S. AMANZHOLOV EAST KAZAKHSTAN UNIVERSITY



Department of Chemistry





Subject: Nanotechnologies and Nanomaterials
Lecture No. 8: «Computer simulation of FFLGN, Ga-doped graphene»




Lecturer: Kuanyshbekov Tilek Kuanyshbekuly, PhD












Oskemen 2024
	[image: ]

	


[image: ]
	LECTURER: PhD, Associate Professor 
Kuanyshbekov Tilek Kuanyshbekuly
[bookmark: _Hlk181725038]Lecture No. 8: «Computer simulation of FFLGN, Ga-doped graphene»
Plan: 
· Approaches of computer modeling are molecular dynamics (MD) and Monte Carlo (MC)
· Computer simulation of Monte Carlo 
· Computer Simulation of FSLGN
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8. Computer simulation of FFLGN, Ga-doped graphene
It is very well known that graphene [1] and FFLGN are considered as exceptionally promising materials which are in many applications of more interest than graphene itself [2, 3, 4].  
One more interesting material – FFLGN (GO) [5-6] that is graphene, functionalized with oxygen-containing chemical groups. This material is promising as an intermediate product for producing graphene in large scales. Additionally, it can be used for producing new materials for electronics, materials science. In the last few years, there has been an increase of attention to functionalization of graphene with radiation techniques, for example, forming radiation defects and doping them by atoms of different elements [7, 9-13]. This conception represents a new way of producing graphene-based 2D nanostructures functionalized with elements like Ga, As, N, B, S. Such materials are promising for prospective applications in nanoelectronics, supersensitive sensors, electrical power sources, flexible electronic and power devices. But it is not yet well understood about stable atomic configurations of graphene, functionalized with individual atoms of different elements in which way they can be produced in graphene nanostructures and how to obtain characteristics needed. It is in some cases rather difficult problem for experimental research and proper interpretation of data. In this situation,  computational simulation and study of functionalized graphene-based nanostructures become a very effective research tool for better understanding the physical and chemical properties of such materials [9, 11-13] and predicting their characteristics. In section 3.1.1, we demonstrate results of computer simulations of some possible stable structures of Ga-doped graphene and few-layer graphene and first-principles study of their energetic and structural characteristics [13]. It is known that Ga in its common state is a metal with a very low melting point (≈ 30 oC), but when Ga atoms are arranged separately in a two-dimensional graphene’s structure, all basic properties can change very essentially.
Further, in sections 3.1.1, 3.1.2. we present results of computer simulation and density functional theory (DFT) calculations within Dmol3 software-package [12-14] of possible stable configurations of FSLGN, few-layer graphene, graphene functionalized by Ga atoms. All calculations were performed using local density approximation and very effective method of energy optimization [13, 15], with using periodic boundary conditions, with convergence tolerance on energy 0.001 eV.
Computer simulation of possible stable structures of graphene and few-layer graphene functionalized Ga
Computer modeling of molecular dynamics (MD) has become a very useful technique for studying many types of properties of layered nanomaterials, such as graphene, GO, few-layer graphene nanostructures, FFLGN, which have wide interest in various fields of science and technology, such as military technology, biotechnology, nanoscience, biomedicine, etc. In addition, research of its physical, chemical and electronic properties has paid considerable attention from researchers.
We present results of computer simulation and density functional theory (DFT) calculations of possible stable configurations of few-layer graphene, functionalized by Ga atoms [18]. As mentioned in the section 1.9 all calculations were performed by using local density approximation and very effective method of energy optimization, with periodic boundary conditions and, convergence tolerance on energy 0.001 eV.
Figure 14 presents possible adsorption sites for Ga atoms with high symmetry: namely: A, H, and B respectively. H site of adsorption (over the center of the hexagon) has the largest adsorption energy, therefore, it is the favored site for Ga atom adsorption.  
Figure 15 shows a possible stable atomic complex of Ga- vacancy which was formed after using the procedure of energy optimization. In such a case, the Ga atom takes place outside the graphene sheet with forming a 3D complex defect.
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Figure 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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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 [11, 12, 14] 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 [12-14], 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.
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