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S1. X-ray photoelectron spectroscopy (XPS) survey spectrum of 

fluorinated graphene (FG) 

Ga+ ions of 30 keV, utilized in experiments, have significant advantages compared with other 

ions. High energy Ga+ ions can remove carbon atoms from graphene lattice, leading to the 

radicalization of carbon atoms surrounding defects. Then they propagate into the substrate and 

do thus not substitute carbon atoms nor accumulate on graphene surface. Figure S1 shows the 

XPS survey spectrum of fluorinated graphene (FG), and in this spectrum there is no Ga signal 

(binding energy at 1116.7 eV), which means that there is no Ga atoms on top of graphene. 
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Figure S1. XPS survey spectrum of fluorinated graphene on SiO2. 

 

S2. Large scale of STM image of defected graphene (DG) under ion 

irradiation 

Our DFT models, di-vacancy model and hole-defect model, are mainly based on the STM 

observation of graphene under ion irradiation. Figure S2 shows that, in large scale STM image of 

defected graphene (DG), the defects are mainly vacancies and small hole-defect. Similar defects 

are also found in fluorinated graphene (FG) shown in Figure 3.  
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Figure S2. Large scale of derivative STM image of DG graphene 

S3. XPS analysis of fluorinated graphene  

 

Figure S3. XPS analysis of C 1s peak before and after fluorination in SiC-graphene 
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Figure S4. XPS analysis of F 1s peak of fluorinated graphene before and after annealing 

Figure S3 shows the deconvolutions C 1s peak before and after fluorination, it is clear that there 

is a significant increase in C-F bond. To get clear STM images, a soft annealing was performed 

on fluorinated graphene with the temperature up to 200°C. Before and after annealing, it is found 

that the fluorine is stable. 

 

S4. Monte Carlo Stopping and Range of Ions in Matter (SRIM) 

simulation 

The sputtering simulation of 30 keV Ga+ ion irradiation was performed by using Monte Carlo 

SRIM-2008. 1,2 Four samples are simulated: graphene on SiO2 substrate (CVD graphene), 

graphene on SiC substrate (epitaxial graphene), SiO2 and SiC.  
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Table S1. Sputtering yield of CVD graphene, epitaxial graphene, SiO2 and SiC under 30 

keV Ga+ ion irradiation by Monte Carlo SRIM calculation. 

 C atom Si atom O atom 
Sputtering 

yield in total 

Graphene on SiO2 2 0.1 0.13 2.22 

SiO2  1 3.5 4.5 

Graphene on SiC 2 (graphene) + 0.1 (SiC) 0.15  2.25 

SiC 1.3 1.7  3 

  

Table S1 shows the sputtering yields of four different samples. Comparing graphene on substrate 

with pure substrate, it is found that graphene layer has a significant reducing effect on the 

sputtering yield of substrate, meaning that in CVD graphene and epitaxial graphene, most 

sputtered atoms are graphene carbon atoms in contrast to substrate atoms.3 Thus, the substrate 

only has small contribution to the total sputtering yield compared with graphene layer. 

The sputtering yields of carbon and total atoms for CVD graphene and epitaxial graphene are 

nearly the same shown in Figure S4. Considering the low influence of the substrate on sputtering, 

same sputtering yield of carbon indicates the same concentration of defects density under a same 

ion dose irradiation. Thus, the structure of CVD graphene and epitaxial graphene should be 

comparable in our experiment under an ion irradiation of 1013 ions/cm2.  
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S5. Graphene structure after adsorption of fluorine atoms 

 

 

 

 

Figure S5. (a) graphene structure after adsorption at most probable site in di-vacancy 

defect. (b) graphene structure after adsorption at most probable site in a hole defect 

Before the adsorption of F atom, the double vacancy creates a 585 (pentagon-octagon-pentagon) 

defect after geometry relaxation. The adsorption of F atom locally distorts the lattice shown in 

Figure S5 (a). The C atom attached to the F atom comes out of the graphene plane by 0.46 Å. 

Here C-F bond length is 1.45 Å and it forms a sp3 bond. Distortions in the octagonal ring are also 

observed with different C-C bond lengths as shown in the figure. Figure S5 (b) indicates the 

structure after adsorption at most probable site in a hole defect. In this case, the F atom forms 

bond with the in-plane dangling bond of the C atom nearest to it. The C-F bond length is 1.36 Å 

and is of sp2 type. The closest C-C bonds are shortened a bit (1.40 Å) as shown in the figure. In 

this case the structure is planar. 
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