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Abstract 

Fabrication of graphene derivatives and metamaterials based on defect engineering and/or chemical 

functionalization of graphene sheets is a most promising route for developing two-dimensional (2D) 

materials with exceptional properties and function. Toward this end, atomic-scale modeling and 

simulation tools, including molecular-dynamics simulations based on reliable interatomic potentials 

and first-principles density functional theory calculations, are powerful means of obtaining structure-

properties relationships that can be used for precise tuning of electronic, mechanical, and thermal 

properties of such 2D materials providing databases for optimal materials design. In this 

presentation, we report recent findings of atomic-scale modeling studies on such 2D graphene-based 

materials. For example, for graphene nanomeshes or nanoporous graphene sheets, we have 
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established quantitative relationships for the elastic moduli, mechanical properties such as ultimate 

tensile strength, and thermal conductivity as a function of the nanomesh porosity [1]. In addition, we 

have derived relations for the dependence of mechanical and thermal transport properties of 

electron-irradiated graphene on the density of irradiation-induced defects and demonstrated that an 

amorphization transition undergone by such irradiated graphene sheets for defect concentrations 

beyond a critical level is accompanied by a brittle-to-ductile transition and a transition in thermal 

transport mechanism [1]. We place special emphasis on superstructures of diamond nanocrystals 

(SDNs) embedded between the graphene planes of twisted bilayer graphene (TBG), synthesized by 

patterned chemical functionalization (hydrogenation or fluorination) of commensurate graphene 

bilayers [1]. Such chemical functionalization induces interlayer covalent C-C bonding in TBG 

generating SDNs with the periodicity of the Moiré pattern of the twisted bilayer and nanocrystal 

sizes that can be varied by varying the extent and pattern of chemical functionalization. We 

demonstrate the tunability of the electronic band gap, elastic and mechanical properties, and thermal 

transport properties of SDNs as a function of the nanodiamond fraction in such 2D graphene-

diamond nanocomposite metamaterials. We also demonstrate that, contrary to the typical brittle 

fracture of graphene, the mechanical behavior upon uniaxial tensile straining of these nanocomposite 

superstructures undergoes a brittle-to-ductile transition for nanodiamond fractions exceeding a 

critical level, with the ductile response mediated by void formation, growth, and coalescence. 
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