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Gas diffusion on graphene surfaces

Chengzhen Sun and Bofeng Bai*

Graphene provides a possibility where gas adsorption energy is comparable with molecular collision
energy for physically adsorbed gases, resulting in the incompetence of the traditional hopping model to
describe graphene-related surface diffusion phenomena. By calculating surface diffusion coefficients
based on the Einstein equation, we exactly demonstrate that the gas diffusion on a graphene surface is a
two-dimensional gas behavior mainly controlled by the collisions between adsorbed molecules. The
surface diffusion on the graphene film just follows the bulk diffusion qualitatively, namely the diffusion
coefficients decrease with increasing gas pressure. Quantitatively, the surface diffusion coefficients
are lower than the bulk diffusion coefficients, predicted using the hard sphere model, owing to the
restriction of graphene films. The reduction in diffusion coefficient is related to the simultaneously
suppressed average frequency of molecular collisions and the average travelling distance between
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successive collisions. In addition, a lower diffusion coefficient on a hydrogen-functionalized graphene
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Introduction

The diffusion of gas molecules on solid surfaces is a very
common phenomenon, but it has remained a subject of
unfailing charm for the research communities."™ Surface
diffusion is distinguished from bulk diffusion by whether the
gas molecules adsorbed onto solid surfaces or not. In the
adsorption layer on a solid surface, gas diffusion in the direc-
tion perpendicular to the solid surface is restricted. Surface
diffusion is determined not only by the interactions among gas
molecules but also by the interactions between gas molecules
and solid materials. Therefore, surface diffusion is affected by
the gas species, the solid properties and their surface structure,
and the pressure-dependent gas coverage of the surface.
It is generally accepted that surface diffusion is driven by the
chemical potential gradient on the solid surface and the diffu-
sion barrier is related to the adsorption energy of gas mole-
cules. Accordingly, the hopping (jumping) model®® is widely
applied to describe the surface diffusion phenomenon as a
process where the adsorbed molecules hop between adjacent
adsorption sites on the solid surface. For most of the gas-solid
systems that display gas adsorption energy far exceeding the
thermal energy of translation (gas collision energy), the surface
diffusivity increases with the increase of pressure, because the
gas adsorption energy decreases with increasing molecular
concentration and the progressive filling of adsorption sites of
weakening energy enhances the molecular mobility. The opposite
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surface is identified, caused by the blocking effects of chemical functional groups.

trend between surface diffusivity and pressure is possible if the
thermal energy of translation is comparable with the adsorption
energy. In this case, the two-dimensional gas behavior occurs,
which is controlled by collisions between adsorbed molecules and
characterized by a surface mean free path. The surface mean free
path greatly exceeds the spacing distance between adjacent
adsorption sites, such that the hopping mechanism cannot be
competent. Although the researchers™” have speculated that the
hopping model may not be competent in the case of extremely
weak adsorption, the surface diffusion phenomenon under the
condition that gas adsorption energy is comparable with gas
collision energy has not been examined by other researchers
systematically, because it is very difficult to find such solid
materials to meet this conditions even in the premise of physical
adsorption.

Graphene,”'® a two-dimensional atomic thickness material,
has a broad application prospect in many gas-related industries.
In the gas separation industries,"* " the graphene with nano-
pores is a very promising separation membrane based on the
molecular size-sieving effects. The molecular permeation through
graphene nanopores is greatly affected by the gas adsorption on
the graphene surface,"*® which exerts a positive surface flux
described by Fick’s law (as shown in our early work"”); the surface
flux is determined by the surface diffusion coefficient and the
molecular density gradient on the graphene surface. Namely,
the surface diffusion of gas molecules on graphene greatly
affects the molecular permeation abilities through graphene nano-
pores and finally the permeability of these novel graphene-based gas
separation membranes. Meanwhile, the gas intercalation under-
neath graphene is also related to the surface diffusion ability."®2°
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For hydrogen storage,”’* graphene has also shown a great
promise owing to their strong affinity to hydrogen, low gravi-
metric density and conveniences in the realization of hydro/
dehydrogenation processes. Therefore, the hydrogen adsorption
and diffusion characteristics on the graphene surface definitely
affect the hydrogen storage ability and efficiency. In the graphene-
based gas sensors,”° the gas adsorption and diffusion on the
graphene surface basically determine the sensitivity of the sensors
by affecting the electron transport through graphene. In short,
the gas diffusion on the graphene surface is very crucial for many
gas-related applications of graphene materials.

Compared to the surface diffusion on other solid materials,
the gas diffusion on the graphene surface exhibits several
distinctive characteristics, as follows. (1) Graphene is a one-
atomic layer film consisting of carbon atoms and thus the
physical interactions between gas molecules and graphene are
not very strong and even comparable with the interactions
among gas molecules. Therefore, graphene provides a possibility
where the gas collision energy is comparable with the gas
adsorption energy for the physically adsorbed gases. (2) Only a
monolayer of gas molecules can adsorb on the graphene surface,
thus the molecular exchanges among adsorbed layers are
not considered in the analysis of surface diffusion; however, a
frequent molecular exchange appears between the adsorption
layer and the bulk phase by means of molecular adsorption and
desorption. (3) Graphene is a two-dimensional sheet with honey-
comb crystal lattices essentially consisting of sp>-bonded carbon
atoms. This special surface crystal structure may induce some
distinct gas diffusion phenomena on the graphene surface. Since
the birth of graphene, to the best of our knowledge, there has
been no literature study of the gas diffusion characteristics on
graphene surfaces, although the diffusion of adsorbed atoms and
ions on the graphene surface were studied appropriately.”” "
Therefore, a comprehensive investigation on the surface diffusion
coupling with a graphene material is urgently needed.

To better understand the surface diffusion phenomenon,
the investigations on how the gas molecules move on the solid
surface are of crucial importance. The gas diffusion on the graphene
surface occurs in the adsorption layer of sub-nanometers, thus
the surface diffusion phenomenon must be investigated at the
molecular levels. The molecular dynamics (MD) method is a
computational simulation tool capturing the movements of
atomic particles controlled by Newton’s laws of motion and
therefore it can investigate the nanoscale transport phenomena
accurately at the molecular levels.**™* Therefore, we present a
systematical study of the gas diffusion on the graphene surface
from molecular insights using the MD simulation method.
The surface diffusion coefficient is obtained statistically based
on the Einstein equation and analyzed from the aspects of
molecular isothermal adsorption characteristics, molecular
kinetic motion on the graphene surface, etc. We show that
the gas diffusion on the graphene surface is a two-dimensional
gas behavior mainly controlled not by the hopping mechanism
but by the molecular collisions, and the surface diffusion
coefficients decrease with the increase of pressure. However,
the surface diffusion coefficients present a large discrepancy
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with the theoretical values of bulk diffusion coefficients pre-
dicted from the ideal gas kinetic theory. In addition, it is found
that the hydrogen functionalization of the graphene surface
can reduce the diffusion coefficient considerably.

Simulation model

We present the MD simulations in a straightforward system,
where the gas molecules are placed on the top of a square
single-layer graphene (3 nm x 3 nm), as shown in Fig. 1(a). The
molecules are confined in a simulation box through periodic
boundary conditions in the directions parallel to the graphene
surface and reflective boundary conditions in the direction
vertical to the graphene surface. In the simulations, we place
50 gas molecules on the top of graphene, but the height of
simulation box varies so that different gas pressures are
involved. In this case, a simulation box with more molecules
only brings a larger gas phase zone and cannot affect the
molecular diffusions on the graphene surface, because most
of the computational cost is spent on simulating the molecular
motions in the gas phase far away the graphene surface. We
consider the initial pressure of the uniformly distributed mole-
cules as a variable parameter from 10 bar to 55 bar; correspond-
ingly, the height of the simulation box varies from 22.5 nm to
4.3 nm. The CH, and CO, molecules are investigated in this
study, because they can strongly adsorb on the graphene sur-
face and exhibit an obvious surface diffusion phenomenon; the
configurations of these two molecules are shown in Fig. 1(b and c).
In order to better analyze the surface diffusion characteristics, the
graphene atoms are fixed in the simulations to neglect the weak
vibrations of the graphene film resulting from the collisions with
gas molecules. A simulation case is firstly run for 50 million
timesteps to reach a complete equilibrium state. Then, 2 million
timesteps are run to record the movement of gas molecules on
the graphene surface with a recording period of only 250 time-
steps; this simulation period is determined to ensure a large
sample set where hundreds of molecular samples diffusing on
the graphene surface, because one molecule can repeatedly enter
the surface zone and return to the gas phase many times. As the

(@) Reﬂecti\(e boundary (b)
Periodic
boundary
CH,
Molecule
Graphene (C) -
zZ
Co,

Fig. 1 Simulation model of gas diffusion on graphene surface. (a) A cubic
simulation box. (b and c) Atomic model of CH; and CO, molecules,
respectively.
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simulation periods for calculating diffusion coefficients increase
from 1 million to 5 million timesteps, the calculated diffusion
coefficients present a relative standard deviation of only 2.63%.
Therefore, the 2 million time step run is adequate to obtain a
relatively large sample set and accordingly a high accuracy in the
calculation of diffusion coefficient. In the simulations the time
step is set to be 0.134 fs, such that the average molecular moving
length in the recording period (33.5 fs) is in the order of 10 > nm
and thus the movement trajectories of gas molecules on the
graphene surface can be repeated with a high resolution.
The system temperature is kept at 300 K in a NVT ensemble.
The small time step applied in the simulations can also produce
a weak fluctuation of the system temperature.

To model the interactions among gas molecules and graphene,
several different potential models are applied. For the graphene
carbon atoms, the simple Lennard-Jones (L-]) potential model is
employed. For CH, molecules, the AIREBO potential model is
applied, which is very suitable for modeling the atomic inter-
actions in hydrocarbons; the form and corresponding para-
meters of the AIREBO model can be found in the work by Stuart
et al*® Many MD simulation works for hydrocarbons,>
including our previous works,'*">'” were performed based
on the AIREBO potential. The comparative simulations with
the AIREBO model and the traditional L-J] model show small
deviations between the simulation results of the molecular
sample number on the graphene surface and surface diffusion
coefficients for CH, molecules (the average relative deviations
are 4.98% and 4.18%, respectively). For the polar CO, mole-
cules, the L-J potential model coupling with a Coulombic term
is applied, as follows:

Ca:a:
KL (rij < rcul)
1y (1)

0 (rj = rew)

6
—) |+

where ¢ and ¢ are the length and energy parameter in the L-J
potential term, respectively; in the Coulombic term, g; and g;
are the atomic charges, x is the dielectric constant, and C is the
energy-conversion constant. The interactions between carbon
atoms in graphene and atoms in gas molecules are also
modeled using the hybrid potential model; the L-J potential
parameters between crossing atoms are evaluated using the

Table 1 Parameters in the hybrid potential model involved in the
simulations

¢ (ev) o (A) Charge (e)

C,-C,*%° 2.413 x 1073 3.400 —
C3-Cy* 2.424 x 103 2.757 0.6512
C;-0 4.101 x 1073 2.895 —

0-0* 6.938 x 107° 3.033 —0.3256
C;-C,*? 2.413 x 103 3.400 —
Cc,-H* 1.771 x 10 2.950 —

C;-C; 2.418 x 103 3.079 —

C,-0 4.092 x 107 3.217 —

“ 1 represents graphene carbon atoms, 2 represents carbon atoms in
CH, molecules, and 3 represents carbon atoms in CO, molecules.
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Lorentz-Berthelot mixing rule. The parameters involved in the
hybrid potential model are listed in Table 1. It is noted that
the bond information, including bond stretch and angle defor-
mation, in CH,; and CO, gas molecules are considered in our
simulations; the bond information in CH, molecules is included
in the ATIREBO model, and that in CO, molecules is considered
by the harmonic model (see the work by Harris et al.*")

Results and discussion
Gas adsorption

Due to the interactions between gas molecules and graphene
atoms, the gas molecules can adsorb onto the graphene surface
to form a high-density zone (denoted as adsorption layer). The
surface diffusion phenomenon just occurs in the adsorption
layer. Therefore, it is very crucial to investigate the gas adsorp-
tion characteristics on the graphene surface to deeply under-
stand the surface diffusion phenomenon. Fig. 2 shows the
molecular density distribution along the direction perpendi-
cular to the graphene surface for CH, and CO, molecules at
different pressures. As firstly seen from the figure, the mole-
cular density distribution is not uniform and a high-density
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Fig. 2 Molecular number density distribution along the direction perpendi-
cular to graphene surface for (a) CH4 and (b) CO,, respectively. Graphene
zone, adsorption layer and gas phase are distinguished.

This journal is © the Owner Societies 2017



Paper

zone appears on the graphene surface, meaning that the gas
molecules indeed adsorb on the graphene surface. Away from
the high-density zone, the molecular density distributes uni-
formly and the molecules in this zone behave as a normal gas
phase. The adsorption layer is demarcated with the gas phase at
Zm = 0.6 nm according to the molecular density distribution.
Thus, the surface diffusion is restricted in the zone 0.17 nm <
Zm < 0.6 nm, where the value 0.17 nm is determined by the
thickness of graphene. Importantly, the monolayer adsorption
characteristics on the graphene surface can be concluded from
the equivalence between the adsorption layer thickness and the
molecular diameter.

We also see from Fig. 2 that the gas adsorption intensities
are directly proportional to the gas pressure; the higher the gas
pressure, the stronger the gas adsorption intensity. At the same
pressure, the adsorption intensity of CO, molecules is higher
than that of CH, molecules for the stronger interactions
between CO, molecules and graphene atoms. It is noted that
the pressure values shown in this figure are the pressures of the
gas phase, which are calculated from the average molecular
number in the gas phase and the volume of the gas phase zone
based on the ideal gas state equation. In order to further study
the effects of gas pressure on gas adsorption intensity, we
obtain the isothermal adsorption characteristics of gas mole-
cules on the graphene surface, as shown in Fig. 3. It is found
that the adsorbed molecular number increases sharply with
increasing pressure at lower pressures and it increases slowly at
higher pressures. Recalling the monolayer adsorption charac-
teristics of gas molecules on the graphene surface, it is
suggested that the gas molecular adsorption characteristics
on the graphene surface can be reasonably described using
the Langmuir adsorption isotherm,

kP

= Nam———— 2
N Na‘m1+kP 2)

where P is the gas pressure, k is the Langmuir adsorption
constant, N, is the number of adsorbed molecules on the gra-
phene surface and N, , is the maximum value of N,. The fitted
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Fig. 3 Langmuir isothermal adsorption characteristics of gas molecules
on graphene surface.
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curves of the Langmuir adsorption isotherm are also shown
in Fig. 3.

Diffusion coefficient

Then, we obtain the diffusion coefficient D based on the Einstein
equation, in which the diffusion coefficient is calculated from
the slope of the linear relationship between mean-square-
displacement and time. The form of the Einstein equation is
as follows:

((x = x0)* + (v = 0)*)

D= 4At, (3)

where x, and y, are the x- and y-coordinates at ¢ = 0, x and y are
the coordinates after a residence time of A¢ in the adsorption
layer. It is noted that ¢ = 0 represents the time that a molecule
just enters into the adsorption layer. The schematic model for
calculating diffusion coefficient on the graphene surface is
given in Fig. 4(a). In the entire simulation period, a molecule
can enter into and move out the adsorption layer repeatedly;
therefore, the sample set of gas molecules moving on the
graphene surface is very huge. For different samples of mole-
cules moving on the graphene surface, the residence time in
the adsorption layer is different. Fig. 4(b and c) show the total
number of samples versus the time that a molecule can at least
stay in the adsorption layer during the simulation period of
2 million timesteps. The curves descend sharply at the beginning,
indicating that a majority of molecules stay in the adsorption
layer only for a very short time period. The total sample number
corresponding to the left end point of the curve is related to the
molecular kinetic motion; a higher number means more mole-
cules entering into the adsorption layer. The time corresponding
to the right end point of the curve is the longest residence time
for all the samples.

As seen from the curves and inserted maps in Fig. 4(b and c),
the total number of molecules that enter into the adsorption
layer increases with increasing pressure. This number can be
basically predicted using the ideal gas kinetic theory. In an
ideal gas, the flux of point particles through a surface plane
(J, in the unit of mol m~2 s~ ') is calculated exactly by:

J = L (4)
V2rRMT

where P is gas pressure, R is the universal gas constant, M is
molar mass, and 7T is temperature. Therefore, the number of
molecules (Nj) that can enter into the adsorption layer in a
simulation time interval of At is

Ni = NaAsAl—t 5)
V2nRMT
where N, is the Avogadro constant and Ay is the area of the
graphene surface. It can be found from the inserted maps that
the ideal gas kinetic theory basically underestimates the values
of Ny, especially for the CO, molecules, because many molecules
can stay in the adsorption layer for a very short time period,
meaning that these molecules do not adsorb on the graphene
surface effectively. Thus, the number N; obtained in the
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Fig. 4 Calculation method of diffusion coefficient on graphene surface. (a) Model for the calculation of diffusion coefficient using the Einstein equation.
(b and c) Sample number versus the corresponding residence time in adsorption layer for CH4 and CO, molecules, respectively. Inseted figures show the
total number of molecules entering into the adsorption layer at different pressures. (d) Fitting of the diffusion coefficient based on the correlation
between mean-square-displacement in the x—y plane and residence time. Inseted figure gives an enlargement of the light green zone.

simulations involves the number of invalidly adsorbed mole-
cules, resulting in the underestimation of the ideal gas kinetic
theory. We note that the deviations between theoretical values
and simulation values of N; are larger at higher pressures,
because at higher pressures the molecules distribute densely
on the graphene surface and the partly-adsorbed molecules can
be easily pushed out.

A curve of the sample number versus the residence time
corresponds to a straight line of mean-square-displacement in
the x-y plane versus time, as seen from Fig. 4(d), which gives
an example for CH, molecules at an initial pressure of 55 bar.
For the left-part of the curve (line), the partly-adsorbed mole-
cules move out of the adsorption layer promptly and they do
not effectively diffuse on the graphene surface. For the right-
part of the curve (line), the adsorbed molecules have diffused
on the graphene surface for a relatively long time period, but the
total number of such samples is not adequate to obtain an effective
mean-square-displacement (e.g. there are only 52 molecular
samples which can stay at least 30 ps on the graphene surface);
in this part, the line of mean-square-displacement versus time is
discontinuous due to the limited sample number. Therefore,
only the central-part of the line (highlighted by light green in
Fig. 4(d)) can be employed to calculate the diffusion coefficient

3898 | Phys. Chem. Chem. Phys., 2017, 19, 3894-3902

based on the Einstein equation. In the calculation of diffusion
coefficient, the left boundary of the central-part is related to
the decline pattern of the curve while the right boundary of the
central-part is decided by the appearance of the discontinuous
line. The determination of the central-part can bring an uncertainty
in the calculation of diffusion coefficients; however, this part of
uncertainty is hard to be quantified. Therefore, we carefully
determine the central-part with a good linearity to ensure a
small uncertainty.

Based on the method described above, we can calculate
the diffusion coefficients of CH, and CO, molecules on the
graphene surface at different pressures. As seen from Fig. 5, the
diffusion coefficient decreases with increasing gas pressure.
Owing to the one-atomic thickness of graphene, the gas adsorp-
tion energy on the graphene surface is weak and even comparable
with the collision energy among gas molecules, accordingly the
surface diffusion process is mainly controlled by the collisions
between adsorbed molecules. At higher pressures, the free
motions of gas molecules are weakened for the higher molecular
density, inducing a decrease in the diffusion coefficient with
the increase of gas pressure. Therefore, the gas diffusion on
the graphene surface approaches bulk phase gas behavior and
exhibits two-dimensional characteristics. Consequently, the
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traditional hopping model for surface diffusion definitely fails
to describe the gas diffusion phenomenon on the graphene
surface.

Although the surface diffusion is consistent with bulk diffusion
qualitatively, quantitatively there may exist a gap between the
two diffusions. For the bulk diffusion, the diffusion coefficient
can be predicted from the following equation based on the hard
sphere model of ideal gases,

1
D = gﬂA )\. (6)

where u, is the root-mean-square velocity of molecules and 1 is
the mean free path of gas molecules. According to the ideal gas

kinetic theory, u, is
_ [BksTNa
NN T )

where kg is the Boltzmann constant, T is the gas temperature, N
is the Avogadro constant, and M is the mass of a gas molecule.
The free path 4 is

1

F = Vandn ®

where d is the molecular diameter and N is the molecular
number density, which can be obtained from the ideal gas state
equation, as follows:

N=—"— ©)

where P is the pressure of the gas system.

Then, we compare the surface diffusion coefficients with
the bulk diffusion coefficients predicted using the hard sphere
model described above (see Fig. 5). Basically, the surface
diffusion coefficients are lower than the bulk diffusion coeffi-
cients, especially for the CO, molecules with stronger adsorp-
tion ability on the graphene surface. In the adsorption layer on
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the graphene surface, the free motion of gas molecules is
restricted not only by the neighboring molecules in the high-
density zone but also by the graphene film due to the inter-
action between graphene atoms and gas molecules. Therefore,
the surface diffusion on the graphene surface is suppressed
compared to the bulk diffusion and the suppression degree of
CO, molecules with a higher number density in the adsorption
layer is higher than that of CH, molecules. Namely, for CO,
molecules the surface diffusion coefficients are obviously lower
than the bulk diffusion coefficients, while for CH, molecules
the surface diffusion coefficients are slightly lower than the
bulk diffusion coefficients. In short, the surface diffusion on
the graphene film just follows the bulk diffusion qualitatively,
and only a difference exists quantitatively due to the appearance
of gas-graphene interactions.

Probability distribution of moving length

In order to further explain the reduced diffusion coefficients on
the graphene surface, we obtain the probability distribution of
the molecular moving length in a certain time period on the
graphene surface. The moving length of gas molecules in the
x-y plane occurred in a period of 250 timesteps is calculated
and the probability distribution of the moving length during
the MD simulation of 2 million timesteps is statistically obtained.
Fig. 6 shows the moving length versus the corresponding occurrence
number both for CH, and CO, molecules at different pressures.
It is found that the probability distribution of the moving length
is a regular distribution; namely, for the small and large moving
lengths the probabilities are low, while for the middle moving
lengths the probabilities are high. This distribution can also
reflect that the gas diffusion on the graphene surface is con-
trolled not by the hopping mechanism but by the molecular
collisions, because only the gas diffusion controlled by molecular
collisions can produce the regular probability distributions of the
molecular moving length, where the probability of zero-moving
length is exactly equal to zero and the value of the moving length
is arbitrary in a certain range. With increasing the pressure, the
occurrence number of a certain moving length increases, because
the total number of molecular diffusion samples is larger at
higher pressures. Compared to CO, molecules, the probability
distributions of CH, molecules are wider and have a higher
average value of moving length. This phenomenon indicates that
the average velocities of CH, molecules on the graphene surface
are higher than those of CO, molecules, consisting with the
higher diffusion coefficients of CH, molecules (see Fig. 5). In
addition, at a certain pressure the total occurrence number of CO,
molecules is higher than that of CH, molecules, because the CO,
molecules have stronger adsorption abilities on the graphene
surface and more molecules can appear in the adsorption layer.
From the probability distribution of the moving length,
we can obtain the average moving length at different pressures.
As seen from the inserted data plots in Fig. 6, the average value
of the moving length has a weak dependence on the gas
pressure. The diffusion coefficient is related both to the velocity
and the mean free path of gas molecules moving on the
graphene surface, as shown in eqn (6). The independence of

Phys. Chem. Chem. Phys., 2017, 19, 3894-3902 | 3899



PCCP Paper
(@) 16000 e
- m 9.16 bar
14000 ¢ oy 28 ois) ® 13.10bar
_ 12000 | 0 ¢ aN o A 1686 bar
s 2.7 g & 017 / %o 7/ N\, v 20.53 bar
£ 10000 - 1i¥re*, g2 O No® 9o 24.21 bar
E stbdee, 7 5B ol6 <« 4
& 8000} . $%%e 2 5 > 27.16 bar
g ; f;* ° 0.15 ¢ 30.14 bar
2 ool ze 2. 8§ 12 16 20 24 28 32 36 40|| & 3326 bar
§ 4000 L N M : : ' z v X ‘ . Gas pressure (bar) ® 35.60 bar
© § 1° i1, 13 * 37.95 bar
2000 -* % "aam"ua, b 3 !
Y LN RLI111 11 TPV
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Moving length (angstrom)
(®) 32000 —
i 3 o m 7.34 bar
280001 4a% 2E ® 10.22bar
24000 * g g £ 011 o P A 1239 bar
5 g9 N\ / "\ 13.92 b
o I o & o 0-0—n0 v B ar
g 20000 - . 11 3 :E;D.—":‘ 010l © 0—0°" @ < 15.96 bar
on
§ 16000 £ 3 Z5 > 17.11 bar
g 1 vv 4% 0.09 L ‘ & 1924bar
E 12000 rg%v v 3 . 76 8 10 12 14 16 18 20 22 24| ® 19.97 bar
8 8000F,Vece, % G e 22.10 bar
8 t . ° . : ; . as pressure (bar) % 2246 bar
400013 _wmu,’ed
0 '.. L --§*"tg.........
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Moving length (angstrom)

Fig. 6 Probability distribution of the moving length of gas molecules on
show the variation of average moving length versus gas pressure.

the average moving length on the gas pressure indicates that
the molecular velocity has a weak dependence on the gas
pressure. Recalling with the decrease of surface diffusion
coefficient with increasing gas pressure (see Fig. 5), it can be
concluded that the lower surface diffusion coefficients at
higher gas pressures are mainly caused by the shortening
of the mean free path of gas molecules. This conclusion is
also consistent with the hard sphere model of gas diffusion
(see eqn (7)-(9)), further indicating that the gas diffusion
on the graphene surface is controlled not by the hopping
mechanism but by the molecular collisions. Coupling the
experience time of 250 timesteps, the average velocities of
gas molecules moving on the graphene surface, regardless of
the weak effect of pressure, are estimated to be 497.61 m s
and 317.64 m s~ ' for CH, and CO,, respectively. Compared
with the root-mean-square velocity of molecules (629.97 m s~ *
and 379.89 m s~ ' for CH, and CO,, respectively) in bulk
diffusion calculated from eqn (7), the velocities of molecules
on the graphene surface decrease by 21.0% and 16.4% for CH,
and CO,, respectively. However, the diffusion coefficients in
the surface diffusion on average decrease by 44.4% and 84.3%
for CH, and CO,, respectively, compared to those in bulk
diffusion. Hence, it can be concluded that the mean free
path on the graphene surface also decreases drastically both
for CH, and CO, molecules. This means that the average
frequency of molecular collisions and the average travelling
distance between successive collisions (mean free path) are
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graphene surface for (a) CH,4 and (b) CO,, respectively. The inserted figures

both suppressed on the graphene surface to induce a lower
diffusion coefficient.

Effect of surface functionalization

Due to the gas-like behaviors of gas diffusion on graphene
surfaces, the crystal structure of the graphene surface may have
a slight effect but the surface functionalization can exert an
obvious influence for the presence of other chemical groups.
Thus, we finally explore the effect of chemical functionalization
of the graphene surface on the gas diffusion characteristics.
In order to reduce the complexity of the model construction in
simulations, we employ a hydrogen-functionalized graphene
(HFG) to study the effect of surface functionalization. The
HFG can be really realized, as demonstrated in the reported
experiments.*>*® In the HFG modeled in the simulation, 44
hydrogen atoms are uniformly functionalized on the graphene
surface of area 3 x 3 nm? As shown in Fig. 7, there is also a
monolayer of gas molecules adsorbed on the HFG surface. For
convenience, the demarcation line between the adsorption
layer and the gas phase is still fixed at z,, = 0.6 nm according
to the number density distribution along the direction
perpendicular to the surface. After the hydrogen functionaliza-
tion on the graphene surface, the adsorption intensities of gas
molecules on the surface are weakened, as shown in Fig. 3,
which gives a comparison between the isothermal adsorption
characteristics of CH, and CO, molecules on the graphene
surface and that on the HFG surface. On the HFG surface, a
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Fig. 8 Comparison between the diffusion coefficients on graphene surface
and those on HFG surface.

part of the adsorption sites is occupied by the functionalized
hydrogen atoms and thus the number of molecules that can
be adsorbed is reduced, although the interactions between
graphene and gas molecules may change slightly due to the
presence of hydrogen atoms. It is noted that the gas adsorption
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is still purely physical adsorption without involving any
chemical interactions although the chemical functional groups
appear on the graphene surface.

It is generally thought that the surface diffusion coefficients on
the HFG surface can be improved owing to the lower molecular
density in the adsorption layer. In contrast, the surface diffusion
coefficients on the HFG surface are lower than those on the
graphene surface both for CH, and CO, molecules, as shown in
Fig. 8. On the HFG surface, the hydrogen atoms greatly affect the
surface diffusion, by blocking the motion of gas molecules on the
graphene surface and shortening the free path of gas molecules. It
is noted that the mechanisms identified here are also basically
suitable for exploring the effects of other chemical functionaliza-
tions on the graphene surface, although these mechanisms are
approved by the simplest functionalization with hydrogen atoms.

Conclusions

We study the gas diffusion on graphene surfaces using the MD
simulation method, by calculating diffusion coefficients based
on the Einstein equation and analyzing molecular adsorption
and kinetic motion characteristics on the graphene surface.
Owing to the weak gas adsorption energy, the traditional hopping
model fails to describe the gas diffusion on the graphene surface
for physically adsorbed gases, which is a two-dimensional gas
behavior and mainly controlled by the collisions between adsorbed
molecules. With increasing gas pressure, the density of adsorbed
monolayer molecules increases following the Langmuir isothermal
model and accordingly the diffusion coefficient decreases due to
the weakened free motions of gas molecules. The restriction of the
graphene film causes a reduction in the diffusion coefficient,
consequently the hard sphere model for bulk diffusion over-
estimates the surface diffusion coefficient, especially for the CO,
molecules with stronger adsorption ability. To be specific, the
average frequency of molecular collisions and the mean free
path of molecules are both suppressed on the graphene surface
to induce a lower surface diffusion coefficient. In addition, the
effect of surface functionalization on gas diffusion is revealed
through an example of a HFG surface, which exhibits a lower
diffusion coefficient of gas molecules owing to the blocking
effects of chemical functional groups.
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