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SYMBOLS AND ABBREVIATIONS

NFG — natural graphite powder

GO — graphene oxide

RGO - reduced graphene oxide

FFLGN — functionalized few-layer graphene nanostructures
FSLGN — functionalized single-layer graphene nanostructures
HOPG — highly oriented pyrolytic graphite
H,SO, — sulfuric acid

HNO; — nitric acid

KMnQO,4— potassium permanganate

KCIO; — potassium chlorate

NaClO,— sodium chlorite

Hs;PO,4 — phosphoric acid

Ga — gallium

AFM — atomic force microscopy

XRD —X-ray diffraction

TGA — thermogravimetric analysis

SEM - scanning electron microscope

EDS — energy dispersive X-ray spectroscopy
AB — absolute humidity (g/m® or grain/ft’)
m,, — a mass of water vapor (grams or grain)
v — the volume of air (m® or ft%)

RH — relative humidity

Py —actual partial pressure of moisture contained in the air (bars or KPa) _
Ps — saturated pressure of humid air at the same given temperature (bars or KPa)

SH — saturation of humidity (g/m®)

M. — the mass of water vapor at saturation (g) and v is the air volume (m?).

CO,— carbon dioxide

NO, — nitrogen dioxide

NH; —hydrogen nitride (ammonia)
CVD - chemical vapor deposition



INTRODUCTION

The relevance of the study

As is known, graphene is a two-dimensional hexagonal structure of carbon
atoms, connected by the sp® electron configuration. Graphene, functionalized
graphene, and its related structures remain to this day an object of increased interest
in various fields of science and technology due to its unique mechanical, electrical
and optical characteristics. In addition, graphene and its related structures are
considered as promising materials in the production of various gas sensors, humidity
sensors, electronic devices, electrical sources, in particular, lithium-ion batteries,
which can be used in various fields of production, such as nanoelectronics, aviation,
military technology, and medicine.

One of the main directions of graphene related research is the study of its
modifications, for example, GO, which may be referred to functionalized few-layer
graphene (FFLGN). Graphene oxide (FFLGN) is an oxide form of graphene, which is
an atomic-thin sheet-like material dispersed in water, which has numerous oxygen-
containing groups, where oxygen is introduced into graphene by chemical oxidation.

Functionalization of graphene can be carried out by various methods, in
particular, the creation of radiation defects, hydrogenation, oxidation, etc. During the
functionalization with strong acids such as H,SO4, HNO3;, KMnQy,, bulk graphite will
have hydroxyl and epoxy groups on their plane, as well as carbonyl and carboxyl
groups at the edges. As a result, the functionalized graphene becomes a
semiconductor, unlike graphene, therefore its field of practical application will
expand significantly.

In this regard, functionalized graphene is a relevant material and has a wide
range of applications in semiconductor electronics for creating biosensors,
supercapacitors, various gas sensors, humidity sensors, organic electrodes, LEDs, etc.

On the other hand, the most urgent task is to reduce such sheets of
functionalized graphene by removing oxygen-containing groups. Reduced sheets of
functionalized graphene are usually considered as one of the types of chemically
produced graphene and have a number of other names such as functionalized few-
layer graphene (FFLGN), chemically modified graphene, transformed graphene, or
reduced GO.

The most attractive property of FFLGN is the change in its electrical and optical
characteristics, which is realized by removing functional oxygen-containing groups
using thermal reduction of FFLGN films and membranes in air and hydrogen
atmosphere at optimum temperature conditions. Also, thermal reduction contributes
to the production of graphene and graphene-like materials in a large-scale quantity,
which is still an actual problem and to this day researchers are trying to achieve a
large-scale and more affordable production technology.

The past few years demonstrate an increase in attention to the functionalization
of graphene using radiation methods, for example, the formation of radiation defects
and doping them with atoms of various elements such as Ga, As, N, B, S.



The resulting functionalized graphene nanostructures are promising for use in
nanoelectronics, supersensitive sensors, electrical power sources, flexible electronic
and power devices. However, by the moment the stable atomic configurations of
graphene, functionalized with individual atoms of different elements not well
understood and not clear determined the way of their production in graphene
nanostructures and of obtaining the required characteristics. In some cases, solving
these issues is a difficult task for experimental research and correct interpretation of
data; therefore, computer modeling becomes a very effective research tool for better
understanding the physical and chemical properties of functionalized graphene
nanostructures and predicting their characteristics. In this regard, the presentation of
the results of computer simulation of some possible stable structures of Ga-doped
graphene, and few-layer graphene, as well as the study of the basic principles of their
energy and structural characteristics are one of the issues of this dissertation work.

One of the important tasks of this work is the creation of a sensitive humidity
sensor based on the FFLGN membrane due to its absorption properties and the study
of its electrophysical characteristics, which are the great importance in measuring and
controlling the humidity of the environment for industrial, agricultural and human
activities. Compared to existing present-day sensors, our humidity sensor has a wide
operating range of humidity measurements, the equal response and recovery times, as
well as stability at various levels of surrounding humidity, and it also has the most
important properties, such as low cost, not requiring high technology and stability of
works in an aggressive environment.

Thus, the development of technology for producing FFLGN, films and
membranes based on them, the study of the optical, electrical properties of FFLGN
films with optimal thermal annealing, the study of the influence of temperature on the
structure and composition of the FFLGN membrane after thermal reduction, and the
use of the FFLGN membrane as a humidity sensor are an actual task in the field of
materials science.

The purposes of the thesis are synthesis and computer simulation of FFLGN,
obtaining of FFLGN films and membranes and investigation of their physicochemical
properties after thermal reduction at various temperatures.

The tasks of the thesis:

1. Creation of computer models of FFLGN, some possible stable structures of
graphene and few-layer graphene, functionalized by Ga atoms, various bonding
types between graphene and oxygen and calculation of their binding energy and
structural characteristics;

2. Synthesis of the FFLGN and obtaining FFLGN films and thermal reduction
of these films in the air at temperatures: 80 °C, 120 °C, 160 °C, 200 °C, 240 °C,
280 °C and investigation of the optical and electrical properties of FFLGN films after
thermal reduction;

3. Preparation of the FFLGN membrane and thermal reduction in a hydrogen
atmosphere at temperatures: 150 °C, 300 °C, 500 °C, 900 °C and investigation of
temperature influence on the structure and composition of these samples;



4. Creation of a humidity sensor based on the FFLGN membrane and the study
of its electrophysical characteristics.

Objective of the thesis is the functionalized few-layer graphene nanostructures
obtained by a modified Hammers method.

Subject of the research is the structure and properties of functionalized few-
layer graphene nanostructures.

Methodological framework of the research

Quantum-mechanical methods; technology of obtaining FFLGN; separation of
solids from liquid in a centrifuge; obtaining separate layers of material using
exposure to ultrasound; obtaining free-standing films using vacuum-assisted
filtration; analytical methods: SEM and EDS, Raman spectroscopy, TGA, XRD,
optical microscopy, ultraviolet and visible spectroscopy.

The scientific novelty of the thesis

1. For the first time, typical configurations of graphene doped by Ga and various
arrangements of their atoms, types of oxygen bonds with graphene and the binding
energies of the functionalizing graphene -O and graphene -O-H groups, the model of
the possible reduction process of FFLGN were calculated.

2. The simultaneous analysis of elemental composition and electrophysical
characteristics of the synthesized samples demonstrates that residual impurities in the
solution of FFLGN, obtained by acid exfoliation, have a critical negative effect on
the properties and reduction process of FFLGN.

3. The features of the relationship between the interplanar distances in FFLGN
and their dynamics during thermal reduction, with the thickness of the films, with the
thermograviometric parameters of the films and their electrical and optical properties
are investigated.

4. A simple and low-cost method was developed for creating of humidity sensor
based on FFLGN membrane, operating in a wide range of relative humidity (5-
100%), with a symmetric signal response and recovery time, with high stability (+/-
2%).

The scientific and practical significance of the study

1. Computer simulation of possible stable structures of FFLGN has been
created, which can be used to better understanding the unforeseen physical and
chemical properties of FFLGN. A technology has been optimtized for the production
of films and membranes of FFLGN;

2. The possibility of changing the electrical and optical properties of FFLGN
films by removal functional oxygen-containing groups at various temperatures of
thermal reduction in air and hydrogen is shown. Thermally reduced thin films
FFLGN can potentially be used in optoelectronics and as a conductive coating for a
wide range of uses;

3. Thermally reduced FFLGN membranes have a developed surface, which
allows them to be considered as promising materials in the manufacture of electronic
devices, electrical sources, and also in gas sensors;



4. Thermally reduced FFLGN membranes have a developed surface, which
allows them to be considered as promising materials in the manufacture of electronic
devices, electrical sources, and also in gas sensors;

The main provisions for the defense of the thesis

1. On the basis of computer simulation of the configuration of graphene
nanostructures with functional groups -O and -OH, the length and energies of
chemical bonds are calculated using the density functional theory (DFT) taking into
account the surface (C — O = 1.45 A) and edge (C — O = 1.2 A) carbon atoms, and
also to establish the energetically favorable position of the Ga atom between the
graphene layers.

2. The interplanar distance of functionalized graphene nanostructures can be
efficiently controlled from 1.07 to 0.37 nm while preserving the highly oriented
structure by thermal reduction in a hydrogen atmosphere in the temperature range
from 150 to 900 °C.

3. A low sheet resistivity value of thermally reduced graphene from few-layered
functionalized graphene is achieved by purifying the residual impurity chlorine atoms
(CI) and sulfur (S) with a concentration not exceeding 0.5 at.%.

4. Functionalized graphene nanostructures with a low concentration of residual
chlorine (Cl) and sulfur (S) impurities are a sensitive material for absorption of water
molecules and allow recording relative humidity with a symmetric time response in a
wide range (from 5-100%).

Experimental and theoretical methods

The composition and structure of FFLGN were studied by SEM and EDS,
Raman spectroscopy, TGA, X-ray diffraction (XRD), ultraviolet and visible (UV-
Vis) spectroscopy.

The personal contribution of the author

The author participated in the process of density functional theory (DFT)
calculations within Dmol3 software-package using the software tools of Chem Office
Materials Studio for creating computer models of FFLGN. He has worked out
technology for producing FFLGN using the modified Hammers method and FFLGN
films, and membranes using the vacuum filtration method. FFLGN films were
thermally reduced in air and their optical and electrical properties were investigated,
and the effects of temperature on the structure and composition of the FFLGN
membrane after thermal reduction in a hydrogen atmosphere at different temperatures
were studied. The TGA of FFLGN was performed and the optimal modes of heat
treatment of films and membranes of FFLGN were determined at which the
functional oxygen-containing groups were removed, as a result of which the optical
and electrical characteristics changed. A humidity sensor based on an FFLGN
membrane was created, and its electrophysical characteristics were studied.

Publications

Based on the materials of the thesis 9 articles were published, including 4
articles published in journals recommended by the Committee for Control in the
fileld of Education and Science of the Ministry of Education and science of the
Republic of Kazakhstan. Two articles were published in journals with impact factor
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Sensors & Transducers, 2019 (IF 0.3); Journal of Computational and Theoretical
Nanoscience, 2019 (IF 0.45) and 3 abstracts are published in national and
international conferences. All of these publications were made during the Ph.D.
program.

Relation of the dissertation topic with the plans of scientific works

This dissertational work was carried out in the framework of the scientific
project named “Development of technology in creation of protective coatings based
on functionalized graphene nanostructures and investigation of their properties”,
funded under the financing grant of project Ne AP05130413 of the Science
Committee of the Ministry of Education and Science of the Republic of Kazakhstan.

Volume and structure of the thesis

The thesis work contains a list of symbols and abbreviations, an introduction,
the main part of the 3 sections, a conclusion and a list of references. The work is

presented on 100 pages, contains 52 Figures, 5 tables and 206 bibliographical
references.



1 LITERATURE REVIEW

1.1 Various forms of carbon

One of the enthralling elements in material science and nanotechnology is
carbon, which can introduce in the following molecular types: graphite, fullerenes,
and nanotubes. Figure 1 shows the molecules of fullerene C60, carbon nanotubes and
graphite, which can be considered in the form of graphene sheets arranged in a
hexagonal lattice.

T O e B B9 4
87 82 82 85 3 1
A7 0 i e 4

d | . O W -

Figure 1 — C 60 fullerene molecules, carbon nanotubes and graphite [2, p. 4]

Among these carbon forms, the well-known is graphite, consisting of single
layers of carbon atoms, which are stacked with hexagonal carbon sheets on above of
each other. Single sheet representing the hexagonal structure was obtained in an
exfoliated form in 2004 by K. Novoselov and A. Geim. Also shown that one of these
single sheets, the so-called graphene, can be transferred to another substrate and the
electrical characteristics can be measured [1, 2].

Graphite-like carbon nanomaterials consist of sp® — hybridized carbon atoms
located in a hexagonal lattice, their difference in different sizes and shapes and only
some common properties are similar [3].

In the history of graphene-like materials, they have been known and studied
since the 1940s, but obtaining single isolated graphene and measuring its electrical
characteristics was experimentally difficult and was considered almost impossible [2,
4, 5].

A detailed report was made in [6] and the history of the obtaining and
characterization of graphene was shown in Table 1 [6]. From the history, we note
Boehm, who invented the name of graphene in 1986 [4, 7, 8], in his work in 1962,
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demonstrated the existence of single graphene. In 1962, Boehm exfoliated RGO with
heteroatomic contamination, where the electrical conductivity was significantly lower
compared to pure graphene, which was obtained using the “scotch tape method” [8—
11]. On the basis historical time obtaining and characterization of graphene, it should
be noted that all works except Boehm were observations and did not describe the
distinctive properties of graphene [6, 12].

On the basis of this historical time scale for the synthesis and characterization of
graphene, it should be noted that all works except Boehm were observational and did
not describe the distinctive properties of graphene. Thus, according to the historical
scale in 2005, Novoselov and Geim made the first report on obtaining a single layer
of graphene using the “scotch tape method” without heteroatomic contamination and
which describes its distinctive unique properties [6, 12].

Table 1 — The timeline of individual events in the history of graphene for its
preparation, synthesis, and characterization [13, p. 3]

No Years Events in the history of graphene
1. 1840- | Graphite oxide synthesis (Schafhaeutl, Brodie, Staudenmaier, Hummers)
1958
2. 1962 Obtain RGO, GO by chemical and thermal reduction of graphite oxide (Boehm,
colleagues)

3. 1968 Obtain LEED patterns formed by absorbing a small molecule on Pt (100) (Morgan
and Somorjai)

4. 1969 interpretation of Morgan and Somorjai data on the presence of a monolayer of
graphite on the Pt surface

5. 1970 Obtain monolayer graphite by segregating carbon on the surface of Ni (100)
(Blakely and his colleagues)

6. 1975 Prepare monolayer graphite by sublimation of silicon from silicon carbide (Van
Bommel and his colleagues)

7. 1986 Using the term "graphene" to describe mono layers of graphite-like carbon
recommended by Boehm and his colleagues.

8. IUPAC formalizes the definition of graphene: “The term graphene should be used

1997 only when reactions, structural relations, or other properties of multiple layers of
graphene are discussed.”

9. 1999 Micromechanically exfoliate graphite into thin lamellae comprised of several
layers of graphene (Ruoff, colleagues).

10. 2004 Obtain graphene by micromechanical exfoliation (Geim, colleagues).

We all know that ordinary pencil contains graphite, and when this pencil is
moved on paper, the graphite is exfoliate into several thin single layers of graphite,
the so-called graphene sheets. That is, fairly simple use of a pencil, which contributes
to the splitting of graphite, shows that the complexity is not the manufacture of
graphene structures, but simply isolation on large individual sheets in order to
investigate its unique two-dimensional (2D) properties that Geim, Novoselov and
their employees succeeded in.
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Fullerenes were discovered by chemists in 1996 and represent a new form of
molecular carbon C60, which contains 60 carbon atoms assembled in a circle shape,
resembling a soccer ball, which consists of 20 hexagons and 12 pentagons that allow
surfaces to form a sphere [14].

Another form of carbon structures, known since 1993, are nanotubes [15], which
represent a bound quasi-one-dimensional shape and are formed from twisted
graphene sheets in the form of tubes. Carbon nanotubes, like fullerenes, have
hemispherical ends, and the electronic and mechanical properties of single-walled
nanotubes are almost similar to graphene [5, 16-18].

Carbon nanotubes depending its layers of the walls have the following sizes: the
diameters of single have 0.8-2 nm, the diameters of multi have 5-20 nm and may to
100 nm. Also, a conductance or semi conductance wall of nanotube depends on
lattice orientation relative to the axis, which has the name chirality [3].

1.2 Graphene

For the first time in 2004, Geim and Novoselov, using the method of mechanical
exfoliation, separated one sheet of graphene from graphite. Since then, graphene has
unique physic-mechanical properties (mechanical, thermal, optical and electrical), so
based on the above properties it’s attracted more attention in many fields of science
and technology. Graphene is a flat layer of the monatomic structure of sp? bound
carbon atoms, which is tightly packed in a hexagonal structure [19, 20].

Graphene is a one-layer sheet of carbon, which is a flat monolayer of
sp>-hybridization carbon atoms located in a honeycomb lattice and having a carbon-
carbon bond distance of 0.142 nm [21], and the height of one layer is 0.33 nm (Figure
2 (a, b)).

u! I ‘
" .
0.33nm | ‘ l | :
| o—%m | -
e e S

— e

(@) (b) 0.142nm

Figure 2 — Schematic diagram of (a) graphite and (b) four layers of graphene
from graphite [21, p. 3].
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Structure of graphene has a stable hexagonal form due to densely packed carbon
atoms and sp® bonds in each lattice, and this -bond consists of combinations as s, p,
and py orbitals [22]. The final p,-electron is a n-bond located vertically to the plane of
the lattice on which the electrical conductivity of graphene depends and the
hybridization of this = -bonds contribute to the formation of the -zone and n* -zone
(bands).

And also the electronic properties of graphene depend on these zones, with the
help of which electrons can freely move through the half-filled bands (bands) [23].
Thus, the graphene structure consists of a densely packed one layer of carbon atoms
associated with the surrounding atoms of carbon by sp® hybridization in the shape of
a benzene ring in which each atom donates an unpaired electron for -bonds and in this
case electrons can move freely with little interference at room temperature, which
leads to high conductivity [24, 3].

Graphene is semimetal and lower energy of electrons can pass from the valence
to the conduction bands through a small overlap, and this transition takes place
without external heat exposure. Also, a certain amount of electrons can be in the
conduction band and in the valence band there is a certain number of holes [25].
Figure 3 shows the conduction bands in the form of a cone-shaped structure, in which
the valence band and conduction band intercept the Dirac point, also the
manifestation of the anomalous quantum Hall effect and the characteristics of
relativistic particles [3, 26] occur in the process of electron transfer [22, 23].

Conduction band

Fermi level

===

Valence band

Figure 3 — Conduction zones in the form of a cone-shaped structure [3, p. 10]

Compared to other carbon materials, graphene has optical, electrical and
mechanical properties. The optical property is distinguished by the fact that,
regardless of the wavelength in the optical zone, graphene absorbs 2.3% of the light
intensity.

Also, the transparency of graphene depends on the number of layers, that is,
single-layer graphene absorbs 2.3% of visible light and has a very high transparency
of 97.7%, and the transparency of two-layer graphene is less than that of single-layer
and the difference between them is 2.3% [3, 27], which is shown in Figure 4 [3, p. 8].
Figure 4 shows the transparency of graphene.
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Figure 4 — Graphene Transparency [3, p. 8]

Graphene with different layers has the ability to show different colors and
contrasts depending on the graphene layers according to the refraction and
interference of light which this facilitates the use of graphene layers to distinguish [3,
28]. And also, depending on the different thickness of graphene, you can control the
unique optical properties of this material.

Another interesting property of graphene is the mobility of electrons. In this
case, the electrical conductivity of a sheet of 2D material is given by the expression
and the mobility of a 2D sheet is theoretically limited to = 200,000 cm*V's™ by
acoustic phonons at carrier density n = 10" ¢cm™ and 140 times more mobile than
silicon, and the resistivity per square is 31 Ohms. Compared with copper, the
electrical conductivity of graphene with a thickness of one layer is much higher, that
is, the volumetric conductivity of graphene is 0.96 x 10° Ohm™ cm ™, and copper has
0.60 x 10° Ohm™ cm™ [5].

Thus, graphene can potentially become competitive and replace indium and
fluorine doped tin oxide and other traditional membranes [3] due to its optical and
high conductivity properties.

The next property of graphene is the mechanical strength of graphene, which has
the most rigid crystal structure among all known materials and the tensile strength
and modulus of elasticity of graphene are 125 GPa and 1.1 TPa [29], respectively, its
tensile strength reaches 42 N/m. If we compare the strength of steel and graphene
with the same size and thickness, then graphene is approximately 100 times stronger
than, for example, 1 m? of graphene can withstand 4 kg of weight [3, 30].

Steel has a tensile strength in the range of 250-1200 MPa = 0.25-1.2 x 109 N /
m°. For example, if it is hypothetical to take a steel film with a thickness of 3.35A =
3.35 x 10™ m as the thickness of a single graphene layer in graphite, then a two-
dimensional tensile strength of steel will give 0.084-0.40 N / m, and for graphene 42
N/m, and these data show that graphene is more than 100 times stronger.

Also one of the important properties of graphene is thermal conductivity. The
conductivity is10 times better than copper, which is, at room temperature, copper has
401 W m™K™, and graphene is approximately 5000 W m™K™ [5]. In addition,
graphene has a high surface area of 2630 m*/g [3, 31] and this property allows it to be
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used in microsensors for gas molecules by observing a sharp change in electrical
resistance in the process of adsorption and desorption of gas molecules.

1.3 Methods for the synthesis of graphene

To date graphene has attracted widespread attention, and also represents a huge
potential for various scientific and practical applications, due to its physic-mechanical
properties. Graphene is characterized as a 2D sheet of sp>hybridized carbon atoms
located in a hexagonal lattice [32].

One of the important processes is the synthesis of graphene. By graphene,
synthesis is meant to obtain graphene of the desired size, purity, crystallinity using
various methods [32]. In this case, The most commonly used methods for the
synthesis of graphene are mechanical splitting [32]; epitaxial growth; chemical vapor
deposition (CVD); electrochemical peeling [24, 32, 33, 34]. Figure 5 shows the
different methods for the synthesis of graphene.

Graphene synthesis methods

Top down Bottom up
| | | | |
i Chemical hemical
Mechanica v B Epitaxial Growth CVD Other
exfoliation  exfoliation synthesis
methods
Adhesive tape Gt Thermal
Reduced B
AFM tips graphene

oxide

Figure 5 — Various methods for the synthesis of graphene [35, p. 29]

To obtain graphene by the method of mechanical splitting, thin layers of HOPG
are placed between adhesive tapes and the graphite film is cleaved off time after time
until a thin layer is obtained [32].

The next important method is epitaxial growth of graphene, where graphene is
grown on monocrystalline silicon carbide (SiC) [33]. In this method, silicon carbide
(SiC) is heated under a temperature of about 1200C under vacuum, resulting in the
sublimation of Si atoms, forming carbon layers on SiC, which can be double-layered,
multi-layered, or monolayer [24].

Synthesis of graphene in the CVD method carried out directly on next transition
metal substrates, such as Ni, Cu, Co, Au, and Ru. Also, the process of saturating
carbon carried out under the influence of the next various gaseous hydrocarbons:
methane, ethylene, acetylene, and benzene at high temperature [34].
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There are differences between hot and cold wall CVD processes, that in the hot
wall substrate is heated by radiation from the heated chamber walls and temperature
is relatively constant everywhere because the chamber is heated by an external source
of energy. In the cold wall reactor, the sample is heated using the following ways:
current pass through the sample, using a heater of the substrate, using induction, and
the chamber walls have room temperature [36].

The next method of obtaining graphene is electrochemical exfoliation of
graphite. Choice the electrodes and electrolyte one of the important processes in the
electrochemical exfoliation, which affects the increase in charge transfer and
functionalization of obtaining graphene sheets. Many different electrodes and
electrolytes are used for this method and most commonly used electrodes are: HOPG,
graphite, Cu, Pt., and the next electrolytes: HBr, HCI, HNO3; and H,SQO,, as well as
acid electrolytes and alkaline electrolyte KOH, diluted with distilled water, which is
ideal for exfoliating graphite [37-39].

In this process, two graphite electrodes or other types are first inserted into the
solution. Then about 10 V is applied to the electrodes and the intercalating ion of the
solution penetrates between the graphite layers and exfoliates into FLG sheets. After
separating graphite particles from the graphene solution is exposed to centrifugation
or ultrasound to improve the exfoliations. At the finish of the process, the solution is
dried [40, 41].

Thus, until today, the synthesis of graphene and graphene-like materials is
relevant due to the unique physic-mechanical properties, therefore, many works are
aimed at finding ways to obtain graphene under such conditions as low cost, a fairly
simple synthesis method, scalability and capabilities turn it into graphene. One of the
most appropriate methods for the synthesis of graphene, given the above conditions,
is to obtain FFLGN, which will be discussed in subsequent sections of this work.

1.4 FFLGN and FFLGN membrane

Graphene, GO and its related structures to this day continue to show interest in
various fields of science and technology due to their physicochemical properties.
Today, after the appearance of graphene in 2004, monoatomic carbon layer of
graphene oxide has names as FFLGN.

One of the main directions of graphene related research is the study of its
modifications, for example, graphene oxide, in the process of functionalization of
graphene, which is the oxidation of graphite by strong oxidizing agents such as
H,SO,, HNO3;, KMnQO, as a result of which bulk graphite becomes functionalized
with hydroxyl and epoxy groups on their main plane and at the edges of the carbonyl
and carboxyl groups [42-45]. Then, from this bulk functionalized graphite using the
most common ultrasound, it is possible to easily obtain exfoliated GO nanosheets,
which may be referred to as functionalized few-layer graphene (FFLGN). So, FFLGN
— is an oxide form of graphene, which is an atomic-thin sheet-like material dispersed
in water, which has numerous oxygen-containing groups, where oxygen is introduced
into graphene by chemical oxidation.
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Today, functionalization of graphene can be carried out by various methods, in
particular, the creation of radiation defects, hydrogenation, oxidation, etc. [46, 47]. In
[48] it was considered that there are two basic types of functionalization of graphene:
chemical and non-chemical. The chemical functionalization method is understood as
chemical modification of the surface by various groups of atoms, as a result of which
new covalent bonds between atoms native to reduced FFLGN/FFLGN and the guest
functional groups are formed. In the case of nonchemical functionalization, mainly
physical interaction occurs and functionalization occurs on the basis of & interaction
between guest molecules and reduced FFLGN/FFLGN. Both -categories of
functionalization contribute to changes in the properties of graphene, but the most
effective is chemical modification [49, 50].

Compared with pure graphene, functionalized graphene has a wide range of
applications in semiconductor electronics for creating biosensors, supercapacitors,
various gas sensors, organic electrodes, LEDs, etc. [51, 52].

Thereby, one of the important moments is the large-scale production of
graphene, which is necessary for applications in various fields of science and
technology. In work [19] it was considered that initially one of the ways to obtain
graphene in large quantities was mechanical peeling of graphite using scotch tape and
epitaxial chemical vapor deposition, but these methods are ineffective for large-scale
production since it is laborious, low yield and takes more time [32, 53]. Therefore, at
present, large-scale production of graphene is relevant and of great interest.

In this regard, FFLGN is of great interest because of its low cost, a fairly simple
synthesis method, availability, the ability to convert to graphene, also its scalability,
which are an important feature [54, 55-58]. In addition, in reports [59, 60] that
FFLGN attracted much attention due to its broad ability to be used in energy,
electronics, water purification membranes, etc.

FFLGN is an important precursor for the synthesis of graphene, which is
implemented using chemical or thermal reduction processes. FFLGN is a single sheet
of the crystal lattice of graphite oxide, which is a compound of carbon, hydrogen, and
oxygen in different ratios, which is formed when graphite is processed with strong
oxidizing agents [61].

In [62] and [63] et al., It is stated that graphite and FFLGN have a layered
structure, although, compared with graphite, FFLGN contains functional groups with
high oxygen density, such as hydroxyl and epoxy groups on its basal plane and on its
edge with less carboxyl, carbonyl, phenol, lactone and quinone which contribute
expand of interplanar distance, and also makes it hydrophilic. [62-67].

Above, we indicated that one of the important points in the production of
graphene-like materials is the process of graphene functionalization, which is the
oxidation of graphite by strong oxidizing agents as a result of which bulk graphite
becomes functionalized with hydroxyl and epoxy groups on their base plane and on
the edges of the carbonyl and carboxyl groups [68-71].

At the first time 150 years ago graphite oxide obtained by Brodie, in the
experimental processing graphite functionalized by KCIO; and HNO; [72]. FFLGN
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has been modified for 150 years with various chemicals, such as KMnO,, H,SO,,
H3PO, [73, 74].

At this time, the synthesis of FFLGN is performed by oxidizing NFG by the
next main approaches [75]: Staudenmaier [76], Hofmann [77], Hummers [73] and
Tour [78]. The Hummers methods developed by Brodie or Staudenmaier have a
number of advantages over the currently existing methods for producing GO [73, 75,
76, 79]. First, it takes a little time in the process of synthesis, which can be completed
within a few hours. Secondly, KCIO; was replaced with KMnO,for improving the
safety of the reaction to eliminate the occurrence of explosive CIO,. KCIO;. Third,
using the NaNOs instead of HNO; eliminates the formation of acid mist, smoke [75],
so based above process for improving the synthesis and purity of the final product,
various modifications of this method were introduced [80].

Currently, the main method of obtaining FFLGN and large-scale production of
graphene is the Hammers method. Graphite is usually chosen as the initial material
because of its availability and low cost. The synthesis FFLGN consists mainly of two
stages: such as oxidation of graphite and exfoliation of graphite oxide, which is
shown in Figure 6 [72, 73, 7678, 81].
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Figure 3. Schematic illustration of GO preparation process.

Figure 6 — The main stages of the synthesis FFLGN [81, p. 3]

Proportional amounts of oxidizing agents, such as KMnO,, NaNO; and
concentrated H,SO,4, are mixed in order with graphite. Then a 3 phase process is
carried out with low, medium and high-temperature reactions, each of which occurs
separately in time. Graphite is oxidized to GO using these procedures. The
implantation of oxygen-containing functional groups overcome between Van der
Waals sheets and contributes to the expansion of the distance between the layers, as
well as these groups are attached to both sides of the graphite sheet. Then, oxidized
graphite to obtain one or few layers of graphene, these oxidized layers are exposed to
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ultrasound, as a result of which it exfoliated into single-layer, few layers to formation
GO, FFLGN [49], and after oxidation, graphene sheets have a large number of
different defect levels, which depends on the added amount of oxidant and the time of
oxidation [82, 68].

Also today, besides the obtain of large-scale amounts of FFLGN it is relevant to
study of its optical, electrical, mechanical, and other properties. Due to the violation
of the sp? bond, the properties of FFLGN as GO are often described as dielectric, but
in fact, this is not true. Basically, the conductivity of FFLGN depends on the
functionalization, that is, on the amount of oxidation, as well as on the method of
synthesis, which can fundamentally change the electrical properties. In this case,
there are various methods of functionalization, in which few-layer graphene
nanostructures can be functionalized, depending on the required application.

As mentioned above, the structure and properties of FFLGN depend on the
synthesis method and degree of oxidation; therefore, chemical synthesis using the
Hammers method [69] has found the widest application. This synthesis method used
can be changed by decreasing or increasing the levels of oxidation used to exfoliate
graphite flakes, which affects the change in electrical and other properties [70].

Thus, the synthesis of FFLGN with the oxidation of bulk graphite with strong
oxidizing agents, then followed by exfoliation into FLG sheets helps to obtain
graphene, graphene-like materials in large quantities, with low cost, a simple method
of synthesis and the ability to turn it into graphene. In addition, one of the important
processes in the study of FFLGN is the reduction of FFLGN, which will be discussed
in the next subsection.

Also, except obtaining FFLGN, the synthesis of the FFLGN membrane from a
FFLGN solution is the most important for application in science and technology, in
partically for creating humidity sensors and studying its electrophysical
characteristics, which are discussed in Chapter 3.2.8 of this work.

For the manufacture of the FFLGN membrane, the following methods are used:
filtration (vacuum, pressure filtration); casting-plating (spinning casting-plating, drop
casting, two-piece coating); layer-by-layer assembly; evaporation; alignment method
related with the shift and hybrid method [81].

From all the above methods in our experimental work, we chose vacuum
filtration because its availability, low labor intensity, nano-sized control over the
membrane thickness and the possibility of high-scale production of FFLGN
membranes. FFLGN membranes using vacuum filtration were first obtained in work
[84], in which FFLGN monolayers were connected almost in parallel, and also in this
work, it is stated that during the preparation process, the physicochemical properties
of FFLGN monolayers do not change [81, 84].

The synthesis of an FFLGN membrane using vacuum filtration consists of the
following main processes: the selection of the appropriate concentration of FFLGN
solution; FFLGN membrane is deposited by passing FFLGN solution through a
porous film, then after the completion of the filtration, the resulting FFLGN
membrane is dried [81, 83]. The result is a uniform dispersibility membrane with a
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relatively flat surface due to the fluidity of water in the solution filtration process, and
the control of the film thickness depends on the concentration chosen.

Thus, obtaining FFLGN and FFLGN membranes are important for obtaining
graphene in large quantities, as well as its application in many areas of science
engineering.

1.5 Reduction of FFLGN

The most attractive feature of FFLGN is the thermal reduction of graphene-like
sheets, as a result of which oxygen-containing functional groups are removed,
whereupon it’s electrical, optical and other properties change. Also, a reduced sheet
of FFLGN is usually considered as one of the types of chemically produced graphene
and has a number of other names such as functionalized graphene, chemical modified
graphene, chemically transformed graphene, or reduced graphene [71].

Currently, the properties of pure graphene and reduced FFLGN are close.
Therefore, the reduction of FFLGN is one of the actual processes that allows
obtaining graphene-like materials in large quantities and their application is important
in science and technology. In this regard, to obtain graphene in a large quantities the
following methods of the reducing process are used: chemical, thermal and
electrochemical. As mentioned above, the use of these methods results in obtaining
FFLGN whose electrical, thermal, mechanical properties are close to graphene [85].

Various chemical reagents are used in chemical reduction process, but one of the
most common is hydrazine monohydrate, which is a good chemical reagent for the
reduction of FFLGN [86]. The process of reducing FFLGN with hydrazine and its
derivatives such as hydrazine and dimethyl hydrazine hydrate is the addition to the
aqueous dispersion of FFLGN [87].

FFLGN can be reduced by heat treatment and this process is called reducing
using thermal annealing [88]. Thermal annealing is usually carried out by thermal
radiation. Some non-standard heating means such as microwave irradiation [89] and
photo irradiation [90] for thermal reduction are used as an alternative. Also, the main
advantage of microwave irradiation compared with conventional methods of heating
is to heat the substance evenly and quickly [89]. In addition to the above methods,
thermal reduction in a flow tube in various atmospheres (argon, vacuum, hydrogen,
hydrogen/argon) is currently widely used [91]. Another method that shows promise
for the reduction of FFLGN relies on the electrochemical removal of the oxygen
function [85].

Electrochemical reduction of FFLGN sheets or films is performed in an
electrochemical cell using an aqueous buffer solution at room temperature.
Reduction, as a rule, does not require a special chemical and is mainly due to the
electronic exchange between FFLGN and electrodes [92, 93].

One of the important points in the process of temperature reduction of FFLGN,
which includes temperature zones at which functional oxygen-containing groups are
removed in a hydrogen stream in a flow tube under the influence of various
temperatures. The process of temperature reduction of FFLGN to 2000 °C has 6
important temperature zones: 140-180 °C, 180-600 °C, 600-800 °C, 800-1000 °C,
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and 1000-2000 °C. At a temperature of 130 °C, due to the mild evaporation of
intercalated H,O molecules, a continuous intensive compression of GO crystals
occurs. In the range of 140-180 °C, due to the rapid evaporation of intercalated H,O
molecules, GO crystals are partially exfoliated. In the range of 180-600 °C, the
intermediate layers for all types of graphene and GO are contracted with the removal
of the basic carboxyl groups. Within 600-800 °C, the residual carboxyl and partially
hydroxyl groups are removed as gases. Within the range, of 800-1000 °C, residual
hydroxyl and partially epoxy groups are removed. In the range, of 1000-2000 °C, a
decrease in the number of defects is observed [94, 95].

Thus, the difference in FFLGN and reduced FFLGN is that FFLGN is highly
oxygenated, with the presence of many oxygen-containing functional groups that are
smaller in reduced FFLGN. These oxygen-containing functional groups, such as
epoxy, hydroxyl, carbonyl and carboxyl groups on its main plane [83] can be
removed in the process of chemical and thermal reduction, as a result of which the
physicochemical properties of reduced FFLGN are changing, and can also find wide
application in science and technology. The experimental part of the synthesis and the
study of the optical and electrical properties of FFLGN films, and also changing the
structure of the FFLGN membrane after thermal reduction are given in Chapter 4,
and application as a humidity sensor based on the FFLGN membrane is discussed in
Chapter 5 of this work.

1.6. Characterization of FFLGN by Raman spectroscopy

The Raman spectra of FFLGN, like graphene, have G and D bands, the first
order of scattering of the E,y phonon of sp? carbon atoms, G, the band is reflected
around 1580 cm™, and also occurs due to stretching the C—C bond in the basal plane,
which is characteristic of all sp? hybridized carbon materials, and the D band appears
in zone of 1200-1400 cm™ and indicates a certain amount of disorder, defect
(disorder) or edges in the carbon structure [96, 97].

D and G bands have certain differences compared to graphite and graphene. In
FFLGN, the D band is wider and more intense, while the G band is suppressed [98,
99] and significantly broadened and sometimes slightly mixed to higher frequencies
[71, 100]. This shift may be due to the doping effects [101], with the result that
doping will affect the mixing of the G band [102, 103].

D, G, and 2D Raman scattering bands are the basis for characterizing the
reduced FFLGN and determining the density of defects. In work [98] it is given that
with increasing degree of functionalization, wide D, G, and 2D bands are expected,
also in this paper, it is considered that the degree of functionalization cannot be
determined by Raman spectroscopy.

Another issue in the Raman spectroscopy of FFLGN and reduced FFLGN is the
change in spectra after reduction. The D-band in FFLGN is mainly due to chemical
functionalization and the expanded quantity of sp® C atoms, also structural defects
inside the carbon skeleton. Functional groups are removed by reducing from =
surfaces and from structural defects, such as vacancies or rebuilt carbon structures
(five-membered or seven-membered rings) dominate [98].
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As described above, the D band in graphene can be caused by structural defects
or functional additions, as in FFLGN. Thus, by removing and adding functional
groups, carbon integrity can be studied.

To determine the relative content of defects in the sp? carbon lattice, the most
convenient measure is the ratio between the intensities Ip/lg. The Ip/lg ratio in
FFLGN is more than graphene or graphite, where the D-band is often
indistinguishable from the background and the Ip/lg is of the order of 0.01. To use
this ratio to quantify disorder, it is important to consider two defect modes [97]. Since
the disorder in the graphene lattice begins to increase with a low-density defect, the
Io/lg ratio also increases at first. With a further increase in the density of defects,
ultimately lead to the loss of the carbon lattice, the Ip/lg ratio begins to decrease due
to nonlinear damping of all the peaks of Raman scattering when the material begins
to turn into amorphous carbon [97].

In the low-density density mode, Ip/lg can be approximated by an empirical
formula linking the relation to the distance between two adjacent defects, L.,

Ip/lg= C (W)L (1)

where A is the excitation wavelength of Raman scattering and C (A) is an
empirical parameter: C (L) = 102 nm? for the excitation wavelength A = 514 nm [97].
For FFLGN, L, determines the size of graphite regions (domains) surrounded by
oxygen-containing functional groups. For edge defects, another formula (2), the
Tuinstra-Koenig ratio [104], is more appropriate:

Io/ls = C (WL, )

Here, C (A) = (2.4 x 10-10 nm®)xA* [105], and A is the wavelength of the
excitation of Raman scattering. How unlike low defect density, in the high-density-
defect mode, the Ip/lg ratio depends directly on the size of the graphite cluster [106,
107]:

In/lg= C (W)/L, (3)

Here C '(514 nm) = 0.55 nm™ [106, 107]. As a result, the ratio between the
intensities of the Raman scattering bands can serve as an estimate of the defect
density in FFLGN, as well as the L, value of graphite sp? hybridized carbon clusters
surrounded by sp® hybridized functionalized sites.

In consideration of this Ip/lg dependence on the density of oxygen-containing
functional groups, we expect significant changes in the Raman spectra depending on
the oxidation. This was observed in experiments on oxidative etching on single and
layered graphite substrates [108]: Ip/lg increased with oxidation, which indicates a
decrease in the size of graphite carbon zones.

Due to significant oxidation, at a certain time a number of defects in the graphite
structure can reach an enriched point at which, due to the degradation of six-
membered rings, the intensity D of the Raman band begins to decrease. At such high
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defect densities, the Ip/lg ratio decreases with decreasing size of the graphite cluster
according to (3).

The combination of I/l dependencies on the size of sp?-hybridized zones with
low and high defect density modes provides a suitable theoretical explanation for the
observed behavior and allows us to estimate that the size of the graphite zones of L,
decreases to ~ 1 nm during oxidation. As well as in other works on the sizes of the
sp® zones in FFLGN thin films and bulk FFLGN samples obtained by the Hammers
method reaches up to 2.5-6 nm [109, 110].

In the reverse process, of the reduction FFLGN, the Ip/lg ratio changes
differently for different experiments with different reduction procedures. Some
studies on the chemical reduction of FFLGN showed no difference in Ip/lg [109,
110], implying that although the oxygen-containing groups were removed by
reduction and the places of defects left by these groups were not cured. Other studies
show a decrease in the Ip/lg ratio, which indicates the elimination of defects through
reduction [111-113], and there are works in which an increase in the Ip/lg ratio [114—
116] is considered.

This may result from an increase in the number of disorders in the system and an
increase in the intensity of the D band due to the random nucleation of small sp?
zones. A no monotonic trend in the Ip/lg ratio was also observed for experiments with
gradual chemical reduction: with the first intensity ratio, D/G was reduced and then
increased [117]. This is due to the growth of the sp? zones during the initial reduction
leading to a decrease in the Ip/lg ratio, followed by the random formation of smaller
sp? zones within the sp® clusters, which increased the lattice disorder and the Ip/lg
ratio [96, 118-122].

Thus, the characterization changes of the Raman spectra of FFLGN before and
after thermal reduction plays an important role in the analysis and identifying certain
structural characteristics of the samples.

1.7 Basics of computer simulation

Computational science begins to play an important role in research and
development. Nowadays modern scientific research initially based on experiment and
its theoretical interpretation, which is become a triad of experiment, theory and
computer simulation. So this is because the analysis of modeling complex systems
can be a gate for the discovery of important, but still unnoticed, simplifications and
patterns. Computing tools play an important role in the development and testing of
new engineering products, also the simulation results are the basis for many decision
policies [123].

At this time computer modeling has such interchangeable terms as computer
modeling and simulations, which are successfully used in the following areas of
science and technology: design, production management, business, science,
technology, architecture, entertainment, government, military and
logistics/transportation.

Computer modeling is used to reduce the risk associated with creating new
systems or making changes to existing ones. More than ever, modern organizations
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want to be sure that investment will lead to expected results. For example, an
assembly line may be required to produce a certain number of cars during an eight-
hour shift. Complex, interacting factors affect the work, so powerful tools are needed
to develop an accurate analysis.

Over the past few decades, computer modeling software, along with statistical
analysis methods have evolved to provide developers with the tools that fit this task.
Due to the development of technics and technology, each time the world becomes
technical and therefore accuracy without errors is becoming increasingly important.
When developing systems, business, industry, and government cannot afford to make
reasonable assumptions and therefore computer modeling is more important than
ever.

Compared to decision-making methods, using computer simulation for analysis
has the following advantages [124]:

- allows to experiment without failures in existing systems, new ideas that are
difficult, costly or impossible, as well as develop a model and compare it with the
system to ensure that it accurately reflects current work. The advantages of the
modeling process are that first you can make any desired modification to the model,
the impact on the system under study, and then you can make a real system;

- using computer simulation it is possible to, check an advanced idea before
setting, which allows identifying unexpected disadvantages in the construction and
these disadvantages useful for improvement construct as instructions;

- the next advantage is the speed in the analysis in the simulation. The
advantages of this process are that after developing a model, you can run a simulated
system at speeds far exceeding those achievable in the real world. With many
modeling languages, you can conduct and run several experiments, which saves time.

To get results, the finished model can take from a few seconds to several hours,
so this process is important for factory manufacturers to control the assembly process,
for example, every morning before production starts, engineers enter the expected
system input data into their model and predict how long it will take daily work. All of
the above mention advantages of computer modeling have a common advantage,
which is to reduce the risk, and also reduce uncertainty, therefore, increases
confidence regarding the expected operation of the new system or the consequences
in the existent construction.

In addition to the above advantages in computer modeling, there are general
limitations as follows:

- one of the flaws is an expensive analysis method for creating a computer
model, but, despite this drawback, low-cost modeling packages are available, and
most of the large-scale modeling work is the main enclosure in training, software,
hardware, analysis.

- the next disadvantage is laboriousness (labor intensity), which does not always
give a quick answer to the questions, in most cases, data collection, model
development, analysis and report generation take considerable time. Using two
methods in the simulation process can be accelerated: reducing the specification
(detailing, scaling) and the use of universal code libraries. Sodecline the level of
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detail, you can get answers to the questions of the general concept much faster, but in
the process of using this approach, care should be taken when removal key details
that may affect the accuracy of the model. Creating a universal simulation or code
library is used during the performance of many similar simulations, this reusable
resource preclude re-invention for each simulation project, which is considered the
basic idea.

- gives only approximate answers when modeling discrete events, which is
based on the use of random number generators and in the process of modeling, the
input has a random element, some uncertainty is also associated with the output.

- it is difficult to verify one of the limitations of computer modeling. Basically,
the complexity of testing is reflected when the system does not yet exist, and it is
important to know that the computer model accurately represents the system being
studied. In such a case, the verification most often relies on the opinions of experts
and intuition as a means of ensuring that the model works in the same way as the
system, but whenever judgment and opinion are used, there is a possibility of error. It
is often better to stick to a conservative point of view and make sure that the
predicted performance of the system is no better than the expectations of the actual
work. In addition, the human factor in a computer simulation can be very accurate for
accurate capture and simulation [124].

Thus, the use of computer simulation is very important in research and
development and allows to explore unforeseen physical or chemical properties of
atoms and molecules.

1.8 Classification of computer simulation methods

Today wide spread approaches of computer modeling are molecular dynamics
(MD) and Monte Carlo (MC), and also there are hybrid techniques that combine the
features of both.

MD allows to anticipate an elasticity, plasticity or destruction, without any
changes in the procedure. In addition MD has another name as atomistic modeling
which allows simulate materials of nanometers size, analyze and understand the
motion of each atom in the material, understand how a material exposed deformation,
phase changes, also extracting information from atomistic dynamics. Sometimes MD
is called the “first principles approach to understanding the behavior of atoms and
determining interatomic potentials (how atoms interact) all properties of materials
(infinite possibilities and problems) [125, 126].

The next most important type of computer simulation is Monte Carlo, which
was named after the city. Monte-Carlo, like MD, will be used to solve some
problems, unforeseen risks, in science, technology, in finance, etc. In comparison
with the MD method in this method the process is modeled by generating random
processes, objects, quantities, which in turn is repeated several times and on the basis
of the obtained random data, the probabilistic characteristics of the process being
studied or the problem being solved are calculated. During the modeling, these
random objects can be “natural”, which is part of the simulation of the real system or
are introduced “artificially”. Often, in many cases of simulation, random objects are
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introduced “artificially”. Also, the Monte Carlo method is actually used for modeling
physical processes, for solving quantitative problems of science, technology, and also
in materials related science, where they are used to develop and analyze new
materials and structures. In addition, the Monte Carlo method is applied to the design
of virtual materials, which in turn allows you to get more data than physical
experiments [127, 128].

Thus, MD and Monte-Carlo are widespread approaches of computer modeling,
which in turn allows to study the properties of materials, analyze and understand the
motion of each atom in the material, determine the interatomic potentials (how atoms
interact), and also apply when studying random structures and graphs arising in
statistical physics, probability theory.

1.9 Computer simulation of FFLGN, Ga-doped graphene

It is very well known that graphene [32] and FFLGN are considered as
exceptionally promising materials which are in many applications of more interest
than graphene itself [32, 46, 129].

One more interesting material — FFLGN (GO) [42-45] that is graphene,
functionalized with oxygen-containing chemical groups. This material is promising
as an intermediate product for producing graphene in large scales. Additionally, it can
be used for producing new materials for electronics, materials science. In the last few
years, there has been an increase of attention to functionalization of graphene with
radiation techniques, for example, forming radiation defects and doping them by
atoms of different elements [46, 129-132]. This conception represents a new way of
producing graphene-based 2D nanostructures functionalized with elements like Ga,
As, N, B, S. Such materials are promising for prospective applications in
nanoelectronics, supersensitive sensors, electrical power sources, flexible electronic
and power devices. But it is not yet well understood about stable atomic
configurations of graphene, functionalized with individual atoms of different
elements in which way they can be produced in graphene nanostructures and how to
obtain characteristics needed. It is in some cases rather difficult problem for
experimental research and proper interpretation of data. In this situation,
computational simulation and study of functionalized graphene-based nanostructures
become a very effective research tool for better understanding the physical and
chemical properties of such materials [129, 131-134] and predicting their
characteristics. In this section, we demonstrate results of computer simulations of
some possible stable structures of Ga-doped graphene and few-layer graphene and
first-principles study of their energetic and structural characteristics [198]. It is
known that Ga in its common state is a metal with a very low melting point (= 30 °C),
but when Ga atoms are arranged separately in a two-dimensional graphene’s
structure, all basic properties can change very essentially.

Further, in sections 3.1.1, 3.1.2. we present results of computer simulation and
density functional theory (DFT) calculations within Dmol3 software-package [132-
134] of possible stable configurations of few-layer graphene, functionalized by Ga
atoms. All calculations were performed using local density approximation and very
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effective method of energy optimization [131, 132], with using periodic boundary
conditions, with convergence tolerance on energy 0.001 eV.

1.10 Basics of humidity and types of humidity sensitive elements

At present, the creation and application of a humidity sensor plays an important
role in industrial and domestic applications for human convenience, as a result of
which, depending on the operating conditions, there are different types of humidity
sensitive elements based on operating principles, on a unit of measurement, and also
on various types of sensitive materials.

The basic units of humidity measurement are relative humidity and absolute
humidity and based on these measurement parameters, the sensors are divided into
the following main types: sensors of relative humidity and absolute humidity. The
unit of absolute humidity has another concept as vapor density and is determined by
the ratio of the mass of water vapor in the air to the volume of air and is expressed by
the following formula (4) [135, 136]:

AB = m,/v (4)

(here AB — the absolute humidity (g/m°),m,, - a mass of water (grams),v —
volume of air (m?)).

The next unit of measurement is relative humidity, which is determined by the
ratio of the moisture content of air to a saturated (maximum) humidity level. In this
case, the relative humidity depends on the temperature and is therefore called relative
measurement and is expressed by the following formula (5):

RH% = Py/Ps*100 (5)

(here RH — relative humidity, Py— the actual partial pressure of moisture that is
contained in the air, Ps— the saturated pressure of humid air)

Also the most important is the determination of moisture saturation, which
depends on temperature and presents the ratio of the mass of water vapor at saturation
to the volume of air and is expressed by the following formula (6):

SH = my/v (6)

(here SH —moisture saturation (g/m°), m. — the mass of water vapor at
saturation (g) u v the volume of air (m?)) [135].

According to the unit of measurement relative compared to absolute humidity,
relative humidity is most widely used because of its simplicity and low cost.

As mentioned above, the classification of humidity sensors can be subdivided on
the next basis: types of sensitive materials, principles of operation, and also the type
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of conductivity into resistive, capacitive, ionic, electronic (charge carriers) and the
sensitivity mechanism into electronic, proton and electrolytic.

Currently, humidity sensors according to the types of sensitive materials are
classified into: ceramic, organic polymers, semiconductor, organic/inorganic
(polymer/ceramics) [135, 136].

Thus, to create humidity sensors and its application in industrial and domestic
applications for human convenience, the most important is the choice of a suitable
sensor type and the choice of material that will affect the sensitivity, stability of the
device.

1.11 Application of FFLGN membrane as a humidity sensor and comparison of
its performance

This section provides an overview of the application of a humidity sensor based
on graphene, graphene oxide, FFLGN membrane, and other carbon materials, in turn,
these materials are durable and have high thermal conductivity, as well as excellent
adsorption characteristics [137], therefore they are important practical application as
a humidity sensor.

The membrane based on FFLGN, GO, compared with other carbon materials,
contains functional groups such as hydroxyl, carbonyl, and carboxyl on their basal
plane and this makes it hydrophilic; therefore, sensors based on such materials are
moisture-sensitive [137].

Therefore, according to the above-listed properties, FFLGN is currently an
important material for creating humidity sensors with high sensitivity, which is
necessary for such fields of engineering and science as medicine, textile industry,
agriculture, biological products, scientific and technical centers, food industry and
other industries [138].

To create humidity sensors, the most important electrophysical characteristics
are: faster response and short recovery time; stability of work at various levels of
humidity and in aggressive environments; a wide range of moisture detection, as well
as the most important are the ease of manufacture technologies, low cost, which are
necessary to satisfy consumers.

To achieve the above listed characteristics over the years, much attention has
been paid to the creation of various types of sensors with high sensitivity based on
such materials as: metal oxide nanowires; ceramic nanomaterials; silicon;
semiconductor nanoparticles, etc., but despite this the creation of sensors with the
above-listed characteristics remains an unsolved task to this day [139].

In this regard, as the initial material, we choose the FFLGN membrane, which is
one of the potential materials to satisfy the above characteristics, and the choice of a
suitable material is considered the most important factor in creating a sensitive
sensor.

Due to the physicomechanical and important electronic properties of graphene
and graphene-like materials, there has been more research and many studies have
been done on the creation and use it as sensors for determining various gases and
humidity.
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The use of graphene in sensors for the determination of various gases was first
demonstrated in [140], then its related structures such as FLG, GO have become more
investigated and used to create nanoscale sensors [135].

Humidity sensors using graphene structures were created for the determination
of NO,, NHs, and CO, gases, which were demonstrated on the basis of the following
materials and principles of operation of thermally reduced graphene; epitaxial
graphene; carbon nanotubes and graphene; coarse-grained GO thin film; FLG,
microscale capacitive humidity sensor based on GO film; high proton conductivity
GO; capacitive humidity sensor based on the Electro-spun PVDF/Graphene
Membrane [139, 141-150].

We made a comparison of the performance of humidity sensors based on
FFLGN with similar types of humidity sensors [146, 150-157] according to the
following characteristics: dynamics of response and recovery, humidity detection
range (Table 2). According to the table 2, compared to the sensors listed below, our
device [206] has an advantage in response and recovery time, which has the same
time of 360 s, as well as a wide range of humidity from 5-100%, and its
electrophysical characteristics presented in section 3.2.8.

Of all the sensors listed, the longest response and recovery time (1200 s) in
[157], besides this, the long recovery time (2300 s) is shown in [152], and in the same
work the smallest response time, which is (50 s). Compared with our sensor [206], a
wide range of humidity detection (0-100%) is shown in [157] and a narrow range
(20-36%) in [156], the disadvantages of these devices are long response and recovery
times.

Table 2 — Characteristics of humidity sensors

Ne Name of works Sensor Material used Humidity | Response | Recovery
type Detection time time
Range (%) (sec) (sec)
1 2 3 4 5 6 7
1 A Capacitive Electrospun
Humidity capacitive | PVDF/Graphene 50-90 1000-1400 | 15-230

Sensor Based on
an Electrospun
PVDF/Graphene
[150].

2 Gas Sensors | conduct Scotch tape 5-75 1200 1000-1200
Based on metric graphene
Graphene [153] sensor

3 Polyimide- capacitive Polyimide 5-85 400-600 400
Based
Capacitive
Humidity
Sensor [154]
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Table continuation 2

1 2 3 4 5 6 7
4 | NO; and humidity sensing | impedance Few-layer
characteristics of few-layer graphene 4-84 300 Several
graphene [155] hours
5 | Resistive graphene
humidity sensors  with | resistive Graphene 0-25 130- 70-100
rapid and direct electrical 150

readout [151]

6 | Graphene-Based Humidity | impedance
Sensors: The Origin of Graphene 20-36 480 240
Alternating Resistance
Change [156]

7 | Graphene-based CO; | impedance

sensing and it's cross Graphene 1-67 50 2300
sensitivity with humidity
[152]

8 | Room-Temperature impedance GO
Humidity Sensing Using 30-60 100 2200
Graphene Oxide Thin
Films [146].

9 | A Capacitive humidity macroporous
sensor based on ordered | capacitive | siliconwitha | 0-100 1200 1200
macroporous silicon with Ta,Os thin
thin film surface coating film coating
[157]

10 | Humidity sensor based on | impedance FFLGN 5-100 360 360
FFLGN membrane [206] membrane

Thus, graphene and its related structures, based on the above-listed works, as
well as due to physicomechanical properties, have found potential practical
applications as humidity sensors and today considered as promising materials in
electronics and technology, in particular, for the creation of sensitive elements. In this
regard, we created a humidity sensor based on the FFLGN membrane and determined
its electrophysical characteristics, which are discussed in the section 3.2.8. In
comparison with similar sensors, the sensor presented by us is a potential device for a
commercially available product that has such advantages as a wide range of humidity,
faster response, and recovery, low cost, does not require high technology and is
resistant to aggressive media [204-206].

Conclusions for section 1

There are 2 types of functionalization of graphene: chemical and non-chemical.
Both categories of functionalization contribute to changes in the properties of
graphene, but the most effective is a chemical modification.

FFLGN is an important precursor for the large-scale production of graphene,
which is implemented using chemical or thermal reduction processes. There are 4
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main methods of synthesis of FFLGN: Staudenmaier, Hofmann, Hummers, and Tour,
but the most effective is the Hammers method.

It is stated that graphite and FFLGN have a layered structure, although,
compared with graphite, FFLGN contains functional groups with high oxygen
density, such as hydroxyl and epoxy groups on its basal plane and on its edge with
less carboxyl, carbonyl, phenol, lactone and quinone which contribute expand of
interplanar distance, and also makes it hydrophilic.

Changes of the combination of Ip/lg bands of Raman spectra dependencies on
the size of sp?-hybridized zones with low and high defect density modes provides a
suitable theoretical explanation for the observed behavior and allows us to estimate
that the size of the graphite zones of L, decreases to ~ 1 nm during oxidation. As well
as in other studies on the sizes of the sp? zones in FFLGN thin films and bulk FFLGN
samples obtained by the Hammers method reaches up to 2.5-6 nm.

Computational simulation becomes a very effective research tool for better
understanding and study of physical and chemical properties of FFLGN to solving a
difficult problem for experimental research and proper interpretation of data, also
understand about stable atomic configurations of graphene, functionalized with
individual atoms of different elements.

Basically, the changes of optical, electrical, mechanical, and other properties of
FFLGN depend on the functionalization, that is, on the amount of oxidation, as well
as on the method of synthesis, which can fundamentally change the electrical
properties, also depends on the reduction process of FFLGN at different temperature.

Compared to the other similar types of sensors, our device [206] has an
advantage in response and recovery time, which has the same time of 360 s, as well
as a wide range of measurable humidity from 5-100%, and its electrophysical
characteristics presented in section 3.2.8.
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2 RESEARCH METHODS

In this chapter the main research methods of FFLGN study are demonstrated.
The main characteristics of the used research instruments are considered. During
research the following methods were used: SEM and EDS; Raman spectroscopy;
AFM; TGA; XRD; Optical microscope; Spectrophotometer Lambda 35.

2.1 SEM and EDS

To date, SEM in combination with EDS has found its wide application for
analyzing and studying all types of solid samples in various fields of science and
production. The main purpose of these methods is to determine the morphological
features and to obtain an image of the surface of an object with a high spatial
resolution of up to 0,4 nm, also to obtain an analysis of the chemical composition of
the substrate. The SEM method is used in traditional studies of various types of
samples such as metals, ceramics, polymers, as well as materials of the electronic and
semiconductor industry, biological tissues, and chemistry. The principle of SEM is
based on the interaction of the electron beam with the atoms of an object [158].

As a result of the interactions of electrons with atoms of the sample, one can
obtain information on the morphology of the surface, on the composition, on the
composition of the structure and other properties of the surface layers [159].

In the process of studying the sample surface, a finely focused electron beam
scans the areas of analysis, and due to electron-matter interactions, signals appear on
the sample surface that includes secondary and backscattered electrons to form an
image and characteristic X-rays from elements present in the sample for composite
studies [160].

Compared with traditional light microscopy and other analytical methods,
modern SEM has the following advantages: improved resolution capabilities, high
depth of focus, effect of three-dimensional perception, which contributes to a simple
image interpretation, takes little time for preparation sample [161].

SEM consists of the following main components: electron source (“Pistol”);
electronic lenses; sample sampling stage, detectors for all signals, data display/output
devices [162].

To produce SEM images, secondary electrons from a sample that have low
energy of less than 50 eV, which are produced by the primary electron beam and high
energy back of the scattered electrons, contribute to the emission. The depth of
penetration of the primary electron beam into the sample is several microns, and the
yield of secondary electrons is tens or hundreds of angstroms [163]. The generation
of secondary electrons near the surface of the primary beam and back-scattered
electrons is shown in Fig. 7.
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Figure 7 — Generation of secondary electrons [163, p. 43].

In the process of irradiating a sample, a beam of electrons, the so-called primary
electrons, focus and transfer energy to the point volume of the sample in which the
bombardment takes place, i.e., the electrons are expelled from the sample itself,
which is called the secondary electrons, then these electrons are attracted and
collected by the detector are then transferred to image display (Figure 8). Depending
on the energy of the primary electron beam, the emission of secondary electrons from
the sample increases to a certain limit, and the energy of the primary electrons is
determined by the number of secondary electrons. In addition to increasing the
emission of secondary electrons to a certain limit, the collected secondary electrons
are reduced due to the deep penetration of the primary electrons into the sample.

Incident electron beam

Visible light
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Secondary €'s
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Figure 8 — Sample irradiation process [159, p. 7]
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One of the main processes is obtaining an elemental analysis of a sample in
which the SEM is equipped with an EDX analysis system and studies the interaction
between the X-ray excitation source and a sample [159].

The main principle of operation for the spectroscopic EDS method is the
determination of the presence of elements on the sample surface. During the process
of affecting to sample with a focused electron beam, X-ray spectra are emitted from
it, which contribute to the chemical analysis [158].

X-rays come from the atoms of the sample and are detected using EDS with
atomic numbers from 4 (Be) to 92 (U), except for H, He, and Ba [172].

The interaction between the X-ray excitation source and the sample is based on
the fundamental principle that each element has a unique atomic structure that allows
X-rays to characterize elements of atomic structure that is uniquely identified from
each other [159].

EDS consists of a qualitative analysis representing the identification of a line in
the spectrum, as well as a quantitative analysis determining the concentration of
elements present, which entails an intensity measurement line for each element in the
sample and for the same elements in the calibration [164].

Sample preparation for the microscope and analysis include the following
processes: 1. It is necessary to remove all water, solvents, or other materials that may
evaporate during a vacuum; 2. Firmly install the samples; 3. The samples must be
electrically conductive and non-metallic samples, such as plants, nails and ceramics
must be coated so that they are electrically conductive [165]. Gold, gold/palladium,
platinum, osmium, iridium, tungsten, chromium, and graphite are used to coat the
samples; 4. It must be an electrical grounding to prevent the accumulation of electric
charge on the surface [159].

At the electron beam source, the accelerating voltage (AV) is an important
parameter for SEM and EDS, and if AV is applied, 10 kV electrons reaching the
surface will have 10 keV, 20 kV will generate electrons with an energy of 20 keV,
etc. In this process, the use of high electron energy contributes to the penetration
deeper into the sample by several micrometers depending on the elements present,
also at higher energy, the number of X-rays that are generated per electron inside the
sample will be higher and this may damage the sample. In addition, depending on the
application of high or low accelerating voltage will affect the resolution, that is, if
high AV then the resolution is better and it is necessary to take into account the
selection of the optimal AV for each sample and analysis [158].

Thus, an SEM and EDS is necessary equipment for determining morphological
features and obtaining an image of the surface of an object with a high spatial
resolution of up to 0,4 nanometer, also for analyzing the chemical composition of a
substance.

2.2 Raman spectroscopy

By using Raman spectroscopy it is possible to study the physical state of solids,
liquids, determine the chemical structures and physical forms of substances, and this
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spectroscopy is based on infrared absorption and Raman scattering to detect
vibrations in the molecules of a sample under study [166].

The history of the discovery of Raman spectroscopy began in 1923, by Smekal
caused inelastic light scattering, and experimental work was done in 1928 by Raman
and Krishnan, in which a telescope was used to focus sunlight on a sample, and
another lens was placed above the sample in order to collect scattered radiation. In
this process, the main characteristic of Raman spectroscopy is the change in the
frequency of the scattered radiation as compared to the incident light on the sample
using optical filters [166, 167].

To date, for obtaining high intensity and focusing light on a small spot in a
sample in a modern Raman spectrometer, the following types of laser are used as the
light source: gas lasers in particular (Ar + lon: 488.0 and 514.5 nm; Kr + lon: 530.9
and 647.1 nm; He, Ne: 632.8 nm); diode lasers with radiation wavelengths (785, 830,
976 nm) with a radiation power of several hundred mill watts. In addition to these
types of lasers, FT-Raman spectrometers use YAG lasers with an emission
wavelength of 1064 nm [167, 168].

The principle of operation of Raman spectroscopy consists of the following
main components: 1) an excitation source (laser); 2) a sample lighting system and a
photosensitive optical system (optical system for collecting light); 3) Wavelength
selector (filter or spectrophotometer); 4) Detector (photodiode array, CCD or PMT)
[169].

During spectrometer operation, a sample is illuminated with a laser beam in UV,
Visor NIR range, then the sample is being excited, then the beam is scattered in all
directions. Then the scattered light is collected with a lens and direct through an
interference filter or spectrophotometer to obtain the Raman spectrum of the sample
[169]. Figure 9 shows the illumination of the sample during the operation of the
spectrometer.
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Figure 9 — lllumination of the sample with a laser beam [170, p. 3].

The operating procedure of Raman spectroscopy has the following process: 1)

the laser beam excites the sample, then (2) the beam is scattered in all directions, (3)
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after which the photons partially fall into the detector, which records the Raman
spectrum (4) this spectrum presents Rayleigh scattering, corresponding to elastic
scattering, Stokes and anti-Stokes Raman scattering, and spectral features that are
characteristic of each sample [171].

When light is scattered from a molecule or a crystal, non-elastic photons appear
and in this process, the scattered photons have the same energy frequencies and
wavelengths, but these non-elastic photons have lower frequencies than the incident
photons and this phenomenon is called the Raman effect [172].

The process of light scattering is weak, only about 106-108 photons are
scattered [166]. Also in connection with the process of changing the vibrational,
rotational, and electron energy of a molecule in Raman spectroscopy, there are such
concepts as Rayleigh scattering, corresponding to elastic scattering and Raman
scattering, which is not elastic [171, 172].

In Raman spectroscopy, shifts to lower and higher frequencies are known as
Stokes and anti-Stokes Raman scattering, respectively [173]. Figure 10 shows the
main processes for a single Rayleigh and Raman scattering vibration, in which there
are virtual and vibrational zones, as well as Stokes and Anti-Stokes energy vibration
levels. Many molecules, due to exposure to room temperature, are in a low
vibrational energy level. In the process of laser interaction with electrons,
polarization occurs and, as a result, a virtual zone is created, and the energy of this
zone is determined by the frequency of the light source used.

Virtual
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n Vibrational
States

A

m
Stokes Rayleigh anti-Stokes

Figure 10 — Stokes Raman scattering of Raman spectroscopy [166, p. 4]

Stokes Raman scattering arises from a transition that begins with the main
vibrational energy level and ends at a higher vibrational energy, as shown in Figure
10, the vibrational zone m, which contributes to the absorption of energy from a light
source by the molecule, shifts to a higher vibrational energy areas (n) [166, 173]. The
difference Stokes Raman scattering and from laser radiation is that it has lower
energy and a higher wavelength [171].

Anti-Stokes Raman scattering compared with Stokes according to Figure 10 (a,
b) due to the influence of thermal energy, some of the units of molecules are in an
excited vibrational state in the vibrational zone n and such molecules are transferred
from a higher vibrational level n to a lower vibrational level energy m, as a result,
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appears radiation of a higher energy and a shorter wavelength than laser radiation
[171, 173].

Thus, as mentioned above, Raman spectroscopy is the most important in studies
of materials and new technology. Using this instrument allows to investigate the
physical state of solids, liquids, determine chemical structures and physical forms of
substances, also to detect vibrations in the molecules of the sample.

2.3 AFM

One of the most important tools in research in materials science is the use of
integration of scanning probe microscopy and AFM, which allows simultaneously
with optical observation to investigate an object using the combination of scanning
probe microscopy methods such as AFM [175].

The principle of scanning probe microscopy is to scan the surface of a sample
with an ultrathin probe with a tip thickness of the order of several nanometers, which
Is positioned above the sample and then supplied to the surface until the tip of probe
interacts with the sample. The working part of the probe (tip) has dimensions of the
order of ten nanometers. The characteristic distance between the probe and the
surface of the samples in probe microscopes is 0.1 - 10 nm in order of magnitude
[175]. The probe is placed in a certain area at the focus of the light laser beam, when
the illuminated tip of the probe approaches the sample surface, the effect of a
significant enhancement of Raman scattering from objects localized in the probe —
the surface system appears. Then, during the scanning process, the interaction value
Is kept constant by changing the distance between the sample and the probe [176].

Moving the probe above the surface to the nearest thousandths of a nanometer is
provided by a mechanical precision manipulator, which is made of piezo ceramic
material. Figure 11 is shown the AFM.

AEEp

a) AFM b) System device

Figure 11 — AFM [176]
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According to Figure 12 (b), the Integration of scanning probe microscopy and
AFM device consists of the following main parts:1) Confocal module including
scanning mirror; 2) Direct microscope Mitutoyo; 3) 4-position lens turret; 4) AFM
module with heads for various types of probes (cantilever, quartz resonator, STM
needle); head for working in liquid; optical system registration of cantilever bends; 5)
Measuring table, including: sample piezo scanner (100x100x10 pwm); motorized
sample positioner (35%35 mm); manual positioner AFM module (3x3 mm);
motorized and piezo drives for focusing lens (optional); heating table (optional)
[100].

Thus, when scanning by registering a Raman scattering signal from objects at
each point on the surface, a map of the distribution of spectral properties in the
sample is formed, this reflects the properties and topology of the surface.

2.4 TGA

The method of TGA is intended to obtain data on the heat resistance and
composition of liquid, solid substances, various materials, including structural,
polymers, composites, food, organic materials, biological samples, etc.

The TGA measures the mass of a sample depending on such functions as
temperature, time in a certain controlled atmosphere. This method registers the mass
of a substance when heating and cooling, respectively, the weight of the sample
decreases or increases [177, 178].

Using thermal analysis, one can study the heat capacity, the change in mass, the
coefficient of thermal expansion, the reaction in the solid state, phase transitions, also
the measured mass loss curve gives data on heat resistance and changes in the
composition of the substance. TGA for studying the change in the mass of a substance
is divided into physical and chemical processes. Physical processes include gas
adsorption and desorption; phase transitions (evaporation, sublimation), and
chemical: decomposition; destruction reactions; gas reactions; chemical sorption
(adsorption using chemical instead of physical forces) [179].

For the TGA process, one of the main devices is a computer that monitors and
performs the following functions: provides an interface between you and the analysis
tool; allows to customize experiments and enter constants; store experimental data;
starts up data analysis programs [180].

TGA has following six main components (Figure 12): balance, which provides
an accurate measurement of the mass of the sample and is the key to the TGA
system; the sample platform, which loads and unloads the sample on the balance and
back; a furnace controls atmosphere and temperature of the sample; cupboard
intended for the electronics and mechanics of the system; heat exchanger designed to
dissipate heat from the furnace; mass flow controllers intended for control the purge
gas on the balance and in the furnace.
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Figure 12 — The main components of TGA [181, p. 4]

In the process of TGA, depending on the capabilities of the device, the
temperature can reach 1500 ° C or more, and the temperature rises at a constant rate
and the change in mass are recorded depending on the temperature.

High-precision crucible scales made of platinum or ceramics are located in the
electric furnace chamber, which is part of the thermal analyzer design, and the control
thermocouple is under the crucible bottom [182].

The sample is inserted on the crucible hanging from a small hook, which is
connected to the balance. The weight of the sample is recorded using a photodiode
balance, which operates on the principle of zero balance. When the weight of the
sample stays at zero position, an equal amount of light shines on 2 photodiodes, and
if the balance moves from the zero position, an unequal amount of light shines on the
two photodiodes and at that moment the current is applied to the counter to return the
weight to the zero position. In this process, the amount of current applied is
proportional to weight loss or gain. In order to apply heat to the sample, the furnace
rises around the crucible and the speed and cycle of this process are controlled by the
computer software.

During the furnace process, the sample is purged with nitrogen, air, or other
gases, depending on the type of decomposition and the desired information. In order
to protect the instrument coating from oxidative destruction or other undesirable
reactions, the balance is always stored in nitrogen gas with a certain flow rate of
purge gases. The recommended flow rate of purge gas for a balance of 40 mi/min,
and for the sample 60 ml/min. Figure 13 shows a diagram representing the flow of
purge gases [183].
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Figure 13 — TGA purge gas flow [183, p. 4]

In the purge system, gas enters the furnace through a side lever and flows
directly through a sample situated in an open crucible to a vertical balance. A low
volume of purge gas is directed through the balance of the chamber to prevent reverse
diffusion of the primary purge of gas (if different) or decomposition products in the
balance chamber.

The experimental procedure of TGA consists of the following steps:

1. Open the nitrogen gas valve and the TGA exhaust valve. It is not
recommended to adjust the regulator valve;

2. Ensure that the sample crucible is clean and carefully use tweezers to place an
empty crucible on the sample platform, ensuring that the crucible is correctly oriented
on the platform;

3. Press the TARE button located on the console at the bottom of the tool. The
tool will auto tare, which should take a couple of minutes;

4. Take a small piece of the sample and measure/record its mass using a scale.

5. After the sample has been prepared, depending on the structure and shape of
the sample, the external residue (for example, oils from the fingers) is carefully
removed by wiping the entire surface of the sample with Kimwipe.

6. After the instrument has completed its automatic tare sequence, place the
sample in the center of the crucible. This should preferably be done without removing
the sample crucible from the sample platform.

7. Enter the appropriate inputs into the Q50 TGA program:

8. Click “Apply” to save the changes.

9. Click the green button in the upper left corner of the software to start the run.
TGA device will automatically perform the experiment. As the experiment ends, the
instrument will automatically unload the sample onto the sample platform and begin
a sequence of air cooling.

10. If there is still residue on the sample crucible, gently hold the crucible with
long tweezers and clean the crucible using a propane torch flame for 2—3 seconds
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(until the residue disappears). Make sure it is done in a fume hood and try to keep
your hand away from the flame.

11. Raise the oven to check the internal temperature in the oven (Control -
Furnace - Up). After the oven is completely sealed, check the temperature readings
on the software. If the temperature returns to room temperature, proceed to the next
step. If not, repeat the air cooling sequence.

12. Before leaving the lab, shut off the nitrogen gas valve and the TGA exhaust
valve [99].

Thus, the method of TGA is designed to obtain data on the heat resistance and
composition of liquid, solid substances, various materials, in particular, is an
important method for the study of FFLGN, which is presented in section 4.7.

2.5 X-ray diffraction

XRD is one of the earliest non-destructive methods intended for research from
liquids to powders and crystals, solids [184].

X-rays were discovered in 1895 by the German physicist X-rays, and the name
was called because at that time their nature was not known. After that, in 1912, von
Laue discovered the diffraction method, showing the structure of a crystal, where
crystals diffract x-rays, also proved the wave nature of x-rays and provided a new
method for studying the fine structure of substance [185].

In 1914, the first diffraction pattern of crystal was made by Knipping and von
Laue, and in 1915 the theory of the crystal structure from the diffraction pattern was
determined by the father and son of Bragg [186].

The interplanar spacing of FFLGN samples was calculated using the Bragg law,
which is presented below:

ni = 2dsin© (7)

where, n— an integer, A — X-ray wavelength (0.01-10 nm), d — interplanar grating
distance generating diffraction, and 0 — diffraction angle [187, 188].

Initially, XRD was used only to determine the crystal structure of substances,
and today, covering a wide range of research in science and industry can provide
information on crystal orientation structures, phases, deformation, crystal defects,
average grain size, atomic interval [189].

Depending on the XRD object under study, there are types of diffraction
experiments, such as X-ray (structural information about compounds and
identification of samples; investigation of powder and monocrystal samples;
obtaining X-rays using synchrotrons; using liquids and glasses for testing); The next
type is electron diffraction (identification of the phase and determination of cells in
small crystallites using an electron microscope, checking samples of gas phases).In
addition to these types of diffraction experiments, neutrons are also used to present
structural information about crystalline materials, liquids, and glasses, and is useful
for spectroscopy [189]. In addition to these types of diffraction experiments, neutrons
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are also used to present structural information about crystalline materials, liquids, and
glasses [189].

To heat the cathode filaments, which are connected to two electrodes, they are
supplied with a high voltage with several tens of kV [190].

High-speed electrons with kinetic energy elongated from the cathode filament
are accelerated to the anode plate (metal target). This metal target is usually made
from high-purity metals such as copper, chromium, molybdenum, or other metals
(Table 3) [190]. The x-ray wavelength depends on the element from which the target
IS made.

Table 3 — Types of the target by the wavelength of X-rays [189].

Target | kal ka ka Filter
Cr 2.2896 2.2935 2.2909 \%

Fe 1.936 1.9399 1.9373 Mn
Cu 1.5405 1.5443 1.5418 Ni
Mo 0.7093 0.7135 0.7107 Nb
Ag 0.5594 0.5638 0.5608 Pd

The electronic current between the filament and the anode is regulated by
adjusting the filament current in the range of about 10 mA [191].

X-rays are produced when high-speed electrons collide with the anode plate; in
this process, these electrons slow down rapidly and lose their kinetic energy, and as a
result, continuous x-rays are emitted with different wavelengths [192, 190].

X-ray spectra consisting of such common components K, and Kg are created by
displacing the inner electron shells of the material of the anode plate. In turn, Ka
consists, in part, of K, and K,. K, compared to K, has a slightly shorter
wavelength and twice the intensity [193].

Crystalline solids consist of regular arrays of atoms, ions, and molecules with an
interatomic distance from 100 um to 1 A and therefore, in the process of XRD, the
wavelength of the incident beam must be in the same order as the distance between
atoms.

In diffraction, one of the important processes is the interaction of x-rays with
electrons in a crystal; if the number of electrons in a crystal is larger, then the
scattering of x-rays will be stronger. In addition, there is the concept of Xx-ray
scattering efficiency, which is called the scattering coefficient denoted by the symbol
fo and depends on the following factors: the number of electrons around an atom, the
Bragg angle 0, the wavelength (1) of x-rays [187, 194].

2.6 Optical microscope

Currently, the use of optical microscopy is relevant for micron and submicron
levels of research in science and technology [195].

Optical microscopy is designed to enlarge the image of objects of small size
invisible to the naked eye [196].
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In our research, we used an optical microscope Leica DM 6000 M, which allows
us to investigate solid and liquid; transparent, translucent and opaque objects with a
resolution of up to 200 nm (x / y).

The Leica digital optical microscope has high-resolution digital cameras and
software for image analysis and storage. The microscope we use has an automated
incident light mode (reflection) for the light and dark field methods and an automated
transmitted light mode (through the light).

In addition, the system of this microscope has automated regulators, changes in
the aperture and diaphragm of the illuminator, also a motorized drive z of the focus
and a motorized stagethat is responsible for x, y,and z movement.

Another important elements of this microscope is this motorized, coded turret
with 6 lenses, which has the following magnifications: in 5x, 10x, 20x, 50x, 100x,
150x times. Also, the microscope has a unique memory function for simultaneous
switching of the lens and contrast method, which allows detecting small or thin
elements of the sample by contrast [176].

2.7 Spectrophotometer Lambda 35

We used Lambda 35 absorption spectroscopy to obtain the absorption
(transmission) spectra of FFLGN films before and after thermal reduction. With this
equipment it is possible to carry out various analytical work related to the study of
optical spectra in the ultraviolet and visible regions, also to measure the concentration
of various organic and inorganic substances in a wide variety of samples, aqueous
solutions, foods, soils, etc. [197].

The basic principle of the spectrophotometer is to measure the ratio of two light
fluxes that pass through the comparison channel and the sample channel in the
cuvette compartment, and the optical system is based on a monochromator with a
holographic concave diffraction grating. The spectral width of the slit can vary 0.5
nm, 1 nm, 2 nm, 4 nm. An optical spectrophotometer is designed for the UV-visible-
near IR region of the spectrum (190-1100 nm) and allows accurate measurements of
the absorption and transmission spectra [176].

The spectrophotometer device includes photodiode detectors, which serve as
photodetectors and are installed in each channel, as well as this spectrophotometer
has additional accessories such as cuvettes of various lengths and different sizes,
thermostatically controlled multi-cuff holders, holders of solid samples, integrating
sphere, optical fiber system for study samples at a distance, flow injection system. To
control the measurement process, use special software that allows you to perform the
following processes: configure the device, optimize their parameters, manage their
work, process the output information, etc. [176, 197].

Thus, having the above characteristics, this device has found wide application in
optical research, measurement of parameters of optical materials, reflective and anti-
reflective coatings, band-pass filters in the UV, visible and near IR spectral regions,
and in our case it is used to study FFLGN films, the results of which are presented in
subsection 3.2.2.
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Conclusions for section 2

SEM and EDS methods are determine the morphological features and obtain an
image of the surface of an object with a high spatial resolution of up to 0,4 nm, also
to obtain an analysis of the chemical composition of the substrate. The depth of
penetration of the primary electron beam into the sample is several microns, and the
yield of secondary electrons is 10 or 100 of angstroms. X-rays come from the atoms
of the sample and are detected using EDS with atomic numbers from 4 (Be) to 92
(V), except for H, He, and Ba.

The principle of scanning probe microscopy is to scan the surface of a sample
with an ultrathin probe with a tip thickness of the order of several nanometers, which
is positioned above the sample and then supplied to the surface until the tip of probe
interacts with the sample. The working part of the probe (tip) has dimensions of the
order of ten nanometers. The characteristic distance between the probe and the
surface of the samples in probe microscopes is 0.1 -10 nm in order of magnitude.

In TGA during the furnace process, the temperature can reach 1500 ° C, the
sample is purged with nitrogen, air, or other gases, depending on the type of
decomposition and the desired information. In order to protect the instrument coating
from oxidative destruction or other undesirable reactions, the balance is always stored
in nitrogen gas, which recommended a flow rate of purge gas for a balance of 40
ml/min, and for the sample 60 ml/min.
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3 INVESTIGATION OF THE PROPERTIES OF FFLGN

In this chapter, we present the results of computer simulation of some possible
stable structures of graphene and few-layer graphene, Ga doped graphene, FFLGN,
reduced FFLGN; synthesis of FFLGN, preparation of FFLGN films and FFLGN
membranes, thermal reduction of FFLGN films and membranes at various
temperatures and investigation of their optical, electrical properties, creation of a
humidity sensor based on FFLGN membrane. The most detailed results are presented
on the influence of temperature on the composition and structure of the FFLGN
membrane, as well as the changes in the thickness of the FFLGN films and
membranes, also changes in the interplanar distance and intensities and the ratio of
the Raman spectroscopy bands of the membrane after thermal reduction. In addition,
the electro-physical characteristics of the humidity sensor based on the FFLGN
membrane and performance comparison with other similar sensors are presented.

3.1 COMPUTER SIMULATION

3.1.1 Computer simulation of possible stable structures of graphene and few-
layer graphene functionalized Ga

Computer modeling of molecular dynamics (MD) has become a very useful
technique for studying many types of properties of layered nanomaterials, such as
graphene, GO, few-layer graphene nanostructures, FFLGN, which have wide interest
in various fields of science and technology, such as military technology,
biotechnology, nanoscience, biomedicine, etc. In addition, research of its physical,
chemical and electronic properties has paid considerable attention from researchers.

We present results of computer simulation and density functional theory (DFT)
calculations of possible stable configurations of few-layer graphene, functionalized
by Ga atoms [198]. As mentioned in the section 1.9 all calculations were performed
by using local density approximation and very effective method of energy
optimization, with periodic boundary conditions and, convergence tolerance on
energy 0.001 eV.

Figure 14 presents possible adsorption sites for Ga atoms with high symmetry:
namely: A, H, and B respectively. H site of adsorption (over the center of the
hexagon) has the largest adsorption energy, therefore, it is the favored site for Ga
atom adsorption.

Figure 15 shows a possible stable atomic complex of Ga- vacancy which was
formed after using the procedure of energy optimization. In such a case, the Ga atom
takes place outside the graphene sheet with forming a 3D complex defect.
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Figure 14 — a) The unit cell for the graphene sheet within periodic boundary
conditions calculations adopted a 4x4 structure; b) Some of calculated adsorption
sites on graphene surface with a high symmetry: A) over the C atom; H) over the

center of a hexagon; B) over the center of the C-C-bond. In all positions binding
energy of Ga rather low: H-0.73eV, A—0.57 eV, B-0.40 eV. The distance
between the Ga atom and graphene plane is 0.22 nm.

Figure 15 — Computer models of atomic configurations Ga- graphene. a) an
atomic configuration of Ga-atom bonded with a vacancy. The binding energy of Ga
atom = 1.92 eV, the distance of Ga atom from graphene sheet equals 1.53 A; b ) The
map of electron charge distribution for density 200 el /nm®. In this case, gallium
shows valence equal to three
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Figure 16 illustrates a stable complex atomic configuration with the binding
energy of Ga 1.71 eV and the distance from the graphene plane equals 0.8 A. In this
defect configuration, Ga demonstrate two-valence state.

Figure 16 — A possible structure of Ga-atom - vacancy: a) atomic configuration;
b) a map of the distribution of the electron charge for density 410 el / nm®.

Complex defect configuration — a bridge-like defect [121, 123, 124] based on a
gallium atom is shown in figure 17.

Figure 17 — A bridge-like defect, based on Ga-atom, which connects two
graphene sheets by fast covalent bond (Eping= 3.28 eV): a) atomic structure of the
complex defect based on a Ga- atom captured between two vacancies V in the
graphene sheets; b) The map of the electron charge distribution for density 900
el/nm®. This configuration shows three valence state of Ga.
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Results of simulation and calculations have shown that the stability of Ga-
graphene composition is much higher when the Ga atom is linked with a structural
defect. It should be noted, that maps of the electron charge distribution (figures 15-
17) show, that the electron transfer between Ga and C, in general, is in a good
agreement with well-known electronegativity data for carbon and gallium (by Pauling
Scale).

In this way, computer simulations and DFT calculations of structural and
energetic characteristics of some possible stable configurations of Ga-graphene
nanostructures were performed. Similar atomic structures in graphene and few-layer
graphene can be experimentally produced by low-energy irradiation with Ga” ions in
the SEM devices. Results of the work can be useful for production close to 2D-Ga-
graphene nanostructures, for applications in nanoelectronic devices as well as for
storing Ga in graphene nanostructures in atomic form.

In addition, one of the most important processes of FFLGN study is the
functionalization of graphene with strong acids, as a result of which graphene
becomes functionalized with hydroxyl and epoxy groups on their main plane and at
the edges of the carbonyl and carboxyl groups [199-202], which was discussed in the
section 1.4, and the FFLGN computer simulation and quantum-mechanical
calculations will be presented in detail in the next section 3.1.2.

3.1.2 Computer Simulation of FSLGN

In this section, we have created a computer simulation of FSLGN using the
molecular dynamics method by the Chem Office Materials Studio software tools.
FSLGN has significant relevance in various areas because of its unique structural and
dynamic properties, which can be used to investigate unforeseen physical or chemical
properties of atoms and molecules (GO molecules have many crystalline properties,
for example, swelling (edema) due to strong oxidation) in periodic boundary
conditions. In the process of performing computer simulation of complex polyatomic
systems, calculations were performed using the density functional theory and
molecular dynamics methods, as well as energy optimization procedures were used to
obtain the most correct complete nanostructures. Many calculations on the
characteristics of nanostructures were performed using one of the reliable functionals
in the DMol3 computational environment. During the calculation, the accuracy of the
energy characteristics of nanostructures was up to 0.02 eV [129-134, 198].

Fragments of the computer model are shown in Fig. 18, which demonstrate
FSLGN configurations with different atomic positions created by using density
functional theory (DFT). According to the image, after oxidation reactions, one can
see single and double configurations on the surface and edge configuration (Figure
18, a).
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a) side view after oxidation reactions; b) graphene + O-H groups after the
combined action of oxidation

Figure 18— Fragments of computer models of FSLGN

Figure 18 (b) shows the behavior of the FSLGN system after additional
exposure to hydrogen, which reflects possible stable configurations of graphene
compositions with hydrogen and oxygen. According to the figure, it can be observed
that the vacancy serves as a higher concentration of hydrogen atoms, as a result of
which configurations of the O-H radical type appear, and these radicals can be
desorbed from the surface of functionalized graphene.

To calculate the change in electronic properties under conditions of an increase
in the level of oxidation, we created computer models of functionalized graphene,
which are shown in Figure 19 (a, b, c).
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a) H-L=0.2
graphene -O bond length=1.2 A
Possible configurations with O

c) H-L =0.6 eV

Figure 19 — FSLGN computer model for calculating the change in electronic
properties under conditions of increasing HOMO - LUMO oxidation level
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Figure 20 shows possible computer models of FSLGN. According to Figure 25,
one can see configurations of the OH-H radical type, which cover the ends, as well as
possible configurations of 2-sided oxygen H - L = 0.8 eV

Figure 20 — 2-sided oxygen H-L = 0.8 eV, the ends are covered with O-H
radicals

Figure 21 (a, b) shows computer models of possible stable configurations of the
bond atom C — atom O, O-H radicals. According to Figure 21 (a), one can see the
created computer models of possible stable configurations of the C atom, an O atom,
which can form on the surface and on the edges, as well as configurations of the OH
radical type. The length of the bonds of the configuration atom C — the atom O of the
surface is 1.45 A, the edge 1.2 A, and the O—H radicals are 1.0 A.

b) Binding energy of O: edges 0.5 eV, surface: 4 eV, bond surface: O —H: 2.1
eV, H-0.9 eV (from O — H)

Figure 21 — Computer models of possible stable configurations of the bond atom
C —atom O, O-H radicals
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Based on calculations of DFT, the binding energy of the C atom and the O atom
configurations at the edges equal to 0.5 eV, 4 eV on the surface, and the OH bond
radical energy on the surface is 2.1 eV, and the H of OH radicals is 0.9 eV, which are
in Figure 21 (b). The carbon atoms associated with OH radicals rise from the sheet by
about 0.3 A.

Figure 22 (a, b, c) presents computer models of functionalized graphene and
their typical configurations of graphene -O and O-H radicals. According to Figure 22
(@), C — 0O = 1.3 (surface), C-O 1.2 (edges), also the bond length of C-O of the O-H
configurations radicals is 1.4 A, and the binding energy Eb (O-H)-graphene = 1.4
eV; Eb (H) =3 eV, H-L =0.03 (Figure 22 (b, ¢)), and the distance C-sheet = 0.2 A.

Figure 22 — FSLGN computer configuration models:
a) configuration of C — O atoms;
b, ¢) configurations of OH radicals

The pure structure of functionalized graphene is shown in Figure 23 (a), and also
in Figure 23 (b) a computer model is presented after optimization, as a result of
which defects are formed in the structure of graphene. According to Figure 27 (b), the

52



configuration of graphene — the oxygen structure is changed, and also based on DFT
calculations, the length of bond energy in the structure is C-C (O) = 1.6 A, graphene -
O = 1.38 A, and near defects it is 1.7 A. In addition, binding energies were
calculated, which represent the following data: a single bond in the O = 7 eV
position, a double position E = 2.5 eV. C atoms bonded with O are shifted from the
graphene sheet about 0.3 A.

b) configuration after optimization
Figure 23 — FSLGN computer configuration models
A possible configuration of the types of bonds of oxygen with graphene was

modeled, which in turn are divided into single edge E = 7 eV, single plane 2.7 eV,
double plane E = 3.1 eV (Figure 24).

Figure 24 — Computer simulation of the types of bonds of oxygen with graphene
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Figure 25 (a, b, ¢) shows the computer models of the FSLGN after optimization,
which resulted in the formation of structural defects, hole defects are especially
obvious, and the oxide is bonded on both sides according to the image.

Figure 25 — Computer simulation of two-sided bonds of oxide with graphene: a)
view from the surface, b) from the side, c) hole defects
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The charge map shows the covalent bond of oxygen with graphene, in addition,
the electron charge density was calculated, which is = 0.02 e/A® (Figure 26).

Figure 26 — Electron charge density

Figure 27 — Shows a model of a possible FSLGN reduce process with various
connections: functionalizing graphene -O and graphene -O-H groups

Figure 27 — Computer model of the FSLGN reducing process

Thus, the application of the density functional theory (DFT) using the molecular
dynamics method with Chem Office Materials Studio software tools allows exploring
unforeseen physical or chemical properties of atoms and molecules. In this section,
computer models of typical configurations of FSLGN were presented, also the length
and binding energies of C-O, and O-H radicals were calculated. In addition,
computer models of various atomic arrangements, types of oxygen bonds with
graphene, a model of the possible reduce process of FSLGN were created, and the
binding energies of the graphene -O and graphene -O-H functionalizing groups were
calculated.
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3.2 SYNTHESIS AND RESEARCH OF FFLGN PROPERTIES

3.2.1 Synthesis of FFLGN

For several years, various methods of graphene synthesis have been performed
in order to find the optimal, effective, safe method, and also ensure high performance.
One of the main widespread methods of forming bulk graphene is the Hummers
Method, in connection with, today this approach has attracted much interest due its
high efficiency and safety during the performing reaction, also scalability. In this
regard, in our work, we use the Hummers method to obtain FFLGN and investigate
its properties.

FFLGN was obtained by modified Hammers method using pure natural graphite
(Figure 28). The process of synthesizing FFLGN is a specific sequence, presented
below. 138 ml of concentrated sulfuric acid was added to a 1500 ml flask with ice
capacity at 0 °C, which was filled with graphite weighing 6 g, after which 3 g sodium
nitrate was added. Then, while stirring the mixture with a magnetic stirrer, 18 g of
solid potassium permanganate was gradually added, maintaining the temperature
below 20 ° C for 2 hours. After raising the temperature of the mixture to 35 °C, it was
maintained for 30 minutes at this temperature, then after adding deionized water, the
temperature rose to 90 °C and stirred for 30 minutes. At the end, 30 % hydrogen
peroxide was added until the color of the mixture changed to bright yellow and until
gas emission ceased. Then the product was filtered and washed several times in 5%
hydrochloric acid solution to remove metal ions, then washed with deionized water to
remove acids.

=

Adding6g
graphite

0 °C (ice bath)
1500 mL flask

FFLGN
aqueous
dispersion

filterédand washed with
5% HCl solution

stirring

deionized water

Figure 28 — Synthesis of FFLGN
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It can be seen from image 29 (a, b) that the FFLGN flakes are in solution and in
dry form (Figure 29 (b)), where the FFLGN sheets are placed on the surface of the
substrate.

| 10 pm |

a) liquid solution FFLGN with  b) optical image of FFLGN on Si/SiO, substrate
concentration of 0.1 mg/mi

Figure 29 — FFLGN in different forms

According to Figure 29 (a), FFLGN exfoliated into single-layer sheets of a 2D
form, which is surrounded by water and alcohol molecule, also which negatively
charged sheets of FFLGN promote the formation of a double layer FFLGN/water
interface. In Figure 29 (b), FFLGN sheets placed on the substrate are one side in
contact with the substrate, and the other side, that is, the surface with the atmosphere
of air, but in any case water molecules are strongly physical sorbed on both sides of
the FFLGN sheets even if they are on the surface substrates [199-202].

The EDX analysis in Figure 30 (a) shows that FFLGN contains about 67.60 at.%
C, 32.40 at.% O. Figure 30 (b) shows the spectrum of FFLGN (impure), where the
spectrum shows that it contains impurities such as sulfur and chlorine (69.02 at.% C,
30.04 at.% O, 0.46 at.% S, 0.49 at.% CI)
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Figure 30 — EDX analysis

Thus, the synthesis of FFLGN using the modified Hammers method is the most
appropriate method for producing graphene, graphene-like materials in large
quantities for further practical application in science and technology. Besides the
synthesis of FFLGN in a large quantities, one of the most pressing problems is the
study of the properties of FFLGN films after thermal annealing, the optical and
electrical characteristics change, and the results of which are presented in the next
subsection.

3.2.2 Optical, AFM, electrical characteristics of FFLGN films

Currently, the study of the properties of FFLGN films after thermal reduction is
relevant, due to changes in their physicochemical properties. In this regard, in this
work, we investigated the optical and electrical properties of FFLGN after thermal
reduction in air, as a result of which reduced FFLGN thin films can potentially be
used in optoelectronics, electronics, nanoelectronics, etc.

In this section, we investigated the optical, electrical properties of FFLGN after
thermal reduction at temperatures of 80 °C, 120 °C, 160 °C, 200 °C, 240 °C, and 280
°C in air, where they were reduced for 20 minutes in a muffle furnace.

To obtain dry FFLGN films we used FFLGN liquid solution with a
concentration of 0.1 mg/ml (Figure 29 (a)). This concentration of a solution with a
mass of about 270 mg was applied to the substrate (dimensions: 15*25 mm), after
application it was left overnight for drying. The mass of the applied FFLGN solution
was controlled by using a Sartorius precision balance.

Figure 31 shows the initial and reduced FFLGN samples at temperatures of 80
°C, 120 °C, 160 °C, 200 °C, 240 °C, 280 °C. From the image we can see that
depending on the effect of thermal reduction the color of the applied FFLGN varies
from gray to dark cinnamon.
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80°C 120° C 160° C

200° C 240°C 280°C

Figure 31 — Initial and reduced samples of FFLGN

After the thermal reduction of the samples, optical properties were investigated.
To study the optical characteristics of FFLGN, we used ultraviolet and visible (UV-
Vis) absorption spectroscopy, which measures the weakening of the light beam after
it passes through the sample or after reflection from the sample surface. Using this
technique, we measured the transmittance of visible light before and after the
reduction of FFLGN at various temperatures in air. Optical characteristics of
thermally reduced FFLGN samples investigated on UV-Vis spectroscopy are shown
in Figure 32.
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Figure 32 — Transmittance spectrum of FFLGN samples at temperatures of RT,
80 °C, 120 °C, 160 °C, 200 °C, 240 °C, 280 °C

According to figure 32, there are significant differences in spectra of FFLGN
samples reduced at different temperatures. A significant change can be seen for
temperatures of 160 °C and 200 °C, where the UV-Vis spectroscopy percentage
decreases from 86 % to 58 % and a decrease a transmission percentage on 5 % is
observed between samples corresponding to 200 °C and 280 °C, the same percentage
change can be detected between the initial sample and a sample reduced at 160 °C.
Thus, a significant changes in transmission of visible light through FFLGN samples
before and after thermal reduction are observed between at temperatures of RT, 160
°C, 200 °C, 280 °C, which is associated with the decomposition of unstable and
stable oxygen-containing groups and partial combustion of the carbon skeleton [199-
202], as a result of which the percentage of visible light transmission decreases as the
reduction temperature increases, therefore the samples become more absorbent.

Optical images of the initial and reduced FFLGN samples decreased in the air at
temperatures of RT, 80 °C, 120 °C, 160 °C, 200 °C, 240 °C, 280 °C were
investigated. At these temperatures, reduced FFLGN samples were almost identical
to each other, also the initial FFLGN sample weren’t observed no particular
distinctive average sizes of the surface of flakes. Figure 33 shows typical images of
the initial and reduced (280 °C) FFLGN samples.
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Figure 33 — Optical images of FFLGN films

The surface and thickness of the initial and thermally reduced FFLGN films
were studied on AFM. Analyzing the AFM map, it was found that the most obvious
changes in thickness from the initial sample were observed at 280 °C, where the
average thickness of the reduced FFLGN decreased by 50 nm (Figure 34). According
to the already known literature data, it can be assumed that the samples obtained by
us with increasing reduction temperature decrease the thickness of FFLGN as a result
of the removal of oxygen-containing functional groups.
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Figure 34 — AFM of FFLGN, page 1
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One of the most important properties is the electrical resistance of FFLGN,
which was studied after thermal reduction in air, where they were reduced within 20
minutes in a muffle furnace. After thermal reduction at the following temperatures of
25 °C, 80 °C, 120 °C, 160 °C, 200 °C, 240 °C, 280 °C, a conductive silver varnish
was applied to the samples to ensure good electrical contact and left to dry overnight.

Then, using Keithley 6517A meter, the sheet resistance of samples without
chlorine and sulfur was checked, which varied from 5-2.5 MQ/square at temperatures
of 200 °C and 280 °C, that is, the sample at 200 °C had 5 MQ/square, 240 °C
showed 4.2 MQ/square and 280 °C was equal to 2.5 MQ/square.

If compare the sheet resistance of pure FFLGN with the sheet resistance of
impure graphene oxide purchased from Goographene with the presence of sulfur and
chlorine, the sheet resistance of the pure FFLGN at 280 °C is more than 5 times lower
than the sheet resistance of the impure FFLGN and is equal to 13 MQ/square.

The reason for this changing can be the different distribution of flakes on the
surface for pure and impure FFLGN, which in turn can affect to the contact between
the FFLGN flakes.

Based on the obtained results, decreasing in electrical resistance with increasing
temperature of thermal reduction of FFLGN samples is observed and this decrease in
electrical resistance is detected at temperatures of 200 °C, 240 °C, 280 °C. According
to well-known literature data, this phenomenon is associated with the process of
chemical and thermal reduction, resulting in the removal of oxygen-containing
functional groups, such as epoxy, hydroxyl, carbonyl, and carboxyl, resulting in
decreased electrical resistance [199-202].

Thus, the influence of thermal reduction on FFLGN samples contributed to the
change in optical and electrical characteristics. The results of the transmission
spectrum of visible light of the reduced samples of FFLGN show significant changes
between temperatures RT and 160 °C, as well as 200 °C and 280 °C, where the
percentage of transmission decreases approximately from 20-30%, that is, according
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to the data when the reduction temperature increases the percentage of transmission
decreases. By analyzing the Raman AFM map, it was found that the most obvious
changes in thickness from the initial sample were observed at 280 °C, where the
average thickness of the reduced FFLGN decreased by 50 %. Also, the most
significant changes were shown by data on electrical characteristics, in which, with
an increase in the temperature of thermal reduction, the values of electrical sheet
resistance decreased from 5-2.5 MQ/square at temperatures of 200 °C and 280 °C.
According to well-known literature, a decrease or increase in the values of optical,
electrical and AFM characteristics are associated with the removal of unstable and
stable oxygen-containing groups of FFLGN, depending on the temperature of thermal
reduction, and are presumably associated with the binding energies of the groups.
Also, the most important process in studying the properties of FFLGN is the
synthesis of separately standing membranes of FFLGN and the study of its
characteristics, which are presented in the following subsections, and its practical
application for the humidity sensor and the study of electrophysical characteristics are
discussed in Section 3.2.8.

3.2.3 Preparation and investigation of the FFLGN membrane and its
characteristics after thermal reduction

We specified in sections 1.4, 1.5 that the most important in the study of FFLGN
is the preparation and investigation of reduced FFLGN, therefore, in this section,
FFLGN membrane was obtained and reduced at different temperatures in the flow
tube in a hydrogen atmosphere.

During preparation process of the FFLGN membrane we used 40 ml of FFLGN
solution with a concentration of 1.5 mg/ml. The FFLGN membrane was left to dry
overnight at room temperature and then separated from the filter. Figure 35 shows the
FFLGN membrane obtained using the vacuum filtration method, in which the
FFLGN dispersion was carried out using a porous alumina membrane filter with a
pore size of 800 nm and a diameter of 40 mm. The main methods and steps for the
preparation of the FFLGN membrane are presented in section 1.4.

Funnel —>

Alumnia S
- membrane @ - ‘
filter
Va
Filtration S
flask
Step 1. The choice of
the appropriate ‘ > .
concentration of the Step 2. Vacuum Step 3. Drying and
filtration with finished FFLGN

aqueous dispersion 4
FFLGN alumina membrane membrane

Figure 35 — Membrane FFLGN
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SEM images of the surface and cross-section of the resulting FFLGN membrane
are shown in section 3.2.4, which confirms that the resulting membrane has a two-
dimensional highly ordered sheet-like layered structure, and the film thickness is
about 20 pum (section 3.2.4, figure 37).

FFLGN cannot be used as a conductive nanomaterial without further processing
when it is thermally unstable and electrically isolated. It has been demonstrated that
the reduction of FFLGN can significantly improve its thermal stability and electrical
conductivity, close to the level of graphite. In this work, in order to obtain a few-layer
graphene list, FFLGN was reduced by heat treatment [199-202].

This section presents the results of the reduction of FFLGN. The effect of
temperature was studied at: 150 °C, 300 °C, 500 °C, 900 °C in a hydrogen
atmosphere on the structure and composition of FFLGN.

Using TGA we determined the change in mass under the influence of
temperature. Thermogravimetry or TGA is a method of thermal analysis that records
the change in the mass of a sample, measures changes in the physical and chemical
properties of materials depending on temperature [199-201].

TGA of reduced FFLGN was performed in a flow tube in a stream of hydrogen
at temperatures: 150 °C; 300 °C; 500 °C; 900 °C and their masses were recorded
using a Sartorius instrument. The masses of these samples were measured before and
after annealing, then the masses of the removed chemical functional groups of the
reduced FFLGN were calculated.

Figure 36 shows a TGA of reduced FFLGN in a hydrogen atmosphere at various
temperatures. This graph shows the weight loss and removal of certain functional
groups of FFLGN with increasing temperature.
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Figure 36 — TGA of reduced FFLGN
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In this graphic (Figure 40) we can observe the process of thermal reduction,
which includes four important temperature zones, at which chemical functional
groups are removed from the reduced FFLGN. At temperatures of 140-180°C water
iIs removed; at 180-600 °C removes the main carboxyl groups, at 600—-800 °C
removes residues of carboxyl and partially hydroxyl groups, at 800—1000 °C removes
residues of hydroxyl and partially epoxy groups [199, 201].

Figure 37 (a, b, ¢, d, e) shows the elemental analysis of FFLGN and
temperature-reduced FFLGN in a hydrogen atmosphere at various temperatures.

We performed an elemental analysis of 4 samples reduced FFLGN in a
hydrogen atmosphere at temperatures of 150 °C, 300 °C, 500 °C, 900 °C. According
to this graph, it is observed that with increasing temperature the atomic fraction of
oxygen decreases. Figure 37 (a) shows the spectrum of reduced FFLGN 150 °C,
where the sample contains impurities such as sulfur and chlorine (C — 74.24 at.%, O —
23.60 at.%, S — 1.39 at.%, Cl — 0.77 at.%); b) reduced FFLGN 300 °C contains (C —
85,86 at.%, O — 14.14 at.%); c) reduced FFLGN 500 °C contains (C — 91,49 at.%, O
— 8.51 at.%); d) reduced FFLGN 900 °C contains (C — 97,13 at.%, O — 2.87 at.%).

Elemental analysis of each sample shows the changing of the C/O ratio, that is
4.18 at a temperature of 150 °C; 8.09 at 300 °C; 14.31 at 500 °C; 45.08 at 900 °C
(Figure 36 (e)).
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Figure 37 — Elemental analysis of the reduced FFLGN, page 1
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The results of the thermogravimetric and elemental analysis on the isolation of
functional groups and the decrease of oxygen depending on temperature according to
well-known studies [199-201] depend on the strong or weak binding energy between
carboxyl, hydroxyl, epoxy groups, and reduced FFLGN.

Thus, the synthesis of free-standing FFLGN membranes using the vacuum
filtration method (vacuum-assisted filtration) due to characteristics such as a layered
structure and specific surface area are promising for absorption materials, due to
these properties it can be widely used in various gas sensors, particular as a sensitive
humidity sensor, and the experimental data of which are discussed in detail in section
3.2.8.

The results of reduced FFLGN membranes in a flow tube in a hydrogen
atmosphere at a temperatures of 150 °C, 300 °C, 500 °C, 900 °C [199-201] show that
with increasing annealing temperature occurs a loss of mass and the removal of
chemical functional groups of the FFLGN. The result of the TGA in a hydrogen
atmosphere demonstrated that at a temperature of 150 °C most of the mass leaves
from 300-900 °C, the allotment of functional groups is much weaker. In addition, the
elemental analysis performed by the EDS method demonstrates a decrease in the
level of oxygen; also temperature changes in the rates of allotment of functional
groups and oxygen coincide with known results and are presumably associated with
the binding energies of the groups. The characteristics of FFLGN and thermally
reduced FFLGN samples using Raman spectroscopy, SEM, EDS, TGA, and XRD
studies are discussed in the following sections.

3.2.4 SEM of FFLGN and reduced FFLGN membranes

To determine the elemental composition of the reduced FFLGN, Quanta 3D
200i EDS equipment was used. The method of EDS is an analytical technique for the
elemental analysis of a solid material based on the analysis of the emission energy of
its X-ray spectrum is described in detail in Section 2.1.

The SEM images of FFLGN in Figure 38 (a — is the surface, b — is the cross
section) clearly show that FFLGN has a two-dimensional sheet-like structure. From
the images (Figure 38 (a, b)) of SEM, it can be seen that the films are stacked one
above the other, and there are wrinkled areas on the FFLGN membrane surface.
According to Figure 38 (b), the SEM image of the cross-section clearly shows that
the FFLGN membrane obtained by us is layered and has a highly ordered lamellar
structure, and the film thickness 1s about 20 pm.

Based on the above literature data for the production of the FFLGN membrane
in section 1.4, our membrane has a relatively flat surface, a large area, and is also
flexible and mechanically strong enough when processing by tweezers (Table 3) [205,
206].
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a) surface b) cross-section
Figure 38 — SEM images of initial FFLGN

In figure 39 (a, b, c, d, e, f, g, k) are shown images of FFLGN samples reduced
at temperatures of 150 °C, 300 °C, 500 °C, 900 °C. These images were investigated
on an SEM. The surfaces of reduced FFLGN membranes at different temperatures do
not differ much between themselves; their thickness decreases by ~37 % (from 22 to
14 um), with an increase in the temperature of reduction, which is explained by
removal of oxygen-containing functional groups. As the temperature increases and as
the release of water and functional groups, the specific surface of the reduced FFLGN
increases.

om | 9 9.7 pm KazNU

a) surface b) cross-section

reduced FFLGN 150 °C
Figure 39 — Images of temperature-reduced FFLGN, page 1
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c) surface

f) cross-section
reduced FFLGN 500 °C

g) surface K) cross-section
reduced FFLGN 900 °C

Figure 39, page 2
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Thus, based on the obtained images, it can be concluded that reduced FFLGN
have a developed layered structure, in turn, can be considered as promising materials
in the manufacture of electronic devices, electrical sources, in particular, lithium-ion
batteries, and can also be used in gas sensors, biosensors. One of the most important
research methods for characterizing the structures of the FFLGN and reduced FFLGN
samples is Raman spectroscopy, which in turn will show significant changes when
exposed to temperature annealing in the next subsection.

3.2.5 Raman spectroscopy of FFLGN and reduced FFLGN membranes

The FFLGN obtained by us was studied using well-known Raman spectroscopy
equipment, which is intended to study the characteristics of carbon nanostructures, as
well as to describe the quality of graphene in industrial processes and studies, insofar
as Raman spectroscopy is not destructive, discussed in detail in sections 1.6, 2.2.

In section 1.6 is reviewed, that the ratio D/G indicates a large number of defects
in the crystal lattice, and this ratio also increases during chemical reduction. Figure
40 (a, b, ¢) shows the Raman spectra of FFLGN and reduced FFLGN. According to
Figure 40 (a), the D band is located in the region of 1350 cm™, the G-band is in the
region of 1587 cm™, and the ratio of these bands corresponds to 0.85, which is
consistent according to the literature data in section 1.6.

101 p 338 FFLGN 300 °C
G (1584)

D (1350) G (1587)

0,6 0,61

0,44 0,44

Intensity (a.u.)
Intensity (a.u.)

0,24 0,24

0,04,

0,04

500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
. -1 . -1
Raman shift (cm ) Raman shift (cm ')
a) b)
1,01 FFLGN 900 °C
D (1336)
G (1576)

0,8

0,64

0,4-

Intensity (a.u.)

0,2 -

0,0

T T —T T 1
500 1000 1500 2000 2500 3000 3500

Raman shift (cm™)

c)
Figure 40 — TGA of FFLGN and reduced FFLGN samples
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Beside of the initial FFLGN, we studied reduced FFLGN samples, which were
exposed to reduction at different temperatures in a hydrogen atmosphere. The
reduction of FFLGN was carried out at temperatures of 150 °C, 300 °C, 500 °C and
900 °C. Samples after reduction were investigated by using Raman spectroscopy,
which is shown in Figure 40 (a, b, c). According to the table, when the annealing
temperature changes the intensity and the ratio of the G and D bands change, as
shown in the table, the intensity of the G band decreases from 1587 to 1576 with an
increase in the reduction temperature from initial FFLGN to 900 °C, and this changes
are observed at the intensity of the D band, which in turn also decreases.

Table 4 shows the values of the bands G and D. These changes in band
intensities and changes in the ratio of bands mean that the removal of oxygen-
containing functional groups with the thermal treatment of FFLGN [199, 201].

Table 4 — Intensity G and D bands of the FFLGN and reduced FFLGN samples at
temperatures: initial, 300 °C, 900 °C.

Samples, °C G - band D — band
(cm™) (cm™)
FFLGN 1587 1350
Reduced FFLGN 300°C 1584 1338
Reduced FFLGN 900°C 1576 1336

Thus, Raman spectroscopy of FFLGN and reduced FFLGN can provide
important information about the state of the grating disorder, the size of the sp?
carbon regions and electronic doping from chemical additives during the oxidation,
reduction or functionalization process. According to the obtained results, it was
revealed that the thermal treatment of the FFLGN membrane at different
temperatures affects the intensity change and the ratio of the bands of the Raman
spectroscopy, which is explained by removal of oxygen-containing functional groups.

3.2.6 XRD of the FFLGN and reduced FFLGN membranes

In this section, we used XRD, which is a non-destructive method for the
characterization of crystalline materials, to study the characteristics of FFLGN. This
instrument allows us to provide information about the structure, phase, preferred
crystal orientation (texture), average grain size, crystallinity, deformation and crystal
defects, as well as the atomic interval.

Via XRD we investigated FFLGN and reduced FFLGN samples at next
reduction temperatures (150 °C, 300 °C, 500 °C, 900 °C) which were reduced in a
hydrogen atmosphere. To compare the interplanar spacing before and after thermal
reduction, an XRD analysis of initialFFLGN XRD and HOPG was performed, which
were studied on a DRON-7 instrument [199-206]. Figure 41 shows the spectra of the
initial FFLGN and HOPG.
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Figure 41 — XRD of graphite and FFLGN

Interpretation of the diffractogram allows to determine the interplanar distance
in the initial FFLGN (d = 0.79 nm) and in graphite (d = 0.35 nm). The results
obtained are closely correspond with the literature data [199-201, 203-206].

According to Figure 41, compared with HOPG, the initial FFLGN has a more
interlayer distance (dgo) due to its intercalated H,O molecules and various oxide
groups.

The temperature dependence of the XRD of the FFLGN and reduced FFLGN
samples were measured after reduction at various temperatures of 150 °C, 300 °C,
500 °C, 900 °C has shown in figure 42 (a, b, c, d, e).
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Figure 42 — XRD spectra of the FFLGN and reduced FFLGN, page 1
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Figure 42, page 2

According to Figure 42, we can observe that with increasing reduction
temperature of the sample the interplanar distance FFLGN decreases. This means that
as the temperature increases water molecules first evaporate, then the process of
decomposition of labile (unstable) oxygen-containing functional groups such as
carboxyl, aldehyde, hydroxyl, carbonyl occurs, then stable oxygen-containing groups
(mainly epoxides) are removed, which changes the interplanar distance.

Table 5 shows the interplanar distances of the FFLGN samples at thermal
reduction temperatures of 150 °C, 300 °C, 500 °C, 900 °C.
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Table 5 XRD of FFLGN and reduced FFLGN samples at 150 °C, 300 °C, 500 °C,
900 °C.

d
Ne | Sample Name 20 interplanar distance
(nm)
1 FFLGN 8,3 1,07
2 reduced FFLGN 150 °C 8,7 1,02
3 reduced FFLGN 300 °C 17,6 0,50
4 reduced FFLGN 500 °C 22,0 0,40
5 reduced FFLGN 900 °C 23,8 0,37

According to table 5 we can see an increasing in 26=8.3-23.8" and a decreasing
in the interplanar distance d=1.1-0.3 nm. The highest peaks of 20 are detected at 22.0
and 23.8° at reduction temperatures of 500 °C, 900 °C, and the smallest interplanar
spacing 0.4 and 0.3 nm in these samples is observed.

In the initial FFLGN, the interplanar distance was d=1.1 nm, and 26=8.3", after
the reduction of this sample at 150 °C d is 1.0 nm, and 20 = 8.7, according to these
values, a slight change is observed. This change is explained by the fact that when
FFLGN 150 °C is reduced, water molecules evaporate, therefore, the interplanar
distance decreases. A significant change can be seen in the reduced sample FFLGN
300 °C. Compared with the reduced FFLGN sample of 150 °C on the reduced
FFLGN sample of 300 °C, the interplanar spacing is d = 0.5 nm, two times smaller
than the reduced FFLGN 150 °C, and 28 doubled, which equals 17.6.

This is due to the decomposition of labile (unstable) oxygen-containing
functional groups, such as carboxyl, aldehyde, hydroxyl, carbonyl. Due to the
removal of unstable and stable oxygen-containing groups, a significant change is
observed on the reduced FFLGN 500°C sample. Compared with sample reduced
FFLGN of 300 °C,during the thermal treatment of the reduced FFLGN 500°C,
hydroxyl and carboxyl groups are removed between 500 and 600°C, therefore, the
interplanar distance is d = 0.4 and 26 = 22.0.

Between the temperatures of 600 and 1000 °C the remaining hydroxyl and
epoxy groups belonging to the stable oxygen-containing groups are gradually
removed, as a result of which there is a slight change is observed on the sample of the
reduced FFLGN 900 °C in comparison with reduced FFLGN 500 °C. The interplanar
spacing of the reduced FFLGN 900 °C is d = 0.4, and 260 = 23.8. Based on the XRD
spectra discussed above we can observe a significant shift on the reduced FFLGN
sample at 300 °C compared to the reduced FFLGN at 150 °C, and at further sample
reduction temperatures slight changes are observed.

Thus, according to the results obtained, the thermal treatment of FFLGN
samples affects decreasing the interplanar spacing d from 1.1 to 0.3 nm, which is
explained by the removal of oxygen-containing functional groups. In addition, the
most important process of thermal reduction of FFLGN at different temperatures
contributes to the large-scale production of few-layer graphene nanostructures. Also,
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the most important is the creation of a humidity sensor based on the FFLGN
membrane and the study of its electrophysical characteristics, which are presented in
the next chapter.

3.2.7 TGA of the FFLGN and reduced FFLGN membranes

To characterize the FFLGN membrane after reduction at different temperatures
in a hydrogen atmosphere, we determined chemical functionalization using TGA,
which is the appropriate equipment for this analysis. TGA of FFLGN samples was
investigated by using TGA Q50 equipment.

The experiment was performed under the following conditions: balanced
nitrogen gas, flow rate 40 ml/min; the flow rate of gas on the sample 60 ml/min;
heating rate 20 °C/min; final temperature 900 °C. FFLGN TGA consists mainly of
three stages in weight loss. At the first stage, approximately 10 % of the mass is lost
at a temperature of 100 °C, in which the H,O molecules are removed in the FFLGN
layers. At the second stage, at a temperature of 225 °C about 30% of the mass
accompanying the thermal decomposition of unstable and stable oxygen-containing
functional groups are lost. In the last stage, 45% of the mass is lost at a temperature
about 620 °C, mainly due to the burning of the carbon skeleton.

We investigated the TGA of FFLGN and reduced FFLGN at the temperatures of
150 °C, 300 °C, 500 °C, 900 °C. Using this method, thermal stability and chemical
functionalization were determined, that is a quantitative assessment of the surface
functional groups FFLGN and reduced FFLGN, the results of which are shown in
Figure 43 (a, b, c, d, e).
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Figure 43 — TGA of FFLGN and reduced FFLGN samples, page 1
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Figure 43 (a) shows the analysis of the TGA conducted to verify the stability of
the initial FFLGN. The first stage can be seen up to 100°C, which corresponds to the
evaporation of the H,O molecule. The second peak is reflected in the region of 250
°C, in connection with the pyrolysis of labile oxygen-containing groups, which
corresponds to the evolution of CO and CO, from FFLGN. The third exothermic
peak is observed at 700 °C due to the burning of the carbon skeleton of FFLGN.
According to TGA, the mass loss of FFLGN occurred in three stages. At the first
stage, at temperatures from 25 °C to 100 °C, about 10% of the sample mass is lost
due to evaporation of adsorbed H,O molecules in FFLGN [199, 200]. In the second
stage, between 100 °C and 250 °C, there is a mass loss of about 30% due to the
decomposition of labile (unstable) oxygen-containing functional groups such as
carboxyl, aldehyde, hydroxyl, carbonyl and carboxylic acid with the formation of
CO, CO, and H,0 [199-201]. Also, it is stated that at a temperature of ~ 200 °C,
FFLGN will be effectively reduced to a highly conducting reduced FFLGN. In the
third stage, between 250-650 °C, about 50 % of the sample mass is lost and mass loss
IS observed more slowly due to the decomposition of stable oxygen-containing
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groups (mainly epoxides), and this is also due to the burning of the FFLGN skeleton
[199-201]. At the end, at temperatures of 650-750°C, the carbon skeleton is
completely burned. According to Figure 43 (b), the main mass loss of reduced
FFLGN 150°C occurs in the following three main stages: about 100 °C; 250 °C; 650
°C. At a temperature of about 100 °C, about 10 % of the mass is lost; at 250 °C, about
32% is lost; at a temperature of 650 °C, about 50 % mass loss occurs. The results of
the sample reduced FFLGN 150 °C show that the adsorbed water molecules first
evaporate, then unstable oxygen-containing functional groups are removed, such as
carboxyl, aldehyde, hydroxyl, carbonyl, and eventually the carbon skeleton burns
(figure 43 (b)). According to the spectrum of TGA in figure 43 (c) compared with
reduced FFLGN 150 °C, mass loss of reduced FFLGN 300 °C occurs at temperatures
from 250-650 °C about 40% of mass is lost, which is accompanied by the removal of
stable oxygen-containing groups, then from 650 °C begins the combustion of carbon.

The TGA reduced FFLGN 500°C, which is introduced in Fig. 43 (g), the main
mass loss, occurs at 650 °C and, compared with the previous samples, the removal of
unstable groups is not observed and the remaining stable oxygen-containing
functional groups are gradually removed. Basically, unstable functional groups and
part of the stable oxygen-containing functional groups were removed during the
thermal reduction of FFLGN 500°C. According to figure 43 (e) reduced FFLGN 900
°C, the mass loss is observed in the region from 650-780 °C, in which the carbon
skeleton is burned. Also, the results of this sample of FFLGN 900 °C are similar to
the reduced FFLGN at 500 °C, which does not remove oxygen-containing functional
groups, since they were removed during thermal reduction to 500 °C.

Thus, TGA is the appropriate equipment for determining thermal stability and
chemical functionalization, that is, quantifying the surface functional groups FFLGN
and reduced FFLGN.

This analysis method allows obtaining information at what temperatures of
thermal reduction, unstable and stable functional oxygen-containing groups are
removed, which is carried out according to comparison with known literature data on
three stages of mass loss, as well as on four important temperature zones [199-201].
According to the obtained results of TGA it is shown that at temperatures from 150-
300 °C, the main mass leaves, from 300-900 °C, the release of functional oxygen-
containing groups is much weaker, which agrees well with experimental data in
section 3.2.3.

3.2.8 Creation a humidity sensor based on an FFLGN membrane and studying
its electrophysical characteristics

In this section, we present the results of the humidity sensor research on the
stability of the capacitance reading and electrical resistance under different levels of
constant humidity as a function of time, also, the dependence of capacitance and the
dependence of the electrical resistance on humidity. The FFLGN membrane sensor
was tested under fixed humidity conditions in a wide range at room temperature for
10 hours [203-206].
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The most important process in the creation of a sensor is a synthesis of initial
material. In our condition, FFLGN membrane was used as initial material. To obtain
this membrane, FFLGN was originally synthesized using the modified Hummers
method, the synthesis of this material and its characteristics are discussed in Section
3.2.1 in Figure 28. After the synthesis of FFLGN, the FFLGN membrane was
obtained from its liquid solution using vacuum filtration, the details of the preparation
are indicated in section 3.2.3 in Figure 34. The characteristics of the obtained initial
material FFLGN and the membrane FFLGN were investigated using SEM, Raman
spectroscopy, XRD, optical microscopy, TGA results are discussed in subsections
3.2.4-3.2.7 in Figures 37, 38, 40 (a), 41 (a), 42, 43 (a). The obtaining results confirm
with the properties of FFLGN and these results correspond with known literature
data.

The design of the humidity sensor is shown in Figure 44, where the FFLGN
membrane was mounted on a dielectric substrate and connected at opposite ends with
copper wire (0.15 mm in diameter) as electrodes with an FFLGN sample. These
electrodes were covered with conductive silver paint contacts and left to dry
overnight to ensure good electrical contact [205, 206].

Figure 44 — Structure of the humidity sensor.

The substrate of the sensor has following dimensions: 2.5*1.8 cm, the FFLGN
membrane thickness is about 20 um, as shown in Figure 41 (b), the length is 2.5 cm,
and width is 0.5 cm. The surface of the FFLGN membrane is open on both sides,
which allows to react sensitively to the relative humidity of the environment.

As can be seen from the schematic in Figure 44, a humidity sensor based on
FFLGN and an exemplary DHT 22 sensor by the Arduino platform are placed
together in the testing chamber, which was used to control the humidity and DHT 22
sensor has the following technical characteristics: calculated to measure the level of
humidity in the range from 0 to 100 % and the measurement accuracy is in the range
of 2-5 %. Schematic representation of installation for investigating the sensitivity of
the sensor to humidity shows in Figure 45.
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Figure 45 — Schematic view of the installation

The electro-physical parameters were studied as a function of humidity to
determine the operating characteristics of the device. The stability of the electrical
capacitance was monitored using the Keithley 6517A meter attached to the copper
electrodes with alligator clips. The results of testing the sensor for the stability of the
electrical capacitance under various levels of constant humidity, depending on the
time are shown in Fig. 46. It can be seen from the results that the deviation of the
electrical capacitance values of the structure for a long time does not exceed 2 %
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Figure 46 — Testing the humidity sensor for the stability of the capacitance
reading under various levels of constant humidity as a function of time
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The humidity sensor was kept in the sealed chamber with humidity levels
controlled at 5 %, 25 %, 50 %, 75 %, 100 % for 10 hours. The results of testing the
sensor for the stability of the electrical resistance under various levels of constant
humidity, depending on the time are shown in Figure 47. It can be seen from the

results that the deviation of the electrical resistance values of the structure for a long
time does not exceed 2 %.
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Figure 47 — Testing the humidity sensor on the stability of the electrical
resistance readings under different humidity levels

Figure 48 shows the dependence of capacity on humidity. This figure shows that
as the humidity level increases, the capacity of the sensor increases. Significant
changes in capacity are observed at 70%, 80%, 90%, 95% humidity, this is due to the
fact that a large amount of water vapor penetrates into the interplanar distance of

FFLGN membrane and due to the high dielectric permeability (constant) increases
the electrical capacitance.

800 -
= 600 4
=
W
=
s 400 1
'S
<
5 200
o -

0 v T T T v T v L] v v
20 40 60 80 100
Humidity (%)

Figure 48 — Dependence of capacity on humidity
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The electrical resistance versus humidity is presented in Figure 49. This image
shows that the electrical resistance of the sensor decreases from 11,5 to 6,3 Log (R,
Ohm) with increasing humidity at the range of 5-100 %.
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Figure 49 — Dependence of the electrical resistance on humidity.

In the process of raising the humidity in the chamber, a drastic decrease in
electrical resistance is observed, this would indicate a large amount of water vapor
penetrated into the interplanar distance and is also adsorbed on the surface of the
sample altering the resistance.

We also studied the recovery and response of the humidity sensor. The recovery
and response time of the sensor was tested at the range from 5 to 100 % humidity.
Response dynamics and recovery were measured in the same way as we measured the
stability of the electrical resistance.

The dynamics of the response of the humidity sensor as a function of time was
studied using the sealed chamber with handmade humidifier. According to Figure 50,
a decrease in electrical resistance is observed in entire range of relative humidity.
This is because a large number of water molecules are adsorbed on the FFLGN
surface, which significantly increases its conductivity due to proton-electron
exchange between FFLGN and the adsorbed molecules. There is also the similar
mechanism of changes in electrical conductivity, due to the influence of a water
molecule as a result of which proton-electronic changes occur [203-206]. Figure 50
shows the dynamics of the humidity sensor response.
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Figure 50 — Dynamics of the response.
Recovery time of the sensor can be seen in Fig. 51. Increasing electrical

resistance of the structure was recorded as a function of time using the Keithley
6517A source meter
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Figure 52 shows the response and recovery dynamics of the humidity sensor.
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Figure 52 — Dynamics of response and recovery.

The changing in the electrical resistance of the sample mainly depends on the
adsorption of the water molecule on the surface of FFLGN membrane, therefore the
electrical conductivity depends on water molecule on the surface. When the humidity
level decreases from 100 to 5 % (RH), adsorbed water molecules are removed, this
leads to increased resistance. Significantly increases in the electrical resistance of the
sample observed at the humidity level from 100 to 20 % and resistance changes from
6,4 up to 10 Log (R, Ohm).

In section 1.11 (Table 2) we made a comparison of the performance of humidity
sensors based on FFLGN with similar types of humidity sensors according to the
following characteristics: dynamics of response and recovery, humidity detection
range. According to the table 2, in comparison with sensors our device [206] has an
advantage in response and recovery time, which has the same time of 360 s, as well
as a wide range of relative humidity from 5-100%.

Thereby in this thesis we created humidity sensor based on FFLGN membrane,
which FFLGN membrane was obtained from FFLGN aqueous dispersion. The
FFLGN aqueous dispersion was synthesized via a modified Hummers method by
using a pure natural graphite with various acids, then from this FFLGN aqueous via
vacuum filtration, FFLGN membrane was produced. The created humidity sensor
was tested in a wide range of humidity level from 5 to 100 % (RH) for studying
electro-physical characteristics. The humidity sensor was tested for the stability of the
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electrical resistance at next multiple humidity levels: 5 %, 25 %, 50 %, 75 %, 100 %
for 10 hours at room temperature and obtained measurement results show the stability
of the sensor (£2 %) in the entire humidity range. Based on obtained results
significant changes in the values of electrical resistance were observed, which are
associated with the absorption of a water molecule on the surface and penetration into
the interplanar distance of FFLGN membrane. According to the obtained electro-
physical characteristics, we can say that the sensor is able to work stably at a wide
range of humidity and respond rapidly to changes in humidity, which allows it to be
useful as a precise and sensitive device.

Conclusions for section 3

Computer simulations of some possible stable structures of graphene and few-
layer graphene, functionalized by Ga, FFLGN, reduced FFLGN and calculating their
energy and structural characteristics were performed.

The technology of obtaining FFLGN and the FFLGN membrane using the
modified Hammers method was optimized, which leads to the large-scale production
of graphene and also several time filtration and washing with a 5% HCI solution with
a centrifuge helps to obtain a clean FFLGN solution.

Reduced FFLGN samples at different temperatures contribute to the changes in
the optical, electrical, and structural characteristics.

The thermal reduction of FFLGN films led to a decrease sheet resistance both
for clean and with chlorine and sulfur impurities, also average thickness of layers
decreased.

Also, the reduced membranes were investigated by Raman spectroscopy and
XRD, which demonstrates the removal of functional groups.

Thus, a humidity sensor based on FFLGN was created, which compared to a
similar sensitive element had the advantage of a wide range of sensitivity and a
symmetrical response due to the use of purified initial FFLGN.
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CONCLUSION

1. Computer simulation shows typical configurations of Ga-doped graphene
and various arrangements of their atoms, types of oxygen bonds with graphene, a
model of the possible reduce process of FFLGN, and also the binding energies of the
functionalizing graphene-O and graphene-O-H groups were theoretically
investigated.

2. The technology of obtaining FFLGN in strong oxidants such as H,SOy,
NaNOs;, KMnO, was developed. Then FFLGN films were obtained and their optical
and electrical characteristics were investigated depending on the reduction in the
temperature range from 80-280 °C. It was experimentally established that with
increasing of temperature of reduction the significant changes of visible light
transmission are observed between temperatures RT and 160 °C, as well as 200 °C
and 280 °C, where the percentage of transmission decreases approximately by 30 %
from initial position, also sheet resistance decreased from 5 to 2.5 MQ/square at
temperatures of 200 °C - 280 °C and sheet resistance of the pure FFLGN at 280 °C is
more than 5 times lower than the sheet resistance of the impure FFLGN and is equal
to 13 MQ/square, and according the AFM results average thickness was decreased by
50 % from the initial sample thickness at 280 °C.

3. The technology of preparation FFLGN membrane was developed. The
influence of temperature on the structure and composition of the FFLGN membrane
was studied by SEM and EDS, Raman spectroscopy, TGA, XRD, optical microscopy.
FFLGN membranes were reduced in a hydrogen atmosphere at temperatures of
150 °C, 300 °C, 500 °C, 900 °C, as a result of which TGA showed that the main mass
loses at temperatures from 150-300 °C, from 300-900 °C much weaker. The
elemental analysis by the EDS method showed changing in the C/O ratio from 4.18 to
45.08, as well as a decreasing in the interplanar distance from 1,07 to 0,37 nm and the
thickness decreased by ~37%, that is explained by removal of oxygen-containing
functional groups.

4. The electrophysical characteristics of the humidity sensor based on the
FFLGN membrane were experimentally investigated, and the following
characteristics of the sensor were achieved when exposed to different humidity
levels: a wide range of relative humidity measurements from 5 to 100%; identical
response and recovery time of 360 seconds, stability (+/- 2%) over the entire
humidity range.
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