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Abstract

:

We report first-principles calculations on the structural, mechanical, and electronic properties of O2 molecule adsorption on different graphenes (including pristine graphene (G–O2), N(nitrogen)/B(boron)-doped graphene (G–N/B–O2), and defective graphene (G–D–O2)) under equibiaxial strain. Our calculation results reveal that G–D–O2 possesses the highest binding energy, indicating that it owns the highest stability. Moreover, the stabilities of the four structures are enhanced enormously by the compressive strain larger than 2%. In addition, the band gaps of G–O2 and G–D–O2 exhibit direct and indirect transitions. Our work aims to control the graphene-based structure and electronic properties via strain engineering, which will provide implications for the application of new elastic semiconductor devices.
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1. Introduction


Due to good mechanical and electrical characteristics, graphene-based materials have attracted significant attention [1,2,3,4,5,6]. For instance, graphene possesses ultra-large surface area (about 2630 m2 g−1), high mechanical stiffness, good electrical conductivity, low Johnson noise, and excellent thermal and optical properties. In order to make the most of the potential values of graphene sensors, it is significant to understand the coactions between adsorbed molecules and graphene. It has been identified that gas molecules can effectively change the electronic and magnetic properties of graphene and graphene nanoribbons [7,8]. Furthermore, molecular oxygen has multifarious chemical interactions with aromatic crystals [9,10] and carbon nanotubes [11], and O2 adsorption is a rather extensive, effective means for modifying these species [9,11]. In general, deformations of aromatic systems produce more sharp interactions with O2 [10]. The current research reveals that the types of graphene obviously affect the systems adsorbed by O2. It is known that the graphenes probably have defects resulted from multiple fabrication methods, and graphene doping is everywhere. Currently, research on defects and doping of graphene sensors has attracted much attention because of its numbing applications. On the other hand, strain exists objectively in constructed graphene structures, showing up in the ridges and buckling generation [12,13]. The maximum strain applied in graphene is 30% [14], showing large stiffness. In this case, there are many investigations about strain effects on the electronic characters of graphene and graphene nanoribbons [12,13,15,16,17]. In addition, decoration/passivation and strain effects on graphene work function are also research hotspots. Since graphene oxide (GO) derives from the monolayer of graphite oxide, it is interesting to know how the O2 molecule will affect the characters of different graphenes. Actually, the characters of the deformed GO are very significant for the applications of two-dimensional elastic oxide devices.



In this work, we performed first-principles simulations to investigate the equibiaxial strain effects on the interactions between the O2 molecule and various graphenes (including pristine graphene, N(nitrogen)/B(boron)-doped graphene and defective graphene). We calculated the pristine graphene as a contrast. The graphenes are doped by N and B atoms, representing the most widely-applied n-type and p-type dopants. For the defective graphene, there is only one missing atom in each supercell in consideration of reducing complexity. The research aims to study the influence of equibiaxial strain effects on the structural, mechanical, and electronic properties of O2 molecules adsorption on various graphenes.




2. Computational Methods


The first-principles calculations were performed through applying the Vienna ab-initio simulation package (VASP) [18,19,20,21,22] within the projector augmented-wave (PAW) approach [23]. The electron exchange-correlation was treated by utilizing the Perdew–Burke–Ernzerhof (PBE) formulation of the generalized gradient approximation (GGA). An energy cutoff of 450 eV for the plane-wave basis set was applied for all calculations. The single layer graphene was modeled with a unit cell containing 32 carbon atoms, which was separated with a 20 Å vacuum layer in the z-axis direction. The N/B-doped graphene was modeled by replacing one carbon atom with one N/B atom in the unit cell. The Monkhorst–Pack scheme [24] of the k-point mesh was adopted for integration in the Brillouin zone. With these computational parameters, the total ground state energy was converged within 10−4 eV per formula unit. The equibiaxial strain (ε) is defined as [25]


  ε = ( a −  a 0  ) /  a 0  = ( b −  b 0  ) /  b 0   



(1)




where   a ,  b   and    a 0  ,  b 0        are the deformed are the deformed (stretched or shrunken) and initial equilibrium lattice constants of the supercell in x, y directions, and ε varies from −10% to 10% with a step of 1%.




3. Results and Discussion


3.1. Geometric Structures and Stability


N and B belong to the second group elements in the periodic table, which have 2s2p configurations for electrons. They are the nearest elements for C. The extension of electrons of N, C, and B is similar. Therefore, when N and B are doped in graphene without strain, there is no local distortion. O2 can be physically absorbed on a N/B-doped graphene, which is the same as O2 on B-doped graphite [26]. Moreover, the physical adsorption does not significantly change the structure of N/B-doped graphene. Meanwhile, it was found that the structures of O2 adsorption on different graphenes are comparatively different under the equibiaxial strain. The top and side views of O2 adsorption on different graphenes under equibiaxial strains of −5%, 0%, 5%, and 8% are shown in Figure 1: O2 adsorption on pristine graphene (G–O2) in Figure 1(a1–d2); O2 adsorption on N-doped graphene (G–N–O2) in Figure 1(e1–h2); O2 adsorption on B-doped graphene (G–B–O2) in Figure 1(i1–l2); and O2 adsorption on defected graphene (G–D–O2) in Figure 1(m1–p2). The green, red, yellow, and blue balls denote the C, O, N, and B atoms, respectively, and the insides of dashed lines denote the unit cell of each system. At the beginning, an O2 molecule is placed at the top center of the supercell. After relaxation, for the G–O2, the O2 is parallel to graphene plane with or without strain, and the O2 molecule prefers to be located in the middle of a C6 ring (see Figure 1(a1–d2)). For G–N–O2, the O2 molecule shifts a bit from the top center with the two O atoms at different planes under compressive strain (see Figure 1(e1,e2)), while the O2 molecule is almost parallel to the N-doped graphene plane under no strain or tensile strain (see Figure 1(f1–h2)). The configurations of G–B–O2 under strains are similar to those of G–N–O2 (see Figure 1(i1–l2))]. For G–D–O2, the two O atoms are at different planes with or without strain. Furthermore, we noted that when the tensile strain is increased to 8%, the O–O bond is almost vertical to the defected graphene sheet (see Figure 1(p1,p2)).



We then investigate the binding energies (   E b   ) to clarify the stability of the O2 molecule adsorption on different graphenes (see Figure 2a). The binding energy can be obtained from total energy calculations as follow:


   E b  = (  E O       2    +  E 0  −  E 1  ) / n  



(2)




where   E  O  2      is the total energy of an oxygen molecule in vacuum;   E 1   and   E 0   are total energies of graphene with and without molecule O2 adsorbed on it, respectively; and n is the number of all atoms of each adsorption system. Therefore, a positive binding energy state shows that the interactions between the O2 molecule and the graphene sheet are attractive, indicating the exothermic adsorption process. In Figure 2a, at the same strain, the binding energy of the G–D–O2 is slightly higher than those of G–O2, G–N–O2, and G–B–O2 when the magnitude of the compressive strain is larger than 2%. Subsequently, all the curves tend to zero. Thus, the energy cost effect induced by the graphene defect is minimal, especially in the aspect of the defective graphene’s structural integrity. The large binding energy also indicates that the O2 molecule can be pinned chemically at the defect on graphene, which is shown in Figure 1(p2) as the quantized plastic flow observed in gold nanowires [27]. The shortest distance of the O atom to different graphenes as the function of equibiaxial strain is shown in Figure 2b. We noted that all the distances vary in a nonmonotonic way when the magnitude of the compressive strain is larger than 2%, and then they tend to be constant with the decreasing (increasing) compressive (tensile) strain. Above all, the stability of O2 adsorption on different graphenes can be enhanced greatly by the compressive strain larger than 2%. However, it will be reduced under compressive strain smaller than −2% and tensile strain. This is assigned to the changes of structure configuration. Under smaller compressive strain and a tensile strain, the out-of-plane fold can be reduced faintly and partially by the in-plane lattice constant expansion, which recovers the π electron characteristics of graphene, indicating the stability of the binding strength (see Figure 3).




3.2. Mechanical Properties


To describe the mechanical properties of G–O2, G–N–O2, G–B–O2, and G–D–O2, the stress and Young’s modulus are determined. Firstly, the stress–strain curves for the G–O2, G–N–O2, G–B–O2, and G–D–O2 are shown in Figure 3. It is apparent that the stress–strain relation is not very dependent on the structures of the graphene sheets. We can see that when the compressive strain decreases to −2%, it becomes a constant with the decreasing (increasing) compressive (tensile) strain. The nonlinear trend of the stress–strain curves under compressive strain corresponds to graphene wrinkling (see Figure 1(a2,e2,i2,m2)).



Young’s modulus is measured by the slope of the stress–strain curve. From Figure 4, the effects of the tube equibiaxial strain on Young’s modulus for G–O2, G–N–O2, G–B–O2, and G–D–O2 are obviously observed. For each configuration, Young’s modulus changes nonlinearly, firstly with the decreasing compressive strain and failure at −2%. It is a consequence of the nonlinear response of the lateral “springs” that prevents O2 adsorption configurations from distortion during compression or tension. In addition, we can see that Young’s modulus is also independent of the types of the graphenes.




3.3. Electronic Properties


Since the equilibrium bonding configuration is presumably determined by the distribution and hybridization of energy levels, we computed the corresponding spin-polarized band structures under equibiaxial strain, which is illustrated in Figure 5: G–O2 (Figure 5a–f), G–N–O2 (Figure 5g–l), G–B–O2 (Figure 5m–r), and G–D–O2 (Figure 5s–x). The figures from the left columns to right columns correspond to the band structures calculated at the representative strains of −8%, −5%, −2%, 0%, 6%, and 10% in turn. The red and blue lines represent spin-up and spin-down bands, respectively. The Fermi level was set to zero, and it is represented by the horizontal dashed line. Firstly, it was found that G–O2 (see Figure 5a–f) experiences a gap transition between direct and indirect. For the compressive strains larger than 5% (see Figure 5a,b), the G–O2 shows a direct semiconductor character. At a −5% strain (see Figure 5b), the spin-up state presents a direct band gap character, while the spin-down state becomes an indirect one. With the decreasing (increasing) compressive (tensile) strain (see Figure 5c,f), both the spin-up and spin-down states reveal a direct character again. For the G–N–O2 (see Figure 5g–l), some bands appear in the band gap region, and a few bands pass through the Fermi level, namely that the G–N–O2 presents a metal state, and its electronic properties show less dependence on the equibiaxial strain. For G–B–O2 (see Figure 5m–r), both the spin-up and spin-down states display the metal character except for the tensile strain of 6% and 10%. At a 6% strain (see Figure 5q), the spin-up and spin-down states show the semiconductor and metal character, respectively. At 10% strain (see Figure 5r), both the spin up and spin down states show a semiconductor character. For G–D–O2 (see Figure 5s–x), with the increasing compressive strain (see Figure 5s–v), both the spin-up and spin-down states show an indirect semiconductor character. And at a −8% compressive strain (see Figure 5s), the spin-down state turns to the direct semiconductor character. When the compressive strain is less than 2% or there is no strain (see Figure 5u–v), the spin-up and spin-down states reveal indirect and metal characters, respectively. Under the tensile strain (see Figure 5w,x), we can see that the spin-up and spin-down states reveal an indirect semiconductor character. Under the equibiaxial strain, the structure is asymmetry, which changes the orbital contributions near the Fermi. In this way, there are different strain effects, inducing the direct–indirect gap transitions. Above all, there are direct–indirect gap transitions only in G–O2 and G–D–O2. However, for the doped graphene systems (G–N–O2 and G–B–O2), they generally keep a metal character. Thus, it is a very efficient and reversible approach for regulating electronic properties of different adsorption systems by applying strain. Such interesting phenomena in the electronic structures could pave the way for elastic electronic devices working under strain and mechanical sensors on the basis of new 2D crystals. The gap opens mainly because the sublattice symmetry is broken. The honeycomb sublattices (which are shifted by a translation vector [28,29,30,31]) sustain a displacement under strain. Based on the tight-binding method [32], the structure deformation would lead to the change of the corresponding transfer integral. Accordingly, there is the Π-like band splitting, which could open the gap, making the adsorption system turns into semiconductor material [31,33,34]. As a result, this indicates that the electronic transport properties of graphene adsorption systems can be effectively regulated by external forces. The gap opening is a vital and really popular research issue for the application of 2D materials in the photoelectronics fields, where needs a proper on/off ratio. The adsorption system has to be transferred to semiconductor so that it can be used for transistors in nanoelectronics, despite its high velocity massless Fermions as charge carrier. In this way, the gap in 2D materials with a Dirac cone could be opened by the degenerate perturbation owing to the symmetry breaking.





4. Conclusions


In summary, we studied the equibiaxial strain effects on the interactions between the O2 molecule and various graphenes (G–O2, G–N–O2, G–B–O2, and G–D–O2) through applying first-principles calculations. It was found that under the same strain, G–D–O2 possesses the highest stability in contrast to G–O2, G–N/B–O2, and G–D–O2. The stability of O2 adsorption on various graphenes can be enhanced enormously by the compressive strain larger than 2%. However, the stability of O2 adsorption is reduced under the compressive strain smaller than 2% and the tensile strain. Moreover, the types of graphenes have little influence on the stress and Young’s modulus. For G–O2 and G–D–O2, the band gap direct–indirect transition occurs under equibiaxial strain. Our findings provide new approaches for designing and synthesizing elastic electronic devices based on graphene oxide. Significantly, these results do not account for the isotopic exchange studies where the isotopes of oxygen were reacted with graphene, which showed that the formation of different oxygen structures on graphene was the result of a number of sequential reactions [35].







Author Contributions


Conceptualization, L.-H.Q. and X.-L.F.; methodology, L.-H.Q. and X.-L.F.; software, L.-H.Q. and C.-G.Z.; validation and formal analysis, L.-H.Q.; investigation, L.-H.Q.; resources, C.-G.Z.; data curation, L.-H.Q.; writing—original draft preparation, L.-H.Q.; writing—review and editing, L.-H.Q., J.-M.Z., and P.-X.Z.; visualization, L.-H.Q.; supervision, L.-H.Q., X.-L.F., and P.-X.Z., J.-M.Z.; project administration, L.-H.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Foundation of the Higher Education Institutions of Jiangsu Province (Grant No. 18KJB140013), Nantong University Horizontal Project (Grant No. 20ZH351), National Natural Science Foundation Youth Fund Science Project (Grant Nos. 11604164, 21975150) and the China Postdoctoral Science Foundation (Grant No. 2019M653532).




Acknowledgments


The authors would like to acknowledge the Foundation of the Higher Education Institutions of Jiangsu Province, Nantong University Horizontal Project, National Natural Science Foundation Youth Fund Science Project and the China Postdoctoral Science Foundation for providing financial support for this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Park, S.; Kim, H.; Kim, J.-H.; Yeo, W.-H. Advanced Nanomaterials, Printing Processes, and Applications for Flexible Hybrid Electronics. Materials 2020, 13, 3587. [Google Scholar] [CrossRef]

	



Sysoev, V.I.; Bulavskiy, M.O.; Pinakov, D.V.; Chekhova, G.N.; Asanov, I.P.; Gevko, P.N.; Bulusheva, L.G.; Okotrub, A.V. Chemiresistive Properties of Imprinted Fluorinated Graphene Films. Materials 2020, 13, 3538. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Y.; Zhang, W.-T.; Cao, S.; Zhou, A.-N.; Zhang, J.-M. First-principles study of transition metal monatomic chains intercalated AA-stacked bilayer graphene nanoribbons. Phys. E Low Dimens. Syst. Nanostruct. 2019, 106, 114–120. [Google Scholar] [CrossRef]

	



Zhang, C.-P.; Li, B.; Shao, Z.-G. First-principle investigation of CO and CO2 adsorption on Fe-doped penta-graphene. Appl. Surf. Sci. 2019, 469, 641–646. [Google Scholar] [CrossRef]

	



Long, X.J.; Cai, Y.; Jian, W.R.; Wang, L.; Luo, S.N. Acoustic and double elastic shock waves in single-crystal graphene. J. Appl. Phys. 2020, 127, 055101. [Google Scholar] [CrossRef]

	



Hooshmand, S.; Kargozar, S.; Ghorbani, A.; Darroudi, M.; Keshavarz, M.; Baino, F.; Kim, H.-W. Biomedical Waste Management by Using Nanophotocatalysts: The Need for New Options. Materials 2020, 13, 3511. [Google Scholar] [CrossRef] [PubMed]

	



Miao, Z.; Cao, C.; Zhang, B.; Duan, H.; Long, M. First-principles study on the effects of doping and adsorption on the electronic and magnetic properties of diamond nanothreads. Phys. E Low Dimens. Syst. Nanostruct. 2020, 118, 113949. [Google Scholar] [CrossRef]

	



Coros, M.; Pogacean, F.; Turza, A.; Dan, M.; Berghian-Grosan, C.; Pana, I.-O.; Pruneanu, S. Green synthesis, characterization and potential application of reduced graphene oxide. Phys. E Low Dimens. Syst. Nanostruct. 2020, 119, 113971. [Google Scholar] [CrossRef]

	



Cinchetti, M.; Sturmeit, H.M.; Zamborlini, G.; Cossaro, A.; Verdini, A.; Floreano, L.; D’Incecco, E.; Stredansky, M.; Jugovac, M.; Jugovac, M.; et al. Evaluation of molecular orbital symmetry via oxygen-induced charge transfer quenching at a metal-organic interface. Appl. Surf. Sci. 2020, 504, 144343. [Google Scholar] [CrossRef]

	



Zhang, H.; Fu, Q.; Cui, Y.; Tan, D.; Bao, X. Growth Mechanism of Graphene on Ru(0001) and O2 Adsorption on the Graphene/Ru(0001) Surface. J. Phys. Chem. C 2009, 113, 8296–8301. [Google Scholar] [CrossRef]

	



Kuang, H.; Cheng, Y.; Cui, C.Q.; Jiang, S.P. Carbon Nanotubes-Supported Pt Electrocatalysts for O2 Reduction Reaction—Effect of Number of Nanotube Walls. J. Nanosci. Nanotechnol. 2020, 20, 2736–2745. [Google Scholar] [CrossRef]

	



Wang, L.; Zihlmann, S.; Baumgartner, A.; Overbeck, J.; Watanabe, K.; Taniguchi, T.; Makk, P.; Schönenberger, C. In Situ Strain Tuning in hBN-Encapsulated Graphene Electronic Devices. Nano Lett. 2019, 19, 4097–4102. [Google Scholar] [CrossRef]

	



Jalaei, M.; Civalek, Ö. A nonlocal strain gradient refined plate theory for dynamic instability of embedded graphene sheet including thermal effects. Compos. Struct. 2019, 220, 209–220. [Google Scholar] [CrossRef]

	



Kim, K.S.; Zhao, Y.; Jang, H.; Lee, S.Y.; Kim, J.M.; Kim, K.S.; Ahn, J.-H.; Kim, P.; Choi, J.-Y.; Hong, B.H. Large-scale pattern growth of graphene films for stretchable transparent electrodes. Nature 2009, 457, 706–710. [Google Scholar] [CrossRef]

	



Sun, F.; Tian, M.; Sun, X.; Xu, T.; Liu, X.; Zhu, S.; Zhang, X.; Qu, L. Stretchable Conductive Fibers of Ultrahigh Tensile Strain and Stable Conductance Enabled by a Worm-Shaped Graphene Microlayer. Nano Lett. 2019, 19, 6592–6599. [Google Scholar] [CrossRef] [PubMed]

	



Liang, X.; Ng, S.-P.; Ding, N.; Wu, C.-M.L. Strain-induced switch for hydrogen storage in cobalt-decorated nitrogen-doped graphene. Appl. Surf. Sci. 2019, 473, 174–181. [Google Scholar] [CrossRef]

	



Lee, U.; Han, Y.; Lee, S.; Kim, J.S.; Lee, Y.H.; Kim, U.J.; Son, H. Time Evolution Studies on Strain and Doping of Graphene Grown on a Copper Substrate Using Raman Spectroscopy. ACS Nano 2019, 14, 919–926. [Google Scholar] [CrossRef]

	



Kresse, G. Ab initio molecular dynamics for liquid metals. J. Non-Crystalline Solids 1995, 47, 222–229. [Google Scholar] [CrossRef]

	



Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. B 1996, 54, 11169–11186. [Google Scholar] [CrossRef]

	



Kresse, G.; Hafner, J. Ab initio molecular-dynamics simulation of the liquid-metal-amorphous-semiconductor transition in germanium. Phys. Rev. B 1994, 49, 14251–14269. [Google Scholar] [CrossRef]

	



Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 1996, 6, 15–50. [Google Scholar] [CrossRef]

	



Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758–1775. [Google Scholar] [CrossRef]

	



Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868. [Google Scholar] [CrossRef] [PubMed]

	



Monkhorst, H.J.; Pack, J.D. Special points for Brillonin-zone integrations. Phys. Rev. B 1976, 13, 5188–5192. [Google Scholar] [CrossRef]

	



Qu, L.-H.; Yu, J.; Mu, Y.-L.; Fu, X.-L.; Zhong, C.-G.; Min, Y.; Zhou, P.-X.; Zhang, J.-M.; Zou, Y.-Q.; Lu, T.-S. Strain tunable structural, mechanical and electronic properties of monolayer tin dioxides and dichalcogenides SnX2 (X O, S, Se, Te). Mater. Res. Bull. 2019, 119. [Google Scholar] [CrossRef]

	



Yang, K.; Zaffran, J.; Yang, B. Fast prediction of oxygen reduction reaction activity on carbon nanotubes with a localized geometric descriptor. Phys. Chem. Chem. Phys. 2020, 22, 890–895. [Google Scholar] [CrossRef]

	



Marszalek, P.E.; Greenleaf, W.J.; Li, H.; Oberhauser, A.F.; Fernandez, J.M. Atomic force microscopy captures quantized plastic deformation in gold nanowires. Proc. Natl. Acad. Sci. USA 2000, 97, 6282–6286. [Google Scholar] [CrossRef]

	



Radchenko, T.; Tatarenko, V. A statistical-thermodynamic analysis of stably ordered substitutional structures in graphene. Phys. E Low Dimens. Syst. Nanostruct. 2010, 42, 2047–2054. [Google Scholar] [CrossRef]

	



Radchenko, T.; Tatarenko, V. Kinetics of atomic ordering in metal-doped graphene. Solid State Sci. 2010, 12, 204–209. [Google Scholar] [CrossRef]

	



Radchenko, T.M.; Tatarenko, V.A. Statistical Thermodynamics and Kinetics of Long-Range Order in Metal-Doped Graphene. Solid State Phenom. 2009, 150, 43–72. [Google Scholar] [CrossRef]

	



Jia, T.-T.; Fan, X.-Y.; Zheng, M.-M.; Chen, G. Silicene nanomeshes: Bandgap opening by bond symmetry breaking and uniaxial strain. Sci. Rep. 2016, 6, 20971. [Google Scholar] [CrossRef]

	



Ribeiro, R.M.; Pereira, V.M.; Peres, N.M.R.; Briddon, P.R.; Neto, A.H.C. Strained graphene: Tight-binding and density functional calculations. New J. Phys. 2009, 11, 115002. [Google Scholar] [CrossRef]

	



Gong, L.; Xiu, S.L.; Zheng, M.M.; Zhao, P.; Zhang, Z.; Liang, Y.; Chen, G.; Kawazoe, Y. Electronic properties of silicene superlattices: Roles of degenerate perturbation and inversion symmetry breaking. J. Mater. Chem. C 2014, 2, 8773–8779. [Google Scholar] [CrossRef]

	



Xiu, S.; Zheng, M.; Zhao, P.; Zhang, Y.; Liu, H.; Li, S.; Chen, G.; Kawazoe, Y. An effective method of tuning conducting properties: First-principles studies on electronic structures of graphene nanomeshes. Carbon 2014, 79, 646–653. [Google Scholar] [CrossRef]

	



Marchon, B.; Carrazza, J.; Heinemann, H.; Somorjai, G. TPD and XPS studies of O2, CO2, and H2O adsorption on clean polycrystalline graphite. Carbon 1988, 26, 507–514. [Google Scholar] [CrossRef]








[image: Materials 13 04945 g001 550] 





Figure 1. (a1–d2) Top and side views of G–O2; (e1–h2) G–N–O2; (i1–l2) G–B–O2; and (m1–p2) G–D–O2 under equibiaxial strains of −5%, 0%, 5%, and 8%. The green, red, yellow and blue balls refer to the C, O, N, and B atoms, respectively, and the insides of dashed lines denote the unit cells of the systems. 
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Figure 2. (a) Binding energy (Eb) per atom as a function of equibiaxial strain for G–O2, G–N–O2, G–B–O2, and G–D–O2; (b) The shortest distance of the O atom to different graphenes with equibiaxial strain.. 
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Figure 3. Stress as a function of equibiaxial strain for G–O2, G–N–O2, G–B–O2, and G–D–O2. 
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Figure 4. Young’s modulus as a function of equibiaxial strain for G–O2, G–N–O2, G–B–O2, and G–D–O2. 
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Figure 5. (a–f) Band structures for G–O2; (g–l) G–N–O2; (m–r) G–B–O2; and (s–x) G–D–O2 under equibiaxial strains. The figures from left to right columns correspond to the band structures calculated at the representative strains of −8%, −5%, −2%, 0%, 6%, and 10% in turn. The red and blue lines represent spin-up and spin-down bands, respectively. The Fermi level is set to zero and indicated by the horizontal dashed line. 
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