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ABSTRACT

Grand Canonical Monte Carlo, GCMC, simulations are used to study the gravimetric and
volumetric hydrogen storage capacities of different carbon nanopores shapes: Slit-shaped,
nanotubes and torusenes at room temperature, 298.15 K, and at pressures between 0.1 and
35 MPa, and for pore diameter or width between 4 and 15 A. The influence of the pore shape
or curvature on the storage capacities as a function of pressure, temperature and pore
diameter is investigated and analyzed. A large curvature of the pores means, in general, an
increase of the storage capacities of the pores. While torusenes and nanotubes have sur-
faces with more curvature than the slit-shaped planar pores, their capacities are lower
than those of the slit-shaped pores, according to the present GCMC simulations. Torusene,
a less studied carbon nanostructure, has two radii or curvatures, but their storage capac-
ities are similar or lower than those of nanotubes, which have only one radius or curvature.
The goal is to obtain qualitative and quantitative relationships between the structure of
porous materials and the hydrogen storage capacities, in particular or especially the
relationship between shape and width of the pores and the hydrogen storage capacities of
carbon-based porous materials.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Hydrogen vehicles are clean and environmentally friendly and

vehicles. The use of these type of vehicles is a mean to fight
against global warming and climate change. These vehicles
have not yet been deployed in a large scale, because there is
not a cheap and efficient method to store enough hydrogen

therefore, they are an alternative to the fossil fuel-based
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on-board. There are two on-board hydrogen storage stan-
dards. The Department of Energy, DOE, on-board hydrogen
storage targets for 2020 are 0.030 kg Ho/L and 4.5 wt % for the
volumetric and gravimetric storage capacities, respectively,
and for 2025 are 0.040 kg/L and 5.5 wt % [1,2]. The ultimate
storage targets are 0.050 kg H,/L and 6.5 % wt. These values or
targets would allow us to store enough hydrogen to have the
same autonomy range as the fossil fuel based vehicles, about
600 km.

The Toyota Mirai 2018 vehicle can be considered a second
standard. This is a commercial vehicle whose tanks store
compressed hydrogen at 70 MPa in a total volume of 122.4 L.
It has a gravimetric capacity, g., of 5.7 wt %, a volumetric
capacity, v., of 0.040 kg/L and an autonomy of 312 miles
(502 km) [3,4].

There are three types of on-board hydrogen storage: liquid,
compressed gas, and solid, which comprises chemical storage
and storage by physical adsorption. Solid storage by physical
adsorption consists on storing hydrogen gas by physisorption
in the pores of solid porous materials. According to experi-
ments the storage by physisorption on porous materials is
fully reversible at low and room temperatures [5,6]. This
storage type allows us to store more hydrogen at lower pres-
sures (<25 MPa) than the compressed gas storage type
(70 MPa). The goal is to obtain solid porous materials that meet
or exceed the DOE targets or the benchmarks of Toyota Mirai,
using tanks that operate at moderate pressures, which are less
expensive. There is an intense research to find that kind of
solid porous materials for hydrogen storage [7—10]. The most
promising groups of solid porous materials for hydrogen
storage are nanoporous carbons [3,11,12], porous aromatic
frameworks (PAFs) [13], covalent organic frameworks (COFs)
[14,15], porous polymer networks (PPNs) [16—18], metal-
organic frameworks (MOFs) [19,20], and polymers of intrinsic
microporosity (PIMs) [21,22], due to their large free pore vol-
ume and specific surface area.

Nanoporous carbons are a family or type of solid porous
materials that has received much attention as a potential
material for hydrogen storage [3,11,12]. The structure of
nanoporous carbons is a network of nanopores of different
shapes and sizes. According to experimental reports, many
regions of these carbon-based materials are flat graphitic-
like surfaces parallel to each other and separated a few
nanometers [23—25]. These regions receive the name of slit
or slit-shaped pores. This is also the simplest and most
used geometric shape of carbon nanopores in theoretical
studies.

One of the properties of nanoporous carbons that has an
important impact on their hydrogen storage capacities is the
shape or the curvature of the pores. A curved surface interacts
more strongly with a H, molecule than a flat surface and this
could increase the amount of H, stored on pores with curved
surfaces or shapes [26,27]. However, nanostructures with
curved surfaces, like nanotubes and torusenes, usually have a
larger surface mass density of the adsorbent material than
planar surfaces, like slit-shaped pores, and this decreases the
gravimetric capacity. Hence, the net gravimetric capacity de-
pends on a balance between mass of the adsorbent material
and stronger interaction energies with the hydrogen
molecules.

Torusenes are a little explored type of carbon nano-
structure, in contrast with slit-shaped carbon pores and
nanotubes, which have been intensively studied and
analyzed, not only for gas storage purposes. Torusenes have
been synthesized by several experimental groups [28—36] and
some of their properties have been studied theoretically
[37—44]. Synthesized torusenes have radii greater than
150 nm. A torusene consists on an sp2-hybridized pure carbon
structure in the shape of a torus or doughnut. These struc-
tures received different names in the literature: torusenes,
nanotori, toroidal polyhexes, carbon nanorings (CNRs), carbon
nanotube rings, carbon nanorings and nanotube tori. The
toroidal structure of the torusenes has two radii or curvatures,
while nanotubes have only one radius or curvature and slit-
shaped pores have no curvature.

There are many first principles calculations and GCMC
simulations of the physisorption and storage of hydrogen on
different nanoporous structures [45—56]. Karki and Chakra-
borty [45], Kumar et al. [52], Garcia Blanco et al. [53] and
Cracknell [54] performed GCMC simulations of the hydrogen
storage on slit-shaped pores. GCMC simulations of the
hydrogen storage capacities of both, slit-shaped and nano-
tubes, were carried out by Wang and Johnson [55] and Rzepka
et al. [56]. However, to the extent of our knowledge, the
hydrogen storage capacities of torusenes have not been
studied and there is a lack of comparison of the hydrogen
storage capacities for three carbon pore shapes: planar, cy-
lindrical and toroidal, to find and assess the relationship be-
tween the pore shape and width and the hydrogen storage
capacities of carbon-based porous materials. The goals of the
present research is to study the hydrogen storage capacities of
torusenes and to find that relationship. Grand Canonical
Monte Carlo, GCMC, simulations [57] of the hydrogen storage
capacities of the three shapes of carbon pores: Slit-shaped,
nanotubes and torusenes, have been carried out and
analyzed. The simulations have been performed using an in-
house code. This paper is organized as follows: Section:
Methodology is devoted to the details of the Methodology
used, the GCMC simulations, and the description of the pores
studied. The hydrogen storage capacities of torusenes are
presented and discussed in Section: Comparison of the
hydrogen storage capacities of slit-shaped pores, nanotubes
and torusenes. The comparison of the storage capacities of the
three types of pores is the purpose of Section: Conclusions and
future lines.

Methodology
GCMC simulations

The GCMC simulations of the gravimetric and volumetric
hydrogen storage capacities of three carbon pore shapes
(nanotube, slit-shaped pore and torusene) have been carried
out at 298.15 K and for the pressures 0.1, 0.5 and the interval
1-25 MPa. A few simulations have been carried out at 30 and
35 MPa. The diameter of the slit-shaped, cylindrical and
toroidal pores was in the range 4 and 15 A. A wide pore of
about 25 A width was also studied for the three mentioned
types of pore shapes plus for a spherical pore of the same
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width. In a GCMC simulation the system (adsorbent plus
hydrogen molecules) is simulated in the Grand Canonical
ensemble, which means that the volume, the chemical po-
tential and the temperature of the system are constant along
all the iterations of the simulation.

The Lennard-Jones, LJ, potential [58] has been used to
simulate the H,—H, in all the systems studied. The L] potential
has been used to simulate the C—H, interactions in the tor-
usenes. The L] parameters for the H,—H, and C—H, in-
teractions were obtained from Rzepka et al. [56] (See Table 1).

In the present GCMC simulations, the Steele potential [59]
was used for the graphene-H, interaction in the slit pores, the
Tjatjopoulos potential [60] for the nanotube-H, interaction in
the cylindrical pores or nanotubes and the Siderius-Gelb po-
tential [61] for the sphere-H, interaction in the spherical
pores. The Steele, Tjatjopoulos and Siderius-Gelb potentials
use the L] parameters of the C—H, interaction. The chemical
potential used in the GCMC simulations was the one derived
from the Soave-Redlich-Kwong, SRK, equation of state [62],
using for the acentric factor, the critical pressure and the
critical temperature, the values published by Zhou and Zhou
[63]: 0.216, 1.28 MPa and 33.2 K, respectively. There are more
refined approaches to obtain the chemical potential. Moore
and Wheeler [64] calculated the chemical potential of LJ fluid
for different values of the density, using the Widom method,
the CPP (Chemical Potential Perturbation) method and using
directly the equation of state of the LJ fluid. The differences
between the obtained chemical potentials were very small,
but the computation time of the Widom and CPP methods was
high.

The number of iterations was 10 million in each GCMC
simulation. The number of iterations to reach the equilibrium
was set to 5 million. The next 5 million iterations were used to
calculate the capacities. The Metropolis algorithm was used in
each iteration [65]. The 20% of the trials or attempts of the
Metropolis algorithm consisted on the movement of one
molecule, the 40% on the removal of one molecule and the
remaining 40% consisted on the addition of one molecule.
Several tests were performed to obtain these percentages.

The SRK equation of state and the LJ potentials were also
tested. GCMC simulations of pure H, molecules in a simula-
tion box of 50 x 50 x 50 A% at 298.15 K and at several values of
the ‘experimental’ or input pressure were carried out. In each
simulation or run the pair distribution function g(r) is calcu-
lated from the positions of the molecules obtained in 50 000
configurations of that simulation. The pair distribution func-
tion is used to compute the calculated pressure, P., by
means of [66,67]:

NkgT 2wN?
A (1

0

P cale =

Table 1 — L] parameters used in the GCMC simulations. ¢

is in A and ¢ in eV. The values were taken from Rzepka
et al. [56].

Atoms or molecules o @
C—H, 3.190 0.002 628
H,—H, 2.970 0.002 870

where N is the average number of H, molecules in the simu-
lation box, kg is the Boltzmann constant, T is the temperature
and V the volume of the simulation box and U(r) is the LJ
interaction potential between the molecules.

The results of the comparison of the pressures are plotted
in Fig. 1 in the range of pressures studied in this work. The
agreement between the calculated and input pressures is
good. Another test consisted on the comparison of the density
of hydrogen obtained directly from the SRK EOS and the
density obtained in the GCMC simulations of pure hydrogen at
298.15 K and pressures between 0.1 and 25 MPa. That com-
parison is plotted in Fig. 2. There is also a good agreement
between these two densities.

Description of the simulation cells of the pores

The geometries of the slit-shaped pore, the nanotube and the
spherical pore have been plotted in Fig. 3.

The dimensions of the simulation cells of the systems
studied have been chosen to obtain a volume that is not too
large, to avoid too much computational load, and that can
contain enough H, molecules inside (about 200—2000 mole-
cules) for the range of pressure studied and the room tem-
perature. The exact number of molecules, and hence, the
volume of the simulation cell, depends on the pressure, the
type of pore and the geometric parameters of the pore.

The simulation box of the slit-shaped pore consists on two
graphene layers separated a distance w. The graphene layers
lie in the xy plane. Periodic boundary conditions are applied to
the simulation box of slit pores in the x and y directions. Each
layer has lengths of 88.54 and 89.46 A along the x and y axes,
respectively. These lengths of the graphene layers are
consistent with the periodic boundary conditions of graphene.
The simulated slit pores have a distance or width w between 4
and 15 A. A slit pore with w = 25.089 A has been also analyzed.
The volume of the simulation cell of a slit-shaped pore is SD,
where S is the surface area, S = 88.54 x 89.46 A%, and D is the
width of the pore. The volumes of the simulated slit-shaped
pores are between 32 000 and 120 000 A3, plus one simula-
tion cell of 199 000 A3, that corresponds to w = 25.089 A.
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Fig. 1 — GCMC calculated pressure vs the ‘experimental’ or
input pressure, obtained in the simulations of pure H, at
298.15 K.
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Fig. 2 — SRK EOS density and GCMC density obtained in the
simulations of pure H, vs pressure, at 298.15 K.

Nanotubes with a diameter between 4 and 15 A and one
nanotube with a wide diameter of 25.089 A have been simu-
lated. The nanotube (19,18) has a diameter of 25.089 A and is
the nanotube with the closest diameter to 25 A. In the case of
nanotubes, the periodic boundary conditions are applied in
the direction of the main axis of the nanotube. The length L of
the nanotube of the simulation cell is consistent with the
periodic conditions. The simulation box of the nanotubes has
a length L such that the volume of the nanotube is approxi-
mately 88 000 A® or the closest value. The volume of the
nanotube of the simulation cell is #r’L, where r is the radius of
the nanotube. The volumes of the nanotubes with a diameter
between 4 and 15 A are between 77 000 and 88 000 A® and their
tube lengths L are between 6770 and 470 A. The widest
nanotube simulated, (19,18), has a length of 136.5 A and a
volume of about 67 500 A3. The value of 88 000 A3 for the
volume of nanotubes has been selected after some tests, to
have enough H, molecules inside the nanotube, as it was
explained above.

Torusenes are closed structures and hence, periodic
boundary conditions are not applied to their simulation boxes,
which contain their geometric structures. Torusenes have two
radius. Torusenes with an external radius R of 20, 70 and
240 A, and an internal radius r between 2.4 and 7.5 A, have
been simulated. Torusenes with an internal diameter of
25.089 A have been also simulated. The volume of the simu-
lation cell of a torusene is 27%r?R, where r is the internal radius.

EIRETEIR IR TR
EIEIETEIR TR TR

Hence, the simulation cells of the torusenes with an external
radius of 20 A have volumes between 1600 and 22 000 A3, those
of torusenes with R = 70 A have volumes between 5500 and
78 000 A® and the simulation cells of the torusenes with
R = 240 A have volumes between 19 000 and 266 000 A*. The
torusenes with a diameter of 25.089 A and R = 20, 70 and 240 A
have volumes of 62 000, 217 000 and 746 000 A3, respectively. A
description of the geometry and coordinates of the carbon
atoms of the torusenes is explained in a section below.

As regards to spherical pores, due to their spherical shape,
their storage capacities are very small and only a wide
spherical pore, with a diameter of 25.089 A, have been simu-
lated, to compare the results with the results obtained for slit-
shaped pores, nanotubes and torusenes of the same width or
diameter. The volumes of the simulation cells of the pores
studied are summarized in Table 2.

Description of the torusenes

A torus or toroid is a surface generated by a circumference
that rotates around an external straight line. This line does
not intersect with circumference. A doughnut and a tyre
chamber are daily objects with the shape of a torus. The
Cartesian coordinates of a point on the surface of a torus are
given by:

x = cos B(R+7cos a)
y =sin B(R+ 1 cos «) 2
zZ=rsin a.

Table 2 — Volumes of the simulation cells (in A% and

range of diameters D (in AA) of the pores studied in the
GCMGC simulations.

Pore D Volume equation Volume
Slit 4-15 SD 32.000—120 000
Nanotubes 4-15 7r’L 77 000—88 000
Torusenes R =20  4.8-15 27°r’R 1600-22 000
Torusenes R =70  4.8—15 27°r’R 5500-78 000
Torusenes R = 240 4.8—15 27°r’R 19000—266 000
Slit 25.089 SD 199000
Nanotubes 25.089 ar’L 67000
Torusenes R =70  25.089 27°r’R 217000
Spherical Pore 25.089 47r%/3 8300

Fig. 3 — From left to right: Graphene slit-shaped pore with one H, molecule inside, (5,5) carbon nanotube (a diameter of

6.78 A) and a spherical pore (a diameter of 25.089 A).
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The magnitudes r and R are the internal radius and the
external radius, respectively. By changing the values of the
angles « and 8, different points on the surface of the torus can
be obtained.

The nanostructure composed by carbon atoms on the
surface of a torus is called torusene (See Fig. 4). The procedure
to generate the coordinates of the carbon atoms of the tor-
usenes is described in the Appendix.

Hydrogen storage capacities of torusenes

Torusenes have two radii: The internal radius r and the
external radius R. GCMC simulations of the hydrogen storage
on torusenes with R = 20, 70 and 240 A, and with internal
radius r in the range 2.4—7.5 A (internal diameter between 4.8
and 15 A) and with a wide internal diameter of 25.089 A, have
been carried out at room temperature and for pressures in the
range 0.1-35 MPa. The storage capacities obtained in the
simulations of these torusenes are plotted in Figs. 5—7. These
capacities will be analyzed as a function of the internal radius
and of the pressure.

The storage capacities as a function of the internal diam-
eter d, at 298.15 K and 25 MPa, are plotted in Fig. 5. Both, the
gravimetric and volumetric capacities of torusenes with
R = 20, 70 and 240 A are very similar (the differences are very
small), for the same value of the internal radius. The external
radii of the three torusenes studied are very different.

The gravimetric capacity of the torusenes has a local
maximum at d = 6.8 A (See Fig. 5), and the volumetric capacity
has the global maximum also at d = 6.8 A.

The dependence of the storage capacities on the pressure
can be noticed on Figs. 6 and 7. The storage capacities of
torusenes with R = 20, 70 and 240 A are, again, very similar,
for fixed values of the other variables of the system: The
internal radius (r = 3.39 and 12.544 A), the temperature and
the pressure. The internal radii r studied in these plots are
very different, but in both Figures, the capacities do not
depend on R.

According to the capacities obtained in the simulations
and plotted in Figs. 5—7 for different pressures, and internal
radii, the capacities of torusenes do not depend on their
external radius R. It seems that the relevant part of the
torusenes geometry for the storage capacities, is the inter-
nal radius r.

Fig. 4 — Top view of a carbon torusene with an external
radius R of 20 A and an internal radius r of 4 A.

It is possible to get more insight into the independence of
the results on the external radius R by plotting and analyzing
the potential energy inside the torusenes, as a function of the
molecule position with respect to the center of the torusene.
The interaction potential energies inside six torusenes (R = 20,
70 and 240 A; r = 3.39 and 12.544 A) are plotted in Fig. 8. It can
be noticed that the interaction potential energy practically
does not depend on the external radius R. For the same in-
ternal radius r, the interaction potential energy of the three
torusenes (R = 20, 70 and 240 A) is very similar, is practically
the same. This explains that the storage capacities obtained in
the simulations do not depend on R.

Comparison of the hydrogen storage capacities
of slit-shaped pores, nanotubes and torusenes

Hydrogen storage capacities of narrow slit-shaped pores,
nanotubes and torusenes as a function of the pore width

The storage capacities obtained in the GCMC simulations of
narrow slit-shaped graphene pores, carbon nanotubes and
carbon torusenes are plotted and compared in Fig. 9. In those
figures, pore width means the distance between the two gra-
phene layers, in the case of slit-shaped pores, the tube
diameter, in the case of nanotubes, and the torusene internal
diameter, 2r, in the case of torusenes. These are narrow pores:
The pore width is between 4 and 15 A.

The results obtained for slit-shaped pores are similar to the
GCMC results published previously by several research
groups. At 10 MPa and 298.15 K the total gravimetric storage
capacity for a slit-shaped pore width of 12 A obtained in the
present simulations is 1.43 wt %. Wang and Johnson [55] and
Cracknell [54] obtained at 10 MPa and 298 K a value of
approximately 1.5 wt %, and Kumar et al. [52] a value of 1.47 wt
% at 9.7 MPa and 298 K, for a pore width of 12 A. The volu-
metric and gravimetric capacities of a slit-shaped pore of
width 6.78 A at 30 MPa and 298.15 K are 0.0216 kg/L and 0.95 wt
%, respectively. Rzepka et al. [56] obtained volumetric and
gravimetric capacities of 0.0235 kg/L and 0.95 wt %, respec-
tively, at 30 MPa and 300 K for a pore width of 7 A.

The gravimetric and volumetric capacities of nanotubes
and torusenes, with the same pore width, are very similar; the
differences are very small (See both panels of Fig. 9). It can also
be noticed in that Figure that the gravimetric hydrogen stor-
age capacities of slit-shaped pores are larger than the gravi-
metric capacities of nanotubes and torusenes. They are about
two times larger for pores with a width equal or larger than
6.4 A. As regards to the volumetric hydrogen storage capac-
ities, the slit-shaped pores have larger volumetric capacities
than the nanotubes and torusenes in some intervals of pore
widths: Below 6.4 A and between 7.8 and 10 A. The maximum
relative difference between the volumetric capacities of slit-
shaped pores and nanotubes and torusenes in the interval
6.4—10 A is about 12%. Beyond a pore width of 10 A, the dif-
ferences between the volumetric capacities of slit-shaped
pores and nanotubes and torusenes are very small.

The volumetric capacities of the three types of pores seem to
tend towards a common value as the pore width increases; they
tend towards 0.018 kg of H,/L. GCMC simulations carried out at
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0.5 T T T

T
eeR- 20A  r=3.39A 298.15 K goe e e ad
. =-ER= 70A e
R 04r R=240A oo ]
¥ p
= v ol
S 03f e 1
g o
Q 4
«©
St/
2o2f / 1
[5)
E ]
8 oy
(6} 0.1{‘ B
oc 1 1 1 1
0 5 10 15 20 25

Pressure (MPa)

0.025 T T T T

®eR- 20A  r=3.39A 298.15K

=-ER= 70A . o888
30020F ++R-240A PSS el 1
2z o«
5 0.015F s ]

A
g o~
o / |
2 o0.010f ]
|5
e 1/
3
o
> o.oos;j §
0.000 g L L L L
0 5 10 15 20 25

Pressure (MPa)

Fig. 6 — Total gravimetric and volumetric storage capacities of torusenes as a function of the pressure, at 298.15 K, for
external radii R = 20, 70 and 240 A, and an internal radius of 3.39 A.

25MPa and 298.15 K of a bulk free H, gas, in the same conditions
as the presentsimulations, yielded a density of 0.017814 kg of Hy/
L. Hence, the volumetric capacities of the three types of pores
tend towards the bulk free hydrogen gas density. Previous GCMC
simulations of slit-shaped pores and nanotubes also showed
that the storage capacities of slit-shaped pores are larger than
those of nanotubes of the same pore width [52,55,56] and that
the volumetric capacities tend towards the bulk free hydrogen
gas density as the pore width increases [56].

These results indicate that the higher curvature of tor-
usenes and nanotubes, with respect to the planar surfaces of
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the slit-shaped pores, does not imply, in general, larger stor-
age capacities. The slit-shaped pores have larger gravimetric
capacities and their volumetric capacities are larger than
those of nanotubes and torusenes for certain intervals of pore
widths.

The gravimetric capacities of the three types of pores have
the local maximum at the same pore width, 6.8—7 A. The
volumetric capacities of the three types of pores have the
global maximum at the same pore width or diameter,
D = 6.8 A. Hence, the optimal pore size seems to be indepen-
dent of the shape of the pores.
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Fig. 7 — Total gravimetric and volumetric storage capacities of torusenes as a function of the pressure, at 298.15 K, for
external radii R = 20, 70 and 240 A, and an internal radius of 12.544 A.
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and 298.15 K.

Hydrogen storage capacities of narrow slit-shaped pores,
nanotubes and torusenes of the same width as a function of
the pressure

The hydrogen storage capacities of the three pore shapes,
with the same narrow diameter, 6.78 A, as a function of
pressure and at 298.15 K, the so-called isotherms, obtained in
the GCMC simulations are plotted in Fig. 10. The narrow
diameter of 6.78 A correspond to the local and maximum of
the storage capacities of the three pores as a function of the
pore size. The pressure was varied between 0.1 and 35 MPa.
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The gravimetric and volumetric storage isotherms of the
nanotube and torusene increase fast with the pressure and
then, they tend towards a constant. The gravimetric and
volumetric storage isotherm of the slit-shaped pore, however,
increases slowly with the pressure and almost following a
straight line.

The volumetric storage capacities of the nanotube and
torusene are larger than those of the slit-shaped pore up to
32 MPa. Above that pressure, the volumetric capacities of the
slit-shaped pore overcome those of the nanotube and tor-
usene (See Fig. 10). As regards to the gravimetric storage
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Fig. 10 — Total gravimetric and volumetric storage capacities of three pore shapes as a function of the pressure, at 298.15 K,

and for a width or diameter of 6.78 A.
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capacities, the nanotube and torusene gravimetric capacities
are larger than those of the slit-shaped pore below 5 A and
smaller above 5 A.

To explain these different behaviours of the gravimetric
and volumetric isotherms, the interaction potential energy
curves of the three pores should be analyzed. Fig. 11 is a plot of
the interaction potential energy curves in the interior of the
three pores.

These three pore shapes have the same diameter or pore
width. The curved surfaces of the nanotube and torusene
interact more with the H, molecule than the flat surfaces of
the slit-shaped pores (See Fig. 11): The interaction of H, inside
torusenes and nanotubes is about —0.13 eV/molecule and in-
side the slit-shaped pore is about —0.07 eV/molecule. A deeper
potential implies, in general, a larger number of stored
hydrogen molecules, in the same volume of space, or in
another words, a larger volumetric capacity, up to some high
value of the pressure. At high pressures, the interactions be-
tween the molecules are more intense and the width of the
potentials must be also considered. The potential of the slit-
shaped pore is wider than the potentials of the nanotube
and torusene. This implies, in general, more room to store
molecules than the other two types of pores at high pressures.
Hence, these differences in the potentials explain that the
volumetric capacities of the torusene and nanotube are larger
than those of the slit-shaped pore of the same width up to
32 MPa and smaller for pressures larger than 32 MPa (See
Fig. 10).

About the gravimetric storage capacities, these capacities
also depend on the mass of the adsorbent material in the
same volume of space. The amount of mass of the adsorbent
material is higher in the nanotube and torusene than in the
slit-shaped pore and therefore, the result is that the gravi-
metric capacities of the slit-shaped pore is higher than those
of the nanotube and torusene.

One of the important factors on the hydrogen storage ca-
pacities of nanoporous solid materials is the surface of the
materials. One goal is to increase the surface of the materials
that interacts with the hydrogen molecules. To reach that
goal, it is relevant to find an optimal geometry of the pores.
The geometry is optimal when the potential wells inside the

0.10 T T T

T — Nanotube (5,5)

3 --- Torusene (70, 3.39) A

2z Slit pore w=6.78 A

E

>

2 0.00+ i

>

o

[

f =

(]

=

S

8

£ -0.10F .

" " i " 1 " 1 " " 1 " " 1 " " " "

-1.0 05 0.0 05 1.0

Molecule-center pore position (A)

Fig. 11 — Interaction potential energy inside three pore
shapes with a pore width or diameter of 6.78 A.

pores are deep and wide. A specific and approximate target is
potential wells of —0.3 eV/molecule [68]. The interaction of
one molecule with a graphene-like surface is approximately
—0.03 or —0.04 eV/molecule. The potential wells inside narrow
nanotubes and torusenes are about —0.13 eV/molecule deep.
Hence, it can be estimated that the interaction of narrow
torusenes and nanotubes with H, is equivalent to the inter-
action of several graphene-like surfaces with H, at the same
time.

The histograms of the molecules inside the three types of
pores are plotted in Fig. 12. The histograms of the nanotube
and the torusene are very similar. In the three types of pores,
there is only one H, layer and is located at the center of the
pore. The width of the layer is about 1.4 A for the nanotube
and torusene and about 1.6 A for the slit-shaped pore. The
layers of stored hydrogen of the nanotube and torusene are
higher than the layer of the slit-shaped pore. The width and
the height of the layers are correlated with the interaction
potential: The interaction potential of the slit-shaped pore is a
bit wider and less deep than the interaction potentials of the
other two types of pores (See Fig. 11) and this implies that the
layer of stored hydrogen is a bit wider and has a lower height,
respectively, in the case of the slit-shaped pore. The histo-
grams of the nanotube and torusene have two peaks or
maxima and there is a local minimum between them, located
at the center of the pore. The histogram of the slit-shaped pore
has only one peak and is also located at the center of the pore.
The histogram of the slit-shaped at 6.78 A, with one hydrogen
layer and located in the center of the pore, is similar to the
histogram or density profile obtained by Karki and Chakra-
borty [45] and Rzepka et al. [56] at room temperatures for a slit-
shaped pore of 7 A.

Hydrogen storage capacities of wide slit-shaped pores,
nanotubes, torusenes and spherical pores of the same size as
a function of the pressure

The storage capacities of the pores depend on their size or
diameter. In the above section, the capacities of narrow pores
were studied. Hence, it makes sense to study also the
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Fig. 12 — Normalized histogram of the molecules inside
three pore shapes with a pore width or diameter of 6.78 A,
at 25 MPa and 298.15 K.
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Fig. 14 — Histogram of the molecules inside four pore
shapes with a pore width or diameter of 25.089 A, at
25 MPa and 298.15 K.

capacities of wide pores. The results of the GCMC simulations
of four types of pore shapes (slit-shaped pore, nanotube, tor-
usene and spherical pore), with the same diameter, 25.089 A,
are plotted and compared in Figs. 13—15. The reason to choose
a diameter of 25.089 A for the four pores was that, as it was
explained in a former subsection, the nanotube (19,18) has a

w
o

diameter of 25.089 A and is the nanotube with the closest
diameter to 25 A.

The potentials of the four pore shapes are plotted in Fig. 13.
The potential of the spherical pore is more intense than the
other three potentials. The different curvature of the pores
has a larger impact on the potentials of narrow pores than in
the potentials of wide pores. The overlap of the potentials due
to the opposite surfaces is stronger on narrow pores than on
wide pores and this explains that the curvature has a larger
impact on the storage capacities of narrow pores.

The histograms of the molecules inside the four types of
pores (See Fig. 14) show the presence of two high or dense H,
layers located close to the borders or surfaces of the pore
(about 3 A from the border or surface), and many less dense
H, layers inside the pore, between the two mentioned main
H, layers. Similar histograms or density profiles were ob-
tained in previous GCMC simulations at room temperature
for slit-shaped pores of 10 and 15 A [45] and 14 and 20 A [56]:
Two dense hydrogen layers located at about 3 A from the
graphene sheets of slit-shaped pores. The location of the
maxima of the four histograms coincide with the minima of
the interaction potentials of the four types of pores, as can be
noticed by comparing Figs. 13 and 14. The histograms of the
nanotube and torusene with a pore diameter of 25.089 A are
very similar.

The storage capacities obtained in the GCMC simulations
of the four wide pores at plotted and compared in Fig. 15.
Analyzing the potentials of the four wide pores of this section,
one could expect similar capacities for the four pores. In fact,
the volumetric capacities are very similar. The volumetric
capacities of the spherical pore are slightly smaller than the
volumetric capacities of the other three types of pores. How-
ever, the gravimetric capacities obtained in the GCMC simu-
lations are different.

The slit-shaped pores have larger gravimetric capacities
than the other three pores at any pressure, at room temper-
ature. The gravimetric capacities of slit-shaped pores are
about two times larger than those of nanotubes and tor-
usenes. Nanotube and torusene have very similar gravimetric
capacities and the spherical pores have the smallest gravi-
metric capacities at any pressure.

These differences between the gravimetric capacities of
the three shapes of pores can be explained taking into account
three variables of these pores: The volumetric capacities, the
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Fig. 15 — Total gravimetric and volumetric storage capacities of four pore shapes as a function of the pressure, at 298.15 K

and for a width or diameter of 25.089 A.
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surface mass densities and the volume/surface ratio of the
simulation cells.

The gravimetric capacity obtained in the present GCMC
simulations is defined by:

MAsSystored
)
MASSHstored + MASSadsorbentmaterial

gc = 100 (3)

where massystorea 1S the mass of stored hydrogen and
MASSagsorbentmaterial 1S the mass of the adsorbent material. The
gravimetric capacity can be approximated by:

MASSHstored

g:=~100 (4)

MAsSadsorbentmaterial

because massysioreq 1S much smaller than massggsorpentmaterial-
The mass of stored hydrogen is equal to Vpy,, where V is the
volume of the pore and py, is the volumetric capacity or
density of stored hydrogen. The mass of the adsorbent ma-
terial is equal to Soadsorbent, Where S is the surface of the pore
and cadsorbent 1S the surface mass density of the pore (or the
surface mass density of the adsorbent material). Hence, the
gravimetric capacity is approximately equal to:

ge=100f " —, )
Oadsorbent

where f = V/S is the volume/surface ratio. To compare the

gravimetric capacities of the pores, the ratio of the gravimetric

capacities is necessary. The ratio ry(pore) is defined as:

Tgc(pore) = gc(pore) /gc(slit), (6)

where the gravimetric capacities are those of a pore and of a
slit-shaped pore of the same width or diameter and at the
same pressure and temperature.

According to the GCMC simulations, the density of stored
hydrogen, or volumetric capacity, py,, is approximately the
same for the four types of pores with the same diameter and
at the same pressure and temperature (See Fig. 15). The four
pores have also approximately the same value for gagsorbent-
Therefore, from Eq. (5), the following approximation is
obtained:

Tc(pore) = ge(pore) /gc(slit) = f (pore) /f (slit); )

where f is the volume/surface ratio of the corresponding pore
shape.

The ratio f(pore)/f(slit) of the simulation cells and the ratio
r4c(pore) obtained in the GCMC simulations of the four pores at
25 MPa and 298.15 K are shown in Table 3. The ratio f(pore)/
f(slit) is the same for any pressure and temperature, because it
depends only on the geometry of the pore. It can be noticed in
that table that the ratio r,(pore) at 25 MPa is approximately

Table 3 — Volume, surface and volume/surface ratio f
equations and ratio f(pore)/f(slit) of the simulation cells

and ratio ry(pore) obtained in the GCMC simulations of
the four wide pores, D = 25.089 A, at 25 MPa and 298.15 K.

Pore Volume Surface f f(pore)/f(slit) ryc(pore)
Slit SD 2S D/2 1.0000 1.0000
Nanotubes ar’L 27rL D/4 0.5000 0.5049
Torusenes R =70 27’rR  47rR D/4 0.5000 0.5007
Spherical Pore 47r¥/3 47> D/6 0.3333 0.3052
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Fig. 16 — Ratio r,(pore) of the nanotube, torusene and
spherical pores with a width or diameter of 25.089 A, as a
function of the pressure.

equal to f(pore)/f(slit), in agreement with the approximate
equation (7).

The ratio ry(pore) obtained in the GCMC simulations at
298.15 K as a function of the pressure for the nanotube, tor-
usene and spherical pores is shown in Fig. 16. The ratio rg(-
pore) of nanotube and torusene tends quickly towards the
value of f(pore)/f(slit) for nanotubes and torusenes, 0.5, as the
pressure increases (See Table 3). The ratio r(pore) of the
spherical pore tends towards 0.3000 as the pressure increases,
close to the value of f(pore)/f(slit), 0.3333, predicted by the
approximate equation (7). There is some disagreement with
the approximate equation at low pressures for the nanotube
and a very strong disagreement at low pressures for the
spherical pore.

The results shown on Table 3 and Fig. 16 indicate that, the
relationship ryc(pore) = f(pore)/f(slit) is valid at medium and
high pressures (P > 5 MPa) and for wide pores, and also indi-
cate, as it was stated above, that the differences between the
gravimetric capacities of wide pores are related to the volu-
metric capacities, the mass surface density and the volume/
surface ratio. The relationship ry(pore) = f(pore)/f(slit), is one of
the sought structure-storage capacity relationships. The pre-
sent GCMC simulations have been useful to obtain and
confirm that relationship.

Conclusions and future lines

The gravimetric and volumetric storage capacities of tor-
usenes obtained in the present GCMC simulations at 298.15 K
and the interaction potential energy curves of torusenes are
practically independent of the external radius R of the tor-
usenes, for any value of the internal radius r and the pressure.

The torusenes and nanotubes with the same internal
radius r have very similar interaction potential energy curves
inside them and also very similar gravimetric and volumetric
capacities at any pressure and 298.15 K, according to the
GCMC simulations.

The gravimetric capacities of torusenes, nanotubes and
slit-shaped pores at 298.15 K and 25 MPa obtained in the GCMC
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simulations have a local maximum at approximately the
same pore width or diameter, 6.8 A. The volumetric capacities
of these three types of pores have the global maximum at
approximately the same pore width, which is also 6.8 A. The
volumetric capacities of torusenes, nanotubes and slit-shaped
pores at 298.15 K as a function of the pore width tend towards
a very similar value, as the pore width increases. These results
suggest that there are two features of the storage capacities of
carbon pores that are independent of the pore shape: a) The
optimal pore size for volumetric and gravimetric capacities
and b) the volumetric capacity of wide pores.

Finally, the storage capacities of wide pores with four pore
shapes, slit-shaped pores, nanotubes, torusenes and spherical
pores, obtained in the GCMC simulations at 298.15 K have
been compared. The comparison and analysis of the capac-
ities of these four pore shapes indicates that there is a
structure-storage capacity relationship at medium and high
pressures and at 298.15 K: ryc(pore) = f(pore)/f(slit), where g.(-
pore) and g.(slit) are the gravimetric storage capacities of the
corresponding pore shape and of the slit-shaped pore,
respectively, and f(pore) and f(Slit) are the volume/surface ra-
tios of the corresponding pore shape and of the slit-shaped
pore, respectively.

GCMC simulations of the hydrogen storage capacities of
carbon pores with another shapes and another carbon nano-
structures will be carried out to confirm the conclusions ob-
tained in this research: Schwarzites, nano-onions, nano-
cones, slit pores with double and triple layers, slit pores made
of finite layers and double nanotubes, among other.
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Appendix. Generation of the Coordinates of the
Torusenes

The coordinates of the carbon atoms of the torusenes have
been generated as follows. First, the number of carbon atoms,
n, on the surface of the toroid is calculated such that the
surface density of carbon atoms is equal to the surface density
of carbon atoms on graphene. Second, the initial coordinates
on the surface of the toroid are generated according to the
Fibonacci lattice algorithm [69—72].

That algorithm generates pairs of point (u, v) in a unit
square, i.e., u and v are between 0 and 1 and are defined as
follows:

u = frac(i
Uf: i/(n{(p) (8)

where frac(x) is the fractional part of x, i runs between 1 and n,
and ¢ is the golden section or golden ratio number. n is the
number of points; in our case, n is the above mentioned
number of carbon atoms on the surface of the torusene.

The pairs (u, v) are, then, mapped into the surface of a
torusene with major radius R and minor radius .

A differential element on the surface of a torusene is given
by:
dS = (R+rcosa)rdadg. 9)

This element is equal to dwdg, where dw is given by:

dw = (R +rcosa)rde. (10)

Integrating this element, the variable w is obtained:

w = Rra + r’sina. (11)

This variable w changes between 0 and 2#Rr. The variables
w and @ are on equal foot and hence, the pair (u, v) is mapped
to the pair (w, 8):

w = 2#xRru

8 = 2nv. (12)

The angle « is a function of w. From Egs. (11) and (12) the
following expression is obtained:

27Rru = Rra + r’sina. (13)

The angle « is obtained by solving Eq. (13). For each (u, v)
pair, a pair of angles («, 8) is obtained. This pair of angles is
introduced into Eq. (2) to get the initial Cartesian coordinates
of each carbon atom on the torusene surface.

The last step consists on moving randomly the initial co-
ordinates of the atoms on the toroid surface, minimizing the
total energy of the interactions between the carbon atoms.
The interaction energy between two carbon atoms located at
points 7; and 7; is given by:

1
Eijzzi—; = (14)
[7i — 15l

The total energy of this procedure is, then:

i=n
E=) > E; (15)
i=1 jj=i

A random move consists on changing randomly the values
of the angles « and 8 of one carbon atom (See Eq. (2)). One
iteration in the third step consists on making a random move
on each carbon atom. The third step consists on applying
hundreds or thousands of iterations.

This procedure allows us to obtain a set of carbon atoms
distributed on the toroid surface with an approximately con-
stant surface density of carbon atoms, if the number of itera-
tions is large enough. On each iteration the first, second, third
and fourth nearest-neighbour C—C distances are calculated. To
obtain similar first, second, third and fourth distances and
hence, to obtain an approximately constant surface density of
carbon atoms, thousands of iterations are needed.
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The goal behind this procedure is to build torusenes with
different and continuous values of the radii R and r and with
an approximately constant surface density of carbon atoms,
equal to the surface density of graphene. For torusenes with a
major radius R = 20 and 70 A, a number of 3000 iterations have
been used and for torusenes with R = 240 A, 1000 iterations.
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