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SYMBOLS AND ABBREVIATIONS 

 

CNT – carbon nanotubes 
GO – graphene oxide 
RGO – reduced graphene oxide 
T-RGO – thermally reduced graphene oxide 
HI-RGO – chemically reduced GO with hydroiodic acid 
VC-RGO – chemically reduced GO with ascorbic acid 
FLG – few-layer graphene 
CCG – chemically converted graphene 
FGNS – functionalized graphene nanostructures 
HOPG – highly oriented pyrolytic graphite 
CVD – chemical vapor deposition 
RTR – Roll-to-Roll process 
QHE – Quantum Hall Effect 
DMol3 – it is a commercial (and academic) software package 
DFT – density functional theory 
H2SO4 – sulfuric acid 
HCl – hydrogen chloride 
HNO3 – nitric acid 

KMnO4 – potassium permanganate 

KClO3 – potassium chlorate 

NaNO3 – sodium nitrate 

ClO2 – chlorine dioxide 

H2O2 – hydrogen peroxide 
CO – carbon monoxide 
CO2 – carbon dioxide 
SiC – silicon carbide 
Ga – gallium 
GV – graphene containing vacancy 
GDV – graphene containing divacancy 
AES – Auger electron spectroscopy 
SEМ – scanning electron microscopy 
EDX, EDRS or EDS – energy dispersive X-ray spectroscopy 
XRD –X-ray diffraction  
TGA – thermogravimetric analysis 
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INTRODUCTION 

 

The relevance of the study 

One of the important constructional, technical and economic problems of our 
time is the protection of materials and products from the effects of aggressive 
environmental factors, which include mechanical action, chemical effects of gases 
and liquids, high temperatures, as well as radiation of various kinds. Such aggressive 
influences can lead not only to the deterioration of physical and mechanical 
characteristics, but even to complete destruction. This thesis focuses on the problem 
of corrosion, which leads to partial or complete destruction of materials as a result of 
chemical, electrochemical, and physicochemical interaction with the environment. 
Corrosion of metal products is a widespread problem, especially in industrialized 
countries with a large number of enterprises, where metal products and equipment are 
used daily in conditions of aggressive environments, high temperatures and pressures. 
In the near future the problem of corrosion may become a significant problem of the 
world economy due to the depletion of world metal reserves and it is necessary to 
address it now to ensure the safety of the stock of metal products. Based on the 
above, prediction and prevention of corrosion problems is one of the most important 
tasks of industry and economy. To solve this problem Nobel Prize winner K.S. 
Novoselov proposed to use graphene nanostructures as a very effective anticorrosion 
coating because of their chemical inertness and impermeability. 

Ideal defect-free graphene film is capable of becoming ultrathin and effective 
anticorrosion coating. However, obtaining the graphene film of large size on an 
industrial scale has certain unresolved technological problems. The difficulties of 
obtaining the perfect graphene coating can be solved by replacing it with 
functionalized graphene nanostructures (FGNS), which are much easier to obtain on a 
large scale and their physical and mechanical properties can be close to those of 
graphene, which in turn stimulates a huge scientific interest from researchers around 
the world. Graphene oxide (GO) is one of the most common representatives of 
FGNS, which can be easily applied to various surfaces, which is a great advantage in 
coating technologies. 

This thesis is devoted to the theoretical and experimental studies of the 
anticorrosion protective coatings based on graphene nanostructures. A common and 
optimal method for growing graphene coatings is the chemical vapor deposition 
(CVD) method, as well as the proposed and implemented method of obtaining 
graphene by carbon diffusion through nickel. Especially, the graphene grown directly 
on the surface of copper and nickel by the CVD method has a higher resistance to 
corrosion in contrast to the transferred graphene. Functionalization of graphene can 
be carried out by various methods, including oxidation, doping, creation of radiation 
defects and other methods. There are two main categories of functionalization of 
graphene: chemical and non-chemical. Both types of functionalization contribute to 
changing the properties of graphene, but the most effective and cost-effective is the 
chemical modification. 
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The detailed study of nanosystems associated with the creation of protective 
coatings is a difficult task even for well-equipped laboratories. An important method 
to study and predict the barrier properties of graphene nanostructures is computer 
simulation and quantum-mechanical numerical calculations. The use of numerical 
methods such as DFT allows us to obtain sufficiently accurate information about the 
properties of the studied complex nanosystems and to predict their behavior under 
different external factors. Computer models of nanomaterials allow researchers to 
better understand their features and open up new possibilities for functionalizing and 
modifying their physical, mechanical and chemical properties. 

The purpose of the thesis is the theoretical and experimental study of the 
effectiveness of anticorrosion protective coatings based on graphene nanostructures 
under the influence of external factors. 

The tasks of the thesis: 
1. Computer simulation of graphene nanostructures, calculation of the efficiency 

of their anticorrosion properties using "first-principles" methods;  
2. Development of technology for obtaining coatings based on graphene 

nanostructures on the surface of copper and nickel for corrosion protection; 
3. Study of the protection efficiency of the obtained coatings based on graphene 

nanostructures by energy dispersive X-ray spectroscopy under the influence of 
various external factors; 

4. Development of a specialized Auger analyzer for the analysis of ultrathin 
layers of anticorrosion protective coatings based on graphene nanostructures. 

The objects of the study are protective coatings based on graphene and FGNS. 
The subject of the research 

Anticorrosion properties of graphene nanostructures under the influence of 
various external factors. 

The methodological basis of the study 
Quantum-mechanical numerical methods of the density functional theory, 

technology for obtaining graphene nanostructures by chemical vapor deposition, 
obtaining of graphene nanostructures by the diffusion method under vacuum 
conditions, obtaining graphene oxide films by electrophoretic deposition, analytical 
methods (optical microscopy, electron microscopy, Raman spectroscopy, Auger 
electron spectroscopy, energy dispersive X-ray spectroscopy, thermogravimetric 
analysis, X-ray diffraction). 

The scientific novelty of the thesis 

1. For the first time, computer simulation and quantum-mechanical numerical 
calculations of various possible situations were carried out, where graphene 
nanostructures demonstrate a sufficiently high energy barrier when an oxygen 
molecule penetrates through them; 

2. The method of deposition of graphene oxide film by preliminary heat 
treatment in a flow tube in a stream of argon-hydrogen mixture (90% Ar + 10% H2) 
was improved, which enhanced the adhesive properties and resistance of 
anticorrosion protective coatings; 
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3. For the first time was shown high efficiency and reliability of anticorrosion 
protective coatings based on graphene at temperature exposure using complex 
methods of materials characterization; 

4. For the first time was developed a specialized electrostatic energy analyzer 
for Auger electron spectroscopy, allowing to analyze ultrathin layers of anticorrosion 
protective coatings based on graphene nanostructures. 

The scientific and practical significance of the study 

The obtained results are of both theoretical and practical value. In terms of 
theoretical value, the computer simulation is of great scientific interest, since it is able 
to predict and evaluate the anticorrosion protective properties of graphene 
nanostructures at the nanoscale, which is difficult to achieve in real laboratory 
conditions. It is well known that today computer simulation is an indispensable tool 
for solving a wide range of problems in physics and chemistry, including the study of 
corrosion processes. 

The simulation results predict the high efficiency of the protective properties of 
the anticorrosion coatings based on graphene nanostructures. Moreover, the 
experimental results obtained in the course of the work are in good agreement with 
the quantum-mechanical calculations, which is of great practical interest for 
industrial, shipbuilding, oil and gas and other companies that incur huge annual 
losses when dealing with corrosion-related problems. 

During the thesis work for a more accurate quantitative analysis of the 
composition and structure of graphene’s thin layers, a specialized Auger analyzer was 
developed and this method of analysis was implemented in the ultrahigh vacuum unit 
USU-4, due to which the sensitive analysis to light elements of thin near-surface 
layers of various materials became possible. 

The main provisions for the defense of the thesis 

1. Ideal graphene, graphenes with structural defects in the form of vacancy, 
divacancy and a small gap in the sheet (0.25 nm) have a high efficiency of protective 
effect against oxygen penetration due to the formation of a potential barrier when the 
oxygen molecule interacts with the surface of the graphene layer.  

2. In the graphene sheet with sufficiently large gaps (0.45 nm) the maintenance 
of high efficiency of protective effect against oxygen penetration is achieved by its 
functionalization with impurity gallium atoms due to the formation of a strong Ga-C 
covalent bond (2.6 eV) and high oxygen adsorption energy of gallium (1.8 eV). 

3. Anticorrosion graphene coatings obtained by chemical vapor deposition 
demonstrate reliable protection of copper and nickel surfaces from thermal corrosion, 
which is associated with the high quality of the coatings (D/G ratio ≈ 0.08). 

4. Auger spectrometer, designed and implemented using the Conical Face-Field 
Electrostatic Energy Analyzer (RE ≈ 0.71 % for γ = - 0.04 and RE ≈ 0.60 % for γ=0), 
allows to control both small and large areas of anticorrosion graphene coatings, as 
well as their structures in situ. 

The author's personal contribution 
Computer models and theoretical calculations were carried out by the author 

using the DFT method in Dmol3 module of the Materials Studio program. 
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Experimental studies of the anticorrosion protective coatings based on graphene 
nanostructures, namely, obtaining, processing and analysis of the results were 
performed independently. Author also completed a scientific internship from June 15 
to September 15, 2019 under the guidance of Dr. G.W. Beall at Texas State 
University in San Marcos, Texas, USA. 

Publications 

Based on the thesis materials 11 publications were made, including 3 articles 
published in journals recommended by the Committee for Control of Education and 
Science of the Ministry of Education and Science of the Republic of Kazakhstan, 1 
article was published in the “Journal of Electron Spectroscopy and Related 
Phenomena” in 2022, which is included in Scopus database (percentile: 60%), 2 
articles published in 2019 in the “Journal of Computational and Theoretical 
Nanoscience” included in Scopus database, 1 article in international journal “Journal 
of Materials Science and Engineering B” and 4 abstracts published at national and 
international conferences. 

Relation of the dissertation topic with the plans of scientific works 

This dissertation work was carried out within the scientific project № 
AP05130413 "Development of technology for creating protective coatings based on 
functionalized graphene nanostructures and researching their properties" funded 
under the grant funding for scientific and (or) scientific and technical projects of the 
Committee of Science of the Ministry of Education and Science of Kazakhstan. 

Volume and structure of the thesis 

The thesis contains a list of symbols and abbreviations, an introduction, the main 
part of 3 sections, a conclusion and a list of references. The work is presented on 102 
pages, contains 69 figures, 5 tables and 232 bibliographical references. 
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1 LITERATURE REVIEW 
 
1.1 Corrosion of materials and corrosion protection methods 

Corrosion is the destructive result of an electrochemical reaction between a 
metal or alloy and its environment [1]. 

There are generally two types of corrosion, which include "dry" and "wet" 
corrosion [2]. Dry corrosion occurs in the absence of water or moisture contributing 
to corrosion, resulting in the metal oxidizes only in the atmosphere. Wet corrosion of 
metals occurs through electron transfer involving two reactions: oxidation and 
reduction [3]. Oxidation can be very simply described using the electrochemical 
reaction equation (1) [4], in which the metal atom M donates one or more electrons to 
become a cation. 

 
 M → Mn+ + ne– (1) 
 

The reduction reaction will only occur in the presence of an appropriate 

cathode reagent, which is used to obtain electrons; in aqueous solutions, it is usually 

one of the following [4]: in acidic solutions (2), in neutral or alkaline solutions (3). 

 

 2H+ + 2e– → H2 (2) 
 

 1/2O2  + H2O + 2e– → 2(OH) – (3) 
 

Metal ions can remain dissolved in solution or can react with other ions and 

precipitate as solid compounds. 

As in any other electrical circuit, the passage of electrons between the anode and 
cathode generates a current. Measurements of electrochemical corrosion are based on 
a direct or indirect measurement of this current using Faraday's law to convert it into 
corrosion rate such as material losses expressed in μm/yr [1]. 

Some metals can still resist certain aggressive environmental factors by reducing 
the rate of corrosion as a result of reaction with the environment through the 
formation of a surface passivating film, usually an oxide or hydroxide.  Passivity is 
the ability of a metal to resist corrosion despite the thermodynamic tendency of the 
metal to react with an aggressive environment [5]. Surface oxides can exhibit more 
significant protective properties under the influence of anodic polarization (noble 
potentials) and maintain a low current density at the anode, significantly slowing the 
destructive dissolution of the metal [5,6]. Surface oxides/hydroxides usually increase 
the noble properties and hence the corrosion resistance [6,7].  

The effects of corrosion in our daily lives can be both direct, i.e. corrosion 
affects the useful life of our property, and indirect, which includes costs and damages 
from corrosion. In everyday life, we can easily see examples of the direct effects of 
corrosion on cars body panels, braziers, outdoor furniture and metal tools. Protection 
of such items from corrosion can be achieved through preventive maintenance, such 
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as painting. The indirect impact of corrosion on our economy has been investigated 
by the corrosion control standards and certification association NACE International, 
where findings based on a two-year global study were published [8]. According to the 
data, the annual global cost of corrosion is $2.5 trillion, equivalent to about 3.4% of 
the world's gross domestic product. The implementation of advanced corrosion 
prevention techniques could result in global savings of 15-35% of these costs, or 
$375-875 billion annually. 

Corrosion can lead to much more serious consequences, even during an ordinary 
car ride. Corrosion of steel reinforcement in concrete can flow out of sight and 
suddenly cause the collapse of a highway section, the collapse of an electric tower 
and damage buildings, parking structures and bridges, resulting in significant repair 
costs and posing a threat to public safety. For example, the sudden collapse due to 
fatigue corrosion of the Silver Bridge over the Ohio River at Point Pleasant in 1967, 
which led to the death of 46 people and cost millions of dollars [9]. 

Perhaps the most dangerous of all is the corrosion that occurs in large industrial 
plants, such as power plants or chemical processing plants. There are many cases of 
corrosion-related injuries and deaths, but by far the worst man-made disaster in terms 
of loss of life, injuries, and subsequent health problems is the explosion at the Bhopal 
chemical plant in India in 1984 (Figure 1). This plant was part of India's ''Green 
Revolution'' designed to provide fertilizers and pesticides. However, a series of 
design flaws and management problems converged to cause a catastrophic explosion. 
According to reports, when steel pipes corroded and water leaked into tanks 
containing methylisocyanate, corrosion products from the iron created a reaction that 
blew up the plant, allowing methylisocyanate and other toxic gases to escape, killing 
more than 8000 people. Since then, another 15000 people have died in the explosion 
and approximately 500000 people suffer from gas-induced disorders [10-13]. 
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Figure 1 – Burned down pesticide plant in Bhopal (India) after an explosion in 
1984 [14] 

 
Corrosion occurs in several widely varying forms. The classification is usually 

based on one of three factors [15]: 

 Nature of corrosion source: As mentioned earlier, corrosion can be classified 
as "wet" or "dry" [2]. 

 Mechanism of corrosion: Includes electrochemical or direct chemical reaction. 

 Appearance of corroded metal: Corrosion is either uniform and the metal 
corrodes at the same rate over the entire surface, or localized, in which case only 
small areas are affected. 

Classification by appearance, based on the identification of corrosion forms by 
visual observation with the naked eye or by magnification. The morphology of the 
corroded area is the basis for classification. Figure 2 schematically illustrates some of 
the most common forms of corrosion. 

According to the appearance of metal corrosion, eight forms of wet corrosion 
can be defined [15]. These are: 

 Uniformcorrosion 

 Pitting corrosion 

 Crevice corrosion, which includes corrosion under bumps or deposits, 
filamentous corrosion, and abrasion-chemical corrosion 
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 Galvanic corrosion 

 Erosion corrosion, which includes cavitation erosion and frictional corrosion 

 Intergranular corrosion, which includes sensitization and corrosion 
delamination 

 Dealloying corrosion of one or more components from solid solution, which 
includes removal of zinc alloys and graphite corrosion 

 Cracking, formed by exposure to the environment, which includes stress 
corrosion cracking, corrosion fatigue, and hydrogen damage 

 

 
 

Figure 2 – Schemes of common forms of corrosion [15] 

 

There are five basic methods of corrosion control: material selection, use of 
coatings, cathodic protection, addition of inhibitors and the necessary design solution 
[15]. In this thesis we deal specifically with protective coatings. 

Coatings for corrosion protection can be divided into two broad groups - 
metallic (e.g., noble Cr and sacrificial Zn coating) and non-metallic, which in turn are 
divided into organic (e.g., resins and latexes) and inorganic (e.g., zinc silicate and 
SiO2 coatings). These materials are widely used to protect metals from corrosion 
through barriers, inhibition and galvanic effects (anodic protection) [16, 17]. 

Barrier protective coatings hinder the penetration of oxygen or help slow down 
corrosion. An inhibitor is a substance (or combination of substances) that is added in 
a very low concentration to treat the surface of a metal exposed to a corrosive 
environment to stop or mitigate corrosion [18]. The common expression "anodic 
protection" refers to a method of corrosion protection for certain metals and alloys in 
an aggressive chemical environment by anodic polarization with an external DC 
power supply. Keeping the metal surface in a passive state practically stops the 
corrosion processes. However, it should be noted that the phenomenon of anodic 
passivity can occur in the case of contact with other metals that have a potential with 
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more positive values. Cathodic coatings that cause anodic passivity are an example. 
The same role is played by platinum, palladium or copper impurities introduced into 
steel alloys. This method of protection is sometimes called galvanic anodic protection 
[19]. 

Anticorrosion coatings have attracted much attention over the years due to their 
simplicity and effectiveness [20-22]. Numerous anticorrosion coatings have been 
developed and tested to combat the detrimental effects of corrosion on metal. 
Because of differences in the physical and chemical properties of different types of 
metals and alloys, the protection provided by each coating depends on the type of 
metal to which it is applied and the environment in which it is exposed. As material 
science advances, new anticorrosion coating systems are being developed. The 
development of these coatings is focused on expanding functionality, including 
corrosion protection and adhesion, environmentally friendly materials, corrosion and 
mechanical damage detection, improved fatigue strength and water resistance [23]. 

 
1.2 Structure and basic properties of graphene 

For 60 years there is a theoretical study of the existence possibility of graphene 
or two-dimensional (2D) allotropic modification of carbon. Often the term graphene 
was used to describe the properties of carbon allotropic modifications [24-26]. 
However, four decades later it became clear that graphene also forms a perfect analog 
of the condensed matter (2+1)-dimensional quantum electrodynamics [27-30], thus 
demonstrating graphene on the dynamically developing theoretical "toy" model [30]. 
It was expected that graphene would be unstable due to the formation of bent 
structures such as soot, fullerenes and nanotubes. Experimental study of the 
properties of graphene, as a separate object, almost did not exist until very recent 
years because of the difficulty to identify and unambiguously characterize a sheet that 
is one atom thick. In addition, it was believed that graphene does not exist in its free 
state. Unexpectedly, in 2004, model calculations of graphene became true when 
Geim and Novoselov discovered free-standing graphene, resulting in them sharing 
the 2010 Nobel Prize in Physics for its discovery [30-32]. 

Graphene is a new two-dimensional allotropic modification of carbon that has a 
hexagonal (honeycomb) lattice structure, one atom thick, where the carbon-carbon 
bond length is about 0.142 nm, as shown in Figure 3 [30,33]. In other words, it is a 
single layer of graphite with sp2 hybridized carbon atoms. 
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Figure 3 – Hexagonal lattice of graphene [33] 
 

The electrical conductivity of graphene is mainly due to π-bonding, located 
vertically to the lattice plane. The stability of graphene is due to tightly packed 
carbon atoms and sp2 hybridization of atomic orbitals - a combination of s, px and py 
orbitals, which form a σ-bond. The final pz-electron forms a π-bond. The π-bonds 
hybridize together to form the π-zone and π*-zone. These zones are responsible for 
most of the exceptional electronic properties of graphene, due to the half-filled zone 
that allows electrons to move freely [33]. In addition, graphene is the basic structural 
element of all other graphite materials, such as zero-dimensional (0D) fullerenes, 
one-dimensional (1D) carbon nanotubes (CNTs) and three-dimensional (3D) graphite 
[34] (Figure 4). 
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From left to right, respectively: (0D) fullerenes, (1D) CNT, (3D) graphite 

 
Figure 4 – Allotropic modifications of carbon [30] 

 
Like CNT, the edge of graphene can be classified into zigzag and armchair 

configurations based on different carbon chains, as shown in Figure 5. The variety of 
configurations at the edges leads to different behavior of electrical conductivity. A 
graphene nanoribbon with a zigzag edge typically behaves like a metal, while a 
nanoribbon with an armchair edge can conduct electricity like a metal or a 
semiconductor [33]. 

 

 
 

Figure 5 – Graphene nanoribbon [33] 
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Graphene has a wide potential application due to its excellent mechanical, 
electrical, thermal and optical properties and its large surface to mass ratio (for 
example, 1 g of graphene can cover soccer field) [35, 36]. The literature reports 
remarkable properties of graphene: Young's modulus is about 1100 GPa [37]; tensile 
strength is 125 GPa [37]; thermal conductivity is about 5000 W/mK [38]; charge 
carrier mobility is 200000 cm2/Vs [39]; and calculated specific surface area value of 
2630 m2/g [40]. Graphene has a remarkable transport phenomenon, namely the 
Quantum Hall Effect (QHE) [41]. The exceptional thermal, optical and electrical 
properties of graphene are the result of its elongated π-π-coupling [34]. 

 
1.3 Methods of graphene production 

This section focuses on the main methods for producing graphene. The main 
characteristics of the most common methods of graphene production are shown in 
Figure 6. Graphene was first obtained by mechanical exfoliation in 2004. It was this 
simple method that produced free-standing graphene, for which Geim and Novoselov 
were awarded the Nobel Prize [42]. The Scotch tape method is an alternative name 
for the micromechanical exfoliation method, since here scotch tape is used to 
repeatedly split a piece of graphite, after which the material is transferred to a 
substrate. This method of obtaining graphene has a significant disadvantage due to 
the inability to scale up the production process, but is still very common because it 
allows the creation of high-quality crystals, which is invaluable for basic research and 
prototyping. 

Liquid-phase exfoliation is one of the methods for the production of graphene 
produced by the separation of graphite caused by ultrasound treatment in a liquid 
medium. The method basically includes three different steps: (1) dispersion of 
graphite in a solvent or surfactant, (2) exfoliation, and (3) purification [43,44]. In the 
exfoliation stage, the ultrasound treatment time is very important because higher 
concentrations of graphene can be achieved due to longer ultrasound treatment time. 
After the ultrasound treatment stage comes the purification, where thicker flakes can 
be separated from thinner flakes by centrifugation. Liquid-phase exfoliation is one of 
the most promising methods of mass production of graphene due to its simplicity and 
high productivity. 

The method of electrochemical exfoliation consists in the use of carbon sources 
(graphite, rods of highly oriented pyrolytic graphite, graphite foil) as electrodes in a 
liquid electrolyte solution. Electrochemical reactions result in the splitting of graphite 
to graphene. Good quality graphene materials were obtained in [45-48], which 
showed comparable or somewhere even better characteristics than other types of 
graphene when they were tested for various applications (as adsorbents, electrodes 
for supercapacitors, conductive films, etc.). The main advantage of this method is the 
one-stage process, which makes it significantly easier and faster compared to other 
methods of graphene production. 

 Chemical reduction of graphene oxide (GO) is one of the most promising and 
inexpensive methods of producing graphene-like monolayers on a larger scale. The 
essence of this method is the delamination of graphene oxide into single-layered 



16 
 

sheets and removal of functional groups in the process (reduction). The quality of the 
resulting material is highly dependent on the choice of solvent, reducing agent and 
surfactant. The resulting material is commonly referred to as reduced graphene oxide 
(RGO), as it is not quite correct to classify it as graphene due to the content of not 
only its own defects (edge, deformation), but also impurity defects (not completely 
removed O- and H-containing groups). Another disadvantage of this method is the 
use of toxic reducing agents, such as hydrazine monohydrate [49], sulfur-containing 
compounds [50], sodium borohydride, etc. Despite the existing drawbacks, the 
chemical reduction of graphene oxide has great potential for obtaining graphene-like 
material in large volumes, which is convenient for its application. Also some recent 
works try to replace toxic chemical reducing agents with green reducing agents [51-
53]. 

Epitaxial method of growing graphene consists of dissolution of carbon in 
transition metals such as ruthenium, iridium, platinum, palladium, nickel, etc. at high 
temperatures and the subsequent release of carbon on the metal surface due to 
compression of the crystal lattice when cooling in a high or ultrahigh vacuum. Our 
team obtained graphene and few-layer graphene (FLG) nanostructures by diffusion of 
carbon through polycrystalline nickel under high vacuum conditions. Highly oriented 
pyrolytic graphite was used as a carbon source [54]. The graphene samples obtained 
by the proposed method had excellent quality. A promising method for obtaining 
epitaxial high-quality graphene is the thermal decomposition of SiC. The advantages 
of this method are mainly related to the scale of the synthesized graphene samples. 
Thus, with high quality of the original crystal, the size of the graphene can be 
comparable with the size of the crystal itself. Although this method has a number of 
advantages due to its simplicity and efficiency, but the great difficulties associated 
with the process of transferring the obtained graphene to another substrate limit its 
application in the manufacture of final devices. In turn, the graphene produced on SiC 
can be used without transfer in the electrical devices. 

 A very common and promising method for obtaining graphene is the method of 
chemical vapor deposition (CVD method) because of its cost-effectiveness and 
availability. This method produces graphene of sufficiently high quality on the 
surfaces of transition metals such as Ni, Pd, Ru, Ir, Cu, etc. The method is based on 
the decomposition of carbon-containing substances (hydrocarbon precursors) on the 
substrate surface at high temperatures. Not only gaseous hydrocarbons, such as 
methane or ethylene, but also liquid hydrocarbons, such as hexane [55], pentane [56] 
or benzene are used as precursors. Many scientists involved in the production and 
synthesis of graphene have focused their attention on this method because of the 
possibility of obtaining high-quality samples of large area, which, in turn, can be the 
optimal solution for the scalability of the graphene nanostructure production process. 
The team of Bae et al. [57] were one of the first to obtain a good 30-inch graphene 
film using the Roll-to-Roll (RTR) process. The RTR method was subsequently used 
to stably obtain the graphene film on metal surfaces. Despite all the advantages, the 
CVD method is quite a complicated process, requiring precise control of the synthesis 
parameters, including the choice of the substrate and precursor type [58]. 
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G - quality of graphene, C - production cost (low value corresponds to high 
production cost), S - scalability, P - purity and Y - product yield 

 
Figure 6 – The main characteristics of the most common methods of graphene 

production from 0-3 [59] 
 

Formation of graphene by the bottom-up approach starts from the lower orders, 
where the material is formed atom by atom [60]. In the bottom-up synthesis of 
graphene it is possible to accurately control the growth process at the atomic level, 
which avoids a large number of defects. This process is difficult to scale, which is a 
big disadvantage when used in production, but the resulting high quality graphene is 
very useful for research purposes. 

 
1.4 Functionalized graphene nanostructures 

As mentioned earlier, there are many ways to obtain graphene with relatively 
perfect structural characteristics, but no matter how many methods exist, the problem 
of obtaining graphene by economic methods on a large scale with a high degree of 
purity and satisfactory properties remains far from being solved. For this reason, 
graphene is not in great demand in commercial applications [61]. A solution to this 
problem could be the replacement of pure graphene with functionalized graphene 
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nanostructures (FGNS). FGNS can be close in physical and mechanical properties to 
graphene and they can be produced on a larger scale. Graphene functionalization 
methods include: oxidation [68-70], irradiation, ion-atom implantation [86], reduction 
of graphene oxides [72-75], etc. One of the common representatives of FGNS is 
graphene oxide. Graphite oxide is obtained by oxidizing inexpensive graphite with 
hydroxyl, alkoxy, carbonyl, carboxylic acid and other oxygen-containing functional 
groups [62], which increases the spacing of graphite sheets from 0.336 nm [63] to 
about 1 nm [49,64,65]. The process of graphite oxidation leads to a change in the 
strength between graphite layers, so graphite oxide can be stratified into single layers 
of graphene oxide using ultrasound. Graphene oxide is reduced to graphene 
nanostructures in order to obtain a material that will be close in structure and 
properties to pure graphene. The reduction process implies the removal of all oxygen-
containing functional groups [66]. At the moment it remains impossible to get rid of 
all oxygen-containing functional groups, but scientists from all over the world are 
working to eliminate this problem. Figure 7 shows the transition process from 
graphite to reduced graphene oxide (another name chemically converted graphene 
(CCG)) [67]. 

 

 
 

Figure 7 – Illustration of the transition process from graphite to reduced 
graphene oxide (another name CCG) [67] 
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Brodie [68], Staudenmaier [69] and Hummers [70] are the first who synthesized 
graphene oxide by oxidation of graphite by different methods. The essence of these 
methods for obtaining graphene oxide is that graphite powder chemically reacts with 
acids (H2SO4, HCl and HNO3, etc.), after which alkali metals (alkali metal 
compounds KMnO4, KClO3, NaNO3, etc.) are introduced into graphite layers, which 
additionally contributes to the destruction of graphite layers into smaller pieces. 
Graphite oxide can be stratified into single-layer and few-layer sheets of graphene 
oxide under mechanical forces such as ultrasonic treatment. Staudenmaier and Brodie 
obtain GO by the chlorate route and Hummers by the permanganate route. Hummers 
made some modifications to the other two methods to make the process safer, which 
includes using KMnO4 in combination with H2SO4 [71] rather than KClO3, which 
emits the toxic gas ClO2, and adding NaNO3 to form nitric acid in the process instead 
of using it as a solvent. One problem with this method is contamination by excess 
permanganate ions, which can be solved by H2O2 treatment followed by water 
washing. The Hummers’ method and its modifications are the preferred method of 
GO production because of its safer nature as well as the shorter reaction completion 
time. 

Graphene oxide reduction is usually performed by removing functional groups 
to restore the original hexagonal structure of graphene containing sp2 -hybridized 
carbon-carbon bonds. RGO, which is close to the properties of graphene, can be 
produced on a larger scale, which will contribute to its active practical application. 
This topic is very topical, so there are many methods of GO reduction, which include 
thermal reduction [72], chemical reduction [73], photocatalytic reduction [74], 
solvothermal reduction [75], etc. Each method has its advantages and disadvantages, 
but chemical and thermal reduction are considered the most common methods of GO 
reduction. 

 Thermal reduction is a process of thermal annealing of dried GO. In thermal 
heating, the atmosphere in which the process takes place plays an important role. 
Thermal reduction is usually performed in an inert atmosphere [76], in a reducing 
atmosphere [76-78], or in a vacuum [79]. When the GO is heated, multistep removal 
of intercalated H2O molecules and oxygen-containing functional groups occurs. 
Thermally reduced graphene oxide can have better barrier properties compared to 
chemically reduced graphene oxide [80]. However, thermal annealing of GO leads to 
embrittlement of the resulting RGO [80]. There is a suggestion that rapid heating 
causes the formation of gases such as CO, CO2, and H2, which lift the RGO sheets as 
they leave the material and remain in the same elevated position [66]. In thermal 
reduction, there are certain requirements for the used substrate material. First of all, 
the substrate must be able to withstand the heat treatment and GO is preferably 
applied to the substrate to be used in the final product. Also, it takes a long time at 
high temperatures to achieve a high C/O ratio, making thermal reduction an energy-
consuming process.  Thermally reduced graphene oxide can be used in electronic 
devices, as well as in anticorrosion coatings. 

 Chemical reduction of GO is the most preferred method of synthesizing RGO 
on a large scale. For the process of chemical reduction of GO, a homogeneous 
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aqueous dispersion of GO is used. There are many methods of chemical reduction 
based on the interaction of GO with a reducing agent. Depending on the purpose of 
the RGO application, a suitable chemical process can be chosen. In the process of 
chemical reduction, most of the oxygen-containing functional groups are eliminated 
and the π-electron conjugation in the aromatic system of graphene is partially 
restored. The resulting RGO is almost similar to graphene, but still contains residual 
functional groups and structural defects. The most common GO reducing agent is 
hydrazine because of its efficiency, which was first proposed by Stankovich et al. 
[49]. However, hydrazine is trying to replace with less toxic and explosive reducing 
agents, with the help of which it is possible to obtain a RGO with a more perfect 
structure and properties. At the moment there are studies involving such reducing 
agents as ascorbic acid (vitamin C) [81], [82], green tea extract [83], chitosan [84], 
oxalic acid [85], etc. Chemical reduction can be performed at moderate heat or 
ambient temperature, which is a great advantage over thermal reduction. 

 GO is capable of forming stable aqueous colloids due to its high 
hydrophilicity, which makes it very easy to assemble macroscopic structures using 
simple dissolution processes. It is also relatively easy to create macroscopic 
structures from RGO if it is stable in solution.  This ability is important for the large-
scale use of GO and RGO, so this topic is of continuing relevance and is of particular 
interest to researchers. 

 
1.5 Anticorrosion coatings based on graphene nanostructures  

Corrosion of metals such as copper, nickel, carbon steel and magnesium affects 
industrial production, which in turn causes huge economic losses. The solution to this 
problem are corrosion resistant coatings that can insulate the underlying metal from 
aggressive media, thereby reducing the risk of corrosion. Anticorrosion coating for 
metal surfaces is an economical and effective method of corrosion protection. In 
recent years, graphene coatings for the protection of metals against oxidation and 
corrosion have become widespread due to the properties of strength, impermeability, 
chemical inertness and hydrophobicity. Graphene is an ultrathin coating and its 
anticorrosion effect is superior to traditional anticorrosion coatings without changing 
the initial thermal/electrical conductivity of the substrate [87, 88].  

The study of the corrosion resistance of pure graphene coatings dates back to 
2011 [89]. Protective graphene films usually covered the surfaces of metals such as 
copper, nickel, steel, titanium, aluminum alloy, magnesium alloy, etc. [90-98]. Many 
methods of coating based on graphene nanostructures have been proposed, but the 
CVD method has been one of the most commonly used methods because of its 
simplicity and efficiency. The graphene coating obtained by the CVD method 
provides corrosion protection for not only copper or nickel, but also provides surface 
protection for alloys, carbon and stainless steel [99-105]. Prasai et al. studied the 
anticorrosion properties of graphene coatings in aerated Na2SO4 solution to protect 
the surface of Cu and Ni metals. According to Tafel analysis, the corrosion rate of 
graphene-coated Cu was seven times slower than that of uncoated Cu. SEM 
micrographs show that the uncoated Cu was uniformly corroded and there were 
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numerous corrosion products of white copper oxide on the surface. At the same time, 
the copper protected by the anticorrosion graphene coating was almost not corroded 
and small amounts of corrosion products appeared in the cracks of the coating only 
(Figure 8 (a)). The results showed that the corrosion rate of uncoated nickel was 20 
times higher than the corrosion rate of graphene-coated nickel. The corrosion 
resistance of anticorrosion graphene coating obtained by mechanical transfer was also 
tested. The corrosion resistance of the transferred two-layer and four-layer protective 
graphene coatings was compared. It was determined that the thicker the graphene 
coating, the lower the corrosion rate (Figure 8 (b,c,d)). Based on the results of the 
analysis, it is clear that the transferred graphene still prevents the attack of the 
aggressive environment on the substrate, which ensures the protection of the 
underlying metal [88]. Although only certain metal substrates (copper, nickel) can be 
used to obtain high-quality graphene nanostructures by CVD method, the mechanical 
transfer method allowed the anticorrosion graphene film to cover the surface of any 
metallic material. Yuda Zhao et al. prepared monolayer graphene films by CVD on 
the copper surface and then transplanted them to the silver surface by mechanical 
transfer [106]. Transparent and ultrathin protective coatings were formed on the 
surface of silver thin films, which can be used for optical applications. Based on 
Tafel analysis the corrosion rate of graphene-coated silver was about 66 times lower 
than that of pure silver. Monolayer graphene demonstrated not only high corrosion 
resistance to gases and liquids, but also had excellent transparency. Thus, silver 
coated with graphene films retains its original optical properties, as well as maintains 
high stability and resistance to oxidation in corrosive environments. 
 

 
 

a) Comparison of SEM images of Cu and Gr/Cu before and after corrosion; b) 
Tafel curve fitting results for Cu and Gr/Cu samples (inset: Gr/Cu Raman spectrum); 

c) corrosion rates of Cu and Gr/Cu samples extracted from the Tafel plots; d) 
corrosion rates of Ni, Gr/Ni and graphene coatings transferred to Ni 

 
Figure 8 – Results of corrosion resistance analysis of pure graphene coatings 

[88] 
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Directly grown graphene films have many potential advantages compared to 
transferred graphene films and anticorrosion coatings obtained by conventional 
methods, such as anticorrosion paints and electro galvanization. Graphene grown in 
situ, unlike conventional paints, connects to the metal substrate with greater bonding 
force and avoids the peeling of the film from the metal surface. CVD-grown 
graphene films are ultrathin and the most effective anticorrosion coatings for 
underlying metallic materials. The main problems of the CVD method are its limited 
industrial application and the presence of structural defects, but recently CVD 
methods have been significantly improved and successfully used to grow high-quality 
graphene with low defects. 

Despite the excellent barrier properties, high chemical and thermal stability of 
monolayer graphene, the prospects for its use as an anticorrosion protective coating 
are obscure, because it is quite difficult to grow large defect-free films. A potential 
solution to this problem is the use of FGNS. GO can serve as a good and attractive 
alternative to pure graphene coating, since these films can be produced quite easily 
and inexpensively by applying GO solutions to various substrates by spraying, 
dipping and other methods. Some studies have shown that GO-based protective 
coatings have very unusual permeation properties [107-110]. Recently, scientists 
have made significant efforts to obtain and study FGNS films incorporating thermally 
reduced GO (T-RGO) [111,112] and graphene-based composites [113] as 
ultrabarriers for organic electronics and as anticorrosion coatings [113,114-116]. 
However, T-RGO membranes have disadvantages in the form of its extreme 
brittleness and content of many structural defects, due to which there is a noticeable 
water penetration through the membranes [107,113]. GO-polymer composites also 
have disadvantages, one of which is too high gas permeability, which makes their 
practical application difficult [113]. 

Su et al. in his work compared the barrier properties of GO, T-RGO and 
functionalized graphene films obtained by mild chemical reduction of GO by 
hydroiodic acid (HI-RGO) and ascorbic acid (VC-RGO) [80]. Recent studies show 
that the use of hydroiodic acid as a reducing agent leaves fewer structural defects and 
deformations. In terms of electrical and mechanical properties, the quality of HI-RGO 
is higher than that provided by other reduction methods [117, 118]. Another 
interesting reducing agent is ascorbic acid, i.e. vitamin C, which shows good 
reducing characteristics and it is also non-toxic and environmentally friendly, which 
can be used in applications with special requirements. [119,120]. In HI-RGO films up 
to 30 nm thick, no hydrogen and moisture penetration has been detected, while they 
remain optically transparent. In HI-RGO films over 100 nm thick, no permeability to 
all of the studied gases and liquids was detected. It was found that the studied HI-
RGO and VC-RGO form high-quality barriers and are impervious to strong chemical 
and salt solutions. These exceptional properties offer close prospects for mass 
applications of chemically resistant and inert paints as well as flexible RGO-based 
anticorrosion coatings. Figure 9 shows a comparison of water penetration 
measurements through freestanding GO, T-RGO, VC-RGO and HI-RGO membranes. 
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Another representative of the anticorrosion FGNS coatings are composite 
coatings, where the graphene nanostructures act as a filler. The composite coating 
from graphene nanostructures combines the strong adhesion and barrier properties of 
graphene and film-forming properties of the matrix, the role of which is often played 
by polymers. A key indicator of the degree of shielding protection of composite 
coatings is the dispersity and orderly arrangement of the graphene in the matrix. The 
preparation method and process of the anticorrosion composite coating from 
graphene nanostructures can be based on the traditional production methods, which 
facilitates the process controllability and can provide manufacturability in industrial 
applications. Composite coating from graphene nanostructures can be a driving force 
for anticorrosion coatings in the future, but so far this area remains not well 
understood. 

 

 
 

a) water loss from the container sealed with GO, T-RGO, VC-RGO and HI-
RGO membranes (inset: photo of HI-RGO membrane); b) permeability of GO, T-

RGO, VC-RGO and HI-RGO membranes to moisture (green line shows water 
permeability value for standard barrier films) 

 
Figure 9 – Water penetration through freestanding multilayer graphene 

membranes [80] 
 

1.6 Raman spectroscopy of carbon materials 

Raman spectroscopy is an efficient, powerful and non-destructive method of 
spectral analysis to characterize the structure and chemical nature of matter.  It is 
widely used to analyze physical properties such as crystallinity, phase transitions, and 
to identify polymorphic forms. Provides key information on the structure of 
molecules, and the analysis can identify chemical components or study 
intramolecular interactions. The main applications of Raman spectroscopy are 
materials science (particularly nanomaterials), chemistry, pharmaceuticals, biology 
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and geology. The types of samples that can be studied by this method include 
crystals, films, powders and solutions. 

The Raman effect is a process of inelastic scattering between incident photons 
and phonons in materials, known as Raman scattering [121]. During the interaction of 
incident light photons with vibrational phonons of materials, scattering of light into 
frequencies occurs and information about the lattice vibrations can be obtained from 
the difference in frequencies between the incident and scattered light [122]. 
Therefore, Raman vibrational spectra are widely used in chemistry for the 
identification of molecules by a structural "fingerprint". 

Raman spectroscopy is based on the inelastic scattering process between 
incident light and the irradiated sample [121]. When the incident light interacts with 
molecules, the electron cloud is distorted, forming an unstable "virtual level," causing 
the photons to immediately scatter into another state, which is relatively stable [123]. 
In the elastic collision process, when photons return to the initial energy level, there 
is no energy transfer between the incident and scattered light and there is no change 
in the frequency and wavelength of photons. This elastic collision process is known 
as Rayleigh scattering [123,124] (Figure 10 (a)). Inelastic light scattering occurs 
when photons fall to a new energy level, which is different from the initial energy 
level, as a result of which the photon loses or gains some energy, resulting in a 
downward or upward energy shift of the laser photons. This energy shift provides 
information about the oscillations in the system [123]. Inelastic light scattering was 
theoretically predicted in 1923 by Smekal [125] and was first experimentally 
discovered in 1928 by Chandrasekhara Venkata Raman [126], so this phenomenon is 
usually called Raman scattering. There are two types of Raman scattering: Stokes 
Raman scattering and anti-Stokes Raman scattering. These two types of Raman 
scattering differ in that in Stokes Raman scattering (Figure 10 (b)) the scattered light 
holds a lower frequency than the incident light, with energy transferring from light to 
matter, and in anti-Stokes Raman scattering (Figure 10(c)) the scattered light holds a 
higher frequency than the incident light, with energy transferring from matter to light. 

 

 
 

a) Rayleigh scattering; b) Stokes Raman scattering; c) Anti-Stokes Raman 
scattering 

 
Figure 10 – Illustration of Rayleigh and Raman scattering processes [135] 
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Thermal equilibrium at room temperature leads to the situation in which the 
number of molecules is always greater for low-energy vibrations than for high-energy 
vibrations. The intensity of Stokes light scattering is greater than the intensity of anti-
Stokes light scattering, because the number of molecules on the ground level is the 
highest, so Raman light scattering, for the most part, is Stokes light scattering. 

The Raman spectrum shows the dependence of the intensity of scattered light on 
the wave number (inverse of the wavelength value). The wave number is linearly 
correlated with the energy of incident and scattered light, so the Raman shift of 
materials is independent of the wavelength of incident light. The instrument collects 
scattered light from the material under test and the resulting corresponding spectra 
contain information on molecular vibrations and crystal structure [127]. Figure 11 
shows a typical Raman spectrum and material information. Raman spectroscopy is 
widely used in various fields of science and technology, such as materials science 
[128,129], chemical industry [130], environmental monitoring [131], archaeology 
[132], etc. 

 

 
 
Figure 11 – Typical Raman spectrum and related material information [135] 
 
Allotropic modifications of carbon can serve as the most obvious example of 

Raman spectroscopy application. Figure 12 shows Raman spectra of such carbon 
materials as diamond, diamond-like film, graphite, graphene, fullerenes C60 and 
multi-walled carbon nanotubes. These spectra were obtained at the NNLOT of Al-
Farabi KazNU on the NTegra Spectra spectrometer when excited by a laser with a 
wavelength of 473 nm. 
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Figure 12 – Typical Raman spectra of carbon materials 
 
As we see from Figure 12, each of the possible allotropic modifications of 

carbon has its own specific Raman spectrum [133]. When studying anticorrosion 
coatings based on graphene nanostructures it becomes important to distinguish 
between the graphite and graphene spectra, so we will dwell on their distinctive 
features in more detail. Figure 13 (a) shows a typical Raman spectrum of graphite. In 
the Raman spectrum of monocrystalline hexagonal graphite is manifested an intense 
line - the G (grаphite) line. Line G at a frequency ~ 1580 ± 5 cm-1 is proof of the 
presence of hexagonal graphite layers of sp2 carbon, and the appearance in the 
structure of carbon material in a small number (up to 20%) sp3-bonds leads to a low-
frequency shift band G to 1565 cm-1. In Raman spectra of non-ideal graphite single 
crystals with a hexagonal type of crystal lattice appears an additional line in the 
region of ~1350 cm-1 - the D line (disorder, defects). The broadening of the G line 
and the increase in the intensity of the D line indicate an increase in defectiveness. In 
Raman spectra of single-crystal highly ordered graphites the line at ~ 2700 cm-1 is 
observed, which is historically called G’, since it is characteristic for any graphite 
samples along with the G line. However, the G’ line has nothing in common with the 
G line, but is a second-order scattering peak corresponding to the D peak because of 
this, in modern literature this line in spectra is commonly referred to as 2D [134]. 
When the exciting beam falls on the graphite plane containing the edges of the 
graphene planes, the splitting of the D and 2D lines is characteristic. Figure 13 (b) 



27 
 

shows Raman spectra of thin layers of graphene on Si/SiO2 substrate. These spectra 
show that the relative intensity of the G line increases and the 2D line slightly widens 
and shifts to the long wave region of the spectrum with increasing number of 
graphene layers. Raman spectra of graphene in three or more layers already differ 
little from each other. 

 

  

 
a) graphite; b) dependence of spectra on the number of graphene layers: 1 - 

monolayer of graphene, 2 - double layer of graphene, 3 - three or more layers 
 

Figure 13 – Typical Raman spectra of graphite and graphene [134] 
 

1.7 Scanning electron microscopy and energy dispersive X-ray spectroscopy 
Scanning electron microscopy (SEM) is a common and informative method for 

microstructural analysis of materials. In this method, electrons accelerated by a high 
voltage (0-30 kV) are focused on a sample. The surface is scanned by a focused 
electron beam, during which the electrons and atoms of a material under study 
interact. Response signals of different physical nature appear when the electrons 
interact with a material, including primary backscattered electrons, secondary 
electrons, Auger electrons, X-ray radiation, cathodoluminescence, etc. Figure 14 
shows a diagram of the effects of electron beam on a sample in the SEM (Diagram 
courtesy of Iowa State University) [136]. Although all these signals are present in the 
SEM, not all of them are detected and used to obtain information. The most 
commonly used signals are Secondary Electrons, the Backscattered Electrons and X-
rays. Detectors collect secondary electrons, backscattered electrons, X-rays and 
convert them into a signal, which is transmitted to a screen as an image with high 
(several nanometers) spatial resolution. The image obtained on the screen gives us 
information about the microstructure and some other properties of the near-surface 
layers of a sample. In addition, energy dispersive X-ray spectroscopy (EDX, EDRS 
or EDS) can be used to perform elemental analysis of the sample surface. SEM has 
advantages over optical microscopes in the form of higher resolution and depth of 
focus. 
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Figure 14 – Diagram of effects of electron beam on a sample [136] 
 

When the electrons hit the surface of a sample target, a number of rather 
complex phenomena related to the transfer electron energy of beam to the target 
substance occur. In first approximation, all these phenomena can be divided into two 
large groups: elastic scattering, associated with changes in electron trajectories with a 
small loss of energy; inelastic scattering, due to inelastic interactions with atomic 
nuclei, and inelastic interactions with bound electrons. 

The electron penetrates the solid body mainly due to the "inelastic" interaction 
with the outer electrons of the atom, while the "elastic" interaction with the atomic 
nucleus determines the spatial distribution. The "secondary", " backscattered " 
electrons leaving the sample surface are mainly used to form the image. Also, the 
interaction between the bombarding electrons and the atomic nucleus gives rise to the 
emission of X-ray photons, exciting a "continuous X-ray spectrum." "Characteristic" 
X-rays (used for chemical analysis) are excited by electrons during transitions 
between intra-atomic energy levels, creating electron vacancies on the inner shells of 
the atom [137]. Figure 15 shows a schematic diagram of the generation of 
characteristic X-ray radiation.  

 

https://www.mse.iastate.edu/files/2013/06/Electron-Beam-Specimen-Interactions.jpg
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Figure 15 – Principle of characteristic X-ray generation [137] 
 
When electrons from the inner shells are emitted from atoms in matter due to 

irradiation with outer electrons, the vacant orbits are filled with electrons from the 
upper shells and the substance emits X-rays, the energy of which corresponds to the 
energy difference between the upper and inner electron shells. This X-ray radiation is 
called "characteristic X-ray radiation" because its energy (wavelengths) is a 
characteristic for each element. Thus, characteristic X-rays are used for elemental 
analysis. The characteristic X-ray radiation emitted by the excitation of electrons in 
the K shell is called "K lines," while the radiation emitted by the excitation of the L 
and M shells is called "L lines" and "M lines," respectively. If the constituent element 
is heavier, the energy of the characteristic X-ray radiation is correspondingly higher, 
so high-energy bombarding electrons are required to excite the characteristic X-ray 
radiation from heavy elements. On the other hand, when bombarding electrons are 
slowed down by the atomic nucleus, different X-rays are emitted. Such X-rays are 
called "continuous X-rays" or "white X-rays" or "background X-rays. When X-rays 
emitted from a sample hit a semiconductor detector, electron-hole pairs are generated, 
the amount of which corresponds to the energy of the X-rays. Measuring this quantity 
(electric current) allows us to obtain the value of X-ray energy. The sensor is cooled 
with liquid nitrogen to reduce the electrical noise. The advantage of EDS is that X-
rays from a wide range of elements from B to U are analyzed simultaneously. 

 

1.8 Fundamentals of computer simulation 

In the twenty-first century computer modeling has been applied in various fields 
of science. Natural sciences, social sciences, humanities, life sciences, etc. have 
somehow or other developed methodologies that use computational tools and, in 
particular, computer modeling. Current modeling techniques can be roughly divided 
into material and ideal ones. Material modeling is modeling, which is carried out with 
the use of a material analogue of the object under study, reproducing basic 
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geometrical, physical, functional and dynamic characteristics of this object. Material 
modeling can include the use of models and experimental specimens. Ideal modeling 
is based not on a material analogy of the object, but on an ideal analogy, i.e. 
conceivable and always has a theoretical character. As a rule, complex products are 
created by entire teams of developers, because the more complex and reliable a 
technical product should be, the more types of models should be applied at the stage 
of its design.  

The essence of computer modeling lies in obtaining quantitative and qualitative 
results from the available model. The subject of computer modeling can be: 
technological process, information-computer network, any real object or process in 
any subject area (physics, chemistry, economics, biology, engineering, etc.). 

Computer simulations have advantages over conventional experimental and 
theoretical physics. Computer simulations can deal with systems that do not exist in 
reality, thus overcoming the difficulties of experiments. It is possible to construct 
systems consisting of particles interacting using imaginary model potentials for the 
sake of revealing the fundamental rules of nature. A wide range of physical properties 
can be measured in computer simulations, in contrast to real laboratory conditions. 
For example, based on the available complete information about the positions and 
velocities of all particles in the simulated system, any desired microscopic physical 
quantities can be obtained. Also, some extreme limits can be realized in computer 
models, which cannot be achieved even by the most modern instrumentation. 
Examples of such extreme limits are extremely high pressures, extremely fast 
hardening rates, etc. To make real physical systems amenable to theory, it is always 
necessary to extract essential aspects and build simple models. Very often rigorous 
solutions are achieved only for oversimplified models, consequently, the physical 
relevance of the solutions is questionable. For less simple models, on the other hand, 
problems have to be solved with approximations, but the validity of these 
approximations is not always guaranteed from a physical point of view. Computer 
simulation is free from these difficulties, since exact solutions are obtained even for 
complex systems without approximations. As a result, it is possible to study models 
that are much closer to realistic materials. It should be noted that computer 
simulations are performed only for systems of finite size for a limited observation 
time. Methods that minimize the impact of these limitations must be developed in 
realistic simulation processes. 

The task of computer simulation of nanosystems is extremely complicated and 
laborious, because at the molecular level the traditional macroscopic laws of physics, 
mechanics, resistance of materials, hydraulics, etc. are no longer valid. Instead, 
quantum laws come into play, which lead to results completely unexpected from the 
point of view of classical notions. If we try to identify the main numerical methods 
for systems containing a large number of particles, they can be summarized in the 
following four: quantum-theoretical calculations "from first principles" [138], 
molecular mechanics, molecular dynamics [139] and Monte Carlo methods [140]. 
Each of these four calculation methods has its own advantages and limitations. 
Calculation results should reflect reality as closely as possible. 
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Since it is not possible to solve the quantum Schrödinger equation for a system 
of many particles, the quantum-theoretic approach consists in finding reasonable 
approximations and possibilities for separating variables, allowing to simplify the 
calculation scheme without involving experimental data. The most common methods 
of calculations "from first principles" are self-consistent field models (Hartree–Fock 
method), linear combination of atomic and molecular orbitals, density functional 
theories, potential energy surface, etc. Calculations "from first principles" without 
additional a priori assumptions regarding the interaction potentials of particles take 
into account various quantum effects. However, due to enormous computational 
difficulties, it is possible to consider only systems containing not more than a few 
hundred atoms. Nevertheless, such methods have stimulated the accelerated 
development of chemistry, allowed the computer calculation of molecules, and 
promoted the creation of semiempirical methods for the calculation of large 
molecular systems. Density functional theory (DFT) is a quantum mechanical method 
for calculating the electronic structure of atoms, molecules and solids. In this way, 
larger (and often more significant) molecular systems can be studied with sufficient 
accuracy, thereby extending the predictive power inherent in electronic structure 
theory. Because of this, DFT is currently the most widely used electronic structure 
method. The enormous importance of DFT in computational modeling is evidenced 
by the award of the 1998 Nobel Prize to Walter Kohn for the development of density 
functional theory [141]. 

The methods of molecular mechanics and molecular dynamics are based on 
classical physics of systems of many particles and cannot describe quantum effects. 
Moreover, these methods require detailed knowledge of inter-particle interactions to 
obtain numerical results, so different models must be used in each individual case. 
Quantum mechanics is introduced in this case in an implicit way (using interaction 
potentials obtained, for example, by calculations "from first principles"). To obtain 
realistic results in most cases additional fitting of these potentials to experimental 
data is required. Thus, the ambiguity of the interaction potentials used in molecular 
mechanics and molecular dynamics limits the wide application of these methods. At 
the same time, they make it possible to consider large nanosystems containing 105–
107 atoms, depending on the study. The goal of molecular mechanics (as well as of 
"first principles" calculations) is to find stable configurations for systems of many 
particles, i.e. to determine saddle points (local minima) on the potential energy 
surface. However, in contrast to calculations "from first principles," methods of 
molecular mechanics and molecular dynamics are based on classical notions. 
Particles are considered in these cases as material points interacting through force 
fields, which, in turn, are determined by interaction potentials. While in quantum 
mechanical calculations the concept of chemical bonds is absent a priori, the methods 
of molecular mechanics select interaction potentials, as well as energy and 
parameters corresponding to certain local configurations of atoms, depending on the 
type of bonds. However, the methods of molecular mechanics can be successfully 
applied only to a relatively narrow class of molecular structures in configurations 
close to the equilibrium state. The methods of molecular dynamics make it possible 
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to solve the Newtonian equations of motion of particles. In this regard, the evolution 
of a system of many particles over a certain number of time steps can be calculated, 
and at each step information about the position of particles, their velocity, kinetic and 
potential energy, etc., is available. All thermodynamic characteristics of the system 
can be determined without using any additional parameters. 

The most common method of stochastic simulation is the Monte Carlo method, 
a general name for a group of numerical methods that are widely used in statistical 
physics, where different variants of the system configuration that form a statistical 
ensemble are randomly generated. The term "Monte Carlo" was a reference to the 
gambling town of Monaco and was first introduced by Ulam and von Neumann 
[142]. Using Monte Carlo methods, the entire statistical totality of the energy states 
of atoms in a molecule is examined, which makes it possible to determine the most 
favorable spatial structure of molecules in terms of energy, as well as to estimate their 
thermodynamic characteristics. The Monte Carlo method can be applied to assess the 
uncertainty of financial forecasts, the results of investment projects, when forecasting 
the cost and schedule of project implementation, business process disruptions and 
personnel replacement. This method is used in situations where results cannot be 
obtained by analytical methods or there is high uncertainty of input or output data. 

Computer simulation in this dissertation was performed using DMol3. DMol3 is 
a commercial (and academic) software package that uses density functional theory 
with a basis of numerical radial functions to calculate the electronic properties of 
molecules, clusters, surfaces and crystalline solid materials from first principles. 
DMol3 allows optimizing the geometry and searching for saddle points with and 
without geometric constraints, as well as calculating various derivative properties of 
the electronic configuration [143]. 

Hohenberg and Kohn [230] introduced the density functional theory (DFT) in 
1964. Let an arbitrary number of electrons in a box be subject to an external potential 
v(r) and the electron-electron Coulomb repulsion, then, this potential is a unique 
functional of the electron density n(r), except for an additive constant [231]. 
Expressions or equations for the potential, the density, and functionals in bold 
indicate that the position variable is a vector. The Hamiltonian of the system is 
written as 

 
 H = T +U +V (4) 

 
where T and U are for the kinetic energy and electron-electron interaction 

operators, with 
 

 V = ∫ v(r)ψ∗(r)ψ(r)dr (5) 
 
Sum of the kinetic and electron-electron interaction energies is a universal 

functional of the charge density, since Ψ is a functional of n(r): 
 

 F [n(r)] ≡ (Ψ, (T + U) Ψ) (6) 
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It followed from the above results that, for a given potential v(r), we have the 
energy functional 

 
 Ev[n] = ∫ v(r)n(r)dr + F[n] (7) 

 
Hohenberg and Kohn proceeded to establish that this unique functional of the 

density attains its minimum (from above) for the correct ground state density n(r), 
provided the total number of particles, 

 
 N[n] ≡ ∫ n(r)dr = N (8) 

 
is kept constant. Specifically, the actual quote from the Hohenberg and Kohn 

article follows. “It is well known that for a system of N particles, the energy 
functional of Ψ′ 

 
 Ev[Ψ′] = (Ψ′,VΨ′) + (Ψ′, (T+U)Ψ′) (9) 

 
has a minimum at the ‘correct’ ground state Ψ, relative to arbitrary variations of 

Ψ′ in which the total number of particles is kept constant.” 
The authors took the next crucial step consisting of showing that a density n′(r), 

associated with a another potential v′(r) [different from v(r)], leads to a minimum 
value of the above energy functional that is higher than the one obtained with the 
ground state density n(r) of the system. 

Specifically, they established the following inequality: 
 

 ∫ v(r)n′(r)dr + F[n′] > ∫ v(r)n(r)dr + F[n] (10) 
 
It should be noted that the potential v(r) is used on both sides of the inequality. 

This result is generally referred to as the second Hohenberg and Kohn theorem or as 
the DFT variational principle. 

Kohn and Sham [232] introduced the local density approximation (LDA) of 
DFT in 1965. These authors rewrote the energy functional in Equations (7) and (9) as 

 
 E = ∫ v(r)n(r)dr + 

12 ∫∫ 𝑛(𝒓)𝑛(𝒓′)|𝒓−𝒓′| drdr′ + Ts[n] + Exc[n], (11) 

 
where Ts[n] is the kinetic energy of a system of non-interacting electrons whose 

density is n(r), while Exc[n] is defined as the exchange correlation energy of a system 
of interacting electrons with the same density n(r). In the case of slowly varying 
densities, Kohn and Sham obtained an expression for Exc[n] in terms of the exchange 
correlation energy per electron of a uniform gas whose density is n. 

 
 Exc[n] = ∫ n(r)∈xc (n(r)) dr, (12) 
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where ∈xc(n(r)) is the exchange and correlation energy per electron of a uniform 
electron gas of density n. The next pivotal step taken by these authors consisted of 
using the stationary property of Equation (11) (i.e., a particular form of Equation (9)) 
to derive an equation that straightforwardly leads to the Kohn Sham (KS) equation, 

 
 {−12∇2 + [v(r) + ∫ 𝑛(𝒓′)|𝒓 − 𝒓|dr′ + μxc(n(r))]} ψi(r) =∈iψi(r), (13) 

 
with the charge density computed using only the wave functions of the occupied 

states as 
 

 n(r) = ∑ |𝜓𝑖(𝒓)|2.𝑁𝑖=1  (14) 

 
The referenced derivation of the Kohn Sham equation requires that the total 

number of particles (N) be kept constant. Interestingly enough, Equation (14) is 
sufficient to underscore the fact that N must be constant. Any change in N means a 
totally new density and hence new values for all quantities that are unique functionals 
of the density! The above KS equation describes a system of non interacting electrons 
moving in the potential between brackets in Equation 13. The exchange correlation 
contribution to the chemical potential of a uniform gas of density n is μxc(n(r)). 

 

Conclusions for section 1  

Corrosion is a vast problem that we also encounter in everyday life. Corrosion of 
metals such as copper, nickel, carbon steel and magnesium affects industrial 
production, which in turn leads to enormous economic losses. The solution to this 
problem are anticorrosion coatings that can insulate the base metal from aggressive 
media, thereby reducing the risk of corrosion. In recent years, graphene coatings for 
the protection of metals against oxidation and corrosion have become widespread due 
to the properties of strength, impermeability, chemical inertness and hydrophobicity. 
Graphene is an ultrathin coating and its anticorrosion effect is superior to the 
traditional anticorrosion coatings without changing the original thermal/electrical 
conductivity of the substrate. However, the prospects for its use as an anticorrosion 
protective coating are murky because it is difficult to grow large defect-free films. A 
possible solution to this problem is the use of FGNS, a prominent representative of 
which is GO. GO can serve as a good and attractive alternative to the coating of pure 
graphene, as these films can be obtained quite simply and inexpensively by applying 
GO solutions to various substrates by spraying, dipping and other methods. 

Raman spectroscopy is an effective, powerful and non-destructive method of 
spectral analysis for characterizing the structure and chemical nature of matter. The 
most striking example of Raman spectroscopy application is the allotropic 
modifications of carbon. Each of the possible allotropic modifications of carbon has 
its own specific Raman spectrum. When studying anticorrosion coatings based on 
graphene nanostructures it becomes important to distinguish between graphite and 
graphene spectra. Scanning electron microscopy (SEM) is a common and informative 
method of microstructural analysis of materials. SEM images give us information 
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about the microstructure and some other properties of the near-surface layers of the 
sample. Energy dispersive X-ray spectroscopy (EDX, EDRS or EDS) is used to 
perform elemental analysis of the sample surface. 

Computer simulation has advantages over conventional experimental and 
theoretical physics. Computer simulation can deal with systems that do not exist in 
reality, thus overcoming the difficulties of experiments. A wide range of physical 
properties can be measured by computer simulation, unlike real laboratory 
conditions. Computer simulation in this thesis was performed using DMol3. 
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2 COMPUTER SIMULATION 

 

2.1 Computer simulation and calculations of the protective properties of 

graphene against oxygen penetration 

To theoretically confirm the effectiveness of the protective action of graphene 
against metal corrosion, two main possibilities for oxygen penetration into the area of 
the copper surface covered by graphene were simulated: directly through the 
graphene and through the gap between the substrate and the graphene. Bunch et al. 
[144] reported that monolayer graphene is practically impermeable to standard gases, 
including even helium. Nevertheless, this variant was modeled. Computer 
simulations of the investigated nanostructures were performed using the DMol3 
software package, which uses density functional theory (DFT). The DFT method has 
proven to be an effective tool in previously published works for the description of the 
energy and structural characteristics of graphene nanostructures, including 
functionalized ones [145-149]. The calculations showed that for the oxygen molecule 
penetration directly through the graphene, the energy barrier is very high even for the 
most favorable orientation of the molecule - when the axis is perpendicular to the 
graphene plane and passes through the hexagon center (Figure 16). For the other 
orientations the barrier is even higher. 

 

 
 

Figure 16 – Computer simulation of O2 molecule passing directly through 
graphene. Energy barriers for different orientations of the molecule (E): a) 34.3 eV; 

b) 40 eV; c) 38 eV 
 

For the possibility of oxygen penetration through the gap between the substrate 
and graphene two basic orientations of the oxygen molecule when entering the gap 
were considered: the axis of the molecule is parallel to the graphene edge, the axis of 
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the molecule is perpendicular to the graphene edge. Computer simulation and 
calculations showed the potential barrier for the molecule entry in the graphene-
substrate gap region (Figure 17). It is shown that the value of the barrier for the entry 
of the O2 molecule into the space between the graphene and the substrate strongly 
depends on the orientation of the molecule. It is approximately two times smaller for 
the orientation in which the axis of the molecule is perpendicular to the graphene 
edge. Nevertheless, even in this case the probability of oxygen penetration into the 
zone closed by graphene is negligible. 

 

 
 

Figure 17 – Computer models of the two main types of orientation of the O2 
molecule 

 
The results of calculations of the energy barrier (ΔE) dependence on the distance 

(Z) through the gap between the substrate and graphene for two basic types of 
orientation, when the axis of the O2 molecule is parallel to the graphene edge and 
when the axis of the O2 molecule is perpendicular to the graphene edge are presented 
in Table 1. 

 
Table 1 – Dependence of (ΔE) on (Z) when oxygen penetrates through the gap 
between the substrate and graphene 
 

Z, Å ∆E, eV 

 the axis of the O2 molecule is parallel 
to the graphene edge 

the axis of the O2 molecule is perpendicular 
to the graphene edge 

0 0 0 

0.5 1.5  

1.0 4.1 4.2 

2.0 14.6 6.9 

3.0 11.6 5.6 

3.5 11.4 5.5 
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2.2 Computer simulation and calculations of the effectiveness of the 

protective graphene coating containing defects 

Graphene has excellent barrier properties, but in practice it is almost impossible 
to obtain perfect defect-free graphene. When graphene is synthesized on the surface 
of the protected metal or when applied to it ready grown graphene particles, these 
materials usually contain structural defects, such as vacancies or their complexes, 
discontinuities in the structure and gaps between the sheets of graphene nanoparticles 
[150]. Despite intensive research, this problem related to the question of the 
effectiveness of protective coatings containing defects has not been studied enough. 
Theoretical studies of the protective properties of the graphene coating containing 
structural defects (vacancies and vacancy complexes) and discontinuities (breaks 
between graphene sheets) from oxygen penetration were carried out in this part of the 
work. For a more detailed study and prediction of the properties of the studied 
nanostructures, computer models were created and quantum-mechanical numerical 
calculations were performed using the well-proven DFT method and the optimization 
procedure built into the DMol3 package, widely used by researchers in nanomaterials 
physics, which has proven its reliability and high efficiency. 

In Figure 18 was used a model gap in the coating between two graphene sheets, 
which had a width of 0.25 nm when the sheets were arranged in the same plane. 
Figure 19 shows the computer models used to calculate the energy characteristics of 
the configurations of oxygen (O2) molecules approaching the gap in the coating (in 
the plane passing through the center of the gap). 

 

 
 

Figure 18 – Model of the gap between two graphene sheets in the coating 
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Figure 19 – Computer models of O2 molecules approaching the gap in the 
coating. (1) and (2) - O2 molecule is parallel to the graphene plane; (3) - molecule 

axis is perpendicular to the graphene plane 
 
Figure 20 presents the electron charge distribution at a density of 10 

electrons/nm3. This density roughly corresponds to the characteristics of the electrons 
in the conduction band. It is clearly seen that at this density of electrons the gap is 
almost covered by the electron cloud, which suggests that there is no noticeable effect 
of deterioration of conductivity properties in the protective coating. 

The calculation results in Figure 21 (a, b) show that in this configuration oxygen 
does not penetrate through the gap in the graphene coating to the protected surface. 
Figure 21 (b) clearly shows the presence of electronic bridges between the molecule 
and the edges of the gap. This indicates the formation of a strong bond (the molecule 
is blocked in the gap). Additionally, a strong covalent bond is formed as a result of 
chemisorption of oxygen molecules on the edges of the graphene sheets, which helps 
to prevent further penetration of oxygen molecules through the gap to the protected 
surface. 
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Figure 20 – Calculated electron charge distribution in the region of the gap at a 
density of 10 electrons/nm3 

 
The data in Table 2 show that in Configuration 1(figure 19) there is a potential 

well that captures the molecule at a distance of 0.1 nm before the gap, then a potential 
barrier that prevents penetration into the slit plane. Configuration 2 (figure 19) shows 
a high (5 eV) potential barrier at 0.1 nm. Configuration 3 (figure 19) shows the 
appearance of a potential well in front of the slit and a potential barrier in the 
graphene plane. These factors indicate the possibility of protection even in the 
presence of gaps between graphene nanostructures, which can exist in the real 
situation during the formation of protective coatings based on graphene 
nanostructures. 

 

  
a) b) 

 
Figure 21 – a) Calculated electron charge distribution in the gap region for a 

charge density of 30 electrons/nm3, which corresponds to the electrons forming 
chemical bonds; b) Modified image of the electron charge distribution in the gap 

region 
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Table 2 – Calculation of energy characteristics of configurations of oxygen molecules 
approaching the gap in the coating 

 
Configuration Distance of the molecule from the 

plane 
Configuration energy                                         

1 2.5 0 

 2.0 -1.1 

 1.0 -1.7 

 0 -1.1 

2 2.5 -8 

 2 -7 

 1 -3 

 0 +1 

3 0 (center of the bond) -1 

 1.5 -1.65 

 2.5 -1.16 

 3.5 -1.15 

 
When studying the influence of structural defects on the anticorrosion properties 

of graphene, computer simulation of graphene containing vacancy (GV) and 
graphene containing divacancy (GDV) was carried out and potential energy barriers 
were calculated when O2 passes through the center of the defective region in 
graphene. When the O2 molecule penetrates through graphene, two basic types of 
molecule orientation were considered, when the axis of the O2 molecule is 
perpendicular to the graphene plane (Configuration A) and when the axis of the O2 
molecule is parallel to the graphene plane (Configuration B). Figure 22 (a) shows a 
computer model of GV-O2 for Configuration A, Figure 22 (b) shows a computer 
model of GV-O2 for Configuration B. 

Computer simulation and calculations showed the presence of a high energy 
barrier when the O2 molecule penetrates through graphene containing defects. The 
results of calculations of the energy barrier dependence on the orientation of the O2 
molecule, when the O2 molecule penetrates through defects in graphene, are 
presented in Table 3. It was found that the value of the energy barrier strongly 
depends on the orientation of the O2 molecule. Figure 23 (a) shows the computer 
models of GDV-O2 and Figure 23 (b) shows the computer models of GV-O2. 

 
Table 3 – Dependence of the energy barrier on the orientation of the oxygen molecule 
when penetrating through defects in graphene 

 
Configuration ∆E, eV 

 the axis of the O2 molecule is 
perpendicular to the graphene plane 

the axis of the O2 molecule is 
parallel to the graphene plane 

GV 5.5 9 

GDV 4.1 7 
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a) b) 
  

a) The axis of the O2 molecule is perpendicular to the graphene plane; b) The 
axis of the O2 molecule is parallel to the graphene plane 

 
Figure 22 – Computer models of the two basic types of orientation of the 

molecule during the passage of the O2 molecule through the GV 
 

  
a) GDV-O2 b) GV-O2 

 
Figure 23 – Computer models of the passage of the O2 molecule through defects 

in graphene 
 

2.3 Computer simulation and calculations of the effectiveness of 

anticorrosion graphene coating functionalized with gallium 

There are a sufficient number of scientific works on anticorrosion graphene 
coatings, in which graphene is doped with elements of the third and fifth groups, such 
as boron and nitrogen [227, 228], while doping with gallium has not been studied 
enough. Based on quantum-mechanical numerical calculations, the functionalization 
with gallium atoms contributes to the preservation of the high efficiency of the 
protective effect of the graphene coating, which has a sufficiently large gap (0.45 
nm), against oxygen penetration. 
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All calculations were performed using the DFT method and the energy 
optimization procedure for structures. Figure 24 shows a computer model of the 
cluster of 4 gallium atoms that emerged after adsorption on the graphene surface. The 
cluster's binding energy with graphene is 1.35 eV, and the equilibrium distance from 
graphene is 0.3 nm. The distance between the gallium atoms in the cluster is 
approximately 0.27 - 0.3 nm. 

The results of the simulations and calculations presented in Figure 25 and 26 
show that the bonding of the cluster with the ideal graphene is not strong enough, 
which is confirmed by the absence of dense electronic bridges between the cluster 
and graphene at the maximum charge density corresponding to the formation of 
bonds. Figure 27 shows density of states of the calculated cluster configuration on the 
graphene protective coating. Figure 28 shows modified image of the possible stable 
structure of a graphene protective coating element with a gallium cluster with an 
adsorbed oxygen molecule. 

 

 
 

Figure 24 – Computer model of the graphene - 4 Ga system 
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Figure 25 – Electron charge distribution in the graphene - 4 Ga system at a 
density of 10 el/nm3 

 

 
 

Figure 26 – Electron charge distribution in the graphene - 4 Ga system at a 
density of 30 el/nm3 
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Figure 27 – DOS of the calculated cluster configuration on the graphene 
protective coating 

  

 
 

Figure 28 – Possible stable structure of a graphene protective coating element 
with a gallium cluster with an adsorbed oxygen molecule 
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In this part of the work, the possibility of maintaining the effectiveness of the 
protective coating in the presence of a sufficiently large gap in the graphene sheet 
with a size of 0.45 nm was investigated. The linear structure of Ga atoms is used as 
blocking elements. Figure 29 illustrates the initial placement of Ga atoms in the gap 
plane. Subsequently, the calculations used the structures optimization procedure to 
determine the energy-optimal configuration of the linear structure. After 
optimization, the linearity of the gallium atom chain was preserved, and the distance 
between them turned out to be 0.49 nm. 

 

 
 

Figure 29 – Linear structure of Ga atoms in the gap plane of the graphene sheet 
with a size of 0.45 nm. Ga atoms are placed along the midline 

 
Figure 30 and 31 illustrate the results of calculations of the electron charge 

distribution with configuration optimization for the emerged linear structure of 
gallium atoms connected with the edges of the graphene protective coatings. It is 
clearly seen that between the Ga atoms and the graphene sheets at high charge 
density (density 30 el/nm3) the electronic bridges appeared, indicating the formation 
of covalent bonds. The picture of the electron charge distribution shows the 
preferential transfer to the gallium atoms, which is generally corresponds to the 
known data on the electron affinity. Ga atoms are in the gap plane at a distance of 0.5 
nm between them. The binding energy of the Ga-graphene atoms is 2.6 eV. The 
atomic structure of the configuration after calculation and application of the 
optimization procedure is shown. Ga atoms are in the gap plane at a distance of 0.5 
nm between them. The width of the gap is 0.45 nm. After calculation and 
optimization, the oxygen molecule is located at a distance of 0.24 nm from the gap 
plane. The binding energy of the Ga-graphene atom is 2.6 eV. The calculation gave a 
rather high value of 1.8 eV for the oxygen adsorption energy. The presented results 
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indicate the possibility of effective blocking of the gap type defect in the graphene 
protective coating using the functionalization by gallium atoms. Figure 32 shows 
computer model of the configuration that occurs when an oxygen molecule adsorbs 
on a linear structure of Ga atoms. 

 

 
 

Figure 30 – Electron charge distribution (density 30 el/nm3) in the gap zone 
containing Ga atoms. The gap between the graphenes is 0.45 nm. Ga atoms are 
placed along the midline and connected with the edges of the graphene sheets 

 

 
 

Figure 31 – Modified image of the electron charge distribution in the gap zone. 
Partial charge transfer to gallium atoms is evident 
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Figure 32 – The configuration that occurs when an oxygen molecule adsorbs on 
a linear structure of Ga atoms 

 
It was of interest to find out the change in the character of the protective coating 

gap blocking when the gap size changes. Thus, a decrease in the gap width, as 
expected, should lead to a change in the structure of the blocking zone, which, in 
particular, is related to the dimensional effect - the gallium atoms are large and 
cannot be placed in the plane of the gap. To what extent should the influence of the 
modified structure on the protective properties of the coating be expected. 

The atomic structure of the configuration after calculation and application of the 
optimization procedure is presented. In the configuration in Figure 33 after 
optimization, the Ga atoms leave the gap plane and are located at a distance of 0.13 
nm from the gap plane with a distance between them of 0.5 nm. The oxygen molecule 
is adsorbed at a distance of 0.25 nm from the graphene coating plane. The adsorption 
energy of oxygen is 1.6 eV, which is close to the values obtained for the 
configuration with a larger gap zone. The binding energy of the Ga - graphene atom 
is 2.2 eV. The data presented in Figure 34 indicate a significant rearrangement of the 
configuration blocking the chain gap, but the characteristics of chemisorption capture 
of oxygen molecules at the gap boundary are actually fully preserved, as evidenced 
by the electron charge distribution maps and the protective ability of the graphene 
protective coating remains effective. 

It should be noted that functionalization of graphene coatings with gallium is 
possible in different ways, in particular, by irradiation with a low-energy ion beam 
directly in the electron microscope chamber. 
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Figure 33 – Computer model of the oxygen molecule adsorption zone element 
on the blocking chain at a gap width of 0.25 nm 

 
 

 
a) 

 
b) 

 

 
c) 

 
a) atomic structure (side view); b) electron charge distribution map at a charge 

density of 30 el/nm3 (side view); c) modified image (top view) 
 

Figure 34 – View of the structure of the adsorption element of the blocking 
chain at a gap width of 0.25 nm 
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Conclusions for section 2 

This section is devoted to computer simulation of graphene nanostructures, 
calculation of the efficiency of their anticorrosion properties using "first-principles" 
methods. Computer simulation of the investigated nanostructures was carried out 
using the DMol3 software package, which uses density functional theory (DFT). 

In order to theoretically confirm the effectiveness of the protective action of 
graphene against metal corrosion, two main possibilities for oxygen penetration into 
the area of the copper surface covered by graphene were simulated: directly through 
the graphene and through the gap between the substrate and the graphene. 
Calculations have shown that the energy barrier is very high for the penetration of an 
oxygen molecule into the area of the copper surface covered by graphene. 

Graphene has excellent barrier properties, but in practice it is almost impossible 
to obtain perfect defect-free graphene. When graphene is synthesized on the surface 
of the protected metal or when ready grown graphene particles are applied to it, these 
materials usually contain structural defects, such as vacancies or their complexes, 
discontinuities in the structure and gaps between graphene sheets. Despite intensive 
research, this problem, related to the question of the effectiveness of protective 
coatings containing defects, has not been sufficiently studied. In this part of the work, 
theoretical studies of the protective properties of a graphene coating containing 
structural defects (vacancies, divacancies and a small gap in the sheet (0.25 nm)) 
against oxygen penetration, were carried out. The results of computer simulation and 
quantum-mechanical numerical calculations suggest that graphene can be a very 
effective anticorrosion coating, even in the presence of structural defects. 

Then the computer models were presented and the quantum-mechanical 
numerical calculations of the efficiency of the graphene coating functionalized with 
gallium, which has a sufficiently large gap (0.45 nm), were performed. The presented 
results indicate the possibility of the effective blocking of the gap-type defect in the 
graphene protective coating upon the functionalization by the gallium atoms. 
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3 PRODUCTION AND STUDY OF THE PROTECTIVE PROPERTIES 

OF GRAPHENE NANOSTRUCTURES 

 

3.1 Synthesis of graphene by chemical vapor deposition (CVD) 

Synthesis of high quality graphene is one of the important processes of creating 
anticorrosion coatings. Graphene synthesis means obtaining graphene of the desired 
size, purity, crystallinity using various methods.  

In the CVD method graphene is synthesized directly on various transition metal 
substrates such as Ni and Cu by saturating them with carbon under the influence of 
various gaseous hydrocarbons such as methane, ethylene, acetylene and benzene at 
high temperature.  

In this part the technique of CVD synthesis of the graphene coating [151] in a 
sealed flow tube (Figure 35 (a)) with the diameter d = 80 mm was developed. A 100 
µm-thick nickel plate with purity of 99.99% was used as a catalyst substrate for 
graphene growth. Argon-hydrogen mixture was passed as a buffer gas and benzene 
vapor was used as a carbon source. 

Argon was passed through the quartz tube of the CVD furnace, with a nickel 
catalyst substrate pre-installed in it, at normal pressure and a flow rate of about 80 
sccm for t = 30 min to displace oxygen and moisture. After this procedure, the 
furnace heating process was started, the heating rate was set to 35 °C/min, and the 
previous flow rate mode was maintained with the addition of 20 sccm. When T = 
900°C was reached, the temperature of the system stabilized, and annealing was 
carried out for t = 60 min, this procedure was carried out to increase the average grain 
size of nickel. After that, at a temperature of T = 900 °C, benzene vapors were 
introduced into the system with a constant flow of the argon-hydrogen mixture, 
according to the scheme shown in Figure 35 (b). The hydrocarbon mixture was 
introduced for 5 minutes. At the end of the synthesis time, the heating of the furnace 
was turned off, and the system was naturally cooled to T = 80°C in an argon flow, 
and then the sample was transferred to a cooler part of the tube and then taken out. 
The general scheme of the synthesis process is shown in Figure 36. Figure 37 shows 
the photo of nickel plate after synthesis. As the nickel foil cools, folds of graphene 
sheets are formed on it due to the different thermal expansion coefficients of nickel 
and graphene. According to these folds we can talk about the presence of ultrathin 
layers of graphene. Figure 38 shows electron micrographs of nickel foil after 
graphene synthesis. Analyzing the microphotograph in Figure 38 (a), one can see the 
boundaries of the nickel grains and estimate their average size (130 µm), which in the 
growth process determines the average lateral size of graphene. 
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a) 

 

b) 
 

a) appearance; b) scheme 
 

Figure 35 – CVD installation 
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Figure 36 – CVD-graphene synthesis process 
 

 
 

Figure 37 – Nickel plate after synthesis 
 

 
a) 

 
b) 

 
Figure 38 – Image of graphene on nickel at different magnifications 
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The quality of the graphene, as well as the number of layers was estimated from 
the analysis of Raman spectra taken with the NTEGRA Spectra. Lines were excited 
by a blue laser with a wavelength of 473nm. Figure 39 shows the Raman spectrum of 
the graphene coating after transfer by mechanical exfoliation to a dielectric substrate 
(Si/SiO2). It can be seen that the spectrum is characterized by a fairly sharp G peak 
(1581cm-1) and a symmetric 2D peak (2734 cm-1). There is also a small D peak (1360 
cm-1) in the spectrum, which indicates the defect density in the CVD-graphene. 
According to [152] the number of graphene layers is determined by the ratio of I2D/IG 
peak intensities. The ratio I2D/IG ~ 2-3 is typical for monolayer graphene, for two-
layer graphene 2>I2D/IG>1and for few-layer graphene I2D/IG<1 [152, 153]. Based on 
the ratio of the intensities of the I2D/IG Raman spectra peaks, you can conclude that 
the CVD-graphene obtained on the nickel foil is a monolayer. 

 

 
 

Figure 39 – Raman spectrum of CVD-graphene after transfer by mechanical 
exfoliation 

 
A method of transferring ultrathin layers of graphite and graphene on the surface 

of other materials and substrates for research, by wet etching, has also been 
developed [154]. This method makes it easy to transfer graphene to the desired 
material surfaces. An aqueous solution of 3 g/ml FeCl3 was used as an etchant. Nickel 
foil with the side on which graphene was synthesized lowered to the surface of the 
solution for several hours. After the partial nickel etching process, the remaining part 
was lifted with tweezers, and a thin, transparent layer of graphene remained on the 
surface of the etchant for several hours to remove nickel residues. Then these layers 
were caught on the glass surface and transferred to distilled water to wash the etchant. 
Figure 40 schematically shows the main steps of the CVD-graphene transfer process. 
Figure 41 shows the Raman spectrum (smoothed) of graphene after the transfer 
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process, in which, as we can see from the I2D/IG peak ratio, the obtained spectrum 
corresponds to the region of few-layer graphene. 

 

 
 

Figure 40 – Illustration of the CVD-graphene transfer process by wet etching 
 

 
 

Figure 41 – Raman spectrum of few-layer graphene after transfer process by wet 
etching 
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3.2 Obtaining graphene by carbon diffusion through nickel 

Graphene and few-layer graphene nanostructures were grown on polycrystalline 
nickel substrates by carbon diffusion through nickel on a vacuum setup (VUP-5M), 
the experiment scheme is shown in Figure 42. First, clean (99.99%) 60 μm-thick 
nickel foil was cleaned in an ultrasonic bath for 10 minutes, then washed with 
isopropyl alcohol and deionized water and dried under a stream of dry nitrogen. After 
cleaning, the nickel foil was annealed in a vacuum at a residual pressure of 10-4 Pa in 
order to grow the nickel grains and smooth the surface. Heating was carried out by 
passing a current (20-30 A) through the nickel foil and the sample temperature was 
maintained at about 1000 °C for 30 min. After that, highly oriented pyrolytic graphite 
was pressed tightly onto one side of the already annealed nickel and was also heated 
with the same vacuum at a rate of about 100 °/min above 1300 °C, the sample 
temperature was measured with a thermocouple.  

For carbon diffusion in nickel D(T) = D0exp(-Ea/kT), where Do ≈ 2.48·10-4 m2/s, 
activation energy Ea ≈ 1.74 eV. The calculated time of carbon diffusion through the 
nickel foil of thickness L = 60 μm, at sample temperature T = 900 °C is about τ ≈ 
L2/4·D (1173K) ≈ 2 to reach the surface from the other side. Figure 43 illustrates the 
traces of the graphite source on the one side of the foil and the appearance of diffused 
carbon atoms on the other side. 

 

 
 

Figure 42 – Scheme of obtaining graphene on nickel by the diffusion method 
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a) b) 

 
a) the first side; b) the second side 

 
Figure 43 – Nickel after the diffusion process 

 
Graphene on nickel obtained by this method was studied by scanning electron 

microscope and Raman spectroscopy (Figure 44). The microphotographs (Figure 44 
(a)), obtained with a scanning electron microscope, clearly show the folds that form 
during cooling due to the difference in the thermal expansion coefficients of graphene 
and nickel, as well as by the CVD method. Figure 44 (b) shows the Raman spectrum 
of graphene measured under laser excitation (473 nm). The spectrum shows fairly 
well-defined intense lines: G-peak at ~1581cm-1 and the 2D-peak at ~2703 cm-1. It is 
also seen that the D-peak at 1350 cm-1, which indicates the defectiveness of graphene 
is completely absent. It is also clear from the ratio of the G and 2D peaks that the 
obtained graphene is a monolayer. Figure 45 shows an optical micrograph of the 
graphene obtained by the diffusion method on nickel at 900 °C. 

 

 
a) 

 
b) 

 

a) electron microphotography; b) Raman spectrum 

 

Figure 44 – Graphene grown by carbon diffusion through nickel 
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Figure 45 – Optical micrographs of graphene obtained by the diffusion method 
at 900 °C 

 
The optical micrograph clearly shows the nickel substrate grains and their 

boundaries, as well as estimate the grain size of the graphene, which was 
approximately 100*200 µm2. According to [155] the number of the graphene growth 
nucleation centers on the Ni (111) surface is extremely small, which is an important 
factor for the growth of large single-domain graphene crystals. According to the 
literature data the carbon diffusion in Ni (111) can occur mainly through the grains 
and their boundaries or in other defective places in the graphene layer [156,157]. 

 
3.3 Functionalization of graphene nanostructures 

 

3.3.1 Functionalization of few-layer graphene nanostructures with gallium 

ions 

In this part of the thesis, the functionalization of few-layer graphene 
nanostructures with low-energy gallium ions was carried out. The few-layer graphene 
nanostructures were obtained by the process of carbon diffusion through nickel and 
identified by Raman spectroscopy, as well as micrographs were taken from these 
samples and energy-dispersion elemental analysis was performed (Figure 46). Next, 
these samples were irradiated with gallium ions on a dual-beam scanning electron 
microscope with a built-in gallium gun. The total irradiation area of Ga+ ions with 
energy of 2 keV and beam current of ~8.9 pA was 50 μm2. The radiation dose was ≈ 
5·1013 ions/cm2 with a surface density of carbon atoms in graphene ≈ 3.82·1015 
ions/cm2, which indicates a low dose of radiation. Figure 46 (b) presents the Raman 
spectra of a few-layer graphene nanostructure before (2) and after (1) the irradiation 
process. From these spectra can be observed the appearance of additional peaks D, D՚ 
and D+D՚, which are responsible for the formation of defects in a few-layer graphene 
nanostructure. The intensity of the 2D peak decreases with increasing radiation dose. 
There is also change in the output of secondary electrons which was detected 
compared to the non-irradiated region (Figure 46 (a)). To detect gallium after 
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irradiation, elemental analysis was performed at low accelerating stresses in order to 
enhance the sensitivity of this method to the surface (Figure 46 (c,d)). The energy 
dispersion spectrum after irradiation demonstrates the appearance of a small peak of 
gallium.  

 

 
a) b) 

 
c) 

 
d) 

 

Figure 46 – a) Electronic microphotography of few-layer graphene 
nanostructures on nickel; left side (1-dark contrast) irradiated by gallium ions; 
right side (2-light contrast) unirradiated; b) Raman spectra with unirradiated 

(black line-2) and irradiated (red line-1) parts; c),d) EDS spectra with 
unirradiated and irradiated parts, respectively 
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3.3.2 Production of graphene oxide by the modified Hummers’ method 

One of the most common FGNS representatives is the GO due to its potential 
applications in various fields of science and technology. For example, the use of GO 
in humidity sensors can improve its performance [158,159]. In this work, the GO was 
obtained chemically (modified Hummers’ method). The essence of the method is the 
processing of graphite powder with strong oxidizing agents, the resulting structures 
are called graphite oxide, and after appropriate treatment with ultrasound, graphene 
oxide is obtained. Figure 47 shows all the main stages of obtaining GO by the 
modified Hummers’ method. To begin with, an ice bath of 0 °C was prepared on a 
magnetic stirrer with a temperature controller and a 1000 ml flask was placed in it, 
with graphite powder weighing 3 g in it. Then 69 ml of concentrated H2SO4 was 
added to graphite powder, after which sodium nitrate (NaNO3) weighing 1.5 grams 
was added to the measuring flask, and then potassium permanganate weighing 9 
grams (KMnO4) was gradually added. The resulting solution was stirred for 3 hours 
with a temperature below 20 ° C. After stirring the solution for 3 hours, 15 ml of 
deionized water was added, after which the temperature of the solution was raised to 
35 °C and this temperature was maintained for another 30 minutes. Then again 
deionized water was added and the temperature was raised to 85 °C and this 
temperature was also maintained for 30 minutes. To complete the reaction, a 30% 
solution of hydrogen peroxide (H2O2) was added to the mixture until the color of the 
mixture changed to bright yellow and until the evolution of gases ceased. The 
solution was washed in 5% hydrochloric acid (HCl) to remove metal ions, and then 
the solution was washed and filtered several times in deionized water using a 
centrifuge until neutral (pH≈7) was achieved. The resulting solution was sonicated in 
an ultrasonic bath for one hour. Figure 48(a) shows a photograph of the resulting 
aqueous dispersion of graphene oxide. 
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Figure 47 – The process of synthesis of GO by the modified Hummers’ 
method 

 
To obtain graphene oxide films, the resulting aqueous dispersion of graphene 

oxide was poured into petri dishes and subjected to a temperature effect of 40 °C for 
3–4 hours on a magnetic stirrer until dried GO films were obtained. Figure 48 (b) 
shows the Petri dish with already dried GO films, and figure 48 (c) shows the optical 
microphotography of the surface of the dried graphene oxide film. The Raman 
spectrum of graphene oxide (Figure 48 (d)) mainly consists of a broad D peak of ~ 
1350 cm-1, corresponding to structural defects, a G peak of ~ 1587 cm-1, 
corresponding to the vibration of the graphite region, and a wide weak ledge, from 
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2600 cm-1 to 3200 cm-1. D/G is about 0.93, which indicates a large number of defects 
within the crystal lattice. 

 

 

 

 

a) b) 

  
c) d) 

 
a) Aqueous dispersion of GO (concentration 1mg/ml); b) Photograph of 

dried GO films in Petri dish; c) Optical microphotography of GO film surface; d) 
Raman spectrum of obtained GO 

 
Figure 48 – GO obtained by the modified Hummers’ method 

 
Thermogravimetric analysis is performed by measuring the sample mass in 

the oven with analytical weights as the sample temperature gradually rises. In 
TGA, mass loss occurs if the heating produces volatile components. 
Thermogravimetric analysis of the GO sample was performed on the TA 
Discovery SDT 650. The sample was placed inside a platinum cup and heated in 
a nitrogen atmosphere at a rate of 10°C per minute to a final temperature of 
900°C. Figure 49 shows the TGA curve of the GO sample. The resulting TGA 
data showed a typical weight loss as a function of temperature. Three areas are 
distinguished over the entire temperature range. In the temperature range from 
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room temperature to 180 °C, mass loss occurs, which is associated with the 
evaporation of adsorbed water. In the range of 180–300 °C, the sample 
demonstrates a rather sharp mass loss of about 25%, which is explained by the 
loss of thermally unstable oxygen functional groups. After 300 °C and up to 900 
°C, the graphene oxide sample underwent a gradual mass loss of about 12%, 
which indicates further removal of various functional groups. 

 

 

 
Figure 49 – Thermogravimetric analysis of the GO sample 

 
Next, we evaluated the interplanar distance d of the obtained initial GO and 

GO after TGA (T-RGO) on a Bruker D8 ADVANCE ECO A25 X-ray 
diffractometer. X-ray diffractometry (XRD - X-ray diffractometry) refers to 
common non-destructive methods that characterize the structure and phase 
composition of crystalline materials. The interpretation of the diffraction patterns 
made it possible to determine the interplanar spacing (d) of GO (Figure 50 (a)) 
and T-RGO (Figure 50 (b)), substituting the obtained value of 2θ into the Wulff-
Bragg’s condition. The interplanar distance of GO decreased from 0.76 nm to 
0.34 nm, which indicates that the original GO sample had a decrease in the 
number of H2O molecules, oxygen and other functional groups after temperature 
exposure in a nitrogen atmosphere. 
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a) GO b) T-RGO 

 
Figure 50 – XRD of GO and thermally reduced GO (T-RGO) 

 

3.4 Electrophoretic deposition of GO on the surface of copper and nickel 

The formation of GO-based protective coatings on Cu and Ni surfaces was 
carried out by electrophoretic deposition, which is one of the promising methods for 
the deposition of nanostructures with a number of advantages, including the 
simplicity and low cost of the experimental setup, high productivity, the ability to 
control the coating thickness, and a wide choice of substrates. Electrophoretic 
deposition is usually carried out in a two-electrode cell, where the applied electric 
field can be constant or modulated (Figure 51). 

 

 
 

Figure 51– Scheme of a cell for electrophoretic deposition of a graphene oxide 
film 

 
Electrophoretic deposition is a two-step process. The first stage - particles 

suspended in the liquid under the action of an electric field move to the electrodes. 
The second stage - particles accumulate on one of the electrodes and form a layer. 
Naturally, particles in suspension will be affected by an electric field if they are 



65 
 

charged. In an aqueous solution (deionized water) of graphene oxide, the particles 
have a negative charge due to the presence of oxygen-containing groups. In this 
work, the negative electrode is a platinum foil, and the positive electrode, on which a 
graphene oxide film is formed, is copper and nickel with an applied potential of 100 
V. At a distance between the electrodes of 1.5 cm and an oxide aqueous solution 
concentration of 0.1 mg/ml, the current density was about 1 mA /cm2. To carry out 
electrophoretic deposition, graphene oxide obtained by the Hummers’ method was 
dispersed in distilled water using ultrasound for 30 min until a completely 
homogeneous solution was formed. Copper and nickel electrodes measuring 0.8 cm 
by 3.5 cm were pre-sonicated in acetone for 5 minutes, followed by washing in 
isopropyl alcohol. Figure 52 shows the EDS results of initial foils after cleaning. 

 

 
a) copper 

 
b) nickel 

 
Figure 52 – Elemental composition of initial foils  

 
Further, graphene oxide films with different growth times were obtained on 

copper and nickel foils 100 μm thick by electrophoretic deposition (Figure 53): 1 
sample - t = 1 second, 2 sample - t = 3 seconds and 3 sample - t = 5 seconds. The 
study of the uniformity of the coatings was carried out on a scanning electron 
microscope. Figure 54 (a,d) shows microphotographs of copper and nickel surfaces 
after cleaning, with observed patterns associated with foil production technology. 
After one second of deposition, both copper and nickel electrodes showed areas 
without film, indicating insufficient deposition time (Figure 54 (b,e)). The samples, 
on which the deposition was carried out for t = 3 seconds or more while maintaining 
the same growth parameters, the coatings were continuous (Figure 54 (c,f)). 
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Figure 53 – Photo of copper and nickel electrodes after electrophoretic 
processing 

 

 
a) 

 
d) 

 
b) 

 
e) 

 
Figure 54 – Electron microscopic images of samples before and after coatings, 

page 1 
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c) f) 

 
Figure 54, page 2 

 
The composition and thickness uniformity of the coatings were studied by X-ray 

spectral microanalysis. The results of the analysis are shown in Figure 55. Since the 
films are quite thin, the characteristic X-ray peaks of the electrodes (copper and 
nickel) are observed in the spectrum, and the analysis is considered semi-quantitative. 
Analysis of the distribution curves relative to the weight percentage of elements 
along the white line in Figure 55 (b, d) allows us to speak about the homogeneity of 
the composition and the uniformity of the coating thickness for both electrodes. The 
coating thickness for the deposition time t = 10 seconds at the same process 
parameters was about 1 µm. After the samples were thermally treated in a flow tube 
furnace in an argon flow (99.999%) with a set consumption of 50 ml/min and an 
annealing temperature of 300 °C within 30 minutes. The elemental analysis results 
are presented in Figure 56. There was a decrease in the oxygen level compared to the 
original coating compositions presented in Figure 55 (a, c), and, accordingly, a 
recovery of GO. Reduced GO nanostructures are able to produce corrosion protection 
of surfaces of copper, nickel and other materials, as the properties become close to 
graphene. 
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a) 

 
b) 

 
c) 

 
d) 

 
Figure 55 – Elemental analysis of coatings on copper (a) and nickel (c). Element 

distribution profiles along a horizontal line on copper (b) and nickel (d) 

 
Figure 56 – Elemental composition of coatings after reduction 

 
Experiments have also been conducted to study the adhesion of GO films 

formed on copper and nickel surfaces by electrophoretic deposition. The resulting 

 
a) copper 

 
b) nickel 
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coatings have little adhesion and are easily exfoliated at small bends and partially 
dissolved in water. 

To improve the adhesive properties and water resistance of the coatings, the 
metal plates with GO coatings were annealed in the flow pipe in the flow of argon-
hydrogen mixture (90% Ar + 10% H2) at a temperature of 200 °C during 2 hours. 
Figure 57 (a, b) shows microphotographs of the initial surfaces after cleaning copper 
and nickel respectively. Electrophoretic deposition coatings under the same 
conditions (U=100V, J=1mA/cm2, solution concentration 0.1 mg/ml) are shown in 
figure 57 (c) copper and (d) nickel. Nickel-based coating has more folds than copper. 
After annealing, the folds at the micro level on both surfaces are smoothed, 
presumably increasing the interaction surface of the film with the metal surface, with 
the result that the adhesion properties and durability of anticorrosion protective 
coatings are improved. Figure 57 (e, f) shows microphotographs of the coatings after 
annealing and bending to 45°. Thus, this approach provides the necessary adhesion 
strength of the coating with the metal substrate and can be easily implemented for 
large-scale use. 
 

 
a) the initial surface of the copper 

foil 

 
b) the initial surface of the nickel 

foil 

 
c) graphene oxide coating on 

copper 

 
d) graphene oxide coating on 

nickel 
 

Figure 57 – Optical micrographs of samples before and after application of 
coatings, page 1 
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e) graphene oxide coating on 

copper after annealing and bending  

 
f) graphene oxide coating on 

nickel after annealing and bending 
 

Figure 57, page 2 
 
3.5 Investigation of the effectiveness of protective coatings based on 

graphene nanostructures by energy dispersive X-ray spectroscopy (EDS) 

Another method of studying the element composition of protective coatings 
based on graphene nanostructures in our work is the EDS method, which is 
implemented on the basis of a scanning electron microscope. This method allows to 
obtain both qualitative and quantitative analysis of the composition of the sample.  

The protective properties of graphene coatings formed on copper and nickel 
plates at temperature (measurement error 1%) were investigated. Before the main 
work, the copper plates were cleaned in a hydrogen environment. The few-layer 
graphene nanostructures were then formed on the surface of the copper using the 
CVD method at T=1000 °C for t=20 min. The D/G ratio can be used to estimate the 
quality of the obtained coatings [229]. Figure 58 shows the Raman spectrum 
confirming the presence of few-layer graphene on the copper surface, and has a D/G 
≈ 0.08, which indicates a high quality of coatings obtained by CVD method. 

 

 
 

Figure 58 – Raman spectrum of a few-layer graphene on a copper surface 
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This was followed an elemental analysis by EDS of samples of bare copper (Cu) 
and graphene-coated copper (G-Cu). The next step was the oxidation of Cu and G-Cu 
at T=300 °С for 30 minutes in the air atmosphere. The oxidized samples of Cu and 
G-Cu have been analyzed by EDS. Table 4 shows the results of EDS of Cu and G-Cu 
before and after oxidation. 

 
Table 4 – EDS results of Cu and G-Cu before and after oxidation 

 
Elements Cu G-Cu 

 Before oxidation After  
oxidation 

Before 
oxidation 

After  
oxidation 

Cu (at. %) 99.93 89.71 67.90 69.70 

C (at. %) 0.03 0.02 32.09 30.27 

O (at. %) 0.04 10.27 0.01 0.03 

 
Elemental analysis of the obtained samples showed that the graphene film was 

able to reliably protect the copper plate from oxidation. The oxygen content after 
oxidation in the Cu sample increased to 10.27 at. % while the amount of oxygen in 
the G-Cu sample remained almost unchanged. The carbon content of all copper 
samples has not changed much since oxidation, which allows us to judge that the 
few-layer graphene coating is temperature-resistant at 300 °C for 30 minutes in the 
air atmosphere. 

We can also confirm the effectiveness of the degree of protection of the 
graphene coating against oxidation by optically evaluating the differences in color. In 
Figure 59 we see optical micrographs of Cu and G-Cu after oxidation. Cu, in contrast 
to G-Cu, acquired a characteristic red-brown color Cu2O. 

 

  
a) G-Cu b) Cu 

 
Figure 59 – Optical micrographs after oxidation 

 
Nickel plates were preliminarily cleaned by vacuum annealing. After that, 

graphene nanostructures were grown on the nickel surface by the CVD method at T = 
1000 °C for 20 min. The Raman spectrum is shown below, confirming the presence 
of few-layer graphene on the nickel surface (Figure 60). 
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Figure 60 – Raman spectrum of a few-layer graphene on a nickel surface 
 
The next step was the oxidation of bare nickel (Ni) and graphene-coated nickel 

(G-Ni) at T = 25 °C, 300 °C, 400 °C, 500 °C for t = 10 min in air atmosphere. The 
obtained samples were analysed by EDS. Based on the quantitative composition of 
oxygen shown in Figure 61 (a), we determined that G-Ni at T = 25 °C oxidizes 1.2 
times slower than Ni, at 300 °C - 1.3 times, at 400 °C - 2.3 times, at 500 °C - 6.0 
times. Based on the carbon composition shown in Figure 61(b), we have concluded 
that as the temperature increases to T = 500°C, a small amount of carbon is burned 
from the surface of G-Ni. However, the burning of carbon from the G-Ni surface in a 
given temperature range does not affect the corrosion resistance of the coatings. 

 

  
a) b) 

 
a) quantitative composition of oxygen; b) quantitative composition of carbon 

 
Figure 61– Elemental analysis of Ni and G-Ni 
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From the optical microphotographs shown in Figure 62, it can be seen that the 
greatest effect is observed at t = 500 °C, where bare nickel, unlike graphene-coated 
nickel, has a blue-black color confirming the more intense oxidation of nickel. We 
can also see an increase in oxidized areas in G-Ni with increasing temperature. 

Based on the data obtained, it is clear that the graphene coatings grown directly 
on copper and nickel plates have excellent protective properties against temperature 
corrosion in the air atmosphere, which is also presented in our published works [160-
165]. 

 

 
 

а) t = 25 °C; b) t = 300 °C; c) t = 400 °C; d) t = 500 °C 
 

Figure 62 – Optical micrographs of Ni and G-Ni after oxidation 
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The effectiveness of the protecting effect of GO against the oxidation of copper 
and nickel in saline solution was investigated. Prior to the main experimental work 
and analysis of the EDS spectra, the surface of copper and nickel was pre-cleaned 
(copper purity: 99.9%, nickel purity: 99.96%) in a 5% nitric acid solution, after which 
the samples were washed in distilled water and dried. Images of the surface of 
cleaned  copper and nickel plates are shown in electronic microphotographs (Figure 
63). 

 

 
a) 

 
b) 

 
a) the surface of copper; b) the surface of nickel 

 
Figure 63 – Electron microscopic images of samples after cleaning 

 
The next stage of the experiment was the deposition of a coating based on GO 

on the cleaned copper and nickel plates. Protective coatings were applied using GO 
obtained by functionalization with oxygen-containing functional groups (Hummers’ 
method). The process of obtaining GO, as well as the characterization of the obtained 
samples, were described earlier.  

The obtained protective coatings based on GO were subjected to oxidation in 
saline solution. To test samples in saline solution, we took water and solution with 
salt concentration of 3.5%. Copper and nickel plates, as well as copper and nickel 
plates protected by anticorrosion GO coatings, were exposed to water and 3.5% 
saline solution for 1 week. The elemental composition of the obtained samples 
exposed to corrosion was studied by the EDS method. In order to assess the degree of 
protective effect of GO-coatings against corrosion in water and saline solution, the 
ratio of the amount of oxygen of the protected surface of copper and nickel plates to 
the unprotected surface of copper and nickel plates (P Cu,Ni / UP Cu,Ni) was used. 
The ratio of P Cu,Ni / UP Cu,Ni less than 1 means protective effect. Table 5 shows 
the results of EDS analysis. 
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Table 5 – The ratio of quantity of oxygen P Cu,Ni / UP Cu,Ni 
 

Ratio, Oat.%/Oat.% water 3,5% saline solution 

P Cu / UP Cu 0.63 0.77 

P Ni / UP Ni 0.89 0.89 

 
As can be seen from the table above, copper and nickel plates coated with dried 

GO have a protective effect against corrosion in water and 3.5% saline solution. 
 
3.6 Conical Face-Field Electrostatic Energy Analyzer. Experimental study 

of few-layer graphene by Auger electron spectroscopy (AES) 

Among the effective methods for analyzing the composition of nanomaterials, 
including graphene nanostructures, are methods of surface electron spectroscopy. In 
this work, for the synthesis of graphene and the subsequent study of the composition 
and structure under the influence of temperature, a special analytical complex was 
developed based on the principle of electron spectroscopy of the surface. 

Modern electron spectroscopy techniques are widely and effectively used for 
solving technological and scientific problems in the fast growing area of 
nanotechnologies [166-184], materials science [185-193], biology[194, 195] plasma 
and space applications [196-209] etc. Electrostatic energy analyzers are instruments 
of primary importance for realization of the electron spectroscopy powerful 
possibilities in different areas and there are many types of them, which were 
developed for solving various problems. Well known cylindrical mirror systems with 
modifications [210-217] as well as the numerous types of hemispherical analyzers 
[218-224], are being the widely used in laboratory conditions when studying surfaces 
of solid objects with high enough energy and lateral resolution and   a certain exact 
location of them is required. Requirements for energy analyzers are growing and 
stimulating the creation of new devices. This work presents main design points of 
calculated models of conical face-field analyzers, with a cone electrostatic field, 
which have simple design and control, combined with high energy resolution and are 
practically free of fringing-field distortion effects. They can allow to get almost 
universal capabilities for the elemental and chemical analysis of objects of different 
size and forms. 

Figure 64 (a,b) presents calculated models of analyzers, with point-to-point 
focusing. But the analyzer shown on Figure 64 (b) has the point source and focus on 
the axis of symmetry and focusing length F is equal to the distance SF. The 
calculated structure of equipotential lines doesn’t show any noticeable fringing-field 
effect between electrodes. System shown in Figure 64 (a) allows to analyze surface of 
any remote object and to get the averaged data over some surface area. System shown 
in Figure 64 (b) allows the point probe application for exploration of a remote object 
or scanning some small area. As one can see from Figure 64 the focusing field is 
restricted by the coaxial inner cylinder and truncated-cone electrode with two 
boundaries, which are perpendicular to the axis of symmetry. 
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a) The analyzer with a taper conical electrode (γ< 0). 1 - the front boundary 
electrode with an entrance annular narrow slit (2), 3- the inner cylindrical electrode 

with exit slit 4, 5- the rear electrode electrically connected with the inner cylinder, 6 - 
the outer conical electrode (γ < 0) with a scanning deflecting potential Ud, 7 - the 

secondary electrons emitted from different objects; b) 1,2,3, 4,5,7 - the same as that 
for the (a) configuration, 6 - the conical electrode with γ > 0 

 
Figure 64 – The schematic typical view of the analyzer's cross section (the upper 

part) with equipotential lines of the electrostatic focusing field 
 
Mathematically, the generated field is a solution of the Laplace Eq. ΔU(R,Z) = 

0, with the boundary conditions U(R1, Z) = U(R,0) =U(R,L) = 0, U(R2(Z)) = Ud, 
where 

 
 R2 (Z) = R2 (0) + γ Z (15) 
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In (15) γ - the conicity factor, which can have different signs depending on the 
direction of the cone. The use of the (15) is justified by well known small angle 
approximation: tg γ ≈ γ, which is true up to values of about 0.173-0.207 radian (~ 10-
12 deg). The radius R1 of the cylindrical electrode is taken as a unit of length: r = 
R/R1 , h = H/R1 , z = Z/R1 , l = L/R1, etc. 
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I0 and K0 are modified Bessel and Hankel functions, respectively. 
In this work some focusing properties for two configurations of the analyzers 

that use an electrostatic conical field are considered (16), which schematically 
presented in the Figure 64. An investigations of focusing properties was performed 
by numerical calculations of trajectories and determining the crossing points. The 
non- relativistic classical equations of motion in the field (16) are given by (17): 
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(17) 

 
In equations (17) e and m are the charge and mass at rest of a particle. 

Calculations were performed by using the Runge - Kutta 4th order method with 
absolute accuracy of the final coordinate about 0.005. The technical details of the 
numerical computer calculations were basically the same as in the papers published 
by our team [167, 215, 225]. 

Here and down the dimensionless parameter G = E0/eUd is used, where E0 - the 
kinetic energy of charged particles. Typical aberration figures presented in Figure 65 
shown the second-order focusing for both analyzer configurations. In Figure 65 (b) 
data calculated for a cylindrical FFA (γ=0) are also presented (graph 1).  
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Figure 65 – Aberration figures shown the second order focusing for a set of 
conicity factors above analyzers. a) G = 2.35, γ< 0, l = 5; r2 (0) = 1.9; 1: γ = -0.076; 2: 
γ = - 0.045, 3: γ = - 0.04; b) G= 3.42, γ> 0, l = 7.0, r2 (0) = 3.0, h = 4.3; 1: γ=0; 2:  γ = 

0.012; 3: γ = 0.016, 4: γ=0.020. SF -H is the projection of the part of the trajectory 
between the first face-electrode and F on the z -axis. Therefore, the analyzer for a 

remote point source has the focusing length SF = 10.1 for γ=0.020 
 

One can see, that effect of the field conicity allows to improve focusing 
characteristics. For example, aberration blur for γ = 0.016 and γ = 0.02 is several 
times less than for γ=0 (cylindrical FFA). Possibly, this is due compensation of the 
contributions of high-order aberrations in the field (17). It is known that the 
resolution generally improves with less aberration blur. The parameter K, 
characterizing the improvement in resolution in comparison with the cylindrical FFA 
can be written in the form (18) [167]. 

 
 

 F - F

F - F
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min
0

max
0

K

 
(18) 

 
Figure 66 presents the results of model calculations of energy transmission 

functions for both analyzer configurations. Light asymmetry is possibly coased with a 
complicate shape of these electrostatic fields, which is more related to the 
configuration presented in Figure 64 (b). 
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a) See Figure 64 (a): γ = - 0.045, G = 2.35; b) Figure 64 (b):  γ = 0.020, G = 3.42 
 

Figure 66 – The energy transmission functions J of the presented analyzers 
 
The dispersion of these systems were calculated by using the expression (19). 
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where Δz were the finite segments obtained by trajectory for the small energy 

shift ΔE. According to (19) DE was estimated to be on average as large as 5.1 for the 
Figure 64 (a) - configuration and nearly 5.3 for the 64 (b) - configuration. For 
numerical calculations the energy resolution is commonly defined as RE = (DE/Δz)-1 
where Δz is a projection of the part of the aberration figure around a central point on 
the F axis. For example, the typical value of resolution for the analyzer Fig. 64 (a) 
may be estimated from the data in Figure 65 (a) (graph 3): RE ≈ 0.71 %. For the 
analyzer Fig. 64 (b): Fig. 65 (b) (graph 4) RE ≈ 0.60 %. 

The focusing properties of a new type electrostatic energy analyzers on the base 
of a conical face-field, were numerically calculated. Results demonstrated the sharp 
enough second-order focusing as well as the good acceptance characteristics by 
analyzing remote objects of different shape and size and indicate the absence of 
fringing-fields. Analyzers allow to obtain the data averaged over the irradiated area or 
to perform a point analysis of the object surface [226]. Figure 67 shows the 
appearance of an energy analyzer for nanomaterials research.  

Composition measurement by Auger method (C,N,S and Ni) has a sensitivity of 
about 0.1%. Figure 68 shows a typical experimental Auger spectrum obtained when 
testing a new energy analyzer on a stainless-steel substrate, which indicates the high 
resolution of the analyzer, the fine structure of the carbon Auger peak is clearly 
visible.  
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1- face electrode, 2- inner cylindrical electrode, 3- inlet window, 4- external 
cylindrical electrode, 5- back electrode, 6- electron gun, 7- high vacuum flange 

 
Figure 67 – External view of the energy analyzer 
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Figure 68 – Typical experimental Auger spectrum 
 
Figure 69 shows the practical results obtained by using the useful properties of 

the analyzer, in particular, the possibility of modifying the front electrode. A system 
for growing graphene nanostructures was implemented in the analytical ultrahigh-
vacuum chamber of the Auger spectrometer. Growth was carried out by diffusion of 
carbon through nickel foil (purity 99.99%), 100 µm thick, followed by controlled 
formation of few-layer graphene nanostructures from the side of the analyzed surface. 
The carbon source was a flat sample of HOPG, which was tightly pressed to the 
nickel foil from the reverse side. The sample with the foil was heated to a 
temperature of  ≈ 1100 °С, which was maintained for the time required for the 
formation of atomically thin layers of graphene at a chamber pressure of 10-5 Pa. 
Further, after cooling the system and restoring the vacuum to the level of 10-7 Pa, the 
Auger spectrum was recorded. 

Figure 69 (a) shows the Auger spectrum obtained from nickel foil after 
annealing in an ultrahigh vacuum chamber, the spectrum shows that sulfur 
segregation is observed on the surface (a-black curve). (a-red curve) - Auger 
spectrum obtained from nickel foil after the formation of few-layer graphene 
nanostructures, where an intense carbon peak appeared in the form of few-layer 
graphene against the background of a series of nickel peaks and a sulfur peak. The 
presence of nickel peaks in the spectrum (a-red curve) indicates the formed 
atomically thin layers of graphite. Figure 69(b) shows the Raman spectrum of the 
same sample, which confirms the presence of few-layer graphene structures. The 
presence of the D peak indicates the imperfection of the obtained structures, 
including due to the possible functionalization of graphene nanostructures with 
sulfur. 
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a) 

 
b) 
 

Figure 69 – a) Auger spectrum obtained from nickel foil after annealing in a 
UHV chamber; b) Raman spectrum of the same sample, which confirms the presence 

of few-layer graphene nanostructures 
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According to the results of the thesis work, it was found that under the 
conditions of ultrahigh vacuum at the USU-4 unit it is possible to synthesize 
graphene by diffusion method and in situ control their composition and structure 
using the created Conical Face-Field Electrostatic Energy Analyzer. 

 
Conclusions for section 3 

As the main methods of obtaining graphene in this thesis were chosen: CVD and 
diffusion method. Obtaining graphene coating by CVD method was carried out in a 
sealed flow tube with the diameter of 80 mm. A 100 µm-thick nickel plate of 99.99% 
purity was used as a catalyst substrate for graphene growth. Argon-hydrogen mixture 
was passed as a buffer gas and benzene vapor was used as a carbon source. Method 
for transferring ultrathin layers of graphite and graphene to the surface of other 
materials and substrates was also developed by wet etching. This method makes it 
easy to transfer graphene to the desired surfaces of various materials. Graphene and 
few-layer graphene nanostructures were grown on polycrystalline nickel substrates by 
the method of carbon diffusion through nickel on the vacuum setup (VUP-5M). 

Experiments on obtaining FGNS were carried out in this work. One of the 
methods of functionalization of graphene is irradiation. Few-layer graphene 
nanostructures obtained in the process of carbon diffusion through nickel were 
irradiated with low-energy gallium ions on a dual-beam scanning electron 
microscope with a built-in gallium gun. The energy dispersive spectrum after 
irradiation shows the appearance of a small gallium peak. One of the most prominent 
representatives of FGNS is GO due to its potential applications in various fields of 
science and technology. In this work, GO was obtained chemically (modified 
Hummers’ method). 

Formation of protective coatings based on GO on Cu and Ni surfaces was 
carried out by electrophoretic deposition. In this work the negative electrode is a 
platinum foil, and the positive electrode, on which the graphene oxide film is formed, 
is copper and nickel with an applied potential of 100 V. Also, experiments were 
carried out to study the adhesive properties of GO films formed on copper and nickel 
surfaces by electrophoretic deposition. The coatings obtained this way have 
insignificant adhesion and easily peel off at small bends and partially dissolve in 
water. To improve the adhesion properties and water resistance of the coatings, metal 
plates with GO coatings were annealed in a flow tube in a stream of argon-hydrogen 
mixture (90% Ar + 10% H2) at 200 °C for 2 hours. 

In this part of the work were carried out experiments to study the effectiveness 
of anticorrosion protective coatings based on graphene nanostructures under the 
influence of external factors. Protective properties of graphene coatings, formed on 
copper and nickel plates by CVD method were investigated under the temperature 
influence. Elemental analysis of obtained samples showed the effectiveness of the 
protection of copper and nickel plates from thermal oxidation. The effectiveness of 
the protective action of GO against oxidation of copper and nickel in saline solution 
was also investigated. Copper and nickel plates coated with GO have a protective 
effect against corrosion in water and 3.5% saline solution. 
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This thesis presents main design points of calculated models of conical face-
field analyzers, with a cone electrostatic field, which have simple design and control, 
combined with high energy resolution and are practically free of fringing-field 
distortion effects. They can allow to get almost universal capabilities for the 
elemental and chemical analysis of objects of different size and forms. It was found 
that under the conditions of ultrahigh vacuum at the USU-4 unit it is possible to 
synthesize graphene by diffusion method and in situ control their composition and 
structure using the created Conical Face-Field Electrostatic Energy Analyzer. 
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CONCLUSION 

 
1. As the thesis work was carried out, the computer models were created and the 

calculations of the barrier properties of graphene against oxygen penetration were 
performed using the commercial software package DMol3, which uses the DFT 
method. The computer simulations and calculations showed the presence of a high 
potential barrier for the oxygen molecule penetration through the graphene, even in 
the presence of structural defects (vacancy, divacancy and small gap) in it. The 
results of computer simulation suggests that graphene is a very effective anticorrosion 
coating. 

2. Computer models and quantum-mechanical calculations show that the 
functionalization by gallium atoms of the graphene coating, which has a sufficiently 
large gap between the sheets (0.45 nm), retains the ability of effective protection due 
to a significant reconfiguration of the gap-blocking chain of gallium atoms and their 
high chemisorption ability to capture oxygen molecules. 

3. During the implementation of thesis work, ways of production of graphene 
nanostructures by different methods, including obtaining graphene by CVD and 
carbon diffusion through nickel, obtaining graphene oxide by Hummers’ method, 
functionalization of few-layer graphene with gallium ions at low energy and low 
doses were worked out. The results of a comprehensive study of the obtained samples 
of graphene nanostructures using Raman spectroscopy, electron microscopy, EDS 
and optical microscopy show the high quality of graphene nanostructures. The 
graphene transfer technique was also developed. 

4. A technique of electrophoretic deposition of graphene oxide on copper and 
nickel surfaces at the same deposition mode, but at different times in order to control 
the coating thickness was developed. It has been found that GO films deposited by 
electrophoretic deposition on copper and nickel substrates have low adhesion 
strengths and solubility in water. To increase the adhesive strength and reduce the 
solubility in water, annealing of metal plates with GO coatings in an argon-hydrogen 
medium was implemented. 

5. The results of the study of the elemental composition of the obtained CVD-
graphene samples show reliable protection against temperature corrosion. The 
oxygen content after oxidation at T = 300 °C for 30 minutes in the air atmosphere in 
the Cu sample increased significantly, while for G-Cu it changed insignificantly. 
According to the elemental composition results, G-Ni at T = 25 °C oxidized 1.2 times 
slower than Ni, at 300 °C - 1.3 times, at 400 °C - 2.3 times, at 500 °C - 6.0 times for a 
temperature exposure time of 10 min in the air atmosphere. A study of the effects of 
water and 3.5%  saline solution  for 1 week on the corrosion resistance of copper and 
nickel substrates coated with GO showed a protective effect. 

6. Numerical calculations of focusing properties of a new type electrostatic 
energy analyzers on the base of a conical face-field were carried out. The results 
demonstrated sharp enough second-order focusing, as well as the good acceptance 
characteristics by analyzing remote objects of different shape and size. Due to the 
simple and convenient design this energy analyzer allows to analyze the graphene 
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nanostructures directly in the growth chamber. During the testing of a new 
specialized Auger-analyzer in the work were obtained Auger spectra of nickel foil 
after the formation on it the anticorrosion protective coatings based on few-layer 
graphene nanostructures. Thanks to the proposed unique AES method in this thesis 
work became possible the sensitive analysis to light elements of thin near-surface 
layers of various materials, which can become an indispensable method of analysis in 
nanotechnology and materials science. 
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