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Abstract

Schwarzites are one of the most well-known forms of nanoporous carbon. High porosity and
large surface area of these materials make them promising candidates for molecular hydrogen storage.
Quantum-chemical modeling showed that hydrogen weight fraction inside D-schwarzite structure de-
pends on the number of atoms per unit cell that determines its size and morphology. D480 schwarzite
has demonstrated the largest value of hydrogen sorption capacity amongst the structures considered in
this work. It reaches 7.65% at the technologically acceptable values of temperature and pressure
(300 K and 10 MPa). Though being lower than that required by DOE (9%), this amount can be in-
creased by using schwarzites with larger unit cell corresponding to the larger surface area.
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1. Introduction

Carbon nanostructures have been considered as promising materials for molecular hydrogen
storage for more than 20 years [1-8]. Thousands of works have been published regarding carbon allo-
tropes, namely, carbon nanotubes (CNT) [9-15], fullerenes [16-17], their metal complexes [18-26], na-
noporous carbon [27-37] and other carbon structures as materials for hydrogen power engineering.
Here we mainly cite the results summarized in review articles.

The main characteristic of hydrogen storage material is its molecular hydrogen sorption capaci-
ty, i.e. weight fraction of hydrogen in sorbent. The USA Department of Energy (DOE) set this parame-
ter to be 6.5% [38] 15-20 years ago. At the moment, this value is increased up to 9.0% [39]. Carbon
nanostructures were expected to fulfill this criterion due to their large surface area which is essential
for gas adsorption. However, even for the same materials results obtained by different scientific groups
can be in contradiction with one another [2,13-15,27]. For instance, the pioneer work of Dillon et al.
[40] reports room-temperature H, sorption capacity of CNT to be 5-10% at 0.1 MPa. Still, Hirscher et
al. [41] found it to not exceed 0.1 % under the same conditions. This discrepancy can be caused by ei-
ther method of investigation (experimental or theoretical techniques implemented), experimental con-

ditions (sample quality, impurity atoms), CNT diameter, its defectiveness etc. [1]. In general, sorption



capacity of CNT is considerably low and doesn’t exceed 1% [13-15]. It can be increased when lower-
ing the temperature down to the cryogenic values or increasing the pressure up to the hundreds bar.
However, both temperature and pressure should take the extreme values to reach the capacity required
by DOE, which is expensive and unreasonable for commercial use. The key issue is the low energy of
hydrogen physisorption on the carbon surface (3.0-7.2 kJ/mol [1,27]). Assuming that hydrogen be-
haves as an ideal gas, one can briefly estimate kinetic energy of its molecules to be */,RT = 6.2 ki/mol
at 298 K. Practically, this means that the energy of hydrogen molecules interaction with carbon mate-
rials is comparable to the energy of their heat motion and explains low room-temperature capacity
along with its increasing at cryogenic values.

The way to reinforce hydrogen bonding with carbon materials was proposed on the footing of
data regarding the sorption capacity of graphite [42,43]. The main idea expressed in these works is that
hydrogen adsorption should take place when either the interplanar spacing in graphite is increased or
several surfaces are involved into the interaction with hydrogen increasing adsorption energy up to the
value required for the efficient hydrogen storage. This can be, in principle, reached by the intercalation
of some molecules into graphite structure [43]. Still, the simplest way is to use carbon structures with
large (6-7.5 A [42], 6.2-6.4 A [43]) spacing between adjacent surfaces. Nanoporous carbon allotropes
formed by sp? carbon polygons containing 5-8 atoms and sp® carbon atoms can be efficiently used for
this purpose [27-37]. Experimentally obtained materials usually don’t have strictly ordered structure or
periodicity and consist of various fragments of other carbon forms. In general, they can be referred as
the carbon foam [27,35,36]. In theoretical works, carbon foam is mainly considered as material struc-
tured in some way. For example, graphite-like fragments connected to each other by sp® carbon atoms
[28,32] or welded carbon nanotubes [30,37] were proposed as models for the carbon foam. Schwar-
zites are one of the most well-known nanoporous carbon structures [44-47]. These materials are strict-
ly periodic and consist of sp? carbon atoms forming hexa-, hepta- and octagons with negative Gaussian
curvature corresponding to the Schwarz minimal surface. For instance, Vanderbilt and Tersoff [44] in
their pioneer work predicted the Cgo counterpart with D (diamond-like) negative surface curvature, so-
called Buckygym, containing 168 carbon atoms. Besides that, there are also schwarzites with P (primi-
tive) and G (gyroid) surfaces [46,47].

Here we report the results of quantum chemical investigation of molecular hydrogen sorption
capacity of D-schwarzites containing 168, 224, 360 and 480 carbon atoms. The impacts of temperature
and external hydrogen pressure and perspectives of their usage as molecular hydrogen storage mate-

rials are discussed.
2. Model and computational methods

Reference structure of schwarzite D168 [44] and analogously modeled structures of schwar-
zites D224, D360 and D480 (see Figure 1) were chosen for the investigation. These periodic structures



possess face-centered cubic cells with Fd3 (D168), R3m (D224) and R3m (D360 and D480) space
symmetry groups.

First, equilibrium geometries of D-schwarzites unit cells were optimized. All calculations were
carried out in MOPAC2016 [49] program package using semi-empirical PM6-D3 [48] method with
Grimme [50] correction for dispersion interactions. Tables S1-S4 [Supplementary Material] show the
values of corresponding translation vectors and non-equivalent atoms positions defined using FIND-
SYM [51] software.

Schwarzite D360 : A Schwarzite D480

Figure 1 — Unit cells of D-schwarzites

Next, hydrogen molecules were placed into the unit cells (see Table 1). For each hydrogen con-
centration 10 different initial distributions of H, molecules were considered. Then, their equilibrium
positions were found in the frozen carbon structure. These results correspond to the ones obtained at

the ambient pressure of 1 atm. and 298 K.

Table 1 — Amount of hydrogen inside the unit cells of carbon nanostructures

Schwarzite Number of H, molecules/ hydrogen weight fraction, %

D168 10/0.98 20/1.95 30/2.89 40/3.82 50/4.73 60/5.62 70/6.49 80/7.35
D224 10/0.74  25/1.83 40/2.89 55/3.93 70/4.95 85/5.95 100/6.93 115/7.88
D360 40/1.82 60/2.70 80/3.57 100/4.42 120/5.26 140/6.09 160/6.90 180/7.69
D480 60/2.04 90/3.03 120/4.00 150/4.95 180/5.88 210/6.80 240/7.69 270/8.57

After the structural optimization, values of thermodynamic functions (heat of formation AHr ,

entropy St) for the hybrid structure and its constituents were found using the second-derivative matrix



calculation and vibrational modes analysis [52] within the temperature range of 200-600 K (with the
step of 10 K). Even though AH+t(H-) should be zero since the molecular hydrogen is the simple sub-
stance, PM6 method results in —25,732 kcal/mol [49] at 298 K due to the parameterization features.
This value similarly is not equal to zero for all other temperatures as well.

Then, hydrogen fugacity f needed for the given hydrogen concentration inside the carbon struc-
ture at the corresponding temperature was estimated as follows:

AG; =AH, [C,(H,), ]-AH; (C,)-nAH, (H,)-T{S;[C,(H,),]-5: (C,)-ns; (H,)}, @)

S;(H,)=S(H,)-RInf, )

where AGr is the Gibbs energy change for the hydrogenation of carbon structure, x = 168, 224, 360
and 480 for the number of carbon atoms in the unit cell, R is the gas constant, AH and St are the heat
of formation and entropy for the corresponding compound. AGr is equal to zero for the equilibrium
between free and adsorbed H, molecules, which allows one to define the fugacity for the given amount
of hydrogen inside the schwarzite. This, in turn, gives the pressure of H, needed for the equilibrium at
the given temperature. It should be noted that despite the fact AHt and St calculated for the solid state
correspond to the 1 atm. pressure, they still can be used in Eq. (1) due to the absence of pressure de-
pendence. In contrast to that, hydrogen entropy St(H>) is strongly dependent on pressure and should be
then defined according to the Eq. (2). Here, the first term in the right part of equation is the entropy at
1 atm. and given temperature, the second term is the fugacity supply to the entropy. Since there were
10 possible configurations of hydrogen distribution for each concentration, average values of AH and
St were used for fugacity estimation.

Hydrogen gas pressure needed for the reference concentration of H, inside the schwarzite struc-
ture was defined using corresponding values of f. Fugacity is the function of pressure and temperature

and can be expressed as f = ¢-P, where ¢ is the fugacity coefficient defined as [53]

Ing =C,P-C,P?+C,[ exp(~P/300)-1], ©)
C,=exp(aT**+b), C,=exp(a,T**+b,), C,=300exp(a,T +b,). (4)

Here a;, by, ap, by, as, bz are adjustable parameters (see Table 2), temperature and pressure are ex-
pressed in K and atm., respectively. These values were previously defined for the temperature range of
273-1273 K [53]. However, as the lowest temperature in this study was 200 K, nonlinear minimization
of function (3) was performed using generalized reduced gradient method in the temperature range of
198-773 K with f and P values adopted from the ref. [54] (see Table 2). The comparison of f values
obtained with different a;, by, a,, by, as, bs sets and experimental results (see Table S5) [Supplementa-
ry Material] showed that the newly-defined one gives much less discrepancy with experiment (0.8%)
than the reference [53] parameter set (11%).

Transforming the Eq. (3) as



f =Pexp{C,P-C,P?+C, [ exp(—P/300)-1]}, ®)

one can find the sought-for values of pressure from the corresponding fugacity at given temperatures.

Table 2 — Adjustable parameters a and b for the Eq. (4)

Ay b1 ay b, as bs

Ref. [53] —3.8402 05410 -0.1263 —15.980 —0.11901 —5.941
Presentwork —3.5607 —0.0448 —0.0317 —19.059 —0.00887 —6.526

3. Results and discussion
3.1. Interaction of H, molecule with z-conjugated carbon surface

The structures under investigation are characterized by the large number of atoms, which
makes ab initio calculations computationally expensive. Semi-empirical PM6-D3 method allows treat-
ing such large systems and describes well their geometry and thermochemical parameters, especially
when there are first and second period atoms only, which is exactly the case. For instance, the average
discrepancy between PM6-D3 and experimental values of bond distances in hydrocarbon molecules is
only 0.016 A [49]. PM6-D3 interatomic distance in hydrogen molecule is only 0.02 A larger than cor-
responding experimental value of 0.72 A [55]. The relative error of hydrogen entropy calculated in the
temperature range of 298-1500 K doesn’t exceed 0.45% (see Table S6) [Supplementary Material].

Besides that, the parameters of H, dispersion interaction with polyatomic aromatic hydrocar-
bons (PAH) that can be used as the rough approximation of carbon surface are in good agreement with
the ones obtained using MP2 method with large basis sets. This was proved by performing additional
quantum chemical calculations of binding energies between H, and benzene/coronene molecules as the
function of distance between their centers of mass. First, the free-standing molecules were optimized.
Then, the center of Cartesian coordinate system was shifted to the center of PAH molecule and z axis
was set to be normal to the carbon structure. H, molecule was then aligned along z axis (see Figure 2).
Distance R between molecular centers of mass was changed with the step of 0.01 A, and binding ener-
gy Eint was estimated as:

E. =AH, (PAH--H,)—AH, (PAH)-AH, (H,), (6)
where each term on the right corresponds to the heat of formation for the compound in parentheses.
Hydrocarbon atoms were fully frozen during the optimization while hydrogen atoms were fixed in xy
plane and allowed to move along z axis. Hence, the bond distance in H, molecule was optimized for
each R.

Equilibrium distance between hydrogen and benzene molecule was found to be 2.91 A with
corresponding binding energy of 3.74 kJ/mol. Reference values obtained using MP2 method with cc-
pVTZ basis set and BSSE correction are 3.09 A and 3.78 kJ/mol [56], 3.20 A and 3.73 kJ/mol [42],



respectively (see Figure 2). Thus, dispersion interaction parameters for H, and C¢Hg molecules imple-
mented in PM6-D3 agree well with more accurate methods. Similarly, the equilibrium distance be-
tween hydrogen and coronene molecule is 2.86 A with corresponding energy of 5.38 kJ/mol while
BSSE-corrected MP2/cc-pVTZ gives 2.90 A and 6.46 kJ/mol [42].
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Figure 2 — Benzene and hydrogen molecule in Cartesian coordinate system (left), dependence of the
binding energy between them on the distance R (right). MP2/cc-pVTZ results are taken from the ref.
[42]

As was previously mentioned, the results of MOPAC2016 calculations correspond to 298 K
while ab initio calculations give zero-temperature values. So, one can reach quite good agreement with
BSSE-corrected MP2/cc-pVTZ method if using 100 K (the minimum temperature recommended for
consideration by MOPAC2016 developers [49]) values of AH;. Binding energy between hydrogen and

coronene molecule is then equal to 6.41 kJ/mol.
3.2. Hydrogen sorption capacity of graphite

The approach proposed for the estimation of hydrogen pressure needed for the reference con-
centrations of hydrogen inside the schwarzites at given temperatures was first tested using graphite su-
percell.

This model was previously investigated by Patchkovskii et al. with respect to the increasing of
interplanar spacing in graphite [42]. Lennard-Jones parameters for dispersion interaction of hydrogen
with carbon surface were defined using ab initio calculations. Then, the energy of hydrogen molecule
was estimated for the given potential and vacuum, and constants of equilibrium between free and ad-
sorbed hydrogen were obtained. The values of pressure needed for the reference H, concentration at
given temperature were then calculated. In particular, the weight fraction of hydrogen adsorbed in gra-
phite was found to be 5.0-6.5 % when interplanar distance increased up to 8 A (T =200 K, P =5 MPa
or T=250 K, P =10 MPa).



According to the abovementioned results, 8x8x1 graphite supercell (256 carbon atoms) was
used for the test. Different amounts of hydrogen molecules (from 60 to 120 molecules with the step of
10 molecules) were placed inside the structure (see Figure 3). Optimized translation vectors of graphite
cell were found to be a=b=19.79 A, c=16 A, a==90°, y=120°. Thus, the spacing between graphite lay-
ers is 8 A. This value was fixed during the optimization.
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Figure 3 — Graphite supercell containing 85 H, molecules (left); molecular hydrogen adsorption iso-

therms at three different temperatures (right). Graphite interlayer distance is set to 8 A

It was shown (see Figure 3) that hydrogen weight fraction in graphite reaches 6.61% at 200 K
and 5 MPa, slightly exceeding the value previously reported by Patchkovskii et al. [42]. However, it
decreases down to 6.23% at 250 K and 10 MPa, now lying in the reference range of 5.0-6.5% [42]
though being close to its upper limit. Hence, the approach we propose allows one to obtain the results
which are in general agreement with the reference data though the sorption capacity can be slightly
overestimated by 1-1.5%. The corresponding values of external pressure needed for the reference con-
centration of hydrogen molecules adsorbed in the model graphite structure at different temperatures

can be found in Table S7 [Supplementary Material].
3.3. Hydrogen sorption capacity of D-schwarzites

According to the values of gravimetric density, schwarzites D168, D224, D360 and D480 are
considerably lightweight materials (see Table 3). Their porous structure provides large accessible sur-
face area (ASA) which is extremely important for molecular hydrogen sorption. The ASA and porosity
values were estimated using the approach of «rolling» a probe molecule along the surface [29,30,57].
Hydrogen molecule was treated as the ¢ diameter sphere with ¢ =2.958 A corresponding to the value
of Lennard-Jones parameter. Similarly, carbon atom diameter was chosen to be ¢ = 3.431 A. The po-
rosity was found as the volume of schwarzite unit cell accessible for filling by the hydrogen molecules

without overlapping divided by the bare volume of the unit cell (see Table 3).



Table 3 — Gravimetric parameters and accessible surface area (ASA) of D-schwarzites

Schwarzite D168 D224 D360 D480

Density, kg/m® 1257 1115 853 745
Porosity 0,42 0,34 0,38 0,41
ASA, m’/g 1341 1714 2113 2301

According to the values obtained, the weight fraction of H, molecules inside D168 structure is
only 3.26% at 200 K and 5 MPa (see Figure 4) and doesn’t increase much at higher pressure (0.8%
increase at 10 MPa). Hence, in order to reach the hydrogen capacity comparable to that of graphite, the
external pressure of hydrogen should be 10 times larger at the given temperature. D168 schwarzite is
then not efficient for hydrogen storage.

Similarly, the weight fraction of hydrogen inside D224 schwarzite is also considerably low:
4.60%, 3.75% and 3.34% at 200 K, 250 K and 300 K and constant pressure of 10 MPa, respectively.
Taking into account the possible overestimation of hydrogen concentration, the actual values can be 1-
1.5% lower. These values are in agreement with previously reported data [30]. In particular, ASA val-
ue of welded (8,8) and (14,0) carbon nanotubes proposed as the model of carbon foam is close to that
of D224 (1650 m?/g) while the hydrogen weight fraction lies in the range of 0.5-3.5% at T = 298 K and
P = 10 MPa, depending on the corresponding potential for intermolecular interaction.
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Figure 4 — Isotherms of molecular hydrogen adsorption in D-schwarzites at three different tempera-
tures (corresponding values of external pressure needed for the certain concentration of hydrogen in-

side the structures at different temperatures can be found in Tables S8-S11 [Supplementary Material])

In contrast to that, D360 and D480 schwarzites are significantly different from former ones in
terms of hydrogen adsorption. The weight fraction of H; is 5.93% for D360 and 7.24% for D480 at
250 K and 5 MPa. Moreover, D480 sorption capacity reaches 7.65% at 300 K and 10 MPa. According
to that, D480 sorption characteristics surpass both other schwarzite structures and graphite. It turns out
that large ASA is to be responsible for these outstanding characteristics since it visibly increases with
increasing of the size of D-schwarzite. Along with that, porosity is unlikely to influence the sorption
capacity in schwarzite structures. Maximum and minimum values of porosity correspond to D168 and
D224 structures, without any correlation with hydrogen sorption capacity. However, it can still have

some effect when comparing carbon nanostructures of different topology.
4. Conclusion

Quantum chemical modeling of D-schwarzites as the models for nanoporous carbon and their
molecular hydrogen sorption capacity showed that the weight fraction of H, inside the structure pri-
marily depends on its size and corresponding value of the accessible surface area. Sorption capacity
increases with increase of the number of carbon atoms reaching 7.65% for D480 at 300 K and 10 MPa.
Keeping in mind the fact of possible overestimation, the actual value can be decreased to 6%. This
value is lower than that required by DOE (9%) but the difference can be eliminated. Accessible surface
area increases with increase of the schwarzite unit cell. Hence, larger schwarzites should provide larger
weight fractions of adsorbed hydrogen. However, it was found that schwarzites’ porosity doesn’t
change much and thus doesn’t affect the hydrogen sorption capacity. Besides that, schwarzites can be
used as cages for alkaline atoms intercalation (e.g. Li) which was proved to enhance the energy of hy-

drogen adsorption.
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