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Abstract  The use of hydrogen fuel as clean energy is hindered by the low capacity of the
storage medium. Although the combustion energy of a CH; molecule is three times higher than
that of H,, the same medium can adsorb much fewer CH, molecules than H, due to the much
stronger inter-molecular repulsion of the former. Here, we show, from first-principles theoretical
calculations, that mixing hydrogen and methane gas may significantly increase the energy storage
capacity compared with either pure hydrogen or methane. The repulsion between hydrogen and
methane molecules is moderate and the open metal sites on a surface can be effectively used to
increase the energy storage capacity. Using two different surfaces (graphene and graphene nano
ribbons) decorated with alkali and 3d transition metal atoms, as examples, we show that the
energy storage capacity can be approximately doubled by this mixing and an equivalent hydrogen
gravimetric density of 14.0 wt% can be obtained. This approach can be applied to most current

storage media with open metal sites.
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1. Introduction

In 2017, the U.S. Department of Energy (DOE) launched Hydrogen at Scale (H2@Scale) to
explore the potential for large scale hydrogen production, utilization, and storage. Also launched
is Advance Research Consortium (HyMARC) to address the key barriers impeding the
development of a hydrogen economyl. Hydrogen, as a clean energy solution to mitigate the
environmental concern over fossil fuels, has been explored for decades because of its natural
abundance, high energy density, and non-polluting nature; water is the only chemical by-product.
However, for the hydrogen economy to succeed, one must identify safe and cost-effective
hydrogen storage materials, required for hydrogen fuel-cell powered systems. A target of 5.5 wt%
has been set by the U.S. DOE for the storage medium. Although many systems meet this
requirement, no practical storage medium has emerged that is reversible and where hydrogen
sorption can take place at ambient conditions.” ® The ideal adsorption energy of H, should lie
within 0.2-0.6 eV per molecule.” > Theoretically, a number of material designs have been
proposed that meet this goal.6'8 A class of these materials is transition-metal-decorated

nanostructures >

where hydrogen is bound in quasi-molecular form through the Kubas
interaction. The binding energies in these cases lie in the range of 0.5 to 0.8 eV/H, molecule.®
For surfaces decorated with alkali metal atoms, H, also binds in quasi-molecular form, but

. . . 14,15
through a charge polarization mechanism.™

Here, the adsorption energies lie in the range of
0.1-0.3 eV/H, molecule.’®? Even for those theoretical predictions for ideal conditions, a
hydrogen storage gravimetric capacity higher than 10 wt% has been scarcely obtained."

An alternative to hydrogen may be methane storage. Note that the combustion heat for

hydrogen, namely 141.8 MJ/kg is much higher than that of methane, namely, 55.5 MJ/kg, and
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also hydrogen-natural gas (HCNG) mixtures have been used as fuels in internal combustion
engines. 2> However, because the mass of each methane molecule is about eight times larger
than that of a hydrogen molecule, the combustion of one methane molecule would produce
about 3.1 times the heat produced by a hydrogen molecule. Consequently, methane adsorption
on similar open metal sites has been explored both theoretically and experimentally, with

particular emphasis on metallo-organic frameworks (MOFs).Z“"32

Generally, compared with
hydrogen storage, the same medium may store methane with less volumetric capacity, but with
more gravimetric capacity. For example, the methane storage capacity of MOFs summarized in a
previous review” is less than 20 wt%. Note that the much stronger repulsion between methane
molecules compared with hydrogen molecules, prevents multiple methane molecules from
gathering at one open metal site. Typically, each open metal site of the storage medium may
adsorb 2-4 hydrogen molecules, but only 1~2 methane molecules.

In this paper we propose that co-mixing hydrogen and methane gas may give rise to a much
higher energy capacity compared with storage of either pure hydrogen or pure methane. Our
first-principles calculations reveal that the repulsion between hydrogen and methane molecule is
moderate for high-density storage. Thus, the open metal sites on a surface can be efficiently
utilized by this mixing and the energy capacity can be greatly enhanced. Charge analysis also
reveals that both the stronger Coulomb interaction and induced multipole moment may
contribute to the increase in capacity. Two examples are selected as benchmark from previous
DFT studies where their stability against metal clustering had already been verified: (1) For
graphene decorated with alkali ions that can each adsorb 2~3 H, molecules, the energy density

can be doubled by substituting one 1 H, molecule by one CH; molecule at each metal site. (2) For
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graphene nano ribbon decorated with 3d transition metal where 4-5 H, can be adsorbed on each
metal site, substitution of two H, molecules by two CH; molecules at each open metal site may
render an equivalent hydrogen gravimetric density as high as 14.0wt%.

2. Methods

Calculations based on density-functional-theory (DFT) were performed using the Vienna ab

3334 and the projector augmented wave (PAW) method.*®> The

initio Simulation Package (VASP)
exchange—correlation potential was treated using the Perdew—Burke—Ernzerhof (PBE) functional
36 within the generalized gradient approximation (GGA). The van der Waals dispersive force was
accounted for using the PBE-D2 functional of Grimme.*” The electron wave functions were
expanded in terms of plane waves with a kinetic energy cutoff of 400 eV to attain the required
convergence. The forces on all atoms were converged to at least 0.005 eV/ A. For calculations of
the interaction between two gas molecules, a rectangle unitcell of 16x16x20 A was adopted
where the interaction from adjacent image supercell will be negligible. For Li-decorated graphene,
a uniform (2 x 2) graphene supercell was used with an in-plane lattice parameter of 4.920 A and
the K-points mesh of 8 x 8 x 1 based on Monkhorst - Pack scheme. For Sc-decorated graphene
nanoribbon, the K-points mesh is 1 x 1 x 7. A vacuum region of 20 A was applied in the direction
perpendicular to the graphene plane to avoid interactions between two neighboring images.*®
The average binding energies of H, and CH,; in the co-mixed samples with n H, and m CH,
molecules are, respectively, defined as,

Egn = [E(medium 4+ m CH,) + n E(H,) — E(medium + n H, + mCH, )]/n

Epp = [E(medium + n H,) + m E(CH,) — E (medium + n H, + mCH, )]/m

Here, E(medium + n H,) /E(medium + m CH,) is the total energy of the medium with n
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adsorbed H, molecules/ m adsorbed CH; molecules; E(H,) /E(CH,4) is the energy of isolated
H,/CH, ; E(medium + n H, + mCH, ) is the total energy of the medium with n adsorbed H,
molecules and m adsorbed CH; molecules. The positive binding energy corresponds to stable

configuration and represents an exothermic adsorption process.
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Figure 1 Computed PBE-D2 interaction energy between H, - H,, CH;— CH,4, and H,— CH, as a

function of inter-molecular distance. Grey and white spheres denote C and H atoms respectively.

3. Results and Discussions
3.1 Interaction between H, and CH,

To gain insight into the merit of co-mixing of hydrogen and methane, we begin with a
discussion of the interaction between these molecules. In Fig. 1, we show the energies as a
function of inter-molecular distance between H,- H,, CH;— CH,4, and H, — CH,. Note that the
interaction between methane molecules is much more repulsive than that between the hydrogen

molecules for distances up to 3 A. In addition, the optimized inter-molecular distances between
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CH, molecules and H, molecules are respectively 3.5 A and 3.2 A. This can be understood by
analyzing the charges on the H atoms in Fig. S1. In CH4 dimer, the charges on the hydrogen atoms
are positive, which results in a repulsive interaction, making the intermolecular distance large.
The charges on the H atoms in the H, dimer, on the other hand, are vanishingly small, making the
bonding between these molecules weak, governed by polarization forces. The situation, however,
is different when H, interacts with CH,. Here, the charges on the H atoms in H, are negative while
those in CH,; are positive, making them attract. Consequently, the intermolecular distance
between H, and CH, is shorter (namely, 3.4 A) than that between CH, molecules. In addition, the
binding energy of H,-CH4 ( ~14meV) is larger than that between two H, molecules ( ~6meV). The
large size of CH, will make it difficult to decorate many CH, molecules around an open metal site
due to steric hindrance, even though the binding energy between two CH, molecules is larger
than that between H; and CH,.

There is also another reason why co-mixing of H, and CH; may lead to an increase in energy
density. The adsorption energy of a hydrogen or methane molecule at an open metal site usually
ranges between 0.1 and 0.4 eV, and the optimized metal-molecule distance is usually around
2.0-2.5 A. When multiple gas molecules are adsorbed, the repulsion energy between gas
molecules should be less than ~0.1 eV so that the overall average adsorption energy can still be
above 0.2 eV. However, the repulsion energy between the methane molecules increases
drastically above 0.1 eV when CH, — CH, distance is reduced below 2.85 A, which would
approximately be the minimum distance between methane molecules adsorbed at the same
open metal site. In comparison, the repulsion energy between a H, and a CH; at the same
distance is only ~0.02 eV, and the H,— CH, distance can be reduced to 2.55 A, with repulsion
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Page 6 of 18



Page 7 of 18

Journal of Materials Chemistry A

energy below ~0.1 eV.

3.2 Interaction of H, and CH, with a substrate

For practical storage, it is necessary to first understand how the gas molecules interact with
a substrate. Taking graphene as an example we have calculated the adsorption energies of H, and
CH, as a function of distance from the substrate. The results are plotted in Fig. 2. Note that the
interaction between CH, and graphene is much more repulsive than that between H, and
graphene, although CH,; is bound more strongly to the graphene substrate than H,. The
adsorption energy of the former CH, is ~0.12 eV, while that of H, is ~0.06 eV. Similarly, the
distance between CH, and the substrate, namely, 3.4 A is also much larger than that between H,
and the substrate, which is 2.8 A.

3.3 Interaction of H, and CH, with a Li atom supported on graphene

It has been demonstrated earlier that metal atoms supported on a substrate can bind
multiple H, molecules. To study how co-mixing of H, and CH, will affect this binding, we have
investigated the trapping of H,, CH4, and their mixtures at Li sites supported on a graphene
substrate. There are two factors to consider. Due to charge transfer between Li and the graphene
substrate, the Li sites may become ionic, which in turn can bind the gas molecules through the
polarization mechanism. This factor as well as the interaction of the gas molecules with the
substrate may affect not only the strength of their binding but also the number of gas molecules
that can be trapped at each metal site. A schematic model for the adsorption of two molecules
around a Li metal site is illustrated in Fig. 2(b) and (c). The characteristic distances to consider are
the inter-molecular distance, /; the distance between the molecule and the metal atom, s; and

the distance between the metal atom and the substrate, h. It is known that the intermolecular
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distance between CH, molecules, / >~ 2.9 A and the distance between CH, and an open metal site,
s <~ 2.5 A. If a metal site is supported on a substrate like graphene at a distance of ~2.0 A, the
repulsive energy will overwhelm the adsorption energy, making adsorption difficult. To ensure
both the adsorbed methane molecules are more than ~3.0 A away from the substrate while less
than ~2.5 A away from the metal site, the metal ion should be at least ~ 1.0 A away from
substrate. Even these preconditions are met, the adsorption energy could still be below 0.2 eV,
considering all the repulsion from other methane molecules either at the same metal site or
adjacent metal sites (which can be considerable in the case of high density of open metal sites),
and also from the substrate. In comparison, H, can approach the substrate at much shorter
distance with repulsion energy from substrate less than 0.1 eV. The repulsion from adjacent
hydrogen or methane molecules are also much weaker. The optimized ground state of the
adsorbed CH,- H; pair is likely to be the configuration in Fig. 2(c), where H, is much closer to the

substrate than CH4; and the CH,4- H, distance could be large to minimize repulsion.
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Figure 2 (a) Adsorption energy as a function of distance between CH4/H, and graphene. (b) and (c)
are respectively schematic illustrations of CH;- CH,4 and CH4- H, pair adsorbed at an open metal

site denoted by a purple sphere.

This schematic model should apply to various alkali-metal-doped carbon-based materials

16, 39 18 17, 40 . erles .
carbon nanotube,”™ or graphene decorated with lithium ions. Here

such as fullerene,
following Ref. 39, we choose graphene as a prototype medium for hydrogen/methane storage. As
shown in Fig. 3(a), graphene is decorated by Li ions on both sides for a maximum adsorption
capacity of hydrogen molecules. The charge and binding energy of each Li ion are respectively
+0.19e and 1.63 eV. According to Table 1, the average adsorption energy when each Li ion
adsorbs 1, 2, and 3 H, are, respectively, 0.07, 0.24 and 0.21 eV per H,, which indicates that the

adsorption energy of the 1%, 2", and 3™ H, will be respectively 0.07eV, 0.24x2-0.07=0.41 eV,

0.21x3-0.24x2=0.15 eV. As a result, the number of effectively adsorbed H, will be 2 for each Li
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atom, and the overall weight capacity of hydrogen storage will be 6.8 wt%.
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Figure 3 Graphene decorated with Li ions with adsorption of (a) 1 and 2 H; (b) 1and 2 CH,; (c) 1

H,+ 1 CHy, 1 Hy+ 2 CHy, and 2 Hy+ 1 CH,4 per Liion.

Table 1. Average binding energy of H, / CH,4 for mixing adsorption of n H, molecule and m CH,.

n 1 2 3 1 2 1
m 1 2 1 1 2

E.nev) 007 024 0.8 020 022  0.17
Epm(eV) 028 021 041 022 026

For methane storage, as shown in Fig. 3(b), the adsorption energy for the 1 and 2" CH,
molecule at a Li site will be 0.28 and 0.14 eV, where the 2" CH, is not likely to be adsorbed at
ambient conditions. The distance between two methane molecules is 3.25 A, slightly larger the

CH,4 — CH, distance limit of 2.85 A estimated above. The distances of these molecules from
10/17
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graphene are, respectively, 3.0 and 4.4 A. While the 1% CH, is right at the limiting distance of 3.04,
estimated above; their distances from the Li ion are, respectively 2.3 and 2.8 A. The large
distance of 2.8 A from Li indicates that the adsorption of the 2nd CH, is much weaker. If a (4 x 4)
graphene supercell is adopted to study a low-density condition where the distance between
adjacent Li ions at one side is doubled, the 2" CH, at a Li site can be adsorbed due to much less
repulsion from adjacent supercell, while the 3" CH, will still be repelled away from the Li ion.
Even here the maximum number of adsorbed CH, is doubled, the density of Li ions as well as the
methane capacity will be much lowered.

Now we try to enhance the energy capacity by co-mixing hydrogen and methane. If every Li
ion adsorbs one hydrogen and one methane molecule as in Fig. 3(c), the average adsorption
energy will be 0.24 eV per molecule, according to Table 1. Moreover, when one more H, or CH, is
added at each open metal site, every Li atom would bind two H, and one CH,. The average
adsorption energy of 0.23eV is within the desirable range for storage. Considering that
combustion heat of one CH, is 3.1 times that of H,, the stored energy is equivalent to hydrogen
gravimetric density of 13.6 wt%. This is twice the density compared with pure hydrogen storage.
Here, the distances away from graphene are, respectively, 2.4/2.3 A and 4.1 A for H, and CH,,
which is consistent with the model shown in Fig. 2(c). For one H, and two 2CH, adsorbed on
every Li site, the average adsorption energy is 0.20 eV, which is in the required range for effective
adsorption. However, here the 3™ CH, is already repelled to 4.1 A away from the Li ion. With an
adsorption energy of only 0.12eV, it is unlikely that it will remain bound at ambient conditions.

Generally, for open metal sites, the unscreened Coulomb interaction plays an important role
in the adsorption of hydrogen molecules, while the adsorption of methane is mainly attributed to
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the charge redistribution and induced multipole moments.”® We performed Hirshfeld charge
analysis on the structures of Fig. 3(b) and (c) to compare the storage of pure methane vs co-
mixed H, and CH,4. The charge on every atom is listed in Fig. S1 of supporting information: the
total charge on each methane molecule is ~-0.01e upon the adsorption of one CH, per Li ion in
Fig. 3(b). This charge becomes ~0.03e in Fig. 3(c) when one more H, is added. Upon the
adsorption of two CH, molecules per Li ion, the total charge on the methane molecule closer to Li
is ~-0.01e, while it is -0.03e for the one farther to Li in Fig. 3(b). Similar results are found for the
system in Fig. 3(c). The charge on methane molecule close to Li ion will turn from negative to
positive upon the co-adsorption of hydrogen molecule. This is revealed from the following
calculations. When one H,and one CH, are placed in the same supercell, there will be a charge of
~0.01e transferred from H, to CH,. However, the symmetry of a CH, is also reduced as revealed
by the charge distribution on its four H atoms. For one CH, adsorbed per Li ion in Fig. 3(b), the
charge on H atoms of CH,4 range from 0.026e to 0.034e; for one CH4 and one H, per Li ion in Fig.
3(c), the charge on H atoms of CH, range from 0.026e to 0.043e, so the dipole moment is
enhanced upon mixing storage. As a result, both Coulomb interaction and induced multipole

moment may contribute to the adsorption energy of co-mixed methane and hydrogen.

3.4 Interaction of H, and CH; around a Sc atom supported on armchair graphene nano

ribbon (AGNR)

12 /17
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Figure 4 (a) AGNR with edges decorated with Sc atoms (denoted by orange spheres) and

adsorption of (b) 2 CH,4 ; (c) 3 CHy; (d) 1 Hy+ 2 CHy, and (e)2 H,+ 2 CH,4 per Scion.

Table 2. Average binding energy of H, / CH,4 for mixing adsorption of n H, molecule and m CH,.

a 4 1 2
b 2 3 2 2
E.(eV) 0.27 0.26 0.26
Ey(eV) 0.22 0.19 0.31 0.28

The above model can be applied to various medium decorated by alkali ions: each ion can

generally adsorb 2~3 H, for hydrogen storage, and the energy density can be approximately

doubled upon the substitution of 1 H, by 1 CH4. However, when 3d transition metal ions are used,

the binding of the gas molecules is enhanced compared with alkali ions and each 3d metal atom

can adsorb 4-5 H, molecules, provided there is enough room around the open metal site. In this

case, more H, molecules may be substituted by CH, for higher capacity. Following the previous
13 /17
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DFT study10 we consider armchair graphene nanoribbon (AGNR) with edges decorated by Sc.,
where the stability against metal clustering has already been verified in details. Since atomically
precise bottom-up fabrication of ultra-narrow GNRs had been realized through polymerization of
small molecules”, the narrowest GNR was chosen for study where the clean edges constructed

4245 In this

from small molecules can give rise to strong binding energy of 3d metal adatoms
case, the surface area around the metal open site at the edges is much larger compared with that
in Li-decorated graphene, as shown in Fig. 4(a). In previous DFT study it was shown that each Sc
ion can adsorb up to 4 H,, with hydrogen gravimetric density reaching 9.1 wt%.'° For methane
storage, the surface of each open metal site is already large enough for the adsorption of at least
2 CH,, distributed at both sides of the graphene plane, as shown in Fig. 4(b). The average
adsorption energy of 0.22eV is within the desirable range. The adsorption energy for adding the
3" CH,, however, is only 0.16 eV, which is slightly below the desired energy for adsorption. If CH,
is substituted by 1 or even 2 H,, the adsorption energies for the 1% and 2" H, are, respectively,
0.31 and 0.21eV. As a result, considering that combustion heat one CH, is 3.1 times that of H,,
the stored energy will be equivalent to hydrogen gravimetric density of 14.0 wt%.

4. Conclusions

In summary, we show from first-principles calculations that mixing hydrogen and methane
gas may give rise to a much higher energy capacity compared with pure hydrogen or methane
storage. The repulsion between hydrogen and methane molecule at short distances is much less
than that between methane molecules, and the open metal site on a surface can be effectively
utilized to bind H, and CH,. As a result, the energy density can be greatly enhanced. Charge

analysis reveals that both Coulomb interaction and induced multipole moment may contribute to

14 /17
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the stronger adsorption of co-mixed methane and hydrogen. For surfaces decorated by alkali ions
like Li-decorated graphene, each metal site can each adsorb 2~3 H, molecules, and the energy
density can be approximately doubled upon the substitution of one H, by one CH, at each metal
site; for surfaces decorated with 3d transition metal atoms like AGNR decorated with Sc at its
edges, 4-5 H, molecules can be adsorbed on each open metal site, and with two H, molecules
substituted by two CH, at each open metal site, the hydrogen gravimetric density can reach
14.0wt%. This approach can be applied to other storage media such as MOFs with open metal
sites and similar results are expected. Thus, co-mixing H, and CH; may offer an excellent
opportunity to enhance the energy capacity, making a successful hydrogen economy within

reach.
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Mixing hydrogen and methane gas may significantly increase or even double the energy storage capacity
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