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1. Substrate model
  

Fig. S1 Unit cell of the Cu(111) substrate.

2. Calculations on the formation energy of different edges
  As a reference, the formation energy of the HTGEs (When the two neighboring 
graphene ribbons are far apart from each other with their edges terminated by H) is 
first obtained:
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where ET is the total energy of the structure, ESub is the energy of the metal substrate, 
εC and εH2 represent the energy of graphene on substrate per atom and the energy of a 
H2 molecule, NC and NH denote the number of C and H atoms in the structure, and l is 
the grain boundary length. 4l is used to account for the four H terminated edges of the 
of two graphene ribbons in the model. 
  For the formation energies of CBGB and MPGE, they are calculated as: 
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where the second term at the right side is used to cancel out the effect of the H 
passivated edges of other sides of graphene ribbonds.

3. Calculation on the Gibbs free energy variation during the overlapping of two 
HTGEs
  The Gibbs free energy change during the overlapping of two HTGEs is defined as 
ΔG(NC)=EF(NC)-NC×Δμ                                              (3)
where EF(NC) is the formation energy of the system, NC is the number of C atoms and 
Δμ is the chemical potential difference between C source and graphene on substrate. 
The formation energy of the system is defined by equation (2). 
.                         
4. Calculations on the chemical potential of H2 and thermodynamic diagrams

  The H chemical potential µH as a function of temperature T and pressure P is 

obtained by1:                                                        
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where EH2 is the energy of a H2 molecule, kB is the Boltzmann constant, g is 2 
(accounting for the degree of degeneracy of the electron energy level), ξtrans, ξrot and 
ξvibr are the partition functions of translation, rotation and vibration motions. 
  For calculating the thermodynamic diagrams between H passivated grain boundary 
and substrate passivated grain boundary, the vibration entropy ΔFV is obtained by
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where β equals 1/kBT, ω is the vibration frequency of the H atoms at the edges.2 
  The thermodynamic diagrams between H passivated grain boundary and covalent 
bonding mediated grain boundary are obtained by calculating the Gibbs free energy 
difference ΔG as:
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where ΔET is the total energy difference between the two structures, and the vibration 
entropy ΔFV is taken by the vibration entropy difference between the H passivated 
edges and the covalent bonding mediated grain boundary.   



Table S1 Statistics on the angle and type of graphene GBs in our experiments and 
other references.

Number Angle OLGB or not
1 1o no
2 1o no
3 1o no
4 2o no
5 4o no

6 4o no

7 5o no
8a 8o yes

9 10o no

10 10o no

11 10o no

12 11o no

13 11o no

14 14o yes

15 14o yes

16 16o yes

17 21o no

18 22o no

19 23o yes

20 23o yes

21 23o yes

22a 24o yes

23a 26o yes

24a 28o Yes

25 28o no

26 30o no

27 30o no

a These data are taken from Figures 3, 6 and 8 and in Ref. 3 and Figure S7 in Ref. 4. 
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