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This review was prepared in my capacity as a member of a scientific jury and a reviewer
under the procedure for acquiring the educational and scientific degree "doctor",
determined by Order No. RD-09-149/21.07.2023 and on the basis of a decision of the
Scientific Council of IE-BAS (Protocol No. 8/14.07.2023) and decision of the first meeting
of the scientific jury held on 10.08.2023.

The review is based on the following documents received:

Request from the doctoral student to start a procedure for the defense of a
dissertation on the topic "Modification and characterization of carbon phases" for
awarding the educational and scientific degree "Doctor" in scientific direction 4.1 -
Physical sciences, specialty: Physics of atoms and molecules:

Dissertation for obtaining the educational and scientific degree "doctor";

Abstract of the dissertation;

Report from the supervisor of the doctoral student:

Copy of the protocol of the seminar (preliminary defense);

Copy of diploma for completed degree "master*;

List of publications, inventions, etc. scientific and applied developments;

Copies of publications:

Copies of the records of the exams passed:;

Copies of the order for enrollment in doctoral stugies and exemption with the right of
defense;

Certificate of fulfilment of the minimum requirements for the relevant field of higher
education or professional direction in accordance with Art. 2b, para. 2 and 3 of
LDASRB, according to the requirements under Art. 2b, para. 5 of LDASRB, to which
the necessary evidence is attached:

Table 1 and Table 2 of Appendix 1 to the Regulations on the terms and conditions for
acquiring scientific degrees and holding academic positions in the Bulgarian



Academy of Sciences, adopted by the General Assembly of the BAS on 28.03.2011
and corrected on 11.07.2011 30.09.2013, 29.10.2018 and 10.12.2018;

- Credit table;

- Autobiography;

- List of reports presented at conferences, list of citations, etc.

Assistant Dimitar Angelov Dimov obtained a master's degree in 2012, majoring in
Microelectronics and Information Technologies, engineering physics at the Faculty of
Physics of Sofia University "St. Kliment Ohridski", Sofia (Bulgaria). After graduation, he
worked for several years in various commercial companies, as a manager. In 2020, as a
physicist and full-time doctoral student, he joined the Multifunctional Materials Laboratory
at the Institute of Electronics at the BAS under the supervision of Associate Professor Dr.
Teodor Ivanov Milenov. Within three years, the doctoral student managed to complete the
dissertation work and successfully pass all the exams. He took part in four international
conferences with poster reports. There are three publications with an impact rank, one of
which is involved in the current procedure. There are three publications with an impact
factor, two of them Q1 and one Q2. To participate in the procedure participates with two
of them with quartile Q1. With the required minimum number of credits for admission to
the defense of 200 points, Dimov has collected 318 points. In addition, the doctoral
student registered an application for a patent for an invention in September 2022. At an
institute seminar for preliminary defense, held on 20.06.2023 Dimitar Angelov Dimov
presented himself successfully and comprehensively answered all his questions. After the
discussion, it was voted to open a procedure for the defense of a dissertation work for
obtaining an educational and scientific degree "Doctor of Physics" in scientific direction
4.1. "Physical sciences", Scientific specialty "Physics of atoms and molecules" by Dimitar-.
Angelov Dimoyv, full-time doctoral student, dismissed with the right of defense from
01.01.2023. The result of the vote was unanimous with 32 votes "YES".

1. Structure and content of the dissertation work

The dissertation submitted for review has a total volume of 133 pages,
structured in an introduction, three chapters; a conclusion containing a summary
of the obtained results, the contributions of the dissertation and a bibliographic
reference of the used literary sources. 74 figures and 10 tables are used in the
text. A total of 211 literary sources are indicated.

An abstract is attached to the documents for the current procedure, which
summarizes the dissertation work, presenting the most important results concisely
and accurately. The abstract contains 48 pages and repeats the structure of the



dissertation. Contains 31 figures and 7 tables, a list of publications and conference
reports participating in the procedure. 27 literary sources are presented.

The dissertation was discussed and accepted for defense at the Institute
Seminar of IE-BAN, held on 20.06.2023, described in Protocol No. 147.

. Actuality of the dissertation work

The topic covered in the dissertation is quite relevant these days, as it
concerns the preparation, modification and characterization of carbon phases.
Carbon can exist in a variety of allotropic states and 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 sensorics and many others. Research interest in this
area has increased greatly since Andre Geim and Konstantin Novoselov in 2004-
2007 with a series of studies outlined the possible applications of graphene. One
of the most interesting and most researched altropic forms of carbon are carbon
nano-tubes and graphene, and a significant amount of space is devoted to them
in the thesis.

The subject of the presented studies are the processes of modification and
synthesis of carbon phases.

The objectives set in this study are:

- optimization of existing methods for modification and synthesis of carbon
phases;

- creating new methods and techniques for directed modification;

- implementation of "environmental" modification and functionalization of
carbon phases through processes with minimal involvement of toxic reagents and
by-products. '

To achieve the set goals, two approaches have been identified:

- study of chemical reactions and modifications of carbon materials;

~ - study of the modifications of carbon materials as a result of their exposure
to pulsed laser ablation in liquid (PLAL).

The set goals and the chosen approaches for their achievement are
up-to-date and innovative. The thesis is concise, comprehensive and well
written. It shows the candidate's good knowledge of the issue.

-

. Analytical characteristics, assessment and credibility of the dissertation
work

Chapter one begins with a detailed classification of the carbon phases. The
hybridization (sp3, sp2, sp1), crystal structure and properties of carbon and its
altropic forms are described and well defined. In addition to the graphene and



carbon nanotubes mentioned above, fullerenes, graphene oxide, reduced
graphene oxide, nanodiamonds and other altropic forms of carbon are described.
For illustration, this chapter presents numerous schemes and pictures, facilitating
insight into the subject even by non-specialists. The good knowledge of the subject
from the dawn of its creation to modern research is impressive.

In the second chapter, the methods used to characterize the carbon phases
are described: XPS; XRD; Raman; TEM; SEM. In this chapter the methods are
described systematically, precisely and adequately without unnecessary details.

The third chapter is the actual experimental work of the dissertation. It is
divided into four sub-chapters depending on the modification method used.

‘The modification of microcrystalline graphite and carbon black with acetone,
toluene, and phenol was investigated. Two types of low and high quality graphite
and two types of high quality carbon black with high and low specific active surface
area were used as starting materials. Modification procedures are described. A
DFT analysis was performed to simulate and model all possible chemical
reactions. The data from the analysis are analyzed and systematized in a table. Al
but one of the reactions are exothermic (releasing energy). The type of interaction
(covalent, non-covalent) as well as the energies of all 17 reactions were calculated.
It is shown that the performed simulations confirm the experimental results. The
least functionalization affects graphite powders, as they have a more perfect
structure and fewer defects. To a greater extent, the modification was seen in the
carbon blacks, with the greatest change observed in the acetone modification.

The next modification is of microcrystalline graphite and modified carbon
black in aqueous suspension, performed by pulsed laser ablation (PLA) with
Nd:YAG laser. Pulsed laser ablation of graphite particles suspended in various
media for the synthesis of nano-dispersed carbon phases is one way to avoid toxic
waste products. This makes this methodology extremely important and interesting.

In the modification of microcrystalline graphite, the laser spot is focused on
the surface of the suspension with a diameter of about 1 mm, the pulse duration is
15 ns and the frequency is 10 Hz. The samples were irradiated for a duration of 10
to 15 minutes with different wavelengths of laser radiation (fundamental, second,
third and fourth harmonic - A = 1064 nm, 535 nm, 355 nm, 266 nm), and for the
different wavelengths used different energies of laser radiation. After the
irradiation, the suspensions are decanted and taken for measurement after
standing for different times (0, 40 and 144 hours after decantation). After the
modification, an increase in sp3 and a decrease in sp2 hybridizations of the carbon
phases were observed. Defective graphene, graphene oxide, reduced graphene
oxide, carbon nanotubes, C60 fullerenes, and amorphized C-nanoparticles were
found in the samples. It was found that at shorter wavelengths and high energy
densities of laser radiation, graphene amorphizes. Optimization of pulsed laser
ablation of microcrystalline graphite in aqueous suspension in terms of wavelength
and energy density of laser radiation has been carried out. Predominantly reduced
graphene oxide and defective graphene were detected, but graphene oxide,



amorphous carbon, hexagonal graphite, single-walled carbon nanotubes (SWNT),
nitrated graphite phases, octo-carbon, C70 fullerenes were also detected. The
proposed technique is simple and provides excellent results at low cost and high
reproducibility. The yield of a useful product by this method is orders of magnitude
higher than the previously proposed method.

In the next experiment is modification of carbon black with pulsed laser
ablation in aqueous suspension. Carbon blacks are agglomerates of graphene
flakes with highly amorphized carbon in the central parts and have high thermal
and chemical resistance. Graphitization in these structures begins at temperatures
above 1000 °C. This is the reason for this experiment to use acetone-modified
carbon black to produce graphene-like phases such as defective graphene,
reduced graphene oxide, and graphene oxide. The laser used here is CuBr with a
wavelength of 511 nm, a pulse duration of 30 ns, with a repetition rate from 2 to 20
kHz. The focus of the laser spot was once 3 mm below the suspension surface
and once directly on the surface. In this modification method, mainly graphene
oxide is detected. An advantage over previous methods is that the amount of
modified product is over 50% and significant modification occurs at a much lower
energy density of the laser radiation. This is associated with the pre-treatment of
carbon black with acetone, which destroys the outer shell of the structural units
that make up the carbon black.

The following experiment on the modification of carbon phases represents
the most interesting part of the thesis, as a new method of pulsed laser ablation of
suspension in flow mode is presented. An Nd:YAG laser is used, and the irradiation
takes place through a quartz capillary, in a droplet outside and inside the quartz
capillary. A suspension of microcrystalline graphite of low and high quality is used
for modification. The laser radiation is of different wavelength and energy density,
and the pulse is fixed at 15 ns, 10 Hz.

In the modification of irradiation through the center of the cuvette, the more
difficult functionalization of high-quality microcrystalline graphite is found. The
oxygen content increases as the energy density of the laser radiation increases.
Traces of semi-amorphous fine-crystalline graphene oxide were found. After the
modification, graphite micro crystals, graphene and defective graphene, graphene
oxide and reduced graphene oxide, hexagonal and rhombohedral graphite, C60
and C70 fullerenes are found.

Upon irradiation in a droplet inside and outside the quartz capillary, the
formation of defective graphene, graphene oxide and reduced graphene oxide was
again observed. The yield by this method is lower, but carbonaceous phases with
unique characteristics are observed.

The last method that is considered is the functionalization of carbon blacks
with chlorine. Connecting carbon to chlorine is problematic because chlorine is
extremely reactive and special techniques are used to make the reaction happen,
such as cooling to -30°C. The method proposed here is based on pulsed laser
ablation of a suspension in flow mode. The successful bonding of the chlorine and



carbon atoms has been established. The performance of this reaction
demonstrates the excellent capabilities of functionalizing carbon phases with the
method of pulsed laser ablation of liquid in flow mode.

The methods used in the dissertation for the functionalization of
carbon phases are modern and up-to-date. In some of the experiments,
modified innovative improvements of already existing methods were used.
Characterization methods are well established by the scientific field and are
one of the most suitable for the study of micro- and nano-structures.
Everywhere in the work the results are compared with those of other authors'
collectives. The dissertation is of great scientific value. Based on this, |
define the obtained results, scientific and scientific-applied contributions as
credible and useful for future research and development in obtaining nano-
sized graphene phases.

. Scientific and scientific-applied contributions of the dissertation work

The presented and formulated scientific contributions in the
dissertation and the abstract were carried out as a result of well-planned
scientific experiments, which is why | accept and evaluate them positively.

Scientific contributions:

1) The results of 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 area with acetone, toluene and phenol have been compared
with the experimental data, thereby determining the possible reactions in the
selected conducting the experiments conditions.

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

3) A new method for pulsed laser ablation in a liquid medium of carbon
phases, called the method for pulsed laser ablation in flow mode (PLAL in flow
mode), has been developed. 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 suspension flowing
under the influence of gravity 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 C60 fullerenes.

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



A) Obtaining a higher yield of the modified carbon phases.

B) Implementation of controlled functionalization of graphite with oxygen,
which demonstrated the possibilities of the method for obtaining modified carbon
phases with the desired percentage of oxygen content.

C) The determining role of laser radiation photon energy in the
functionalization of defect-free graphite is demonstrated, as well as the leading role
of laser radiation energy density in the functionalization of defect-free graphite.

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

‘E) Chlorine functionalization (halogenation) of carbon black was performed.

These results show that the set goals have been met in all aspects, and by
studying the processes of modification and synthesis of carbon phases, new
methods and techniques for targeted modification have been developed and
proposed, and already existing ones have been optimized. The combination of the
selected approaches - treatment of the carbon materials, through 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.

. Assessment of the doctoral student's personal participation in scientific
contributions

The description of the experimental setups, the content of the
dissertation and the abstract show in-depth knowledge of the subject matter
and active participation in the experiments. Of the publications presented,
two of them in Q1 and Q2, the PhD student is in second place, and in the
impact-ranked publication, he is in first place. In addition, the doctoral
student has registered an application for a patent for an invention on the
subject. As a result, | believe that the personal contribution of the PhD
student is significant and undeniable.

. Opinion, recommendations and remarks on the dissertation work
The dissertation is written concisely and clearly, at a high scientific level. |
have no critical remarks about the PhD student.

| have the following questions for the PhD student:

e In all the methods you use to modify carbon phases, as a final
product you get a rich assortment of nano-structured carbon:
defective graphene; graphene oxide; reduced graphene oxide;
carbon nanotubes; fullerenes etc. Can any of the methods be






