graphene
can lead to orientation effects in EELS. This orientation effects affect the relative intensity of
the π∗ and the σ∗ peaks. This can be seen in Figure 4.39. In here we can see two spectra, one
(left) that was taken parallel to the graphite layers (this is, the elecron beam was perpendicular
to the c axis (the interplanar axis) of the HOPG; and the other taken with the electron beam
parallel to the c axis.

Figure 4.39: HOPG C K-ionization EELS spectra comparison based on sample-beam orientation. Left:
Sample normal to the c axis. Right: Sample parallel to the c axis.

As our GO starts reducing and, especially, as it starts graphitising, it becomes more and more
similar to graphite such as HOPG. This results on an increase of the orientation effects affecting
our sample, making it impossible to gather an accurate measurement of the sp2 fraction with
the method delved into in this section, which underestimates the value of sp2 for more graphitic
samples. This has made us pursue a different path o analyse the sp2content of highly reduced
GO for the high temperature studies: the Multiple Linear Least Squares (MLLS) approach.

The low temperature studies have been analysed with the Gaussian succession analysis since,
for this particular temperature regime, we have proved this method to be more accurate than
the MLLS approach.

The MLLS approach
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Using MLLS to determine the amount of sp2 bonds in a carbon material had been used in
previous analysis on carbon films [60], but the analysis had been deemed quite inaccurate by
their own authors. Here, we postulate that, given a few modifications, this method can effectively
be used for the estimation of the fraction of sp2 bonds in carbon materials.

This analysis consisted on using the spectra of two different samples to estimate the sp2

ratio of the sample as a linear combination of said two spectra, in their case a pure sp2 HOPG
sample, and a pure sp3 diamond sample. In our case, we will use a different spectrum instead
of the diamond one for a better accuracy. The spectrum used has been the one of GO at 70°C,
that is, at the beginning of the high temperature studies.

Preparation of the spectra For this study, to avoid any problems in the analysis coming
from having different intensity values for our spectra (since the dosis can vary slithgly among
spectra even for similar experimental conditions)all spectra have been normalised using a custom
script, which cuts the C-K edge region in the spectra (280-310 eV) and normalises the spectra
by dividing them over their own sum:

Snorm =
S

Sum(S)
) (4.27)

From there, two different paths are followed. The spectra that are going to be used as model
spectra are left as is (with a 30 eV spectral window. In the case of the spectra that are fitted,
they are cut to the region of interest between 280 and 290 eV before being analysed. This is the
window we have found to be the most coherent for our analysis, since it contains most of the π∗

feature and a little bit of the σ∗ and we are focusing on the shape of the π∗ one.

Gaussian fit of the original spectra In order to have a more manageable fit, as well as not
having noise in the spectra we were going to use as our two models for the MLLS fitting (GO at
70°C and HOPG at room temperature), a custom fit with 8 Gaussians has been applied to both
spectra. This analysis has been performed for each of the areas studied. An example of one of
the GO Gaussian fits and the HOPG Gaussian fit can be seen in Figure 4.40

Figure 4.40: Gaussian fit using 8 peaks for GO at 70°C (left) and HOPG at room temperature (right)

The number of Gaussians chosen for this fit (8) comes from the fit of the curves being
accurate enough.
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MLLS fit and sp2 estimation For each one of the areas studied, once the respective GO and
HOPG fitting spectra have been subjected to the aforementioned Gaussian multi-peak and the
spectra to be fitted have been loaded onto IGOR, it is time to create a custom fitting function
for each area, where each spectra is expressed as a linear combination of the two fitting spectra
or, in this case, a linear combination of their Gaussian decomposition:

S = a× SGO + b× SHOPG = a×
8∑
1

GGO + b×
8∑
1

GHOPG

(4.28)

where S is the spectra to be fitted, SGO and SHOPG are the corresponding spectrum of GO at
70°C and HOPG at room temperature for that specific area, GGO are the Gaussians of the GO
decomposition, and GHOPG are the same but for HOPG. a and b are the fitting coefficients. An
example of this fit can be seen in Figure 4.41 Once the fit provides us with the values for a and

Figure 4.41: Example of a MLLS fit using the Gaussian decomposition of a GO spectrum at 70°C and
a spectrum from HOPG at room temperature.

b, we can easily calculate the value for sp2 from those:

%sp2 = a×%sp2
GO + b×%sp2

HOPG (4.29)

We assume a value of sp2 for HOPG of 100 %. The value of sp2
GO has been previously calculated

using the Gaussian succession method explained in this section.

Comparison with previous method A comparison between the two methods has been
made in order to determine the accuracy of the MLLS fitting. the comparison can be seen in
Figure 4.42.
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Figure 4.42: Estimation of the sp2 fraction using the Gaussian succession method (black) and the MLLS
approach (red). The comparison shows a good agreement up until 500°C, whereas for 700°C there is a
growing discrepancy.

The underestimation of the sp2 ratio for highly graphitised samples when using the Gaussian
succession method can be observed in this figure. For temperatures under 700°C, both analyses
seem to yield similar results, whereas for 700°C and up, the underestimation of the sp2 ratio by
the Gaussian succession method is more visible and so is the difference between one method an
the other.

4.4 Results and discussion

4.4.1 EELS fine structure peaks analysis

A full identification of the different EELS features of each OFG is needed in order to be able to
provide an explanation for the behaviour of the other preperties measured in these studies. Fur-
thermore, both the low temperature spectra and the high temperature spectra will be analysed
together, since they both help paint a more complete picture of the chemistry taking place in
the sample. As it will be shown in Section 4.4.2.2, there are samples of different thicknesses in
this study. We will use the thickest one for the explanation of this fine structure peaks analysis,
since a thicker sample has a higher cross-section and therefore a higher signal to noise ratio
(SNR) in the EELS signal.

It is important to notice that this study will be mostly focused on the presence or absence
of these fine structure peaks rather than their relative intensity, so it is possible that we will
be missing some features such as the formation of C=O in the sample that has previously been
reported [432].
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4.4.1.1 C-K edge

The identification of the fine structure peaks is based on previous studies on the subject [407,
408, 69, 538] (see Section 4.1.8) and, even though the absolute values of the different features
vary along the different studies, there seems to be consensus in the rank in energy of the features
of each OFG. For the C-K edge, we have, in rising order of energy, a feature due to the sp2 C,
one for the C-OH groups, one for the C-O groups (both aromatic and not), C=O groups, and
COOH groups, respectively. [407, 69, 538].

With these previous studies, along with our own spectra, as well as previous studies showing
which groups need a higher or lower temperature to desorb [407, 464, 533], we have estimated
which features in our C-K edge spectra correspond to which OFGs. The results can be seen in
Figure 4.43. Going from lower to higher energy, the identification is as follows:

• The first two features are the one corresponding to sp2 clusters (the π∗ contribution,
around 284.9 eV; and the ones corresponding to alcohol (C-OH) groups at approximately
286 eV. These two features are not completely discernible from one another due to their
proximity and the width of their respective peaks. We can discern the sp2 peak at 1200°C,
once the last of the -OH has desorbed going from 900°C to 1200°C.

• Up next, we have a feature at 286.6, which we have correlated to C-O bonds (both epoxides
and ethers, since they both share the same feature). This feature seems to be present even
after the end of the low temperature studies. However, it is true that the EELS feature
seems diminished between 200°C and 300°C. As for the high temperature studies, the
feature for this OFG seems to fade at around 900°C, which leads us to think this OFG
desorbs to a high extent between 200°C and 300°C, but it does not fully desorb until
heating up to 900°C. The behaviour of the desorption of C-O can come from the fact that
this feature is due to both ethers (aromatic C-O-C) and epoxides (non-aromatic C-O-C).
Our hypothesis, also based on the analysis of the O-K edge of the spectra shown in secton
4.4.1.2, is that they both desorb at different temperatures.

• At ∼ 287.5 eV, we find an EELS feature that appears on our spectra subtly at first, but
that resists desorption all the way up to 1200°C. Based on the previously explained XPS
and EELS studies on the matter [511, 516], we can convey it could be a peak corresponding
to a C-N state, specifically an sp3C bonded to a N atom. This is coherent with the fact
that, even at almos complete reduction at 1200°C, we sitll have a non-negligible ∼4% of
N in the sample.

• Going up, at 288.4 eV, we find a fine peak structure we have related to the ketone (C=O)
group. It is clearly present throughout the low temperature studies, and it seems to mostly
desorb between 500°C and 700°C, with a very slight amount still in the sample at 700°C
that gets desorbed right away.

• Finally, there is a feature at 289.4 eV that seems to be related to carboxyl groups (COOH).
This feature seems to fade in the low temperature studies at temperatures higher than
185°C. It is important to note that this feature is not visible in the high temperature
studies.

4.4.1.2 O-K edge

The O-K edge in the EELS spectra is located at much higher energies and therefore has a much
lower cross-section. This means our O-K edge spectra have a much lower SNR than our C-K
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Figure 4.43: EELS C-K edge spectra of one of our areas of interest for all temperatures in the low
temperature study (left) and in the high temperature study (right). The estimated region for the features
related to each OFG has been marked.
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edge spectra and therefore the results gathered from its analysis can be less accurate. Using
some of the studies previously mentioned [69], we have been able to identify some of the features
in the O-K edge of the EELS spectra as well, and this identification seems to further confirm
the C-K feature assignments. The O-K edge of the spectra, as well as our identification of the
different features which further confirm our C-K assignments, can be seen in Figure 4.44.

The in-depth analysis of these feature goes as follows:

• At ∼ 531.8 eV, we seem to have a feature that does not seem to appear in other studies,
that we know of. It seems to have a first dip at ∼105°C, and a second one at ∼185°C. It
also appears on the lower temperatures of the high temperature studies. Given all of this
information, our hypothesis about this feature is that it is related to the physisorbed and
chemisorbed water in the sample.

• At ∼533.6°C, we have found a feature that seems to correspond to C=O groups. Their
desorption when heating from 500°C to 700°C (at least in this particular sample) is one of
the clearest of the whole study.

• A peak can be seen at 534.9 eV, which we have correlated with the non-aromatic O-C
groups. It seems that the peak fades greatly between 200 annd 300°C. As for the high
temperature studies, it is hard to discern for sure whether there are still non-aromatic
O-C groups on the sample because of the poor SNR.

• At a slightly highter energy, at 536.2 eV, we found a fine structure peak that we have
related to aromatic C-O-C. It is worth noting that this feature can even be seen at 700°C.

• Finally, there are two features that seem to appartain to the same OFG, O-H. These
features are located at 538.5 eV and 541.1 eV. The DFT calculations in the study by
D’Angelo et al [69] does show a double feature for the O-K spectra of OH groups at low
temperatures at 535 and 538 eV that could represent these two features. Both ELNES
features seem to fade completely between 900 and 1200°C, which is coherent with the
desorption of O-H at these temperatures.

The rest of the EELS studies on these samples will be discused in the following sections.
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Figure 4.44: EELS O-K edge spectra of one of our areas of interest for all temperatures in the low
temperature study (left) and in the high temperature study (right). The estimated energy for the features
related to each OFG has been marked.
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4.4.2 Low temperature studies

4.4.2.1 TEM imaging

In this part of the study, the TEM imaging has two main objectives. On the one hand, it helps
us find the holes in the SixNy membrane and discern which holes have a flake of GO on top of
them. A TEM image of one of these holes can be seen in Figure 4.45

Figure 4.45: TEM image of a hole in the SixNy membrane.

On the other hand, HRTEM imaging, as well as electron diffraction, help us discern the
structure and morphology of the GO before and after the thermal treatment. In Figure 4.46, we
can see, first of all, that the material presents a mostly policrystalline structure, with an amor-
phous ring also appearing in their diffraction pattern, if much more subtle than its policrystalline
behaviour. This structure remains after the thermal treatment at low temperature.

4.4.2.2 Thickness measurements

The study of the thickness of the different samples gives a clear definition between the three
studies performed, each one with a different average thickness, namely: around a few tenths of
nm (study 1), around 10 nm (study 2) and around 4-5 nm (study 3). The results of the latter
are not presented due to the fact that these samples were much more prone to degrade to the
point of having holes at temperatures much lower than 1200°C (around 700°C). For the two
remaining studies, results will be separated between thin and thick samples, since the behaviour
of the samples can be dependent on the sample thickness. The thin samples have been labeled
S1 and S2 for the remainder of the study, and the thick samples have been labeled S3 and S4.

The results for the sample thickness for both thin and thick samples can be seen in Figure
4.47.

Three main regions of interest appear for the behaviour of thickness as we heat up the sample:
70°C- 85°C, 85°C-100°C and 170-200°C. These regions of interest are the same for the rest of
properties measured. At 70-85°C we see, first of all, an elevated initial value for t, as well as a
sudden drop when heating to 85°C in all samples. This behaviour has been linked to the presence
of oxidative debris in the sample at the beginning of our study, which comes from the oxidation
of graphite as well as the drop-casting deposition in the chip. At 85°C (for thin samples) or 100°C
(for thick samples) we encounter a sudden raise of the samples thickness, followed by a drop at
∼ 115°C. This is thought to be caused by the desorption of physisorbed water (PW). This PW
pushes against the different graphitic layers to get to be desorbed, causing the samples to grow
in thickness (a feature much more observable for thick samples, which makes sense since the
growth in thickness of the sample should be in accordance with the thickness of said sample).
After the desorption of PW, the sample thickness starts going down again (115°C). This effect is
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Figure 4.46: From top to bottom: HRTEM micrographs, FFT of said HRTEM micrographs and electron
diffraction images for the same area, taken at 70°C (left) and 300°C (right)

also helped by the increasing of the degradation in these samples during or after processes that
alter the carbon matrix, like the desorption of PW. A similar feature can be found in 180°C (for
thin samples) and 190°C(for thick samples). The chemisorbed water (CW), as well as the OFGs
it is attatched to, which are epoxides and carboxyl groups taking into account the bibliography
[550]. The sample widens at first when the CW starts to desorb as it makes its way through
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Figure 4.47: Thickness estimation for the samples S1 to S4 for the temperature values in the low
temperature regime.

the graphitic layers. Once it has desorbed, at 190°C (for thin samples) and 200°C (for thick
samples, the thickness goes back down. This decrease in thickness is also related to the fact that
the presence of water in GO increases the interlayer distance of the sample, as we have seen in
4.1.3.2

4.4.2.3 Relative C content

The results for the [C]/[O] fraction can be found in Figure 4.48.
At first glance, there is a dip between 85°C and 100°C, corresponding to the degradation

caused by the desorption of PW. When the PW desorbs, there is a raise in therelative C content
at 100°C-115°C. At 170°C-185°C-200°C, there is a similar behaviour dure to the desorption of
CW, epoxides and carboxyl groups. there is an initial dip due to the degradation caused by the
desorption of CW and a raise (higher for the thinner samples) after the desorption of CW. this
raise can be as high as a 4% for some of the thinner samples.

There is also a very big dip at 185°C for one of the samples (S4). We initially thought it was
due to the degradation of the sample due to the desorption of the CW. However, we have been
measuring the amount of nitrogen and calcium there is in the sample, and for this particular
spectrum the signal of the nitrogen shows 5 times the usual concentration of nitrogen. This has
made us deduce that the spectra has not been taken where it shoud have (freestanding GO) but
rather on the edge of the SixNy membrane, which we had found to have a noticeable amount
of oxygen content (see Section 4.2.1.1). This oxygen content would have falsely increased the
relative amount of oxygen in the measurements, thus abruptly lowering the [C]/[O] fraction in
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Figure 4.48: [C]/[O] fraction for samples S1 to S4 for the different temperatures in the low temperature
regime.

turn.
This gives us a confirmation that all other EELS spectra recorded in this study have been

successfully taken within the desired region of interest, that is, the holes in the membrane as
the one shown in Figure 4.45. On top of that, this measurement has given us a clear signal of
the spectrum of silicon in this kind of sample.

4.4.2.4 Mass density

Based on previous studies [65], the results for the mass density will give us an idea of how
graphitic the material is, since more sp3 bond content is known to have a lower amount of mass
density [65, 551]. In this sense, GO should have a mass density ranging between somewhere
near of the mass density of amorphous carbon (∼1.8 g/cm3[552, 553]) and that of graphite (2.27
g/cm3 [554]). These results can be found in Figure 4.49.

At 70°C, there is an abnormally high initial mass density that, in some cases, even surpasses
that of graphite. That can be attributed to the oxidative debris explained before in Subsection
4.4.2.2, but raises some questions about the composition and structure of this oxidative debris.

At 100°C, there is a dip in the mass density corresponding to the aforementioned degradation
due to the desorption of PW that lowers the mass density of the material, in other words, makes
it more amorphous. This dip is followed by a raise in mass density once the PW has been
desorbed, indicating a small graphitisation after the desoprion of PW.

A similar feature occurs at 185°C-200°C due to the desorption of CW, epoxides and carboxyl
groups. The raise in mass density after this desorption is specially high for the thinner samples,
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Figure 4.49: Estimated mass density values of S1 to S4 for the different temperatures in the low
temperature regime.

getting to an astounding 14 %. this indicates an impressive transformation in the sample for
temperatures as low as 300°C.

Additionally, there is a similar feature at 185°C for one of the thicker samples just as the
one found in Subsection 4.4.2.3. This is coherent with the fact that we are measuring over the
SixNy membrane. The bulk density of SixNy is around ∼ 3g/cm3. The mass density of thin
films has proven to be lower [555], although no results have been found in the bibliography of a
SixNy membrane with a mass density as low as the values we have obtained.

However, it is important to notice that the method employed to measure the mass density is
optimised to measure it on GO, as it has been explained in Section 4.2.3.1. This could imply that
such a drastic change in the material being measured could yield a result lower than expected.

4.4.2.5 sp2 fraction

The sp2/sp3 fraction of the C atoms in the GO samples is probably the most accurate mea-
surement of the graphitisation of the sample, going further up as the sample becomes more
graphene-like and decreasing in the event that the sample becomes more amorphous or less
ordered in general. The results for this measurement can be seen in Figure 4.50.

Due to their sensitivity to the electron beam and their instability due to their thickness,
these measurements are a bit challenging in thinner samples. They do not seem to increase the
graphitisation in the slightest, having an almost identical initial and final sp2 values. The thin
sample represented on S1 of Figure 4.50 seems to be the most affected by these phenomena, since
no features can be seen due to the desorption of PW on this sample, which is clearly visible in
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Figure 4.50: sp2/sp3 ratio of the C atoms in the GO samples expressed as the % of sp2 bound C atoms.
This plot shows the results for the samples S1 to S4 at the temperature values on the low temperature
regime.

Figures 4.47, 4.48 and 4.49. There could be some sort of feature related to the desorption of CW
(a dip followed by a steep raise at 170°C), but it seems to be in competition with a very intense
degradation, which is cohesive with the low thickness of the sample. There are some really steep
variations in the other thin sample (S2 of Figure 4.50), getting to an astounding 16% decrease
in sp2 content at 100°C (probably due to the degradation due to the desorption of PW) amd a
raise at higher temperatures that we can explain as two seemingly opposite effects happening
at the same time: on the one hand, the graphitisation following the desorption of the CW,
the epoxides and the carboxyl groups, and on the other hand the degradation in the sample,
which is increased for thinner samples. At higher thicknesses, the behaviour of GO seems to be
more homogeneous, at least for our experiments. As it can be seen in Figure 4.50, both spectra
of thick samples show a very similar pattern. At 95-100°C, there is a dip in the sp2 fraction
that we attribute to the degradation before the desorption of PW mentioned in the previous
sections. There is a slight raise right after that seems coherent with the desorption of PW and
with the rest of the properties measured. The behaviour is slightly different for the desorption
of CW, epoxides and carboxyl groups. It seems that in this case, these desorptions cause a very
noticeable graphitisation of the sample, with increments over 15% in sp2 fraction. it is noticeable
that this graphitisation is less steep at 170°C, so that is where we locate the degradation caused
by these desorptions, that do not appear as a decrease in sp2 fraction because it is already
competing with the graphitisation caused by it. It is also easy to notice that the measurement
at 185°C in the S4 sample in Figure 4.50 does not seem to be affected by the fact that, as it
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has been mentioned, in this particular measurement there has been a small portion of SixNy

membrane that has been measured along with the GO. The fact that the sp2 content seems to
follow the same behaviour as the sample with no SixNy membrane in the measurements seems
to point out that our explanation for the rest of the results at this temperature is correct. For
all the samples, the change in sp2 fraction between 70°C and 85°C varies greatly, which means
we are not able to discern a specific value of sp2 fraction for the oxidative debris present in the
sample that has been mentioned in previous sections

4.4.2.6 Summary - low temperature regime

Based on the fine structure peaks in the spectra, and the evolution of the different properties
measured, several ideas of what is going on in the sample can be taken:

• There is a clear presence of oxidative debris at the begining of our studies for both samples.
This oxidative debris has a presence in the thickness of the sample as well as in the mass
density of it.This debris desorbs at 85°C maximum and has probably been desorbing before
the beginning of our experiments.

• The physisorbed water (PW) desorbs at ∼ 100°C. At the beginning of the desorption of
the PW, there is a mesurable amount of degradation in the sample, which becomes more
sensitive to the beam resulting in both an amorphisation of the sample and a desorption
of the carbon in it.

• After the desorption of PW, the sample stabilises again.

• The chemisorbed water (CW) desorbs at ∼ 180°C.Similarly to PW, there is a mesurable
amount of degradation in the sample at the beginning of the desorption of the CW

• After the desorption of the CW, the sample has a very noticeable amount of graphitisation,
as shown in the mass density and sp2 fracion of the samples after said desorption.
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4.4.3 Low temperature: Cinematic study

For the thicker samples, a second study has been performed focusing on the behaviour of the
sample over time at critical temperatures, in this case 100°C and 180°C, which are considered
to be approximatively the two critical points where the PW and the CW desorb, in our case, 95
and 195 °C. For these temperatures, a second measurement has been made in the same areas
30 minutes after the first one, as shown in Figure 4.32. The results are not as many as for the
previous study but it delves deeper into the main two temperatures of interest in the sample. In
the following section, we present a comparative study between the measurements at t0 (the ones
we have shown in Section 4.4.2) and the measurements performed 30 minutes later for these
critical temperatures.

4.4.3.1 Thickness

The representation of the thickness variation in the sample for this study can be seen in Figure
4.51.

The first thing that we can see is that the behaviour after 30 minutes in both samples seems
to be quite coherent, following the same pattern. It is also coherent with respect to the different
processes we have hypothesised for the evolution of GO at these temperatures.

Figure 4.51: Thickness estimation of the samples S3 and S4 for the cinematic studies performed in
the low temperature regime. The measurements at t0 are shown in blue, while the measurements at t1 are
shown in red.

At 95°C, there is a very slight increase in thickness, but it barely gets to 1nm at best. It is
not until the temperature of 115°C that the expansion produced by the desorption of PW starts
to take in. This seems to point out that the actual temperature where the desorption of PW
occurs is not 95°C, but actually a bit higher than that, which is very coherent from a plainly
phyhsical point of view taking into account the boiling point of water is at 100°C.

However, it seems to be quite the contrary for the measurements at 185°C. Here, the raise in
thickness due to the desorption of CW, epoxydes and carboxyl groups seems to occur at 185°C,
as shown by the very impressive raise in thickness that can get to more than a 30%. After
that raise in thickness, there is a decrease in it once most of the CW has desorbed. Taking the
example of the sample shown in the left plot in Figure 4.51, it shows why it is of importance to
perform these studies, since it provides new information of great interest.
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4.4.3.2 Relative C content

The results corresponding to the [C]/[O] fraction for these cinematic studies can be seen in
Figure 4.52.

Figure 4.52: [C]/[O] fraction estimation of the samples S3 and S4 for the cinematic studies performed
in the low temperature regime. The measurements at t0 are shown in red, whereas the measurements at
t1 are shown in blue.

The results at 95°C seem to point out a decrease in oxygen content, which would be coherent
with the desorption of CW at this temperature. However, the results from the thickness in
Section 4.4.3.1 seem to point out that it is not until higher temperatures that the PW starts
making its way through the samples and hence increasing their thickness. Nevertheless, both
hypotheses would be able to coexist if the water being desorbed from the sample at 95°C were
the one on the surface of the GO. This would decrease the amount of oxygen in the samples
without compromising the overall thickness of the sample. Then, at 115°C, there is a raise in the
thickness due to the PW making its way through the sample. This would, in turn, degrade the
sample, which would be more susceptible to the electron beam, hence the decrease in relative C
content at this temperature.

This hypothesis seems to be supported by what happens in the sample at 185°C. First of all,
we should remember that the initial dip in the [C]/[O] fraction at 185°C for the sample on the
right of Figure 4.52 is, as we have explained in previous sections, due to our measuring outside
of the hole in the SixNy membrane, which is corrected for the measurements 30 minutes later,
so the behaviour of the sample is better shown on the S3 sample. There is a slight increase in
[C]/[O] fraction with the desorption of CW, which is consistent with the previous studies. The
huge increase in thickness shown in Section 4.4.3.1 indicates a significant amount of degradation
coming from the desorption of CW, epoxides and carboxyl groups. This should, in theory, make
the samples more susceptible to the electron beam, hence the decrease in the [C]/[O] fraction,
which would seem counterintuitive initially.

4.4.3.3 Mass density

The results for the mass density in the cinematic studies at low temperature can be seen in Figure
4.53. There are no significant changes in the mass density of the sample at 95 °C. However, there
is a very clear feature for the S3 sample at 185°C. There is a decrease in the mass density in the
measurements 30 minutes later that amounts to almost a 10%.

Judging by the previous results in Section 4.4.2.4, one could think that once again we are
measuring a portion of the SixNy membrane along with our sample. However, there are no
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Figure 4.53: Mass density estimation of the samples S3 and S4 for the cinematic studies performed in
the low temperature regime. The measurements at t0 are shown in black, whereas the measurements at t1
are shown in red.

sudden decreases in the [C]/[O] fraction, which would be what would happen if the measurements
were not taken in the right area. This is what happened for S4 in the measurements at t0 (see
Section 4.4.2.3) due to a presence of oxygen in the SixNy membrane, as mentioned in Section
4.2.1.1.

An alternative theory would be that the desorption of CW, epoxides and carboxyl groups
have caused a disruption in the structure of the GO, momentarily causing a very steep decrease
of the mass density in the sample.

When it comes to S4, what we infer from the behaviour of S3 could mean, in principle, that
the results for the mass density at 185°C in section4.4.2.4 might not have come exclusively from
the mistaken measurement of a part of the SixNy membrane, but also from the desorption of
CW, epoxides and carboxyl groups as well.

This would explain why, for S4, the measurements at t1 at 185 °C show a mass density that
is really close to the one estimated at t0 for 170 and 200°C. If the desorption of CW, epoxides
and carboxyl groups in S4 happened at 185 °C before the measurements at t1, the mass density
in the sample could go back up once these OFGs were desorbed.

4.4.3.4 sp2 fraction

The variation in sp2/sp3 fraction for these cinematic studies can be seen in Figure 4.54.

As it can be seen, there is a slight graphitisation at 95°C. Taking into account our previously
mentioned hypothesis that, at this temperature, only the physisorbed water at the surface of
the GO desorbs, this alone would not explain a raise in the sp2 fraction. However, if a few OFGs
in the surface of the GO desorbed as well at this temperature, that would definitely translate
into a graphitisation of the GO. So our corrected hypothesis is that not only does PW desorb
from the surface of the sample at 95°C but also a very small fraction of OFGs.

At 185°C, there is a decrease in the sp2 fraction for both samples. This seems to be coherent
with the amorphisation of the sample shown in Section 4.4.3.3, both of them being caused by
the sensitivity of the sample to the beam after the disruption created by the CW, epoxides and
carboxyl groups getting out of the sample; as well as the degradation that this sensitivity to the
beam produces in the sample.



4.4 Results and discussion 225

Figure 4.54: sp2/sp3 ratio of the C atoms in the GO samples expressed as the % of sp2bound C atoms.
This plot shows the estimations for the samples S3 and S4 for the cinematic studies performed in the low
temperature regime. The measurements at t0 are shown in purple, whereas the measurements at t1 are
shown in red.

4.4.3.5 Summary - Low T regime - Cinematic studies

This analysis might not seem vast in terms of gathered data, but it provides information that
is of great interest for these studies:

• At 95 °C, there seems to be a desorption of PW from the surface of the GO but not the
rest of the physisorbed water in the sample. This would explain the lack of expansion at
this temperature, the raise in [C]/[O] fraction an the fact that the mass density stays the
same between the measurements at t0 and t0+30 min. Small desorption of some OFGs
in the surface of the GO might be desorbing as well, judging the raise in the sp2fraction
between both measurements.

• at 185°C, we seem to ”catch” the expansion of GO due to the desorption of CW, epoxides
and carboxyl groups in tall its splendor. There is a very important raise in thickness, along
with a very stron decrease of the mass density and a small decrease of sp2 that seem to
point that way. The lack of an increase in the [C]/[O] fraction is explained by the fact that,
at the same time as the desorption, there is also a non-negligible amount of degradation
affecting the sample.
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4.4.4 High temperature studies

This section focuses on the behaviour of the samples in the studies that go up to high temper-
atures after overnight rehydration, where the sample was put out of the microscope overnight
at room conditions. This focuses on the readsorption of the PW, the success of the desorption
of the CW during the low temperature studies, and the general reduction and graphitisation of
GO. The specific temperatures for these studies can be found in Figure 4.31.

4.4.4.1 TEM imaging

On top of the uses mentioned in Section 4.4.2.1, HRTEM imaging has also served us in this
study to identify the formation of some sort of crystalline nanoparticles on our GO, starting
at 900°C. Figure 4.55 shows these micrographs, where these crystalline particles can be clearly
shown. By comparing the electron diffraction pattern at 500 and 1200°C, as shown in Figure
4.56, this formation can also be observed. A new diffraction pattern appears, with a different
interplanar spacing than that of graphite.

A closer inspection of our HRTEM micrographs show that this second diffraction pattern
appears exclusively on the regions in the sample where the nanoparticles appear, which makes
us assume they are the cause of this different structure. An example of this analysis can be seen
in Figure 4.58

EELS data can also be used for the chemical identification of these nanoparticles in order
to further understand them. As it has been mentioned in Sections 4.4.2 and 4.4.3, there is one
point in one of the low temperature studies where a section of the SixNy +SiO2 membrane has
been accidentally measured. This is not adequate for the temperature study itself, but it does
give us a Si reference sample in this particular context.

This spectrum has shown to have intensity in the spectral region corresponding to the Si
L2−3 edge as well as the Si L1 edge of the EEL spectrum. if we compare this spectral region to
the one measured in the GO spectra at 1200°C, it is quite clear that there is some sort of Si in
both samples, although it seems to be in a rather low concentration. These spectra can be seen
in Figure 4.57

This, along with the crystalline behaviour of the particles, seem to point out that we have
nanoparticles of silicon carbide on top of the GO flakes, probably coming from some sort of
sublimation from the membrane itself.

The low amount of Si seems to point out that the nanoparticles make up a very small part
of the sample, so we have concluded that they do not interfere too much with our study, besides
a very small underestimation of the O content and a slight overestimation of the sp2 ratio.
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Figure 4.55: From left to right: HRTEM micrographs and FFT of said HRTEM micrographs for the
same area, taken at 500°C, 700°C, 900°C and 1200°C, respectively. The progression shows the formation
of a certain sort of nanoparticle from 900°C on.
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Figure 4.56: Electron diffraction patterns of the same area of the sample at 500°C (left) and 1200°C
(right).

Figure 4.57: Spectra comparison in the Si region between a spectrum of the GO sample at 1200°C and
our Si reference spectrum. Both spectra seem to be in good agreement.
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Figure 4.58: HRTEM micrograph of the GO sample at 1200 degrees, showing several crystalline
nanoparticles. FFT have been performed to the two selected areas (red), one with a nanoparticle in it
and one without. The spots seen in the diffraction pattern in Figure 4.56 can only be seen for the region
of interest with a nanoparticle in it.
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4.4.4.2 Thickness

The results for the variation of the thickness in the high temperature studies can be seen in
Figure 4.59.

Figure 4.59: Thickness estimation for the samples S1 to S4 for the temperature values in the high
temperature regime.

First and foremost, the main feature that can be seen at plain sight before a more detailed
analysis is a very noticeable drop in thickness for all of the samples, getting to more than a 10%
for the thinner samples and to more than a 80% for the thicker samples. This drop in thickness
may have two different reasons to happen, at least according to our hypotheses. On the one hand,
the desorption of the different OFGs can break the structure of the graphitic planes of the GO,
making them a lot more vulnerable to the electron beam, according to the bibliography [556].
This can result in the desorption of carbon from the sample. On the other hand, we know for a
fact that the OFGs in the GO increase its interlayer distance by a great deal, almost doubling
it [416, 419, 557], which would make the thickness drop when desorbing these OFGs. Our take
on it is that both reasons probably play a role in the drop of thickness in this study.

At a closer scale, we see different features depending on the initial thickness of the sample.
At the lowest temperatures, we see a drop at 95°C for thicker samples (S3 and S4), as well as one
of the thinner samples(S1). We understand this initial drop in thickness as initial degradation
before the desorption of PW. This desorption translates into an increase in the sample thickness
that seems to occur at 100°C, but it is only visible for one of the thinner samples (S2).

The degradation due to the desorption of the CW at 180°C can be seen not only for the
thicker samples (S3 and S4), but one of the thinner samples as well (S1) as a decrease in thickness
after the desorption of CW and epoxides. This is coherent with the analysis of the fine peak
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structures with respect to the C-O bonds in the C-K edge, and they seem to indicate that the
epoxides are not completely desorbed at 300°C in most cases, which provides a mean for the
CW to be reabsorbed into the sample when left overnight at ambient conditions.

At 300°C, there is a dip in the thickness for the samples on the S2 and S3 samples of Figure
4.59. This should be due to the degradation caused by the desoprtion of ketones in the sample
according to our analysis of the fine structure peaks in Section 4.4.1. In the case of the S1 sample,
there are two main options for the increase in its thickness: either the desorption of CW and
epoxides happens at pretty much the same temperature, which makes it impossible to observe
this phenomenon; or the desorption of ketones happens at a lower temperature for this sample
because of its lower thickness, coinciding with the desorption of CW and epoxides. As for the
S3 sample, the thickness continues to decrease as the epoxides in the sample finally desorb.

At 500°C, for the S1 sample, there is a decrease in thickness probably coming from the
desorption of several OFGs, so we take the second hypothesis explained in the previous paragraph
as the true one. This would mean that at this temperature, the CW, ketones and epoxides desorb.
At the same time, for the thicker samples, it is now in this samples that the ketones start to
desorb, resulting in a thickness increase of almost a 20% that can be seen in the S3 sample in
Figure 4.59.

At 700°C, there is a general raise in thickness for the thinner samples, corresponding to the
beginning of the desorption of alcohols. At the same time, for thicker samples, there is a decrease
in thickness probably caused by the desorption of ketones.

At 900°C, the alcohols seem to be desorbing well for thinner samples. That is what we gather
from the decrease in thickness from the top plots in Figure 4.59. This seems to be the case, as
well as an important amount of degradation, for the S4 sample, which goes through a shrinkage
of more of a 75% in a temperature span of 200°C. As for the S3 sample, there is an increase in
thickness showing that, for this sample, it is now where the alcohols start to desorb resulting in
a ”swelling” of the sample.

Finally, at 1200°C, there is a general decrease of the thickness of the samples, partially due to
degradation from the beam at high temperatures and sublimation, and partially due to the final
desorption of alcohols, leaving a quite clean carbon matrix. As it had been mentioned in Section
4.1, the OFGs inbetween the graphitic layers increase the interlayer distance considerably, so it
is expected that the thickness value will go down once said OFGs are desorbed.

4.4.4.3 Relative C content

The results for the [C]/[O] fraction at high temperatures can be found in Figure 4.60.

The first piece of data that we can gather from these results is the effectiveness of the thermal
reduction in terms of desorbing all the oxyger from the GO. This results in an oxygen fraction
under 2% for every single sample.

The path to get to that reduction seems to be similar for most samples, even though there
are clear differences.

At 95°C, there seems to be a slight reduction in the [C]/[O] fraction, probably caused by
the degradation caused by the desorption of PW, which is coherent with the results of Section
4.4.4.2. This does not happen for one of the thinner samples (S2 in Figure 4.59).

There is a disparity in behaviour at 180°C. Whereas the thinner samples have a rather steep
2-3% raise in [C]/[O] fraction, the thicker samples have either a decrease (S3 sample) or a very
slight increase (S4 sample). This can be interpreted as degradation caused by the desorption
of CW in different concentrations (a higher one on the left and a lower one on the right). It is
important to notice that the sample that does not have a decrease in the [C]/[O] fraction at
this temperature, and it did not have it either in the low temperature studies (see Figure 4.48).
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Figure 4.60: [C]/[O] fraction for samples S1 to S4 for the different temperatures in the high temperature
regime.

This can be due to a chemical composition with less epoxides and carboxyl groups, which would
yield a lower absorption of CW. This is coherent with the chemical inhomogeneity present in
GO. As for the S1 sample, which we have hypothesised to have at least a small portion of CW
and epoxides, the raise in [C]/[O] fraction is almost the same as the one not thought to have
CW. This make us hypothesise that maybe for these samples the temperature of desorption for
CW is slightly lower than for thicker samples.

The desorption of ketones at 200-300°C does not seem to be very visible in terms of variations
of the [C]/[O] fraction of the sample. This can be due to the degradation caused by the desorption
of ketones and the desorption of CW and epoxides being very close in temperature, so their effect
on the [C]/[O] fraction sort of neutralise each other.

At 500°C, there is a general increase in the [C]/[O] fraction that seems to be coherent with
our hypothesis in Section 4.4.4.2 that at this temperature, the CW, epoxides and ketones desorb.
It seems that, even for thicker samples, the raise in the [C]/[O] fraction shows that, even if there
is some sort of degradation coming from the desorption of ketones, it is masked by the general
reduction taking place at this temperature. This general increase in [C]/[O] fraction continues
at 700°C.

At 900°C, there seems to be a slight decrease for most samples in the [C]/[O] fraction. This
can be due to several causes, like a slight sublimation of the sample at these high temperatures,
the desorption of OH and the degradation it causes to the sample or a higher sensitivity to the
beam at these higher temperatures

Finally, at 1200°C there is a general increase of the [C]/[O] fraction, getting to levels close
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to 100%. This increase also supports our hypothesis about the composition of the nanoparticles
appearing on the GO (see Section 4.4.4.1) being SiC particles. This would increase the ratio of
carbon in the sample.

4.4.4.4 Mass density

The results for the mass density of the GO samples at the temperatures in the high temperature
regime can be seen in Figure 4.61.

Figure 4.61: Estimated mass density values of S1 to S4 for the different temperatures in the high
temperature regime.

It is easy to see that these results are the least accurate of the whole study, so the hypothesis
derived from this will have to be taken accordingly. However, we can also see that, at least for
one of the samples, we have achieved a mass density of almost 2.2g/cm3, which according to the
bibliography [554] is very close to the mass density known for bulk graphite. This seems to point
out that, at least in some of the cases, the reduction and graphitisation seems to have been a
success.

The behaviour of the mass density at for thicker samples is tricky to interpret, since the vari-
ation between 100°C and 500°C is smaller than the incertitude of the measurement performed.
However, that is not the case for the rest of the measurements.

There is a general dip (steeper, with some decreases bigger than a 10%) of the mass density
at 95°C. this seems in good agreement with our hypothesis that the PW readsorbs overnight
and desorbs at ∼100°C.

At 185°C, the only noticeable changes in the mass density come from the thinner samples.
In one of them (S2 in Figure 4.61, there is a clear raise in the mass density, which is consistent
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with the desorption of PW and a lack of CW, epoxydes or carboxyl groups. However the other
one does not really experience a variation of the mass density at this temperature, which could
be caused by the presence of CW in the sample or a higher sensitivity to the beam (since it is,
as we have seen in Section 4.59, the thinnest sample of the ones in this study).

At 300°C, there is a raise in the mass density only for the S1 sample, which seems to be
coherent with the sample either having CW present at the beginning of the study or a higher
sensitivity to the beam, taking a longer time to anneal.

At 500°C for thinner samples, and at 700°C for thicker samples, there is a decrease of the mass
density that we attribute to an amorphisation caused by the degradation due to the desorption
of ketones.

At 900°C, there is a general increase of the mass density. Our interpretation of this feature
is that the degradation caused by the desorption of alcohols is less important in terms of mass
density than the graphitisation due to the annealing temperatures and the desorption of the rest
of the OFGs.

Finally, at 1200°C, there is a general raise in the mass density, caused by the general graphi-
tisation after the desorption of alcohols and also due to the annealing temperatures, that allow
the carbon material to graphitise.

4.4.4.5 sp2 fraction

The results related to the sp2/sp3 fraction of the samples at high temperature can be seen in
Figure 4.62.

The first general conclusion that we can gather from these results is that the graphitisation
of the sample is a complete success, with over a 20% increase in sp2 fraction at least and an
astounding 45% at most, getting to values that can reach almost a 90% of sp2 bonds in carbon.
We can see as well that, even though the final values of sp2 are different for each sample, in
general terms, the behaviour among thin samples and among thick samples is roughly the same.

At 95°C, there is a dip in the sp2 fraction for thin samples, whereas for thick samples there
is an increase of said fraction. Judging by the rest of properties measured, it is reasonable to
assume that, for all four samples, there is a presence of PW that desorbs at ∼100°C. The fact
that the sp2 decreases for thinner samples and increases for thicker samples suggests that, for
thinner samples, the desorption taking place comes from the whole of the sample, producing a
bigger disruption in the carbon matrix and therefore a bigger amount of degradation. For their
thicker counterparts, these results could indicate that the PW being desorbed at 95°C could be
located on the surface of the sample or a few layers into the sample, producing a lesser amount
of degradation when desorbing. This would also explain the much bigger decrease in thickness
shown for this temperature in Section 4.4.4.2.

At 190°C, there is a clear dip for thicker samples that does not appear for thinner ones.
Assuming this amorphisation of the sample is caused by degradation produced by the desorption
of CW, epoxides and carboxyl groups, this would be in agreement with a lack of CW and either
epoxides, carboxyl groups or both in the thinner samples, and a presence of such in the thicker
samples.

There is a small dip at 300°C for the S2 sample that does not appear in the S1 sample. This
seems coherent with our hypothesis, previously established in Section 4.61, that the ketones in
the thinner sample (S1) desorb at a temperature above 300°C, while for thinner samples this
desorption starts happening at 300°C, hence the amorphisation caused by the degradation of
the sample.

From these temperatures and up, the sp2 fractions seems to increase generally for all the
samples. From this, we interpret that the graphitisation due to the desorption of the different
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Figure 4.62: sp2/sp3 ratio of the C atoms in the GO samples expressed as the % of sp2 bound C atoms.
This plot shows the results for the samples S1 to S4 at the temperature values on the high temperature
regime.

OFGs is stronger than the amorphisation due to the degradation of the sample. However, this
amorphisation can still be quite high for some samples, such as the S1 one. This is reflected in
its low final sp2 value at 1200°C, as well as the decrease of its mass density at high temperatures
(see Figure 4.61.

There is only one exception for this general increase in sp2, which is the dip at 700°C for the S3

sample. The interpretation we gather from this, along with the abovementioned measurements on
these samples, is that, for this sample, the degradation caused by the desorption of ketones (which
has also been deduced from its mass density in Section 4.61) is higher than the graphitisation
caused by the annealing and the desorption of the different OFGs at this temperature, which is
not the case for the rest of the samples.

4.4.4.6 Summary - High temperature regime

Several conclusions can be drawn from these high temperature studies:

• With respect to physisorbed water, it seems quite clear that it has reabsorbed overnight
when taking the sample out of the microscope. This is especially visible for the thinner
samples.

• As for chemisorbed water, it is unclear whether it is reasorbed or not for the thinner
samples, but it is quite clear that it is reabsorbed into the thicker samples. This points out
that the desorption of epoxides and carboxyl groups on the studies performed in sections
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4.4.2 and 4.4.3 might not have been complete, especially epoxides for which we seem to
see a weak ELNES feature.

• The ketones in the sample seem to have different desorption temperatures depending on
the thickness of the sample, desorbing between 300 and 500°C for thinner samples, and
between 500 and 700°C for thicker samples.

• The desorption of hydroxyls seems to have a similar path: whereas for the thinner samples
it starts around 700°C, for thicker samples it does so at 900°C.

• Some of the samples achieve, at 1200°C, characteristics that are really close to those of
graphene in terms of [C]/[O] fraction, mass density and sp2 fraction.
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4.4.5 High temperature regime: Cinematic study

We have also performed cinematic studies at high temperatures, as previously mentioned in
Section 4.3.2. For the thinner samples, the studies will focus on the behaviour of the samples
at 500 and 700°C, a region of interest where we are not completely sure of what is going on.
The measurements for the cinematic study have been performed at a time t1 30 minutes after
the initial measurements. As for the thicker samples, they have been subjected to a thorough
cinematic study with measurements at different times for all of the temperatures measured. At
low temperatures (95 and 190°C) there has been a second measurement taken at a time t1 45
minutes after the initial measurement and a third measurement taken at a time t2 90 minutes
after the initial measurement. For high temperatures (300, 500, 700, 900 and 1200°C), there has
been a single measurement taken at a time t1 30 minutes after the initial measurements. The
results of these analyses are shown in this section.

4.4.5.1 Thickness

The results regarding the thickness of the samples for these cinematic studies can be observed
in Figure 4.63.

Figure 4.63: Thickness estimation of the GO samples for the cinematic studies performed in the high
temperature regime. The measurements at t0 are shown in blue, while the measurements at t1 are shown
in red and the measurements at t2 in green.

Thinner samples The analyses for thicker samples coincide among both samples: they both
have an increase of their thickness at t1 at 500°C, followed by a decrease at t1 at 700°C.
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Judging by the reasoning employed in previous measurements (see previous experimental
sections), this would lead us to think there is some OFG that desorbs at 500°C that we have
missed. However, as it will be seen in sections 4.4.5.2, 4.4.5.3 and 4.4.5.4, this expansion comes
along with an increase inrelative C content, an increase in mass density and an increase in
sp2 fraction in the S1 sample, all of which suggest the opposite of the beginning of desorption,
judging by the results for all of the rest of the experiments. Our current hypothesis on the matter
is simply that, at this temperature, there is an annealing of the sample as it desorbs some of
its OFGs (probably some epoxide groups that had not been desorbed yet, as well as ketones,
which start desorbing at 300°C), but since we do not have any electrom beam irradiation during
this process (we suppose it happens between t0 and t1), we do not have the degradation we had
before.

At 700°C, the sample decreases in thickness over time. In the rest of these studies, we have
interpreted that as the end of the desorption of a certain OFG, but in this case, the values
of carbon content and mass density seem to indicate otherwise, with a decrease in both at
this temperature that has previously been related in this work with an amorphisation due to
degradation. Our hypothesis is that, at this temperature, at least for thinner samples, the alcohol
OFGs start to desorb, but they do not produce an increase in thickness, probably due to the
general sublimation taking place at this temperature.

Thicker samples At 95°C we see two different behaviours in the samples, which we think
correspond either to two different ways PW desorbs in our samples, or to two different moments
in the desorption.

On the one hand, the S3 sample experiences a huge increase in thickness, more than doubling
in size at t1 and then coming back to the exact same thickness at t2. This seems to indicate
that the increase in sample thickness due to the desorption of PW can be a lot higher than we
expected, albeit not constant in time at all. It seems this measurement has been in the peak of
said increase.

However, for the S4 sample, the thickness measured at t1 is pretty much the same as in t0 and
the thickness measured at t2 is almost a 20% lower. Judging by the intense decrease inrelative
C content, mass density and sp2 fractions at t1 for this sample, that we will delve deeper into
in sections 4.4.5.2 4.4.5.3 4.4.5.4 , this seems to be a counterpart for the behaviour we have
just seen in the previous paragraph. The apparent lack of change in the thickness, along with
these decreases, seems to point out a desorption of PW where the water is breaching through
the graphitic layers, degrading a lot more carbon than it is desorbing oxygen. After that, at
t2, it goes back to its previous C levels, mass density and sp2 fraction, which could indicate a
complete desorption of the PW.

We have established two main hypothesis regarding this difference in behaviour. Our first
hypothesis is that the difference in thickness (the initial thickness of the S3 sample is almost
half of the S4 sample) or in general composition (due to the inhomogeinity of the sample) make
the samples behave differently with respect to the desorption of their PW.

Our second hypothesis is that both undergo the exact same process, just at different speeds,
again due to their difference in thickness or in composition. This hypothesis sustains that the
sample has two very specific moments during the desorption of PW: a first moment where the
PW pushes against the graphitic layers, greatly increasing the sample thickness, and a second
moment where the water finally pushes through the graphitic layers, producing a great deal of
degradation.

At 190°C, we have an increase for both samples from t0 to t2, with S4 taking a little longer
than S3. We have previously associated this with the beginning of the desorption of CW and
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epoxides.

At 300°C, we have a clear increase in thickness from t0 to t1 for both samples. This could
indicate that the desorption of ketones might start at temperatures even lower than we thought,
starting at t1 at 300°C with the characteristic increase in thickness and then going down as it
desorbs. For the S4 sample, this also would happen between t0 and t1 at 500°C.

The analysis of the samples show a pretty stable behaviour for temperatures of 500°C or
higher for one of the samples (S3) and for temperatures of 700°C or more for the other one (S4).
However, this is only if we take their variation in thicknes with respect to their actual thickness,
since the absolute value of the variations in thickness is quite close to that of the thinner
samples at these temperatures (∼ 1-2 nm). This seems to point out that, for the desorption
of OH groups, it is necessary to increase the temperature in order to obtain changes from the
sample, and annealing at a certain temperature will not provide results on its own.

4.4.5.2 Relative C content

The analysis of the carbon content for these studies can be seen in Figure 4.52.

Figure 4.64: [C]/[O] fraction of the GO samples for the cinematic studies performed in the high
temperature regime. The measurements at t0 are shown in red, while the measurements at t1 are shown
in blue and the measurements at t2 in black.

Thinner samples
As it has previously been mentioned in Section 4.4.5.1, there is a raise in the relative C content
at 500°C and a decrease at 700°C for one of the samples (S1), while for the other one (S2) it
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stays roughly the same. These variations have been explained in that section as being resulting
from an annealing process with a resulting thicker structure for the changes at 500°C. At 700°C,
this behaviour is thought to be coming from the desorption of OH groups and the sublimation
of carbon on the edges of the sample, respectively.

Thicker samples

As it has been previously mentioned in Section 4.4.5.1, the two thick samples in this study
follow two very different paths. The S3 sample experiences an increase in its [C]/[O] fraction at t1,
folllowed by a bigger decrease (over a 4%) at t2. On the other hand, the S4 sample goes through
a decrease in the [C]/[O] fraction over a 10% at t1, going back up almost to its initial position
at t2. This can happen because of the same two hypothesis stated in section4.4.5.1: Either they
respond differently to the desorption of PW due to their differences (thicknes, inhomogeneity,
etc), with or they respond the same way to the desorption of PW, with an initial bloating of the
sample followed by a decrease in thickness due to degradation, but they happen at different times
due to their particular difference and we are measuring different states of the same phenomenon.

At 190°C, the S3 sample seems to have a slight increase in [C]/[O] fraction at t1, and it goes
back down to a value very close to the initial one at t2. As for the S4 sample, there could be a
small decrease in the [C]/[O] fraction but if there were any, it would be too small to know, since
the variation in C fraciton is below the accuracy of the measurements. It is also quite hard to
know for sure what is going on here. Our hypothesis is that there are two competing phenomena
on the sample: on the one hand, the graphitisation and reduction coming from the desorption
of PW, and on the other hand, the degradation caused by the desoprion of CW.

At 300°C, for S4 there is a dip in the carbon fraction of the sample equivalent to a 6% of the
total. This is consistent with the beginning of the desorption of epoxides at a lower temperature
that we thought. This is not the case for the S3 sample, where there is a 3% increase in the [C]/[O]
fraction between t0 and t1. Our hypothesis is that, for this specific sample, the degradation caused
by the desorptions of ketones is still lower than the loss of oxygen from the desorption of CW,
epoxides and carboxyl groups.

For temperatures of 500°C and up, there are no visible differences between the measurements
at t0 and the measurements at t1. This seems to be in good agreement with the hypothesis
formulated in Section 4.4.5.1.

4.4.5.3 Mass density

The results for the mass density measured on these studies can be seen in Figure 4.65.

These are, in the case of thicker samples, the least accurate results of these studies, especially
when going to high temperatures. This is due to analysis dificulties on the plasmon EELS spectra,
which has been delved into in Section 4.3.6.3. They shall be examined with especial care and
always taking into account the context provided by the rest of measurements.

Thinner samples Just like it was measured for the thickness and the C ratio of the sample,
the mass density of the thinner samples increases at 500°C for the S1 sample and stays the
same for the S2 sample.After that, it decreases at 700°C, with a drop of almost 6% for the S2

sample. This is coherent with our hypothesis that, at 500°C the S1 sample undergoes some sort
of annealing with no beam irradiation in the process. The decrease in mass density at 700°C can
be explained as an amorphisation caused by the beginning of the desorption of the OH groups.
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Figure 4.65: Mass density estimation of the GO samples for the cinematic studies performed in the
high temperature regime. The measurements at t0 are shown in black, whereas the measurements at t1 are
shown in red and the ones at t2 are shown in blue.

Thicker samples At 95°C, yet again we have a different behaviour for the S3 and S4 samples:
on the one hand, the S3 sample seems to have a raise in mass density at t1 followed by a drop at
t2, although the raise in mass density is in the same range as the inaccuracy of our measurements.
On the other hand, the mass density in the S4 sample has a drop of approximately a 2%, which
is not huge but is noticeable enough; only to come back up to its initial level at t2. These
behaviours seem to support the hypothesis expressed in sections4.4.5.1 and 4.4.5.2.

At 190°C, we have a behaviour for both samples really similar to the previous behaviour at
95°C from the S3 sample. The thickiness has a general raise between t0 and t1. Then between t1

and t2 the S3 sample has an decrease in thickness and the S4 one has an increase in thickness.
We attribute these changes in mass density to the desorption of CW.

At 300°C, there is a clear increase in the mass density for the S3 sample, corresponding
with the beginning of the desoption of ketones. This seems a bit inconsistent with the studies
expressed in Section 4.4.4. However, it could be that this kind of desorption during a longer time
and at a stable temperature helps to anneal the sample, rendering it more graphitic. For the S4

sample, the mass density barely changes over time.

At 500°C and 700°C, the samples do not experience any changes in their mass density between
t0 and t1, which is coherent with what has previously been said in sections 4.4.5.1 and 4.4.5.2.

Not much can be said with certainty of the results above 700°C due to their great inaccuracy.
If anything, we can see there could be a slight drop in mass density at 900°C, which would be
coherent with the desorption of OH groups, but we cannot know for sure.
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4.4.5.4 sp2 fraction

The results for the sp2 fraction in this study can be seen in Figure 4.66.

Figure 4.66: %sp2 sp2/sp3 ratio of the C atoms in the GO samples expressed as the % of sp2 bound C
atoms for the high temperature cinematic studies of the GO samples.

Thinner samples For these samples, the sp2 ratio goes up for the S1 sample at 500°C and
stays pretty much the same for the S2 sample. This is consistent with the hypothesis that the
S1 sample undergoes some sort of annealing, rendering the sample more graphitic. As for the
S2 sample, there are no phenomena going on, which is supported by the rest of the properties
measured in this study.

As for the behaviour at 700°C, again we find a raise in the sp2 fraction of the S1 sample whilst
the sp2 fraction of the S2 sample stays more or less the same. We attribute this graphitisation to
the desorption of OH groups. The S2 sample seems to be having a bigger amount of degradation
based on its mass density (see Section 4.4.5.3) so it seems reasonable that, in this case, the
graphitisation and degradation cancel each other out in terms of sp2 variation.

Thicker samples At 95°C, the sp2 fraction in the S3 sample drops about a 3% between t0 and
t1, and then an additional 3% between t1 and t2. However, the S4 sample drops an astounding
almost 20% between t0 and t1, only to come back up to 60 % at t2. This seems to be in good
agreement with the hypothesis in previous sections, since an expansion of GO would decrease,
even slightly, the sp2 fraction of the sample. A degradation like the one explained in previous
sections would be coherent with a drop in sp2 fraction as big as the one the S4 sample has
experienced.
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At 190°C, there seems to be a really slight increase in sp2 fraction for the S3 sample, as
well as a slight decrease for the S4 sample. This variation is smaller than the accuracy of the
measurements so we cannot know for sure.

At 300°C, There is a clear increase between t0 and t1 in the sp2 content for the S3 sample, and
a decrease for the S4 sample. This seems to support our hypothesis, stated in Section 4.4.5.2
which is that, for the S3 sample, the degradation produced by the desorptions of ketones is
lower than the loss of oxygen from the desorption of CW, epoxides and carboxyl groups, which
amounts to a positive balance in the sp2 content.

For 500°C and up, there is not much to be told about the behaviour of these samples for
the cinematic study. If anything, both samples experience a really slight increase in sp2 fraction
between t0 and t1 for most temperatures, probably caused by the annealing the samples are
going through during this experiment.

The only other exception to this lack of behaviour is a 5% raise experienced by the S3 sample
at 900°C. This seems to be coherent with the graphitisation caused by the desorption of OH
groups.

4.4.5.5 Summary - High T regime - Cinematic studies

From the cinematic studies at 500 and 700°C on the thinner samples (S1 and S2), we can draw
the following conclusions:

• at 500°C, we have an increase in thickness between t0 and t1 that is accompanied by
an increase or a stability in C fraction, mass density and sp2 fraction. Our hypothesis
to explain this behaviour is that there is a desorption of the carboxyl and moreover the
epoxides in the sample that have not been desorbed yet, but this desorption happens
purely due to thermal annealing and without any electron beam irradiation, which implies
less damage and therefore less degradation in the sample.

• at 700°C, we see a decrease in thickness, along with a decrease in carbon content and mass
density and an increase in the sp2 fraction. We explain this behaviour as the beginning
of the desorption of alcohol groups, which degrades the sample. Since there is a general
sublimation of the sample taking place, the thickness does not increase due to this process.

On the other hand, from the cinematic studies on the thicker samples (S3 and S4) we gather
the following conclusions:

• When it comes to the desorption of PW, it seems that S3 and S4 go through this desorption
at a slightly different temperature, with S3 going through the increase in thickness and
decrease in all other properties that we link to the desorption process itself and S4 having
a decrease in thickness and an increase in the rest of its properties that make it seem as
though during our measurements at t1 PW has already desorbed from the sample. We
think this can be due either to their different thicknesses or to inhomogeneities in the
sample.

• The desorption of CW and epoxides seems to take place in a manner much more coherent
with the low temperature studies, although there seems to be a much higher amount of
graphitisation than there is degradation.

• Ketones start desorbing at lower temperatures than expected, with the beginning of the
desorption and the degradation related to it starting at t1 at 300°C.
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• From 500°C up, there are not many big changes in the samples from t0 to t1. The only
possible exception is a slight decrease in mass density and increase in sp2 content at 900°C,
which we relate to the beginning of the desorption of alcohols.
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4.5 Future prospectives

4.5.1 I/V studies

The techniques shown in these works allow for a very complete characterisation of GO, which
can be used for different kinds of in situ studies. Among those studies, some that have started
to be performed at our institution deal with the study of the different properties of GO as it is
subjected to an electric potential, and the conclusions that can be drawn from this.

4.5.2 Variability of GO

It is of importance to understand that, in this study, we have tried to give the best explanation
possible to the phenomena taking place in GO that was oxydised but not saturated, with an
initial relative oxygen ratio somewhere between a 12 and a 16%, while there are some GO
samples in the literature with oxygen contents over 40% [416] and some prepared using different
methods than the one used for our study (the Hummers method).

Oxidation rates We have covered the importance of the oxidation saturation in the structure
of GO in Section 4.1.2. It could be that this might be true as well for some of the mechanisms
of desorption of the different OFGs, which would explain, at least partially, the vast differences
between the model of Dékány [420] versus the Lerf-Klinowski [417] and Liu [426]. In other
words, our results could be different in some aspects if these experiments were repeated with
GO samples having a higher concentration of oxygen. and it definitely seems like a subject worth
looking into.

Preparation method In a similar fashion to the oxidation rate, we have only studied GO
that has been obtained through one of the various preparation methods stated in Section 4.1.5.
Just like the oxidation saturation could play play a role in the properties of the GO obtained, its
structure and its behaviour, it is normal to ask ourselves if the preparation method plays a role
in said characteristics as well. This would be an added explanation for the differences between
the Dékány model versus the Lerf-Klinowski and Liu models.

Nevertheless, it is important to notice that the full analysis method shown in these works
should, in principle, work for any kind of GO sample, with a few exceptions regarding the
estimation of sp2 carbon in heavily oxidised samples.

4.5.3 Future improvement on this study

Technique improvement The technique we have employed for this study (non-monochromated
EELS) is not within the state of the art when it comes to materials spectroscopy. The use of
monochromated EELS should improve both the assignment of the peaks and the quantification
of the intensity of said peaks in each stage of the reduction.

Substrate improvement When it comes to the substrate for the thermal chips in the study,
it has been proven (see Section 4.4.4) that the SixNy in the substrate starts to sublimate and
combine with our annealed rGO, probably forming SiC in the process. For this very reason, a
more heat r esistant substrate could be key for future similar studies on this matter.
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Other approaches for data analysis However intricate the data analysis might have been
for this study, there is still room for improvement, especially when it comes to the assignment of
peaks in the C-K and O-K edges of core-loss EEL spectra to the different OFGs. Two different
approaches are suggested for this kind of analysis:

On the one hand, if it were possible to functionalise graphene with a single OFG, which seems
plausible following what has been explained in Section 4.1.7, one could have a more accurate
understanding of the fine structure peaks corresponding to said functional group. if enough of
them were able to be synthesised, an MLLS analysis could be conducted using these spectra.

On the other hand, similarly to what we have seen in chapter 3, the C-K and O-K edges of
the spectra are nothing but a combination of positive components, corresponding to different
features (transitions, fine structure peaks, multiple scattering, etc). In theory, if we gathered
enough EEL spectra in multiple, different regions of the same GO, eventually we could have
enough material for a multi-variate analysis of the spectra, since what we would have would
be a similar ”background” spectrum with a variation of the different OFGs. This is, however,
a very costly experiment due to the amount of spectra that we should have in order to obtain
accurate results from a component analysis.

4.6 General Conclusion

From both the low temperature and high temperature analyses performed on these works, com-
bining the analysis of ELNES features as well as the estimation of the [C]/[O] fraction (inverse to
the oxydation degree), the thickness, the mass density and the sp2/sp3 ratio for the C atoms in
the different samples, we have been able to gather an important amount of information regarding
the thermal reduction of GO:

• At the beginning of our low temperature studies, there is a strange behaviour in the system
that we have related to the presence of oxydative debris in the sample. This oxidative debris
has an effect in the thickness of the samples as well as in their mass density.This debris
desorbs at low temperatures, around 85°C maximum, and a part of it has probably been
desorbed before the beginning of our experiments.

• The physisorbed water (PW) desorbs at a temperature around ∼ 100°C. This desorption
seems to start with the PW adsorbed to the surface of the GO and then with the water
intercalated among the graphitic layers. At the beginning of the desorption of the PW,
there is a mesurable amount of degradation in the sample. This renders the sample more
sensitive to the beam. The measurable effects of this is a desorption of C, resulting in a
lower C fraction, an increase in thickness and an amorphisation of the sample, resulting
in a lower mass density and sp2 fraction in the C atoms.

• After the desorption of PW, the sample stabilises. These two phenomena combined imply
a loss of oxygen (a higher [C]/[O] ratio), a decrease in thickness and a re-graphitisation of
the sample, with the mass density and the sp2 going back up.

• The chemisorbed water (CW) desorbs at ∼ 180°C, along with most of the epoxide groups
and seemingly all of the carboxyl groups. Similarly to PW, there is a mesurable amount of
degradation in the sample at the beginning of the desorption of the CW, which translates
into the same changes in the abovementioned properties. The expansion of the samples
during this desorption, which we have been able to see during the cinematic studies, has
shown to be especially dramatic.
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• After the desorption of the CW, most of the epoxides and all the carboxyl groups, the
sample has a very noticeable amount of graphitisation, as shown in the increase in mass
density and sp2 fracion of the samples after said desorption.

• The desorption of epoxides seems to be quite effective when heating the sample up to
300°C but not completely. This is shown by the presence of epoxide groups in the ELNES
analysis of the high temperature studies, as well as the presence of CW in these same
studies.

• PW is shown to be readsorbed into the samples as well after leaving them overnight at
ambient conditions, especially for thinner samples.

• New desorption features are seen for both PW and CW on the high temperature studies,
altough the effects of the latter are a bit more subdued.

• Ketones seem to start their desorption at 300°C , at t0 for thinner samples and after some
given time for thicker samples (in our case, 30 minutes). this desorption continues up to
500°C for thicker samples.

• Alcohol groups start desorbing at 700°C for thinner samples after 30 minutes. As for thicker
samples, this desorption start at 900°C.

• The GO samples undergo a graphitisation process during their thermal reduction, with
some of the samples achieving a 96% fraction of sp2-bonded C atoms. In turn, the thickness
of the samples goes down not only due to the desorption of the different OFGs, but also
the degradation caused by the electron beam damage and the temperature.

• Both in the case of intercalated water desorption or OFG desorption, the thickness of the
sample can play a part in the temperature at which the desorption takes place and the time
at a certain temperature the sample needs to start said process. The inhomogeneities in the
sample can also make some of the desorptions differ from one another in the temperature
or the time at which they take place. Even so, it seems the abovementioned behaviour is
coherent for these specific samples and this specific kind of GO.



248 Graphene Oxide: a TEM-EELS in situ thermal study



5

General conclusions

Throughout this manuscript, we have delved into the optoelectronic properties of atomically
thin MoxW1−xS2 alloys and the plasmonic behaviour of high aspect-ratio Au nanostructures.
We have also explored different properties of GO and how these properties vary when the GO
is exposed to temperature raises, thus reducing and graphitising it. This section focuses on the
general conclusions drawn from these experiments.

Optoelectronic properties of atomically thin MoxW1−xS2 alloys When it comes to this
study, there are four main results to focus on: The optical band gap, the C exciton, the α and
β van Hove features.

The most prominent results have to do with the behaviour of the optical band gap, which
has been obtained using a direct measurement method, instead of using the position of the A
exciton peak in PL as a reference for the position of the band gap as previous studies did. Our
study shows an average variation in the band gap values for different alloying degrees that is
consistent with these previous studies, with a decrease in the band gap from x=1 to x=0.7
and a continous increase in the band gap value from x=0.7 to x=0. This provides not only a
better understanding of the optoelectronical properties of this material, but a better guide for
the tuning of the band gap in this kind of alloys, in case there was a necessity to fabricate an
alloy with a specific value for its band gap.

When it comes to the C exciton features, the results within a specific alloying degree show a
somewhat clear tendency for these features to decrease with the number of layers in the sample.
The average position of the C exciton signature for each alloying degree seems to show a tendency
for these features to decrease as the Mo content in the sample increases.

As for the α van Hove feature, within the same alloying degree there seems to be a slight
decrease in this feature as the number of layers go up for high amounts of Mo. Besides that, there
is a general increase of this feature with the number of layers. Regarding the average variation
of this feature with the alloying degree, the average value for WS2 is notably higher than for
the rest of the alloys.

Regarding the β van Hove feature, it is clear that, for any alloying degree, the value for this
feature increases with the number of layers. However, it is not possible to discern as clearly how
the average value of this feature behaves as a function of the Mo content.

The theoretical simulations performed on these materials have helped us interpret our data
and have confirmed our initial hypotheses.

Plasmonic properties of high aspect-ratio Au nanostructures This chapter has dealt
with the analysis of the EELS data of plasmonic nanostructures that, due to their high aspect-
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ratio, did not allow for a conventional analysis method of their EEL spectra. A new analysis
method has been used instead, which has consisted on a custom background extraction routine
and a treatment using multi-variate analysis.

Out of the SPIM-EELS that have been analysed, most of them showed various amounts of
experimental noise, which has served the purpose of testing our analysis routine with even more
challenging datasets.

This analysis has turned out to perform remarkably well even under very challenging SNR
conditions. It has been able to differentiate plasmonic components down to energies of 0.25 eV
with an energy resolution of 160 meV for the most favorable samples or resolving modes below
the energy resolution limit. In general, it has allowed for a very complete qualitative analysis of
the plasmonic features even for the samples with a low level of SNR. We have been able to find
a reasonable energy dispersion relation for these samples, furthering our knowledge about them.

The DDEELS modelling present in the chapter, as well as its comparison to our experimental
results, has been very informative in terms of our experiment, and it has pointed out the possible
effects of the substrate on our experiment as an energetically diffusive element.

On top of characterising these plasmonic resonators, this technique has been built in a way
that could be used for other types of characterising techniques, such as XPS.

In-situ studies regarding the thermal reduction of GO Our studies regarding the ther-
mal reduction of GO have been able to paint arguably the most complete picture to date on
the thermal reduction of GO (produced using a Hummers method), investigating the different
mechanisms taking place.

From both the low temperature and high temperature analyses performed, and combining
the analysis of ELNES features as well as the estimation of the [C]/[O] fraction, the thickness,
the mass density and the sp2/sp3 ratio for the C atoms in the different samples, we have been
able to delve into all the stages in GO thermal reduction. These works focus on two different
temperature regions; a first one ranging from 70 to 300 °C and a second one ranging from 70 to
1200 °C, with the sample being left out of the microscope overnight for rehydration purposes.Two
different initial thicknesses for the samples have been considered as well, one around 10 nm and
another one on the tenths of nm. The conclusions drawn from these works are as follows:

• At the beginning of our studies, we have some sort of oxydative debris in the sample.
This oxidative debris has an effect in the thickness of the samples as well as in their mass
density.This debris desorbs at low temperatures, around 85°C maximum.

• The physisorbed water (PW) desorbs at a temperature around ∼ 100°C. This desorption
seems to start with the PW adsorbed to the surface of the GO and then with the water
intercalated among the graphitic layers. This imply an important amount of degradation
of the sample. The expansion of the samples during this desorption, which we have been
able to see during the cinematic studies, has shown to be especially remarkable. After the
desorption of PW, the sample stabilises.

• The desorption of carboxyl groups in the sample seems to be completely effective when
heating the sample up to 300 °C, as hinted by the disappearance of its ELNES feature in
the C-K EELS edge.

• The desorption of epoxides in the sample seems to be rather effective when heating up the
sample up to 300 °C, but it does not work up to a full desorption. This is shown by the
presence of epoxide groups in the ELNES analysis of the high temperature studies, as well
as the presence of CW in these same studies.
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• After leaving the sample overnight at ambient conditions, PW is shown to be readsorbed
into the samples.

• New desorption features are seen for both PW and CW on the high temperature studies,
altough the effects of the latter are far more subdued, which is coherent with the desorption
of epoxides being only partial.

• Ketones seem to start their desorption at 300 °C , at t0 for thinner samples and after some
given time for thicker samples (in our case, 30 minutes). this desorption continues up to
500 °C for thicker samples.

• Alcohol groups start desorbing at 700 °C for thinner samples after 30 minutes. As for
thicker samples, this desorption starts at 900 °C.

• The GO samples undergo a graphitisation process during their thermal reduction, with
some of the samples achieving a 96% fraction of sp2-bonded C atoms. In turn, the thickness
of the samples goes down not only due to the desorption of the different OFGs, but also
the degradation caused by the electron beam damage and the temperature.

• Both in the case of intercalated water desorption or OFG desorption, the thickness of the
sample can play a part in the temperature at which the desorption takes place and the time
at a certain temperature the sample needs to start said process. The inhomogeneities in the
sample can also make some of the desorptions differ from one another in the temperature
or the time at which they take place. Even so, it seems the abovementioned behaviour is
coherent for these specific samples and this specific kind of GO.

These studies have improved not only what is known about the materials subject to this
manuscript, but it has also pushed the techniques used for their study as well as their data
analysis. This means that not only have the properties of these materials been delved into in
a more complete way, but there has been a development on the data analysis for these results
that will also be beneficial to new studies in the matter.
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Conclusiones generales

A lo largo de este manuscrito, hemos profundizado en las propiedades optoelectrónicas de
aleaciones de MoxW1−xS2 de espesor atómico (2D) y el comportamiento plasmónico de na-
noestructuras de oro con una alta relación de aspecto. También hemos explorado las diferentes
propiedades del óxido de grafeno y cómo estas propiedades vaŕıan cuando el GO se expone a
aumentos de temperatura. Esta sección se centra en las conclusiones generales que se han sacado
de estos experimentos.

Propiedades optoelectrónicas de aleaciones de MoxW1−xS2 de espesor atómico En
lo que respecta a este estudio, hay cuatro resultados principales en los que centrarse: el gap
óptico, el excitón C, y los picos caracteŕısticos de las singularidades de Van Hove α y β.

Los resultados más notables tienen que ver con el comportamiento del gap óptico, que se han
obtenido usando un método de medida directo en lugar de utilizar la posición del excitón A en
PL como referencia para la posición del gap como los estudios previos. Nuestro estudio muestra
una variación en la media de los valores del gap para differentes grados de aleación (cantidad de
Mo) que es coherente con estos estudios previos, con un decrecimiento de los valores del gap de
x=1 a x=0.7 y un crecimiento continuo en el gap para valores de x de 0.7 a 0. Esto no sólo ofrece
un mejor entendimiento de las propiedades optoelectrónicas de este material, sino que también
ofrece una mejor gúıa para el ajuste del band gap óptico en este tipo de aleaciones, en el caso
de que hubiese la necesidad de fabricar una aleación con un valor espećıfico de band gap.

En lo relativo a los picos del exciton C, los resultados para cada uno de los grados de
aleación muestran una tendencia más o menos clara para estos picos para decrecer en enerǵıa
cuanto mayor es el número de capas del copo analizado. La posición promedio del pico del
excitón C para cada grado de aleación parece mostrar una tendencia de decrecimiento conforme
la cantidad de Mo en la muestra aumenta.

Con respecto al pico de van Hove α, dentro del mismo grado de aleación parece haber un
ligero decrecimiento en la posición de este pico conforme aumenta el espesor de la muestra para
altos contenidos de Mo. Además, hay un aumento general de la posición de este pico con el
número de capas. En cuanto al comportamiento de la posición promedio de este pico para cada
grado de aleación, el valor medio para WS2 es particularmente más alta que la del resto de
aleaciones.

En lo relativo al pico β de van Hove, está claro que, para cualquier grado de aleación, la
posición de este pico aumenta con el número de capas de la muestra. Sin embargo, no es posible
discernir de manera tan clara cómo es el comportamiento de los valores promedio en función del
contenido de Mo.

Las simulaciones teóricas realizadas para estos materiales han ayudado en la interpretación
de nuestros datos y confirmado nuestras hipótesis iniciales al respecto.

Propiedades plasmónicas de nanoestructuras de oro de alta relación de aspecto Este
caṕıtulo ha lidiado con el análisis de datos de EELS de nanoestructuras plasmónicas que, debido
a su alta relación de aspecto, no permit́ıan un análisis convencional de sus espectros de EELS.
Un nuevo método de análisis se ha puesto en marcha, consistente en una rutina personalizada
para extraer el background del espectro, aśı como un tratamiento usando análisis multivariante.

De las SPIM-EELS que se han analizado, la mayoŕıa mostraba diversos niveles de ruido
experimental, lo cual ha servido para probar nuestra rutina de análisis con datos aún más
complicados.

Este análisis ha resultado funcionar impresionantemente bien incluso bajo condiciones com-
plicadas de señal sobre ruido. Ha sido posible, en los casos más favorables, identificar compo-
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nentes plasmónicas a enerǵıas tan bajas como 0.25 eV, siendo la resolución energergética de
160 eV, o resolver modos por debajo del ĺımite de resolución energéntica. En general, nos ha
permitido realizar un análisis cualitativo de los modos plasmónicos muy completo, incluso para
las muestras con un nivel bajo de señal sobre ruido. Hemos conseguido calcular dispersiones
energénticas para estas muestras, aumentando nuestro conocimiento al respeto.

Los modelos de DDEELS que se presentan en el caṕıtulo, aśı como la comparación con
nuestros resultados experimentales, ha sido muy informativos en lo relativo a la coherencia de
nuestro experimento, y ha señalado un posible efecto del sustrato en nuestro experimento como
un elemento energéticamente difusivo.

Además de caracterizar estos resonadores plasmónicos, esta técnica de análisis ha sido con-
struida de tal manera que podrá ser usada para otros tipos de técnicas de caracterización, como
la XPS.

Estudios in situ sobre la reducción térmica del óxido de grafeno Nuestros estudios
sobre la reducción térmica del GO han servido para producir la que probablemente sea la de-
scripción más completa a d́ıa de hoy en la reducción térmica del óxido de grafeno (producido
con el método de Hummers), investigando los diferentes mecanismos que tienen lugar.

Uniendo los análisis a bajas y a altas temperaturas, y combinando los análisis de los picos
de ELNES aśı como la estimación de la fracción de [C]/[O], el espesor, la densidad másica y la
proporción de enlaces sp2/sp3 en los átomos de carbono de las diferentes muestras, hemos sido
capaces de profundizar en todos los pasos dentro de la reducción térmica del GO. Estos estudios
se centran en dos regiones diferentes de temperaturas, una que va de 70 a 300 °C y otra que va
de 70 a 1200 °C, y la muestra se ha sacado del microscopio durante la noche entre los estudios
de una región de temperatura y los de la otra por motivos de rehidratación. Se han considerado
dos regiones de espesor inicial para estos estudios, uno alrededor de 10 nm y otro en las decenas
de nm. Las conclusiones que se han sacado de estos estudios son las siguientes:

• Al inicio de nuestros estudios, tenemos algún tipo de residuo oxidativo en la muestra. Este
residuo oscidativo tiene un efecto en la estimación del espesor de las muestras, aśı como
en su densidad másica. Este residuo se desorbe a bajas temperaturas, como máximo a 85
°C.

• el agua fisisorbida (AF) se desorbe a una temperatura en torno a ∼100 °C. Esta desorción
parece empezar con el AF que está adsorbido a la superfice del GO y después con el agua
intercalada entre las capas graf́ıticas. Esta degradación conlleva una cantidad importante
de degradación en la muestra. La expansión de la muestra durante esta desorción, la cual
hemos podido ver durante los estudios cinemáticos, ha resultado ser especialmente notable.
Tras la desorción del AF, la muestra se estabiliza.

• La desorción de los grupos carboxilo de la muestra parece ser completamente efectiva al
calentar la muestra hasta 400 °C, como parece indicar la desaparición de su pico ELNES
en el edge K del carbono en EELS.

• La desorción de los grupos epoxi en la muestra parece ser bastante efectiva cuando calen-
tamos la muestra hasta 300 °C, pero no llega a ser una desorción completa. Esto se ve en
la presencia de grupos epoxi en los picos de ELNES de los estudios a alta temperatura,
aśı como la presencia de agua quimisorbida (AQ) en estos mismos estudios, agua que está
ligada a estos grupos.

• Tras dejar la muestra en condiciones ambientales toda la noche, el AF se readsorbe en las
muestras.
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• En los estudios a altas temperaturas se ven de nuevo picos relativos al AF y al AQ, aunque
los efectos de la segunda son mucho menores, lo cual es consistente con que la desorción
de los grupos epoxi sea sólo parcial a 300 °C

• Los grupos cetona parecen empezar a desorberse a 300 °C en t0 para las muestras de menor
espesor, y después de un tiempo (en nuestro caso, 30 minutos) para las muestras de mayor
espesor. Esta desorción continua a 500 °C para las muestras más espesas.

• Los grupos alcohol empiezan a desorberse a 700 °C para las muestras menos espesas tras
30 minutos. Respeco a las muestras más espesas, esta desorción comienza a 900 °C.

• Las muestras de óxido de grafeno sufren un proceso de grafitización a lo largo de su
reducción térmica, con algunas de las muestras llegando a una fracción de átomos de
carbono en la muestra con enlaces sp2 de un 96%. Por otra parte, el espesor de las muestras
disminuye considerablemente no sólo por la desorción de los diferentes grupos funcionales,
pero también por la degradación causada por el haz de electrones y la temperatura.

• Tanto en el caso de la desorción del agua intercalada como para los grupos funcionales,
el espesor de la muestra puede ser un parámetro a considerar respecto a la temperatura
a la cual comienza esta desorción y el tiempo que se necesita estar a una determinada
temperatura para comenzar este proceso. Las inhomogeneidades en la muestra también
pueden hacer que las desorciones difieran de muestra en muestra en la temperatura o el
tiempo en el cual ocurre esta desorción. Aún aśı, parece ser que todos los comportamientos
aqúı explicados parecen coherentes para estas muestras y este tipo de GO en concreto.

Estos estudios no sólo han aumentado nuestro conocimiento sobre los materiales que son sujeto
de este manuscrito, sino que también ha impulsado las téncinas usadas tanto para su estudio
como para el análisis de datos. Esto quiere decir que no sólo hemos indagado en las propiedades
de los materiales aqúı mencionados de una forma más completa, sino que también ha habido un
desarrollo en el análisis de datos para estos resultados que podrá ser beneficioso también para
nuevos estudios en este tema.
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Nantes, 2018.
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Chemie, 303(2):233–290, 1899.



268 BIBLIOGRAPHY
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[278] Dana Cialla, Anne März, René Böhme, Frank Theil, Karina Weber, Michael Schmitt, and Jürgen Popp. Surface-
enhanced Raman spectroscopy (SERS): Progress and trends. Analytical and Bioanalytical Chemistry, 403(1):27–54,
2012.

[279] Aric Warner Sanders. Optical Properties of Metallic Nanostructures. PhD thesis, Yale University, 2007.
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rard, Neus G. Bastús, Rafal E. Dunin-Borkowski, Victor F. Puntes, and Jordi Arbiol. Tuning the Plasmonic Response
up: Hollow Cuboid Metal Nanostructures. ACS Photonics, 3(5):770–779, 2016.
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[311] Mathieu Kociak, Odile Stéphan, Alexandre Gloter, Luiz F. Zagonel, Luiz H.G. Tizei, Marcel Tencé, Katia March,
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