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Understanding the interaction between hydrogen and carbon nanotubes is crucial to enhancing the performance of hydrogen
storage and nanofluidic carbon-adsorbent systems. Accordingly, this study performs a series of molecular dynamics simulations to
investigate the transport properties of hydrogen molecules confined within a flexible narrow carbon nanotube.The tube’s diameter
is 10.8 Å at temperatures in the range of 100∼800K. The particle loadings inside carbon nanotubes are ranging from 0.01∼1 No/Å.
The results show that the hydrogen molecules exhibit three distinct diffusion regimes, namely, single-file, Fickian, and ballistic,
depending on the value of the Knudsen number. In addition, it is shown that with the Knudsen number of less than 1, the tube-wall
long wavelength acoustic phonons induced Rayleigh traveling wave prompts a longitudinal wave slip and compression-expansion
of the hydrogen molecule crowds within the CNT, which leads to a significant increase in the mean square displacement of the
molecules.

1. Introduction

A hydrogen-based energy economy, properly integrated with
the use of renewable energy resources, provides the potential
to satisfy the energy requirements of vehicles, buildings,
portable electronic devices, and so on [1, 2]. However, in
practice, the feasibility of a hydrogen economy is constrained
by the difficulties involved in designing suitable hydrogen
storage and delivery systems. Previous studies have shown
that hydrogen gas condenses to a high density state when
confined within a narrow, single-wall nanotube (SWNT)
[3]. The actual mechanisms of hydrogen diffusion within
SWNTs and carbon nanotubes (CNTs) are still unclear.
Many researchers [1–9] have demonstrated that the structure
and properties of nanometer scale materials can be quite
different from those of bulk materials due to the presence
of surface effects. Accordingly, lightweight carbon adsorbent
materials have become interesting for possible use in a
hydrogen storage system. The exceptional physical proper-
ties of CNTs, including high thermal conductivity, strong
mechanical properties, excellent electrical conductivity, and

so forth, render themhighly promising candidates for a range
of hydrogen storage and delivery applications. Consequently,
the nanofluidic adsorption properties and transport mech-
anisms of hydrogen molecules within SWNTs and CNTs
have attracted great interest in the energy industry [4–7].
According to conventional physisorption principles, the gas-
adsorption performance of a porous solid ismaximizedwhen
the pores are no larger than a few molecular diameters [8].
Zuo et al. had conducted a series simulation and suggested
an interesting result that MWCNT can be separated into
SWCNT in appropriate solvents [9]. Under these conditions,
the potential fields produced at the wall overlap to produce a
stronger interaction force than that observed in adsorption
on a simple plane. However, the mechanisms responsi-
ble for the adsorption and transportation of hydrogen in
nanoporous solids or nanopores are not easily observed using
experimental methods. As a result, the use of computational
methods such as molecular dynamics (MD) or Monte Carlo
(MC) simulations have emerged as the method of choice
for examining the nanofluidic properties of liquids and
gases within nanoporous materials [10]. Several groups have
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performed numerical simulations to study the adsorption
of water in CNTs [11–16], while others have investigated
the diffusion of pure hydrocarbon gases and their mixtures
through various SWNTs with diameters ranging from 2∼
8 nm [6, 17, 18]. These studies focus on self- and transport
diffusion coefficients of inert gases, hydrogen, and methane
in infinitely long SWNTs [19, 20]. In general, the results
show that the transport rates in nanotubes are in orders of
magnitude higher than those measured experimentally in
zeolites or other microporous crystalline solids. In addition,
it has been shown that the dynamic flow of helium and argon
atoms through SWNTs is highly dependent on the surface
temperature of the nanotube wall [21]. Specifically, the flow
rate of the helium and argon atoms, as quantified in terms
of their self-diffusion coefficients, increasedwith temperature
due to the greater thermal activation effect.

PreviousMD simulations of the nanofluidic properties of
liquids and gases generally assumed the nanoporous material
to have a rigid structure. However, if the nanoporousmaterial
is not in fact rigid, the simulation results may deviate from
the true values by several orders of magnitude. Several
researchers had investigated the conditions under which the
assumption of a rigid lattice is, or is not, reasonable [22, 23].
In general, the results showed that while the use of a rigid
latticewas permissible inmodeling the nanofluidic properties
of a gas or liquid in an unconfined condition, a flexible lattice
assumption was required when simulating the properties of
a fluid within a constrained channel. Moreover, in real-world
conditions, the thermal fluctuations of the atoms on a CNT
wall impact the diffusive behavior of the adsorbedmolecules,
and must therefore be taken into account. Jakobtorweihen
et al. have reported careful simulations ofmolecular diffusion
considering nanotube flexibility [24]. The reproduction of
the results of a flexible carbon nanotube in a rigid nanotube
simulation was excellent. Ayappa had examined the influence
of nanotube flexibility on the transport diffusion of CH

4
in

nanotubes [25]. The inclusion of nanotube flexibility reduces
the transport diffusion relative to the rigid nanotube by
roughly an order of magnitude close to zero pressure. At the
pressure over 1 bar the transport diffusivities for flexible and
rigid nanotubes are very similar. Interestingly, whether or not
it is reasonable to assume a rigid lattice in diffusion studies
is far from being understood [23]. An obvious hypothesis
would be that only in the case of narrow passages is flexibility
very important. For the cases of gas molecules in carbon
nanotubes, or other nanoporous materials, a rigid lattice is
a very reasonable assumption [24]. That is to say, if one
has a material in which the flexibility cannot be ignored,
such as diffusion in confined space, the mechanism will
be dominated by surface effect. To prove this opinion, we
present herein simulations to track the MSD behavior of
hydrogen diffusion inside narrow SWCNT. The simulations
show that until the carbon nanotubes are filled with hydrogen
molecules up to a specific cutoff density, themolecules diffuse
through the nanotubes will transit to a wave manner induced
by long wavelength acoustic phonons. For comparison pur-
pose, we conduct a rigid-latticemodel to provide the evidence
between flexible and rigid lattice model. Results of rigid-
lattice model agree with A. I. Skolulidas’ results. However,

the MSD curves of rigid-lattice model do not reveal the jump
behavior. Rigid-lattice model simulations are shown in the
Appendix [Animation A1, A2; Supporting Information].

This study performs a series ofMD simulations to investi-
gate the transport properties of hydrogenmolecules confined
within a narrow CNT with a diameter of 10.8 Å (∼1 nm) in
temperatures ranging from 100∼800K and particle loadings
of 0.01∼1 No/Å. To ensure the validity of the simulation
results, the MD model assumes the tube to have a flexible
wall. Hydrogen molecules are treated as spherical particles.
In performing the simulations, the hydrogen molecules are
assumed to have a perfectly spherical shape. In addition,
the interactions between the molecule and the atoms on the
CNT wall and the interactions between the carbon atoms
within the CNT wall are modeled using the Lennard-Jones
potential [26, 27]. The simulations focus on the hydrogen
adsorption within the SWNT instead of in the interstices or
the external surface of nanotube bundles. As described above,
the simulations performed in this study consider a CNT with
a pore size (diameter) of 10.8 Å. In such a small-pore regime
[28], the interactions between the pore wall and the hydrogen
molecules have a significant effect on the diffusion behavior
of the molecules as they migrate along the CNT. The simu-
lations performed in this study consider Knudsen numbers
in the range of 0.1 < Kn < 10 [29]. In this particular flow
regime, the local transport mechanism depends on a num-
ber of interfacial parameters, including the strength of the
liquid-solid coupling, the thermal roughness of the interface,
and the commensurability of the wall and liquid densities,
respectively [30].The diffusivity of the hydrogenmolecules is
quantified in terms of the mean square displacement (MSD)
and self-diffusion coefficient under particle loadings ranging
from 0.01∼1 No/Å. In diffusion studies, it is a common
practice to integrate the equations of motion for hydrogen
molecules confinedwithin infinitely long nanotubes.The self-
diffusion coefficient is obtained from the average MSD of the
hydrogen molecules as a function of time. General Fickian-
type diffusion is described by the seminal relation

⟨𝑋

2
⟩ = 2𝐷𝑡

𝛾 with 𝛾 = 1. (1)

However, for more complicated random driving forces,
the diffusive behavior may be slower (𝛾 < 1, subdiffusion) or
faster (𝛾 > 1, superdiffusion) than normal diffusion [29]. In
the present simulations, the results obtained for themean free
path are used to compute the Knudsen number, and the diffu-
sion regime is inferred by comparing the time-based variation
of the MSD profile with the predicted time-dependent MSD
profiles for single-file, Fickian and ballistic diffusion, respec-
tively. In addition to analyzing the change in the diffusion
regime over time, the simulations also find out an unexpected
“jump phenomenon” on MSD curves. Simulations are con-
ducted to investigate the “slip” of the hydrogen molecules
caused by long wavelength acoustic phonons. Tube wall
peristaltic movement activates a compression-relaxation dif-
fusionmechanism at very low values of the Knudsen number.
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Figure 1: Simulation model of hydrogen molecules within SWCNT.

2. Simulation Model

In the simulations, the hydrogen molecules are initially dis-
persed with a random distribution within the CNT. Figure 1
presents a snapshot of the simulation model for the case
in which the CNT contains 70 hydrogen molecules. The
current simulations are performed using the methodology
presented in [24], which closely mimics the actual interfa-
cial interactions between the hydrogen molecules and the
tube wall. In the simulations, the hydrogen molecules are
assumed to be “free” (i.e., they can migrate freely from
their initial positions) and are heated to an equilibrium state
(∼104 fs) via their interaction with the heated CNT wall.
The CNT temperature is maintained at the specified value
using the Nosé-Hoover thermostat method. In performing
the simulations, two different tube-diffuser interactions take
place. The interactions can be divided into two types: (1) the
carbon atoms vibrate as a result of the applied temperature
and collide with the hydrogen molecules near the wall,
thereby imparting a transfer of thermal and mechanical
energy from the wall to the hydrogen molecules, and (2) the
tube is flexible; long wavelength acoustic phonons will be
induced and therefore apply a peristaltic driving force to the
hydrogenmolecules. Since the nanotube is flexible, the lattice
vibrational modes are critical. Thus, flexibility can change
the morphology of nanotube following the mode of nature
vibration. We use a nanotube of length ∼30 nm to sample the
vibration modes accurately and avoid the size effects.

In order to accurately model the interaction between the
tube wall and the hydrogen molecules, the simulations con-
sider the case where just one hydrogenmolecule exists within
the tube such that the effects of inter-diffusant collisions
can be ignored. As a result, the diffusion of the hydrogen
molecules through the CNT is consistent with the thermal
transpiration phenomenon identified by Reynolds [30–34],
in which the molecules have more impact on the CNT wall
than on one another. In the simulations, the diffusion of the
hydrogen molecules is governed by two transient processes.
In the first process, the hydrogen molecules are activated by
the heated tube surface toward a thermal equilibrium state
and start to diffuse within the CNT, while in the second
process, the activated molecules interact with the stagnant
molecules and cause thesemolecules to diffuse also.Thus, the
moving behavior tends to become a specified diffusion type.

In Figure 1 we show a right view which is parallel with
and a left view perpendicular to the pore axis. Note that
carbon atoms are shown in black while hydrogen molecules
are shown in red. Pore diameter is 10.8 Å.

Table 1: Parameters for the carbon interaction potential used in the
simulation.

𝐾

𝐶𝑟
= 478.9 kJmol−1Å−2 𝑟

𝐶
= 1.418 Å

𝐾

𝐶𝜃
= 562.2 kJmol−1 𝜃

𝐶
= 120.00

∘

𝜀cc = 0.4396 kJmol−1 𝜎cc = 3.851 Å

Table 2: Morse potential dimensionless units used in the simula-
tion.

Unit Dimensionless unit
Length 𝑟 (Å) 𝑟

∗
= 𝑟/𝑟

0

Time step 𝑑𝑡 (s) 𝑑𝑡

∗
= 𝑑𝑡 ⋅ √𝐷/(𝑚 ⋅ 𝑟

2

0
)

Temperature 𝑇 (K) 𝑇

∗
= 𝑇 ⋅ (𝑘/𝐷)

Energy 𝐸 (eV) 𝐸

∗
= 𝐸/𝐷

2.1. Potential Functions. The carbon nanotube is modeled by
terms describing theMorse bond and harmonic cosine of the
bonding angle as [35, 36]

𝑈(𝑟

𝑖𝑗
, 𝜃

𝑖𝑗𝑘
) = 𝐾

𝑐𝑟
(𝜉

𝑖𝑗
− 1)

2

+

1

2

𝐾

𝑐𝜃
(cos 𝜃

𝑖𝑗𝑘
− cos 𝜃

𝑐
)

2
, (2)

where

𝜉

𝑖𝑗
= exp [−𝛾 (𝑟

𝑖𝑗
− 𝑟

𝑐
)] , (3)

𝜃

𝑖𝑗𝑘
represents all possible bending angles, and 𝑟

𝑖𝑗
represents

all distances between bonded atoms. 𝐾
𝑐𝑟
, 𝐾
𝑐𝜃

are the force
constants of stretch, bendpotentials, respectively. 𝑟

𝑐
, 𝜃
𝑐
are the

corresponding reference geometry parameters. The Morse
stretch and angle bending parameters were first given by
Guo et al. [36]. These parameters, listed in Table 1, originally
derived to describe the geometry and phonon structure of
graphite and fullerene crystals. A Lennard-Jones term is
added to the nanotube potential to account for the steric and
van der Waals carbon-carbon interaction

𝑈(𝑟

𝑖𝑗
) = 4𝜀cc [(

𝜎cc
𝑟

𝑖𝑗

)

12

− (

𝜎cc
𝑟

𝑖𝑗

)

6

] . (4)

Excluding 1-2 and 1–3 pairs, the parameters 𝜀cc and 𝜎cc are
taken from the so-called Universal Force Field (UFF) [31–37].

The physical model scale lying at the microscopic level
necessitates introducing some dimensionless units into the
simulation activity. These dimensionless parameters are pre-
sented in Table 2.
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3. Results and Discussions

3.1. Boundary Slip due to Compression-Expansion Process.
Before discussion, a key nondimensional parameter for gas
micro flows is the Knudsen number (Kn), which is defined as
the ratio of the mean free path over a characteristic geometry
length. A classification of the different flow regimes is given
by Schaaf and Chambre [38]. We can observe that, after
thermal equilibrium regime, cases with Kn < 1 represent
a sharp vertical jump simultaneously in MSD curve. Next,
we investigate the physical origin of the interaction behavior
observed at the moment when “slip” phenomena happened.

To clarify the effect of the initial hydrogen density on
the transport properties within the CNT, simulations were
performed with various numbers of hydrogen molecules in
the range of 0.01∼1 No/Å. In each case, the simulation results
were used to compute the MSD curves over the duration
of the simulation as a function of the system temperature.
Figures 2(a)∼2(d) present the MSD curves for temperatures
of 100K, 300K, 500K, and 800K, respectively. For clarity,
each figure shows the MSD curves only for loadings of 10,
30, 50, 70, and 90 molecules, respectively. (Note, however,
that these curves are representative of the curves obtained
for all values of the particle loading.) In each figure, it can be
seen that the MSD curves exhibit an increase of five to seven
orders of magnitude at periodic intervals in the simulation
procedure. The jumps in the MSD curves correspond to a
“slip” of the hydrogenmolecules along the pore axis. Previous
studies have concluded that the exceptionally high transport
rates observed in nanotubes are the result of the inherent
smoothness of the nanotube wall surface [39, 40]. However,
the present simulation results suggest that the “slip flow”
phenomenon is caused not only by the virtually frictionless
interface at the CNT wall, but also by the effects of the
compression-relaxation process with Kn < 1. The results
presented in Figure 2 indicate that following the slip events,
the hydrogen molecules diffuse in a ballistic mode until the
end of the simulation. Previous studies have reported that
boundary slips at the nanoscale occur in both the positive
and the negative directions [41–43]. The present simulation
results suggest that the occurrence of positive and negative
slip in gas flows within a confined space may be a result of a
compression-expansion effect.

3.2. Mechanisms of Hydrogen Diffusion. The hydrogen dif-
fusion mechanism within the CNT can be inferred from
the scaling behavior of the MSD curves over time. The
present simulation results indicate that hydrogen diffusion
occurs after 104 picoseconds and tends toward an anomalous
diffusion mode in either the subdiffusion regime (𝛾 < 1)
or the superdiffusion regime (𝛾 > 1) as the simulation
time approaches 50 ns. In this study, the diffusion mode of
the hydrogen molecules is quantified using the following
formulation:

⟨𝑋

2
⟩ = 2𝐶𝑡

𝛾
, (5)

where 𝐶 is the diffusion mobility and 𝛾 is a coefficient whose
value depends on both the pore diameter and the particle
loading. In other words, the index 𝛾 reflects the easiness with

which the molecules can (or cannot) pass one another within
the CNT.

The MSD profiles presented in Figure 4 show that
the hydrogen molecules experience three distinct diffusion
regimes, namely, a short ballistic regime, followed by a
subdiffusive regime due to a thermal equilibrium process,
and finally an anomalous-diffusion regime or a return to
a ballistic-diffusion regime, depending on the value of Kn.
Similar distinct diffusion regions have been observed for
the diffusion of colloids and certain lightweight molecules
[24, 25, 44, 45].

To better understand the hydrogen diffusion mechanism
within the present CNT, the following discussions consider
the extreme case in which the nanotube contains only one
molecule (i.e., free-molecular flow). Under this condition,
Kn is larger than 100 (𝜆 ≫ 𝑑; ∼ ∞); that is, the mean
free path is much larger than the pore size. As a result, the
migration behavior of the hydrogen atom is dominated by
its interaction with the pore wall. The MD results suggest
that in free molecular flow condition hydrogen molecule
would be exerted a resistance force by the tube wall. The
MSD curves represent a quasihorizontal trend toward the
end of simulation. This coordinated motion mechanism
is observed in a temperature range from 100K to 800K.
Observing theMSDprofiles in Figure 4, it can be seen that the
curves exhibit a quasihorizontal trend toward the end of the
simulations. This characteristic is particularly pronounced at
a temperature lower than 300K.The relatively constant value
of theMSD implies that the wall exerts a resistive effect which
opposes the motion of the hydrogen molecule. In practice,
it is thought that this resistive force originates from the
thermally-induced peristaltic motion of the CNTwall, which
gives rise to a nonuniform potential field. With temperatures
lower than 300K, the hydrogen molecule has insufficient
kinetic energy to overcome this “surface roughness” effect,
and thus its diffusion coefficient saturates to a constant value
as the simulation proceeds.The thermally-induced roughness
of the CNT surface provides an interesting new insight
into the stick-slip phenomena observed in many boundary
lubrication problems [40].

The present results indicate that the hydrogen molecules
diffuse in a single-file mode for Knudsen numbers in the
range of 2 < Kn < 4. In such a condition, the hydrogen
molecules are so rare, and the kinetic energy of eachmolecule
becomes so low, that the molecules cannot overtake one
another as they migrate along the CNT. When the tempera-
ture is increased to 800K, the hydrogen molecules exhibit an
anomalous diffusion mode for 0.5 < 𝛾 < 1. In this regime,
the MSD curves are characterized by a greater fluctuation
due to the enhanced thermal roughness of the CNT wall.The
confined hydrogen molecules diffuse in accordance with a
Fickian-typemechanism in the range of 1<Kn< 2 since in this
particular regime, the molecules are able to pass one another
easily as they travel along the CNT. However, as the value
of the Knudsen Number is reduced, the diffusion mechanism
transits to either superanomalous diffusion (𝛾 > 1) or ballistic
diffusion (𝛾 = 2), depending on the particular value of Kn.
For the values of Kn less than 1, the diffusion mechanism
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Figure 2: (a)–(d): mean square displacement curves, that is, mean square displacement curves of hydrogen molecules along the pore axis
(𝑑𝑧2 ∼ Å2) as function of time for simulation temperatures of 𝑇 = 100K, 300K, 500K, and 800K, respectively. Note that the green, turquoise,
blue, red, and violet lines correspond to particle loadings of 10, 30, 50, 70, and 90 adsorbed hydrogen molecules, respectively. In addition, the
three black lines represent the scaling behavior expected for the ballistic diffusion mechanism (dashed), the Fickian mechanism (solid), and
the single-file diffusion mechanism (dashed-dotted), respectively.

transits to a ballistic mode as a result of the compression-
expansion process discussed in the previous section.

To understand how the transport properties of confined
hydrogen molecules vary as the degree of particle loadings
changes, we conducted simulations for several degree of
filling ranging from 10 to 120No/Å and the corresponding
Knudsen numbers are located in transition flow regime. We
repeat the simulation procedure up to 50 ns of production
time. In Figure 3, we report the MSD obtained for hydrogen

in partially filled SWNTs. At longer time (above 100 ps)
the diffusion mechanism tends to become slower or faster
than the Fickian-type which is dependent on Kn. In cur-
rent simulation results, MSD curves indicate that after the
transition zone flow mechanism becomes highly dependent
on Kn. This means that the dominating effect on the flow
either will still be wall interaction or change to particle
collisions. If Kn is greater than 1, flowmechanismperforms an
anomalous type with 0.5 < 𝛾 < 1 dominated by wall thermal
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Figure 3: Sequence of simulation snapshots. Sequence of simulation snapshots obtained for 50 hydrogenmolecules confined within SWCNT
at 500K.The results show the formation of two neighboringmolecule crowds which subsequently interact with each other via a compression-
relaxation process. Note that the inset shows the tube-wall and diffuser axial vibration displacements at 500 K; load density = 10molecules/nm.
According to the results, both the radial vibration displacements of hydrogen and tubewall present a resonance profile and the radial breathing
mode is the most relevant effect in current case.

roughness. Wall fluctuation affects the hydrogen flow. When
Kn is smaller than 1, it is clear from visual observation
of Animation 2 that particle collisions are responsible for
the formation of piecewise crowd distribution of hydrogen
molecules within the SWCNTs. The concerted motion of
compression-relaxation transport determines the ballistic-
type diffusion mechanism evident from the analysis of MSD
for up to 106∼108 fs (see Figure 3).

3.3.Molecular Origin of DiffusionMechanism. To understand
this jump behavior by molecular origin and appreciate the
molecular mechanism of hydrogen diffusion, a simulation
model is proposed. Figure 3 presents a sequence of four
consecutive snapshots of the simulation model for the case
where the CNT contains 50 hydrogen molecules and the
system temperature is equal to 500K (Kn = 0.48). It
can be seen that the hydrogen molecules have a uniform
density distribution initially. However, as the thermal energy
is transferred through the tube wall, the hydrogen molecules
are transported in the radial direction (i.e., toward the center
of the tube). The resulting collisions between the activated
molecules and the stagnant molecules, together with the long
wavelength acoustic phonons effect exerted by the flexible
CNT wall, cause a piecewise increase in the hydrogen density

along the pore axis. The piecewise molecular density distri-
bution produces a concentration gradient across the pore and
creates a driving force parallel to the pore axis. After a certain
elapsed time, the peristaltic effects and the concentration
gradient prompt neighboring crowds of hydrogen molecules
to approach one another (i.e., to compress) in the direction
indicated by the gray arrow. Interestingly, if the compression
gets higher the crowd of hydrogen molecules reacts against
the wall compression and moves rapidly along with the
tube axis in the direction opposite to the neighbor crowd
moves. As the compression effect increases, the resistive
force between the hydrogen molecules within neighboring
crowds also increases and eventually prompts a separation
(i.e., a relaxation) of the two crowds. Therefore, a sudden
increase (jump) in the MSD of the hydrogen molecules
occurs. Due to the periodic boundary conditions imposed
in the simulations, this compression-resistance-relaxation
process is repeated periodically along the length of the
CNT. And then, this piecewise density distribution performs
longitudinal wave propagation. Using this model we can
approach the real state of the hydrogen molecules inside
SWNTs [Animation 1 (a), (b); Supporting Information]. It is
worth mentioning that there exists a singular phenomenon
“molecular escape through the CNT interstitial” which also



Journal of Nanomaterials 7

10
15

10
10

10
5

10
0

M
SD

Time (fs)
10

0
10

1
10

2
10

3
10

4
10

5
10

6
10

7
10

8
10

9
10

−5

100K
300K

500K
800K

Figure 4:Mean square displacement associate with only one hydro-
gen molecule.

Table 3:Kn and 𝛾 under different temperatures and particle loading.

𝑇 100K 300K 500K 800K
𝐾𝑛; 𝛾 𝐾𝑛 𝛾 𝐾𝑛 𝛾 𝐾𝑛 𝛾 𝐾𝑛 𝛾

Number
1 ∞ ∞ ∞ ∞

10 3.75 0.5 1.575 1 2.5 0.85 1.25 1.16
30 2.125 0.5 1.023 0.8 0.537 2 0.525 2
50 1.0627 1 0.613 2 0.48 2 0.4625 2
70 1.023 1 0.5 2 0.45 2 0.3 2
90 0.43 2 0.53 2 0.48 2 0.338 2

can release this compression pressure.This interesting behav-
ior occurred randomly with Kn < 1 [Animation 2; Supporting
Information].

3.4. Dependence of Hydrogen Diffusion Mode on Particle
Loading. Table 3 summarizes the correlation between the
value of Kn and the diffusion behavior of the hydrogen
molecules. It can be seen that the diffusion mode of the
hydrogen molecules changes from anomalous diffusion to
ballistic diffusion as the value of Kn decreases.

Figure 5 shows the variation of the hydrogen self-
diffusion coefficient with the particle loading in the range
of 10∼120No/Å as a function of the simulation temperature.
The results show that the diffusion coefficient increases expo-
nentially with an increasing particle loading. (Note that the
loading is plotted in logarithmic scale.) For a loading of less
than approximately 30 molecules, the diffusion coefficient is
independent of the number of molecules within the CNT
and is determined primarily by the effects of the interactions
between the molecules and the tube wall. By contrast, for
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Figure 5: Self-diffusion coefficients. Note that the lines represent the
best-fitting approximation for each set of simulation results.

loadings greater than 30 molecules, the diffusion coefficient
increases rapidly as the number of molecules is increased. As
the loading increases, the mean free path decreases as a result
of the greater collision frequency. Consequently, at higher
particle loadings, the coefficient diffusion is dominated by the
interdiffusant collision frequency rather than the interaction
effects of the nanotube wall. As shown in Figure 5, each
curve tends to approach toward a limiting value of diffusion
coefficient at temperature of 100K, 300K, 500K, and 800K
respectively. In Figure 5, simulation results also show that the
diffusion coefficient of hydrogen inside SWCNT exists as a
limiting value of 3.04 × 10−3m2 s−1 with Kn < 1.

4. Conclusions

This study has performed a series ofMD simulations to inves-
tigate the diffusion behavior of hydrogen molecules within a
CNT of infinite length and a diameter of 10.8 Å. The simula-
tions have considered temperatures in the range 100∼800K
and particle loadings ranging from 1∼120 molecules/nm.
The diffusion of the hydrogen molecules under each of the
considered simulation conditions has been quantified by
computing the variation of the mean square displacement
and the self-diffusion coefficient over time. In general, the
results have shown the existence of three distinct diffusion
regimes, depending on the value of the Knudsen number
(Kn). For values of Kn greater than 1, the hydrogenmolecules
exhibit an anomalous diffusionmechanism (i.e., single-file or
Fickian), whereas for values of Kn less than 1, the hydrogen
molecules exhibit a ballistic behavior as a result of a thermally
induced compression-relaxation of the hydrogen molecule
crowds within the CNT. A concerted cluster-typemotion was
also observed for polymers [46, 47] and LJ fluid [19, 48] in
SWCNTs. However, the present simulation results differ from
the results presented in these studies in that the hydrogen
bonds form crowds rather than clusters due to their low
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Figure 6: Hydrogen diffusion in rigid-lattice model (see also
Animation A1, A2, in Supplementary Material available online at
http://dx.doi.org/10.1155/2014/959402).
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Figure 7: Mean square displacement curves of hydrogen molecules
in the rigid-lattice SWNT as function of time for simulation
temperatures of 𝑇 = 100K (red), 300K (green), 500K (blue),
and 800K (light blue), respectively. Note that particle loadings 70
adsorbed hydrogen molecules.

self-interaction potential. Furthermore, the ballistic motion
of the hydrogen molecules prompted by the compression-
relaxation process persists for a relatively long time (i.e.,
∼50 ps) compared to that of the clusters reported in [19, 43,
44]. Consequently, it is inferred that simulation time in the
order of tens of nanoseconds is required to reliably estimate
the self-diffusion coefficients of molecules confined within
a narrow CNT. Recently, Sisan and Lichter proposed that
the solitons can transport water in narrow CNTs [49]. This
result may give the connection between quantum sieving and
hydrogen storage in adsorbents.

Appendix

To provide the evidence to support the opinion of the influ-
ences between flexible and fixed lattice model, we conduct a
rigid-lattice model to simulate the hydrogen diffusion inside
SWNT for comparison purpose. The nanotubes considered
here are describedwith carbon atomsfixedduring the simula-
tions. The self-diffusion coefficients predicted for simple flu-
ids through rigid SWCNTs can be faster than those predicted
through flexible SWCNTs [35].This effect is important at low
loadings and becomes less important as the loading density
increases. For the scope of the present work, which is to
investigate the mechanism of hydrogen molecules diffusion
within narrow SWCNTs, it is unreasonable to consider rigid
SWCNTs for saving computation effort since two types of
carbon atom vibrations are expected to affect the tendency of
adsorbed hydrogenmolecules.This study performs a series of
molecular dynamics simulations to investigate the transport
properties of hydrogen molecules confined within a rigid
carbon nanotube with a diameter of 10.8 Å at temperatures
in the range of 100∼800K and high particle loadings 1No/Å.
We never observe the MSD curves jump behavior on rigid-
lattice model. To assess the reliability of our results, we repeat
selected simulation runs with different initial conditions. No
significant difference was noticed on the conclusions here
reported (see Figures 6 and 7).
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