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ABSTRACT: Adsorption is an important issue both in the estimation of natural gas
reserves and efficient storage of methane. In this study, we focus on the mechanisms of
methane adsorption in carbon nanopores and endeavor to establish the equation of state
for the adsorbed phase through molecular dynamics simulations and theoretical
analyses. Here, the nanopores were modeled by carbon nanotubes (CNTs). The higher
storage capacity of the CNT compared to the bulk phase was attributed to the
additional pressure exerted by the CNT wall on the adsorbed phase, considering which,
the equation of state for the adsorbed phase was established. As the CNT diameter
increases, the adsorption structure transforms from a single-file chain to two adsorption
layers. Moreover, it was found that there exists an optimal CNT diameter that
maximizes the adsorption, which is due to the competition between the curvature effect
and the size effect. In the explanation of this phenomenon, the nanostructure of the
CNT wall plays an important role, without considering which, the adsorption density
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would monotonically decrease as the CNT diameter rises. Our findings and related analyses may help reveal the underlying
mechanisms behind the adsorption phenomena, which is not only of theoretical importance, but may also help estimate the
natural gas reserves and design nanoporous materials with higher storage capacity.

1. INTRODUCTION

With the rapid development of human society, the conventional
petroleum-based and coal-based energy sources have been
consumed dramatically. And due to the extensive use of these
fossil fuels, the global environment has been seriously polluted.
New and clean energy source should be exploited urgently for
sustainable development. In this case, natural gas, the principle
constituent of which is methane, is the most suitable candidate
because of its low emission of carbon dioxide (CO,) and sulfur
oxide (SO,) during combustion compared to the conventional
fuel. Large amounts of natural gas are stored as adsorbed phase
in the pores of shale, tight sandstones, coalbed, etc. It was
found that a significant part of these pores is nanometer in scale
(nanopores).'~* Thus, investigations on the adsorption of
methane in nanopores are most important for estimating the
natural gas reserves. In addition, adsorption also plays an
important role in efficiently storing the natural gas. The storage
of methane is an awkward problem because methane exists in
the gaseous form at ambient temperature and pressure.
Currently, there are three techniques for methane storage:
liquefaction, compression, and adsorption. The liquefaction
requires low temperature or high pressure, the condition of
which is difficult to be realized in real applications.
Compression of methane needs pressures as high as 20—30
MPa and the compressed phase is often stored in heavy
containers to withstand high pressure, which consume lots of
material and are difficult to transport. Adsorption in nano-
porous materials (including carbon nanotube,®” slit pore,**°
nanotube array,u_13 activated carbon,'*'® nanohorn,'® etc.) is

-4 ACS Publications  © 2014 American Chemical Society

very efficient and promising, because it can obtain methane
densities comparable to the compressed phase at much lower
pressure (~4 MPa) and ambient temperature in lightweight
carriers. Therefore, the interest in exploring the adsorption
phenomena in nanopores is motivated by practical consid-
erations.

Due to the fact that the adsorption in nanopores occurs at
nanoscale, atomistic simulations are needed not only for
providing deep insight into the adsorption details and
mechanisms but also to optimize the size and structure of the
nanoporous materials for obtaining maximum storage capacity.
Wilcox et al.* used grand canonical Monte Carlo (GCMC)
simulations to estimate the adsorption isotherms of methane in
slit pores with walls composited of a number of stacked
graphitic layers. It was found that the excess adsorption (ie.,
the density in the pore minus the bulk density) exhibits a
maximum at a certain pressure and the maximum increases with
the decrease of the pore size. Tan and Gubbins® investigated
methane adsorption in carbon slit pores over a wide range of
pore sizes and various supercritical temperatures. They
reported that there is an optimum pore size that maximizes
the excess adsorption at a given temperature and pressure.
Later, Matranga, Myers, and Glandt'* determined that a slit
width of 11.4 A is optimal for a system with a storage pressure
of 3.4 MPa at ambient temperature. Gubbins et al.'” modeled
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porous carbons and zeolites to determine the best material and
the optimal pore size for storing the maximum amount of
methane. They found that at 274 K, the optimal material is a
porous carbon of pore size sufficient to contain two adsorbed
layers of methane. Cao et al."® investigated the adsorption
behavior of methane on triangular nanotube arrays with varying
tube sizes and van der Waals (vdW) gaps. Their results
indicated that the optimal adsorbent with the maximum
adsorption capacity at room temperature is the (15, 15)
nanotube arrays with a vdW gap of 0.8 nm. Although much
progress has been made, there is little concern about the
underlying mechanisms of the various adsorption phenomena
and no theoretical setup of the equation of state for the
adsorbed phase to the best of our knowledge.

In this paper, we combined the molecular dynamics (MD)
simulations and theoretical analyses to investigate methane
adsorption in carbon nanotubes (CNTs), focusing on the
underlying mechanisms of adsorption and endeavoring to
establish the equation of state for the adsorbed phase. In
section 3.1, the variations of the adsorption density and the
excess adsorption with respect to the pressure and temperature
from the MD results were given. And how the pore size affects
the adsorption was discussed. It was found that there exists an
optimal CNT diameter that maximizes the adsorption.
Moreover, the adsorption structures in CNTs with different
sizes were shown in section 3.2. In section 3.3, the equation of
the additional pressure exerted by the CNT wall on the
adsorbed phase was derived. By including the additional
pressure into the equation of state for the bulk phase, the
equation of state for the adsorbed phase was established. Most
of the results predicted by this equation of state are in
qualitative agreement with that from the MD simulations.
However, this equation cannot predict the peak of the
adsorption density at a certain CNT diameter due to the
continuous integral and the ignorance of the nanostructure of
the CNT wall. The nanostructure of the wall was considered by
scanning the potential energy surface of the interaction
between the methane molecule and the wall in section 3.4,
which helped uncover the mechanisms for the peak of the
adsorption density at a certain CNT diameter. In addition, the
adsorption in carbon-based slit pores was conducted for making
a comparison. The adsorption behavior in slit pore with respect
to the pore size is only affected by the size effect, while the
adsorption behavior in CNT is affected by both the size effect
and curvature effect. How the size and curvature effects
influence the adsorption was discussed in section 3.4.

2. MODEL AND METHOD

In this work, MD simulations implemented in LAMMPS'® have
been carried out for the prediction of methane adsorption in
CNTs. Due to the physisorption nature of methane adsorption
in CNTs,"” the fundamental interacting energy between
methane and the CNT is caused by van der Waals interactions.
Thus, methane atoms and carbon atoms were modeled as
Lennard-Jones (1]) particles. The LJ cutoff was set to be 10 A.
The L] parameters came from the consistent valence force-field
(cvif),”® which is based on the experimental values and ab initio
calculations. The interactions between methane atoms and
carbon atoms were calculated by the Lorentz—Berthelot (LB)
rule.

The adsorption model was established as shown in Figure 1.
The CNT was fixed during the whole process and connected
with the bulk phase of methane. We set walls between the bulk

Figure 1. Visualization of the MD simulation domain. The inset shows
the cross section of the CNT.

phase and the CNT to make sure that the methane molecules
can only adsorb on the inner wall of the CNT. Initially, there
were no methane molecules in the CNT. Under the constant
pressure provided by the bulk phase, the methane molecules
entered into the CNT. Then, due to the intermolecular
interactions between methane molecules and the CNT,
methane molecules that have entered into the CNT were
adsorbed on the CNT wall. The whole system was modeled in
NVT ensemble with Nose/Hoover method and the time step
was 1 fs. However, the adsorbed methane in CNT was actually
in grand canonical (uVT) ensemble because the chemical
potential and temperature of methane in CNT are equal to
those of the bulk phase in equilibrium. Five CNTs [(7, 7), (9,
9), (11, 11), (15, 15), (19, 19), (23, 23)] with diameters
varying from 9 to 32 A were chosen to explore the effect of the
pore size on the adsorption behavior. The adsorption processes
were modeled at temperatures of 300, 340, and 380 K, and
pressures in the range of 20—300 bar. It should be emphasized
that the pressure was controlled by the density of the bulk
phase. For every state, the total simulation time was 3000 ps.
The former 1000 ps was used for reaching equilibrium, whereas
the latter 2000 ps for data acquisition.

3. RESULTS AND DISCUSSION

3.1. Adsorption Density as a Function of Pressure,
Temperature, and Pore Size. To examine the effect of
pressure and temperature on the adsorption amount of
methane in CNT, we plotted the isotherms of the adsorption
density in Figure 2a. The adsorption density is just the density
of methane in the CNT which is calculated by dividing the total
mass of methane in the CNT by the inner volume of the CNT.
As pressure increases, the adsorption density increases and
tends to saturation at high pressure. The increase in
temperature leads to the decrease of the adsorption density.

By making a comparison between the adsorbed and bulk
phase, it was found that at the same temperature and pressure
the adsorption density is larger than the bulk density as shown
in Figure 2a. This indicates that the nanopore has the capability
of storing more methane than the bulk phase. Taking the (15,
15) CNT for an example, the CNT can contain 10 times more
methane than the bulk phase in an equivalent volume at T =
300 K and p = 20 bar. From another perspective, the amount of
methane molecules that can be stored in CNT at 20 bar is as
much as that in the bulk phase at 220 bar. This phenomenon is
attributed to the additional pressure exerted by the CNT on the
adsorbed phase. In section 3.3, we would derive the equation

dx.doi.org/10.1021/jp5047003 | J. Phys. Chem. C 2014, 118, 1773717744



The Journal of Physical Chemistry C

250
(@)
o
§0 2001
v
N
2
& 150
=
[}
g
G ]
S 1004 « Bulk-300 K
E —+Bulk-340 K
% 50 —e— Bulk-380 K
A Adsorbed-300 K
« Adsorbed-340 K
180 —— Adsorbed-380 K
(b) 300 K|
1601 340K
Z o 380K
£
& 1201 Q.
=1 / >\
2 100{ * — S
£ T
8 801 \.\
_g ol \'\
2 ==
g 40
[na)]
201
0 : , : , :
0 50 100 150 200 250 300

Pressure (bar)

Figure 2. (a) Isotherms of the adsorption density (orange line) in (15,
15) CNT and the bulk density (blue line), respectively. (b) Isotherms
of the excess adsorption, which is the difference between the
adsorption density and the bulk density.

for calculating this additional pressure and add it to the
equation of state.

The difference between the adsorption density p4 and the
bulk density py . was defined as the excess adsorption

I'=p4 = Pra (1)

The isotherms of the excess adsorption were plotted in Figure
2b. With the increase in pressure, the excess adsorption
increases up to a maximum value at 60 bar, and then decreases,
which suggests an optimum pressure for maximum methane
storage. This can be explained below. First, in the limiting case
of zero pressure, the bulk density, and adsorption density
should both be zero, which leads to the zero excess adsorption.
Second, accompanying with the pressure being increased to be
nonzero, methane molecules quickly adsorb onto the empty
adsorption sites distributed on the CNT wall. In this case, the
adsorption density is larger than the bulk density due to the
additional pressure exerted by the CNT on the adsorbed phase,
thus leading to positive excess adsorption. As pressure
continues to increase, the methane molecules fill up the
available adsorption sites, until there is little room for
accommodating much more methane molecules into the
CNT, at which point the increase gradient of the adsorption
density with respect to the pressure becomes smaller than that
of the bulk density. This indicates quicker saturation of the
adsorbed phase and leads to the decrease of the excess
adsorption. Third, with sufficient pressure increase, the bulk
density increases to be equal to the adsorption density, at which
point the excess adsorption becomes zero again. Therefore, the
excess adsorption first increases (I'/dp > 0), then decreases

(ol'/dp < 0) as pressure rises.

Figure 2a showed that dp,4/0T ~ const, while dpy /0T
decreases with the increase of pressure. Thus, the temperature
gradient of the excess adsorption, which is oI'/0T = dp,/0T —
Oppui/ 0T, increases with the increase of the pressure.
Considering dp,q/0T < 0ppy/0T at 20 bar, 0I'/0T is negative
initially, then increases to zero with the increase of the pressure
to a critical value, above which 0I'/0T > 0. This corresponds to
the phenomena present in Figure 2b that the excess adsorption
decreases with the increase of the temperature in the low
pressure region (p < 170 bar), while it increases with the
temperature in the high pressure region (p > 170 bar).
Moreover, increased temperature causes a lower peak in the
excess adsorption. The data of the excess adsorption also show
that the storage capacity of the CNT can exceed the target of
the U.S. Department of Energy," 150 V/V (ie., 97 kg/m?) in
the low pressure region.

Further insight was gain into how the pore size influences the
adsorption. Figure 3a shows the variation of the adsorption
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Figure 3. Adsorption density in CNT (a) and carbon-based slit pore
(b) as a function of the pore size D at 300 K and pressures ranging
from 20 to 300 bar.

density as a function of the CNT diameter. Interestingly, with
the increase of the CNT diameter, the adsorption density
increases up to a maximum value, and then decreases, which
indicates the existence of an optimum size of the CNT for
maximum methane storage. For p = 20—60 bar, the optimum
size is 14.92 A, while for p = 100—300 bar, the optimum size is
20.34 A. Thus, the optimum size tends to increase as the
pressure rises. Moreover, it was found that the increase gradient
before the optimum size is much larger than the decrease
gradient after the optimum size. And with the increase in
pressure, the increase gradient increases, while the decrease
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Figure 4. RDFs of methane in the six CNTs with diameters D from 9.49 to 31.19 A. The insets show the corresponding snapshots of the adsorption
structures from the simulations (T = 300 K). (a) D = 9.49 A. Methane molecules form a single-file chain in the CNT. (b) D = 12.20 A. The CNT
allows for the formation of one adsorption layer. (c) D = 14.92 A. The CNT creates additional space in the CNT center for the formation of a single-
file chain. (d) D = 20.34 A. Two adsorption layers form. (e and f) D = 25.76—31.19 A. A central layer forms, whose density is identical to the bulk

phase.

gradient decreases. In addition, we plotted the variation of the
adsorption density in slit pores as a function of the pore size
(Figure 3b) for making a comparison, which is discussed in
section 3.4 to uncover how the size effect and curvature effect
influence the adsorption, respectively.

We would like to compare our MD results with the
experimental results in the literature here. The isotherms
from the experiments”"** show that the adsorption density
increases with the increase of the pressure and tends to
saturation at high pressure. The experimental data also found
the decrease of the adsorption density as temperature rises.
These results are in agreement with the above discussions.
Then, the conditions of T = 300 K, p = 20 bar and T =300 K, p
= 100 bar were chosen to compare the adsorption data from
our MD simulations with that from the experiments. Lee et al.”!
fabricated CNT's with diameters of 40—60 nm and determined
the amount of adsorbed methane about 1.48 mmol/g at 303.15
K and 19.48 bar. Rasoolzadeh et al?* studied methane
adsorption in CNTs with diameter of about 5 nm at 298 K
and 20 bar and achieved the adsorption capacity of about 1.2
mmol/g. In this work, an adsorption capacity of 2.17 mmol/g
for a 3 nm sized CNT was obtained under similar conditions of
300 K and 20 bar. At approximate 300 K and 100 bar, Wu et
al> reported total amount of adsorbed methane about 1.8
mmol/g in CNTs with diameters of 5—8 nm, while our work
predicted adsorption capacity of 3.40 mmol/g in 3 nm sized
CNT. The adsorption capacity from our MD simulations is of
the same order of that from the experiments under similar
conditions, but a little larger than that achieved by the
experiments. This may be due to the smaller CNT used in our
simulations than in the experiments. The comparison with
experiments illustrated that our MD results are reasonable.

3.2. Adsorption Structures from a Single-File Chain to
Two Adsorption Layers. To explore the adsorption
structures and density distributions of methane in CNTs, we
plotted the radial distribution function (RDF) of methane
along the radial direction in Figure 4. The term r represents the
distance from the CNT center. The section for r < 0 was
plotted as the mirror of the section for r > 0 to reflect the

symmetrical distribution of methane with respect to the CNT
center. Generally, as the CNT diameter increases, the peaks of
the RDF first increase and then decrease, which is consistent
with the existence of an optimal CNT diameter for maximum
methane storage discussed above. All the RDF peaks increase
with the increase in pressure. Moreover, the density of the layer
at the wall outstrips 1000 kg/ m?, which indicates the
densification of the first adsorption layer due to the
confinement effect.

The adsorbed methane exhibits different structures in CNT's
with different diameters. For D = 9.49 A, the methane
molecules form a single-file chain encapsulated by the CNT as
shown in the inset of Figure 4a. However, the RDFs in this case
do not exhibit a single peak in the CNT center as expected, but
two symmetrical peaks. This is because the methane molecules
of the single-file chain do not exactly stay in the CNT center,
but around the center, and are in zigzag arrangement. This kind
of arrangement can help the CNT store more methane
molecules than the exactly linear arrangement. The 12.20 A
sized CNT allows for the formation of one adsorption layer as
indicated by the RDFs in Figure 4b. When D further increases
to 14.92 A, the CNT creates additional space in the center for
the formation of a central single-file chain (Figure 4c). As
pressure rises, the density of the central single-file chain
increases greatly, while there is only slight increase of the
density of the layer at the wall. This illustrates that the methane
molecules tend to preferentially occupy the adsorption sites at
the wall, then the central region. For D = 20.34—31.19 A, two
adsorption layers form as indicated by the two peaks nearest to
the CNT wall (Figure 4d—f). With the increase in pressure, the
density of the second layer increases rapidly, while the density
of the first layer rises slowly. In the case of D = 25.76—31.19 A
(Figure 4e and f), there is another clear pattern that a central
layer forms, whose density is identical to the bulk phase. This
indicates that the central region, whose distance from the wall is
approximately 7 A, is out of the range of the confinement of the
wall.

3.3. Equation of State for the Adsorbed Phase. In this
section, we would explore the adsorption of methane in CNT
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theoretically. As we have mentioned above, the adsorbed phase
bears additional pressure due to the attractive interactions
between the adsorbed methane molecules and the CNT. The
interaction energy between a methane molecule and a carbon
atom was modeled by the LJ potential:

(o) = 48[(%) - [%ﬂ ®

where & = 0.22 kcal/mol is the potential well depth, ¢ = 3.59 A
is the distance at which the LJ potential is zero, and p is the
distance between the methane molecule and the carbon atom.
The integral of eq 2 over the whole volume of the CNT yields
the interaction energy between a methane molecule and the
CNT*

[<3) 2r [«3)
wo(r) = Py f_ /(; /}; uy(p)r, dr; 40 dz

9 2
= nlpcntgg3 3;;0913 %, %; 1; (RLOJ
3 2
Rl HERl
0 0 3)
with
pr=r"+n>—2mcos O + 2* 4)

In eq 3, Py is the number density of the CNT, Ry = D/2 is the
radius of the CNT, r is the radial coordinate of the methane
molecule, and F is the hypergeometric function, which is
defined by the power series

o (0),(0), 2"
Fla, bje;2) = ), ———
(a, b; ¢; 2) nzzo O, .
with the Pochhammer symbols (a),, (b),, and (c), defined by
1 (n=0)
(9), =
a(q + 1)-(q@+n—1) (n>0) 6)

Assuming that the density of the adsorbed phase uniformly
distributes throughout the CNT, the interaction energy
between the adsorbed phase and the CNT per unit area was
obtained

W(R,, r) = s /; wy(r')(r' /) dr’

Ry pve¢76 r?
= Ctag 5|i R 1)E| —
720r(r — Ry) (r + Ry) R,

_ 2(Ro, r)K(V—zz)]
¢ R, (7)

fI(RO’ r) = _480(r2 - Roz)é("2 + Roz) + (Sr8 + 428r6R02
+ 1182r'R,* + 428r°R,° + SR,%)6®

with

f,(Ro, ) = 480(r> = Ry*Y — (r* — Ry})(155r° + 591r*R?
+273r°R,* + SR%)o®

(8)

in which p,, is the average number density of the adsorbed
phase over the radial coordinate from 0 to r, E is the complete
elliptic integral of the second kind, and K is the complete
elliptic integral of the first kind. The differential of W with
respect to r produces the additional pressure exerted by the
CNT

T@wn=-*

R, ec® 2
Rk A— R,, r)E| —
720 (r* — R, &R 1) R,

2
" &R V)K[R_oz)] ©

g(Ry, r) = —960r'® + 2400r*R ) + 6240r "R,
+ SR,'°(96R,® — 6°) — 40r'°(852R,° — 6°)
+ 2r*R%(13200R ,° + 52015°)
+ 25r%(2400R,* + 179R,%6°)
+ r%(—54240R,,"* + 17188R,*c®)
+ r*(—6240R,"* + 668R,*c°)

with

g,(Ry, 1) = (r* — Ry*)[2400r™* — 14880r°R,’
+ 38880r'°R,* + SR,3(—96R,° + 6°)
— 5r%(11040R,° + 3116°)
— 6r'R,*(3600R,,° + 10316°)
+ 20r5(2280R,,* — 407R ) *6°)
+ r*(5280R,"> — 508R,’6°)]
(10)

Based on the Peng—Robinson equation of state for the bulk
25
phase

_RT _ ao
T V.2 420V, — b
0.457235R°T. 0.077796RT, T
a = y b = , ’I; = —
I I L

a=[1+x(1-T1"7,
Kk = 0.37464 + 1.54226w — 0.26992(02 (11)

in which, V, is the molar volume, R is the ideal gas constant, T
is the critical temperature, p, is the critical pressure, and  is
the acentric factor, the equation of state for the adsorbed phase
was proposed as

AP
Zp[f] p+ag ] Re )

C
RT(T/T)" aa
=y -
' (NA/PaV) —-b (NA/pav)z + Zb(NA/PaV) - b’

(12)
where N is the Avogadro’s constant, y, ¥, 1) A, and A are
nondimensional constants that can be tuned empirically. Based
on the adsorption density of the (15, 15) CNT from MD

results, these five nondimensional constants were obtained to
be y, = 2.68, yq1 = 0.10, 7 = 1.39, A, = 023, and Ag = 021 It
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should be emphasized that p,, obtained from eq 12 is the
average density over the radial coordinate from O to r. The
variation of p,, with respect to r at 300 K and 20 bar in (15, 15)
CNT was plotted in Figure Sa. p,, near the wall is much larger
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Figure S. Adsorption phenomena predicted by the equation of state
for the adsorbed phase (eq 12). (a) The variation of the average
adsorption density with respect to the radial coordinate r. (b)
Isotherms of the adsorption density in (15, 15) CNT from MD
simulations (points) and eq 12 (lines). (c) Adsorption density as a
function of the CNT diameter D from MD simulations (points) and
eq 12 (lines), respectively.

than p,, in the center of the CNT, which is in qualitative
agreement with MD results (Figure 4d). Through statistics of
the equilibrium states from the simulations, the average
equilibrium distance between the first adsorption layer and
the inner wall of the CNT was obtained to be h, = 3.70 A.
Thus, the adsorption density should be the average density over
the radial coordinate from 0 to 7, = Ry — h,, i, p,, when r =
-
the adsorption density obtained from eq 12 was plotted in
Figure S as a function of temperature, pressure, and the CNT
diameter. The isotherms of adsorption density in (15, 15) CNT
predicted by eq 12 is in quantitative agreement with that from
the MD results (Figure Sb). The comparisons between the
isotherms from eq 12 and the isotherms from MD for
adsorption in CNTs with different diameters were shown in
Supporting Information 1. With the increase in the CNT
diameter, eq 12 predicts the monotonous decrease of the
adsorption density (Figure Sc), which disagrees with the peak
of the adsorption density at a certain CNT diameter (Figure
3a) from the MD results. This is because eq 12 is established
based on the continuous integral, thus ignoring the

17742

nanostructure of the CNT wall, which would be discussed in
the next section. Figure Sc also shows that the theory is in more
agreement with the MD results in the CNTs with larger
diameters and at higher pressures.

3.4. Curvature Effect versus Size Effect. Why does the
adsorption density peak at a certain CNT diameter? To address
this question, the nanostructure of the CNT wall should be
considered. The potential energy surface of the interaction
between a methane molecule and the wall was scanned at , as
shown in Figure 6. It was found that the energy surface is not a

W+ H2

46

Figure 6. Potential energy surface of the interaction between a
methane molecule and the CNT wall.

plane, but a curved surface with periodic ridges and valleys due
to the nanostructure of the wall The energy surface is
characterized by two variables: one is the average interaction
energy, the negative value of which is just the adhesion energy
W,g; and the other is the well depth H, which determines the
energy difference between the ridges and valleys. With larger
adhesion energy and well depth, the methane molecule should
be bound stronger to the wall, which can enhance the
adsorption capacity of the pore, thus leading to larger
adsorption density. The adhesion energy and the well depth
vary as a function of the CNT diameter as shown in Figure 7a.
With the increase of D, the distance between the adsorbed
methane molecule and the CNT atoms becomes larger, thus,
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Figure 7. Variation of the adhesion energy (M) and the potential well
depth (@) with respect to the pore size D for the (a) CNT and (b) slit
pore, respectively.
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leading to weaker van der Waals interactions. This indicates
that the energy required for removing a methane molecule from
the CNT wall becomes smaller as D rises. Therefore, the
adhesion energy decreases with D. However, the well depth
increases with the increase of D. This leads to the opposite
variation trends of the adsorption density with respect to D,
which explains the peak of the adsorption density at a certain D.
Therefore, the mechanisms for the peak of the adsorption
density should be the competition between the inverse
variation trends of the adhesion energy and the well depth
with respect to D.

It was noticed that with the decrease of the CNT diameter,
not only is the CNT size decreasing, but the CNT curvature is
increasing. Thus, there are two factors that affect the
adsorption, i. e., the size effect and the curvature effect. To
explore how these two factors affect the adsorption and
decouple these two factors, we conducted another simulation of
the adsorption in carbon-based slit pores at 300 K. In this
simulation, the curvature effect is eliminated, leaving only the
size effect, because the curvature of the graphite is always zero.
As shown in Figure 3b, when p < 180 bar, the adsorption
density monotonically decreases as D rises and does not exhibit
a peak. When p > 180 bar, the adsorption density peaks at D =
1S A. This indicates that the adsorption exhibits different
behaviors in the low pressure region and in the high pressure
region. In the low pressure region, the adsorption has not
saturated, thus, mainly depends on the interactions between
methane molecules and the wall. The potential energy surface
of the interaction between a methane molecule and the wall of
the slit pore was scanned at h, was scanned. As shown in Figure
7b, the adhesion energy decreases with D, but the well depth
remains almost unchanged. This leads to the monotonous
decrease of the adsorption density with D in the low pressure
region. However, as pressure rises, the adsorption density in
smaller pores saturates more quickly than that in larger pores.
Thus, when the pressure is high enough, the adsorption density
in larger pores would exceed that in smaller pores. This explains
the peak of the adsorption density at a certain pore size in the
high pressure region.

The above discussions illustrated that the variation trend of
the adhesion energy with D is the same for the CNT and the
slit pore, while the well depth increases with D in CNT, but
remains almost unchanged in the slit pore (Figure 7). This
suggests that the increase of the well depth with D in the CNT
is controlled by the curvature effect, but the decrease of the
adhesion energy with D is mainly controlled by the size effect.
From another perspective, the decrease of the size, ie., the
decrease of D, leads to the increase of the adhesion energy,
while the decrease of the curvature, i.e,, the increase of D, leads
to the increase of the well depth. Therefore, the existence of the
optimal CNT size for maximum methane storage is due to the
competition between the size effect and the curvature effect.

4. CONCLUSIONS

Employing MD simulations and theoretical analyses, various
methane adsorption phenomena in CNT were reported and the
underlying mechanisms were uncovered. The CNT can store
much more methane than the bulk phase at the same
temperature and pressure. And there exists an optimal CNT
diameter that maximizes the adsorption. With the increase of
the diameter, the adsorption structure transforms from a single-
file chain to two adsorption layers. These phenomena were
attributed to the additional pressure exerted by the CNT wall

on the adsorbed phase. By including the additional pressure
into the equation of state for the bulk phase, the equation of
state for the adsorbed phase was established. This equation can
predict most of the adsorption phenomena found in the
simulations. However, it cannot predict the peak of the
adsorption density at a certain CNT diameter due to the
ignorance of the nanostructure of the CNT wall. To explain
this phenomenon, the potential energy surface of the
interaction between the methane molecule and the CNT wall
was scanned. The energy surface is a curved surface with
periodic ridges and valleys due to the nanostructure of the wall,
which is characterized by the adhesion energy and the well
depth. With the change of the CNT diameter, the adhesion
energy and the well depth show inverse variation trends, thus
leading to the peak of the adsorption density. Moreover, the
adsorption in slit pore was conducted for making a comparison.
The adsorption behavior in slit pore with respect to the pore
size is only affected by the size effect, while the adsorption
behavior in CNT affected by both the size and curvature effects.
It was found that the variation of the adhesion energy with
respect to the pore size is mainly controlled by the size effect,
but the well depth by the curvature effect. Thus, the peak of the
adsorption density is also attributed to the competition
between the size effect and the curvature effect.
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