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ABSTRACT

Amorphous carbon (a-C) membranes with 1,728 particles were prepared from diamond at
four different densities (1.8, 2.0, 2.28, and 2.4 g/cm3) using molecular dynamics simulation.
Stillinger and Weber potential for carbon was introduced with kinetic energy abided by clas-
sical Newton equation. Time mesh was chosen 0.01 or 1 fs. The melt-quenching technology
method was adopted with the corresponding cooling rate 5 and 0.05K/fs, respectively.
Different membranes were obtained from higher initial temperature (7,500, 7,000, or 6,500K
at different densities and cooling rates) to room temperature. We compared the radial distri-
bution function, bond angle distribution, and pore size distribution with experimental data.
The results agreed well and one membrane at lower density with larger pores was chosen to
calculate the gas permeation further. Gas molecules (He, Ne, H2, CO2, N2, CH4, and SF6)
permeation through the a-C membrane at low density (1.8 g/cm3) when time mesh equal to
1 fs were calculated at 300, 400, 473, 500, and 600K. The results of every gas species almost
illustrated Knudsen diffusion well. And the number of permeated particles depended on the
molecular weight.
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1. Introduction

Amorphous carbon (a-C) is a versatile material in
the field of chemistry, optical, and electronic industry
such as gas separation, wear-resistant coating, solar
collector surfaces, magnetoresistance, field emission,

etc. As far as we know, carbon constitutes different
kinds of crystalline, graphite, or disordered structures
because of the multiplicity of its hybridizations sp1,
sp2, and sp3 [1]. So a-Cs with various percentages of
sp- hybridization have different densities [2]. In spite
of last two decades of investigation on a-C, there still
remain some debates over theoretical mechanism of
a-C formation and properties. Molecular dynamics
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(MD) simulation plays an important role in such fur-
ther study. And it shows many advantages for a-C
preparation by MD simulation. Since a generalized
sp2/sp3 Stillinger and Weber (SW) potential [3] for
carbon has been developed, the semi-empirical elec-
tronic potential was adopted on carbon atoms interac-
tion, including 2-body bond stretching and 3-body
bond bending.

After several different a-C configurations obtained,
we have compared the major properties of a-C, such
as radial distribution function (RDF), bond angle
distribution (BAD), and pore size distribution (PSD).
The performances of gas permeation are studied
further by using MD simulation. The transport mecha-
nism of small gas molecules through a-C structures,
including large pores, should be analyzed which are
usually classified as molecular sieving (configura-
tional) diffusion, Knudsen diffusion, and surface
diffusion [4–12].

2. Simulation method

In this work, the objectives are to prepare a-C
membranes and to analyze gas permeation through
them using MD method. MD represents one of the
most effective methods to generate variety of micro-
and macroscopic structures by solving motion equa-
tion. Since the melt temperature should be high

enough to make sure the initial crystalline structure
could be melt wholly, constant-NVT ensemble simula-
tion and melt-quenching technology method from
high temperature to room temperature was intro-
duced, where N is the number of molecules, V is the
volume and T is the temperature. The calculation time
has relationship with time mesh. Since a generalized
sp2/sp3 semi-empirical electronic SW potential
U(2, 3) [3] for carbon has been developed, it was
adopted on carbon atoms interaction, including two-
body bond stretching tð2Þij ðrijÞ and three-body bond

bending tð3Þjik ðrij;rikÞ. The SW potential was described by

Eqs. (1)–(3) as follows.

Uð2; 3Þ ¼ e
X
hiji

tð2Þij ðrijÞ þ
X
hjiki

tð3Þjik ðrij;rikÞ
" #

ð1Þ
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where e and r are energy and length units, respec-
tively, rij, rik the inter-particle separation distance; A,
B, k, and c the parameters of the short range repulsive
term; a the cutoff distance; hjik the angle between rj
and rk subtended at vertex i; h0 the ideal tetrahedral
angle in diamond-like structures. The parameter val-
ues are listed in Table 1.

Table 1
Parameters of SW potential [13] in this work

Parameter Diamond

e (eV) 3.214

r (Å) 1.378

a 1.9

A 5.298

B 0.503

k 24

c 1.1

p; q 4; 0

cosh˚ �1/3

Table 2
LJ parameters of different gases in this simulation

Gas species C [14] He [15] Ne [15] H2 [15] CO2 [15] N2 [16] CH4 [16] SF6 [17]

w (g/mol) 12.01 4.00 20.18 2.02 44.01 28.01 16.04 146.06

ei/kB (K) 28.02 10.22 35.0 38.0 195.2 72.89 148.0 201

ri (Å) 3.37 2.60 2.78 2.90 3.30 3.64 3.73 5.51

Fig. 1. Schematic image of a DCP-NEMD simulation cell.
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For interactions between permeating gas molecules
and carbon atoms, and among gas molecules, the
widely known Lennard-Jones (LJ) potential is given
by Eq. (4).

EðrijÞ ¼ 4eij
rij

rij

� �12

� rij

rij

� �6
" #

ð4Þ

The relative potential parameters are illustrated by
Table 2.

The main research of this work consists of two
steps, a-Cs preparation and gas permeation.

Firstly, we used the SW parameters due to Gerst-
ner et al. [13] to generate a-Cs with periodic boundary
conditions. The number of carbon atoms was 1,728 to
ensure certain a thickness of membranes. Densities
depended on the range of real situation. Time mesh
had much effect on the homogenization, so 1 and
0.01 fs were set. The cooling rate of melt-quenching
method was selected 5K/100 step. Melt temperatures
were 6,500, 6,500, 7,000, and 7,500K for the density
equal to 1.8, 2.0, 2.2, and 2.4 g/cm3, respectively.

Fig. 2. Snapshots of (a) crystalline and; (b) a-C at 1.8 g/
cm3, time mesh 0.01 fs; (c) a-C at1.8 g/cm3, time mesh 1 fs,
on side (x-y plane) and perspective view, respectively,
calculated by MD simulation.
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Fig. 3. Temperature control (a) and energy change (b) on calculation time, q= 1.8 g/cm3, time mesh= 1 fs.

Fig. 5. RDF, time mesh= 0.01 fs.

Fig. 4. BAD, q= 1.8 g/cm3, time mesh= 1 fs.
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After the a-C membranes were gotten, temperature
variation, two-body, three-body, kinetic, and total
energy in the whole process were all calculated. By the
results of the temperature and total energy, we were
able to choose the stable calculation time of a-C struc-
tures at room temperature. To observe the characteris-
tics of those structures, BAD, RDF, and PSD were
calculated sequentially. Therefore, the most reasonable
membrane was selected to calculate the gas permeation
next.

Secondly, the significant demand for gas perme-
ation simulation was that permeation properties
should be provided at the steady state. As a result,

the boundary plane with an imaginary gas phase was
needed on which the permeating gas particles could
be produced or deleted [18,19]. The idea allowed a
changeable number of permeating particles so as to
keep the system steady and reasonable. It was an
ingenious setting to attain the steady state with the
given upstream and downstream pressure. Fig. 1
shows a schematic image of the unite cell by dual con-
trol plane non-equilibrium (DCP-NEMD) method used
in our simulation. Gas molecules permeated through
the membrane in the z-direction from the higher
pressure side to the lower pressure side. Permeating
molecules were introduced from the boundary plane
in the frequency, f, by Eq. (5), which is corresponded
to the value under the specified temperature and
pressure.

Fig. 6. RDF, time mesh= 1 fs.

Fig. 7. PSD, time mesh= 0.01 fs.

Fig. 8. PSD, time mesh= 1 fs.

Fig. 9. Kinetic diameters dependency of gas permeance
through a-C. q= 1.8 g/cm3, time mesh= 1 fs.

Fig. 10. Temperature dependency of gas permeance
through a-C, q= 1.8 g/cm3, time mesh= 1 fs.
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frequency ¼ pSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkT

p ð5Þ

where p is gas phase pressure; S is the area of the
boundary plane, T the temperature.

3. Results and discussion

Firstly, a-C (Fig. 2(b) and (c)) membranes were got-
ten from crystalline structures (Fig. 2(a)) at different
densities and time mesh. From Fig. 2(a), the unit cell
of diamond could be seen clearly. Each smallest cell
contains 8 carbon molecules, every particle had three
single bonds and the bond angle was 109.5˚. It was
the reason why cosh˚ was equal to �1/3 ideally. The
side view was on the direction of x-y plane. Fig. 2(b)
represented a-C membrane at 1.8 g/cm3, 0.01 fs, and
Fig. 2(c) at 1.8 g/cm3, 1 fs.

Fig. 3(a) depicted temperature control with calcula-
tion time, while Fig. 3(b) energy change, when
q= 1.8 g/cm3, time mesh= 1 fs. For Fig. 3(a), at the first
step about 50 ps, the diamond melted to be amor-
phousness, then quenching down by several steps to
room temperature. At the last step, a-C kept stable on
both temperature and energies. Hence from around
200ps to the end, the next calculation could be done
in reasonable situation.

BAD showed obvious amorphousness in Fig. 4.
RDFs at different densities were compared with
experimental reported data by Alvarez et al. [20]. The
RDF data in Figs. 5 and 6 illustrated amorphous state
because there almost were no apparent peaks at lager

distance than the second peak located. It showed an
interesting behavior as Alvarez’ ab initio simulation:
the peaks are slightly displaced toward the larger side
of the interatomic distances. This indicated the pres-
ence of sp2 bonds.

Figs. 7 and 8 displayed that different time mesh
generated different amorphous structures, which also
could be verified by the snapshots (see Fig. 2). They
illustrated that shorter time mesh resulted in more
uniform structures, and these homogeneous mem-
branes were too dense to make even small gas
molecules permeate through them. On the other hand,
Fig. 8 showed that longer time mesh could lead to
some large pores. So we preferred that membrane,
that is at the density of 1.8 g/cm3, time mesh equal to
1 fs, for further study on gas permeation.

Fig. 9 displayed kinetic diameters dependency of
permeance. We could find that the permeance was
depended not only on the size of gas molecules but
also on the molecular weight. Fig. 10 was consistent
with the conclusion in another way. It is the tempera-
ture dependency of gas permeance. Helium perme-
ation was almost as same as the simple Knudsen
curve given by Eq. (6) [21].

Pk ¼ kgffiffiffiffiffiffiffiffiffiffiffi
MRT

p ð6Þ

where kg is a geometrical factor depending on the pore
structure. Comparing with it, gas molecules had almost
the same dependency which belonged to Knudsen dif-
fusion except sulfur hexafluoride. The bigger size gas
molecules SF6 at higher temperature above 400K fol-
lowed slightly activated diffusion, while at lower tem-
perature, it abided by surface diffusion since the slope
of its permeance line was a little larger.

As shown in the snapshots of sulfur hexafluoride
molecules permeation at two different temperatures
(a) 300K and (b) 500K in Fig. 11, SF6 molecules also
followed active diffusion at higher temperature; and
it turned to surface diffusion when the temperature
was lower. Because when temperature was higher,
activation energy made more effect. Experimental
study on the preparation of membranes and predic-
tion of their separation factor has been reported
elsewhere [22].

4. Conclusion

Amorphous carbon (a-C) membranes at different
densities could be successfully obtained by our MD
simulation. Time mesh was a very important factor to
generate different structures at the same density. The
smaller time mesh was set, the more homogeneous

Fig. 11. Snapshots of SF6 permeation. (a) 300K and (b)
500K, at 1.8 g/cm3, time mesh 1 fs.
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membrane was obtained, while a little more running
time was taken. Melt-quenching technology is feasible
and valid method to get a structure by our MD simu-
lation. Energies of the system showed reasonable
behavior by the SW two-body and three-body poten-
tials to reach a steady state. From BAD, RDF, and
PSD, we could observe good agreement with experi-
ment and other simulation results. In this work, when
time mesh was equal to 1 fs, density 1.8 g/cm3 could
be obtained. The a-C membrane was selected to study
further gas permeation. On the other hand, an inho-
mogeneous a-C model with larger pores could be
obtained. It showed better homogeneity when time
mesh was set 0.01 fs.

DCP-NEMD method provided an advantageous
project to simulate gas permeation properties. Differ-
ent gas species molecules permeation showed almost
the Knudsen diffusion properties. And the number of
permeated particles was depended on the weight of
gas molecules, and the order was H2>He>CH4>
Ne>N2>CO2> SF6.

Acknowledgments

Thanks to China Scholarship Council (CSC) for
financial support for overseas students when the
author works in Japan. Especially, the author was
grateful to Prof. Yoshioka, Prof. Tsuru, and Prof.
Kanezashi for their great help in our study, not only
to the research support and guidance but also to pro-
vide many a chance to make so much progress. And
the author would like to thank prof. Wang and Prof.
Yang in Dalian University of Technology to provide
their great help.

References

[1] J. Roberton, Diamond-like amorphous carbon, Mater. Sci.
Eng. R 37 (2002) 129–281.

[2] A.C. Ferrari, A. Libassi, B.K. Tanner, V. Stolojan, J. Yuan, L.
M. Brown, S.E. Rodil, B. Kleinsorge, J. Robertson, Density, sp3

fraction, and cross-sectional structure of amorphous carbon
films determined by x-ray reflectivity and electron energy-
loss spectroscopy, Phys. Rev. B 62 (2000) 11089–11103.

[3] F.H. Stillinger, T.A. Weber, Computer simulation of local
order in condensed phases of silicon, Phys. Rev. B 31 (1985)
5262–5271.

[4] A.B. Shelekhin, A.G. Dixon, Y.H. Ma, Theory of gas diffusion
and permeation in inorganic molecular-sieve membranes,
AIChE J. 41 (1995) 58–67.

[5] A.J. Burggraaf, Single gas permeation of thin zeolite (MFI)
membranes: Theory and analysis of experimental observa-
tions, J. Membr. Sci. 155 (1999) 45–65.

[6] T. Yoshioka, T. Tsuru, M. Asaeda, Condensable vapor perme-
ation through microporous silica membranes studied with
molecular dynamics simulation, Sep. Purif. Technol. 32 (2003)
231–237.
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