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Computational Methods 

  We used nonequlibrium molecular dynamic (NEMD) simulation to study the 

reconstruction from divacancy (V2) to the amorphous structure on a suspended 

single-layer graphene under electron irradiation (EI). Interaction of carbon atoms is 

simulated with the second generation of Brenner, namely, the REBO2 potential,
1
 which 

has been successfully applied in previous simulation of EI and ion bombardment on 

carbon nanotube and graphene.
2-6

 The EI process is simulated with the elastic collision 

model between a randomly selected carbon atom in the irradiation area and an incident 

electron perpendicular to the suspended graphene layer. The transferred energy (Et) and 

the scattering polar angle θ of the target carbon upon collision are given by,
4, 6
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in which mc and me are the mass of carbon atom and electron, E0 is the energy of incident 

electron. The azimuzal angel φ of the scattered carbon atom is sampled uniformly from 0° 

to 360°. In Eq. (S1), the scattering angel ω of the incident electron is sampled from a 

screened Rutherford cross section.  

The graphene lattice with a V2(5|8|5) in the center is composed of 798 carbon atoms 

with two-dimensional periodic boundary condition applied on x-y plane. The radius of 

irradiation area is 15 Å around the center of the graphene, while the carbon atoms beyond 

20 Å to the center of the graphene are coupled to Nosé-Hoover-chain thermostat
7, 8

 of 

2000K. The center of the suspended graphene layer is constrained on the origin by 

removing the parallel component of the center-of-mass velocity of the suspended graphene 

along the EI direction at each MD integration step, so that there is no overall translational 

motion of the suspended graphene even exposed to continuous EI. The simulation model is 

depicted in Fig. S1. 

  Ten independent MD simulations were carried out for 100 ns with a time step of 0.5 fs, 

and each trajectory was run for 100 ns for 80 keV and 60 keV EI. Due to the incomparable 

time scale of MD simulation and experiment, the intensity of electron beam is set to be 

8.9x10
14

 e·nm
2 

s
-1

 (1.4x10
10 

A·cm
-2

), which is 5-8 order of magnitude higher than a 

typical experimental EI intensity, but the electron dose is comparable with the 

experimental measurements.
9-11

 The graphene lattice, with a ground structure V2(5|8|5) in 

its center, is bombarded by the incident electrons of 80 keV and 60 keV, respectively, for 
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observing the evolution from point defect toward various amorphous structures. Using Eq. 

(S1), the maximum Et of the incident electron of 80 and 60 keV are 14.7 eV and 11.0 eV 

respectively, which is high enough to stimulate a generalized Stone-Wales transformation 

(GSWT), but not energetic to knock out a carbon atom.
12

 

  In order to well understand the mechanism of the reconstruction and compare with 

NEMD simulation in a consistent manner, the formation energy (Ef) as well as the GSWT 

barrier (ΔE) are also calculated with REBO2 potential, i.e., 

( ) ( )f CE E N n n E N       (S3) 

in which E(N-n) is the system energy with n atom missing, μC is the chemical potential 

for each carbon and E(N) is the system energy of the pristine graphene. ΔE’s of GSWTs 

are calculated by the climbing image nudged elastic band (CI-NEB) method.
13, 14

 Ef’s and 

ΔE’s of the GSWTs, calculated by the REBO2 potential, is in reasonable agreement with 

the known DFT results, as shown in Fig. 1 of the main text. Specifically, the Ef, ΔE, and 

backward barrier (ΔEr) of Stone-Wales transformation on the pristine graphene, 

optimized by REBO2 potential, are 5.2 eV, 8.8 eV, and 3.6 eV, which are in reasonable 

agreement with the DFT result of, 4.8-5.3 eV, 9.2 eV, and 4.4 eV, respectively.
15, 16

 The 

NEMD simulations and the geometric optimizations (Ef’s and ΔE’s) were performed by a 

home-made code. 
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Fig. S1. Illustration of the EI model in the NEMD simulations. The irradiation area and the 

area coupled to a thermostat are marked as yellow and red, respectively, while the area in 

between marked as blue. The scattering angle of electron, ω, the scattering polar angel of 

carbon, θ, and the azimuzal angel of carbon, φ, are depicted in the upper-left inset.  

Electronic Supplementary Material (ESI) for Nanoscale
This journal is © The Royal Society of Chemistry 2013


