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A B S T R A C T

Fuel cell electric vehicles powered by hydrogen are zero-emissions vehicles. The on-board hydrogen storage
is one of the main problems of these vehicles. Storage on solid porous materials is a promising method and
a very active field of research. Nanoporous carbons are one of the main groups of solid porous materials.
Schwarzites are a type of nanoporous carbons with a very complex porous structure. Grand Canonical Monte
Carlo simulations of the hydrogen storage capacities of Zeolite-templated Carbon (ZTC) schwarzites and carbon-
based slit-shaped pores at 298.15 K and in the pressure interval of 0.5-25 MPa have been carried out, analyzed
and compared. Relationships between the structural parameters (density, porosity and pore size) and the
storage capacities of ZTC schwarzites at room temperature and 25 MPa have been found and analyzed. The
storage capacities of ZTC schwarzites are similar to the experimental and theoretical capacities of carbon-based
materials.
1. Introduction

The climate change is mainly due to the emission of greenhouse
gases. Most of the CO2 emissions and pollution are caused by fossil fuel
based road transport. The European Union aims to achieve a 60% re-
duction in transportation-related pollution by the year 2050, compared
to the levels recorded in 1990 [1]. Hydrogen is an environmental-
friendly alternative to fossil fuels. A transport based on the fuel cell
electric vehicle powered by hydrogen would reduce the fossil fuel
dependence, the emissions of greenhouse gases and the pollution.
Hydrogen possesses a remarkably high specific energy. However, under
standard conditions, it exhibits a low energy density. This poses a
challenge for on-board storage of hydrogen in vehicles. Therefore, it is
imperative to explore and develop methodologies that enable the stor-
age of sufficient amounts of hydrogen. The technological objective is to
create hydrogen-powered vehicles with a range autonomy comparable
to fossil fuel-based vehicles, approximately 600 km.

The Department of Energy, DOE, has set on-board volumetric and
gravimetric hydrogen storage targets for 2025 at 0.040 kg/L and 5.5
wt%, respectively [2]. The ultimate storage goals are even higher,
aiming for 0.050 kg H2/L and 6.5 wt.%. Another benchmark for storage
capacities is provided by the 2018 Toyota Mirai, a commercial vehicle
with tanks storing compressed hydrogen at 70 MPa within a total
volume of 122.4 L. The Mirai boasts a gravimetric capacity of 5.7 wt%,
a volumetric capacity of 0.040 kg/L, and a range autonomy of 312
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miles (502 km) [3]. It is important to note that both the DOE and
Toyota Mirai 2018 capacities represent deliverable or usable storage
capacities.

Utilizing solid porous materials for hydrogen storage represents a
promising avenue to achieve the aforementioned targets. This method
involves the storage of hydrogen gas through physisorption on the
surfaces of the pores within these materials. Ongoing research in the
field focuses on identifying materials suitable for room temperature use
that can store sufficient hydrogen for practical applications in hydro-
gen vehicle depots [4]. Compared to compression storage at similar
pressures, the storage on solid porous materials demonstrates higher
densities at low and moderate pressures. The notable high porosity of
these materials positions them as promising candidates for on-board
hydrogen storage.

Carbon-based nanostructured materials are a group of solid porous
materials that have been widely studied in experiments and theoret-
ical studies [5–12]. The exploration of various carbon nanostructures
has yielded over 500 3d-periodic hypothetical carbon configurations,
cataloged within the Samara Carbon Allotrope Database [13]. Most of
these structures have been proposed in the last decade. Schwarzites are
among those hypothetical carbon allotropes. They are carbon 3d peri-
odic structures that reproduce a triple periodic surface minimum [14].
They are composed by sp2-hybridized carbon atoms that form hexa-,
hepta-, and octagons with a negative Gaussian curvature that corre-
sponds to the minimal Schwarz surface [15,16]. Fullerenes have a
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positive curvature and graphene, nanotubes and nanocones have zero
curvature. There are schwarzites with P (primitive), D (diamond-like)
and G (gyroid) surfaces [16–18].

The structure and electronic properties of some schwarzites (fcc-
C36-2, fcc-C40-2 and fcc-C82-2) was investigated by Benedek et al.
[19]. They concluded that these schwarzites have an stability similar to
that of the C60 molecule, and show insulating or metallic behavior, de-
pending on their geometry. A molecular dynamics study of schwarzites
was performed by Woellner et al. [20]. They compared the compress-
ibility of four schwarzites (P688, P8bal, G688, G8bal). According to
their results, it is possible to compress the schwarzites to half their
size before they collapse. The interest to create these novel materials is
driven by the predictions about their properties and possible technolog-
ical applications such as battery electrodes, superconductors, catalysis,
gas separation and gas storage [21].

Schwarzites have not yet been synthesized, although altered mate-
rials with local schwarzite-like properties have been isolated [22,23].
A possible synthesis method could consist on coating the inner surfaces
of zeolites with sp2 carbon. Zeolite-templated Carbon (ZTC) structures
with crystalline forms of silicon dioxide could be used as a template for
synthesizing schwarzites [24]. The process would consist on injecting a
vapor of carbon-containing molecules. Carbon atoms would distribute
on the surface of the zeolite pores, forming ZTCs. The resulting carbon
surface has a negative curvature. A Monte Carlo theoretical method
that mimics the mentioned synthesis method was developed by Braun
et al. [24]. The comparison with ZTCs that had been previously studied
using X-ray diffraction by Kim et al. [25] and Parmentier et al. [26],
as the ZTC-FAU, justified this method. The method proposed by Braun
et al. [24] predicted successfully the known ZTCs. The results of their
research showed the relationship between ZTCs and schwarzites and
proved that schwarzites are not purely hypothetical materials.

The porosity and density of many schwarzites suggest that these
materials could store important amounts of hydrogen. Theoretical sim-
ulations of the storage capacities indicated that some schwarzites could
have important gravimetric capacities at room temperature, 300 and
303 K, and moderate pressures, 5 and 10 MPa [15,27,28]. Hydrogen
is storage by physisorption on the surfaces of the pores of schwarzites,
as in other solid porous materials. This type of storage is reversible at
room temperature.

This paper is devoted to ZTC schwarzites as geometric models
of nanoporous carbons and as solid porous materials for hydrogen
storage. Schwarzites are promising materials for hydrogen storage,
due to their structural versatility and porosity. However, there are
very few studies about their hydrogen storage capacities. Hence, the
research of their storage capacities is innovative. Hydrogen storage
capacities of ZTC schwarzites and slit-shaped pores have been inves-
tigated through Grand Canonical Monte Carlo (GCMC) simulations at
room temperature. The structure of the paper is outlined as follows:
Section 2 provides a detailed explanation of the GCMC simulations,
while Section 3 presents and analyzes the results obtained from the
simulations. Lastly, Section 4 is dedicated to drawing conclusions based
on the findings.

2. Methodology and materials simulated

Grand Canonical Monte Carlo (GCMC) simulations were conducted
to examine the adsorption of hydrogen molecules within schwarzites
and carbon slit-shaped pores at 298.15 K and pressures between 0.5
and 25 MPa. Each GCMC simulation comprised one million iterations,
with hydrogen storage capacities computed using the final 0.5 million
iterations of each simulation. During each iteration, three potential
trials were considered: moving, adding, or removing one molecule.
Specifically, 40% of the trials involved the removal of one molecule,
another 40% focused on the insertion of one molecule, and the re-
maining 20% pertained to the movement of one molecule. These trial
percentages were determined through multiple test simulations.
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The interactions between the hydrogen molecules have been calcu-
lated by means of the Lennard-Jones (LJ) interaction potential energy
[29]. The interactions between the hydrogen molecules and the carbon
atoms of the schwarzites have been also simulated with the LJ potential
energy. The Steele potential energy [30] for graphene-H2 has been
tilized to calculate the interaction between the graphene layers of the
lit-shaped pores and the H2 molecules.

There are two interactions in the present GCMC simulations: carbon
tom-H2 or H2–H2. The LJ parameters 𝜖 and 𝜎 used in the simulations
re those published by Rzepka et al. [31] The Steele potential energy
f graphene–H2 [30] also used the LJ parameters of the carbon atom-
2 interaction. The Soave–Redlich–Kong, SRK, equation of state of
ydrogen was used to calculate the chemical potential [32]. Two total
ydrogen storage capacities, volumetric and gravimetric, are calcu-
ated in the GCMC simulations, according to the definitions previously
ublished [33].

The designations, the coordinates of the atoms and the cell pa-
ameters and angles of the ZTC schwarzites were obtained from the
ata reported by Braun et al. [24]. The whole data set amounts
o 66 schwarzites. The simulation cells of the schwarzites are non-
rthorhombic. The simulation cells of the slit-shaped pores and
chwarzites are large enough to contain between 100 and 600
olecules at moderate and high pressures, 5–25 MPa. The volume

f the simulation cells of the schwarzites is about 100 000 Å3. Their
olume is, specifically, in the range 56 000–145 000 Å3. The simu-
ation cells of two of the schwarzites studied, RWY and AEI, are
epicted in Fig. 1. The porosity of these two schwarzites can be noticed
ualitatively in that Figure.

Fig. 2 is a depiction of the simulation cell of a slit-shaped pore used
n the GCMC simulations. The pore is made of two flat and parallel
raphene layers separated a distance called the pore width. The area
f each graphene layer used in the simulations is 88.54 × 89.46 Å2.
he geometric or mathematical pore width of the simulated carbon
lit-shaped pores varies between 5 and 22.5 Å and the volume of their
imulation cells is in the range 47 500–199 000 Å3, depending on the
eometric pore width. The smallest distance between the center of a
arbon atom of a graphene layer and the center of a carbon atom of
he second layer is the geometric or mathematical width of a slit pore.

A comparison of the hydrogen storage capacities of a set of 14
chwarzites, obtained with 106 and 107 iterations can be found in
able 1. The hydrogen storage capacities of a simulation of 10 mil-

ion iterations were computed using the last 5 million iterations. This
omparison indicates that the difference between the capacities ob-
ained in the simulations with one million iterations is very similar
o those obtained using 10 million iterations. The simulations per-
ormed at one million iterations are about 10 times faster. Hence, the
CMC simulations of the present work were performed at one million

terations.

.1. Calculation of the porosity and pore radius

The porosity and pore radius of the schwarzites have been cal-
ulated by means of the Zeo++ open software [35–41]. That soft-
are calculates the Voronoi network of a solid porous material using

he Voronoi decomposition. The empty spaces within the structure of
he material are represented by the calculated Voronoi network. The
eo++ software reports two types of volume accessible to the gas
olecules: The accessible volume, which is the volume of the solid
orous material that the central point of a spherical probe can occupy,
nd the probe-occupiable volume, which is the volume of the solid
orous material that can be occupied by the volume (by some points)
f the spherical probe, not only by a single point [36]. There is a Figure
n Ref. [36] that depicts these two types of volumes. The radius of the
robe in the present calculations was 1.2 Å.

The porosity of a solid porous material is defined as the ratio

etween the volume accessible to the gas molecules and the simulation
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Fig. 1. (Color online) Simulation cell of the RWY (left panel) and AEI (right panel) schwarzites, plotted with the xmakemol software [34].
Fig. 2. (Color online) Simulation cell of a graphene slit-shaped pore, plotted with the xmakemol software [34].
Table 1
Comparison of the storage capacities of some schwarzites obtained with 106 and 107 iterations. Gravimetric capacities 𝑔𝑐 are in wt. % units
and volumetric capacities in kg H2/L.

Schwarzite 𝑔𝑐106 𝑔𝑐107 |𝛥𝑔𝑐 | 100|𝛥𝑔𝑐 |∕𝑔𝑐 𝑣𝑐106 𝑣𝑐107 |𝛥𝑣𝑐 | 100|𝛥𝑣𝑐 |∕𝑣𝑐
AEI 1.062 1.060 0.002 0.19 0.012503 0.012485 0.000 0.14
AFY 0.847 0.848 0.001 0.12 0.012084 0.012091 0.000 0.06
EMT 1.855 1.859 0.004 0.22 0.016506 0.016500 0.000 0.04
ERI 1.149 1.161 0.012 1.03 0.012517 0.012644 0.000 1.00
FAU_1 1.776 1.771 0.005 0.28 0.016369 0.016325 0.000 0.27
GME 0.709 0.705 0.004 0.57 0.009039 0.008982 0.000 0.63
IRY 1.423 1.424 0.001 0.07 0.015844 0.015855 0.000 0.07
OSO 0.140 0.139 0.001 0.72 0.002439 0.002414 0.000 1.04
PUN 0.658 0.662 0.004 0.60 0.009373 0.009428 0.000 0.58
RWY 1.277 1.267 0.010 0.79 0.015784 0.015661 0.000 0.79
SAV 1.062 1.071 0.009 0.84 0.012498 0.012608 0.000 0.87
STW 1.078 1.082 0.004 0.37 0.013208 0.013257 0.000 0.37
SZR 0.208 0.208 0.000 0.00 0.003748 0.003753 0.000 0.13
UWY 1.701 1.711 0.010 0.58 0.015984 0.016082 0.000 0.61
cell volume. There are two types of porosities: the porosity from the
accessible volume, 𝑃𝑎𝑐𝑐 , and the porosity from the probe-occupiable
volume, 𝑃𝑝𝑟𝑜𝑏𝑒. Ongari et al. [36] found that the probe-occupiable
volume gave the closest results to the experimentally measured pore
volumes for all the types of pores.

The pore radii have been calculated using the Zeo++ open software
[35]. The software calculates the radius of the largest included sphere,
𝑅𝑖, the radius of the largest free sphere, 𝑅𝑓 , and the radius of the largest
included sphere along free sphere path, 𝑅𝑖𝑓 . The largest included
sphere is the largest sphere that fits into the largest pore of the porous
material. The largest free sphere refers to the largest spherical probe
capable of diffusing through the porous material. The largest included
sphere along the free sphere path is the largest sphere that fits along
the path where the largest free sphere was calculated. The definitions
and pictures of these three radius can be found on different sources
in the scientific literature [35–42]. Tables S1–S5 in the Supporting
Information present the two types of porosities and the three types of
pore radii of the schwarzites and slit-shaped pores, obtained using the
Zeo++ software.
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3. Results and discussion

3.1. GCMC hydrogen storage capacities of the schwarzites as a function of
density

The storage capacities of solid porous materials depend on several
magnitudes. One of those magnitudes is the density of the solid porous
material. The densities of the schwarzites investigated in the present
simulations are between 0.8 and 2.0 kg/L, while the densities of the
slit-shaped pores are between 0.6 and 3.1 kg/L. The volumetric and
gravimetric capacities at 298.15 K and 25 MPa of the schwarzites and
slit-shaped pores have been gathered in Tables S1–S5 in the Supporting
Information, together with their densities, and plotted in Fig. 3.

The results plotted in Fig. 3 show that the slit-shaped pores have
larger volumetric and gravimetric capacities than the schwarzites with
the same density. The volumetric capacities of the schwarzites are
approximately constant below 1.0 kg/L and then they decrease, in
general, as the density increases. The volumetric capacity of the slit-
shaped pores is approximately constant for densities below 2.0 kg/L
and then increases as the density increases, reaching a maximum,
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Fig. 3. (Color online) GCMC total volumetric and gravimetric capacities of the schwarzites (black solid symbols) and slit-shaped pores (red hollow symbols) at room temperature
and 25 MPa as a function of the density.
Fig. 4. (Color online) GCMC total volumetric and gravimetric capacities of the schwarzites (black solid symbols) and slit-shaped pores (red hollow symbols) at room temperature
and 25 MPa as a function of the porosity.
and then decreases abruptly (See left panel of Fig. 3). The volumetric
capacities of schwarzites and slit-shaped pores as a function of the
density have in common that they are, approximately constant, at low
densities. The gravimetric capacities of the schwarzites and slit-shaped
pores decrease, in general, as the density increases.

These GCMC results suggest that a schwarzite with a low density,
about 0.5 kg/L or less, might reach the DOE 2025 gravimetric target.
However, at low densities, the volumetric capacities of schwarzites are
approximately constant and about 0.016–0.017 kg H2/L. Therefore,
that hypothetical low density schwarzite would have a volumetric
capacity of 0.016–0.017 kg H2/L, far from the DOE 2025 volumetric
target.

3.2. GCMC hydrogen storage capacities of the schwarzites as a function of
porosity

The porosities of the schwarzites and slit-shaped pores have been
calculated using the Zeo++ software [35]. Two types of porosities
have been calculated and plotted in Fig. 4. The volumetric storage
capacities of the schwarzites are, in general, smaller than those of the
slit-shaped pores with the same porosity. In a few cases, with a low
porosity, the volumetric capacities of the schwarzites are larger than
those of the slit-shaped pores (See left panel of Fig. 4). The situation is
the opposite in the case of the gravimetric capacities. The gravimetric
storage capacities of the schwarzites are larger, even much larger,
than the gravimetric capacities of the slit-shaped pores with the same
porosity (See right panel of Fig. 4).

The volumetric capacities of the schwarzites and slit-shaped pores
have in common that they increase as the porosity increases and reach,
approximately, a constant value. The gravimetric capacities of the
schwarzites and slit-shaped pores have in common that they, in general,
increase monotonously as the porosity increases.
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The dependence on the porosity obtained in these GCMC simu-
lations suggest that a schwarzite with a high porosity, about 0.8 or
more, might reach the DOE 2025 gravimetric target. That hypothetical
high porosity schwarzite would have a volumetric capacity of about
0.016–0.017 kg H2/L, far from the DOE 2025 volumetric target.

3.3. GCMC hydrogen storage capacities of the schwarzites as a function of
pore size

The Zeo++ software [35] has been used in the present research
to calculate the pore radii of the schwarzites and slit-shaped pores.
Three types of pore radii have been calculated: The largest included
sphere radius, the largest free sphere radius and the largest included
sphere along free sphere path radius. The GCMC storage capacities of
the schwarzites and slit-shaped pores at 298.15 K and 25 MPa have
been compared with their three types of pore radius, obtained with the
Zeo++ software, in Tables S1–S5 and Figs. 5 and 7.

It can be noticed in the upper and right panel of Fig. 5 that
the GCMC total volumetric capacity of the schwarzites increases, in
general, as the pore radius increases (any of the three types of pore
radius) and then, it tends towards a constant value. As regards the
GCMC total gravimetric capacity, it can be also noticed in the upper
and left panel of Fig. 5 that this capacity increases, in general, as the
three types of pore radius increases, not reaching a constant value.
The dependence of the total gravimetric capacity on the pore radius
is approximately linear. It is also important to appreciate in the upper
panels of Fig. 5 that most of the radii R𝑖 and R𝑖𝑓 of the schwarzites
coincide and that, in general, the radius R𝑓 is smaller than the other
two radii of the schwarzites.

The volumetric capacity of the slit pores experiences a rapid in-
crease as the radius expands, reaching a peak before gradually converg-
ing towards a constant value (See the right and lower panel of Fig. 5).
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Fig. 5. (Color online) GCMC total volumetric and gravimetric capacities of the schwarzites (upper panels) and slit-shaped pores (lower panels) at room temperature and 25 MPa
as a function of the three types of pore radius obtained with the Zeo++ software.
Fig. 6. (Color online) Depiction of the radii R𝑖 and R𝑓 and its difference 𝛥𝑅 of a
slit-shaped pore whose geometric pore width is 𝑤. The gray solid circles represent the
carbon atoms of the two layers of the slit-shaped pore.

The gravimetric capacity increases very fast as the radius increases and
then it increases linearly (See the left and lower panel of Fig. 5). The
radii R𝑖 and R𝑖𝑓 of the slit-shaped pores are identical, the radius R𝑓 is
smaller than the other two radii, as in the case of the schwarzites, and
the difference between the radii R𝑖 and R𝑓 decreases as the geometric
pore width 𝑤 increases (See Tables S4 and S5). The radii R𝑖 and R𝑓 of
an slit-shaped pore and its difference 𝛥𝑅 are depicted in Fig. 6.

In Fig. 7 a comparison of the storage capacities of the schwarzites
and slit pores as a function of the same type of pore radius is shown.
The volumetric capacity of a schwarzite is smaller than the volumetric
capacity of a slit-shaped pore with the same radius (any of the three
types of radius). Only in the short interval of the smallest radii, below
1.4 Å, the volumetric capacity of a schwarzites is larger. In that interval
of the smallest radii, the capacities are very small or almost null.

As regards the gravimetric capacity, for radius R𝑖 or R𝑖𝑓 below 3.5 Å,
the gravimetric capacity of a schwarzite is, in general, smaller than the
gravimetric capacity of a slit pore with the same R or R pore radius
1367

𝑖 𝑖𝑓
(See Fig. 7). For radius R𝑖 or R𝑖𝑓 above 3.5 Å, the gravimetric capacity
of a schwarzite is, in general, larger than the gravimetric capacity of a
slit pore with the same pore radius. The dependence of the gravimetric
capacity of schwarzites and slit pores on the pore radius R𝑓 shows that
the gravimetric capacity of a schwarzite is, in general, larger than the
gravimetric capacity of a slit pore with the same R𝑓 pore radius, in the
whole range of values of R𝑓 studied.

The comparison of the storage capacities of schwarzites as a func-
tion of their diameters D𝑥 and w𝑥 = D𝑥 + 2 r𝑣𝑑𝑊 , with x = i, f or if, and
the storage capacities of the slit pores as a function of their geometric
pore width 𝑤 is plotted in Fig. 8. r𝑣𝑑𝑊 is the van der Waals radius of a
carbon atom, which is about 1.7 Å. The diameter w𝑥 is an approximated
mathematical or geometric pore diameter: The distance between the
centers of two opposing carbon atoms on the surface of the pore. It can
be noticed in Tables S4 and S5 that the geometric pore width 𝑤 of a
slit pore is approximately equal to w𝑓 .

It can be noticed in Fig. 8 that very few schwarzites and slit pores
with the same diameter D𝑥 (x = i, f or if) and geometric pore width 𝑤,
have the same volumetric or gravimetric capacity. A second comparison
is between the schwarzite capacities vs. w𝑥 and the slit-shaped pore
capacities vs. 𝑤. This second comparison also reveals that very few
schwarzites with the same diameter w𝑥 and slit pores with the same
geometric pore width 𝑤, have the same volumetric capacity. As regards
the gravimetric capacity, some slit-shaped pores and schwarzites with
the same 𝑤 and w𝑥, have the same gravimetric capacity.

The comparison of the schwarzite capacities vs. R𝑥 with the slit pore
capacities vs. R𝑥 (x = i, f or if) (See Fig. 7), the schwarzites capacities
vs. D𝑥 with the slit pore capacities vs. D𝑥 and the schwarzites capacities
vs. w𝑥 with the slit pore capacities vs. 𝑤 (See Fig. 8), shows that
schwarzites and slit pores with the same pore size (R𝑥, D𝑥, w𝑥 or 𝑤)
do not have, in general, the same storage capacities, according to the
present simulations. To conclude that schwarzites and slit pores with
the same pore size have the same storage capacities, the schwarzite
and slit pore curves in Fig. 7 or Fig. 8 should overlap in all the range
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Fig. 7. (Color online) GCMC total volumetric and gravimetric capacities of the schwarzites (black solid symbols) and slit-shaped pores (red hollow symbols) at room temperature
and 25 MPa as a function of the three types of radius.
w
m

of pore size studied. They do not overlap: A few schwarzites have the
same volumetric capacity that slit pores with the same pore size and
some schwarzites have the same gravimetric capacity that slit pores
with the same pore size.

The volumetric capacities of the slit pores vs. pore size (R𝑥, D𝑥,
w𝑥 or 𝑤) have a maximum, while the volumetric capacities of the
schwarzites vs. pore size do not have a maximum, as can be noticed in
Figs. 7 and 8. The maximum volumetric capacity corresponds to a slit
pore with a geometric pore width of 6.78 Å. The volumetric capacities
of schwarzites and slit pores vs. pore size have in common that they
increase fast and then they tend towards a constant value, as the pore
size increases. The gravimetric capacities of slit pores increase fast
and then increase linearly as the pore size increases. The gravimetric
capacities of the schwarzites also increase linearly with the pore size,
but with many oscillations around an average straight line.

Table 2 is a summary of the storage capacities and structural
parameters of the studied ZTC schwarzites plotted in Figs. 3–5, 7 and 8.
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3.4. A simple relationship between the gravimetric capacity and the volu-
metric capacity and the density of the schwarzites

It can be shown that the gravimetric capacity is a simple and
approximate function of the volumetric capacity and the density of
the adsorbent material, in this case, the density of the schwarzite. The
mass of stored hydrogen in the simulation cell is equal to 𝑀𝐻 = 𝑣𝑐𝑉 ,

here 𝑉 is the volume of the simulation cell. The mass of the adsorbent
aterial is 𝑀𝑎𝑑𝑠 = 𝜌𝑉 , where 𝜌 is the volumetric mass density of

the adsorbent material. In the present case, 𝜌 is the density of the
schwarzite. Inserting these two equations into the definition of the
gravimetric capacity, 100𝑀𝐻∕(𝑀𝐻 +𝑀𝑎𝑑𝑠) (See Ref. [33]), leads to the
following equation:

𝑔𝑐 =
100𝑣𝑐 . (1)

𝑣𝑐 + 𝜌
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s

Fig. 8. (Color online) GCMC total volumetric and gravimetric capacities of the schwarzites (solid symbols) as a function of the pore diameters D𝑥 and w𝑥 (x = i, f or if), and of
slit-shaped pores (hollow symbols) as a function of the geometric pore width, 𝑤, at room temperature and 25 MPa.
Table 2
Summary of the gravimetric (in wt.%) and volumetric (in kg/L) storage capacities, densities (in kg/L),
porosities (dimensionless) and pore radii (in Å) of the ZTC schwarzites.
𝑔𝑐 𝑣𝑐 Density P𝑎𝑐𝑐 P𝑝𝑟𝑜𝑏𝑒 R𝑖 R𝑓 R𝑖𝑓

0.0–2.6 0.0–0.017 0.5–2.0 0.0–0.52 0.0–0.69 1.1–7.3 0.85–6.0 1.1–7.3
The volumetric capacities 𝑣𝑐 at 25 MPa and the densities of the
chwarzites are below 0.02 kg H2/L and 2.0 kg/L, respectively. Hence,

it is a valid approach to consider that 𝑣𝑐 + 𝜌 ≈ 𝜌 and Eq. (1) turns into

𝑔𝑐 ≈
100𝑣𝑐
𝜌

. (2)

The total gravimetric capacities obtained in the simulations have
been compared with the approximate gravimetric capacities obtained
using Eq. (2). The results have been plotted in Fig. 9. This figure proves
1369
that the mathematical approach or relationship between 𝑔𝑐 , 𝑣𝑐 and 𝜌,
Eq. (2), is a reasonable assumption.

In a previous publication [6], an equation similar to Eq. (2) was
derived for slit pores, nanotubes and torusenes:

𝑔𝑐 ≈
100𝑓𝑣𝑐
𝜎adsorbent

, (3)

where 𝑓 = 𝑉 ∕𝑆 is the volume/surface ratio and 𝜎adsorbent is the surface
mass density of the adsorbent material. The slit pores, nanotubes and
torusenes have very well defined surfaces, while the schwarzites have
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Fig. 9. (Color online) GCMC total gravimetric capacity vs. approximated total
gravimetric capacity of the schwarzites at room temperature and 25 MPa.

not well defined surfaces and hence, the volumetric mass density of the
adsorbent material, 𝜌, must be used in Eq. (2) instead of 𝜎adsorbent∕𝑓 . It

as shown in Ref. [6] that Eq. (3) was a valid approach for slit pores,
anotubes and torusenes. In the present publication it has been shown
hat an equivalent equation, Eq. (2), is also a sound approach.

.5. GCMC hydrogen storage capacities of schwarzites as a function of the
ressure

GCMC simulations of the volumetric and gravimetric hydrogen
torage capacities of the ZTC schwarzites were performed at pressures
anging from 0.5 to 25 MPa and at a temperature of 298.15 K. The
CMC schwarzites capacities are also compared with the GCMC storage
apacities of several carbon slit-shaped with geometric pore widths
etween 5 and 22.5 Å. Some of the GCMC slit-shaped capacities used
n the comparison were previously published [6].

The results of the simulations are shown in Fig. 10. The panels of
hat figure show the total volumetric and gravimetric hydrogen storage
apacities at room temperature, 298.15 K, vs. the pressure, the so-
alled isotherms, of four ZTC schwarzites (black solid symbols) and
our slit-shaped pores (red hollow symbols). The four schwarzites are
HO, ERI, BSV and OSO. RHO and OSO have the highest and lowest
torage capacities among the ZTC schwarzites studied, respectively. The
apacities of ERI and BSV are intermediate between those of RHO and
SO. The storage capacities of CHA are almost null (See Table S1).

The volumetric isotherms of the schwarzites are between those of
he slit-shaped pores with a geometric pore width 𝑤 between 5.6 and
.15 Å. The volumetric isotherms of OSO (lowest isotherm) and RHO
chwarzite (highest isotherm) coincide approximately with those of
he slit pores of geometric width 5.6 and 6.15 Å, respectively. The
ravimetric isotherms of the schwarzites are between those of the slit-
haped pores with a geometric width between 5.6 and 22.5 Å. The
ravimetric isotherms of OSO schwarzite (lowest isotherm) and RHO
highest isotherm) coincide approximately with those of the slit pores
f geometric width 5.6 and 22.5 Å, respectively.

.6. Comparison with experiments on carbon-based materials and with
imulations of other schwarzites

The GCMC storage capacities of the schwarzites are compared with
he experimental storage capacities of some carbon nanostructures
nd activated carbons at different pressures and at room tempera-
ure or close to room temperature in Table 3. Kunowsky et al. [43]
easured the hydrogen storage capacities of a wide range of KOH-

ctivated carbon fibers (ACFs). Their findings revealed that, at 298
1370
K and 20 MPa, the maximum total volumetric capacity of the ACFs
was 0.0171 kg/L. In a separate study, Xu et al. [44] measured the
gravimetric capacities of diverse carbon-based porous materials, in-
cluding activated carbons, graphitic carbon nanofibers, single-walled
carbon nanotubes and single-walled carbon nanohorns. They observed
that, at 303 K and 10 MPa, the gravimetric capacity of these materials
was below 0.7 wt.%. Ströbel et al. [45] conducted hydrogen storage
experiments on various carbon nanostructures, reporting gravimetric
capacities ranging from 0.1 to 1.6 wt. % at 296.15 K and 10 MPa.
Jordá-Beneyto et al. [46] measured the volumetric isotherm of KUA5, a
well-known activated carbon, at 298 K, obtaining volumetric capacities
of 0.0100 and 0.0167 kg/L at 10 and 20 MPa, respectively.

The highest volumetric capacities of the schwarzites at 10 and 20
MPa and room temperature, which correspond to the RHO schwarzite,
are about 15%–20% smaller than the experimental volumetric capaci-
ties of KUA5 at the same conditions, as can be noticed in Table 3. The
gravimetric capacities of the schwarzites at 10 and 20 MPa are within
the range of the experimental gravimetric capacities of carbon-based
porous materials (See Table 3).

The GCMC storage capacities of the ZTC schwarzites is also com-
pared with the theoretical capacities of other schwarzites in Table 3.
Krasnov et al. carried out theoretical simulations of the hydrogen
storage capacities of four D-schwarzites, a type of schwarzite [15], and
of the P216-schwarzite [27]. They obtained that the gravimetric storage
capacities at 300 K and 10 MPa of the D168, D224, D360, D480 and
P216 schwarzites are 3.0, 3.34, 6.4, 7.65 and 4.6 wt.%, respectively.
Borges and Galvao [28] did GCMC simulations of the storage capacities
of H2 on some schwarzites. They found that the P688 schwarzite has a
gravimetric storage capacity of 0.34 wt.% at 303 K and 5 MPa.

The range of the gravimetric capacities of the ZTC schwarzites
studied at 5 MPa is 0.03–0.74 wt.% and this range is in agreement
with the P688 gravimetric capacity theoretical result of 0.34 wt.% (See
Table 3). The gravimetric storage capacity of ERI is the closest one
to the gravimetric capacity of P688. However, the gravimetric storage
capacities of the ZTC schwarzites at 10 MPa are much smaller than the
theoretical capacities of D-schwarzites and the P-216 schwarzite.

The experimental porosities of activated carbons range, according
to experiments [47], between 0.03 and 0.96. These values can be
compared with the porosities of the ZTC schwarzites in Tables S1–S5,
which range from 0.0 to 0.52 for 𝑃𝑎𝑐𝑐 and from 0.0 to 0.69 for 𝑃𝑝𝑟𝑜𝑏𝑒.

4. Conclusions

GCMC simulations of the hydrogen storage capacities at room tem-
perature and pressures between 0.5 and 25 MPa of ZTC schwarzites
and carbon-based slit-shaped pores have been carried out and analyzed.
The provided GCMC results are predictions of the storage capacities
of ZTC schwarzites at room temperature. The volumetric capacities of
ZTC schwarzites are comparable to those of narrow slit-shaped pores
(width in the interval 5.6–6.15 Å), while the gravimetric capacities
are comparable to the capacities of narrow and wide slit-shaped pores
(width in the interval 5.6–22.5 Å).

The dependence of the GCMC storage capacities at 298.15 K and 25
MPa of the ZTC schwarzites and carbon-based slit-shaped pores with
the density, porosity and pore size has been analyzed. The gravimetric
capacities of both types of materials increase as the inverse of the den-
sity, the porosity or the pore size increases. The volumetric capacities
of both types of materials tend towards a constant value as the inverse
of the density, the porosity or the pore size increases. This means that
there are general trends of the storage capacities of carbon based pores
that do not depend on the shape of the pore.

According to the present GCMC simulations, a ZTC schwarzite de-
signed with a density of 0.4–0.5 kg/L or a porosity of 0.9 or with pores
with radii of 20 Å could reach the DOE gravimetric target [2], 5.5 wt.%,
at room temperature and 25 MPa or higher pressures. However, the
DOE volumetric target, 0.040 kg H /L, could not be reached, because
2
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Fig. 10. (Color online) GCMC total volumetric and gravimetric capacities of the schwarzites (black solid symbols) and slit-shaped pores (red hollow symbols) vs. pressure at room
temperature.
Table 3
Experimental and theoretical total hydrogen volumetric (in kg/L) and gravimetric (in wt.%) storage capacities of carbon-based porous materials.
Temperature and pressure are in K and MPa, respectively. Ex. and Th. stand for experimental and theoretical results, respectively.

Material 𝑣𝑐 𝑔𝑐 T P Source

P688 – 0.34 303 5 Th. Borges and Galvao [28]
ERI 0.0038 0.35 298.15 5 Th. Present GCMC
ZTC Schwarzites 0.0006–0.0047 0.03–0.74 298.15 5 Th. Present GCMC

Carbon-based materials – <0.7 303 10 Ex. Xu et al. [44]
Carbon-based materials – 0.1–1.6 296.15 10 Ex. Ströbel et al. [45]
AC KUA5 0.0100 – 298 10 Ex. Jordá-Beneyto et al. [46]
D-schwarzites – 3.00–7.65 300 10 Th. Krasnov et al. [15]
P216 – 4.6 300 10 Th. Krasnov et al. [27]
ZTC Schwarzites 0.0011–0.0084 0.06–1.32 298.15 10 Th. Present GCMC

ACFs 0.0171 1.3 298 20 Ex. Kunowsky et al. [43]
AC KUA5 0.0167 – 298 20 Ex. Jordá-Beneyto et al. [46]
ZTC schwarzites 0.0020–0.0144 0.12–2.22 298.15 20 Th. Present GCMC
the volumetric storage capacity tends towards a constant value as the
inverse of the density, the porosity or the pore size increases.

A ZTC schwarzite and a slit pore with the same pore size do not
have, in general, the same storage capacities. The storage capacities of
ZTC schwarzites are similar to those of carbon-based slit-shaped pores
obtained in GCMC simulations and also to the experimental storage
capacities of activated carbons and a variety of carbon-based porous
materials. The ZTC schwarzites could be used as geometrical models
of carbon-based materials with a complex porous structure, such as
activated carbons.
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