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5. Basics of computer simulation
Computational science begins to play an important role in research and development. Nowadays modern scientific research initially based on experiment and its theoretical interpretation, which is become a triad of experiment, theory and computer simulation. So this is because the analysis of modeling complex systems can be a gate for the discovery of important, but still unnoticed, simplifications and patterns. Computing tools play an important role in the development and testing of new engineering products, also the simulation results are the basis for many decision policies [1].
At this time computer modeling has such interchangeable terms as computer modeling and simulations, which are successfully used in the following areas of science and technology: design, production management, business, science, technology, architecture, entertainment, government, military and logistics/transportation.
Computer modeling is used to reduce the risk associated with creating new systems or making changes to existing ones. More than ever, modern organizations want to be sure that investment will lead to expected results. For example, an assembly line may be required to produce a certain number of cars during an eight-hour shift. Complex, interacting factors affect the work, so powerful tools are needed to develop an accurate analysis.
Over the past few decades, computer modeling software, along with statistical analysis methods have evolved to provide developers with the tools that fit this task. Due to the development of technics and technology, each time the world becomes technical and therefore accuracy without errors is becoming increasingly important. When developing systems, business, industry, and government cannot afford to make reasonable assumptions and therefore computer modeling is more important than ever.
Compared to decision-making methods, using computer simulation for analysis has the following advantages [2]:
- allows to experiment without failures in existing systems, new ideas that are difficult, costly or impossible, as well as develop a model and compare it with the system to ensure that it accurately reflects current work. The advantages of the modeling process are that first you can make any desired modification to the model, the impact on the system under study, and then you can make a real system;
- using computer simulation it is possible to, check an advanced idea before setting, which allows identifying unexpected disadvantages in the construction and these disadvantages useful for improvement construct as instructions;
- the next advantage is the speed in the analysis in the simulation. The advantages of this process are that after developing a model, you can run a simulated system at speeds far exceeding those achievable in the real world. With many modeling languages, ​​you can conduct and run several experiments, which saves time.
To get results, the finished model can take from a few seconds to several hours, so this process is important for factory manufacturers to control the assembly process, for example, every morning before production starts, engineers enter the expected system input data into their model and predict how long it will take daily work. All of the above mention advantages of computer modeling have a common advantage, which is to reduce the risk, and also reduce uncertainty, therefore, increases confidence regarding the expected operation of the new system or the consequences in the existent construction.
[bookmark: _Hlk181714973]In addition to the above advantages in computer modeling, there are general limitations as follows:
- one of the flaws is an expensive analysis method for creating a computer model, but, despite this drawback, low-cost modeling packages are available, and most of the large-scale modeling work is the main enclosure in training, software, hardware, analysis.
- the next disadvantage is laboriousness (labor intensity), which does not always give a quick answer to the questions, in most cases, data collection, model development, analysis and report generation take considerable time. Using two methods in the simulation process can be accelerated: reducing the specification (detailing, scaling) and the use of universal code libraries. So decline the level of detail, you can get answers to the questions of the general concept much faster, but in the process of using this approach, care should be taken when removal key details that may affect the accuracy of the model. Creating a universal simulation or code library is used during the performance of many similar simulations, this reusable resource preсlude re-invention for each simulation project, which is considered the basic idea.
- gives only approximate answers when modeling discrete events, which is based on the use of random number generators and in the process of modeling, the input has a random element, some uncertainty is also associated with the output.
- it is difficult to verify one of the limitations of computer modeling. Basically, the complexity of testing is reflected when the system does not yet exist, and it is important to know that the computer model accurately represents the system being studied. In such a case, the verification most often relies on the opinions of experts and intuition as a means of ensuring that the model works in the same way as the system, but whenever judgment and opinion are used, there is a possibility of error. It is often better to stick to a conservative point of view and make sure that the predicted performance of the system is no better than the expectations of the actual work. In addition, the human factor in a computer simulation can be very accurate for accurate capture and simulation [3].
Thus, the use of computer simulation is very important in research and development and allows to explore unforeseen physical or chemical properties of atoms and molecules.
[bookmark: _Hlk181715001]Computer simulation of possible stable structures of graphene and few-layer graphene functionalized Ga
[bookmark: _Hlk181715024]Computer modeling of molecular dynamics (MD) has become a very useful technique for studying many types of properties of layered nanomaterials, such as graphene, GO, few-layer graphene nanostructures, FFLGN, which have wide interest in various fields of science and technology, such as military technology, biotechnology, nanoscience, biomedicine, etc. In addition, research of its physical, chemical and electronic properties has paid considerable attention from researchers.
We present results of computer simulation and density functional theory (DFT) calculations of possible stable configurations of few-layer graphene, functionalized by Ga atoms [4]. As mentioned in the section 1.9 all calculations were performed by using local density approximation and very effective method of energy optimization, with periodic boundary conditions and, convergence tolerance on energy 0.001 eV.
Figure 1 presents possible adsorption sites for Ga atoms with high symmetry: namely: A, H, and B respectively. H site of adsorption (over the center of the hexagon) has the largest adsorption energy, therefore, it is the favored site for Ga atom adsorption.  
Figure 2 shows a possible stable atomic complex of Ga- vacancy which was formed after using the procedure of energy optimization. In such a case, the Ga atom takes place outside the graphene sheet with forming a 3D complex defect.
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Figure 1 – a) The unit cell for the graphene sheet within periodic boundary conditions calculations adopted a 4x4 structure; b) Some of calculated  adsorption sites on  graphene surface with a high symmetry: A) over the C atom; H) over the center of a hexagon; B) over the center of the C-C-bond. In all positions binding energy of Ga rather low:   H – 0.73 eV, A – 0.57 eV, B – 0.40 eV. The distance between the Ga atom and graphene plane is 0.22 nm.
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Figure 2 – Computer models of atomic configurations Ga- graphene. a) an atomic configuration of  Ga-atom bonded with a vacancy. The binding energy of Ga atom  = 1.92 eV, the distance of  Ga atom from graphene sheet equals 1.53 Å; b ) The map of electron charge distribution for density 200 el /nm3. In this case, gallium shows valence equal to three

 Figure 3 illustrates a stable complex atomic configuration with the binding energy of Ga 1.71 eV and the distance from the graphene plane equals 0.8 Å. In this defect configuration, Ga demonstrates two-valence state.
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[bookmark: _Hlk181715053]Figure 3 – A possible structure of Ga-atom - vacancy:  a) atomic configuration; b) a map of the distribution of the electron charge for density 410 el / nm3.

Complex defect configuration – a bridge-like defect [121, 123, 124] based on a gallium atom is shown in figure 4.
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Figure 4 – A bridge-like defect, based on Ga-atom,  which connects two graphene sheets by fast covalent bond (Ebind= 3.28 eV): a) atomic structure of the complex defect based on a Ga- atom captured between  two vacancies V in the graphene sheets; b) The map of the electron charge distribution for density 900 el/nm3. This configuration shows three valence state of Ga.

Results of simulation and calculations have shown that the stability of Ga-graphene composition is much higher when the Ga atom is linked with a structural defect. It should be noted, that maps of the electron charge distribution (figures 2-4) show, that the electron transfer between Ga and C, in general, is in a good agreement with well-known electronegativity data for carbon and gallium (by Pauling Scale).
In this way, computer simulations and DFT calculations of structural and energetic characteristics of some possible stable configurations of Ga-graphene nanostructures were performed. Similar atomic structures in graphene and few-layer graphene can be experimentally produced by low-energy irradiation with Ga+ ions in the SEM devices.  Results of the work can be useful for production close to 2D-Ga-graphene  nanostructures, for applications in nanoelectronic devices as well as for storing Ga in graphene nanostructures in atomic form.
In addition, one of the most important processes of FFLGN study is the functionalization of graphene with strong acids, as a result of which graphene becomes functionalized with hydroxyl and epoxy groups on their main plane and at the edges of the carbonyl and carboxyl groups [199-202], which was discussed in the section 1.4, and the FFLGN computer simulation and quantum-mechanical calculations will be presented in detail in the next section 3.1.2.

[bookmark: _Hlk181715078]Computer Simulation of FSLGN
In this section, we have created a computer simulation of possible stable structures of FSLGN using the molecular dynamics method by the Chem Office Materials Studio software tools, which can be used to better understanding the unforeseen physical and chemical properties of FSLGN. FSLGN has significant relevance in various areas because of its unique structural and dynamic properties. In the process of performing computer simulation of complex polyatomic systems, calculations were performed using the density functional theory and molecular dynamics methods, as well as energy optimization procedures were used to obtain the most correct complete nanostructures. Many calculations on the characteristics of nanostructures were performed using one of the reliable functional in the DMol3 computational environment. During the calculation, the accuracy of the energy characteristics of nanostructures was up to 0.02 eV [7-12, 16].
Fragments of the computer model of FSLGN are shown in Fig. 5, which demonstrate FSLGN configurations with different atomic positions created by using density functional theory (DFT). According to the image, after oxidation reactions, one can see single and double configurations on the surface and edge configurations (Figure 5, a, b).
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c)

a) side view after oxidation reactions; b) possible stable configurations of graphene compositions with oxygen; c) graphene + O-H groups after the combined action of oxidation 

Figure 5 – Fragments of computer models of FSLGN

Figure 5 (c) shows the behavior of the FSLGN system after additional exposure to hydrogen, which reflects possible stable configurations of graphene compositions with hydrogen and oxygen. According to the figure, it can be observed that the vacancy serves as a higher concentration of hydrogen atoms, as a result of which configurations of the O–H radical type appear, and these radicals can be desorbed from the surface of functionalized graphene.
To calculate the changes in electronic properties under conditions of an increase in the level of oxidation, we created computer models of functionalized graphene, which are shown in Figure 6 (a, b, c).
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a) H-L = 0.2
graphene -O bond length = 1.2 A
Possible configurations with O
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b) 0.6 eV, O/C = 40/ 56
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c) H-L =0.6 eV

Figure 6 – FSLGN computer model for calculating the changes in electronic properties under conditions of increasing HOMO-LUMO oxidation level

Figure 7 shows possible computer models of FSLGN. According to Figure 7, one can see configurations of the OH-H radical type, which cover the ends, as well as possible configurations of 2-sided oxygen H – L = 0.8 eV
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Figure 7 – 2-sided oxygen H-L = 0.8 eV, the ends are covered with O-H radicals
Questions
1. Advantages in computer modeling 
2. Computer modeling of molecular dynamics (MD)
3. Computer simulation of possible stable structures of graphene and few-layer graphene functionalized Ga
4. A possible structure of Ga-atom 
5. Computer Simulation of FSLGN
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