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Hydrogen and methane adsorption is studied on a range of nanoscale carbon slit pores up to 1000 bar at
298 K using Molecular Dynamics. Past about 200 bar, the calculated adsorbed hydrogen density increases
as a function of pressure at the same rate as the highly compressed bulk liquid and thus no saturation
plateau is predicted in these conditions. This behaviour implies a continuous increase of the adsorbed
hydrogen density past the normal boiling point value and explains high pressure experimental hydrogen
adsorption data at 298 K on porous carbons, such as AX-21 activated carbon. This result is put into
perspective by comparing with the adsorbed hydrogen phase measured at 50 K on AX-21, which exhibits
an ideal incompressible liquid behaviour and a maximum density of only 0.06 g mL™'. These findings
therefore suggest the existence of two distinct temperature dependent saturation regimes, most likely of
quantum origin. The volumetric capacities show that the adsorbents provide no gains over compression
past 600 bar at about 0.04 g mL™". Conversely, gravimetric capacities inferior to 0.03 g g”' found below
200 bar indicate large mass penalties when significant gains over compression are achieved. The
calculated adsorbed methane density reaches at about 50 bar a true saturation plateau comparable to the
pressurized bulk liquid at lower temperatures. Large volumetric and gravimetric capacities of about 365 v
v'and 0.21 g g, respectively, are found in these conditions. These results therefore indicate an
interesting 10 fold improvement over compression and a small mass penalty for methane adsorbed on

well compacted engineered materials.

1. Introduction

Hydrogen Fuel Cell Vehicles (HFCVs) provide the benefits of
electric propulsion, with no on-vehicle harmful emissions. In
addition, they have driving ranges and refuelling times
comparable to gasoline vehicles. Hence, there is a continuous
interest in developing these vehicles and their concurrent refilling
infrastructure. The efficiency and competiveness of HFCVs could
be improved by low pressure and high energy density fuel storage
systems. Materials-based storage systems may be the best
hydrogen storage approach in the long term.” Nanoporous carbon
adsorbents are being investigated as gas storage materials because
of their high surface areas and pore volumes, as well as their low
mass favouring adsorption capacity."*** Typical carbon
adsorbents consist of pores that can be represented by a slit
model,>*” and have a good affinity for guest species. *° Jorda-
Beneyto et al. reported results on a range of materials, including

¥ New address: Ford Motor Company, Product Development, 1201
Village Rd. Dearborn, MI 48121 USA. Tel.: 313-316-7985; Mailto:

epoiriel @ford.com, poirierem@gmail.com

’ http://www.fueleconomy.gov/feg/fcv_benefits.shtml
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activated carbons (AC) and nanofibers, indicating that up to 6.8
wt.% of hydrogen could be stored at room temperature and 500
bar.'® In a theoretical study, hydrogen uptakes reaching 1.4 wt.%,
at 303 K and about 100 bar, and visibly still linearly increasing
beyond that point, were reported.” Nishihara et al. measured up to
about 2.2 wt.% at 340 bar and room temperature in zeolite-
templated carbons (ZTC) with pores of small dimensions (12
A)."" As noted elsewhere, this relatively high value cannot be
explained on the basis of a large surface area alone.' Although
ZTCs may not be represented exactly by slit pores, the latter
constitute a good approximation of their structure.'” As pointed
out in these reports, as pore size distribution and pore volume
play a key role in adsorption properties, optimization at the
nanoscale is required to get efficient adsorbents. Importantly, no
saturation plateau or excess adsorption maximum at room
temperature can be seen at the highest pressures in many
reports."'%'"1 " This feature requires clarifications to better
understand adsorptive storage limits of carbon slit pores at very
high pressures.

The essential goal in the design of an on-board gas storage
material is to obtain a high volumetric capacity (g mL™") while
keeping minimal the mass penalty from the solid, i.e. via a high
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gravimetric capacity (g g'). The volumetric capacity should
improve over compression over a practical pressure and
temperature (P,7) range. This is increasingly challenging as the
gas density increases and simple compression becomes better in
comparison. It is sometimes suggested that a low crystal density
may be detrimental to the adsorbent’s volumetric capacity. In
fact, the material’s crystal density has to be minimized under the
condition that pore size stays within a range allowing for an
extended and high density adsorbed phase, where the importance
of understanding the physical limits of the latter. In that respect,
the adsorbed hydrogen phase density and volume were measured
in the decreasing regions of excess isotherms down to 50 K range
on several microporous adsorbents.'*!* These measurements
revealed saturation conditions for supercritical adsorption.'®'”'®
However, the ultimate densification of supercritical gases
adsorbed in nanopores at room temperature and very high
pressures still raises questions due, as mentioned above, to the
apparent absence of saturation plateaus or excess adsorption
maximum. Moreover, the possibility of a adsorbed hydrogen
density reaching, at room temperature, values higher than the
bulk liquid at the boiling point is interesting.'” Adsorption of
hydrogen on grapheme sheets represents is somewhat an
ambiguous topic with some reports of hydrogen uptakes possibly
reaching beyond anticipated limits. For instance, results varying
over a certain range, depending on structural factors, and reaching
up to 18.53 wt.% of hydrogen were reported.?’ It was also
reported that the maximum adsorption limit on activated carbon
is about 24 wt.% and independent of temperature.”’ Variations in
pore size could lead to differences in gas uptakes, yet pore size
effects at very high pressure are unclear.>** In a context where
the realization and interpretation of very high pressure adsorption
measurements is challenging, this work aims at providing
theoretical insights on the limits of high pressure gas adsorption
in many advanced carbon nanomaterials. The results are
compared with relevant experimental data on AX-21, as well as
compression over the same (P,7). Because of its technological
importance as the main constituent of natural gas, which is of
significant interest for transportation,”?**2%" methane is also
studied as an adsorbate using a similar approach. In this case, of
particular interest is the theoretical maximum volumetric capacity
as rapid progress are made in that respect, with measured uptakes
of the order of 236-241 v v'' recently reported.”®*’ Results for
both adsorbates are compared to better understand the impact of
particular solid-gas energetics.

2. Calculations Details

The Classical Molecular Dynamics calculations were performed
using the Forcite module in the Material Studio software.”® The
classical approach is valid at room temperature as quantum
effects are relatively small.>'*? The slit pore structures used for
the calculations consist of six (6) superposed grapheme planes
built within a simulation cell. The cells have dimensions (in A) of
a=22.03, b= 25.38, and c= 68z as c is gradually increased with
interplanar spacing up to 168 A. The interplanar spacing or pore
size (8z) is varied from 5 to 20 A generating structures ranging in
crystal densities, pore volumes and sizes, as well as energetics.
This stack structure provides for averaged adsorption isotherms

from the 6 individual pores. The unbalanced bonds on the edges
of the carbon planes were chemically quenched with hydrogen

60 atoms (these atoms were not subsequently accounted as part of

the adsorbed phase). The Connolly surface method**~** was used
to establish the effective boundary between solid and free space
volumes, hence allowing for pore volume, solid and crystal
density determination based on repulsive forces (section 3.2). A

s Connolly surface is defined at the boundary between a rolling

probe molecule and the atoms of studied structure. An example of
the slit pore stack structure and its corresponding Connolly
isosurface constructed in Material Studio are shown in Figure 1.

70 Figure 1 The slit pore carbon structure, shown here for 5z= 7 A: carbon
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atoms (in grey), chemically bonded hydrogen (in white) and the Connolly
isosurface (in blue).

The Universal force field (UFF)** and the NVT Canonical
Ensemble were used. The UFF treats Van der Waals interactions
using a “12-6” Lennard-Jones potential of the form:

RO 12 ~ & 6
3] 3

where D, is the depth of the potential, R, the distance at which
the potential energy is minimum, and R the distance between
particles.*® Eq. 1 is parameterized for each interacting species.
The calculations were performed using a 15 A cut-off distance
and an atom-based summation method. The temperature was
maintained at 298 K using a Nose thermostat. The crystal
structures were assumed rigid and thus constrained in their
position. Preliminary calculations with the Compass and Dreiding
force fields yielded unrealistic adsorbed hydrogen phase densities
in the present conditions. Therefore the UFF was retained, in
agreement with other reports.>’ The pore width modulates the
overlap of V(R) from opposite walls, and thereby the adsorption
energetics. The adsorption potentials AE;, (in kJ mol™) for H, and
CH, were first calculated after 32 and 24 molecules, respectively,
were equilibrated in a slit for a time /=110 ps as:

(M
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AE, =E 2

gas+solid

E

gas

-E

solid

In this case, a single slit was isolated using a vacuum space of at
s least 15 A to avoid long distance interactions and capture the net
effect of 8z. Similarly, as eq. 2 indicates, 4E), is corrected for
adsorbate-adsorbate interactions in the pore. The adsorbed
amounts were calculated by allowing different amounts of
adsorbate gas to expand in the structures over 360-460 ps. The
equilibrium gas density was derived from the average amount of
molecules in the volume outside the pores over the last 20 (10 ps)
frames. The adsorbed phase density p, was established from the
balance of molecules, present in the pore volume v, delimited by
the cell parameters and the Connolly surface. The absolute
gravimetric amount adsorbed 7, is:

>

o

3)

n, =Py

The corresponding pressures were approximated from gas
densities outside the pores and the temperature using the NIST
fluid properties database, which accounts for compressibility.*®
This approach constitutes a first approximation limited by the use
of different approaches for the adsorbed phase density and
pressure calculations. The volumetric amount adsorbed was
calculated as n,d,, where d, is the crystal density derived from the
solid mass contained in the structure, e.g. Figure 1. The present
approach involves the absolute amount adsorbed 7, (eq. 3), which
corresponds to the molecules present in the region of v, where
interaction with the surface is significant. As v, (and 8z) increases
and some adsorbate get farther away from the surface, a fotal
amount accounting for a mix of adsorbed and gas-like phases
may be considered. For &~15 A, i.e. the potential's cut-off value,
the two amounts virtually coincide. As a result, the conjunction of
absolute adsorbed amounts in micropores and ideal crystal
densities provides for total adsorption capacity projections on
perfectly compacted engineered materials

3

by

3. Results
3.1 Surface Area, Pore Volume and Material Density

40 The Connolly isosurface, and the mass and dimension of the
simulation cells were used to determine specific surface area,
pore volumes and densities. The Connolly isosurface (Figure 1)
corresponds to a specific surface area of about 2390 m* g™'. It lies
at about 1.5 A above the centre of the carbon planes, thus
defining an impenetrable solid volume (v,). The skeletal density
based on the mass within v, is 2.4 g mL"'. The specific pore
volume is the difference between the volume of the crystal (v.) as
determined by the cell parameters and that of the solid, reported
on a mass basis, i.e. as v,=(V,-vy)/m,, where m; is the solid mass in
the cell. The quantity v, (mL g') increases with 8z(A) as v =
0.1148z -0.356; it does not pass through zero due to the repulsive
region near the carbon atoms. The crystal density d. is calculated
as d=myv, and is independent of the specific surface area and
skeletal density.
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3.2 Potential Energy

Energy calculations results (eq. 2) are presented in Figure 2 for
8z=5 to 20 A. The 8z=6 A system is found to be the most
energetically favourable for hydrogen, with AE, = -11.7 kJ mol ™.
This result is consistent with other reports.***° For 8z<6 A, the
energy increases rapidly to reach a non-bonding state (4E, =+4.5
kJ mol™) at 8z= 5 A. Conversely, for larger 3z, AE, tends to a
value similar to that of a single grapheme plane (~-4 kJ mol™), as
expected. For methane, the lowest energy is AE, =-33 kJ mol™ for
8z=7 A, a result comparable with another report.*!
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Figure 2 Potential energy of the guest molecules in different pore sizes.

3.3 High Pressure Adsorbed Phase Density
3.3.1 Adsorbed Hydrogen Phase

The adsorbed hydrogen density is plotted for different 8z in
Figure 3." For the 6 A pores, it rises rapidly over 0-200 bar, and
subsequently increases at a slower rate to reach about 0.095 g
mL" at 1000 bar. This elevated density exceeds that of liquid
hydrogen at the normal boiling point (0.071 g mL") and may
suggests at first a performing adsorbent. This result is put in
perspective by comparing with bulk liquid densities over the
same pressure range but at 7=30 K (Figure 3).*® Visibly, past
about 200 bar the adsorbed phase behaves increasingly like the
highly compressed bulk liquid, differing approximately from the
latter by a constant. That is, the slow increase in adsorbed phase
density past about 200 bar can most simply be explained by the
sole compaction of hydrogen under applied pressure, with no
concurrent influence from the adsorbent. The adsorbed phase
density increases at an average rate of (0.029+0.005)x10° g mL"!
bar! over the 425-900 bar range in the 6 A pore and
(0.027£0.005)x10 g mL™" bar™" over the 325-850 bar range in the
7 A pore. Comparable trends are visible for the other 5z values
(Figure 3). These values are similar to the 0.030x107 g mL™" bar™!
average rate for the bulk (30 K) liquid over the same pressures.
Changes in 8z tend to offset the adsorbed phase density to various
extents. For the 6 A pore, the density reaches ultimately about

T Note that unless indicated otherwise, continuous lines in the figures are
there to guide the eyes.
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95% of the liquid hydrogen state values. However, it remains
well below bulk liquid density values at moderate pressures e.g.
at 30 bar, it is about 1/3 of the liquid density at the normal boiling
point. Densification for 8z=12 A is further limited with an
adsorbed phase density at ranging from ~1/4 to ~2/3 that found
for 8z=6 A over the current pressures. The criticality of pore size
is apparent from minute changes in 8z: increasing 6z from 6 to 7
A reduces the adsorbed phase density by nearly 25 % at 30 bar. A
reduction of 8z to 5 A leads to virtually no adsorption, in
accordance with another report.?

These results suggest that the saturated adsorbed hydrogen phase
behaves, at 298 K, differently than at 7=50-60 K where it is
systematically found incompressible and less dense in a range of
microporous materials.'®'” Figure 4 shows the adsorbed phase
density measured on the AX-21 AC, a typical slit pore
adsorbent”*? | plotted as a function of pressure at 50 K. The
adsorbed phase density is here estimated as po=n,1v,+p,

using the adsorbed phase volume v, derived past the maximum of
the measured excess adsorption isotherm, as v, =—dn, /dpg 617

Hence, the linear decrease (inset) indicates an ideal
incompressible volume of 1.58 mL g™'. The system reaches a true
saturation plateau at 0.06 g mL™' near 30 bar, reflecting this
incompressible behaviour.* This contrasts with the current 298 K
projections indicating densification well beyond the normal
boiling point density. These two regimes would most likely be of
quantum origin.'” That is, as the de Broglie wavelength increases
as the temperature diminishes, the effective molecular diameter
increases compared to the classical picture and thus reduces
adsorption.*®* This effect may be more significant under
nanoscale confinement than in the bulk as large potential
gradients within nanoscale objects may restrict molecular motion
in some directions.** These considerations may thus explain the
lower adsorbed hydrogen density at 50 K compared to the
classical treatment of the solid-fluid interactions at 298 K.
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Figure 3 Calculated adsorbed H, phase densities at 298 K.

! The excess maximum indicates the point where the adsorbed phase
reaches a density high enough to displace gas. The maximum becomes
further defined when v, ceases to be negligible compared to the gas free
volume (e.g. the helium dead space volume).
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Figure 4 Adsorbed H, phase density as a function of pressure on AX-21 at
50 K. The adsorbed phase volume v, is derived from the measured
decreasing region of n., vs. p,, which is linear (inset).

3.3.2 Adsorbed Methane Phase

The adsorbed methane density is plotted for different 6z in Figure
5. For all pores, it reaches at 298 K values similar to that of the
bulk liquid phases found in the 100-200 K range. In particular,
for 8z =7 A it reaches at 50 bar a value close to the 100 K bulk
liquid phase. Hence, in contrast with hydrogen, the room
temperature adsorbed phase densities and the low temperature
bulk liquid densities coincide. The apparent adsorbed phase
density is lowest for 8z =20 A as a significant fraction of methane
is being solely compressed in the pore. It was verified that the
adsorbed methane density does not vary much with temperature:
for 8z=7 A it reaches a maximum value at 250 K of 0.460 g mL™',
only 2% higher than at 298 K. This could be explained by strong
attractive potentials hindering volumetric thermal expansion of
adsorbed methane molecules. For 8z<7 A, adsorption diminishes,
and then vanishes for 8z =6 A (not shown), indicating a range of
small 6z values detrimental to methane adsorption.
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Figure 5 Calculated adsorbed CH,4 density at 298 K.
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3.4 Storage Capacities
3.4.1 Hydrogen Storage Capacity 0.08
® 55A

The absolute gravimetric hydrogen adsorption isotherms for o 6A

. . . v 7A
different 6z values are presented in Figure 6. Nanoscale 006d| & oA
differences in slit size visibly lead to an increasing spread of the ' - :g:
isotherms with pressure, with capacities ranging from about 0.02 O AX-21 (exp)

to 0.06 g g at 600 bar. For 8z = 12 A a gravimetric capacity of
0.05 g g (4.7 wt.%) is found at 450 bar. However, this relatively
high uptake results from reporting on a mass basis a larger
amount of adsorbate whose density is not much influenced by the
surface, as will be illustrated later. The corresponding volumetric
capacities are presented in Figure 7 where bulk compression data
are also shown for comparison.® The 8z =6-7 A slits have the
highest volumetric capacities and offer a five-fold gain over
compression at 30 bar. Nevertheless, the gravimetric uptake
remains below 1 wt.%, revealing a large mass penalty at this
pressure. The 12 A slits show a reduced volumetric uptake due to
a smaller adsorbed phase density. Gains over compression
virtually vanish near 600 bar where all structures lose their raison
d’étre at about the same volumetric capacity (0.04 g mL™). The
improved effectiveness of the 6 A pores over the 12 A pores can
be seen in Figure 8 and Figure 9, respectively, showing 300 bar
simulation snapshots. The 6 A slits are densely packed with
hydrogen, while the 12 A slits are populated at their centres at
densities close to the gas phase, i.e. under little influence from the
surface. This shows an inefficient use of pore volume in the 12 A
slits compared to the 6 A slits. This effectiveness of 8z=6-7 A
slits is consistent with literature.® The 5.5 A slits adsorb much
less than the larger 8z's on both a gravimetric and volumetric
basis, despite an adsorbed phase density comparable to that found
on other slit sizes. This is apparently a result of the smaller
specific pore volume of the 5.5 A structure. No adsorption is
found for 8z= 5 A at 950 bar (Figure 10), as expected from the
repulsive energy in these pores.

The AX-21 has a pore distribution centred near 12 A and a
microporous volume of about 1.1 mL g"'.* It is thus compared to
the 12 A structure (v,=1.08 mL g') as a first approximation.
Measured isotherms on AX-21 from Voskylen and Pourpoint*®
converted on an absolute basis, are plotted in Figure 6. The
experimental and calculated values agree well despite the coarse
analogy. The calculations also compare well at 100 bar with
measurements by Burress et al. who found ~0.015 g g”! (absolute)
in these conditions.® Hence, according to the present picture, it
can be assumed that the adsorbed hydrogen phase on AX-21 will
increase at high pressure following the same trend as the bulk
pressurized liquid. Consequently, no true adsorption saturation
plateau is predicted for this and similar adsorbents at 298 K up to
1000 bar, and visibly to some extent beyond that pressure.
Hydrogen uptakes of 0.03 g g (or 2.9 wt. %) at 450 bar in 6 A
pore, as reported elsewhere, are not inconsistent with the present
results.'! However, any gravimetric uptake at these high pressures
may not indicate practicality as the volumetric uptake comes
across as the actual limiting property. Even on the present ideally
compacted systems, a marginal (~15%) improvement over
compression is found at 450 bar (Figure 7). Gains on real
materials can naturally be expected to reach comparatively
smaller values.
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Figure 6 Absolute gravimetric H, isotherms at 298 K. The AX-21
experimental data (diamonds) are from reference 46.
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Figure 7 Absolute volumetric H, isotherms calculated at 298 K. The
compressed H, density (slash curve) is shown for comparison.

65

Figure 8 Snapshot of the 5z=6 A hydrogen populated system at 298 K
and ~300 bar (330 H, molecules).
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Figure 9 Snapshot of the 5z=12 A hydrogen populated system at 298 K
and 300 bar (600 H, molecules). The central region of the slit apparently
s adsorbs under relatively low density reducing the slit's effectiveness.

Figure 10 Snapshot of the z=5 A system at 298 K and about 940 bar
(240 H, molecules). Virtually no hydrogen enter the pores.

3.4.2 Methane Storage Capacity
The absolute gravimetric methane adsorption isotherms for
different 6z are shown in Figure 11. The smallest pores on this
10 graph offer interesting gravimetric uptakes reaching about 0.20 g
g' (~17 wt.%) at only 30 bar. This value compares well with
reported data on AX-21.* Higher capacities, in excess of 0.50 g
g, are obtained at higher pressures for the larger pores (5z=14-
20 A), indicating small mass penalties. The volumetric capacity,
1s which is typically more relevant in this case, ranges between
0.20-0.22 g mL™" for 8z=7-9 A at 30 bar (Figure 12). Ten-fold
improvements over compression are obtained at this pressure. A
0.22 g mL™ capacity corresponds to about 365 v v’ (using 24400
mL mol! at 298 K and 1 atm), a value about twice the DOE
 target of 180 v v''.*’ For 8z= 14 A, interesting volumetric and
gravimetric capacities of 0.27 g mL™ and 0.49 g g, respectively,
are found at 80 bar. Despite this higher pressure, the 14 A slits
still offer a 5 fold gain over compression, but with a reduced
mass penalty compared to 30 bar. At pressures above 300 bar, no
25 system offers significant advantages over compression. Snapshots
of the methane molecules in the 7 and 14 A slits (Figure 13 and
Figure 14) show it is densely adsorbed in both systems below 80
bar. This illustrates a more favourable adsorption energetics
compared to hydrogen. The current temperature corresponds to
30 ~1.5T, for methane (7,=190.56 K) and ~107, for hydrogen
(T=33.15 K). The stronger gas-solid interactions may favour a

35

40

condensation-like mechanism for methane adsorption at a
temperature close to the critical temperature 7. This mechanism
is not unlike hydrogen adsorption at 50 K.
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Figure 11 Absolute gravimetric CHy isotherms calculated at 298 K.
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Figure 12 Absolute volumetric CHy isotherms calculated at 298 K. The
compressed CH, density (slash curve) is shown for comparison.
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Figure 13 Tllustration of the 5z=7 A methane-containing system at 7= 298
K and P~78 bar (360 CH4 molecules).
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Figure 14 Illustration of the §z=14 A methane-containing system at 7=
298 K and P~68 bar (660 CH, molecules).

4. Conclusions

The present analysis predicts two temperature dependent
saturation regimes for hydrogen adsorbed in carbon slit pores. At
298 K, adsorbed phase densities continuously increasing at an
average rate converging with that of highly compressed bulk
liquid hydrogen are found. No saturation plateau is therefore
predicted for this type of system in the present (P,7) conditions.
The adsorbed hydrogen density may reach values as high as
0.095 g mL™" at 1000 bar for 6 A pores. In contrast, at cryogenics
temperatures (50 K) the adsorbed hydrogen phase behaves
rapidly like an ideal incompressible liquid reaching a plateau at a
lower density, e.g. 0.060 g mL™"' for AX-21. These two regimes
may originate from quantum effects, which are exacerbated under
nanoscale confinement at low temperatures and repulsive in
essence. This change in compressibility may be a key for
modeling supercritical adsorption isotherms over a wide
temperature range. The absence of hydrogen saturation plateau
implies that large adsorbed densities are possible, yet
improvements over compression may be small at high pressure,
and vanish around 600 bar. It should be emphasized that past this
pressure the gravimetric capacity becomes an immaterial
indicator of performance. Small gravimetric uptakes under
conditions where a gain over compression is achieved shed doubt
on the practicality of these systems. The properties of the
adsorbed hydrogen phase at saturation appear independent of
particular chemistry or functionality.*'*'®!7 Increasing hydrogen
packing densities beyond the current liquid state limits may thus
be challenging. However, as small gains over compression are
found at low pressures (e.g. relatively to methane) optimization
opportunities may exist for such conditions. Enhancing the
adsorption  potential carbon  substitution, surface
modifications or novel structures are among possible pathways
for low pressure adsorption improvement.**®

via

The room temperature saturation behaviour of methane is found -
not unlike hydrogen - to converge with that of its pressurized
liquid counterpart. In this case a maximum adsorbed phase
density of about 0.460 g mL™" is calculated. However, in contrast
with hydrogen, methane adsorption reaches true saturation
plateaus. Moreover, elevated volumetric (365 v v) and

o
S

gravimetric (0.20 g g”') capacities are found at only 30 bar for 7
A pores. These results indicate the practical potential of
nanocarbons engineered with no large voids as candidates to
exceed the current volumetric storage targets. Increasing further
methane densification via surface modifications® may however
be challenging due to saturation plateaus associated with
incompressible methane phases found at relatively low pressures.
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Graphical Abstract

Molecular dynamics calculations of gas adsorption in ideal carbon slit pores provide new insights on the
physical limits of nanocarbons for hydrogen and methane storage at very high pressures and room
temperature.
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