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INTRODUCTION

Carbon has been called the "King of the Elements™ because of its unique ability to exist
in a variety of allotropic states and to form compounds with unique properties.Carbon materials,
as well as their composites and hybrids, are involved in all areas of human activity:

- Electronics and nanotechnology

- Energy

- Catalysis

- Materials with high mechanical durability
- Sensors and detectors

- Electrodes for supercapacitors

- Biomedical Sensing



The areas listed are far from exhausting the applications of carbon materials.

Research interest in the field of carbon materials has increased greatly since Andre Geim
and Konstantin Novoselov outlined the possible applications of graphene in a series of studies in
2004-2007. Since then, the number of scientists and collectives investigating various aspects of
the synthesis, design, characterization and computational modeling of carbon compounds and
materials has become enormous.

The dissertation topic | present is "Modification and characterization of carbon phases”. |
should note that in the modern research process, synthesis and modification are unthinkable
without characterization of the experimental results obtained. The topic is particularly topical in
the light of the above information.

The object of the presented research is the modification and synthesis processes of
carbon phases.

The objectives of this research are:
- optimization of existing methods for modification and synthesis of carbon phases
- the creation of new methods and techniques for targeted modification,

- realization of "ecological” modification and functionalization of carbon phases, by
processes with minimal involvement of toxic and reactants and by-products.

To achieve the set objectives, two approaches are identified:
- study of chemical reactions and modifications of carbon materials

- investigation of modifications in carbon materials as a result of their exposure to
pulsed laser ablation in liquid (PLAL)

The choice of research directions was based on the following hypotheses:

- The study of elementary chemical reactions of carbon materials with different reagents
is expected to give us important information for the construction of chemical impact algorithms
that lead to materials with desired characteristics;

- on the other hand, pulsed laser ablation in liquid media (PLAL) has proven to be a
method for creating nanoscale phases, it is controllable and easy to implement, and with
appropriate choice of reagents, it has no toxic side effects on humans and the environment.



CHAPTER ONE

CARBON. ALLOTROPIC AND NANOALLOTROPIC FORMS OF CARBON.
GRAPHENE OXIDE. REDUCED GRAPHENE OXIDE.

The unique ability of carbon atoms to participate in strong covalent bonds with other
carbon atoms in various states of hybridization (sp, sp? sp®) or with non-metallic elements
allows them to form a wide range of structures, from small molecules to long chains. This
property underlies the enormous importance of organic chemistry and biochemistry in life. Two
centuries ago, carbon was first shown to be present in organic molecules and biomolecules, as
well as in natural carbon materials such as the various types of amorphous carbon, diamond, and
graphite. Although diamond and graphite consist exclusively of carbon atoms, their properties
are very different.

The electronic structure of carbon allows for a variety of characteristics, such as
hybridization, great chemical activity, and the formation of multiple compounds. Depending on
the degree of hybridization of the electron orbitals of the carbon atom, they can adopt different
geometries.

The tetrahedral geometry is formed by hybridization of one s-orbital and three p-orbitals -
sp® hybridization. In this geometry, the carbon atom is located at the center of the tetrahedron
and is connected by four equivalent g-bonds to other carbon atoms or atoms of other elements at
the vertices of the tetrahedron. This hybridization occurs in allotropic modifications of carbon
such as diamond and lonsdaleite, as well as in saturated hydrocarbons of the homologous series
of alkanes: methane, ethane, etc.

The trigonal geometry is formed by hybridization of one s-orbital and two p-orbitals - sp?
hybridization. The carbon atom has three equivalent c-bonds lying in one plane at an angle of
120° to each other. The p-orbital, which is not involved in hybridization and is perpendicular to
the plane of c-bonds, is used to form n-bonds with other atoms. This hybridization occurs in
graphite, phenol, and other compounds.

The diagonal (linear) geometry is formed by hybridization of one s-orbital and one p-
orbital - sp hybridization. In this case, the two electron clouds are elongated and located opposite
each other. Such a structure has the allotropic form of carbyne.

In the past few years, the previously empty space between organic molecules and
natural carbon materials has been partially filled by the identification of a range of new materials
with surprising properties and diverse potential applications in practice. The first of these carbon
nanostructures to be discovered and characterized was the molecule Cgp, which is known as a
fullerene and was originally reported in 1985 [1,2]. Several other fullerenes were subsequently
discovered, for example Cy, Cro, but Cg is the most widely studied to date. Each Cgy molecule
consists of 60 sp? hybridized carbon atoms arranged in a series of hexagons and pentagons to
form a spherical (truncated icosahedral) structure. Fullerenes are the smallest known stable
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carbon nanostructures and lie at the boundary between molecules and nanomaterials. As an
example, Cgo can be considered as a large spherical organic molecule given its solubility in
organic solvents (especially toluene).

Another important step in the development of carbon nanomaterials was made six years
later with the discovery of carbon nanotubes (CNTS) by lijima. Due to their size and shape, the
properties of CNTs are completely different from those of Cgo, and their potential applications
are also different: they have been investigated as components of composite materials with
polymers and as substrates for the deposition of catalytic nanoparticles.

Carbon nanostructures can be divided into two general groups based on the predominant
types of covalent bonds connecting their C atoms.

> The first group includes graphene nanostructures that are composed primarily of sp? carbon
atoms that are tightly packed into a honeycomb crystal lattice, although they may also
contain some sp> carbon atoms at defect sites or edges.

This group includes graphene, graphene nanosheets, CNTs, nanohorns, onion-like carbon
nanospheres, and C-dots. All graphene nanoallotropes are based on the ability of carbon to
form three identical covalent bonds with other carbon atoms using sp? orbitals, generating a
2D lattice of close-packed hexagons.

> The second group of carbon nanostructures contain both sp® and sp® carbon atoms in various
ratios and have mixtures of amorphous and graphitic regions or consist primarily of sp®
carbon atoms. Currently, nanodiamond is the only known member of this group. However,
some types of C-dots with nongraphitic structures can also be considered as its members. The
main feature of these nanoforms is that they are not built from graphene moieties or
monolayers like CNTs or SWNHs.

Carbon nanoallotropes can also be classified according to their morphological
characteristics. The first category in such a classification scheme would contain nanostructures
with empty interior spaces such as fullerene, carbon nanotubes, and nanohorns. The internal
cavities of these hollow nanostructures can host "guest” molecules, metals, atoms or other
nanostructures. In certain cases, they can even provide nanoenvironments that facilitate specific
reactions. Robust nanostructures without internal spaces such as nanodiamonds, C-dots, and
OLC spheres would belong to a separate second category in this scheme. This category may also
contain graphene because it also has no free internal spaces.

The final approach to the classification of carbon nanostructures, which is used in this
work, is based on the dimensionality of the structures. In this scheme, the difference is fixed
according to the interchangeability of the nanoparticles: (i) OD carbon nanostructures such as
fullerenes, OLC structures, C-dots and nanodiamonds; (ii) 1D nanoallotropes such as CNTSs,
carbon nanofibers and SWNH (although the latter are organized into 3D aggregates); (iii) 2D
nanoallotropes such as graphene, graphene nanoribbons and multilayer graphenes and (iv)
nanodiamond and carbon dots and (iv) 3D nanoallotropes such as graphite, diamond and
amorphous graphite (aC) or tetrahedral diamond (taC) - the latter two allotropic forms represent
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3D a disordered structure consisting of predominantly sp>-hybridized carbon atoms (aC) or of
predominantly sp®-hybridized carbon atoms. It should also be noted here that in the latter two
allotropic forms, the free bonds can be saturated with hydrogen atoms, converting the two
allotropes into hydrogenated amorphous graphite (aC:H) or hydrogenated tetrahedral diamond
(taC:H).

One of the most important carbon materials, with extremely valuable properties and wide
application, is graphene oxide (GO). Graphene oxide is a non-stoichiometric chemical compound
of carbon, oxygen and hydrogen in variable ratios that, to a large extent, depend on the synthesis
methods. This specific structure makes graphene oxide hydrophilic, suitable for chemical
interactions and embedding in matrices. graphene oxide is the main precursor for the production
of graphene and reduced graphene oxide (rGO). Knowledge of the structure of graphene oxide is
of utmost importance in order to find the most suitable synthesis and modification methods.
Numerous models have been created in search of the most accurate description of this still
elusive structure.

As a result, a series of synthesis options have been proposed, with a boom in this field
starting immediately after the discovery of graphene by Geim and Novoselov in 2004 and
continuing today.

Another carbon material worth mentioning is reduced graphene oxide (rGO). Reduced
graphene oxide is obtained by reducing graphene oxide, removing some of the functional groups
and restoring some of the electronic properties of graphene. The reduction process can be carried
out in a variety of ways, including thermal treatment, chemical reducing agents or
electrochemical methods.

Reduced graphene oxide has useful properties that make it attractive for various
applications. It retains some of the unique properties of graphene, such as high electrical
conductivity, mechanical strength and flexibility. In addition, rGO is easier to process than
graphene due to the functional groups that remain after oxidation. Reduced graphene oxide is
used in various fields of science and technology, including electronics, catalysis, energy devices
(such as batteries and supercapacitors), sensors, optics, and biomedicine.



CHAPTER TWO
METHODS FOR CHARACTERIZING CARBON PHASES

Modern research in the field of synthesis and modification of new substances and
materials is unthinkable without the constant application of a complex of methods for
characterization of the substance at each stage of the research process. Each specific task
requires the selection of the most appropriate methods, so as to obtain maximum and accurate
information about the objects that are characterized.

The complex approach that we used to characterize the modified carbon phases is
composed of the following methods - X-ray photoelectron spectroscopy - XPS, X-ray diffraction
- XRD, Raman spectroscopy, transmission electron microscopy - TEM and scanning electron
microscopy - SEM, as well as some additional and accompanying characterization techniques
such as Auger Electron Spectroscopy - AES, Small Angle X-ray Diffraction - GIXRD, High
Temperature X-ray Diffraction HTXRD, Selected Area Electron Diffraction - SAED and Energy
Dispersive X-ray Spectroscopy EDS.

The analysis of the results obtained by applying these methods shows us not only what
we have achieved so far, but also provides the necessary guidelines for our further research.

The characterization of all modified samples in the presented experiments was carried
out with the described apparatus - the structure of the samples was characterized by XRD using a
PANalytical Empyrean apparatus. Local morphology and structure were investigated by high-
resolution transmission electron microscopy (HR TEM), as the characterization is performed in
both high-resolution (HR) and selected-area electron diffraction (SAED) modes using a JEOL
JEM 2100 HR STEM microscope.

Surface analysis was performed by X-ray photoelectron spectroscopy (XPS), which was
performed in a VG Escalab MKII electron spectrometer using AlKa radiation with an energy of
1486.6 eV at a base pressure of 10 Pa and a total instrumental resolution of 1 eV at an angle of
450. Binding energies (BE) were determined using the Au4f line as a reference. The accuracy of
the measured BE is 0.2 eV. Raman spectroscopy measurements were performed in backscatter
geometry on a micro-Raman HORIBA Jobin Yvon Labram HR 800 spectrometer equipped with
a Peltier-cooled CCD detector with He-Ne (633 nm wavelength and 0.5 mW) laser excitation.
The laser beam is focused on a spot about 1 um in diameter, with a spectral resolution of 0.5 cm™
or better.

2.1 X-RAY PHOTOELECTRON SPECTROSCOPY - XPS

Photoelectron spectroscopy methods are based on the phenomenon of the photoeffect. With
the help of X-rays or ultraviolet rays, photoelectrons are emitted from the examined substance.
Their distribution, depending on the kinetic energy, represents the photoelectron spectrum. With



sufficient photon energy, the spectrum reproduces the structure of all electronic levels, starting
with the inner (core) and ending with the valence levels

In general, the full spectrum of photoelectrons contains electrons of different origin. In
addition to the mentioned photoelectrons, it also includes electrons that have undergone
characteristic energy losses, repeatedly scattered electrons, secondary electrons, Auger electrons,
etc. Scattered and secondary electrons account for the continuous background in the spectrum
with a maximum in the region of low kinetic energies. Photoelectrons emitted without loss and
carrying the necessary information are manifested in the structure of the spectrum, as peaks of
different intensity, which is a function of the concentration of the element and the
photoionization cross section of the given atomic level.

The main application of XPS is determined by some characteristic features of the
photoionization of the inner levels, such as:

1) The integral cross-section of photoionization at a given level, at a fixed photon
excitation energy hv, does not depend on the chemical state and environment of the atom, so, in
principle, the XPS signal is proportional to the number of photoionized atoms in the sample.

2) The chemical state of the atom affects the binding energy Ev of the electron in the
inner level, the so-called "chemical” shift can serve as a universal characteristic of the nature of
the chemical bond.

In RFS studies, the signal is collected from a relatively large area (usually between 0.5 x
0.5and 7 x 7 mm) and carries integral information about the contaminants.

In our work, we used an ESCALAB MKII apparatus of the Institute of General and
Inorganic Chemistry, BAS. (Figure 1.)

Figure 1. ESCALAB MK I
a) Schematic diagram b) Photograph of the device



2.2 X-RAY DIFFRACTION ANALYSIS — XRD

X-ray Diffraction Analysis (XRD) is a method used to study the crystal structure and
phase composition of materials. It provides valuable information about the arrangement of atoms
in a solid, which allows the identification of crystal phases, the determination of crystallographic
parameters and the analysis of crystal defects and texture.

The principle of XRD analysis is based on the interaction of X-rays with the crystal
lattice. When a polycrystalline material or a single crystal is irradiated with X-rays, the X-rays
diffract from the planes of the crystal lattice. The resulting diffraction pattern consists of a series
of peaks corresponding to the angles at which constructive interference occurs, and in an
analytical form it is represented by the Bragg-Wulf law:

2 dsin 8 =2 m (M2) = m A, where d- distance between atomic planes, 8- angle of
incidence of X-rays, m- integer determining the order of the corresponding maximum and A-
wavelength of X-ray radiation.

In our work, we used a PANAnalytical Empyrean apparatus of the Institute of Physical
Chemistry "Academician Rostislav Kaishev" of the BAS (Figure 2.)

Figure 2. PANanalytical Empyrean

The resulting diffraction pattern, also known as an X-ray diffractogram, provides
valuable information about the crystal structure and phase composition of the material. By



comparing the positions and intensities of the diffraction peaks with those in a database of
known structures, the crystalline phases present in the sample can be identified. Additionally,
peak positions can be used to determine lattice parameters such as unit cell dimensions and
crystal symmetry.

This method has different implementation options and we should note two of them that
we have applied in our work - GIXRD and HTXRD. Small-angle incident beam X-ray
diffraction (GIXRD) and high-temperature X-ray diffraction (HTXRD) are advanced techniques
used to study the crystal structure and properties of materials under specific conditions. These
techniques provide valuable insight into thin films, surfaces, interfaces, and materials at elevated
temperatures.

Small-angle X-ray diffraction (GIXRD) is a variant of traditional X-ray diffraction that
involves irradiating the sample with X-rays at a very small angle of incidence (typically (0.1 -
5)9).

High-temperature X-ray diffraction (HTXRD) is a technique specifically designed to
study structural changes and phase transformations in materials at different temperatures. By
subjecting the sample to controlled heating or cooling cycles in combination with X-ray
diffraction, HTXRD allows researchers to observe changes in structure that occur as a function
of temperature.

2.3 RAMAN SPECTROSCOPY

Raman spectroscopy is an analytical method used to study the vibrational and rotational
oscillations of molecules. It provides invaluable information on the chemical composition,
molecular structure and bonding coordination of a wide range of materials. Raman spectroscopy
is based on the phenomenon of Raman scattering, which occurs when a sample is illuminated
with a laser beam. Raman scattering is a phenomenon in which light undergoes inelastic
scattering when it interacts with matter. It is named after its discoverer Sir C.V. Raman, the
phenomenon involves the interaction of photons with the vibrational and rotational oscillations
of molecules, resulting in a change in the energy of the scattered photons.

When a sample is illuminated with a monochromatic light source, such as a laser, most of
the incident photons are elastically scattered, meaning their energy remains unchanged.
However, a small fraction of photons undergo inelastic scattering, resulting in a change in their
energy. This energy shift is caused by the exchange of energy between photons and molecules in
the sample.

The Raman scattering process involves three possible outcomes: Rayleigh scattering,
Stokes scattering, and anti-Stokes scattering. Rayleigh scattering refers to the elastic scattering of
photons, where the scattered photons have the same energy and frequency as the incident
photons. Stokes scattering occurs when the scattered photons have lower energy and longer
wavelength than the incident photons. Anti-Stokes scattering, on the other hand, involves the
scattering of photons of higher energy and shorter wavelength than the incident photons.
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The energy shift observed in Raman scattering corresponds to the vibrational and
rotational energy levels of the molecules in the sample. When incident photons interact with
molecules, they induce changes in molecular vibrational and rotational states. These changes
lead to the emission of photons with different energies corresponding to the specific vibrational
and rotational transitions occurring in the molecules. By analyzing the energy shift of the
scattered photons, Raman spectroscopy provides valuable information about the molecular
structure, chemical composition, and coordination characteristics of the atoms in the structural
groups in the studied sample. Each energy shift corresponds to a specific vibrational mode or
bond, allowing researchers to identify and characterize the molecules present in the sample.

In our work, we used the HORIBA Jobin Yvon Labram HR 800 apparatus of the Physics
Faculty of Sofia University.

2.4 TRANSMISSION ELECTRON MICROSCOPY (TEM)

Transmission electron microscopy (TEM) is an analytical technique used to visualize the
structure of materials at the atomic and nanoscale level. It uses a beam of electrons that passes
through an ultra-thin sample, interacting with the material and forming an image on a detector. In
TEM, a high-energy electron beam is generated and focused on the sample using electromagnetic
lenses. The sample is usually prepared by locally tinting an ultra-thin strip that is mounted on a
TEM grid or after bulk material is ground in an aqueous or other medium and a few drops of the
suspension are placed on a TEM grid. In the process of research, the electron beam interacts with
the sample, and the passed beam consists of two components: the first of them is of the electrons
that have passed through the sample, and the second is of the diffracted electrons, forming two
different images. The transmitted electron image is determined by the differences in electron
scattering caused by variations in material thickness, density, and, in high-resolution
transmission electron microscopy (HRTEM) mode, by the local structure, insofar as the atomic
columns absorb - a large amount of the intensity of the initial electron beam. By controlling
beam conditions and image parameters, various contrast mechanisms can be used to enhance
specific image characteristics.

In our work, we have used a transmission electron microscope HR STEM JEOL JEM
2100 of the Institute of Optical Materials and Technologies "Acad. Jordan Malinovski". (Figure
3)

In addition to directly transmitted beam images, TEM can also provide valuable
information about the crystal structure, chemical composition, and defects in the material
acquired from the diffracted electron beam. The electron diffraction pattern acquired from a
fixed area (selected area electron diffraction- SAED), obtained by directing the beam on a certain
area of the sample, can be used to determine the crystallographic structure and orientation of the
crystal lattice. Energy dispersive X-ray spectroscopy (EDS) can be used to analyze the elemental
composition of a sample at specific locations.
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SAED is a technique used in transmission electron microscopy (TEM) to study crystal
structure. As far as an area with a size within a few tens of nanometers can be studied with the
help of the aperture, the method allows the analysis of nanosized areas. In SAED, the electron
beam interacts with the crystal lattice of the sample, and the signal from the diffracted electrons
is recorded on a photosensitive plate or CCD camera. The diffraction pattern obtained in SAED
provides information on the crystallographic orientation, the distance between the planes in the
lattices and, accordingly, the crystallographic symmetry of the material.

2.5 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) is a powerful technique for visualizing the surfaces
and phase composition of samples that uses the interaction of a focused beam of electrons with
the surface and surface layer of the objects under study. In SEM, a beam of electrons is
generated by an electron source and accelerated onto the sample using electromagnetic lenses.
Electrons interact with the surface of the sample, resulting in the emission of various signals. The
most frequently detected signals are secondary electrons (secondary electron image- SEI) and
image of backscattered electrons (backscattered electron image- BSE).

Secondary electrons are low-energy electrons that are emitted from the sample surface
due to interaction with the primary electron beam. These electrons provide information about the
surface morphology (topography and its surface features). These are collected by a detector and
the signal is used to generate a high-resolution image of the sample surface.

Backscattered electrons, on the other hand, are high-energy electrons that undergo elastic
scattering when they interact with the sample's atomic nuclei. The intensity of the backscattered
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electrons depends on the atomic number of the elements present in the sample, which allows for
compositional contrast in the resulting image. The backscattered electrons are detected and used
to create images that reveal variations in the chemical composition along the surface of the
sample, respectively its phase composition.

In addition to SE and BSE imaging, the SEM can also be equipped with various detectors
to analyze other signals emitted by the sample, such as X-rays (EDS/EDX) or electron signatures
(EBSD). These additional techniques allow elemental analysis and crystallographic information,
respectively. Energy dispersive X-ray spectroscopy (EDS or energy dispersive X-ray analysis-
EDX) is an analytical technique that is usually used together with scanning electron microscopy
(SEM) to determine the elemental composition of a sample. This method is based on the
detection of characteristic X-rays emitted by the sample when it is bombarded with an electron
beam in the SEM.

EDX allows both qualitative and quantitative analysis of elements. Qualitative analysis
involves identifying the elements present in the sample by comparing characteristic peaks in the
spectrum with known reference spectra. Quantitative analysis involves determining element
concentrations by measuring peak intensities and applying appropriate calibration standards. It is
important to note that EDX has certain limitations. The technique provides information on
elemental composition but does not provide detailed information on chemical bonding or crystal
structure. In addition, EDX requires careful calibration and accounting for potential artifacts,
such as X-ray fluorescence from neighboring elements or X-ray absorption in the sample. In
addition, the method is inapplicable in structures of many thin layers, because this method
excites the atoms at a relatively large depth - over 1 um.

SEM operates in a high vacuum environment and may require special sample preparation
techniques. Non-conductive samples may need to be coated with a thin layer of conductive
material, such as gold or carbon, to prevent charging effects and improve image quality, making
the method destructive.

In our work, we have used a scanning electron microscope TESCAN Lyra | XMU SEM
equipped with a Brucker Quantax 400 attachment for EDX measurements at the Faculty of
Physics of Sofia University
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CHAPTER THREE
MODIFICATION AND CHARACTERIZATION OF CARBON PHASES

3.1 MODIFICATION OF MICROCRYSTALLINE GRAPHITE |
CARBON ACIDS WITH ACETONE, TOLUENE AND PHENOL

The surface chemistry and morphology of carbon materials determine many of their
properties. For example: the practical application of powdered carbon materials usually requires
modification of the main phases (graphene, carbon black, fine crystalline graphite, etc.) because
they are hydrophobic.

Two types of microcrystalline graphite were used in our experiments: ultra-high purity
graphite with fixed sizes of 2-15 um (Alfa Aesar, 99.9995% purity grade Ulta F, CAS # 7782-
42-5), designated as D-graphite and low-quality graphite (TEOKOM OOD, Bulgaria, ref.
#0770.4), designated as G-graphite. The two types of carbon black are of very high purity and
standardized high quality used in our experiments are carbon black with developed (high)
specific active surface area (ENSACO 350 G, Imerys Graphite & Carbon, Switzerland),
designated as NCB, or those with low specific active surface area (SPHERON 5000 A, Cabot
Corporation, USA), denoted as SPH.

Chemical reagents used for modification were bidistilled water, acetone (99.5% purity,
Valerus Ltd, Bulgaria), toluene (99.7% purity, Chempur, Poland) and phenol (Chempur, Poland
— 3.84 w. % solution in bidistilled water). Experiments on chemical modification of the carbon
phases were carried out by mixing 4 g of each powder with 100 ml of acetone, toluene or phenol
at room temperature.

The treatment of SPH carbon black with acetone is carried out by a different
procedure, due to a possible uncontrolled exothermic reaction.[3] .

All quantum chemical calculations were performed using the CP2K/Quickstep
package[4,5]. DFT was implemented within the generalized gradient approximation (GGA)
framework using the Perdew-Burke-Ernzerhof (PBE) functional.[5]

All reactions and their energy effects obtained by computer simulation are presented in
the table. 1. The reactions are exothermic, i.e. energy is released, except for (Equation 16). At
room temperature, acetone, toluene, or phenol cannot covalently bond to the saturated regions of
the substrate where there are no defects. The C-H bond does not break at room temperature.
Non-covalent interaction is observed in such regions.
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Table 1. Studied surface reactions and their energy effects. Carbon (and hydrogen) atoms
from the inner surface of G are denoted here and further as Cs, and those from the edges are
denoted as Ce.

Eg. Reaction E in kJ/mol  Interaction
Eg.l (Cs)+ C4H10— (Cs)C4HI10 -32 Non-covalent
Eg.2 (Cs)+ C3H60 — (Cs)C3H60 -37  Non-covalent
Eq.3 (Cs)+ C6H5CH3 — (Cs)C6H5CH3 -50  Non-covalent
Eg4 (Cs)+ C6H50H — (Cs)C6HSOH -46  Non-covalent
Eq.5 (Ce) + C3H60— (Ce)(H5¢)(Hs)C30 -1321 covalent
Eq.6 (Ce)+ C3H60 — (Ce)(H6e)C30 -1626 covalent
Eq.7 (Ce)+ C6H5CH3— (Ce)(H)(CH2C6HS) -317  covalent
Eq.8 (Ce)+ C6H5CH3— (Ce)(H)(C6H4CH3) -316 covalent

Eq.9 (Ce)(OH)(H)+ C6H5CH3— (Ce)(H)CH2C6HS + H20  -237  covalent

Eq.10 (Ce)(OH)(H) + C6H5CH3— (Ce)(H)C6H4CH3 + H20  -253  covalent

Eg.11 (Ce)(OH)3 + C6H5SCH3— (Ce)(H)C7H4 + 3H20 -471  covalent
Eg.12 (Ce)+ COHSOH— (Ce)(H)(OC6HS) -256  covalent
Eq.13 (Ce) + C6HSOH— (Ce)(H)(C6H4OH) -314 covalent
Eq.14 (Ce)(OH)(H) + C6H50H— (Ce)(H)OC6HS5 + H20 -220  covalent
Eq.15 (Ce)(OH)(H) + C6HSOH— (Ce)(H)C6H4OH + H20  -235  covalent
Eq.16 (Ce)(OH)(H) + C6H50H— (Ce)C6H4 + 2H20 3 covalent
Eq.17 (Ce)H + C6HSOH— (Ce)(H)C6H4 + H20 -382 covalent

The powder XRD patterns of CB (SPH and NCB)- (Fig. 4 ¢ and d) are typical of amorphized
carbon. The FWHM varies between 20 = (2.0+ 3.5) in the CB samples, which also gives an
indication of the strong amorphization of the studied samples.
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Figure 4. XRD patterns taken from D-graphite (a-panel), G-graphite (b-panel), SPH-CB
(c-panel) and NCB- (d-panel). diffractograms taken from the starting samples are represented by
black traces, while those from acetone, toluene and phenol treated are represented by red, blue
and green traces, respectively.

Chemical modification of both types of CB leads to further amorphization of CB, which
in turn leads to an increase in the interplanar distance between the d(002) planes, to the extent
that the corresponding highly broadened peak is shifted by (0.3 - 0.5)0 and has a significant
reducing its relative intensity.

X-ray photoelectron spectroscopy was used to characterize the surface of the chemically
modified D and G types of graphite, as well as the two types of carbon black (NCB and SPH).
Carbon and oxygen concentrations and the corresponding sp?/sp* ratio were calculated and the
data are given in Tables 2 and 3:

Table 2. Elemental analysis and sp%sp® hybridized carbon ratio as determined in
chemically modified graphites by XPS analysis.

Sample C,at% 0, at.% sp?isp®,
D pristine 98 2 6,5
D acetone 96,7 3,3 6,7
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D toluene 98,7 1.3 48

D phenol 97,7 2,3 7,6
G pristine 70 30 2
G acetone 68,9 31,1 2
G toluene 73,9 26,1 1,7
G phenol 65,9 34,1 2,6

We observed a correlation between the sp®/sp® ratio and oxygen content in all chemically
modified samples investigated. We assume that these correlations depend on the type of carbon
hybridization in the molecules of the chemical reagents used, as well as on their chemical groups
attached to the surface of the investigated carbon materials.

Table 3. Elemental analysis and sp%sp® hybridized carbon ratio as determined in
chemically modified carbon blacks by XPS analysis.

Sample C,at.% 0, at.% sp?/sp®,
NCB pristine 94,2 5,8 2,27
NCB acetone 90,5 9,5 2
NCB toluene 99 1 4,6
NCB phenol 98 2 4.7
SPH pristine 94,1 4,9 6,4
SPH acetone 87,3 12,7 1

SPH toluene 97,9 2,1 55
SPH phenol 98 2,0 6,5

Carbon allotropes can be precisely identified and qualitatively analyzed by Raman
spectroscopy. Several bands (D, D' and D” bands) are attributed to the so-called breathing modes
of the structure (aromatic carbon rings) activated by defects through the double-resonance
Raman process and indicate the presence of structural defects in the studied samples.[7,8,9] .

The observed differences in the Raman spectra of D and G graphites (Fig. 5 a, b) are
directly related to the difference in the quality of the starting phases: G graphite contains a
certain amount of defective graphite as well as a certain amount of nano-carbon phases, which
makes much more -easy modification of G graphite compared to D graphite.
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The Raman spectra of the original as well as acetone-, toluene- and phenol-treated CBs
(Fig. 5 c and d) are typical of amorphous carbon samples [10]. However, it can be assumed that
the acetone treatment to some extent improves the structure quality of the SPH samples, as the
main Raman bands in the spectra become more distinct, i.e. the amount of amorphous carbon
decreases. The effect is less pronounced in the CBs treated with toluene and phenol, for which a
smaller reduction of the amorphous component can be assumed.
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Figure 5. Raman spectra taken from graphite samples (D- and G-graphite) - panels a) and
b), respectively, and from carbon black samples (SPH- and NCB- carbon black) - panels ¢) and
d). Raman spectra taken from the starting samples are represented by black traces, while those of
acetone, toluene, or phenol are represented by red, blue, or green traces, respectively.

TEM samples were prepared by drying a drop of each of the suspensions on a formvar-
coated copper TEM grid. As noted in the analysis of the results of XRD and Raman spectra, one-
to two-layer graphene flakes are most often observed in D and G graphite samples and much less
often in the starting samples. Most interesting are the results of the chemical treatment of
samples from SV with a small active surface SPHERON 5000-SPH. TEM images show that
acetone, toluene and phenol treatments disrupt the packing integrity of the graphene layers at the
perimeter of the spheroidal CB particles The integrity of the spheroidal particles was most
affected when the CB was treated with acetone and it was even found that a significant amount
of heat is released when sufficiently large amounts (>50 g) of CB are mixed with acetone.
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The results of the simulations (table 1) of the reactions taking place on C-atoms from the
edges of the graphene flakes or defects in them confirm that these reactions are energetically the
most advantageous, since the energy released in them is almost 10 times greater than that of the
other reactions. According to the simulation results (Table 1), this is most likely due to the
bonding of a large number of hydrogen atoms from the CHs radicals of acetone to the
unsaturated bonds of the carbon atoms of the graphene layer.

Carbon blacks with a large active surface, designated as NCB, were not as strongly
affected by treatment with acetone, toluene, and phenol.

Conclusions

The interaction of acetone, toluene and phenol with carbon atoms from the surface (non-
covalent bonding) as well as from the edges (covalent bonding) of a graphene sheet has been
simulated by ab initio MD methods and the results show that all non-covalent bonding reactions
are exothermic (AE= -(32 + 50) kJ/mol). Only the covalent interaction of phenol with an sp3
hybridized C atom from the edge of graphene sheets saturated with OH and H is endothermic
(AE= 3 kJ/mol), while all other covalent interactions are exothermic (AE = - (220 + 470) kJ
/mol). Covalent bonding of acetone with carbon atoms is strongly exothermic: AE = -(1320 +
1620) kJ/mol).

The results of the conducted experiments were compared with the quantum-chemical
modeling. The intensity of the changes obtained as a result of the functionalization with acetone,
toluene and phenol directly depends on the defects and geometry of the surfaces of the treated
carbon materials and on the bonding possibilities that are applicable in view of their energy
efficiency. According to this concept, the change of oxygen content in the high quality graphite
is the weakest, due to the absence of defects in the structure, followed by the low quality
graphite. In the case of carbon blacks, their structure allows more possibilities for binding the
functionalizing molecules, leading to different results in both oxygen content and hybridization.
Extremely interesting results, in our opinion, refer to the processing of SPHERON 5000 CB,
where a rupture of the bonds between the graphene sheets from the perimeter of the spherical
particles is observed. This effect is strongest when the carbon black dust is treated with acetone.
It has also been shown that in some cases slightly folded sheets of multilayer graphene can be
obtained.
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3.2. Nd:YAG PULSE LASER ABLATION OF MICRO-CRYSTALLINE GRAPHITE
AND MODIFIED SOOT IN AQUEOUS SUSPENSION

The application of pulsed laser ablation (PLA) of graphite particles suspended in various
media for the synthesis of nanodisperse carbon phases [11-12] is one way to avoid toxic waste
products. With PLA, it is possible to use different laser wavelengths and different media
(acetone, dimethylformamide (DMF), isopropanol, polyethylene glycol, as well as highly
purified water). The resulting nanodispersed carbon phases are also different: from diamond
nanocrystals to fluorescent carbon dots and rGO nanoparticles. It should be noted that the
synthesis of GO/rGO from PLA in aqueous media has two main advantages: direct coupling of
hydrogen, oxygen, and hydroxyl radicals from “aqueous plasma” to the {001} carbon planes, as
well as less toxic suspensions ( which consist of carbon phases and water).

The results presented in this section are from a series of experiments, the main objective
of performing PLA on microcrystalline graphite in aqueous suspension is to improve the yield by
exploiting the advantages of aqueous colloidal systems.

The graphite suspensions used in the experiments were prepared by mixing 0.2 g in 100
ml or 0.1 g in 50 ml double-distilled water. An experimental setup for the PLA process of
microcrystalline graphite suspended in double-distilled water is shown in Fig. 6. The laser beam
was focused on a spot with a diameter of 1.0-1.1 mm exactly on the surface (+ 1 mm) of the
suspension. The duration of each experiment is on the order of 10-15 minutes.

Fig. 6. Experimental setup: 1- Nd:YAG laser (main wavelength 1064 nm, pulse duration
15 ns, pulse repetition frequency 10 Hz); 2- mirror; 3- focusing lens; 4- heat-resistant glass; 5-
microcrystalline graphite (chemically treated carbon black), dispersed in distilled water, (6+7)-
magnetic stirrer
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3.2.1 INITIAL PLA EXPERIMENTS ON MICRO-CRYSTALLINE GRAPHITE
IN AQUEOUS SUSPENSION

The graphite suspensions used in the experiments were prepared by mixing 0.2 g of
microcrystalline graphite suspended in 100 ml of double-distilled water (conductivity 0.9 uS/m).
The suspension is placed in a heat-resistant glass with a magnetic stirrer (Figure 1). PLA
processes were performed using the fundamental wavelength (A = 1064 nm), the second (A = 532
nm), the third (A = 355 nm), and the fourth harmonic (A = 266 nm) of a Nd:YAG laser system
with 15-ns pulse duration and 10-Hz pulse repetition rate. Different values of the laser flux
energy density were chosen for each wavelength.

The colloids obtained as a result of the irradiation were prepared after each modification
process by decantation about 30 minutes after the laser treatment of the initial suspension.

Figure 7. Photographs of the colloids immediately after decanting (a), 40 hours after
decanting (b) and about 144 hours after decanting (c). Hermetically sealed bottles are marked 1,
2,3,4,5,6,7,8,9and 10.

Modification of the primary precipitate by laser irradiation with different wavelengths
and energy densities leads to an increase in sp*, respectively a decrease in sp? type bonds and the
appearance of lines characteristic of Cgo as well as carbon nanotubes (NT) for the precipitate MC
8 Considering these results, it can be concluded that by changing the wavelength and energy
density of the laser radiation, the carbon content of the sediments can be controlled.

Table 4. Summary of XPS results for sediments from samples MC-prist, MC-4 and MC-8.
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C-C sp’| C-C CO/COH,
% sp® | sp’lsp? C-0-C -C=0/, | 0-C=0, Ceo, NT,
% % % % % %
MC-prist 64,4 21,1 0,33 6,1 3,6 4,6
MC4 37,8 26,9 0,71 9,9 23,2 2,3
MC8 45,1 26 0,57 11,6 9.3 1,4 38 2,8
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Figure 8. Deconvolution of the Cls line of the XP spectrum of the starting
microcrystalline colloidal sediment M-prist (a), of colloidal sediment MC-4 (b) and of colloidal
sediment MC-8 (c).

Considering the measured Raman spectra (Figure 9), it can be concluded that our samples
contain defective graphene (red lines in the left and right panels of Figure 9), rGO (green lines in
Figure 30), GO and most likely a large amount of amorphized carbon particles (black lines in
Figure 8).
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Figure 9. Raman spectra of various flakes from sediments MC-4 (left panel) and MC-8
(right panel). The Raman spectrum of the initial suspension (MC-prist) is shown with blue lines.
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GIXRD measurements give more comprehensive results than XP and Raman
spectroscopies because they analyze a rather large volume of the samples and the results are
valid for the whole samples.
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Figure 10. GIXRD diffractograms of MC-8 sediment dried on a glass substrate (blue
trace), MC-prist sediment (initial), dried on a glass substrate (red trace) and the difference of the
two GIXRD diffractograms (black trace marked with 3) of the sediment MC-8.

Conclusions

The obtained results show that the colloids obtained from all experiments contain mainly
rGO and defective graphene, but also some GO, graphite microparticles as well as graphene-like
phases. Amorphous carbon is often observed in PLA at A= 355 nm as well as at A= 266 nm at
high laser beam energy densities, but it can be found in very small amounts in all samples, and
hence graphite amorphization is mainly associated with PLA at shorter wavelength and high
radiation energy densities. XPS analysis of the samples revealed a significant increase in the
amount of various oxygen-containing radicals as a function of Energy Density, which is
characteristic of multi-defect carbon phases.
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3.2.2. PLA EXPERIMENTS ON MICRO-CRYSTALLINE GRAPHITE IN
AQUEOUS SUSPENSION UNDER OPTIMIZED CONDITIONS

The amount of suspensions obtained in the experiments presented so far is not very high.
For these reasons, experiments were conducted in a wider range of experimental conditions in
order to optimize the two main components of the process: wavelength of laser radiation and
energy density. The data for this run of experiments are shown in Table 5. Colloids were
obtained after each modification process by decanting the dark suspension from the precipitated
micro-sized graphite particles. The most stable colloids are those obtained at wavelengths A=532
nm, A=355 nm, as well as at 266 nm and energy densities of 23.3 J/cm?, 18.0 J/cm? and 23.3 J
Jcm?, respectively and designated as experiments A3, B2 and C2, where the initial settling was
observed visually after more than 100 hours.

The chemical state of the sediments was investigated by X-ray photoelectron
spectroscopy (XPS). Surface analysis performed by XPS showed the presence of carbon and
oxygen. The results of all analyzes are presented in Table 5.

An experiment acC, CO/COH, -C=0, 0-C=0, Cso, CNT,
A (nm), Energy density sp®/sp? % C-0-C, % % % % %
(J/cm2)
MC_prist 0.33 - 6.1 3.6 4.6

A2 0.40 - 11.0 12.4 6.2 0.8
266 nm; 11,7 J/cm?

A3 31.9 4.0 5.3 3.8 5.1 4.4 1.1
266 nm; 30,1 J/cm?

B1 71.1 - 9.9 23.2 2.3
355 nm, 3.9 J/cm®

B2 39.8 2.5 - 9.2 6.3 5.3
355 nm; 18,0 J/cm?

C1 42.2 - 10.3 48 5.6 5.2 15
532 nm; 7,1 Jlcm?

C2 57.7 - 11.6 9.3 1.4 3.8 2.8
532 nm; 23,3 J/cm?

D1 29.3 - 9.3 6.1 5.4 4.7 2.2
1064 nm; 26,5 J/cm?

D2 36.3 - 7.6 6.9 4.0 3.9 0.9
1064 nm; 31,8 J/cm?

D3 0.46 - 9.4 10.1 14.0
1064 nm; 60,3 J/cm?

24



Table 5. Summary of results of XPS analyzes of sediments from experiments A (A=266
nm), B (A=355 nm), C (A=532 nm) and D (A=1064 nm) as well as from the starting suspension
(MC_Priest).

The XPS results of laser ablated polycrystalline graphite in aqueous medium with
different wavelength and different fluency caused the appearance of satellite peaks in some
colloids depending on the experimental conditions compared to the primary one in the high
binding energy range (higher than 292 eV ).The higher binding energy reveals characteristic
features of different types of fullerenes.

GI XRD studies were performed in (0-20) scans at ®=0.50 using Cu Ka irradiation. The
G1 peak at 26 = 26.450 should be attributed to the d(002) reflection of hexagonal graphite [13].
The other peaks (N1, F1, N2, N3, F2, F3 and F4) can be interpreted as follows:

- a combination of single-walled carbon nanotubes (SWNT) - N1, N2 and N3 (see for
example [14-15]) and C70 [16] - F1, F2, F3 and F4.

-combination of two nitrated graphite phases: N1, N2 and F2- [17] and respectively F1,
F2 and N3 [18], as well as octacarbon - F4. Clearly, no nitric oxide radicals should be expected
in the investigated samples — as seen in the XPS results above. However, we can assume that the
nitric oxide radicals are replaced by oxygen and hydroxyl radicals in the missing carbon layers in
the unit cell of the nitrated graphites, preserving their original structure.

- a combination of the two above assumptions, as the GIXRD diffractograms indicate
highly amorphized samples.

Intensity, counts

D1

20 arcdeg

Fig. 11. GIXRD diffractograms taken from samples from experiments A2, A3, B1, C1,
C3, D1, and D2.
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To clarify the phase identification, HTXRD examination of sediments from experiments
A2, C2 and D3 was carried out. HTXRD diffraction patterns taken from experiment A2 at
elevated temperatures in the range (25-1150)0C are presented in Fig. 12. All the features
observed in the GIXRD patterns (N1, F1, N2, N3, F2, G1, F3 and F4 peaks) appear in the XRD
pattern taken at 250C - see Fig. 6, at practically the same values of 26 and only three new peaks
are observed: N (at 20 = 6.420), F5 (at 20 = 35.890) and G2 at 20 =41.750
An alternative indexing of the HTXRD diffractograms can be performed using two
nitrated graphite phases - [17, 18] and octacarbon - respectively, as mentioned above.
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Fig. 12. HTXRD pattern obtained at increasing temperatures (25-1150)°C from
experiment A2.

The Raman spectra taken from all samples can be classified into several groups according
to the experimental data: Raman spectrum typical of defective graphene or highly reduced GO -
the green trace in Fig. 13, Raman spectrum of rGO — (red trace), Raman spectrum of GO (blue
trace), as well as Raman spectrum of a mixture of amorphized carbon and GO (violet trace).
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Fig. 13. Raman spectra taken from different sediment flakes from the initial suspension
of microcrystalline graphite (u-crystalline graphite) suspended in doubly distilled water—black
trace; from experiment A3- green trace (rGO/defective graphene); from experiment B2- red trace
(rGO/GO); from experiment C2- blue trace (GO) and from experiment D3- violet trace
(amorphized carbon/GO).

Conclusions

Pulsed laser ablation (PLA) of microcrystalline graphite dissolved in doubly distilled
water, with different photon energies (266, 355, 532 and 1064 nm) and different laser beam
energy densities was applied. We hypothesize, consistent with the XPS, TEM, and Raman
studies performed, that the colloids obtained from experiments A, B, C, and D contain mostly
rGO and defective graphene, but also some GO, graphite microparticles, and graphene as phases.

Amorphous carbon was often observed in experiments B at high laser beam energy
densities, but was found in small amounts in all samples. XPS analysis of the samples proved a
significant increase in the amount of various oxygen-containing radicals and of sp3-hybridized
carbon as a function of laser radiation energy density.

It should be noted here that the proposed technique is very simple and provides excellent
results at low cost and high reproducibility. The yield of useful products obtained in this way is
orders of magnitude higher than that presented in the previous section.
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3.2.3. MODIFICATION OF CHEMICALLY TREATED CARBON SOOT BY
LASER IRRADIATION IN AQUEOUS SUSPENSION

Carbon blacks (CBs) possess an amorphous structure based on small single- to multi-
layer graphene flakes with an area of several nm? to 25 nm?, randomly oriented and connected by
van der Waals forces to each other (also called basic structural units (BSU)). These BSUs form
spheroidal particles between 10 nm and 250 nm in diameter, agglomerated into irregularly
shaped agglomerates. The central parts of the particles are usually occupied by highly
amorphized carbon. This structure, and in particular the tightly connected around the perimeter
of the spheroidal BSU particles, provides high thermal and chemical stability of CB - for
example, significant graphitization of CB begins at temperatures above 1000°C

As a result, we performed experiments to modify acetone-treated CB SPHERON 5000 by
laser irradiation, in order to obtain graphene-like phases (defective graphene, rGO and GO).

The suspensions used in this series of experiments were prepared by mixing acetone-
treated CB (0.3 g) and 300 ml bidistilled water in a heat-resistant glass beaker with a magnetic
stirrer . The samples were treated with a master oscillator power amplifier (MOPA ) CuBr laser
system (A = 511 nm, variable pulse repetition rate (2 - 20 kHz) and pulse duration 30 ns). The
laser beam was focused about 3 mm (experiment 1) below the suspension surface as well as
exactly on the suspension surface in experiment Il. A more detailed description of the conditions
of the various experiments is given in Table 6.

The experimental setup is analogous to the one shown in the figure 6

Table 6. Detailed description of experimental conditions for experiments I A and B, 1l A,
B, Cand D.

Experiment Fluence, Pulse Experiment Fluence, Pulse
Jlem? repetition Jlem? repetition
rate, kHz rate, kHz
I A 0.13 2 1B 35 10
I B 0.13 5 I1C 0.13-35 15
1A 35 5 11D 0.13-35 20

Colloids were made after each modification process by decanting the dark suspension
from the settled carbon particles. The decantation process took about 5 minutes after laser
treatment of the initial suspension. Colloids from experiments 1A and IB are very light gray,
indicating a very low content of carbonaceous phases. The colloids of experiments Il A-D are
practically black in color with an apparently high content of carbonaceous phases, and their
stability increases from about 6 hours (in experiment 11A) to about 12 hours (in experiment 11B).
The modification of the samples of experiments Il C and D caused the formation of a thick layer
of foam (commensurate with the thickness of the suspension in the beaker) of air bubbles and
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carbon phases and suspension which settled after about 2 hours. For this reason, the foam
powder samples obtained in Experiments Il C and D were examined in parallel with those of the
dried colloids from all other experiments.
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Figure 14. GIXRD diffractograms taken from suspensions precipitated from experiments
IA, IB,

The results of GIXRD measurements are summarized in Figure 14, where d(002) denotes
the position of the corresponding reflection of hexagonal graphite [19]. The patterns obtained
from experiments IA and B show that the colloids exhibit a very small amount of highly
amorphized carbon phases. Two very broad peaks, labeled G3, are due to diffraction from (002)
planes of hexagonal graphite, with strongly modulated interplanar spacing. while the G4 peaks
are due to the combined diffraction reflections from (-110) and (010)- at 26 = (42.2)0 as well as
from (-111) and (011)- at 26 = (44.4)0 from hexagonal graphite .The same peaks G3 and G4 can
be distinguished in the foam patterns of sample 1l D , but they have a much larger FWHM, i.e.
the carbon phase is much more highly amorphized.

The Raman spectra of the starting and other samples are similar: the main features are the
two bands typical of graphite (and their derivative) materials - G and D, appearing at about 1585
cm-1 and at about 1334 cm-1, respectively. the first band is the only first-order Raman spectral
band of defect-free graphite and graphene that arises from E2g phonons at the I point of the first
Brillouin zone, while the second is the most intense of a group of several so-called «defect»
bands (D , D ' and D"), which arise from the "breathing"-like mode of aromatic carbon rings
activated by defects via double-resonance Raman scattering [7,8,20].
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Figure 15. Raman spectra taken from Figure 16. Raman spectra taken from the
different samples: starting sample - violet foam from Il D experiment.
trace, 1A, IB, Il A and 1IB sample.

In some of the spectra (e.g., the black trace from experiment IB, the green trace from
experiment A, and the orange trace from experiment II1B), the overtone of the D-band - 2D
band is very clearly delineated, clearly indicating that regions with several layered graphene.

Conclusions

The results of the studies carried out show that the colloids formed after laser
modification consist of small amounts of less modified particles (with Raman spectra similar to
the red and blue traces in Figure 15) and clearly reduced graphene oxide (rGO) with Raman
spectra , similar to the black, green, and orange traces in Figure 15. The appearance of a reflex in
the diffractograms of samples II and C and D at about 20 = 22° is also associated with the
presence of weakly oxidized graphene, i.e. reduced graphene oxide. The results obtained show
that such a modification has very significant advantages compared to the methods we have
applied so far: i) the amount of the modified product compared to that of the remaining
unmodified in the suspension is more than 50%, in contrast to the use of solid targets
microcrystalline graphite in bidistilled water or suspensions of graphite in bidistilled water,
where the useful yield is milligrams in the first case or up to 10% of the starting material in the
second; ii) significant modification occurs at much lower laser irradiation energy densities than
in comparable processes, even those involving graphite modification in a bidistilled water
suspension. The advantages demonstrated in the application of this method are related to the pre-
treatment of the CB with acetone, in which the outer shell of the BSU is destroyed.
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3.3. ANEW METHOD FOR PULSE LASER ABLATION IN LIQUID — ABLATION

ON SUSPENSION IN FLOW MODE (PLAL in FLOW MODE)

There are three main types of PLAL techniques used to synthesize carbon nanomaterials.
The first experimental design of PLAL involved a focused laser beam aimed at the surface of a
solid target immersed in a liquid to generate colloidal carbon nanomaterials: nanodiamonds and
quantum dots [21,22] as well as graphene-like phases (graphene, defect graphene, reduced
graphene oxide (rGO) and graphene oxide (GO)- [23] This PLAL technique is known as a batch
method.The solid target is further replaced by a suspension (e.g. of micrographite particles in
bidistilled water), which greatly increases the useful yield in the form of stable suspensions of
nanoscale carbon phases in water - see for example [24]. The latter method (regardless of
whether focused or defocused light is used, as well as the direction of emission of the suspension
cup) is usually defined as a semi-batch method. Another implementation of PLAL uses jet flow
of a suspension of carbon particles irradiated by a focused laser beam The colloidal solution can
circulate in a closed loop for continuous irradiation [26]. This method of synthesizing carbon
nanomaterials is known as the flow jet method.

In search of a more effective method for the synthesis of carbon phases, compared to
those shown in the previous points, we created a new method for pulsed laser ablation in liquid
(PLAL) - suspension ablation in flow mode (PLAL in flow mode). In this method, a gravity-
flowing suspension is irradiated in a quartz tube with a laser. Depending on the type of results
sought, both a focused and unfocused laser beam can be used. Three schemes of implementation
of the method are possible according to the chosen place for irradiation — inside a full quartz
capillary, in a drop outside the tube or a drop inside the end of the capillary (fig. 17)

-
-

Figure 17. Irradiation zone of the suspension in a quartz capillary.

The implemented variants of the method ensure complete irradiation of the flowing
suspension. In the case of irradiating a suspension inside the quartz capillary, there is no contact
with the atmosphere and this provides excellent opportunities for controlled functionalization
and a high useful yield of the treated material. The other two implementation schemes also have
their place, especially in scientific research, where unique characteristics of the materials are
sought, and the yield obtained is not essential. Further, in sections 3.4.1, 3.4.2 and 3.4.3, we have

31



presented results of experiments carried out according to the schemes for the implementation of
the pulse ablation method in flow mode (Fig. 18,19)

NOYAG | N2 /4 NOYAG | N2 4
Laser N\ Laser N\
I |
A : A 5
-’ -’
Fig.18 Irradiation inside quartz Fig. 19 Irradiation in a drop ¢
the capillary. the capillary.

3.4.1. MODIFICATION OF MICROCRYSTALLINE GRAPHITE BY PULSE LASER
ABLATION IN FLOW MODE SUSPENSION (PLAL) IN FLOW AND THROUGH A
QUARTZ CAPILLARY

In this section, the results of a series of experiments investigating the possibility of
obtaining graphene-like phases (functionalized defective graphene, graphene oxide and reduced
graphene oxide) and their modification and oxidation level when applying pulsed laser ablation
in liquid (PLAL) in flow mode ( flow mode).

The phase composition of the obtained sedimented suspensions was characterized by
various methods: XPS, GIXRD, Raman spectroscopy and TEM.

In this series of experiments, two different types of suspensions based on two graphites
were used: 99.9995% purity Ultra F (Alfa Aesar), designated as HQ, and low grade graphite
(TEOCOM Ltd, Bulgaria), designated as LQ, were obtained by mixing of 0.4 g of graphite in
100 ml of bidistilled water. Hydrogen peroxide solution (100 ml 6% H,O, in bidistilled water)
was used in the other suspension as the liquid medium, maintaining a concentration of 4 mg/ml
solid to liquid in all experiments of this study. The suspensions were prepared and placed in an
ultrasonic bath 30 min before irradiation. The third (A= 355 nm) as well as the fourth (A= 266
nm) harmonics of the Nd:YAG laser (A= 1064 nm fundamental wavelength, 15 ns pulse duration,
10 Hz pulse repetition rate). Laser beam energy densities of 0.364 J/cm? and 0.465 J/cm? for
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PLA with A = 266 nm and A = 355 nm, respectively, were used in different experiments.
Irradiation of the suspensions is carried out as they flow under the action of gravity through the
quartz tube (see Fig. 20). Unfocused laser beams are used with a spot 5.5 mm wide and 4.5 mm
high that exactly matches the inner diameter of the quartz capillary.

The dispenser placed after the irradiation zone allows the regulation of the flow rate so
that the quartz capillary is always full, without flow turbulence and thus ensuring the maximum
amount of irradiated suspension. Irradiation of the suspension lasts about 15 minutes.

Nd YAG — i \ /4

Laser

I

o

Fig. 20. Schematic diagram of the experimental setup:
1- Nd YAG laser; 2- and 3-mirrors; 4-gauge funnel; 5- quartz tube with dispenser

In a control experiment, suspensions prepared in the manner described were examined
without irradiation and showed results consistent with those of pure graphite.

The dried precipitate of the suspensions of the two types of graphite, named HQ graphite
and LQ graphite, with different degrees of purity before and after laser treatment with 266 nm
and 355 nm wavelengths in distilled water and distilled water with 6% hydrogen peroxide were
investigated using of X-ray photoelectron spectroscopy. C1s photoelectron spectra were used to
evaluate the type of carbon hybridization, as well as their Auger spectra.

The obtained photoelectron spectra have a complex shape due to the presence of various
bonds on the surface of the investigated suspensions. To assess the type of hybridization, the
sp3/sp2 ratio was calculated.

The constituents of HQ graphite and LQ graphite surfaces were evaluated and the
corresponding data were presented in Table 7.
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sample C,in% 0,in% sample C,in% 0,in%
HQ pristine 98 2 LQ pristine 70 30

HQ+H,0, 96,6 3,4 LQ+H,0 68,6 31,4
266nm 266nm

HQ+H,0,; 94 6 LQ+H,0; 61,7 38,3
266nm 266nm

HQ+H,0, 97,6 2,4 LQ+Hz0 61 39
355nm 355nm

HQ+H,0; 96 4 LQ+H,0; 56,4 43,6
355nm 355nm

Table 7. Chemical composition of pristine and treated HQ and LQ graphite.

Defect formation on the HQ graphite surface and edges is oxidation rate-determining,
requiring high photon energy. This is why the amount of oxygen in the HQ samples as a result of
A =266 nm irradiation is higher than the amount of oxygen as a result of A = 355 nm irradiation,
where the photon energy is lower and fewer defects are formed.

On the surface of graphite, LQ defects already exist, and laser irradiation-induced
oxidation processes play a leading role in oxidation. In this case, the amount of oxygen increases
with the increase in energy flux density, which at A =266 nm is 0.364 J/em?, and at A = 355 nm it
increases to 0.465 J/cm?.

PLAL in flow mode allows to obtain such results for different materials, different
parameters of suspensions and laser radiation and on their basis to carry out controlled and
efficient functionalization with oxygen and other atoms.

The results of the Raman spectroscopy characterization are summarized in Fig. 21 and
Fig. 22, where Raman spectra of the main phases observed in the dried suspensions after the
various PLA treatments are shown.

The main phase in the HQ graphite suspensions after PLA treatment are graphite
microcrystals, with increasing defects, as long as the D-band appears (about 1331 cm™) and the
intensity of the G- and 2D-bands decreases. It should also be noted the formation of:

- very fine crystalline (or semi-amorphous) phase of GO (gray trace in Fig. 21) when
treating suspensions of HQ-graphite in bidistilled water with A= 266 nm. The largest number of
such phases are found in suspensions of HQ-graphite in bidistilled water with 6% H,0, modified
by laser irradiation with an Energy Density of 0.364 J/cm?;

- a lot of graphene as well as defective graphene flakes were observed in all suspensions
irradiated with A = 266 nm wavelength. Such objects are observed significantly less often in
suspensions modified by laser irradiation with a wavelength of A = 355 nm.

In contrast to the suspensions discussed above, a wide variety of graphene-like phases
(graphene, defect graphene, rGO and GO) were observed in those of LQ graphite in bidistilled
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water and in bidistilled water with 6% H,0,. It should be noted that graphite microcrystals are
very rarely found in these suspensions after their treatment with laser irradiation. The main
phases in them are defective graphene (the red trace in Fig. 22), reduced graphene oxide (the
pink line in Fig. 22) and GO (Raman spectrum similar to the gray trace in Fig. 22

D GD (D+D") 2D (D+D') 2D

Intensity, Arb. units

1000 1500 2000 2500 3000

Raman shift, cm”'

Fig. 21. Raman spectra taken from different flakes of the precipitate from the HQ suspension of
microcrystalline graphite
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Fig. 22. Raman spectra taken from different precipitate flakes of the LQ suspension of
microcrystalline graphite
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The XRD patterns obtained from pure HQ-graphite (Fig. 23 right panel - green trace)
completely match those shown by M.S. Seehra et al. and show that the analyzed sample consists
of hexagonal - see ( ICSD # 31107 ) and rhombohedral ( ICSD # 31829 ) graphite. The only
peaks that do not belong to these phases are the low-intensity peaks at 26 values around 28 and at
29 arcdeg, which coincide perfectly with the peaks of orthorhombic fullerenes C;o (ICSD #
75506). It should be noted that the stronger peaks of LQ-graphite also coincide with the indicated
phases.
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Fig. 23. XRD diagram of LQ (left panel) and HQ (right panel) samples.

Samples for TEM studies were prepared by dropping and drying a drop of each
suspension obtained on formvar-coated TEM grids. All investigated suspensions contain graphite
microcrystals. Their amount is higher in the HQ graphite sample, compared to the LQ graphite,
according to the manufacturer's specifications for crystallinity of both types of graphite samples.
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Examination of the crystalline state of the particles by the diffraction mode of the microscope
showed the presence of an amorphous mass in the HQ graphite treated with a 6% H,O; solution.
Amorphous material was found in the LQ graphite sample even before the H,O, treatment.
Moreover, TEM characterization of all investigated suspensions showed the formation of
different phases after PLA processes depending on the initial graphite and liquid phase
composition.

1.55A (103)

110

Graphite 2H

Fig. 24. a) Spherically agglomerated amorphized carbon after 266 nm laser irradiation of
HQ graphite suspension in bidistilled water and the corresponding SAED image showing
fullerene Cg (COD-COD #96-800-0216)- b) panel. Scale bar corresponds to 10 1/nm. (c)
HRTEM image of multilayer fullerene Cg deposited on a spheroidal amorphous carbon particle.
(d) Irregularly shaped amorphous carbon particle on which 2D graphene-like flakes and 3D
hexagonal graphite nanoparticles are deposited (d-panel) and the corresponding SAED image (e-
panel). Images d), e) and f) were taken from precipitates of a suspension of HQ graphite in
bidistilled water irradiated by a 266 nm laser beam

Conclusions

The results of the work of one of the schemes for the implementation of the proposed
new method for PLAL in the flow mode of an aqueous suspension of microcrystalline graphite,
as well as a suspension of microcrystalline graphite in a 6% H,0, solution, were presented.

It has been shown that irradiated suspensions containing mainly nanoscale carbon phases
(graphene and graphene-like (defective graphene, rGO and GO) and bundles of graphene-like
flakes) can be produced by this method using wavelengths of the laser beam A= 266 nm or 355
nm.
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The new approach for PLAL allows the desired degree of functionalization of the
processed carbon materials with different types of atoms to be effectively achieved, since the
irradiation is carried out in a quartz tube isolated from the environment. The ability to control the
medium, flow rate, laser wavelength, and irradiation energy flux allows for the widespread use
of this technique.

3.4.2. MODIFICATION OF MICROCRYSTALLINE GRAPHITE BY PULSE
LASER ABLATION IN A FLOW MODE SUSPENSION (PLAL) IN A DROP OUTSIDE
A QUARTZ CAPILLARY

The present study investigates the possibility of obtaining graphene-like phases by
applying a different scheme (Fig. 25) to the implementation of pulsed laser ablation in liquids
(PLAL) in flow mode to two types of microcrystalline graphite aqueous suspension. The
fundamental wavelength (A=1064 nm) of a Nd:YAG laser system, pulse duration 15 ns and pulse
repetition rate 10 Hz) was used.

In these experiments, we used two types of graphite suspensions in water - each
containing 0.4 g of 99.9995% purity Ulta F grade graphite (Alfa Aesar, CAS # 7782-42-5) in 100
ml of bidistilled water. The first suspension was left for 6 days (and hereafter referred to as "old
suspension™) and the second was left for 30 minutes before irradiation (and hereafter referred to
as "fresh suspension™). Laser ablation is performed in a droplet of suspension held by surface
tension outside the end of a quartz tube with a focused laser beam with a spot area of 0.025 cm? -
see fig. 25. The energy density is 3.75 J/cm?.

Nd YAG 2\ /a
Laser N

I
N
3

Figure 25. Schematic diagram of the experimental setup: 1-Nd YAG laser; 2- and 3-
mirrors; 4- measuring funnel; 5- quartz tube

Powder XRD patterns were taken in (6-20) scans using Cu Kal irradiation. The main
peaks in the diffractograms taken from the sediments of the untreated old suspension as well as
the laser-irradiated fresh and old suspensions appear at the same values of 28. Two sufficiently
clear broadened peaks are observed. The first appears at about 260= 120 (labeled GO) and is
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practically identical to that of GO, and the second (at about 26= 140 and labeled dA) is very
close to one of the strongest peaks of graphite polytypes, often defined as nitrated graphite - see
[27].
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Figure 26. XRD patterns of clean (red line), aged (blue line) and fresh (green line) suspensions
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Figure 27. Raman spectra of primary (red line), aged (blue line) and fresh (green line)
suspensions.

The above results show that PLAL processes cause fragmentation of graphite particles
(especially pronounced in the old suspension), which most likely occurs by exfoliating mono- to
multi-layer graphene and saturating it with oxygen-containing radicals.

The measured Raman spectra (Fig. 27) are typical of predominantly sp® hybridized
carbon phases (graphite is 100% sp? carbon)
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Figure 28. Results of XPS analysis of oxygen content in fresh and old suspensions after
laser treatment

X-ray photoelectron spectroscopy studies support the aforementioned observation. The
sediment from the laser-treated old suspension has remarkably more oxygen compared to that
from the laser-treated fresh suspension.

The results of TEM studies show that the suspensions contain some microcrystalline
graphite particles, graphene-like phases (GO, rGO, defective graphene), as well as
nanocrystalline and amorphous carbon phases.

Conclusions

It is shown that time-stable (up to 50-80 h) suspensions containing mainly nanoscale
carbon phases (defective graphene, rGO, GO) can be produced by PLAL in a flow-mode reaction
system using laser emissions with A = 1064 nm. The most significant results of this series of
experiments are that the amount of oxygen in the carbon phases obtained from fresh suspensions
is less than the amount of oxygen in modified phases obtained from longer suspensions, and that
the amount of the carbon phases themselves obtained from fresh suspensions, is significantly less
than the amount of modified phases obtained from longer-lived suspensions.

The observed effects are probably due to the intercalation of water molecules in the
graphite surface layer in the old suspensions and the absence of such intercalation in the fresh
suspensions.
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3.4.3. MODIFICATION OF MICROCRYSTALLINE GRAPHITE BY PULSE LASER
ABLATION IN FLOW MODE SUSPENSION (PLAL) IN A QUARTZ CAPILLARY
DROP

As an example of the operation of the third implementation scheme, we can present the
XRD diffractogram of materials obtained after irradiation of suspensions in flow mode in a drop,
inside, at the end of a quartz tube. The suspensions were prepared from 0.1g of low-quality
graphite, denoted in our works by G or LQ, dissolved in 50 ml bidistilled water.

The graphite suspension was irradiated with a Nd:YAG laser with a fundamental
wavelength of A= 1064 nm, 15 ns pulse duration and 10 Hz pulse repetition rate.

The focal distance between the lens and the quartz capillary is 7.8 cm. Samples 1, 2, 3, 4
and 5 were irradiated with laser radiation with a wavelength of A = 266 nm, with energy densities
of 104.64 mi/cm? 220.6 ml/cm? 244 milcm? 275.6 mllcm? 317.25 md/cm?, respectively.
Samples 6, 7, 8 and 9 were irradiated with laser radiation at a wavelength of A = 355 nm, with
energy densities of 344.29 mJ/cm ?, 390.2 mJ/cm? , 424.62 mJ/cm 2, respectively. Samples 1, 2,
3 and 9 were irradiated twice. C 10 is the diffractogram of the original graphite.
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Figure 29. Powder XRD diffractogram of graphite irradiated in a drop inside a quartz
tube

The powder diffractogram (Fig. 29) contains reflections from the phases already
discussed in the previous two points, which together with the sharp decrease in the intensity of
the main graphite peak (G1) reaching more than twelve times in the samples marked with 4 and
5 and six times respectively (for samples 2 and 3), indicates the deep level of modification under
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these conditions. We should note that the characterization of these samples by other methods is
ongoing.

Conclusions

All schemes for the implementation of our proposed method for laser ablation in flow
mode - PLAL in flow mode, provide very good opportunities for modifying carbon phases.
Irradiation in both droplet modes - inside and outside the quartz capillary gives a low yield, but
the resulting of treatments modified carbon phases have unique characteristics.

3.4.4. FUNCTIONALIZATION OF CARBON SOOT WITH CHLORINE

As is known, the bonding of carbon to halogen elements such as bromine (Br) and

iodine (1) is relatively easy to do.
Chlorine, however, is an extremely active chemical element, so a reaction between it and
carbon is extremely rare under normal conditions. Complex technological schemes are used to
cool the chlorine to temperatures of -30 degrees Celsius in order for such a reaction to take place.

Using the method we developed for pulsed laser ablation in liquid in flow mode, we were
able to halogenate/functionalize carbon blacks with chlorine.

We used our proposed method, implemented by irradiation with a Nd:YAG laser with a
fundamental wavelength A= 1064 nm, 15 ns pulse duration and 10 Hz pulse repetition frequency,
with two wavelengths — 2=266 nm and A =365 nm and energy densities of 0.364 J/cm? and 0.465
Jlem? respectively, for about 15 minutes, inside a quartz tube with a dispenser, of a flowing
suspension prepared from 4 grams of carbon black in 100 ml of a 6% solution of hydrochloric
acid (HCI) with an unfocused laser beam with a spot 5.5 mm wide and 4.5 mm high that exactly
matches the inner diameter of the quartz tube
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Fig.31 Cls line of carbon black irradiated with laser radiation with A=355 nm

The dried precipitates of the suspensions were examined by X-ray photoelectron
spectroscopy (XPS). The obtained results (Fig. 30 and Fig. 31) show bonding between chlorine
and carbon atoms at both selected wavelengths of the laser beam.

We should note that the characterization of these samples by other methods is ongoing.
Conclusions

The realization of such a reaction demonstrates the excellent possibilities for the
functionalization of carbon phases, which gives the method of pulsed laser ablation in flow mode
(PLAL in flow mode).
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CONCLUSION

Based on the theoretical and experimental studies, the following conclusions can be
drawn:

1) Based on the conducted quantum-chemical simulations of the modification of two
types of graphite (one with high and one with low quality, as well as two types of high-quality
carbon black - with low and high active surface area) with acetone, toluene and phenol, the
framework was formed in which to conduct targeted experiments on the modification of the
mentioned products, and the experimental results confirm the significant modification of the
studied samples and it was found that it is most clearly expressed in the treatment of carbon
black with a low active surface area.

2) Experimental results confirmed that acetone-treated carbon blacks with low active
surface area can be modified to graphene-like phases (defective graphene, reduced graphene, and
graphene oxide) by laser irradiation with a wavelength of 514.5 nm and at moderate densities of
laser radiation.

3) Modification of low- and high-quality graphite and chemically treated carbon black
was carried out in aqueous suspension with a volume of 50-100 ml and placed in a vessel by
means of pulsed laser ablation. Laser ablation can be performed at different wavelengths (266,
355, 532, 1064 nm) and different radiation densities. The formed suspensions are stable over
time (up to 100-150 hours) containing mainly graphene, defective graphene, graphene oxide,
reduced graphene oxide and Cgo fullerenes and are easily separated from the unmodified
suspension by decantation. The biggest drawback of the used method is the relatively low yield
of the obtained modified carbon phases.

4) Further development of the experimental application of the modification of carbon
phases by pulsed laser ablation in a liquid medium led to the realization of a series of new
modification schemes in a flow system, through which complete processing of the irradiated
suspensions was achieved.

The more significant scientific contributions of the dissertation can be summarized
as follows:

1) The results of the computer modeling of the interaction of high-quality and defect-
containing graphite, as well as two types of carbon black - with a low and high active surface
with acetone, toluene and phenol were compared with the experimental data, thereby
determining the possible reactions in the conditions chosen for conducting the experiments.

2) Specific correlations were established between the oxygen content of the modified
materials, the sp2/sp3 ratio of their hybridized atoms and the phase composition, depending on
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the type of bonds formed — covalent or non-covalent and the specific atomic groups through
which the functionalization takes place, as well as the conditions of the conducted experiments.

3) A new method for pulsed laser ablation in a liquid medium of carbon phases was
developed, which we called the method for pulsed laser ablation in flow mode (PLAL in flow
mode). The method can be implemented according to several technological schemes, depending
on the place of irradiation and the type of fluid flow. In the most widely used of them, the
irradiation of a gravity-flowing suspension is carried out inside a quartz tube, without contact
with the surrounding atmosphere. The time-stable (up to 150 hours) suspensions formed mainly
contain graphene, defective graphene, graphene oxide, reduced graphene oxide and Cg
fullerenes.

4) By applying the developed method, we obtained the following new results:

A) We obtained the modified carbon phases in high yield.

B) We carried out a controlled functionalization of graphite with oxygen, which
demonstrated the possibilities of the method to obtain modified carbon phases with the
percentage of oxygen content we were looking for.

C) We have demonstrated the decisive role of the laser radiation photon energy in the
functionalization of defect-free graphite, as well as the leading role of the laser radiation energy
density in the functionalization of defect graphite.

D) We demonstrated the influence of water intercalation on the morphology and oxygen
content of the modified carbon phases and the resulting yield depending on how long the water
suspension was left before being irradiated.

E) We performed chlorine functionalization (halogenation) of carbon black.

These results give us reason to believe that the set goals have been fulfilled in all aspects,
as by studying the processes of modification and synthesis of carbon phases, we have been able
to develop and propose new methods and techniques for directed modification, as well as to
optimize existing ones such. The combination of our chosen approaches — processing of carbon
materials by a sequence of appropriate chemical reactions, followed by the application of pulsed
laser ablation in flow mode in a selected liquid medium opens up new possibilities for targeted
modification, without toxic by-products, including in an industrial environment.
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