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Resumen

En la actualidad, estan surgiendo métodos novedosos y ecoldgicos para sintetizar na-
noestructuras de hard carbon. Esta investigacién tuvo como objetivo desarrollar un proceso
de sintesis por ablacién laser para producir nanomateriales de hard carbon utilizando un
residuo de cascara de coco endémico de Ecuador, de la especie Parajubaea Cocoides, como
material precursor. El material fue analizado antes y después de la sintesis, mostrando
caracteristicas interesantes; la estructura cambié de una forma granular en el estado inicial
a una estructura porosa en las muestras sintetizadas. Ademas, la técnica de espectroscopia
Raman mostré un espectro bien definido para cada una de las muestras sintetizadas, con
una relacién Ip/Ig de 0.25 y 0.41 para las muestras sintetizadas. También se encontrd,
mediante XPS, que en los espectros C'ls, el pico alrededor de 281 eV cambid de tener una
baja intensidad en la muestra precursora a un pico muy definido y de alta intensidad en
las muestras sintetizadas, mostrando asi atomos bien organizados en enlaces C' — C' con
estado degenerado sp?. Ademés, se obtuvieron planos (200) y (002), con XRD, que corre-
sponden a estructuras grafiticas; las distancias interplanares estimadas fueron de 0.41 nm,
0.40 nm para las muestras sintetizadas; valores que se comprobaron con el analisis TEM,
convergiendo en su totalidad. Como resultado, se dio obtenciéon de una nanostructura
semicristalina en la que se pueden definir arreglos entre capas de grafeno con areas cer-
radas rellenas de carbono amorfo a escala nanométrica, dejando algunas vacantes entre
ellas; y, a escala macroscopica, se forma una estructura porosa, tal como estd reportado
en la literatura. Esta nanoestructura es adecuada para el almacenamiento de iones; se
propone que las nanostructuras de hard carbon sean un reemplazo potencial de los anodos
en baterias de estado soélido, sentando las bases para estudios futuros.

Palabras Clave:

Nanoestructuras de Hard Carbon, ablacién laser, pirdlisis, Parajubaea Cocoides.



Abstract

Green novel methods to synthesize carbon nanomaterials are emerging nowadays. This
research aimed to develop a laser ablation synthesis process to produce hard carbon nanos-
tructures with an endemic Ecuadorian coconut shell residue, Parajubaea Cocoides species,
as the precursor material. The material was analyzed before and after synthesis, showing
interesting characteristics; the structure changed from a granules-like in the pristine stage
to a porous-like structure for the synthesized samples. Moreover, the Raman spectroscopy
technique showed a well-defined spectrum for each synthesized sample, with an Ip /I ratio
of 0.25, and 0.41 for the synthesized samples. It was also found, from X PS, that in the
(C'1s high-resolution spectra, the peak around 281 eV changed from a low intense peak for
the pristine sample to a very sharp and well-defined peak with considerable high intensity
in the synthesized samples, thus showing well-arranged atoms in C — C with sp* degen-
erated state. Besides, X RD analysis showed two predominant planes, (200) and (002),
corresponding to graphitic structures; the estimated interplanar distances calculated were
0.41 nm and 0.40 nm for the synthesized samples. Values corroborated with T'"EM anal-
ysis, showing precisely the same interplanar distances as calculated in XRD. The research
resulted in obtaining a semi-crystalline nanostructure in which there can be defined ar-
rangements between graphene layers with enclosed areas filled by amorphous carbon at
the nanoscale, letting some vacancies between them; and, at a macro-scale, it extrapolated
to be a porous-like structure, just as predicted and reported in the literature. As this
nanostructure has vacancies between the atoms, it makes the structure suitable for storing
ions; the hard carbon nanostructures are proposed to be a potential replacement of anodes
in solid-state batteries, leaving the fundamentals for future studies.

Keywords:

Hard Carbon nanostructures, laser ablation, pyrolysis, Parajubaea Cocoides.
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Chapter 1

Introduction

Since many industries started, its technology has been obtained by synthetic processes, in-
volving many chemical processes and obtaining its raw materials by damaging ecosystems
and polluting the environment. However, the world environment and nature cannot keep
spilling and draining its resources. A new approach to obtaining raw materials has started
in recent years: taking advantage of the mostly unconsidered resources, such as agricultural
bagasse or organic residues. Many types of agricultural waste, such as sugarcane bagasse,
corn stover, rice husk, coffee pulp, oil palm empty fruit bunches, soybean hulls, and ba-
nana plant waste, can be widely used for many purposes and are valuable and important
based on their chemical composition. Those uses include the production of biofuels, paper,
bio-based materials like biochar, building blocks, composting, and biogas. As noticeable,
many other agricultural and natural residues have not yet been considered and have similar
characteristics. The question to solve here is: What is the shared characteristic of those
organic materials that makes them valuable and important? The answer relies on their
chemical composition, mostly long organic carbon polymers, and their properties and char-
acteristics. These polymers usually correspond to lignin, cellulose, and starch, with a high
carbon yield (> 50wt%). Also, lignin, cellulose, and starch are accessible in large quantities
in nature and can be replenished by natural cycles, making them renewable resources. In-
terestingly, the ease of converting these organic materials into new carbon-based materials
and nanomaterials opens the path to a new market based on a more economically efficient,
eco-friendly, and sustainable production of derived materials, and due to their extensive

availability, they are appealing options for sustainable and scalable synthesis processes.
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[1, 2] As mentioned, organic molecules such as lignin, cellulose, and starch are suitable
precursors for obtaining carbon-based materials. Moreover, these organic molecules ex-
hibit essential characteristics and properties that make them appropriate precursors for
synthesizing hard carbon nanostructures. Lignin, cellulose, and starch comprise carbon,
which is crucial for forming carbon-based materials and nanostructures. Carbon is well-
known for its exceptional stability and hardness, making it a perfect option for producing
lasting carbon materials. These molecules show hierarchical structures at various levels,
ranging from the large-scale to the nanostructural. These structures can be preserved or
altered during synthesis to produce nanostructured carbon materials with specific proper-
ties, such as hardness. Furthermore, lignin, cellulose, and starch contain functional groups
such as hydroxyl (-OH) and carboxyl (-COOH) groups, capable of performing chemical
changes during the synthesis, such as in carbonization processes. The existence of these
functional groups can enhance the formation of cross-links while improving the capacity
of the resulting carbon materials to maintain specific nanostructures. Furthermore, the
exceptional thermal stability of these precursors allows for their conversion into carbon
structures and nanostructures without substantial degradation while maintaining precise
control over the synthesis process. Due to their ideal porosity conditions, these organic
molecules are precursors for forming carbon-based nanostructures. Overall, the combi-
nation of abundant availability, carbon-rich composition, hierarchical structure, functional
groups, thermal stability, and controlled porosity makes lignin, cellulose, and starch attrac-
tive precursors for synthesizing some carbon-based materials and nanomaterials obtained
such as graphene, graphite, hard carbon, and even diamond.

Besides, regarding carbon-based materials and nanostructures, graphene, graphite, and
diamond have highly ordered atomic arrangements, which means they have crystal struc-
tures; however, other carbon-based materials, such as hard carbon, show semi-crystal struc-
tures. Due to their properties, these materials have become increasingly demanding and are
used in many fields. Graphene, a single-layered arrangement of carbon atoms in hexago-
nal lattices, has some distinguished properties, such as good mechanical strength, electrical
conductivity, and thermal conductivity. This material is usually used in electronics, energy
storage devices (such as batteries and supercapacitors), composites, and sensors and is a

crucial component in lithium-ion batteries. Moreover, graphite, a multi-layered graphene,
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is a demanded material commonly used in pencils, lubricants, and electrodes. Diamond
is the hardest known natural material, characterized by its strong covalent bonds between
carbon atoms. It is highly valued for its use in jewelry, cutting tools, abrasives, and indus-
trial applications requiring extreme hardness and durability. Nowadays, diamonds can be
produced in laboratories with carbon sources; however, those are less economically valued
than natural diamonds. Hard carbon nanostructures refer to a type of carbon material
characterized by a high degree of disorder and a low degree of crystallinity, making it a
semi-crystalline structure. These nanostructures exhibit high porosity, providing ample
space for storing ions and making them promising candidates for various applications such
as energy storage devices as anode in lithium-ion and solid-state batteries, supercapacitors,
catalysis, sensors, and carbon capture technologies. Hard carbon is a recent material that
has been used increasingly and is being introduced to all the fields mentioned above.

Moreover, many methods exist to synthesize and produce carbon-based materials, start-
ing from natural sources such as lignin, cellulose, and starch. There is a specific type, the
carbonization synthesis method, also known as thermal treatment, which is a novel method
for synthesizing carbon-based nanostructures by inducing heating of the organic biomass.
[3] These carbonization synthesis methods involve the conversion of carbon-containing pre-
cursors into carbon materials by removing non-carbon elements under high temperatures in
an inert atmosphere. Thus, lignin, cellulose, and starch carbonization produce carbon ma-
terials and nanomaterials with characteristics similar to those of precursor materials, such
as well-defined porosity in some cases. The natural characteristics and chemical composi-
tion of these initial organic molecules, in conjunction with the parameters of the synthesis
processes, can be employed to regulate the size, arrangement, and quantity of the resulting
carbon-based nanostructures.

Common carbonization synthesis methods include chemical vapor deposition (CVD),
pyrolysis, annealing, and laser ablation. Chemical vapor deposition (CVD) is a synthe-
sis technique where carbon-rich gases are decomposed on a substrate surface at elevated
temperatures, leading to the deposition of carbon layers. It is commonly used to produce
graphene and carbon nanotubes with controlled thickness and orientation. However, the
CVD technique is known to be an expensive method to produce carbon-based materials

and nanomaterials. Moreover, annealing is a synthesis method commonly used for devel-
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oping carbon structures, specifically graphene and carbon nanotubes. It involves raising
the temperature of a material to a precise level and cooling it gradually, typically in a con-
trolled environment. This process facilitates the reorganization of atoms, relieving internal
stresses and creating desired structures. Then, pyrolysis is a widely used method where
organic precursors are heated in the absence of oxygen to break down into carbon-rich
materials. Different carbon materials and nanomaterials, such as carbon black, activated
carbon, or hard carbon, can be produced depending on the pyrolysis synthesis conditions.
Finally, laser ablation is a carbonization synthesis method that involves irradiating a car-
bon precursor with a high-energy laser beam in a controlled atmosphere. This leads to
the vaporization of functional groups bonded to the organic carbon chains and subsequent
carbon atoms condensation onto a substrate. This synthesis method produces carbon nano-
materials such as carbon nanotubes, hard carbon, graphite, and graphene. Overall, the
carbonization synthesis methods provide versatility for synthesizing various carbon mate-
rials with specific structures, compositions, and properties for various applications, such
as energy storage, catalysis, sensors, and materials science.

Consequently, merging the information mentioned above, an industry is trying to intro-
duce eco-friendly production methods for its components, starting from using agricultural
waste as raw material, and it is the energy industry, specifically the battery-production
industry. Due to the many difficulties of extracting precious metals and minerals that bat-
teries need, scientists have been focusing on finding different precursors for developing new
materials and methods for synthesizing and obtaining components for those solid-state bat-
teries. It has been trying to use graphene as a replacement material for anodes in solid-state
batteries. However, the production costs are very expensive, and the synthesis processes
may not be as green as desirable. Here is when a novel material appears: hard carbon
nanostructures. As mentioned, hard carbon nanostructures are semi-crystalline nanostruc-
tures with high porosity; their porous nature allows for rapid ion diffusion. Thus, hard
carbon is a potential replacement for anodes in solid-state batteries, efficiently storing ions
during the charging and discharging and enhancing battery performance and longevity.

This research will emphasize this novel material that can revolutionize solid-state bat-
teries in the energy industry. Hard carbon is a nanomaterial that can store ions at a high

capacity and is a potential replacement for conventional anodes of solid-state batteries.
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The research first proposes a raw material not used before the Parajubaea Cocoides fruit,
an endemic Ecuadorian palm species. Due to its null use for anything other than ornamen-
tal purposes, this palm species was considered the perfect candidate as the research raw
material, proposing a circular economy contributing to a greener synthesis. [4] Looking
deep into the literature, there are no studies about the composition of this species. How-
ever, compared to similar species as the Cocos Nucifera, one of the most common palm
species in the world, in theory, the main composition would be cellulose and lignin, the
perfect precursor molecules for hard carbon synthesis. In the experimental part of this
research, the Parajubaea Cocoides fruit, also known as dwarf coconut, was characterized,
and the main components were confirmed to be, in fact, cellulose, lignin, and starch.

Moreover, the synthesis method used to produce the hard carbon nanostructures was
laser ablation, a laser anneal treatment of the endemic coconut-based biomass, Parajubaea
Cocoides, to obtain this carbonaceous semi-crystalline nanostructures composed mainly of
amorphous carbon in a significant percentage, followed by graphite and graphene at lower
concentrations. Hard carbon nanostructures present a high porosity, a shared characteristic
of precursor material, making them suitable for many applications, such as storing ions in
their structure. [3] The synthesis method proposed was a green procedure, starting from
the sample preparation; there were only physical procedures used in clean environments so
as not to contaminate the samples and to contribute to the green path of the research. In
the synthesis process, specific controlled conditions were used. This green synthesis method
promotes a circular economy, as waste products are used to produce the hard carbon semi-
crystalline nanostructures, thus not disposing of this waste to avoid increasing garbage in
communal garbage dumps and preventing other derived contamination. [3, 5]

Finally, the research converges the suitable precursor raw material with the precise
chemical composition, the Parajubaea Cocoides fruit, with the right green synthesis method,
laser ablation derived from pyrolysis, to obtain hard carbon nanostructures. In addition,
the Parajubaea Cocoides fruits are an economic precursor contributing to cost-efficient syn-
thesis. Besides, the thermal heating of biomass will help release most of the biomolecules in
the raw material, letting the carbon in the sample and forming the carbonaceous structure.
The composition of the raw material used, which might correspond to lignin and cellulose,

as well as the composition of the hard carbon nanostructures, will be demonstrated in this
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research. This will be held by using five different characterization techniques that are Scan-
ning Electron Microscopy (SEM), Raman Spectroscopy, X-ray Photoelectron Spectroscopy
(XPS), X-ray Diffraction (XRD), and Transmission Electron Microscopy (TEM).

Thesis Project 6 M. Daniela Serrano



Chapter 2

Motivation

The world needs to find new approaches to using renewable resources instead of exploiting
natural resources that cannot be restored. This necessity is growing exponentially due to
global warming and the increasing population. Some agricultural residues are used for eco-
friendly industrial processes instead of exploiting natural resources. Some of those, such
as sugarcane bagasse, corn stover, rice husk, coffee pulp, oil palm empty fruit bunches,
soybean hulls, and banana plant waste, are being taken advantage of; however, many other
natural residues are not.

Science needs to solve a wide variety of problems worldwide. Specifically, Ecuador is
currently in an energetic crisis. Thus, it is necessary to find new solutions to this problem.
This research noticed a specific problem related to the energy industry: it is seeking new
methods and raw materials to produce different components with the same properties
as conventional ones. Thus, this research focuses on finding a different raw material to

produce hard carbon nanostructures using a green synthesis method.

2.1 Problem statement

The green synthesis of hard carbon nanostructures is the main objective of this research.
Expanding the idea, it was proposed a synthesis method, laser ablation, derived from
thermal treatment or carbonization synthesis methods, in order to produce hard carbon
nanostructures. Additionally, this research proposes the use of an endemic Ecuadorian
palm residue as the raw material; this palm species is the Parajubaea Cocoides; specifically,

it is proposed to use the shell or husk of the fruit of this palm (also known as dwarf
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coconut). Two main reasons justify the usage of dwarf coconut as the raw material, and
those are using an unconsidered residue or waste to implement a circular economy in the
research and showing that hard carbon nanostructures can be synthesized from an organic
precursor containing organic molecules such as lignin, cellulose, and starch. Additional,
this research proposes laser ablation as the synthesis method due to the necessity to show
the scalability of the hard carbon nanostructures production, with reduced costs and by

being an eco-friendly process.

2.2 Objectives

2.2.1 General Objective

e Developing a green synthesis method to obtain carbon-based nanostructures by laser

ablation of biomass waste from Ecuadorian endemic materials.

2.2.2 Specific Objectives

o Implementing Ecuadorian endemic bio-waste as a carbon precursor for synthesizing

hard carbon nanostructures.

e Developing an optimized methodology process to obtain hard carbon nanostructures

via laser ablation.

e Determining the origin and classification of the organic source of hard carbon to be

implemented.

o Characterizing the obtained hard carbon nanostructures to determine their morphol-

ogy, crystallinity, structure, and chemical composition.

Thesis Project 8 M. Daniela Serrano



Chapter 3

Theoretical Framework

This chapter overviews the concepts necessary to comprehend the ”Green Synthesis of Hard
Carbon Nanostructures.” First, it is necessary to understand the carbon atom characteris-
tics, its different types of hybridization, which bonds each can form, and the molecules and
materials that can be derived from it. Thus, understanding the structure of some carbon al-
lotropes, such as graphene, graphite, diamond, and hard carbon, and the structure of some
molecules containing carbon, such as lignin, cellulose, and starch, to relate between why
the raw material precursor was used and how hard carbon nanostructures can be formed.
Moreover, with this knowledge, the path to the different synthesis methods is taken to un-
derstand how hard carbon nanostructures were obtained and the conditions for the ideal
formation of the material, as this research emphasizes the laser ablation synthesis technique
derived from the pyrolysis process. Finally, some characterization techniques must be used
to ensure the formation of hard carbon nanostructures. This research employed five dif-
ferent characterization techniques to determine the composition of the material; therefore,
the fundamentals of the characterization techniques will be presented to understand and
analyze each step of the synthesis, how the material was formed, its chemical composition,

and its properties.

3.1 Carbon-Based Materials

Carbon is known as the fundamental element for life on Earth. The role of the carbon
atom results from its capacity to form bonds with itself and with a wide range of elements

in an infinite number of different types. The wide variety of organic and inorganic com-
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pounds containing carbon leads to diverse chemical and physical properties. Carbon-based
materials enclose diverse substances with unique structures and properties due to the abil-
ity of carbon to form multiple allotropes, chemical bonds, and hybridization states. In
addition, those carbonaceous compounds may form various structures, carbon allotropes
corresponding to carbon-only-based structures, and other carbon structures build up with
other elements from the periodic table. Due to their exceptional properties and versa-
tility, these materials have widespread applications in electronics, science, medicine, and
energy. [6] This research focuses on four carbon allotropes: graphene, graphite, diamond,
and amorphous carbon, as well as three punctual organic carbon-based molecules: starch,
lignin, and cellulose. [7]

The carbon atom has special characteristics, such as its atomic number being 6, mean-
ing that on its ground state, it has two electrons in the 1s orbital and four in the 2s and
2p orbitals. As atoms always look for a stable noble gas electronic configuration, the un-
completed 2p orbital will allow carbon to form up to four covalent bonds, sharing electrons

with other atoms and completing its outer shell. [§]

3.1.1 Hybridization of Carbon

The concepts of ground state, excited state, and hybridization must be understood to
understand the electronic structure of carbon atoms as seen in Figure 3.1. The ground
state of the carbon atom is its lowest energy state, where electrons occupy the lowest
available energy levels according to the Aufbau principle and the Pauli exclusion principle.
[9, 10] In the ground state, carbon atoms naturally have two electrons in the 1s orbital and
two electrons in the 2s orbital, with the remaining two electrons occupying the 2p orbitals.
The ground state electronic configuration of carbon is 1s® 2s? 2p?. [11] On the other hand,
the excited state is when a carbon atom absorbs energy, such as through the excitation of
photons or heat. It can induce an excited state where electrons are promoted to higher
energy levels. In the excited state, electrons may temporarily occupy higher energy orbitals
beyond their usual ground state configuration. For example, in the case of carbon, one or
more electrons may be excited from the 2s orbital to one of the 2p orbitals, resulting in an
excited electronic configuration. However, the excited state is typically unstable, and the

atom will eventually return to its ground state by releasing the absorbed energy, often in
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the form of light. [12] Finally, hybridization, or low energy state, refers to mixing atomic
orbitals to form new hybrid orbitals better suited for bonding in molecules.

Carbon atoms commonly undergo hybridization to form covalent bonds with other
atoms or with carbon atoms as well. The hybridization states of carbon are sp, sp?, and
sp3, which result from the mixing of the 2s and 2p orbitals. These degenerated orbitals,
resulting from the hybridization, have lower energy than the individual atomic orbitals and
are used by carbon to form covalent bonds with other atoms in molecules. Hybridization
allows carbon to achieve stable configurations and form diverse molecular structures, con-
tributing to organic and inorganic compounds found in nature and synthesized materials
in laboratories. [11]

On the other hand, two types of bonds could be present in the different hybridizations;
those are o and w. These bonds are fundamental to covalent bonding in molecules. Sigma
bonds are created when atomic orbitals directly overlap, allowing for straight electron
sharing between atoms. On the contrary, pi bonds are formed when parallel p orbitals
overlap side-to-side. Sigma bonds, prevalent in single bonds as C — C and C — H,
are strong, allowing free rotation. They often involve hybridized orbitals like sp, sp?, or
sp?. Weakly than sigma bonds, Pi bonds restrict rotation and are found in double and
triple bonds like —C' = C— and —C' = C'—, formed by unhybridized p orbitals. Both
types contribute to molecular stability, shape, and properties, shaping their reactivities
and electronic structures. In this research, it is important to have the above information
clear to recognize the different carbon hybridizations that might be present in hard carbon
nanostructures and their precursor material and compare how the synthesized material has

changed.

sp Hybridization

In carbon atoms, this hybridization is observed when one orbital s and one orbital p in
the same shell are mixed to form two new degenerated orbitals. The new orbitals formed
are called sp hybrid orbitals. The ground state of the carbon atom corresponds to the
complete electronic configuration, which is characterized by 1s? 2s? 2p?. The 1s orbital is
fully occupied with two electrons, as is the 2s orbital. The two remaining electrons are in

the 2p orbitals, with one electron in each of the three available 2p orbitals (2p,, 2p,, and

Thesis Project 11 M. Daniela Serrano



School of Physical Sciences and Nanotechnology Yachay Tech University

Hybridization sp sp2 sp3
180° ves .1.09.5"
Geometry R C -
120°°°

Groud State N P N Pt N bt
2s 2p 2s 2p 2s 2p
Exited State ! Pt ? Pt ! bt
2s 2p 2s 2p 2s 2p
Hybridization (Low | t ¢ R ! A
Energy State) sp 2p sp2 2p sp3

Figure 3.1: Electronic structure of Carbon atom.

2p.). This configuration represents the lowest energy state of the carbon atom. Besides,
when a carbon atom goes through sp hybridization, one of the 2s electrons is promoted to
the vacant 2p orbital, resulting in an excited state. This promotion of an electron requires
energy, usually in the form of heat or light. As a result of this excitation, the carbon atom
now has an electronic configuration with one electron in the 2s orbital and three electrons
in the 2p orbitals. Then, in the hybridization process, the 2s orbital and one of the 2p
orbitals (mostly the 2p, orbital) combine to form two sp degenerated orbitals. These sp
degenerated orbitals are oriented linearly, with a bond angle of 180° between them, as seen
in Figure 3.1. The remaining two 2p orbitals (2p, and 2p,) remain non-degenerated and
perpendicular to the plane of the sp hybrid orbitals. The sp degenerated orbitals have
lower energy than the original 2s and 2p orbitals and are used by the carbon atom to form
one triple and one single bond, corresponding to two 7 bonds, and one ¢ bond and one o
bond respectively; also, two o bonds remain from the non-degenerated orbital. [13, 11, §]

A characteristic example of this hybridization is dimerized carbon rings with alternating
single and triple bonds — C' = C—. Another characteristic example of this hybridization
Each carbon atom undergoes sp

Each sp hybrid

is carbon dioxide(C'O,), a linear triatomic molecule.

hybridization in carbon dioxide to form two sp degenerated orbitals.
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orbital forms a sigma (o) bond with an oxygen atom by overlapping their 2p orbitals.
Additionally, two pi (7) bonds are formed by overlapping the non-degenerated p orbitals
of carbon and oxygen atoms (— O = C = O —). [14] When the hybridization sp has
taken place, the resulting geometry is a linear geometry with an angle of 180° as seen in

Figure 3.1. [11]

sp? Hybridization

As well as in sp hybridization, the ground state of the carbon atom and the exited state
occur similarly. However, concerning sp? hybridization, it occurs when an s orbital and
two p orbitals from the same atom-shell combine to create three degenerated orbitals that
will result in an sp? hybrid orbitals. The 2s orbital and two of the 2p orbitals (2p, and 2p,)
combine to form three sp? hybrid orbitals. The remaining 2p, orbital stays non-degenerated
and perpendicular to the plane of the sp? hybrid orbitals, as it does not participate in the
hybrid process. This degeneracy, or hybridization, facilitates the formation of stable o
bonds with other atoms; the sp? hybridization can form three ¢ bonds and one 7 bond.
The formation of sp? hybrid orbitals results in a lower energy state than the original atomic
orbitals. These hybrid orbitals are then available for bonding with other atoms to form
covalent bonds. The carbon atom now has three sp? hybrid orbitals and one unhybridized
2p. orbital. As shown in Figure 3.1., the sp? hybridization will be arranged in a certain
geometry forming a 120° angle, and it is the trigonal planar geometry. [11]

Graphene is a common carbon structure with hybridization sp?. Graphene consists of a
two-dimensional structure of carbon atoms forming a honeycomb lattice. The atoms form
covalent bonds with three adjacent carbon atoms, resulting in a trigonal planar configura-
tion. The configuration results in a hexagonal lattice structure where carbon-carbon bonds
connect the atoms at angles of 120°. This structure is recognized because, between two

carbon atoms, two o bonds are present.

sp® Hybridization

The sp® hybridization of a carbon atom involves transforming from its ground state to an
excited state and then to a hybridization state. Initially, in the ground state, a carbon

atom has an electronic configuration of 1s? 2s% 2p?, with two electrons in the 1s orbital,
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two in the 2s orbital, and one each in the 2p, and 2p, orbitals. Upon receiving energy
and transitioning to an excited state, one of the electrons from the 2s orbital moves to the
vacant 2p, orbital, resulting in an excited state configuration of 1s* 2s' 2pl Qp; 2pl. In the
subsequent hybridization process, all four valence orbitals (one 2s and the three 2p) combine
to form four sp® degenerated orbitals. It is also known as the trigonal pyramidal geometry.
[11] These sp® degenerated orbitals are oriented in a tetrahedral arrangement around the
carbon atom, with bond angles of approximately 109.5° between them, see Figure 3.1..
Each sp® hybrid orbital contains one unpaired electron ready for bonding. The formation
of sp® hybrid orbitals represents a lower energy state than the original atomic orbitals. In
terms of bonding, each sp® hybrid orbital forms a ]sigma bond with another atom through
head-on overlap. Since all available orbitals participate in ¢ bonding, no non-degenerated
p orbitals remain for forming 7 bonds. Consequently, in sp® hybridization, a carbon atom
can form four ¢ bonds and no 7w bonds. This hybridization state is commonly observed in
compounds like methane (CH,) and ethane (CyHg), where each carbon atom forms four
single o bonds with hydrogen atoms.

In this hybridization, some examples are that diamond is the most common structure
when referring to sp® hybridization and organic compounds with carbon organic chains as
in cellulose, starch, or lignin structures. Adding to it, another particular nanostructure

shows sp? hybridization, which is hard carbon.

3.1.2 Organic Carbon-based Molecules

Naturally occurring organic molecules, such as carbohydrates and polymers like lignin, are
vital components of the biological world, providing essential functions of living organisms
in organization, operation, and energy processing. Carbohydrates, which include simple
sugars such as glucose and complex polysaccharides like cellulose, are crucial in providing
energy and serving as structural components in living organisms. Glucose is an essential en-
ergy substrate for cellular respiration, supplying the necessary fuel for metabolic processes.
Polysaccharides, like cellulose, are highly prevalent in plant cell walls and provide strong
structural support and rigidity to plant cells. Likewise, starch, a carbohydrate found in
plants, functions as a storage unit for energy that can be used for future metabolic require-

ments. On the other hand, polymers such as lignin, a complex organic compound present
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in the cell walls of plants, confer strength and rigidity to the cell walls, thereby enhancing
the overall structural stability of plants. Lignin is a protective barrier against pathogens
and facilitates the movement of water and nutrients within plant tissues. Carbohydrates
and polymers, such as lignin, combine to create the fundamental framework of plants. This
structure offers the necessary support, protection, and functionality for the plants to grow,
develop, and survive in different environments. Their abundance and variety emphasize

their importance in the complex chain of life on Earth.

OH

OH

OH

CH
HO

Starch

Figure 3.2: Lignin, cellulose and starch molecules.

Cellulose

Cellulose is a polysaccharide and one of the most abundant biomolecules in the nat-
ural world. The structure comprises elongated glucose monomer chains connected by
B — glycosidic bonds; this makes a linear glucose structure made out of n glucose units.
(See Figure 3.2) [15] Cellulose comprises glucose molecules arranged in repeating units in a
linear chain connected via glycosidic bonds between their C'; and C; positions. Its molec-
ular formula is (CgH190s5),. Carbon atoms in glucose molecules create covalent bonds
with oxygen, hydrogen, and neighboring carbon atoms. Carbon bonds in cellulose show to

be sp? hybridization around the carbon atoms in each glucose unit, leading to a tetrahe-
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dral structure. [16] The hydroxyl (— OH) groups of the glucose molecules are positioned
alternately, enabling hydrogen bond formation between neighboring chains. In addition,
cellulose carbon atoms usually exhibit sp® hybridization, forming tetrahedral bonds with
other atoms. Every carbon atom in cellulose creates single bonds with other carbon atoms
or elements like hydrogen and oxygen, creating a three-dimensional structure. [17, 18]
Cellulose possesses exceptional strength and rigidity due to hydrogen bonding, mak-
ing it an outstanding structural material. Cellulose is predominantly located in the cell
walls of plants, serving as a crucial component that imparts structural support and stiff-
ness to plant cells, thereby enhancing the overall strength of plant tissues. It is especially
abundant in wood, cotton fibers, shells, and plant stalks. Cellulose is widely utilized in
diverse industries due to its abundant availability and distinctive characteristics. Because
of their ability to decompose naturally and their renewable characteristics, cellulose is a
highly adaptable and essential molecule with various uses in various industries, agriculture,
and daily activities. Cellulose, derived from natural sources, is extracted and transformed
into paper, cardboard, and other cellulose-based products; cellulose can also be a precur-
sor for synthesizing carbon-based materials such as graphene, graphite, and hard carbon.
Furthermore, This emphasizes its significance in the global economy and efforts towards

environmental sustainability. [16]
Lignin
Lignin is a complex organic macro molecule that is present in the cellular structures of
plants. It is vital in providing structural support and rigidity to plant tissues. (See Figure
3.2) Lignin consists of phenylpropanoid units, mainly coniferyl, sinapyl, and p-coumaryl
alcohols, which are connected by different functional groups, such as ether and C' — C
bonds. The rings phenylpropane units have mainly aromatic character. It is important to
mention that, unlike starch or cellulose, lignin has nitrogen atoms in its structure. [19] The
bonds are usually sp? hybridized, leading to planar and tetrahedral geometry surrounding
the carbon atoms, which can be C' — C' single or double bonds. [20]

The unique polymer arrangement of lignin contributes to its strength and durabil-

ity against deterioration. This molecule is highly prevalent in hardwood and softwood

trees, grasses, roots, plant husks, and shells. lignin is a structural component and protec-
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tive barrier against pathogens, pests, and environmental stresses, enhancing plant defense
mechanisms. [19] Besides, due to its diverse applications, lignin has attracted considerable
attention as a renewable and sustainable resource. It is frequently employed as a primary
substance in manufacturing adhesives, resins, and binders in various industries, including
paper and pulp, construction, and composite materials. The uses of materials derived
from lignin are being investigated as additives in concrete and asphalt mixtures to enhance
their strength and durability. Furthermore, lignin can be transformed into carbon-based
materials using biochemical and thermochemical conversion methods, offering a promising
renewable substitute for common precursors. In summary, lignin is a valuable and adapt-
able part of plant biomass with various industrial uses and the potential to contribute to

sustainable development and environmental conservation. [20]

Starch

Starch is a polysaccharide comprised of glucose molecule units connected by o — glycosidicbonds.
It serves as the main storage form of energy in plants, acting as a reservoir of glucose that
can be easily used when necessary. Starch molecules are composed of two primary polysac-
charides, named amylose and amylopectin. Amylose is a chain-like molecule made up of
glucose units connected by a 1 — 4 glycosidicbonds glycosidic bonds, whereas amylopectin
is a more complex molecule with occasional o 1 — 4 glycosidicbonds, leading to a highly
branched structure. (See Figure 3.2) Glycosidic bonds connect glucose units by linking
carbon atoms, creating straight or branched chains based on the starch type. The corre-
sponding general molecular formula of starch is (CsH19Os),, + (H20) [21, 15] Carbon bonds
in starch exhibit sp? hybridization around the carbon atoms in each glucose unit, leading to
a tetrahedral structure. Carbon bonds in starch are essential for its structure and function
as a plant storage polysaccharide. They store energy that can be easily broken down to
release glucose for metabolic activities. [22]

Starch is frequently present in plant storage organs like seeds, tubers, and roots, where
it acts as an energy source for germination, growth, and reproduction. Starch-rich foods
encompass grains (such as rice, wheat, and corn), tubers (such as potatoes and yams),
and legumes (such as beans and peas). Starch is a plant food reserve extensively used

in various industrial applications; this molecule is extensively employed as a thickening
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agent, stabilizer, and gelling agent in the food industry. Its purpose is to enhance the
texture, viscosity, and mouthfeel of products such as soups, sauces, dressings, and baked
goods. [21] Starch is also used to manufacture biodegradable plastics, adhesives, and
pharmaceuticals. In addition, sugars derived from starch can undergo fermentation to
generate bioethanol, a renewable and eco-friendly substitute for fossil fuels. Starch is a
highly adaptable and essential molecule with great biological, nutritional, and industrial
significance. Its wide range of applications and relevance in different aspects of human life

make it an indispensable compound. [22]

3.1.3 Carbon Allotropes

Carbon allotropes are distinct structural configurations of carbon atoms, each with unique
arrangements of carbon atoms resulting in distinct properties and applications. Some
common carbon allotropes include graphite, diamond, graphene, and hard carbon. See

Figure 3.3..

;Q) C )
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Graphene Hard Carbon

Figure 3.3: Structure of Carbon allotropes.
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Graphene

Graphene consists of a single layer of carbon atoms organized in a two-dimensional hexag-
onal lattice, also known as a honeycomb pattern. See Figure 3.3.. Carbon bonds in
graphene are covalent and mainly sp? hybridized, with each carbon atom creating three o
bonds with three adjacent carbon atoms. The o bonds are created by merging sp? hybrid
orbitals, leading to a strong and enduring arrangement. Graphene displays conjugated m
bonds created by overlapping unhybridized p orbitals that are perpendicular to the plane
of the graphene sheet. These m bonds in graphene enhance its electrical characteristics,
increasing electron mobility and conductivity. [23]

It is widely recognized for its outstanding mechanical, electrical, and thermal character-
istics, making it a highly promising material for various applications, such as electronics,
energy storage, and composite materials. Graphene can be produced using mechanical

exfoliation and chemical vapor deposition. [24]

Graphite

Graphite is a three-dimensional crystalline allotrope of carbon characterized by layers of
graphene sheets stacked and held together by weak Van der Waals forces. As seen in Figure
3.3.. All carbon atoms in graphite create strong o bonds with three adjacent carbon atoms
in the same layer, leading to a flat structure. The o bonds are created by sp? hybridization,
in which each carbon atom has three valence electrons shared between two sp? hybrid
orbitals and one non-degenerated p orbital. These non-degenerated p orbitals of carbon
atoms in graphite overlap to create delocalized m linkages above and below the layers of
carbon atoms. The 7 bonds in graphite are responsible for its distinctive characteristics,
including electrical conductivity and lubricating qualities. Its smooth and slick consistency
distinguishes it, and it is frequently employed as a lubricant, graphite for pencils, and in

diverse industrial uses such as refractories and batteries. [25]

Diamond

Diamond is a carbon allotrope with a crystal structure known for its extremely hard nature,
ability to let light pass through, and efficient heat transfer. The structure of this material

is composed of carbon atoms organized in a three-dimensional lattice of tetrahedral units.
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Each carbon atom forms strong sigma (o) bonds with four adjacent carbon atoms through
covalent bonding. Diamond is an exceptionally stable and rigid structure, which makes
it the most resilient naturally occurring material. Diamond carbon atoms display sp?
hybridization, wherein each carbon atom combines one s orbital and three p orbitals to
create four sp? degenerated orbitals. The degenerated orbitals of carbon atoms overlap
with those of neighboring carbon atoms, forming strong sigma bonds that give rise to the
diamond lattice structure. [26]

Diamond possesses exceptional properties that make it highly suitable for various in-
dustrial uses, such as cutting tools, grinding wheels, and precision machining abrasives.
Additionally, it finds application in jewelry due to its exceptional brilliance and durability,
greatly enhancing its value. Diamonds are commonly located in kimberlite pipes, which are
volcanic formations responsible for transporting diamonds from the mantle of the Earth to
the surface. The distinctive structure, composition, and properties of diamond make it a
valuable and adaptable substance, suitable for various applications in industry, technology,

and luxury goods. [27]

Hard Carbon

Hard carbon is a carbon-based material known for its variable composition, consisting
mainly of amorphous carbon with lesser amounts of graphite and graphene. As, in this
research approach, hard carbon is derived from an organic precursor, thanks to the re-
arrangement of the carbon bonds present in the precursor, the final hard carbon nanos-
tructures will comprise amorphous carbon as well as crystalline structures or allotropes of
carbon, such as graphite and graphene. Amorphous carbon is the main constituent of hard
carbon and is characterized by a lack of long-range order in its atomic structure, resulting
in a disordered, non-crystalline structure. As amorphous carbon consists of carbon atoms
organized randomly, without a defined pattern or recurring unit cell, it will present various
structural arrangements, combining sp? hybridization state. Amorphous carbon contains
a variety of carbon-carbon, carbon-hydrogen, and carbon-oxygen bonds; the irregular con-
figuration of carbon atoms enhances the hardness of the material and the ability to resist
deformation. [24, 28]

On the other hand, hard carbon may contain trace amounts of graphite and graphene.
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[29] The layers add crystallinity to the material and enhance its properties. Small amounts
of hard carbon may include graphene, a single layer of carbon atoms arranged in a two-
dimensional honeycomb lattice, and graphite. Graphene sheets incorporated in the rigid
carbon matrix can improve mechanical strength and electrical conductivity. [30]

Finally, hard carbon is a nanostructure that has a combined hybridization sp? crys-
talline and amorphous. This makes the hard carbon structure a semi-crystalline nanostruc-
ture. This arrangement leads hard carbon to present porosity, leaving vacancies between
the structure. This particular characteristic is highly valued because the uses of hard car-
bon are mostly based on it. For example, hard carbon is suitable for ion storage due to
its porosity. It can then be used as a replacement for anodes in solid-state (conventional

lithium-ion) batteries for the energy industry. [30]

3.2 Carbon-based Materials Obtantion

Many different synthesizing techniques can be used to obtain Hard Carbon Nanostructures.
It is important to understand the concepts behind chemical vapor deposition, pyrolysis,
annealing process, and laser ablation synthesis methods and their differences. In this
research, the laser ablation synthesis technique was applied for various reasons, which will

be included in the following section.

3.2.1 Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) is a common technique for producing hard carbon
nanostructures. Carbon-containing gases are introduced into a reaction chamber where
they undergo chemical reactions to deposit carbon atoms onto a substrate, forming nanos-
tructures. [31] The substrate is positioned in a reaction chamber, which is subsequently
evacuated to establish a vacuum for eliminating impurities, and carbon-containing pre-
cursor gases like methane (CH4), acetylene (C2H2), or ethylene (C2H4) are added to the
reaction chamber. These gases provide the carbon atoms needed for the deposition process.
32]

Activation involves heating the precursor gases to high temperatures, usually between

600°C and 1000°C. The thermal energy disrupts the bonds in the precursor molecules,
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releasing carbon atoms. Deposition involves carbonaceous species adhering to the substrate
surface and initiating the growth of nanostructures. The synthesis process parameters,
including temperature, pressure, gas flow rates, and substrate properties, are meticulously
controlled to attain the desired properties and morphology of the carbon nanostructures.

[33]

3.2.2 Pyrolysis

Pyrolysis is a common synthesis method for producing hard carbon nanostructures by
exposing precursor materials with high carbon yield to high temperatures without oxygen.
Carbon-containing precursors are chosen for their capacity to decompose and produce
carbon-rich residues at high temperatures. Possible precursors include organic compounds
like polymers, hydrocarbons, or biomass-derived materials. The precursors are placed in a
pyrolysis reactor, usually a sealed chamber or furnace. Inert gases like nitrogen or argon
purge the reactor, creating an oxygen-free environment to prevent the combustion of the
precursors. Based on the precursor and intended product, the reactor is heated to elevated
temperatures, usually from 500°C to 1500°Celsius. [34]

Heating the precursors drastically results in thermal decomposition, which releases
volatile byproducts like gases and liquids, forming carbon-rich residues. The residues are
carbon atoms bonded in different structural configurations, determined by the precursor
composition and decomposition conditions. Carbon-rich residues produced from pyrolysis
act as nucleation sites for the growth of nanostructured carbon materials. Factors like
precursor composition, pyrolysis temperature, heating rate, and reaction time influence
the development and shape of carbon nanostructures. Once the pyrolysis reaction time
has elapsed, the reactor is cooled, and the carbon nanostructures are gathered from the
reactor chamber. The gathered nanostructures might need additional purification and

processing to eliminate any remaining impurities and enhance their properties. [35]

3.2.3 Annealing Process

Annealing is a frequently employed process in producing hard carbon nanostructures to

alter the characteristics and arrangement of carbon materials. Carbonaceous materials like
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carbon black, graphene oxide, or carbon nanotubes are commonly utilized as precursor ma-
terials for creating hard carbon nanostructures. The carbon precursors undergo annealing,
a process in which they are heated to high temperatures in a controlled environment. The
annealing temperature and atmosphere may vary based on the final nanostructures and
desired characteristics. The carbon precursors, particularly precursors, are slowly heated
to the annealing temperature to avoid thermal shock and ensure even heating.[36] Once
the desired annealing temperature is reached, the precursors are maintained for a specific
period to facilitate structural rearrangement and transformation.

Due to diffusion and thermal activation processes, carbon precursors experience struc-
tural rearrangement during annealing. This process can remove the functional groups
of the precursor material, defects, or impurities, forming hard carbon nanostructures with
enhanced properties. Annealing can sometimes induce the graphitization of carbon precur-
sors, creating graphitic structures characterized by organized carbon atom arrangements.
This procedure can improve the electrical conductivity, mechanical strength, and thermal
durability of the nanostructures produced. Once the annealing process is finished, the

samples are slowly cooled to room temperature to avoid sudden cooling-induced stresses.

[37]

3.2.4 Laser Ablation

Laser ablation is a method that produces hard carbon nanostructures by directing a high-
power laser beam onto a carbon precursor in a controlled environment. To understand the
laser ablation process for creating hard carbon nanostructures, it is necessary to merge in
the following process. A carbon target or a precursor material, such as a solid graphite rod,
a carbon film, or a carbon-containing substrate, is readied for laser ablation. In the group of
carbon-containing substrates, an organic waste with a high carbon yield could be present,
such as lignin, cellulose, starch, or the three mentioned precursors in the same material.
The quality of the precursor and its properties significantly influence the characteristics
of the synthesized nanostructures; for instance, if the precursor material presents a high
porosity, it is almost assured that the synthesized hard carbon nanostructures will also
present this property. The carbon precursor is positioned in a reaction chamber containing

a regulated atmosphere, such as inert gases like argon or helium; however, it may also be
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done in a not completely enclosed environment. A high-intensity laser beam is concentrated
on the surface of the carbon precursor, leading to quick heating and focused vaporization
of the organic radicals present or added to the carbon material precursor. In addition,
the high temperature of the laser beam vaporizes the carbon precursor surface, forming
a plasma plume that includes vaporized carbon species, clusters, and nanoparticles. The
laser-induced plasma plume quickly expands from the target surface because of the intense
temperature and pressure differences. Supersaturated carbon species undergo nucleation
and condensation to form nanostructures as the expanding and cooling plasma plume.[38]

Nucleation and growth processes happen quickly in the plasma plume, creating nanos-
tructures such as nanoparticles, graphite, graphene flakes, and amorphous carbon. The
hard carbon nanostructures are created and then placed on a substrate in the reaction
chamber or collected on a suitable surface. A thin film can be applied to the substrate or
collector to enhance adhesion and regulate the alignment of nanostructures. The charac-
teristics and shape of the produced nanostructures are customized by precisely managing
parameters like laser power, wavelength, pulse duration, repetition rate, gas pressure, and

target composition. [39]

3.3 Natural Carbon-based Materials Precursors

As mentioned, hard carbon nanostructures need material precursors with a high carbon
yield on their composition. Thus, biomass is a suitable option when synthesizing hard

carbon nanostructures.

3.3.1 Natural Carbon Sources

Biomass is organic matter from organisms like plants, animals, and microorganisms. Biomass
is a beneficial precursor material for hard carbon nanostructures because of its natural
abundance, renewable characteristics, and varied chemical composition. [40] Biomass con-
sists mainly of carbon, hydrogen, and oxygen, as well as smaller quantities of elements
like nitrogen, sulfur, and minerals. Biomass composition varies based on sources, such as
agricultural residues, forestry, algae, and solid waste. Biomass materials have a sophisti-

cated hierarchical structure that includes organic components like cellulose, hemicellulose,
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lignin, proteins, lipids, and sugars. These organic components are a valuable source of
carbonaceous precursors for creating hard carbon nanostructures. [32]

Specific molecules present in biomass, like lignin, starch, and cellulose, contain high
levels of carbon and can be used as ideal precursor materials for producing hard carbon
nanostructures. Carbon-rich precursors undergo thermal decomposition and rearrange-
ment during carbonization processes, such as pyrolysis or laser ablation, forming carbona-
ceous derivatives. Precursor materials derived from biomass provide a sustainable and
renewable option compared to other carbon sources, such as the ones based on fossil fu-
els. Finally, hard carbon nanostructures can be produced environmentally friendly using
biomass waste precursors, which helps reduce greenhouse gas emissions. [41]

Moreover, these natural carbon sources can take advantage of organic waste derived
from agricultural or ornamental industries, also called bio-waste. There are uncountable
examples of this mentioned bio bio-waste, such as sugarcane bagasse, corn stover, rice husk,
coffee pulp, oil palm empty fruit bunches, soybean hulls, and banana plant waste. Due
to its chemical composition, this bio-waste is highly valued. These materials may contain
lignin, cellulose, and/or starch, with a carbon yield higher than fifty percent, making them

suitable for producing hard carbon nanostructures.

3.3.2 Parajubaea Cocoides

This research considered Parajubaea Cocoides fruit, an Ecuadorian endemic palm species,
the precursor material for producing hard carbon nanostructures. It is important to in-
troduce this species. There are approximately 2600 species and over 200 genera of palms
worldwide, all belonging to the Arecaceae family, also known as the Palmae family. This
family contains multiple genera, including one specific to the Andean Region that prospers
at unusual altitudes, distinct from the typical Palm genus.[42] The Parajubaea genus is na-
tive to South America and typically found at elevations ranging from 1700 to 3400 meters
above mean sea level (MAMSL). [43] It includes three distinct species: Parajubaea Torally
(P. Torally, also known as janchicoco), Parajubaea Shunka (P. Sunkha), and Parajubaea
Cocoides (P. Cocoides). P. Torally and P. Shunka are native to Bolivia, whereas P. Co-
coides is native to Ecuador and southern Colombia. These three species hold ornamental

importance in their specific regions. [44] Parajubaea Cocoides is also called Cumbé Co-
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conut, Parajubaea Cocoides Burret, Cocoides Palm, or Andean Mountain Coconut. This
palm species is native to the Andean region of Ecuador and Colombia. [45]

However, as not much literature is reported about this palm species, a characterization
to approximate the coconut shell composition is also presented in this research. Compared
with the Cocos Nucifera species, the conventional coconut palm species, whose fruit con-
tains more than 35 % of lignin and cellulose in its structure, the Parajubaea Cocoides
fruit is expected to present lignin and cellulose in their structure. [46, 15| Thus, the Para-
jubaea Cocoides fruit is expected to have a very similar chemical composition to the Cocos
Nucifera fruit, because they come from the same family and sub-family, Arecaceae and

Arecoideae. [18]

3.4 Characterization Techniques

Scanning Electron Microscopy (SEM), Raman Spectroscopy, X-ray Photoelectron Spec-
troscopy (XPS), X-ray Diffraction (XRD), and Transmission Electron Microscopy (TEM)
are the characterization techniques used in this research for characterizing hard carbon
nanostructures. Due to their complementary character and ability to provide a complete
understanding of the structure, composition, morphology, and properties of materials, these
techniques are suitable for use in hard carbon nanostructure characterization.

SEM offers high-resolution imaging capacities, allowing for surface morphology and to-
pography visualization. Raman Spectroscopy provides information about the vibrational
modes of carbon atoms, showing structural defects and bonding configurations present in
hard carbon nanostructures. XPS allows the analysis of the surface chemistry and ele-
mental composition, helping identify functional groups and impurities. XRD is crucial for
determining the crystallinity structure and phase purity of hard carbon nanostructures.
At the nanoscale, TEM provides detailed information about the internal structure, in-
cluding crystallographic orientation, boundaries, and lattice defects. By combining these
techniques, this research can comprehensively understand the properties and behavior of
hard carbon nanostructures, facilitating their optimization for various applications such as

energy storage, catalysis, and nanoelectronics.
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3.4.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a versatile technique for analyzing the microstruc-
ture and morphology of materials. In the 1890s, the discovery of electron deflection by a
magnetic field led to the development of electron microscopy, which involved substituting
the light source with a high-energy electron beam. This development entailed substituting
the light source with a high-energy electron beam. [47, 48]

SEM samples are typically coated with a conductive layer such as carbon or a thin
metal layer like gold to enhance electron conduction. Subsequently, the sample undergoes
scanning by high-speed electrons that penetrate through the barrel. A detector quantifies
the emitted electrons, reflecting the intensity of the sample area and generating three-
dimensional shapes on a digital image. The resolution of scanning electron microscopes

(SEM) ranges from 4 to 20 nanometers, depending on the particular model. [49]

Electron l
source

Anode —-—'I | )
Scan generator
— ? )
Condensor
— Amplifier

T =
L X, Y scancoils
Objective lens K
Back-scattered i I‘#
electron detector \ !
X-ray -

detector ‘i Secondary
% \ il / electron detector

% x

" ‘/_.__7 Sample
A

‘ Motorized stage

Figure 3.4: Scanning Electron Microscope working function.

SEM produces several signals, including secondary electrons, backscattered electrons,

Auger electrons, characteristic x-rays, and photons with different energy levels. The most
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used signals in SEM are the secondary electrons (SE) and backscattered electrons (BSE).
These signals exhibit variations in the signal received due to differences in surface to-
pography as the electron beam scans the specimen. Besides SEM, resolution refers to
the minimum distance required to distinguish two points. Optical microscopes can en-
hance the resolution of the human eye (0.2 mm) by utilizing lenses or a combination of
lenses. Despite continuous improvements in lens technology, the resolution of microscopy
has been restricted not by the quality of the lenses but by the wavelength of the light
source. The spectrum of white light spans wavelengths ranging from 400 to 700 nm, while
electrons exhibit considerably shorter wavelengths, which results in enhanced resolution.
The secondary electron (SE) emission is limited to a specific volume near the area where
the electron beam impacts. This characteristic enables the acquisition of a relatively high
resolution in the resulting image.

An electron gun generates a continuous flow of electrons, which are then accelerated by
a voltage difference between the anode and the cathode. The acceleration voltage typically
ranges from 0.1 keV to 50 keV | depending on the specific electron gun used. The electrons,
moving at a high speed, possess significant kinetic energy. The condensing lens system and
scanning coil guide the accelerated primary electrons to the sample, ensuring they have
the smallest possible beam cross-section at the gun. This results in forming an electron
probe with a 1 — 10 nm diameter and an electron-probe current ranging from 1z10~°
to 121072 A. As a result of the interactions between the electrons and the sample, the
electrons slow down, and their energy is dispersed into various signals. The secondary
electrons (SE) and backscattered electrons (BSE) are detected by a photomultiplier tube,
which converts the electrons into an electrical signal. This signal is then amplified to
generate an image.

The interaction may result in elastic or inelastic scattering when the accelerated elec-
trons collide with the specimen. Elastic events impact the trajectory of the electron beam,
but they do not cause any significant energy changes. In contrast, inelastic events result in
energy transfer to the sample, which generates secondary electrons, Auger electrons, and
x-rays. In the case of backscattered electron (BSE), a notable amount of the incoming
beam scatters enough times to reverse its direction and exit the specimen completely. This

process provides valuable data about the composition, mass thickness, and crystallography
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of the specimen. The BSE signal exhibits a correlation with the atomic number, with an
increasing trend as the atomic number increases. A slight correlation between the BSE
signal and the beam current indicates a small energy dependence. Additionally, the tilt
angle at which the beam strikes the sample will decrease the interaction volume, resulting
in a tilt dependence. Adjusting the angle of the sample stage will result in an increase in
the electron coefficient. Low-energy secondary electrons (SE) are formed when electrons
with weakly bonded valence or conduction are ejected. As a result of their limited amount
of kinetic energy, they will experience a rapid decline in energy as they travel a certain dis-
tance. The escape probability will exponentially decrease as the electron beam penetrates
the sample. SE also exhibits a correlation with the atomic number, which is influenced by
the number of electrons in the outer shell and the atomic radius. SE is particularly useful
for revealing the morphology and topography of samples.

Finally, several factors will impact the final resolution of the SEM image: the current
intensity, the final probe size, the electron optical system, and the electron optical column.
One factor is the current intensity of the electron beam that strikes against the sample,
which will determine the magnitude of the resulting signal. Additionally, the size of the
final probe is a crucial factor that will determine the optimal scanning resolution. Then,
the electron optical system is engineered to achieve the highest achievable current in the
most compact electron probe. The components and design of the electron optical column

may alter these factors.

3.4.2 Raman Spectroscopy

Raman spectroscopy analyzes the inelastically scattered light. In this technique, a small
fraction of incident photons undergo inelastic scattering, known as Raman scattering, where
the scattered light has a slightly different frequency than the incident light. This technique
involves a two-photon inelastic light scattering event where the input photon, with higher
energy than the vibrational quantum energy, transfers some energy to molecule vibration
and scatters the remaining energy as a photon with reduced frequency. [50, 51] Raman
spectroscopy offers a unique spectrum of distinct vibrations of a molecule, known as a
"molecular fingerprint,” which is useful for chemical identification.

Raman spectroscopy can offer insights into lower frequency modes and vibrations to
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comprehend the crystal lattice and molecular structure of the spine. When light interacts
with molecules in a gas, liquid, or solid, most photons disperse with the same energy as
the original photons, a phenomenon known as elastic scattering or Rayleigh scattering;
however, about one in ten million of these photons will undergo scattering at a frequency
different from the original photon. [52] Organic molecules tend to glow more with shorter
wavelength radiation; hence, wavelength monochromatic excitation sources such as solid-
state laser diodes emitting light at 785 nm are commonly utilized. On the contrary, a
shorter wavelength source, such as a 532 nm laser, is more accurate for inorganic molecules.

[53]
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Figure 3.5: Raman Spectroscopy working function.

Focusing mirror

Introducing some concepts to complement the Raman Spectroscopy working principle
is important. Then, light can interact with matter through three distinct mechanisms.
Incident photons can absorb, scatter, or transmit (reflection) without interaction. Light
scattering refers to the phenomenon of light being redirected when it encounters a solid,
gas, or liquid material. This redirection occurs when an incident electromagnetic wave,
such as monochromatic radiation, interacts with the material. When the incident electro-
magnetic wave interacts with matter, it creates a regular disturbance in the electron cloud
of the molecules that comprise the material being analyzed. The perturbation will exhibit
the identical frequency (wp) as the electric field of the incident wave. The charge within

the molecules will periodically separate, resulting in the phenomenon known as induced
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dipole moment. Scattered light is produced due to the oscillating-induced dipole moment,
creating a new source of electromagnetic radiation. The scattering process can be classi-
fied as either elastic or inelastic, depending on the disparity between the spectra of the
incident light and the scattered light. Elastic scattering refers to the phenomenon where
the majority of radiation scattered by the irradiation of a monochromator is emitted at
the same wavelength as the incoming laser radiation. Inelastic scattering refers to the phe-
nomenon where incident light scatters at various wavelengths, resulting in a small amount
of additional scattered light. Raman scattering is a form of inelastic scattering employed

to identify molecules by offering chemical and structural information.

Scattering Types

Raman scattering describes how the incident photons interact with the material and the
resulting energy changes. There are three primary types of scattering: Rayleigh scattering,

Stokes scattering, and anti-Stokes scattering.

» Rayleigh scattering:
Rayleigh scattering occurs when incident photons scatter elastically off the material,
meaning there is no change in the energy (or wavelength) of the photons. It has no
energy change; the energy of the scattered photons is the same as that of the incident
photons. Thus, it has no wavelength shift because the scattered light has the same
wavelength as the incident light. Rayleigh scattering is the most common form of
scattering and accounts for most scattered light. It provides limited information
about the molecular vibrations of the materials since there is no energy transfer

between the photons and the material.

o Stokes scattering:
Stokes scattering occurs when incident photons scatter inelastically, losing energy to
the material. This energy loss corresponds to the excitation of vibrational modes
in the material. The scattered photons have lower energy compared to the incident
photons. The scattered light has a longer wavelength (lower frequency) than the
incident light. Stokes scattering is of great importance in Raman spectroscopy. The

energy difference between the incident and scattered photons corresponds to the
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vibrational energy levels of the molecules in the material, providing a fingerprint

that can be used to identify molecular structures and compositions.

o Anti-Stokes scattering:
Anti-Stokes scattering also involves inelastic scattering, but in this case, the incident
photons gain energy from the material. This typically occurs when the material is
already in an excited vibrational state, and the scattering process returns it to a lower
energy state. The scattered photons have higher energy compared to the incident
photons. The scattered light has a shorter wavelength (higher frequency) than the
incident light. Anti-Stokes scattering is less intense than Stokes scattering because
fewer molecules are excited at thermal equilibrium. However, the ratio of anti-Stokes
to Stokes intensities can provide information about the temperature of the material,

as the population of molecules in excited states follows a Boltzmann distribution.

Vibrational Modes

Raman spectroscopy is powerful for characterizing carbon materials such as graphite,
graphene, diamond, and hard carbon nanostructures. The Raman spectra of these ma-
terials usually feature several prominent bands, notably the D, G, and 2D bands. Each of
these bands provides specific information about the carbon material, its structure, and its
properties.

Raman spectroscopy is a crucial tool for analyzing and characterizing carbon-based
materials. Raman Spectroscopy is a useful technique for analyzing hard carbon nanostruc-
tures. It can provide information about crystal size, chemical impurities, mass density,
optical energy gap, elastic constants, doping, defects, and other forms of crystal disorder
by the spectra the equipment provides after the measurements. A Raman spectrum is a
graph that shows the intensities of the scattered light compared to the frequency shifts be-
tween the incident light and the scattered light. Different Raman scattering processes can
be associated with various characteristics of carbon-based materials, such as hard carbon.
These characteristics include the radial breathing mode (RBM), the G band, the D band
induced by dispersive disorder, and its second-order harmonic, the 2D band, also known

as G’ band.
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e D Band
This band indicates disorder and defects in the carbon lattice. The location of this
band is around 1350 em™!; the exact position can vary depending on the excitation
wavelength and the type of carbon material. The D band arises from the breathing
modes of sp? atoms in rings and is associated with disorder and defects in the car-
bon structure. It is a non-degenerate total-symmetric vibration, which means it is
symmetric under all symmetry operations (rotation, mirror plane, inversion center)
that becomes active due to the presence of edges, grain boundaries, vacancies, or
other defects in the otherwise perfect sp? carbon lattice. A higher D band intensity

indicates more defects or disorders.

e G Band This band indicates the presence of sp? carbon atoms and provides informa-
tion on structural integrity and electronic properties in carbon-based materials. The
G band corresponds to the phonon at the Brillouin zone center due to the in-plane
stretching vibrations of the sp? carbon atoms in the graphene lattice. It is a char-
acteristic feature of graphitic materials. The G band is a primary indicator of the
presence of sp? hybridized carbon atoms and provides information about the overall
quality of the graphitic structure. Its position and shape can also give insights into

strain, doping, and the number of layers in graphene.

e 2Dband It can be found around 2700 em~!. The 2D band is the second-order overtone
of the D band and does not require the presence of defects for activation. The
2D band arises from a two-phonon double resonance process, which is sensitive to
the electronic structure of the material. This band is particularly important for
characterizing graphene. Its shape, sharpness, position, and intensity relative to the
G band can reveal the number of graphene layers and the stacking order. In single-
layer graphene, the 2D band is typically sharp and intense, whereas in multi-layer

graphene, it splits and becomes broader and less intense.

o Ip/Ig Ratio
The Ip/Is is the ratio of the intensity of the D band (Ip ) to the intensity of the
G band (Ig) in the Raman spectrum. This ratio is highly important due to the

information it gives, such as the disorder and defects, quality and crystallinity, and
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how amorphous a material is, and allows a quantitative analysis. The Ip/Ig ratio
is widely used to assess the level of disorder or the amount of defects in carbon
materials. A higher Ip /I ratio indicates more defects or a higher degree of disorder
in the material. This is because the D band is defect-activated, increasing its intensity
with the number of defects. Conversely, a lower Ip/Ig ratio suggests fewer defects
and higher crystallinity. The D band is weak or absent in highly crystalline graphite
or high-quality graphene, resulting in a low Ip/lg ratio. On the other hand, in
amorphous carbon materials, where there is a significant amount of disorder, the

Ip/Ig ratio tends to be high.

3.4.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is ideal for analyzing surface chemistry and is
proven to be an effective tool for studying the chemical composition of materials. It can be
utilized to analyze tribo-boundary films through various methods such as survey scanning,
element mapping, detecting binding energy shifts, and creating composition depth profiles.
By combining XPS with electron microscopies, detailed microstructural and chemical data
of the tribo-boundary film can be acquired to understand material and lubricant inter-
actions in a wear process. [54] X-ray photoelectron spectroscopy (XPS), or ESCA, is a
technique that examines the energy distribution of electrons emitted from compounds ex-
posed to X-ray radiation. This method is utilized to analyze the surface composition of a
material, offering qualitative and quantitative data, and can identify the chemical state of
the elements within. This method is suitable for examining surfaces and boundaries. [54]

To understand its working principle, it is important to learn that X-ray Photoelec-
tron Spectroscopy (XPS) is a precise spectroscopic technique that quantitatively measures
the elemental composition, empirical formula, chemical state, and electronic state of the
elements on the surface of a material. The working principle of XPS is ruled by a three-
step process, which includes X-ray excitation, Photoelectron emission, and detection and

analysis. [55]

o 1. X-ray excitation

During the initial stage, the material sample undergoes irradiation with monochro-
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Figure 3.6: X-Ray Photoelectron Spectroscopy working function.

matic X-rays, which are typically produced by sources such as aluminum (Al K,) or
magnesium (Mg K, ) anodes. The energy of the incident X-rays (hv) is high enough
to cause ionization of atoms in the material by ejecting core-level electrons. The pho-
toelectric effect explains this process, in which an atom absorbs an incident photon,

resulting in the emission of a photoelectron.

o 2. Photoelectron emission
The photoelectron, ejected from the core level of an atom in the sample, possesses a
measurable kinetic energy (K'E). The equation KE = hv — BE — v provides the
value for the kinetic energy of the released photoelectron. Where hv is the energy of
the incident X-ray photon, BF is the binding energy of the electron in its initial state
within the atom, and ~ is the work function of the spectrometer (a correction factor
accounting for the energy required to move an electron from the sample surface into
the vacuum of the spectrometer. The binding energy can be determined by measuring

the kinetic energy ejected electrons since hv and v are known quantities.

e 3. Detection and analysis
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In the final stage, the emitted photoelectrons are detected and subsequently ana-
lyzed. The XPS instrument collects the electrons that escape from the surface (typ-
ically from a depth of 1-10 nm) and categorizes them by their kinetic energy using
an electron energy analyzer. This results in spectra that plot the number of detected
electrons (intensity in the Y axis) against their binding energy. The resulting spec-
trum consists of peaks corresponding to the binding energies of electrons in different
atomic orbitals. These peaks provide information about elemental composition (the
position of the peaks determines the elements present in the sample), chemical state
(shifts in the binding energy peaks can indicate the chemical state or oxidation state
of the elements), and quantitative analysis (the area under each peak is proportional

to the concentration of the corresponding element in the sample).

In XPS, the data collected can be broadly categorized into survey spectra and high-
resolution spectra. Each type of spectrum serves a different purpose in the analysis of the
sample, providing complementary information about the surface of the material composi-
tion and chemical states.

The survey spectrum (also known as a wide scan or overview spectrum) provides a
broad overview of the elements present on the surface of the sample. It covers a wide
range of binding energies, typically from 0 to 1200 eV, depending on the X-ray source and
the material being analyzed. It allows for detecting all elements (except hydrogen and
helium, which XPS cannot detect) present on the surface within the probing depth of the
technique, which is typically 1 — 10 nm. The survey scan encompasses a wide range of
binding energies, ensuring that peaks from all elements on the surface are captured. Peaks
corresponding to the core levels of different elements are identified based on their binding
energies; as each element has characteristic binding energies, it is possible to determine
which elements are present. In a survey spectrum, there might be peaks corresponding to
carbon (C1s), oxygen (O1s), nitrogen (N1s), and other elements depending on the sample.
This provides a qualitative and semi-quantitative overview of the surface composition.

On the other hand, high-resolution spectra focus on a narrow binding energy range
around the core levels of specific elements identified in the survey scan. These spectra

provide detailed information about the chemical states of the elements. The primary pur-
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pose of high-resolution spectra is to investigate the chemical states (or oxidation states)
and the electronic environment of specific elements. This detailed analysis helps in under-
standing the bonding and chemical composition of the surface at a much finer level. The
position and shape of the peaks can indicate the oxidation state and chemical bonding of
the element. For example, the C 1s peak can show different components corresponding to

different carbon-oxygen bonds (C — C,C — O,C = 0).

3.4.4 X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive method that offers in-depth data on the crys-
tallographic structure, chemical composition, and physical characteristics of materials. It
can also accurately determine lattice parameters, tension, crystalline sizes, and preferential
orientation. X-ray diffraction in a polycrystalline sample can identify crystalline phases
based on their characteristic diffractogram, both qualitatively and quantitatively. This
technique is typically used to study polymorphism, phase transitions, solid solutions, mea-
surement of particle size, and determining phase diagrams. XRD peaks result from the
constructive interference of a monochromatic X-ray beam scattered at specific angles by
each set of lattice planes in a sample. The atomic positions influence peak intensities in

the lattice planes. [56]
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axis

Figure 3.7: X-Ray Diffraction working function.

Besides, Bragg’s Law is a fundamental principle used in X-ray diffraction (XRD) to
relate the angles at which X-rays are diffracted by the atomic planes in a crystalline material

to the distance between those planes. This relationship is critical for determining the crystal
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structure of materials.

When X-rays are incident on a crystalline material, they are scattered by the electrons
in the crystal atoms. In a crystal, the atoms are arranged in regular, repeating planes.
When the X-rays encounter these planes, constructive interference occurs at specific angles,
leading to distinct diffraction peaks. Bragg’s Law describes the condition for this construc-
tive interference. For constructive interference to occur (i.e., for the diffracted X-rays to be
in phase and produce a detectable signal), the path difference between the X-rays scattered
from successive atomic planes must be an integer multiple of the wavelength of the X-rays.
This condition can be visualized by considering the geometry of the incident and scattered
X-rays and the crystal planes.

Bragg’s Law is mathematically expressed as n\ = 2dsinf. Where n is an integer (the
order of the diffraction peak), d is the distance between the atomic planes in the crystal
(also known as the interplanar spacing), A is the wavelength of the incident X-rays, and
theta is the angle between the incident X-ray beam and the crystal plane (known as the

Bragg angle).

3.4.5 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a powerful microscopy method that analyzes
the material structure, morphology, and composition at the nanoscale. TEM involves pass-
ing a focused beam of electrons through a thin sample, where interactions with the atoms
generate an image based on electron scattering and absorption. Transmission electron
microscopy (TEM) uses a concentrated electron beam generated by an electron source,
usually a tungsten filament or a field emission gun (FEG). The electrons are accelerated to
high energies, usually ranging from tens to hundreds of kilovolts, and then focused into a
narrow beam with electromagnetic lenses. TEM samples need to be thinly sliced (usually
less than 100 nanometers thick) to enable electron transmission. This is commonly accom-
plished using ultramicrotomy for biological samples or focused ion beam (FIB) milling for
solid materials. Subsequently, the slender sections are affixed to a Transmission Electron
Microscope (TEM) grid, consisting of a thin backing material (typically carbon or copper)
with evenly distributed perforations. When the electron beam interacts with the atoms

in the specimen, it leads to phenomena like elastic scattering, inelastic scattering, and
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absorption. The interactions result in an intricate pattern of transmitted electrons that
contain details regarding the structure and composition of the specimen. Electrons sent
out are gathered by a detector, like a fluorescent screen or a charge-coupled device (CCD)
camera, to create an image. High-resolution images of the specimen’s internal structure
can be obtained by analyzing the intensity and angle of the transmitted electrons. Trans-
mission electron microscopy (TEM) can achieve exceptional resolution, reaching atomic
scales, thanks to the short wavelength of electrons. Contrast in TEM images results from
differences in electron scattering within the specimen, revealing details like crystal defects,

grain boundaries, and chemical composition. [57, 58]

Electron _
Source

Electron Condenser

Beam Lenses

Sample

Objective Lens

’Goniometer\
\

Projector

Lenses Objective Aperture

Viewing
Screen

Entrance
apertures

Focusing
coils
@+59)

Magnetic Drift Multipole
prism tube optl%s
(projection)

Figure 3.8: Transmission Electron Microscopy working function.
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Chapter 4

Methodology

This section describes the experimental procedure of the investigation, which consists of
sample preparation and synthesis. It also describes the parameters and details of the

characterization techniques used to analyze the material change.

4.1 Sample Preparation

The sample preparation objective was to prepare flat-surface pills only using physical treat-
ments for the laser treatment. So, the sample preparation consisted of collecting the target
raw material, drying, ball milling, sieving, and pill making, as shown in Figure 4.1.

For the first step in this research, it was considered Parajubaea Cocoides, an Ecuadorian
native palm species, as the raw material. [44] Then, two fruits of Parajubaea Cocoides palm
(two dwarf coconuts) were collected at Yachay Tech University. The coconut section of
interest was only the exterior fibrous shell, as seen in the first step of Figure 4.1; thus, the
shell was extracted by hand, using gloves in a sterilized environment, to avoid damaging
or contaminating the sample, as seen in the image.

In the second step, the coconut shell was left to dry for 72 hours in the oven at 60 ° C.
The equipment from the School of Physical Sciences and Nanotechnology Laboratory at
Yachay Tech University was used. After this process, the first sample of interest, the
pristine sample (sample A), was obtained.

The dried coconut shell was then taken into the ball milling as the third step in the
sample preparation process, as seen in Figure 4.1. The dried coconut shell was ball milled

with a frequency of 6 Hz for three hours, with a milling sphere of 2 ¢m in diameter. The
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Figure 4.1: Graphical methodology of Sample Preparation.

remaining milled material was sieved and separated into two different samples differentiated
by particle size. Following the fourth and fifth steps seen in Figure 4.1. Thus, taking place
the next two samples of interest are the A1T sample and the A17'75 sample. The difference
between the last two mentioned is that sample A17T has a particle size bigger than 75 um,
and sample A17'75 has a particle size between 45 pum and 75 pum, as shown in Table 4.1.
Two different sieves were used (45 um and 75 um). However, the material remaining under

45 pm was not considered because of its inconsiderable amount.

Sample Name Description
A Pristine Sample
A1T Particle size: 75 pm < A1T
A1TT75 Particle size: 45 um < A1T75 < 75 um

Table 4.1: Description of the particle size of samples used.

The final sample preparation step was pill making, using the mechanical press adapted
in the Laboratory of the School of Physical Sciences and Nanotechnology at Yachay Tech
University. See Figure 4.1 step 6, in which a mechanical press, with a pill in between the
arms of the press, is represented. Different conditions were employed in the mechanical

press for sample A17T and sample A17T75. In the case of sample A1T, a pressure of 25 M Pa
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was applied with a relaxation time of one minute, and for sample A17T75, a pressure of
5 M Pa was used to make the pills. The dimensions of the pills were standard; they had a
diameter of 9 mm, a height of 4 mm, and a weight of 0.15 g, see Figure 4.1 step 6, where
a photograph of the final pill is presented.

4.2 Synthesis of the Hard Carbon Nanostructures

The synthesis method used in this research was laser ablation, a procedure derived from
pyrolysis, which consists of applying controlled heat to eliminate the biomass of organic
compounds while reorganizing the carbonous structures at the atomic level. It used a
FORZAG6-80W industrial laser cutter. As its name indicates, the maximum power of the
laser cutter is 80 WW. The parameters such as intensity, working distance, area of irradiation,
and laser velocity were strictly controlled only to affect the surface of the pills. To better

understand, see Figure 4.2.

Figure 4.2: Synthesis method used: laser ablation. a. Schematic representation of the laser
beam irradiating the sample pill. b. Image taken of the laser ablation synthesis, carried
out in the Physics Laboratory at Yachay Tech University. c. Pristine sample A1T75. d.
Synthesized sample A1T75.

Image a of the Figure 4.2 shows a schematic representation of the synthesis process,
which shows the laser source irradiating only the surface of the pill. Image b is the Image
taken of the synthesis carried out in the laboratory at Yachay Tech University. It shows the
laser source irradiating the A17'75 sample pill in the work cabin of the FORZ A6 — 80W
laser cutter. Image c is the pristine pill taken from sample A17T, and image d is the

synthesized sample pill with the obtained material on the top of the pill of the sample A1T
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after the laser irradiation shown in image b.

The parameters used for the synthesis process were controlled and specific. In the case
of the laser intensity, the range used was between 7 % as the minimum power and 9 % as
the maximum power, and the velocity of the laser was 100 nm/s with an interline space
of 0.02 mm. The working distance of the laser is standardized because of the laser focus,
which is equal to 10.65 mm, and the speed of the laser was 50 nm/s. The laser irradiated
the whole surface area of the pills to have a better approach to the material. See figure ¢

of Figure 4.2.

4.3 Characterization Techniques

Five different characterization techniques were employed to demonstrate the synthesis of
hard carbon nanostructures: Scanning Electron Microscopy (SEM), Raman Spectroscopy,
X-ray Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD), and Transmission
Electron Microscopy (TEM).

4.3.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) measurements were carried out in two stages of the
investigation. The first SEM measurement took place at the very beginning of the in-
vestigation to provide a guide on the composition of the raw material. It was developed
with a scanning electron microscope, model Phenom ProX G6 Desktop SEM X with an
integrated Energy-Dispersive X-ray Spectroscopy (EDS) detector(as seen in Figure 4.3).
The second SEM approach was carried out in the School of Physical Sciences and Nan-
otechnology Characterization Laboratory, and the scanning electron microscope integrated
into the photoelectron spectrometer equipment was used.

The importance of using two different SEM approaches is that the first approach ana-
lyzes the structure of the pristine material to guide and give direction to the research while
taking advantage of the integrated EDS for analyzing the chemical atomic composition of
the pristine sample. This gave the initial idea of the presence of lignin, starch, and cellulose
in the precursor material, or pristine sample, A. On the other hand, taking the SEM with

the integrated equipment to the XPS, was crucial for having the different characterizations
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of the sample samples. Also, it was highly important to obtain the SEM images of the three
different samples: A, A1T, and A1T75. Finally, the information obtained from SEM, EDS,
and XPS will permit the researchers to conclude which is the composition of the pristine

sample and how it changed to obtain the synthesized hard carbon nanostructures.

Figure 4.3: Scanning Electron Microscopes used. a. Sample prepared for first approach
SEM measurement. b. Scanning electron microscope model Phenom ProX G6 Desktop
SEM X. c¢. XPS sample holder with samples pristine A, synthesized A1T, and A1T75. d.
Scanning electron microscope integrated into the photoelectron spectrometer.

The protocol was as clean as possible for the sample preparation to avoid contamination;
thus, a small amount of pristine sample, A, was placed on an SEM pin and attached to it
with carbon tape, see image a of Figure 4.3. The acceleration voltage used for taking the
SEM images was 5 kV, and for the EDS measurement, the accelerating voltage reached
10 kV.

In the second approach, the scanning electron microscope integrated into the X-ray
photoelectron spectrometer was used at the Characterization Laboratory of the School of
Physical Sciences and Nanotechnology at Yachay Tech University. To prepare the samples,
they were placed carefully in an XPS sample holder, and carbon tape was used to attach

them to the holder, see image f of Figure 4.3.

4.3.2 Raman Spectroscopy

A Horiba LabRAM HR Evolution spectrometer was used at the Characterization Labora-
tory of the School of Physical Sciences and Nanotechnology at Yachay Tech University to
obtain the Raman spectra, as shown in Figure 4.4. For the sample preparation, a piece of

coconut fiber was placed on a glass slide for the pristine sample characterization, sample
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A. In the case of synthesized samples A1T and A17'75, as the hard carbon nanostruc-
tures were part of the pill surface, the complete pills were placed on the glass slide one by
one, as seen in image e of Figure 4.4. The glass slide was carefully cleaned and purified
before placing each sample on it to prevent contamination from disturbing the samples
and affecting the results. The Raman spectra were collected by exciting the samples with
the 532 nm laser wavelength source and the 220_VISF LN objective for the synthesized
samples, A1T and A1T75. In the case of the pristine sample A, the Raman spectra were
collected by exciting the sample with the 532 nm and the 785 nm laser wavelength source,

with the z20_VISFLN objective.

Figure 4.4: a. Raman Spectrometer with pristine sample A1T75. b. Horiba LabRAM HR
Evolution spectrometer from Characterization Laboratory at Yachay Tech University.

4.3.3 X-Ray Photoelectron Spectroscopy

The VersaProbe IIT 5000 photoelectron spectrometer was used at the Characterization
Laboratory of the School of Physical Sciences and Nanotechnology at Yachay Tech Univer-
sity to obtain the X-ray photoelectron spectroscopy (XPS) measurement; see Figure 4.5.
The measurements were performed with the Al K, X — rays with a photon source energy
of 1486 eV in a high vacuum environment. To prepare the samples, they were placed care-
fully in an XPS sample holder, and carbon tape was used to attach them to the holder, as
seen in image f of Figure 4.5. As XPS is the exact equipment for detecting any element
or compound that might contaminate samples, the holder and the instruments used to
prepare the samples were carefully cleaned and purified, and the sample preparation was

carried out in a clean environment. A survey and high-resolution scans of the elements of
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interest C'ls, N1s, and Ols were collected for each sample.

Figure 4.5: a. XPS holder was prepared with samples of pristine A, synthesized A1T,
and A1T75. b. VersaProbe III 5000 photoelectron spectrometer from Characterization
Laboratory at Yachay Tech University.

4.3.4 X-Ray Diffraction

The XRD analysis was conducted in the Physics Laboratory at ”Universidad San Francisco
de Quito” (USFQ). The equipment employed was an X-ray diffractometer D§ ADVANCE

by Bruker to measure the samples. See image b of Figure 4.6.

Figure 4.6: a. XRD holder prepared with A1T sample. b. X-ray diffractometer D8
ADVANCE by Bruker from Physics Laboratory at USFQ.

For the XRD measurements, they were prepared different size pills with the same

preparation conditions (pressure of 25 M Pa for A1T, 5 M Pa for A1T75) as well as with
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the same synthesis conditions (laser intensity of 7—9 %) due to the sample holder size, see
image a of Figure 4.6. The samples were prepared in a clean and purified environment to

avoid contaminating them; the sample holder was well-sanitized before each measurement.

4.3.5 Transmission Electron Microscopy

The Transmission Electron Microscope measurements were carried out in the ”Centro de
Investigacion en Ciencias de la Salud y Biomedicina” (CICSaB) at "Universidad Auténoma
de San Luis Potosi” (UASLP), Mexico. The equipment model used was the Jeol Electron
Microscope 2100 (JEM-2100), a 200 kV analytical electron microscope, see Figure4.7.
The sample preparation was developed carefully in a clean and sanitized environment.
A small amount of each sample was put in different ependors; then, 1.5ml of distilled
water was used to disperse the material, and a bath sonication process of 30 minutes was
performed. Finally, 10 uL of each solution was deposited in full-carbon gratings and let
dry completely at room temperature, as seen in image h of Figure 4.7. The measurements
were taken only in bright fields, and High-Resolution TEM was achieved to analyze the

semi-crystalline nanostructure of hard carbon.

Figure 4.7: a. Sample preparation for TEM measurements of synthesized samples A1T
and A1T75 in full-carbon gratings. b. Jeol Electron Microscope 2100 (JEM-2100) from
CICSaB Laboratory at UASLP, Mexico.
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Chapter 5

Results and Discussion

The corresponding characterization analysis and its representation of data will be presented
in the forthcoming chapter. For a better understanding, the scanning electron microscopy
(SEM) images are presented to show a macroscopic view of the material, both pre-synthesis
and post-synthesis, facilitating a visual comparison. Subsequently, Raman spectra will be
discussed to clarify the structural characteristics of the carbonaceous material acquired
through synthesis. The x-ray photoelectron spectroscopy (XPS) analysis results will be
presented to explain the chemical bonding configurations within the pristine and synthe-
sized samples. To complement the last mentioned information, x-ray diffraction (XRD)
analysis is presented to assess the crystallinity of the nanostructure. To finally comple-
ment these analyses, transmission electron microscopy (TEM) images will be integrated to
understand the morphology and nanostructural characteristics, helping determine whether

the synthesized material aligns with the expected hard carbon nanostructures.

5.1 Samples

It has to be mentioned again the differences between each sample. Thus, as seen in Figure
5.1., two images seem to be the same, but it is incorrect. In Figure 5.1, image a, sample
A can be observed, the pristine sample, which directly corresponds to the Parajubaea
Cocoides shell or husk. This pristine sample was characterized in the different stages of
the research after the drying procedure. Then, image b of Figure 5.1 represents the material
before the synthesis process, after the ball milling and sieving. There were two types of

these pills differentiated by their particle size. The first particle size corresponded to be
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Figure 5.1: Images of samples at different stages of the research. a. Pristine sample, A. b.
Pill sample with particle size between 45 um and 75 um. c. A1T synthesized sample. d.
A1T74 synthesized sample.

bigger than 75 pwm, and the second particle size corresponded to a range between 45 pum
and 75 um. About the images ¢ and d of Figure 5.1., those correspond to the samples after
the synthesis process; the ¢ image is the sample A1T, which corresponds to the particle
size A1T, being ;75um; the image d, corresponds to the sample A1T75, the synthesized

sample with a particle size between 45 pm and 75 pm.

Figure 5.2: Images of samples before, during, and after the synthesis process. a. Samples
before the laser ablation process, image taken in the laser cutter cabin. b. XPS sample
holder with the samples prepared before the measurements. c. Image of synthesized
samples A1T and A1T'75 after the surface scraping. d. Mechanical press stage where pills
were prepared, and samples on its containers.,

The Figure 5.2 represents the number of samples produced and characterized in this
research. Thirty different pills were produced corresponding to fifteen samples of sample

A1T, with a particle size bigger than 75um, and fifteen samples of A1T75 with a particle
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size of 45 pm and 75 pm. Image a of Figure 5.2 corresponds to the samples before the laser
ablation process in the laser cutter cabin. Image b corresponds to the pills in the XPS
holder, a sample preparation process for their characterization. Image ¢ corresponds to the
sample preparation for TEM characterization in its initial stage; the surface of the pills
was scraped carefully to obtain the darkest material; however, the A1T75 sample broke,
showing to be fragile. Finally, image d of Figure 5.2 corresponds to the sample preparation
stage in the mechanical press equipment at the Laboratory in Yachay Tech; in this image

can be appreciated a notion amount of samples prepared for being studied in the research.

5.2 Scanning Electron Microscope

As presented before, Scanning Electron Microscope (SEM) images were taken at different
stages of the investigation in different laboratories. Starting from the images taken at
Conocoto Laboratory with the ProX G6 Desktop SEM X with an integrated Energy-
Dispersive X-ray Spectroscopy (EDS) detector. In Figure 5.1., there are presented two
SEM images of the pristine sample A, which corresponds to the Parajubaea Cocoides
coconut shell, at two different magnifications. The material can be appreciated generally
in image a. of the Figure 5.3., there can be distinguished a periodical structure conformed
by granules and fibers. In image b., the coconut shell structure can be better appreciated
in detail. In image b, these two main elements mentioned, the fiber structures and the
granules, can be better appreciated for a periodical distribution. Adding to it in image b of
the Figure 5.3., there can be appreciated zones encapsulated by fibbers, more specifically,
periodical zones enclosed by dwarf coconut fibbers containing granules on their inside.

As the first stage of this research was to characterize Parajubaea Cocoides, the pristine
sample, recognizing the structure by its physical characteristics is the first approach, as
there is no literature review about it to date of Parajubaea Cocoides species. Interestingly,
there are no reports of granules in conventional coconut shell (cocos nucifera) structures;
however, compared with studies in different materials, having granules in biomaterials usu-
ally corresponds to a starch composition. However, there is a close species to Parajubaea
Cocoides that is the Babassu Coconut species; according to Barrera et al., in the Babassu

coconut species, there is a 23 wt% of starch in its composition. [59] Because the Babasu
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Figure 5.3: Images obtained with Phemom ProX G6 Desktop SEM X. a. Image taken at
500X magnification, total height 497 um, and accelerating voltage of 5 kV'. b.Image taken
at 1700X magnification, with a total height of 158 um and an accelerating voltage of 5 £V .

coconut species corresponds to the same family as the Parajubaea Cocoides family, Are-
caceae, the granules present in Figure 5.3. can be assigned to be starch granules. [60]
It has also been reported that the coconut shell of Cocos Nucifera species contains fibers
that correspond to a high composition of lignin and cellulose, according to Amara et al.
Parajubaea Cocoides is categorized in the same family as Cocos Nucifera, and the fibers
contained in Parajubaea Cocoides can be assigned to a material containing lignin and

cellulose. [61, 18]
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Figure 5.4: EDS obtained with Phemom ProX G6 Desktop SEM X. a. SEM image with
the EDS point: The image was taken at 750X magnification, with a total height of 358 um
and an accelerating voltage of 10kV. b. EDS spectra. c. Particle size distribution of starch
on image a.
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H Element Atomic Percentage Weight Percentage H

C 66.17 28.27
O 32.62 38.27
K 1.21 3.46

Table 5.1: Data of Atomic Percentage and Weight Percentage of the pristine sample,
obtained with the EDS detector of the Phenom SEM.

Then, as mentioned before, an EDS spectrum of the pristine sample A was taken to
have a first approach to the characterization of the material. This corresponds to the
Figure 5.4 in which, in the image a, the point on which the EDS spectrum was taken
can be appreciated. In figure Figure 5.4., image b shows three elements corresponding
to Carbon, Oxygen, and Potassium. Comparing it to the Table 5.4, carbon and oxygen
are the most predominant elements with significant atomic and weight percentages, with a
total presence of 98.79% between them. However, K has almost inconsiderable percentages,
with a presence of 1.21%, so it might correspond either to a coconut shell composition or a
contaminating agent; it will be proven with further characterization analysis. According to
the literature, some biomaterials, such as shells and husks of different fruits, may contain
minerals in their composition, such as potassium. [18] Moreover, in the image ¢ of Figure
5.4., it can be appreciated the size distribution of the starch granules, obtained from the
SEM image with specific software, showing the higher peaks between 3 pum and 4 um,
being consistent with the literature. [60]

Besides, taking a look at the Table 5.1, there is a considerable presence of carbon and
oxygen, as it is reported that organic molecules such as lignin, cellulose, and stage are
composed of mainly carbon and oxygen, with a bigger presence of carbon than oxygen.
Converging the information between the scanning electron microscope and the electron
dispersive spectrometer, it can be said that due to the presence of granules and fibers and
the presence of carbon and oxygen, the composition can be assigned to be lignin, cellulose,
and starch, which is consistent with the literature. [60, 18]

On the other hand, in the Figure 5.5., Figure 5.6., and Figure 5.7., the SEM images
taken in the Characterization Laboratory at Yachay Tech are presented. Corresponding
Figure 5.5. to be the images of the pristine sample, sample A, Figure 5.6. images of

the SEM taken of sample A1T synthesized, and Figure 5.7. images of the SEM taken of
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sample A1T'75 synthesized. These measurements were made to be able to compare the
information obtained in the different characterization techniques of the same sample and
to demonstrate that the information obtained within the two different SEM equipment is

consistent at the beginning of the research and in its final stage.

Figure 5.5: Images of sample A with the Scanning Electron Microscope integrated into an
X-ray Photoelectron Spectrometer at the Characterization Laboratory at Yachay Tech. a.
Image taken with an accelerating voltage of 1 kV. b. Image taken with an accelerating
voltage of 3kV. c. Image taken with an accelerating voltage of 10kV.

Talking about Figure5.5, a great visualization of the surface of the pristine material
is presented; in the case of the image, a, a complete piece with a with of 1600 pm and
a height of 1000 um approximately can be observed. Then, zooming the zone to obtain
image b, the granules that could be observed with the Phenon SEM on Figure 5.3 can be
appreciated. More in detail, in image c, there are observed the granules and the fibers
that correspond to the structural composition of the dwarf coconut as described above.
Compared to the literature reported, the structure obtained in this research is confirmed
to correspond to how the lignin, cellulose, and starch look in SEM images. [62]

The Figureb.6 corresponds to the SEM images of the sample A17T, which can be ap-
preciated as the synthesized zone of the sample. As the sample was prepared in the XPS
sample holder, in this case, the sample was collected, crapping the pill surface, resulting
in a pill breaking. Fortunately, the synthesized zone could be successfully determined.
Thus, in the image a, a porous-like zone can be observed, corresponding to the synthesized
zone. Then, image b is the zooming image taken, which can be better appreciated in this

porous-like zone. Finally, in the image c, the structure of the material at a micro-scale can

Thesis Project 53 M. Daniela Serrano



School of Physical Sciences and Nanotechnology Yachay Tech University

200pm

Figure 5.6: Images sample A1T with the Scanning Electron Microscope integrated into
an X-ray Photoelectron Spectrometer at the Characterization Laboratory at Yachay Tech.
a. Image taken with an accelerating voltage of 1kV. b. Image taken with an accelerating
voltage of 1kV. c. Image taken with an accelerating voltage of 10kV.

be completely appreciated. It can be confirmed that the structure presents well-distributed
porosity and granules are present. Those granules may have come from the starch com-
position of the material, which, during the synthesis process, would have served as a base

precursor for forming the hard carbon material. [63]

l 500 p.m

200pm

Figure 5.7: Images sample A1T75 with the Scanning Electron Microscope integrated into
an X-ray Photoelectron Spectrometer at the Characterization Laboratory at Yachay Tech.
a. Image taken with an accelerating voltage of 1kV. b. Image taken with an accelerating
voltage of 1kV. c. Image taken with an accelerating voltage of 1kV. d. Image taken with
an accelerating voltage of 10kV.

Following the path, the Figure 5.7 corresponds to the synthesized sample A17T'75, which
corresponds to a smaller particle size than the sample analyzed above, sample A1T. Then,
in the image a of Figure 5.7, the sample can be appreciated in general, there can be distin-

guished its porous-like structure in the different zones observed in the image. Moreover, in
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image b, zooming was made to observe the structure of this sample better. In image c, the
structure can be appreciated more in detail due to the zoomed-up. As well as on image ¢
of Figure 5.6, the well-distributed porous can be observed. According to the literature, it is
said that hard carbon nanostructures, at a microscale, appear to be porous-like materials,

which can be compared to the information obtained with the SEM images. [64]

5.3 Raman Spectroscopy

The Raman spectra of the samples were taken mostly with the green laser, corresponding
to the 532 nm wavelength laser; however, to measure the pristine sample, the 785 nm
wavelength laser was also used. In the Figure 5.8, three different Raman spectra correspond
to the measurements made to the three samples. The image a corresponds to the spectra
of sample A, the pristine sample with the two lasers, 532 nm and 785 nm wavelength. The
two different lasers were used because the 532nm laser would follow the research path to
examine samples with the same conditions and parameters, but it did not work. Then,
as sample A corresponds to the pristine sample, the coconut shell, the 785 nm laser was
used because it is a biomass containing organic molecules, and, according to the literature,
it is recommended. Even though two different wavelengths were used to measure the
pristine sample, no information was obtained about this sample with this characterization

technique.
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Figure 5.8: Raman spectra of a. Pristine sample A measured with laser 532 nm and
785nm. b. Spectrum of the synthesized sample A17T, measured with laser 532 nm, and its
corresponding deconvolution. c. Spectrum of the synthesized sample A17T, measured with
laser 532 nm, and its corresponding deconvolution.

On the other hand, the images b and ¢ of the Figure 5.8 correspond to the samples
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A1T and A1T'75 synthesized, respectively, and those spectra were taken with the laser
of 532 nm wavelength. According to the literature, carbon-based materials, especially
graphite-like structures, should present on their Raman spectra at least three different
peaks, called bands. Those bands correspond to the D band with its center located around
1350 em ™!, G band located around 1580 cm ™!, and the 2D band located at 1690 cm~!.
Summarizing the meaning of the bands, the D band indicates the proportion of defects
and amorphous material present in the carbon-like structure; the GG band is the one which
indicates the presence of a carbon-based material; and the 2D band indicates if there are
present graphene structures in the carbon-based material, to asses to a specific material,
it will depend on the intensity of the peaks.

Moreover, it has to be understood when a Raman spectrum corresponds to a hard
carbon nanostructure. The first thing to notice is the presence of the three bands mentioned
above, the D band, the G band, and the 2D band. Then, to see if the intensities of the
peaks are correct, they can be estimated with the Ip /I ratio, which, depending on the
value, may correspond to an organized structure, a crystal structure, or an amorphous
structure. This ratio ensures the amorphycity rate present in samples. The value that this

ratio usually takes is in a range of 0.5 to 0.9 in the case of hard carbon nanostructures.

H Sample Peak Center (cm™') Band Assignment FWHM (ecm™!) H

A1T 1345.93 D 46.17
A1T 1578.97 G 34.57
A1T 2695.61 2D 53.74
A1T75 1343.85 D 52.06
A1TT75 1582.32 G 35.29
A1T75 2693.28 2D 62.68

Table 5.2: Data of the peaks obtained of Raman analysis.

As shown on images b and c¢ of Figure5.8, the three bands mentioned above are present:
the D band, G band, and 2D band. The center of each peak shown is on the Table 5.2. This
information is important to assess which material is present in the Raman characterization.

Moreover, looking at figure b of Figure 5.8, three clear peaks can be appreciated, cor-
responding to the D band, G band, and 2D band. In this image, the dashed line guided
to the eye is placed 1578.97 em ™! corresponding to the center of the G' band, the value

obtained after the Raman spectra deconvolution of sample A17T. Then, in the image ¢, the
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dashed line guided to the eye is placed at 1582.32 em~! that corresponds to the center of
the G band of a sample A1T75. Then, according to the literature, the G band should be
located at 1580 em ™!, however, as Raman may present an error of & 1 em ™!, that results
on the correct G band assignments for sample A17T', and for A1T75. [65].

About the 2D band of the two different samples, A1T of image b, and A1T75 of image c,
their center is located at 2695.61 em ™!, and 2695.61 cm ™! respectively. It has been reported
that information about the amount of graphene layers can be extracted depending on the
full width at half maximum (FWHM) of these peaks. In the case of sample A1T, the 2D
peak is located at 2695.61cm ™!, and its FWHM corresponds to 53.74 cm~!. For sample
A1T75, the 2D peak is located at 2693.28cm ™!, and its FWHM corresponds to 62.68cm ™.
Interpreting the values presented, sample A1T will tend to have fewer graphene layers
than sample A17T'75 because of the FWHM value. However, the FWHM present on the
different spectra is too big to be suitable for analyzing the number of graphene layers in
the structure. [66]

In the Raman spectra of the samples A1T and A1T75, see Figure 5.8, the D band
are predominant peaks. The Dband corresponds to the material ’defects,” which can be
assessed to sp? hybridization of the carbon atom. In the case of sample A1T, the D band is
located at 1345.93c¢m ™!, and for the sample A17°75, the D band is located at 1343.85 em™*.
It has been reported that the position of the D band in hard carbon nanostructures may
vary depending on the structure of the material, but it might be found around 1350 e¢m 1.
Then, with the D band, the information about the level of graphitization of a carbonous
structure can be determined, giving information about the presence of more amorphous
carbon as predominant as this peak is. [63]

Finally, the Ip/Ig ratio of the spectra will provide information about the degree or
disorder within the hard carbon nanostructures. For sample A1T', the Ip /I ratio is equal
to 0.25, and the Ip/Is ratio for sample A1T75 is 0.41. Thus representing for A1T a
lower level of disorder in its structure than sample A17'75. [67] Finally, with this Raman
spectroscopy analysis and converging the information with the obtained from scanning
electron microscopy, the characteristics obtained for samples A1T and A17T75 can be as-
sessed to hard carbon nanostructures, but it is needed to extract more information from

other characterization techniques to prove this statement. [68]
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5.4 X-Ray Photoelectron Spectroscopy

In this section, the X-ray Photoelectron Spectroscopy analysis is presented. To begin with,
in Figure 5.9, the XPS spectra of samples A, A1T, and A1T'75 are presented. Figure a, b,
and ¢ correspond to the survey spectra of the samples mentioned. In this type of spectra,
the information that can be obtained corresponds to the information of the elements in
the sample. Noticeably, three main elements are present: Cls, Ols, and N1s. The atomic

concentration of each sample is presented in the Table 5.3.
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Figure 5.9: XPS survey spectra and Cls analysis of each sample a. Survey of pristine
sample A. b. Survey of the synthesized sample A17T. Survey of synthesized sample
A1T75. d. Cls spectra of sample A. e. Cls spectra of sample A1T. f. Cls spectra of
sample A1T75.

Looking at the Table 5.3, the most predominant element in all samples is carbon.
However, it corresponds to different structures. Sample A has 75.5 % of carbon, 23.3 %
of oxygen, and 3.2 % of nitrogen. These results are not equal to the EDS results obtained
(see Table 5.1), but the information is consistent with the literature. Biomaterials, such
as coconut husk from Cocos Nucifera species, are reported to have around 65 to 75‘%
of carbon on their structure and around 20 to 25 % of oxygen on their structure, and
the remaining percentage might correspond to functional groups containing nitrogen or to

mineral impurities. [69] Those percentages in these materials mentioned are reported to
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correspond to cellulose, lignin, and starch.

HSample C% O% N%H

A 73.5 233 3.2
A1T 878 11.8 04
A1T75 782 202 1.6

Table 5.3: Atomic concentration table of samples A, A1T, and A1T'75, obtained from XPS
measurements.

Moreover, looking at samples A1T and A1T75 of Table 5.3, there is a change in the
atomic percentage of all the elements. For sample A1T', carbon is increased to 87.8‘%, a
difference of 14.3 % on the atomic percentage increase of carbon, the percentage of oxygen
decreased on 11.5 %, reaching the 11.8 % of oxygen in the sample; and, nitrogen percentage
decreased to reach the 0.4 % which means that was almost eliminated during the synthesis
process. On the other hand, the percentages for sample A1775 changed differently. For
the atomic percentage of carbon, the value increased to be 78.2 %, increasing just in 4.7 %;
oxygen decreased to reach 20.2; and nitrogen decreased exactly half the amount from the
pristine sample, reaching 1.6 % of nitrogen. This information corresponds to reported
percentages of hard carbon nanostructures obtained from natural sources. However, it has
to be consistent with the high-resolution spectra to see which changes in the bonds present

in the material.

H Sample Peak Energy (eV) Peak Assignment H

A 282.46 C-C o
A 284.08 C-C my
A 285.92 C-0 7y
A1T 282.49 C-C
Al1T 284.13 C-C 1y
A1T 286.03 C-0 172
A1T 288.04 C=0 s
A1T75 282.53 C-C
A1T75 284.07 C-C my
A1T75 286.02 C-0 172
A1T75 288.06 C=0 (73

Table 5.4: Peak assignment table of the Cls high-resolution spectra obtained from XPS.

Assigning the peaks to each different sample, it can be observed in Table 5.4 that three
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peaks are assigned for the sample A. The 282.46 eV corresponds to a C' — C bond corre-
sponding to an amorphous-like structure, with sp? hybridization. [70] Then, the 284.08 eV
peak corresponds to a sp? well arranged C' — C bond. According to the literature, this peak
assignment may correspond to the bonds present in organic molecules and converged with
the information mentioned in Table 5.3, and this might be assigned to the bonds contained
in lignin, cellulose, and starch molecules.

Talking about sample A1T, looking at Table 5.4, the peak location and assignment
correspond to be 282.49 eV for the C' — C bond, which corresponds to an amorphous-like
structure [74]; the 284.13 eV peak is assigned to be the C'— C bond of a sp? hybridization,
characteristic of well-arranged structures of carbon. And the 282.53 eV peak corresponds
to a C'= O bond. [75, 64, 66, 73]

As in sample A1T, almost an equal case was obtained for sample A17T75. For the
282.49 eV peak corresponds to the C' — C' bond in an amorphous-like structure[74]; the
284.07 eV peak is assigned to be a C'— C bond of a sp? hybridization; then, the 286.02 eV
peak is the C'— C' bond corresponding; finally, the 288.06 eV in the peaks which correspond
to the C'= O [75, 64] bonding. [66].

Having clear information about the location of the peaks in each sample, the spectra
of the samples can be compared. In the pristine sample, the most predominant peak
corresponds to the C' — C' peak of amorphous carbon, and the peak corresponds to the
C — C bond characteristic of well-arranged carbon atoms in the structure. Thus, giving
information of a low well-arrangement of the atoms in the structure of the pristine sample.
Then, following this path, in the case of the sample A1T and A17T75, a complete change
in the spectra can be appreciated, compared with sample A.A [76]. In these samples, A1T
and A1T75, the most predominant peak comes to be the C' — C' peak of a well-arranged

structure, saying then that the synthesis was correct.

5.5 X-Ray Diffraction

Three different spectra were obtained in this characterization technique as observed in
Figure 5.10. This figure presents the corresponding diffractograms of the three different
samples, A, A1T, and A17T75. As XRD is a characterization technique that analyzes
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mostly the crystallinity of the materials, looking at the diffractogram A of Figure 5.10 that
correspond to the pristine sample, it can not be appreciated or distinguished predominant
peaks because there are many organic molecules arranged in a disorganized way causing
the non-definition of the diffractogram. However, a peak with #° = 22° center can be
observed. It has been reported that this plane (002) may correspond to carbon-based

organic materials such as aligning, cellulose, and starch. [18§]

oy
-
©
S—
‘»
c
(]
b
=

Figure 5.10: XRD diffractogram of samples A, A1T, and A1T75.

There are some differences between the samples; the most predominant is that in the
pristine sample, A, there can not be distinguished predominant curves or peaks; however,
after the synthesis process, the diffractograms change completely. Looking at the diffrac-
tograms of samples A1T and A1T'75, samples corresponding after the synthesis process,
there arise some peaks corresponding to the (200) and (002) as seen in the Figure 5.10.
According to reported literature, at the interval of 2 §° = 22° to 24°, the (200) plane is
located, which corresponds mostly to a carbon-based material highly disordered structure
or amorphous carbon. This peak is also reported to belong to cellulose and starch struc-
tures. [12] Then, the center of the peaks are 2 = 21.7° for sample A1T' 20 = 21.8° for
sample A17T'75. [77, 78] And the dashed line guided to the eye is placed at 22 6° to have an
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orientation for locating the (200) plane. The second dashed line guided to the eye is placed
to have an orientation to the (002) plane location at 2 #° = 27.5°. This peaks indicates
the level of graphitization of the structure, meaning the presence of graphene layers. [62]
Based on the (002) plane peak center and using Bragg’s Law, the interplanar distances
of the planes present in the sample structure can be estimated. The expected interplanar
distances in hard carbon nanostructures may vary. It has been reported to have distances
from 0.36 nm to 0.44 nm. [63, 79] In this research, for sample A1T, the (002) peak cen-
ter obtained was 2 #° = 27.8° and for sample A1775 the (002) peak center obtained
was 2 #° = 27.7°. Besides, Bragg’s Law states the relation between the spacing of
atomic planes in crystalline structures and the angles of incidence, followed by the equa-
tion nA = 2dsin(f). Where n is the order of the diffraction peak (usually takes a value of
1 for the first-order diffraction), A is the wavelength of the incident X-rays, d is the inter-
planar distance, and € is the angle between the incident X-ray beam and the crystal planes
(half of the measured 2 6° angle). To calculate the interplanar distance, the wavelength
corresponding to the XRD source, Cu Ko, used in the research is A\ = 1.54 A. Then, the
interplanar distances obtained for each sample are, for the sample A1T, dar = 4.1 A,

and for the sample A1T75, da1775 = 4.0 A.

5.6 Transmission Electron Microscopy

All the information extracted from the different characterization techniques in this section
converges. Transmission Electron Microscopy (TEM) is an analytical characterization
technique in which the structures of materials can be visualized. Multiple TEM images of
samples A1T and A1T75 were obtained; however, when it was intended to take a TEM
image of sample A pristine, the material ended up due to the high accelerating voltage
used.

Analyzing Figure 5.11, the image a presents the structure of hard carbon nanostruc-
tures; it can be differentiated from the grating used because in the upper part of the image
is distinguished the amorphous carbon coming from the grating. Then, looking at the im-
age from the middle to the bottom, there are hard carbon nanostructures. To have a better

understanding image b is a zooming from the center zone of the image a, there can be ap-
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50nm o : 20nm

Figure 5.11: TEM images of sample A17T. a., b., and c., images are presented in zooming
order; those were taken directly with the TEM to understand the material better. d. Image
zoomed from c, interplanar distance present.

preciated circumferential zones that, comparing to the information obtained from SEM, it
may correspond to the porosity of the material. This mentioned can be better appreciated
in image c¢. Then, image d is a zooming image from c, there can be noticed well-arranged
structures, comparing with the literature reported this corresponds to the hard carbon
nanostructures. [79, 80] Then, describing the structures, there can be noticed well-defined
planes that corresponds to graphene layers, these layers are packed with a number from
at least 4 to 8 layers, as observed. Comparing this information with Raman spectra, it
is supposed that when having few graphene layers, it can be estimated the exact number

with the 2D band; however, this can not be done in for this structure because of the too big
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with of the peak and of the noncomplete crystallinity of the hard carbon nanostructures.
Thus, the TEM technique is suitable for developing this estimation. [78, 81]

To analyze and measure the interplanar distances, it was taken fifty distances found in
the image d of Figure5.11, obtaining a final average of 0.41 nm or 4.1 A that, according to
the literature is on range of interplanar distances in hard carbon nanostructures reported.
This information also converges completely with the information obtained from the XRD

technique. [63, 79

Figure 5.12: TEM images of sample A1T75. a., b., and c., images are presented in zooming
order, those were taken directly with the TEM, to understand the material better. d. Image
zoomed from c, interplanar distance present.

Besides, analyzing image Figure 5.12, in the image a, it can be better distinguish the

hard carbon nanostructures, which are centered in the image. Approaching the hard carbon
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nanostructures zone appears in image b, where a better visualization of the structure is
observed. Then, in image c, similarly to image c¢ of Figure 5.11, there can be noticed the
circumferential zones that, compared to the information obtained from SEM, this structure
could correspond to the porosity of the material. This mentioned can be better appreciated
in image c¢. Then, image d is a zooming image from c, and well-arranged structures can be
observed, which corresponds to the hard carbon nanostructures reported in the literature.
[79]

Then, describing the hard carbon structures, looking at image d of Figure5.12, one
can notice well-defined planes that correspond to graphene layers; as in sample A1T,
these layers are packed with a number from at least 4 to 12 layers, as observed. When
comparing this information with Raman spectra, it is supposed that when there are only
a few graphene layers, the exact number can be estimated using the 2D band. However,
this cannot be done in this structure because of the excessive peak width and the semi-
crystallinity of the hard carbon nanostructures. Therefore, the TEM technique is more
suitable for making this estimation. [78, 81] Thus, the interplanar distance of the sample
A1T75 hard carbon nanostructures was estimated, as for sample A1T, where there were
taken fifty different interplanar distances from the image d of Figure 5.12, and an average
of 0.40 nm or 4.0 A was obtained. According to the literature this measured value is in the
range of interplanar distances in hard carbon nanostructures reported. This information

also converges completely with the information obtained from the XRD technique for

sample A17T'75. [63, 79]
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Chapter 6

Conclusions

To conclude this research, the objectives stated were accomplished. First, a green syn-
thesis methodology was successfully developed to obtain hard carbon nanostructures by
laser ablation. This included the implementation of using bio-waste material, the Para-
jubaea Cocoides fruit (specifically its shell or husk), as a precursor for the carbon-based
nanostructures obtained. The methodology consisted of using physical methods to have
the sample suitable for the synthesis process, and the technique used to synthesize the
material was laser ablation, obtaining the hard carbon nanostructures. The parameters
for the synthesis were established successfully in the research.

Then, five different characterization techniques were employed to ensure the material
was hard carbon nanostructures: SEM, Raman Spectroscopy, XPS, XRD, and TEM. Start-
ing from the pristine material, which corresponded to the Parajubaea Cocoides coconut
husk, the SEM technique found the presence of amorphous and similar-sized granules and
fibers. This contrasted with the literature, with the XRD results, and with the XPS re-
sults; the granules were assigned to have a starch and cellulose composition, and the fibers
were composed of lignin and cellulose. With the composition mentioned, this coconut shell
or husk is suitable for being a precursor material to synthesize hard carbon nanostructures
due to the molecules having a high carbon content in their structure. The results enclos-
ing Parajubaea Cocoides fruit waste or bagasse can be implemented as a potential hard
carbon nanostructure precursor due to its very high compound content, which contains a
high carbon percentage in its components. However, it must be mentioned that due to

the composition of various organic molecules in the coconut shell structure, information
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could not be obtained from Raman spectroscopy and transmission electron microscopy
characterization techniques.

On the contrary, talking about the synthesized samples, the information from the five
different characterization techniques was obtained and converged between them. First,
SEM images showed a porous-like structure, which could be observed in those porous
distributed homogeneously. Compared to the literature, the material shown in the SEM
images coincides with the reported hard carbon images. And, looking at how the material
changed, the structure changed from being a granules-like structure in the pristine sample A
to a porous-like structure in samples A1T and A1T75. About Raman Spectroscopy, it has
to be noticed that the Raman spectra from hard carbon showed the presence of carbonous
materials by revealing a clean spectrum with the D band, G band, and 2D band, being sharp
and thin peaks similar to graphite/graphene spectra. In the case of the D band and G band,
the peaks showed an excellent intensity with different sizes, with the D band much shorter
than the G band band, with an Ip /I ratio of 0.25, in the case of sample A1T. An Ip/Iq
ratio of 0.41 in the case of sample A1T75 was obtained. This information showed that
the structures have graphite and amorphous carbon on them. However, in the case of the
2D band, even though the intensity was lower than the G' band but bigger than the D band
and relatively sharp, with an FWHM = 53.74 cm™* for the sample A1T, and a FWHM =
62.68 cm~! for sample A1T'75, revealing the presence of very few-layer graphene on both
cases, but there could not be estimated the amount of the layers due to it was not sharp
enough to be compared with the literature reported. Moreover, the X PS, the analysis of
the pristine sample, showed the presence of primarily carbon and oxygen, with amorphous
C —C sp? bonds in the majority, and C' —C sp? bonds corresponding to graphitic/arranged
structure in a lower amount, matching the organic composition of the Parajubaea Cocoides
(starch, lignin and cellulose). As desired, the laser-annealed hard carbon showed a more
robust C'—C sp? graphitic carbon structure. Besides, according to the X RD analysis, some
planes (002) correspond to graphitic structures with well-arranged planes but with different
inter-planar distances; the estimated interplanar distances calculated with Bragg’s law was
0.41 nm for sample A1T and 0.40 nm for sample A1T'75. The T'"EM analysis confirmed the
information obtained with XRD and the predicted structure hard carbon nanostructures

would present. The images support the X RD results by showing that the material contains
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aligned graphitic planes, with few layers of graphene, with a mean inter-planar distance of
0.41 nm for sample A1T and 0.40 nm for sample A1T75. Then, it can be concluded that
the structure of hard carbon nanostructures corresponds to material containing amorphous
carbon, graphite, and graphene, forming enclosed zones, a few graphene with short lengths
arranged as small walls, randomly distributed and filled with amorphous carbon. This
structure lets the structure have vacancies.

Finally, the characterization analysis conducted on the hard carbon nanostructures
demonstrates that Parajubaea Cocoides has starch, lignin, and cellulose in its structure,
being a suitable precursor to synthesize hard carbon nanostructures. Then, the laser abla-
tion synthesis method was shown to be accurate when synthesizing hard carbon nanostruc-
tures. Moreover, hard carbon nanostructures are shown to be a semi-crystal nanostructure
that presents amorphous carbon and vacancies enclosed between enlarged surface areas
formed by graphene layers. Finally, as it was proved that these nanostructures correspond
to hard carbon, they may serve as an ion-storage material as a potential replacement for
anodes in solid-state batteries. Future work using hard carbon nanostructures would be
involving building a hard carbon anode in the laboratory to demonstrate its functionality

as a potential replacement for the mentioned solid-state batteries.
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