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ABSTRACT: The π−π interaction is a prevalent driving force in the formation of various
organic porous media, including the shale matrix. The configuration of π−π stacking in the
shale matrix significantly influences the properties of shale gas and plays a crucial role in
understanding and exploiting gas resources. In this research, we investigate the impact of
different π−π stacking configurations on the adsorption and transport of shale gas within
the nanopores of the shale matrix. To achieve this, we construct kerogen nanopores using
π−π stacked columns with varying stacking configurations, such as offset/parallel stacking
types and different orientations of the stacked columns. Through molecular dynamics
simulations, we examined the adsorption and transport of methane within these nanopores.
Our findings reveal that methane exhibits stronger adsorption in smoother nanopores, with
this adsorption remaining unaffected by the nanoflow. We observe a heterogeneous
distribution of the 2D adsorption free energy, which correlates with the specific π−π
stacking configurations. Additionally, we introduce the concept of “directional roughness”
to describe the surface characteristics, finding that the nanoflow flux increases as the roughness decreases. This research contributes
to the understanding of shale gas behavior in the shale matrix and provides insights into nanoflow properties in other porous
materials containing π−π stackings.

1. INTRODUCTION
The escalating global demand for energy and fuels has led to the
gradual emergence of shale gas as a paramount energy source
and a dominant form of fossil fuel.1−4 Primarily comprising
methane, shale gas offers several advantages, including its
abundant storage capacity and relatively cleaner emissions
compared to other fossil fuels.5,6 Shale gas in place is mostly
stored in the organic porous media, known as kerogen,7−11

which is formed through intricate processes involving the burial
of organic material deep underground, including pyrolysis and
thermal maturation. These processes give rise to the develop-
ment of a highly complex structure and exceptionally large size
for individual kerogen molecules.10

Various experimental techniques, including small-angle
neutron scattering,12,13 mercury intrusion,14,15 atomic force
microscopy,16 and scanning electron microscopy,17 have
demonstrated that the kerogen matrix exhibits a porous
structure characterized by nanopores and nanochannels ranging
in size from 1 to 100 nm.15,18 These nanopores and
nanochannels play a critical role, as most methane molecules
are adsorbed onto their surfaces. Consequently, comprehending
the adsorption and transport behavior of methane within these
nanopores and nanochannels is of utmost importance for gas
exploitation engineers.19−22

Recent experimental and numerical studies indicate that there
are plenty of π−π stacked aromatic structures in kerogen.23−27

For instance, organic geochemical measurements have revealed
that aliphatic chains are folded with no specific order, while large

aromatic units are stacked.23 Liśal and co-workers used
molecular dynamics (MD) simulations to generate realistic
kerogen and nanopore walls and demonstrated that the stacked
aromatic kerogen structure significantly affects the interaction
between kerogen andmethane.24Moreover, π−π stacking serves
as a crucial driving force for the formation of various other
porous media and is found in a wide range of organic and
biological materials.28−32

The adsorption and transport properties of methane in
nanopores are profoundly influenced by the characteristics of
the pore surface, including π−π stacking structures and the
stacking orientation. However, investigating the intricate details
of methane behavior at such a small scale remains challeng-
ing.33−38 MD simulations have emerged as a valuable tool for
exploring the nanoscale behavior of methane molecules in the
porous shale matrix.39−49

MD have been extensively employed to investigate the
adsorption and transport behavior of methane in nanopores,
exploring various aspects such as nanochannel surface rough-
ness,50 nanopore cross-sectional shape,51 and nanochannel with
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functional groups.52,53 Additionally, studies have examined the
arrangement of carbon atoms and graphenes on nanopore walls,
revealing their influence on the density and velocity distribution
of methane flows.54,55 Notably, researchers have introduced a
novel “cuter atom” method to generate more realistic nano-
pores, uncovering heterogeneous methane adsorption behavior
in these realistic models.56,57 Other methods such as Monte
Carlo simulation have also been applied to understand the
properties of methane in a realistic kerogen matrix.58

π−π stacking refers to the one-dimensional columnar
arrangement of stacked aromatic molecular units through π−π
interactions,32,59−61 as illustrated in Figure 1. The presence of
π−π stacking has been found to have a significant influence on
the interaction between kerogen and methane.24 However, to
the best of our knowledge, no systematic research has been
conducted to investigate the specific impact of π−π stacking on
the methane adsorption and transport behavior in nanopores.
In this study, our focus is on analyzing the structure of kerogen

nanochannels with various π−π stacked configurations.
Specifically, we examine factors such as the orientation of the
stacking axle, type of stacking (parallel or offset), and nanopore
sizes. To achieve this, we constructed an artificial nanopore
using exclusively stacked columns. Subsequently, we employed
MD simulations to investigate the behavior of methane within
these nanopores. This approach enables us to quantitatively
explore the impact of stacking types and orientations on shale
gas adsorption and transport and block out the impact from
other factors such as functional groups or the shape of the

nanopore. The findings from this research will be useful for
enhancing our understanding of shale gas properties within shale
matrix and provide valuable insights into nanoflow phenomena
in other porous media consisting of π−π stackings, such as the
nanochannel formed in discotic liquid crystals.62,63

2. METHODS
2.1. Nanoslit Structures. The kerogen nanopore is

constructed as shown in Figure 1a, first we use a three-layered
graphene sheet to form a nanoslit, the surface of the graphene
lays horizontally and is parallel to the slit, and this nanochannel
is denote asGh short for “graphene horizontal”, as a comparison
structure, Gh is quite smooth. Previous studies found that the
adsorption energy of methane onto graphene is similar to that in
real shale, making graphene a suitable model for kerogen walls.64

It needs to be pointed out that even though we term the
artificial nanopore/slit/channel we constructed in this paper as
‘kerogen nanopore/slit/channel’, it is still far from a realistic
kerogen structure, as it misses the disordered complexity and
functional groups realistic kerogen have. The aim of this research
is to investigate how different π−π stacking configurations will
impact shale gas adsorption and transport, so a simple ordered
artificial nanoslit structure is only considered to block out the
impact from other factors.
Several studies indicate that the aromatic parts of kerogen are

stacked rings with the dominant ring size of 2 × 2 and 3 × 3,26,27

meaning that there are 4−9 benzene rings in the aromatic core.
In this article, we choose a symmetrical unit structure with a size

Figure 1. (a) Graphene sheets assembled into a three-layer nanoslit (atoms in the shale matrix are colored in orange) and then methane (red balls)
molecules are inserted into the nanoslit.Gh is short for “Graphene horizontal”, meaning that the surface of the graphene sheet is horizontal relative to
the nanopore wall surface. Three axes are colored as x/red, y/green, and z/blue. (b) The aromatic unit with seven benzene rings highlighted in red box.
(c) Aromatic units are parallel stacking into straight columns, and then the stacked column could form 4 types of nanoslits with different column
orientations. Ph represent “Parallel horizontal”, similarly to that of Gh. In P0, P45, and P90, their column axles have angles of 0, 45, and 90° with
respect to the z axis, respectively. (d) Aromatic units are offset stacking to each other, and then, the stacked column could form three types of nanoslits
based on the column axle orientation. O0, O90, and O180 mean that the column axle has angles of 0, 90, and 180° with respect to the z axis.
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of 7 (C24H12), as shown in the red box in Figure 1b. The
graphene unit could further form parallel or offset stacked
columns, as shown in Figure 1c,d, and the distance between
adjacent units is set to 0.335 nm.65

Then the parallel stacked column could form a nanoslit with
the unit surface lays horizontally (denote as Ph short for ‘parallel
stacking horizontal’), or with the column axle aligning with z
axis, named as P0, since the angle between the column axle and
the z axis being 0°. Similarly, the angles between the column axle
and the z axis can be 45 and 90°, denoted as P45 and P90,
respectively.
As to the offset stacking type, the axle of the stacked column

could be arranged along the z axis, with the angle of 0° (named
asO0 short for “offset 0°”); perpendicular to the z axis, with the
angle of 90° (O90), and against the z axis, with the angle of 180°
(O180). Note that if the aromatic units are offset stacked, O0
and O180 are different, since the flow is moving in the z
direction. The visualization of all types of nanoslit from x, y, and
z directions could be found in the Supporting Information.
2.2. MD Simulation. All simulations are conducted using

large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS),66,67 in a box with periodic boundary conditions
in x, y, and z directions. Methane molecules were randomly
inserted into the slit at the start of the simulation. Simulations
were performed under the NVT ensemble, where the temper-
ature is set to 350 K and is coupled with a Nose−Hoover
thermostat, and an appropriate number of methane molecules is
chosen to make the pressure at 20 MPa. During the simulation,
kerogen units were kept frozen, while only the methane
molecules were allowed to move. The simulation integration
step time is 2.0 fs; a 1.0 ns equilibrium run is first conducted,
followed by a 10.0 ns production run.
The molecular topology of the kerogen unit was generated

using the automated topology builder (http://atb.uq.edu.
au).68−70 The methane molecule was modeled as a single
united atom. The slit structure was first constructed using
Gromacs71 and in-house code, and then transferred to a
LAMMPS structure file using the Gro2lam package.72

There are three types of atoms in our research: CAro is the
aromatic carbon atom in the kerogen unit, H is the hydrogen
atom at the edge of kerogen unit, and CH4 is the single united
atom that represents a methane molecule. The interaction
between atom type i and j was determined using the Lennard-
Jones function
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with a cutoff of 1.2 nm. Values of ϵij and σij are list in Table 1.
When an atom is interacting with another one with the same
type, we have i = j, ϵii = ϵi, and σii = σi.
If i ≠ j, then we use geometrical rules to obtain the parameters

for the interaction between two different atom types

=ij i j (2)

=ij i j (3)

ϵij and σij parameters were determined based on the
Gromos54a7 force field,73 which is suitable for simulating
hydrocarbons and biomolecules. Electrostatic interactions in
our system could be ignored since the charged kerogen units
were kept frozen, and the methane united atoms were
electroneutral. To verify the accuracy of the interaction
parameters we used, we have simulated methane gas in the
bulk state at T = 350 K, with a pressure of 20 MPa, and
compared the density with experimental measurements. The
density value from our simulation is 7.295 mol/L, and the
experimental value is 7.443 mol/L,74 and the relative error is
1.99%. The small error indicates that the force field of our model
is accurate in capturing properties of methane at high pressures
in a nanoslit. For more details of the simulation setups, please
refer to the Supporting Information.
Equilibrium MD is conducted to simulate the adsorption of

methane onto nanopores, and external field nonequilibriumMD
(EF-NEMD) is used to simulate the transport behavior of
methane in nanochannel.47−49 In EF-NEMD, each methane
molecule is exerted by a constant force f = 0.001(kcal/mol)/Å in
the z direction, this external force will add a pressure difference
ΔP = f·N/A to the methane inside the nanoslit in the z direction,
whereN is the number of methane molecules in the slit, and A is
the area of the cross section in the x−y plane.56

2.3. Simulation Setups. In this study, we aimed to
investigate the impact of multiple factors on the methane
behavior in the nanochannel, and to achieve this, we performed
25 simulation runs. In addition to studying the wall structure, we
also examined the effect of slit size; there are three sizes: small
(slit width of 1.0 nm), medium (slit width of 3.0 nm), and large
(slit width of 6.0 nm). The simulation setup parameters are
summarized in Table 2. Notably, all simulations were conducted
at a temperature of 350 K, and a pressure of 20 MPa, to mimic
the shale geological condition deep underground. The target
pressure of methane, denoted as P in the table, determined the
suitable number of methane molecules. As our simulations were
under the NVT ensemble and there was no pressure coupling,
the actual pressures fluctuate around the target pressure, and the
average pressures we measured from adsorption simulations are
listed in Table S2.

3. RESULTS AND DISCUSSION
3.1. π−π Stacking Affects Shale Gas Adsorption. The

1Dmethane adsorption probability density ρ(y) over the y axis is
calculated, since the wall of nanoslits are in the x−z plan, ρ(y)
could capture the interactions between methane and kerogen
walls. Figure 2 shows ρ(y) forGh, Ph,P0, andO0with slit sizes s
= 10.0, 30.0, and 60.0 Å. The surface of the wall is defined as the
layer of the innermost atoms, as indicated by the red dashed line
in Figure 2a for type P0, under this definition of the wall surface,
there will be extra areas in grooves between kerogen units as
indicated by the green circle in Figure 2a that can be accessed by
a small fraction of methane molecules.
All y coordinates shift to be centered at 0.0. As to P45 and

P90, they have different stacked column orientations from P0,
and this will not impact the methane adsorption behavior
because the landscapes of their surfaces are all intrinsically
identical to each other if ignoring the column orientation. The

Table 1. Parameters of the Lennard-Jones Function for Each
Atom Type Used in This Research

atom ϵ (kcal/mol) σ (Å) mass (Da)

CAro 0.07342 3.52053 12.0110
H 0.02828 2.37341 1.0080
CH4 0.30187 3.70995 16.0430
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same to O90 and O180, they will have the same methane
adsorption profile to O0.

In Figure 2b, we can see that all wall types have two adsorption
peaks, and the horizontal graphene sheet Gh has the highest

Table 2. Simulation Parameters for Each Run in This Researcha

ID wall size (nm) box size (nm) Lx × Ly × Lz P (MPa) no. of methane f ((kcal/mol)/Å) ID

1 Gh 1.0 5.577 × 2.84 × 7.98 20.0 280 0.001 1
2 3.0 5.577 × 4.84 × 7.98 20.0 780 0.001 2
3 6.0 5.577 × 7.84 × 7.98 20.0 1350 0.001 3
4 Ph 1.0 5.5 × 2.675 × 7.7 20.0 350 - 4
5 0.001 5
6 3.0 5.5 × 4.675 × 7.7 20.0 750 - 6
7 0.001 7
8 6.0 5.5 × 7.675 × 7.7 20.0 1300 - 8
9 0.001 9
10 P0 1.0 5.5 × 3.025 × 8.04 20.0 320 - 10
11 0.001 11
12 3.0 5.5 × 5.025 × 8.04 20.0 650 - 12
13 0.001 13
14 6.0 5.5 × 8.025 × 8.04 20.0 1250 - 14
15 0.001 15
16 P45 3.0 5.129 × 5.025 × 8.621 20.0 650 0.001 16
17 P90 3.0 5.025 × 5.025 × 7.7 20.0 600 0.001 17
18 O0 1.0 5.5 × 2.1 × 8.04 20.0 300 - 18
19 0.001 19
20 3.0 5.5 × 4.1 × 8.04 20.0 700 - 20
21 0.001 21
22 6.0 5.5 × 7.1 × 8.04 20.0 1300 - 22
23 0.001 23
24 O90 3.0 5.36 × 4.1 × 7.7 20.0 650 0.001 24
25 O180 3.0 5.5 × 4.1 × 8.04 20.0 700 0.001 25

aSimulation IDs are list in the first and the last column to help identify simulations. “-” in f column indicate that the external field in z direction is
set to 0.

Figure 2. (a): Definition of the wall surface. 1D probability density distribution of methane adsorption over the y axis for slit sizes of (b): 10 Å, (c): 30
Å, and (d): 60 Å.
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adsorption peak and the strongest adsorption ability for
methane, and the curve decreases to 0 quickly (y ≈ ± 2.0 Å)
when y approaches the wall surface (y =± 5.0 Å), the reason why
Gh has a stronger attraction to methane is because of the deeper
energy valley ϵ between the CAro atom and CH4 united atom,
which can be seen in Table 1, and Gh has more CAro on the wall
surface, and with a higher carbon surface density than other wall
types, and this can be seen in Figure S11 in the SI. The
horizontal parallel stacking wall (Ph) has the second largest
adsorption strength, and its peak height is lowered and the
distribution is wider than those of Gh. P0 and O0 are located
further to the center and have similar adsorption strength, but
the ρ(y) curve shows different properties: in P0, the location of
peaks are closer to the center, and the ρ(y) curve does not
decrease to 0 when close to the wall surface at y = ± 5.0 Å; this is
because that aromatic units are parallel stack in P0, so it has
deeper grooves than that of O0, and a deeper groove could
provide more space for methane, so that the ρ(y) in P0 is higher
than O0 at the wall surface when y = ± 5.0 Å.
From Figure 2c,d, we can see that when the slit size increases,

adsorption peaks locate further to each other; they are still
distributed close to the wall surface; and secondary peaks
emerge out. The ρ(y) is flat in the middle of the slit, meaning
that the shale gas in the center is close to the bulk state. The
order of adsorption strength we observed in s = 10 Å remains in
the cases of s = 30 and 60 Å, where Gh > Ph > P0 ≈ O0.
3.2. π−π Stacking Affects Shale Gas Density Ratio. The

density of methane inside the nanopore can be defined as ρ =M/
V, where M is the total mass of methane in the nanopore, and V
represents the volume. Previous research shows that under the
same pressure, the density of methane increases as the nanopore
size decreases. To quantify this change in densities, we use the
density ratio ρd.r., which is defined as ρd.r. = ρ/ρbulk, where ρ is the
density of methane in the nanoslit we simulated, and ρbulk
represents the density of methane in bulk state under the same
pressure.
Figure 3 shows the density ratios for different wall types and

slit sizes. We can see that for all wall types, as the slit size
increases, their ρd.r. decreases, meaning that under the same
pressure, nanopores with smaller sizes could contain relatively
more methane molecules and shale matrix with more smaller
nanopores could have larger total shale gas storage. This
observation is consistent with previous studies.56 The reason

why smaller nanopores have higher ρd.r. is due to the high density
adsorption peak; the smaller the pore sizes, the larger the volume
ratio the peak will occupy inside the nanopore, resulting in a
higher overall density.
From Figure 3, we can see that Gh has the highest density

ratio and Ph has the second largest density ratio, while P0 and
O0 have similar density ratios; this means that the smoother the
nanopore surface the larger the density, and the trend of the
density ratio is consistent with their methane adsorption
abilities.
Besides the size of the nanoslit, pressure also has significant

impact toward density ratio, we compute the density ratio of
methane in nanoslit with s = 30 Å and pressure = 5, 20, and 60
MPa, the result is shown in Figure S9, the relation thatGh > Ph
> P0 ≈ O0 still remains under different pressures, but the
density ratio decreases as the pressure increases.
3.3. 2D Adsorption Free Energy. Different π−π stacking

structures not only affect the methane adsorption peak in ρ(y)
curve but will also have different 2D free energy profiles in the
x−z space. We calculate the methane adsorption density, ρ(x, z)
in the x−z plan within the layer with a thickness of 5.0 Å near
each wall. Then, the 2D methane adsorption free energy F(x, y)
can be obtained through F(x, z) =−kBTlnρ(x, z) +C, where kB is
the Boltzmann constant, C is an arbitrary constant, which is
chosen such that the highest free energy to be 0.
Figure 4 shows the 2D adsorption free energy of four typical

wall types, and the F(x, z) values are all scaled in the range of
−2.0kBT ∼ 0.0kBT. Figure 4a shows the F(x, z) for Gh, and we
can see that in the scale of −2.0−0.0kBT, the free energy is quite
smoothly and uniformly distributed, meaning that the roughness
of the horizontal graphene type (Gh) is very small. Figure 4b,c,d
shows the 2D free energy distribution for Ph, P0, and O0. We
can see that the F(x, z) are heterogeneously distributed and
match with the patters of their π−π stacking configurations.
Their F(x, z) values are ranging from −2.0 to 0.0kBT, indicating
that the roughness are higher than that ofGh. 2D adsorption free
energies of other wall types can be found in the Supporting
Information.
3.4. π−π Stacking Affects Shale Gas Transport

Velocity. Methane flow properties are also crucial to the shale
gas discovery; to simulate the methane flow in the nanoslit in the
z direction, we use EF-NEMD by adding each methane
molecule a constant force f = 0.001(kcal/mol)/Å in the z
direction. The flow velocity increases from 0.0 Å/ps as time goes
on; after 1.0 ns of simulation, the flow becomes stable and the
velocity remains a constant.
Figure 5a shows the velocity of the methane flow at different y

coordinates for type Ph with three slit sizes. We can see that the
velocity curve vz(y) is in a parabola shape, with the maximum
velocity appears at the center of the slit, while the velocity is zero
when approaching the wall surface, this behavior is observed by
several other research studies.47,49,75 When the slit size increases
from 10 to 60 Å, the peak velocity increases; this is also shown by
Chen et al.47 For other wall types, velocity profiles are all similar
to those in Figure 5a.
Figure 5b compares peak velocities for all wall types with slit

size of 30 Å, we can see that the velocity varies significantly in
different wall types with different π−π stacking orientations. Gh
is much smoother than the rest of the wall structures, and its
velocity is significantly higher and is shown in the figure with a
broken y-axis. Ph and O90 both have high velocities.
Interestingly, with the same offset stacked columns as in O90,
different orientations in O0 and O180 make the velocity drop

Figure 3. Density ratio of methane in four typical wall types: Gh, Ph,
P0, and O0, and in different slit sizes.
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down significantly. These observations indicate that both π−π
stacking type and orientation affect the flow velocity.
3.5. Shale Gas Flow Affects Adsorption Behavior.

Figure 6 shows the comparison of the methane adsorption
probability density ρ(y) between the simulation with f = 0.0
(kcal)/mol/Å and f = 0.001 (kcal)/mol/Å for four typical wall
types when the slit size equals 3.0 Å. We can see that the ρ(y)
curve does not change when the external force is turned on; this
means that in the nanoslit we construct, the flow of methane
does not affect the adsorption, regardless of the π−π stacking
type or orientation.

3.6. π−π Stacking Affects Shale Gas Flow Flux.The flow
flux is defined as the number of methane molecules that pass
across the cross section of the nanoslit per unit time. We
calculate the flow flux for all wall types with a slit size of 30.0 Å.
All flux values are displayed in the bar plot in Figure 7. We can
see that the order of the flux is mostly consistent with the order
of the peak velocities (Figure 5b). However, a change needing to
be noticed is that the flux of the Ph is more significantly higher
than the rest of wall structures (except for Gh). This is because
that the flux depends not only on the flow velocity but also on
the density distribution of the methane, as can be seen in Figure
2b, the adsorption peak of Ph is taller and are more close to the

Figure 4. 2Dmethane adsorption free energy F(x, z) for different wall types: (a)Gh, (b) Ph, (c) P0, and (d)O0. All F(x, z) are colored with the range
−2.0kBT ∼ 0.0kBT.
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center of the slit, and the parabola-shaped flow velocity is also
larger in the center of the slit, these two factors make Ph have a
relatively larger flux. In other words, in nanoslit Ph, there are
more methane molecules in the center region and with higher
velocities.
To explain the phenomena why different orientations of

stacked columns have different flux behaviors, a “directional
roughness” of the surface can be defined relative to the z
direction. Traditionally, roughness is defined as the standard
deviation of the potential energy over the 2D surface,76 but this
definition is isotropic and ignores the special direction of the
flow. The “directional roughness” of the surface in the direction
of z is defined by first calculating the standard deviation σ of the
free energy F(x, z) for strips along the z direction, and then, final
“directional roughness” is obtained by taking the average of σs
over all strips. For more detailed information about the
definition and calculation of the directional roughness, please
refer to the Supporting Information.

Figure 5. (a) Methane flow velocity vz(y) in the z direction as a function of y coordinate, with three slit sizes Ph. Red vertical dashed lines indicate
boundaries of each nanoslit. (b) Peak velocities for different wall types with a slit size of 30 Å. Error bars of each data point is too small so that they are
invisible.

Figure 6. Comparison of the methane adsorption probability density
over y axis with f = 0.0 (kcal/mol)/Å and f = 0.001 (kcal/mol)/Å.

Figure 7. Flow flux for all wall types with different π−π stacking configurations.
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Figure 8a shows the directional roughness for all wall types,
and Figure 8b shows the relations between the directional
roughness and the flux. We can see that as the roughness
increases, the flow flux decreases monotonically and the Pearson
correlation between the two variables is −0.85, meaning that
they are mostly negatively correlated to each other. Noticeably,

Gh is the smoothest wall type among all, resulting in the highest

flux, and it has the smallest roughness value. From the same

offset stacked columns, different orientations of the axle will

result in quite different roughness and flux amongO0,O90, and

180, this means that the “directional roughness” we defined is a

Figure 8. (a) Directional roughness relative to the z direction for all types of nanoslit. (b) The relationship between the methane flux and the
directional roughness for all types of nanoslit.

Figure 9. Average methane flow velocity as a function of time under different external forces with s = 30.0 Å for Gh (a) and Ph (b). (c) Relations
between force threshold and directional roughness. (d)Methane flow velocity distribution in the y direction under different external forces for Ph and s
= 30.0 Å.
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good metric which nicely captures characteristics of flow flux
and the “directional properties” of a rough surface.
We have also compute the self-diffusion coefficient D of

methane molecules in the z direction when external force is
turned off, as shown in Figure S10, we can see that D and
roughness are not correlate to each other because D will be
affected not only by the diffusion of the methane but also by the
adsorption density, and methane molecules will collide with
each other near the surface, the higher the density, the less
mobility methane could have.
3.7. External Force Affects Methane Transport

Behavior.We investigate the impact of external force f toward
the methane transport behavior in the nanochannel by
increasing f from small values to large values. We calculate the
average velocities of methane in nanopores as a function of time
under different f values, as shown in Figure 9a,b, for Gh and Ph,
respectively. We can see that when f is small (under some
threshold), the average velocities increase as time goes on and
finally reach a plateau; this means that the flow velocity in the
nanopore becomes a stable constant and will not increase
further. As f increases, this velocity plateau also become higher.
However, when f exceeds the threshold, the flow velocity cannot
be flattened out but will increase linearly with time, and finally
the simulation diverges. From Figure 9a,b, we could see that the
force threshold for Gh is about f = 0.0011 (kcal)/mol/Å and f =
0.035 (kcal)/mol/Å for Ph.
When the external force f exceeds the threshold, the friction

near the wall seems to disappear so that the methane flow will
increase with no impedance, and this can be explained as
follows: the potential P near the wall surface is rugged and not
smooth, as shown in Figure 10. The potential surface will

provide the friction =Ff
P
z
to hinder the methane from

moving in the z direction at the wall. In EF-NEMD simulation,
eachmethane molecule is exerted with an external force f, and if f
is small and less than Ff, friction will still take effect, since the
methane molecule near the surface could not overcome the
potential barrier, so that the velocity at the surface is 0, and the
whole velocity distribution is parabola shaped. However, if f is
larger than the threshold and overwhelm Ff, it could make
methane near the surface be able to cross the potential barrier, so
they could also be accelerated in the z direction, the flow velocity
will not be 0 anymore. In this case, the velocity will increase
linearly with time because external force f is a constant, which
results in a constant acceleration. However, this “everlasting”
acceleration will not happen in real kerogen nanochannels,
because all realistic nanochannels have finite length, after a short
period time of acceleration, methane will reach the end and stop
accelerating, only in our simulation box with a periodic

boundary condition in the z direction, this makes the box
length equivalently infinite long, and the “everlasting”
acceleration will happen.
To verify the above explanation about the existence of the

force threshold, we find out thresholds for all wall types and
display their relations with the directional roughness we
calculated in Section 3.6. As shown in Figure 9c, roughness
and force threshold are almost correlated with each other:
surface with larger roughness will be more rugged, and the
friction Ff is larger, so that the threshold is also larger; this is
consistent with the explanation. Notice that horizontal graphene
(Gh) is much smoother than the rest of walls, so its roughness
and f threshold are both smaller significantly. We also calculate
the velocity distribution in the y direction for Ph using the data
from first 2 ns, as shown in Figure 9d, when f is smaller than the
threshold, vz(y) is parabola-shaped distributed, and becomes
higher as f increases, but when f exceeds the threshold, it is no
longer parabola-shaped distributed, the velocity near the surface
is high and not 0 anymore, this is also consistent with the above
explanation. This finding could provide a potential method to
enhance flow transport efficiency by increasing the pressure
gradient along the flow direction, so that the molecule could
overcome the potential barrier near the rough wall, and this
would increase the flow velocity.

4. CONCLUSIONS
In this research, we utilized MD simulation to investigate how
different π−π stacking configurations will impact shale gas
adsorption and transport in nanochannels. The configuration
parameters include the orientation of the stacked column, the
parallel or offset stacking type, and the size of the nanoslit. The
following key conclusions could be drawn from this research.
Different wall types of nanoslit result in different methane

adsorption probability density distributions; smoother wall
structures have stronger adsorption strength, and the adsorption
peaks are closer to the center of the channel. The density ratio is
dependent on the wall types and slit sizes; smoother and
narrower nanochannels have higher density ratio.
2D adsorption free energies are obtained for different wall

types. Wall constituting of single graphene sheet has a flat free
energy profile, while other wall types have heterogeneous free
energy distributions, which match with the patterns of the
stacked aromatic units.
Flow velocity depends on the slit size and wall types. The

velocity across the nanoslit is parabola-shaped. The highest
velocity appears at the center of the channel, and channels with
larger sizes have higher velocities. Generally, smoother walls
have higher velocities, and the velocity significantly depends on
the orientation of the stacked columns. The existence of the
nanoflow does not change the adsorption probability distribu-
tion.
Flow flux depends not only on velocity but on the density

distribution, horizontally aligned parallel stacked columns (Ph)
has higher methane density close to the center, where the
velocity is also higher, making Ph has the highest flow flux. A
concept of “directional roughness” is proposed and defined,
which could well capture the directional properties of a rough
surface, and it is negatively correlated with the flux.
When the external force is larger than the force threshold,

methane molecules at the wall surface will be able to cross the
potential barrier, and the methane flow velocity will not reach a
plateau but will increase continuously as time goes on.

Figure 10. Schematic diagram showing the rugged potential near the
wall surface, methane molecule is exerted by an external force f and
suffers a frictional force =Ff

P
z
.
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This research is helpful for understanding shale gas properties
in a shale matrix and provides useful insights on nanoflow
behaviors in other porous materials containing π−π stackings.
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