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The diffusion of gas molecules on multilayer graphene surfaces is of great importance for a wide range of
applications in gas-related industries. This study calculates diffusion coefficients for gas diffusion on sin-
gle layer or multilayer graphene surfaces based on molecular dynamics simulations with a major empha-
sis on the effect of the number of graphene layers. The results show that the gas diffusion on these
graphene surfaces is mainly controlled by molecular collisions in the adsorption layer; because the con-
tributions of the gas adsorption energy and the gas collision energy are always comparable with the gas
adsorption energy becoming slightly stronger with increasing number of graphene layers. Therefore, the
surface diffusion coefficient decreases gradually with increasing number of graphene layers owing to the
larger number of adsorbed molecules on graphene surfaces with more layers. Notably, the diffusion coef-
ficients do not depend strongly on the number of graphene layers when there are a large number of gra-
phene layers due to the limited interaction distance between the gas molecules and the graphene atoms.
Furthermore, the variations of the surface diffusion coefficient with the number of graphene layers and
the gas species are confirmed from the probability distributions of the molecular jump length on the gra-
phene surface in a given time period.
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1. Introduction membranes [15,16] and the surface diffusion characteristics deter-

mine the sensitivities of graphene-based gas sensors [10].

Graphene [1,2], as a representative two-dimensional material,
has many applications in chemical engineering, thermal engineer-
ing and other fields [3-6]. Gas-related applications are especially
important, such as graphene-based gas separation membranes
[7-9], graphene-based gas sensors [10,11], thermal chemical-
vapor-deposition processes for graphene production [12], and the
thermal treatment of graphene oxide films in air [13,14]. In these
applications, the gas diffusion characteristics on the graphene sur-
face are very important. For example, the gas diffusion on the gra-
phene surface restricts the permeation abilities of graphene-based
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The surface diffusion rates reflect the mass transport character-
istics on a solid surface, with the diffusion related to the molecular
adsorption ability, molecular kinetic parameters and molecular
collision energy [17-19]. The surface diffusion phenomena occur
along the molecular adsorption layer on the solid surface where
the characteristic height is on the order of nanometers. Thus, the
gas diffusion phenomenon on a solid surface must be investigated
at the molecular level. The relative contributions of the molecular
adsorption energy and the molecular collision energy determine
the surface diffusion patterns. If the molecular adsorption energy
is far greater than the molecular collision energy, the surface diffu-
sion can be described by the hopping mechanism [20-23]; other-
wise, the surface diffusion would be governed by the gas
behavior and would be mainly controlled by the collisions among
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Nomenclature

C electrostatic constant (N m? C2)

d molecular kinetic diameter (m)

D diffusion coefficient (m?/s)

E; bond stretch energy (J)

Eq angle deformation energy (J)

K bond stretch parameter (] m~2)

Ky angle deformation parameter (] rad~2)
molecular mass (kg)

P pressure (Pa)

ai, g charges on atoms i and j (e)

To equilibrium bond length (m)

t time (s)

to initial time (s)

At time interval (s)

X,y x and y coordinates of a molecule (m)
X0, Yo x and y coordinate at the initial time (m)

Greek symbols

€ energy parameter (J)

o length parameter (m)

% dielectric constant (Fm™!)
0o equilibrium bond angle (rad)

adsorbed gas molecules. For graphene, the gas adsorption energy is
comparable with the gas collision energy owing to the graphene
being several atoms thick. Sun and Bai [24] demonstrated that
gas diffusion on graphene surfaces has a gas-like behavior, mainly
controlled by molecular collisions. The variation of the surface dif-
fusion coefficient as a function of the molecular concentration is
similar to that for the bulk diffusion, but the surface diffusion coef-
ficients are lower than the bulk diffusion coefficients due to the
restrictions of the molecular motion on the graphene film.

Gas-related graphene applications always involve multilayer
graphene. For example, multilayer graphene is used in gas separa-
tion membranes to eliminate the effects of defects in the graphene
films [8,25]. For multilayer graphene, the interactions between the
graphene atoms and the gas molecules then depend on the number
of graphene layers which affects the number of interacting carbon
atoms. Therefore, the gas adsorption on multilayer graphene sur-
faces changes with the number of graphene layers and the surface
diffusion characteristics then vary depending on the molecular
number density on the graphene surface. These nanoscale trans-
port phenomena are normally analyzed using molecular dynamics
(MD) simulations which can accurately capture the movements of
atomic particles to investigate the transport characteristics on the
molecular level [26-30]. In this paper, we dedicate to study the gas
diffusion characteristics on multilayer graphene surfaces by statis-
tically calculating the surface diffusion coefficients using the Ein-
stein equation. The surface diffusion coefficients are calculated
for gaseous CH4, H,S, CO, and N, molecules for monolayer gra-
phene and multilayer graphene with up to four layers. The results
show the dependence of the diffusion coefficients on the number of
graphene layers and the underlying mechanisms. These results
have significant implications to a broad community investigating
graphene materials in gas-related industries.

2. Simulation method

The MD simulations modeled a cubic box with 50 gas molecules
on top of a 3 x 3 nm? multilayer graphene surface, as shown in
Fig. 1(a). The simulation box height was related to the system pres-
sure. The initial system pressure was set to 25 bar with the box
height then based on the ideal gas equation for each gas set to
approximately 9 nm. The simulation box height was sufficient for
efficient simulations of the molecular motions on the graphene
surface and avoiding the computational costs of extensive simula-
tions of the molecular motions in the gas phase. Periodic boundary
conditions were applied in the x and y directions with reflective
boundary conditions in the z direction. The graphene carbon atoms
were fixed during the simulations. The simulations used the NVT
ensemble with a small time step of 0.134 fs, so that the system

temperature equilibrated at 300 K with small fluctuations. Fig. 1
(b) and (c) display snapshots of the multilayer graphene and
atomic models of the gas molecules (CHg4, H,S, CO, and N5).

The simulations modeled the CH,4 atomic interactions using the
popular AIREBO potential model [31], which can be used to accu-
rately model both chemical reactions and intermolecular interac-
tions in hydrocarbon systems. Comparisons also show small
differences between the results obtained using the AIREBO poten-
tial model and the Lennard-Jones (L-]) potential model. The other
interactions were modeled using the L-] potential model coupled
with Coulomb interactions:

o(ry) = {48“%)12 - (%)6} +C»<q_r7]
0

where g; and g; are the charges on atoms i and j, ¢ is the length
parameter, ¢ is the energy parameter, y is the dielectric constant,
and C is the electrostatic constant. The relative dielectric constants
for all the gases were set to 1 with the normal values listed in
Table 1 used for the L-J] potential parameters and the atomic
charges. The parameters ¢ and ¢ for crossing atoms were estimated
by the Lorentz-Berthelot mixing rule. The cutoff distances for the
van der Waals interactions and the short-range Columbic interac-
tions were both set to 10 A. The bond stretch energy, E,, and the
bond angle deformation energy, Eo, within a gas molecule were
defined based on the Harmonic model as:

(rij < Teur)

(1)

(rij = rcut)

E, =K, (r — o)

2
Eo = Ky(0 — 0p)> @

where 1y is the equilibrium bond length, 6 is the equilibrium bond
angle, K; is the bond stretch parameter, and Kj is the angle deforma-
tion parameter. These parameters for H,S, CO, and N, are listed in
Table 2. The bond information in CH, molecules is already included
in the AIREBO potential model.

The surface diffusion occurs in the molecular adsorption layer
on the graphene surface. The Einstein equation was used to calcu-
late the statistics for the gas diffusion coefficients on the graphene
surface based on the coordinates of the molecules moving in the
adsorption layer. The Einstein equation is:

p_ (x=%)"+ (¢~ ¥)°) 3)
4At

where D is the gas diffusion coefficient (m?/s), x and y are the x and

y coordinates of the molecule at time, t, Xo and yo are the x and y

coordinates at time ty (the initial time for the molecules entering

the adsorption layer), and At equals t-t,. The model for calculating

the diffusion coefficient on multilayer graphene surface is illus-
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Fig. 1. Simulation system for gas diffusion on multilayer graphene surface. (a) Simulation box; (b) Snapshot of multilayer graphene; (c) Atomic models of gas molecules.

Table 1
L-] potential parameters and atomic charges used in the simulation.
slev alA Charge/e
Graphene [27]
—C 2413 x 1073 3.400 /
H,S [32]
H—H 0.336 x 1073 0.98 0.124
H—S 2.691 x 1073 2.35 /
S—S 21.545 x 1073 3.72 -0.248
CO, [33]
c—C 2424 x 1073 2.757 0.6512
c—0 4.101 x 1073 2.895 /
0—0 6.938 x 1072 3.033 —-0.3256
N [34]
N—N 3.126 x 1072 3.297 0
Table 2
Bond and angle Harmonic potential parameters for the gas molecules.
Er
K.JeV A2 rolA
H—S (H.S) [35] 2.021 1.365
C—0 (COy) [35] 6.158 1.160
N—N (Ny) [36] 1.426 1.112
Eq
Ko/eV rad—2 0o/°
H—S—H (H.S) [37] 1.110 91.5
0—C—0 (CO0,) [38] 6.416 180

trated in Fig. 2. Actually, the diffusion coefficient was calculated
based on the linear relationship between the mean-square displace-

ment in the x-y plane <<(x —x0) + (- y0)2>) and the time interval,

At, of the gas molecules moving in the adsorption layer on the gra-
phene surface. The simulations started with an equilibrium run
with 50 million time steps followed by 2 million time steps with
a data recording period of 250 time steps to calculate the diffusion
coefficient. The 2 million time steps ensured a large sample set for
the molecular diffusion on the graphene surface while the data
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Fig. 2. Model for calculating diffusion coefficients on multilayer graphene surface.

recording period of 250 time steps gave a high resolution snapshot
of the gas molecule trajectories on the graphene surface.

3. Results and discussion
3.1. Adsorption layer

The molecular adsorption characteristics on the multilayer gra-
phene surface were investigated first because the gas adsorption
characteristics significantly impact the surface diffusion. Owing
to the strong interactions between the gas molecules and the gra-
phene atoms near the surface, the gas molecules can adsorb onto
the graphene surface to form a high-density zone, as seen from
Fig. 3(a) which shows the molecular density distribution along
the z-direction for CH, molecules adsorbed onto the monolayer
graphene surface. The high-density zone and the bulk zone are
both indicated at z=0.6 nm. The high-density zone (denoted as
the adsorption layer) exhibits an atomic thickness, indicating that
only one layer of gas molecules can adsorb onto the graphene sur-
face. Fig. 3(b) shows the number of adsorbed molecules on the
multilayer graphene surface versus the number of graphene layers
for different gas molecules. The gas adsorption intensity depends
on the number of graphene layers with more layers of graphene
leading to higher adsorption intensities. This is related to the
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Fig. 3. Molecular adsorption characteristics on multilayer graphene surface. (a) Molecular number density distribution along z-direction for CH, adsorbed on surface of
monolayer graphene. (b) Number of adsorbed gas molecules on the multilayer graphene surface with different number of graphene layers.

increase in the number of carbon atoms in the multilayer graphene
that interact with the adsorbed molecules which strengthens the
interactions between the gas molecules and the graphene and then
the adsorption of the gas molecules. However, the adsorption
intensities for the two-, three- and four-layer graphene samples
are very similar due to the limited effective interaction distances
between the gas molecules and the graphene atoms. Although
there are more carbon atoms in the multilayer graphene, the num-
ber of effective carbon atoms which can interact with the gas mole-
cules varies very little as the number of graphene layers increases
past 2. Therefore, the adsorption intensities have a weak depen-
dence on the number of graphene layers for more than 2 layers.
For the same number of graphene layers, the adsorption intensities
for different gas species differ due to their distinct atomic interac-
tions with the adsorption intensities increasing from N, to CH,4 to
CO, to H,S.

3.2. Diffusion coefficient

The surface diffusion coefficients were calculated based on the
Einstein equation. In this calculation, the linear relationship
between the mean-square displacement in the x-y plane versus
the time interval for gas molecules diffusing on the multilayer gra-
phene surface is very crucial. Fig. 4 shows an example of the mean-
square displacement versus the time interval for CH, molecules
diffusing on the surface of monolayer graphene. As seen from the
figure, the line has different patterns in different parts with the
left-part of the line exhibiting poor linearity, the right-part of the
line being discontinuous, and only the central-part having good
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Fig. 4. Mean-square displacement in x-y plane versus time interval for CHy4
molecules diffusing on monolayer graphene surface.

linearity, so only the central part can be used to calculate the dif-
fusion coefficients. Along the left part of the line, many of the par-
tially adsorbed molecules may quickly move out the adsorption
layer with little diffusion on the graphene surface; consequently,
the mean-square displacement is not linearly related to the time
interval. For the right part of the line, few of the adsorbed mole-
cules have diffused on the graphene surface for relatively long time
periods so mean-square displacement line is not continuous. The
surface diffusion coefficient can then only be obtained by fitting
the slope of the central part of the line. The boundaries of the cen-
tral part of the line should then be carefully determined to ensure
that the calculation of the diffusion coefficient has a small uncer-
tainty. The slope of the central part of the line will differ for mul-
tilayer graphene with different numbers of graphene layers,
resulting in a dependence of the diffusion coefficients on the num-
ber of graphene layers.

Sun and Bai [24] showed that gas diffusion on monolayer gra-
phene surfaces has two-dimensional gas-like behavior because
the gas adsorption energy is comparable to the gas collision
energy. Although the gas adsorption energy strengthens slightly
with increasing number of graphene layers, the relative contribu-
tions of the gas adsorption energy and the gas collision energy
remain the same; thus, the gas diffusion on the multilayer gra-
phene surface is always mainly controlled by the collisions among
the adsorbed molecules. Therefore, the gas diffusion on the multi-
layer graphene surface is similar to bulk diffusion, regardless of the
number of graphene layers. This conclusion can be seen in the reg-
ular probability distribution of the molecular jump length on the
graphene surface as discussed in the next section. For the multi-
layer graphene, the diffusion coefficient decreases gradually with
increasing number of graphene layers, as seen in Fig. 5. An increas-
ing number of graphene layers increases the number density of the
adsorbed molecules as seen in Fig. 3 due to the increasing number
of interacting graphene atoms. Thus, for the multilayer graphene
with more layers, more molecules are concentrated on the gra-
phene surface and the diffusive movements of the gas molecules
are more restricted through collisions with adjacent molecules.
Consequently, the surface diffusion coefficient decreases with
more graphene layers for the same gas species. The effect of the
number of graphene layers on the diffusion coefficient then rapidly
weakens as the number of graphene layers increases to a large
value because there is less increase in the molecular adsorption
intensity with a larger number of layers.

The diffusion coefficients differ for different gas species with
the same number of graphene layers due to the distinctive molec-
ular kinetic parameters for each gas species as also seen in Fig. 5.
Due to the gas-like behavior, the gas diffusion on the graphene sur-
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Fig. 5. Variations of diffusion coefficient versus number of graphene layers for CHyg,
H,S, CO, and N,, respectively. The error bars of diffusion coefficients are plotted
based on an uncertainty of 5%.

face can be explained by the hard sphere model for ideal gases
where the diffusion coefficients, D, are inversely proportion to
the square root of the molecular mass (M'?) and the square of
the kinetic diameter (d?). The CH4 (d=0.38 nm, M =16.04) and
N, (d =0.364 nm, M = 28.01) molecules have small masses, result-
ing in high diffusion coefficients. Compared with the CO,
(d=0.33nm, M=44.01) molecules, the H,S (d=0.36nm,
M =34.08) molecules have smaller masses but larger diameters,
resulting in comparable diffusion coefficients for CO, and H,S
molecules. The strong adsorption capabilities of CO, and H,S mole-
cules further weaken their diffusion rates as more molecules con-
centrate on the graphene surface. The pressures in the gas phase
differ for different gas species and different numbers of graphene
layers. The pressure of the gas phase is lower for the gas species
with stronger adsorption intensities, because more molecules are
adsorbed on the graphene surface so there are fewer molecules
in the gas phase. If the gas phase pressure were the same in all
the simulations, the dependence of the diffusion coefficient on
the number of graphene layers would be more obvious, because
more molecules would be adsorbed onto the multilayer graphene
surface with more layers.

3.3. Molecular jump length

The probability distribution of the molecular jump length on
the graphene surface further confirms the variations of the surface
diffusion coefficient with the number of graphene layers and gas
species. The molecular jump length on the graphene surface was
obtained using a 250 time step time period. Fig. 6 shows the prob-
ability distributions of the molecular jump length on the multi-
layer graphene surface for various numbers of graphene layers
for CHy, H,S, CO, and N, molecules. The probability distributions
are presented as regular distributions, i.e. low probabilities for
small and large jump lengths and high probabilities for the moder-
ate jump lengths. These distribution characteristics demonstrate
that the gas diffusion on the graphene surface is similar to diffu-
sion in a gas controlled by molecular collisions because only gas-
like diffusion can produce the regular probability distributions of
the molecular jump length with zero-probability of zero-jump
length and arbitrary values of jump length over some range. A
higher average jump length means a faster molecular diffusion rate
on the graphene surface. With the regular probability distribution
of the molecular jump length, a wider distribution and a higher
maximum probability jump length generally produces a higher
average jump length. The variations of the probability distribution
profiles with the gas species in Fig. 6 are basically consistent with
those of the diffusion coefficient. For example, the CH; and N,

molecules have wider probability distributions than those of the
H,S and CO, molecules, consistent with the higher diffusion coef-
ficients of the CH4 and N, molecules. However, the probability dis-
tribution profiles have a weak dependence on the number of
graphene layers, meaning that the average molecular velocity is
independent of the number of graphene layers. The hard sphere
model for gas diffusion indicates that the lower diffusion coeffi-
cient on multilayer graphene with more layers is caused by the
shorter mean free paths of the molecular motion due to more
molecules on the graphene surface.

The differences in the number of samples having a particular
jump length for the different gas species and the different numbers
of graphene layers is related to the different molecular adsorption
intensities on the graphene surface of the various species, with
higher molecular adsorption intensities leading to more molecules
diffusing on the graphene surface. The number of samples for a
particular jump length is consistent with the molecular adsorption
intensity which decreases from H,S to CO, to CH,4 to N,. However, a
higher number of samples does not necessarily mean that more
molecules enter into the adsorption layer, but indicates that the
adsorbed molecules stay in the adsorption layer for a longer time
period. Fig. 7 shows the total number of molecules entering the
adsorption layer during the 2 million time step run, but this num-
ber does not account for how long time the adsorbed molecule
stays in the adsorption layer. This data shows that the total num-
ber of molecules does not change much with the number of gra-
phene layers or the gas species because this number is related to
the gas phase pressure and the molecular mass as given by kinetic
theory of ideal gas. Fig. 7 also shows the number of molecules ver-
sus the number of time steps that the molecules stay in the adsorp-
tion layer during the 2 million time steps for CH4 diffusing on a
monolayer surface. The total number of molecules shown in the
insert is just the maximum of the number of molecules at the left
end of the curve. The curve descends very sharply initially since
many of the partially adsorbed molecules quickly return to the
gas phase. This phenomenon is consistent with the non-linear left
part of the line for the mean-square displacement versus time
shown in Fig. 4.

4. Conclusions

Diffusion coefficients were calculated for four gas molecules
(CH4, H3S, CO, and Ny) on single or multilayer graphene surfaces
(monolayer to four layers) based on MD simulations to show the
dependence of surface diffusion coefficients on the number of gra-
phene layers. The diffusion coefficients were calculated using the
Einstein equation based on the trajectories of the molecules mov-
ing on the graphene surface. The results show that gas diffusion on
multilayer graphene surfaces has a gas-like behavior that is mainly
controlled by the molecular collisions, because the gas adsorption
energy is always comparable with the gas collision energy and
their relative contributions remain the same for different numbers
of graphene layers. As the number of graphene layers increases, the
diffusive movements of the gas molecules on the graphene surface
slow due to the presence of more molecules on the graphene sur-
face, so the surface diffusion coefficient gradually decreases. The
diffusion coefficient is only weakly dependent on the number of
graphene layers with a large number of graphene layers because
the molecular number density on the graphene surface is only
weakly related to the number of graphene layers due to the limited
gas-graphene interaction distance. For the same number of gra-
phene layers, the diffusion coefficients of the various gas species
differ due to their different molecular diameters and masses. The
dependence of the surface diffusion coefficient on the number of
graphene layers and the gas species is further confirmed by the
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Fig. 7. Variation of the total number of molecules entering into the adsorption layer
in the run of 2 million time steps.

probability distribution of the molecular jump length on the gra-
phene surface for a given time period. These results provide a the-
oretical guide for the application of multilayer graphene in gas-
related industries and provide new insights into surface diffusion
phenomena. Further attention should be paid to the effects of
chemical functionalization of the graphene surface and others
effects such as graphene defects and physical fluctuations.
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