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S1 Experimental Section 

S1.1 Supporting Simulation Method of Molecular Dynamics 

In this work, confined case (graphene-N2) was built for molecular dynamic simulations. 

Case graphene-N2 contains 2 parallel graphene sheets (5 nm × 10 nm, slit width 0.7 nm) and 

2200 N2 molecules.  

The simulation can be divided into the following steps. 

Step one: The case was allowed to equilibrate for 1 ns with a time step of 1 fs by using 

canonical ensemble (NPT) simulations. Under environment at 77 K and 1 bar pressure. The 

graphene sheets were set as rigid to ensure that the atoms of the substrates were fixed during 

this step simulation.  

Step two: After step one, the graphene sheets were set as flexible to ensure that the 

graphene slit was deformable during this step simulation. The case was allowed to equilibrate 
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for 1 ns with a time step of 1 fs by using canonical ensemble (NPT) simulations. Under 

environment at 77 K and 1 bar pressure. Then, another 100 ps of simulation was performed for 

MSD analysis, and another 1 ns of simulation was performed for carbon position analysis. The 

coordinates were recorded every 0.1 ps.  

Step three: Following step two, the case was allowed to equilibrate for 1 ns with a time 

step of 1 fs by using NPT simulations. Under environment at 300 K and 1 bar pressure. And 

another 1 ns of simulation was performed for graphene position analysis. The coordinates were 

recorded every 0.1 ps.  

Step four: Following step three, the N2 were deleted, and the case was allowed to 

equilibrate for 1 ns with a time step of 1 fs by using NPT simulations. Under environment at 

300 K and 1 bar pressure. Another 1 ns of simulation was performed for graphene position 

analysis. The coordinates were recorded every 0.1 ps. 

In the N2 molecular statistics section, confined case (graphene-N2) was built for molecular 

dynamic simulations. Case graphene-N2 contains 2 parallel graphene sheets (3.8 nm × 3.8 nm, 

slit width 0.7 nm) and 200 N2 molecules.  

The case was allowed to equilibrate for 1 ns with a time step of 1 fs by using NPT 

simulations, the pressure was applied in x direction. Under environment at 77 K and 1 bar 

pressure. The graphene sheets were set as rigid to ensure that the atoms of the substrates were 

fixed during this step simulation. The number of N2 molecules between the graphene slits region 

with time was analyzed under 77 K and 300 K. The region between slits is (-1.6~1.6, -1.6~1.6, 

-0.35~0.35) nm in x, y, z. 

The airebo model [S1] was used for graphene. N2 model was taken from Vekeman et al 

[S2]. The van der Waals (vdW) interaction parameters of N2 and graphene was taken from 

Zhang et al [S3]. All the cases were placed in periodic orthogonal boxes. And all the molecular 

dynamic simulations were performed by using LAMMPS software package [S4]. 

Furthermore, two confined cases (system 1-2) were built for Molecular Dynamic 

simulations to verify the enhancement mechanism of the seamless heterogeneous interface (Cu 

layer).  

System 1 contains 2200 N2, Cu@graphene composed slit. System 2 contains 2200 N2, 1 

Cu@graphene composed slit.  

The initial configuration systems were constructed through the software of PACKMOL1, 

all the N2 molecules were randomly inserted in a cubic simulation box.  

The airebo mode [S1] was used for graphene. N2 model was taken from Vekeman et al 

[S2]. The van der Waals (vdW) interaction parameters of N2 and graphene were taken from 

Zhang et al [S3]. The FCC model [S5] was used for Cu. The arithmetic mix rule was applied 

for Cu and graphene, Cu and N2 . 

The system 1 was allowed to equilibrate for 400 ps with a time step of 1 fs by using 

canonical ensemble (NPT) simulations, under an environment at 77 K and 101.325 kPa pressure. 

The slit in system 2 was set as freeze to ensure that the atoms of the substrates were fixed during 
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the simulation. Then, another 1000 ps of NPT simulation was performed for system 2, under an 

environment at 300 K and 101.325 kPa pressure. The slits in system 2 were set as unfreeze to 

ensure that the atoms of the substrates were flexible during the simulation.  

The temperature and pressure are kept via the Nose-Hoover thermostat and Parrinello-

Rahman barostat, respectively.  

All the cases were placed in periodic orthogonal boxes. And all the Molecular Dynamic 

simulations were performed by using LAMMPS software package [S4]. 

S1.2 Calculation of Diffusion Coefficients from Molecular Dynamics Simulations 

The diffusion coefficient can be obtained from the well-known Einstein relation, by 

determining the slope of the mean square displacement (MSD) over time. The MSD is given 

by the following equation: 

<r2> = <(r(t)-r(0))
2
>  

Where <r2> is the MSD, r(t) is the position vector of the penetrant molecule at time t. If 

the simulation time is long enough, the diffusion coefficient is described by the following 

equation: 

D = 
1

6
lim
t→∞

<
d

dt
(r(t)-r(0))

2
>  

Here, D is the self-diffusion coefficient, t is the time, r(t) is the position vector of the 

penetrant molecule at time t and the angle brackets give the ensemble average.  

S1.3 Supporting Simulation Method of First-principles 

The first-principles calculations are carried out using the density functional theory (DFT) 

approach implemented in the Vienna Ab Initio Package (VASP) within the generalized gradient 

approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) formulation[S5-S7]. We have 

chosen the projected augmented wave (PAW) potentials [S8,S9] to describe the ionic cores and 

take valence electrons into account using a plane wave basis set with a kinetic energy cutoff of 

520 eV. Partial occupancies of the Kohn−Sham orbitals were allowed using the Gaussian 

smearing method and a width of 0.2 eV. The electronic energy was considered self-consistent 

when the energy change was smaller than 10−5 eV. A geometry optimization was considered 

convergent when the energy change was smaller than 0.02 eV Å−1. The vacuum spacing in a 

direction perpendicular to the plane of the structure is 18 Å. The weak interaction was described 

by DFT+D3 method using empirical correction in Grimme’s scheme [S10, S11].  

S2 Supplementary Figures 
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Fig. S1 Digital images of (a) GF-1, (b) GF-2 and (c) GF-3 surface morphologies vary with the 

number of LNS 

 

Fig. S2 Digital images of (a) surface and (b) cross-sectional morphologies of graphene film 

after LNS 
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Fig. S3 Some typical stereoscopic structure images of GFs surface bubbles 

 

Fig. S4 Density information of three types of GFs 
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Fig. S5 LNS impacts for two GFs in different contact states with liquid nitrogen. Among them, 

LNS impacts without direct contacting with liquid nitrogen use plastic sealing to isolate N2 

 

Fig. S6 SEM images of internal structure of various GFs, obtained by focused ion beam 

 

Fig. S7 The average position of the graphene sheet without a nitrogen environment from MD 

simulations at 300 K. The position in center of two graphene sheets slit is defined as 0 
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Fig. S8 SEM image and EDX mapping of GF@Cu surface 

 

Fig. S9 (a) SEM image and (b) element distribution of Cu/C interface 

 

Fig. S10 X-ray photoelectron spectroscopy (XPS) spectra of GF@Cu, the clear Cu 2p peaks 

indicate the existence of Cu 

https://www.springer.com/journal/40820
https://www.springer.com/journal/40820


Nano-Micro Letters 

 

S8/S18 

 

Fig. S11 Typical configuration structure of interface models: (a) Graphene/ graphene and (b) 

Cu(111)/graphene interface. The electron density difference plot of the (c) Graphene/graphene 

and (d) Cu(111)/graphene interface 

Fig. S12 X-ray diffraction (XRD) spectra of GF@Cu, indicating the retention of crystal 

structure and the existence of Cu 
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Fig. S13 (a) Schematic diagram of the bubbling process of original GF. (b) Schematic diagram 

of Cu@GF with seamless heterointerface, which could prevent the bubbling phenomenon 

 

Fig. S14 Schematic diagram of bubble growth from Henry theory  

 

Fig. S15 The defect density of GF and Cu@GF 

https://www.springer.com/journal/40820
https://www.springer.com/journal/40820


Nano-Micro Letters 

 

S10/S18 

 

Fig. S16 Shape parameters of Berkovich indenter 

 

Fig. S17 (a) SEM images of C/Cu interface inside Cu@GF after cyclical LNS and (b) multiple 

bending. (c) Schematic diagram of the interlocked structure between the seamless 

heterointerfaces and the GF substrate, which contributes to the stability of interface bonding 

 

Fig. S18 Infrared image of GF with different LNS times, A = 50 times, B = 100 times, C=150 

times, indicating the failure of the heat transfer path 
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Fig. S19 (a-c)Schematic diagrams of composite parallel model and (d) calculation method of 

in-plane thermal conductivity by composite parallel model 

 

Fig. S20 Finite element analysis on the thermal conductivity, showing the heat flux transport 

within (a) pure GF , (b) GF@Cu and (c) GF@Cu with interface resistance respectively. (d-f) 

The curves are the temperature change with time of different positions in three kinds of films 
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Fig. S21 Raman spectra of e-GF@Cu, e-GF and original GF, the e-GF@Cu and e-GF were 

etched by HNO3 

 

Fig. S22 Electrical conductivity of GF and GF@Cu with different LNS times 

 

Fig. S23 The electromagnetic interference shielding effectiveness (EMI SE) of GF and GF@Cu 
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Fig. S24 Schematic of the EMI shielding mechanism of (a) GF and (b) Cu@GF 
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Fig. S25 Digital images of GF@Cu under different bending curvatures 

 

Fig. S26 Two states of the high-power LED lamp 
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S3 Supplementary Tables 

Table S1 Nanoindentation information of GF and GF@Cu 

Types Pit area (μm2) Hardness (GPa) Eeff (GPa) 

GF 1.90 0.24 4.8 

GF@Cu 1.62 0.59 8.3 

Table S2 Overall performances of some reported graphitic films with this work 

Materials Sample Fabrication method 
Thickness 

(μm) 

Thermal 

conductivit

y (W/mK) 

Electrical 

conductivity 

(×105 S/m) 

Tensile 

strength 

(MPa) 

EMI SE 

(dB) 

Stabi

lity 
Refs. 

This 

work 

GF-1 

A doctor blade 

technique and 

thermal reduction 

25 1258 9.62 29.4 
65.4-

70.3 
 / 

GF-2 

A doctor blade 

technique and 

thermal reduction 

25 1312 9.86 31.3 
64.8-

71.6 
 / 

GF-2-

LNS 

A doctor blade 

technique and 

thermal reduction 

25 728 9.83 4.5 
65.1-

71.8 
  

GF-3 

A doctor blade 

technique and 

thermal reduction 

17 1449 10.26 32.7 
66.3-

73.2 
 / 

Cu@GF 
Magnetron 

sputtering 
25 1137 10.85 49.2 

74.1-

79.0 
✓ / 

Cu@GF-

LNS 

Magnetron 

sputtering 
25 1088 10.84 49.2 

74.1-

79.0 
✓  

RGO dfGF 

A doctor blade 

technique and 

thermal reduction 

20 1940 10.60 60 / - [S12] 

RGO 
annealed 

GP 

Electro-spray 

deposition and 

thermal reduction 

25 1434 1.83 58.2 / - [S13] 

RGO 

FAC-

Graphen

e Paper 

Vacuum fltration 

and thermal 

reduction 

30 1529 2.23 / / - [S14] 

RGO 

rG-

O_15-

3000C_P

H 

A doctor blade 

technique, thermal 

reduction and press 

10 2025 30.3 80 / - [S15] 
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RGO rLGO 

Vacuum fltration 

and chemical 

reduction 

7.5 1390 0.24 77.7 ~20 - [S16] 

Polyimi

de 
G0.25 

Polyimide 

graphitization 
35 1781 16.3 / / - [S17] 

Polyimi

de 
3.5 wt.% 

Polyimide 

graphitization 
/ 1092 / / / - [S18] 

CNT HADF 

In situ alignment 

and further 

stretching-pressing 

9.5 700.15 4.87 2950 / - [S19] 

Compo

site 

Graphite 

film/Cu/

Al 

PVD and vacuum 

hot pressing 
169.5 805 / / / - [S20] 

Compo

site 

SiC@GF

s/CFs 

(CF =Cu 

film) 

Vacuum hot 

pressing 
/ 485.2 / / / - [S21] 

Compo

site 

GFs(Cu)/

Cu 

Ultrasonic-assisted 

electroless plating 

and vacuum hot-

pressing sintering 

/ 1177.8 / / / - [S22] 
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