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Graphene has been intensively investigated as a possible hydrogen storage medium due to
the spectacular properties granted by its two-dimensional nature. Since graphene's dis-
covery, several new two-dimensional carbon allotropes have been theorized and synthe-
sized. We investigated the hydrogen storage ability of six such allotropes: Cgs, Cg4, Ce3, Co2,
Cs; and Cyy. The ability to anchor lithium metal atoms over each allotrope and the
hydrogen binding energies for each lithium decorated allotrope were studied with density
functional theory using LDA, GGA and vdW-DF2 (for describing van der Waals interactions)
functionals. All the allotropes were able to achieve double sided lithium decoration and
hydrogen adsorption. Every allotrope other than Cs; possesed lithium binding energies
stronger than bulk lithium's cohesive energy which indicates that adsorbed lithium atoms
will not cluster on the allotrope surface. Furthermore, every structure produced hydrogen
binding energies stronger than that of lithium decorated graphene, suggesting the poten-

Physisorption tial of use of these structures in practical hydrogen storage media. The Cy4; structure was
able to adsorb far more hydrogen molecules than any other structure with a maximum
hydrogen gravimetric density of 7.12 wt.% using the vdW-DF2 functional.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

N energy [1]. One obstacle that researchers face with regards to
Introduction

hydrogen fuels is finding a method to effectively store
hydrogen prior to fuel consumption. The US Department of

In recent years, the numerous environmental issues pre-
sented by fossil fuels have acted as a major driving force for
the research community to place focus on greener and more
sustainable alternatives. Among the many energy sources
being investigated at the moment are hydrogen fuels as they
do not create any carbon emissions when used to produce

Energy has set a target to achieve 5.5 wt% gravimetric density
for hydrogen storage in light-duty vehicles by 2015 [2]. Con-
ventional technologies have been unable to meet these targets
in a safe and practical manner [3]. Hydrogen adsorption on
substrates has been explored as a possible route towards
meeting these storage goals [4], including the use of materials
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such as metal organic frameworks [5], carbon nanotubes [6]
and boron nitride sheets [7] and fullerenes [8]. Among car-
bon based substrate materials, two-dimensional graphene
has been found to be particularly promising [9]. Graphene's
high specific surface area in addition to its unique mechanical
and electronic properties allow it be an ideal substrate which
can be modified through metal decoration for increased
hydrogen adsorption [10].

Since the discovery of graphene several other two dimen-
sional carbon structures, such as graphyne [11,12] and
graphdiyne [13], have been synthesized or theorized. These
monolayer materials show promise for hydrogen storage ap-
plications. For example, in a study by Zhang et al. [14] lithium
decorated graphyne was predicted to have a gravimetric
density of 15.15 wt%, higher than that of graphene. In 2013, Lu
et al. [15] theoretically predicted four new two-dimensional
carbon structures which are mechanically stable at room
temperature. These new carbon allotropes, along with
graphyne and another proposed carbon allotrope called gra-
phenylene [16], have different carbon bond hybridizations and
electron density distributions than graphene. This may give
them potential to better interact with and bind metal adatoms
and hydrogen molecules, as graphyne has already been pre-
dicted to do [14].

The present study investigated the hydrogen storage abil-
ity with metal decoration of the six carbon allotropes dis-
cussed by Lu et al. [15], which according to the naming
convention followed by them are: Cgs, Ces (graphenylene), Ces,
Cs2 (graphyne), Cs; and C4y. The Cg, structures consist of
hexagons connected by n-sided polygons, going from a
pentagon for n =5 to a triangle for n = 3 and a straight chain of
two carbon atoms for n = 2. Similarly the C3; and Cy4; struc-
tures consist of triangles and squares connected by single
carbon C; units. Three of the new structures (Ces, Cs3 and Cy;)
are considered more stable than graphyne and the fourth (Cs,)
is just barely less stable. The lithium binding ability for each of
these structures was investigated, with lithium being selected
for metal decoration as it is the lightest known metal and so
would help increase relative hydrogen mass in the system.
The maximum hydrogen gravimetric density was also inves-
tigated by adsorbing multiple hydrogen molecules on the
lithium-decorated structures.

Another issue associated with most theoretical predictions
of hydrogen adsorption on metal-decorated carbon-based
structures is that they utilize density functional theory (DFT)
with local density approximation (LDA) and generalized
gradient approximation (GGA) functionals. For example, the
previously mentioned study by Zhang et al. [14]. of lithium
decorated graphyne utilized LDA. However, the LDA func-
tional can be quite inaccurate for such complex systems and
will often overpredict adsorption strength. On the other hand,
while the GGA functional models covalent type forces well, it
poorly represents van der Waals (vdW) interactions. Such
vdW interactions are significant in describing the weak
physisorption type of bonding typical of molecular hydrogen
adsorption on carbon substrates [17,18] and the interaction
between neighboring metal atoms especially at higher cov-
erages [18]. The more recently implemented vdW-DF2 [19]
functional is said to better account for vdW forces [20] and
so should provide more accurate adsorption energies. Hence,

this study compares theoretical predictions for lithium and
hydrogen adsorption energies using the LDA, GGA and vdW-
DF2 functionals for each simulation.

Computational details

The various carbon allotrope systems were studied using first
principles calculations through density functional theory
(DFT) as implemented using the plane-wave pseudopotential
approach in Quantum Espresso [21]. In order to ascertain ac-
curacy and the effect of different functionals, three electron
exchange functional types were used. The local density
approximation (LDA) functional was described using the
Perdew-Wang method [22]. The generalized gradient approx-
imation (GGA) functional was described using the Perdew-
Burke-Ernzerhof (PBE) [23] method. The vdW-DF2 functional
[19] was used to better describe van der Waals forces. This
functional improves on the earlier vdW-DF [24] by replacing
its revPBE semi-local exchange functional with PW86 and
using an improved large-N expansion asymptotic gradient
correction for the long-range nonlocal component of
exchange-correlation energy. This results in increased accu-
racy in estimating equilibrium separations, H, bond strengths
and van der Waals attraction at intermediate separations
longer than equilibrium ones [19]. Ultrasoft pseudopotentials
were used for GGA and vdW-DF2 calculations, while norm-
conserving pseudopotentials were used for the LDA calcula-
tions. The kinetic energy cutoff value was set to 60 Ry
(1 Ry ~ = 13.606 eV) for the wave functions and to 600 Ry for the
charge density. The Brillouin zone was sampled using a
8 x 8 x 1 Monkhorst-Pack [25] k-point grid and Methfessel-
Paxton [26] smearing of 0.01 Ry [27]. The supercell and
atomic positions were optimized using the conjugate gradient
(CG) algorithm. The total energy convergence was converged
to within less than 5 meV/atom. Each of the structures were
modeled using periodic supercells of 48 carbon atoms, except
for the Cgs supercell which had 40 carbon atoms. Each system
had a vacuum layer thickness of more than 30 A.

The average binding energy for a metal atom was calcu-
lated through the following equation:

Eb = _[Ecarbon+nmetal - (Ecarbon + nEmetaI)]/n (1)

where Ecarboninmetal 1S the total energy of the metal decorated
carbon allotrope system, Ecqmon 1S the energy of the carbon
allotrope sheet alone, Epnetq is the total energy of the free metal
adatom and n corresponds with the number of metal adatoms.

Consequently, the average binding energy for hydrogen
adsorption on the lithium-decorated carbon allotropes can be
calculated through the following equation:

E, =— [Emetal—cavbon+in - (Emetal—cmbun + IEHZ)}/I (2)

where Eetal—carbon-in, 1S the total energy of the metal decorated
carbon allotrope system with hydrogen adsorbed, Eetal—carbon
is the total energy of the metal decorated carbon allotrope
sheet, Ey, is the total energy of the free H, molecule and i
corresponds to the number of H, molecules. A positive binding
energy in the previous two equations indicates a stable sys-
tem configuration.
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The charge density differences were obtained from the
following equation:

A!J = Pmetal—carbon+iH, — (pmetal—cmbon + pin) (3)

Where pea carmonsin, 1S the charge density of the metal deco-
rated carbon allotrope system with hydrogen adsorbed, ppe-
tai—carbon is the charge density of the metal decorated carbon
allotrope sheet and py, is the charge density of the iH, mole-
cules in their adsorbed positions.

Results and discussion
Metal adsorption

As previously reported, metal decoration on graphene greatly
enhances its limited hydrogen adsorption ability as the
hydrogen molecules bind to the metal atoms rather than the
carbon substrate [10]. Hence, double sided lithium decoration
was conducted for each carbon substrate to increase the
maximum possible hydrogen storage ability. Lithium was
selected as the metal adatom as it is the lightest metal and
hence it would create a relatively lower non-hydrogen mass
fraction in the system. The multiple adsorption positions and
system configurations investigated are illustrated in Fig. 1.
The adsorption positions are above the center of various
polygon shapes formed by carbon atoms in the plane of the
various structures; these include a triangle site for the Cs;
surface, a square site for C,1, a hexagon site for Ce,, hexagon
and triangle sites for Ces, hexagon and square sites for Cg, and
hexagon and pentagon sites for Cgs. Generally positions in the
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large hollow rings of several of the structures (such as in the
center of Cgq) were not investigated as they were presumed to
produce weak lithium binding due to the large distance from
surrounding atoms, based on previous work with graphene
systems with similar large hollow spaces [28]. The lithium
binding energies for these systems are displayed in Table 1
and Fig. 2 for easy comparison. All of the positions show
positive stable binding energies, indicating that double sided
lithium decoration is physically feasible. Furthermore, all
structures except Csq, display lithium binding energies greater
than the cohesive energy for bulk lithium (1.63 eV) and so
should have well dispersed lithium atoms which avoid clus-
tering. The Cs; structure stands out by having a metal binding
energies significantly below the others. In fact, its binding
energy values (0.964, 0.687 & 0.420 eV for LDA, GGA and vdW-
DF2 respectively) are below the bulk cohesive energy, indi-
cating that lithium atoms are likely to cluster into agglomer-
ates by migrating across the Cs; surface. Adatom clustering
due to low metal binding energy has been a problem in pre-
vious metal decoration systems [29]. Therefore, our results
show that the studied Cs, is not a good candidate for practical
hydrogen storage. Nevertheless, it may still be possible to
prevent lithium clustering by anchoring the metal adatoms on
a vacancy, as has been previously suggested for other systems
[29]. Overall, these results suggest that the remaining allo-
tropes are more viable candidates for use in a practical storage
device.

The Li binding energies for the Cgs allotrope are the highest
among the studied structures (from 3.348 eV with LDA at its
strongest down to 2.203 eV with vdW-DF2), while the
remaining allotropes show more or less similar binding en-
ergies (with the exception of Cs; as discussed previously). For
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UW
v -
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Fig. 1 — Substrate structures and hydrogen adsorption sites of the six studied two-dimensional carbon allotropes with
double-sided lithium decoration: a) Cz;; b) C41; €) Cez; d) Ce3 hexa; €) Cej tri; f) Ceq hexa; g) Csa square; h) Ggs hexa; i) Ces penta.
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Table 1 — Average lithium adsorption energy (eV) for each two-dimensional carbon allotrope and adsorption position. Note

the bulk cohesive energy for lithium is 1.63 eV. All structures except Cs; posses lithium binding energy greater than the
cohesive energy and this should prevent metal atom agglomeration.

CGS C41 C63 C64 C:62 C:31

Hexa Penta Square Hexa Tri Hexa Square Hexa Tri
LDA 3.348 3.341 2.678 2.524 2.261 2.688 2.678 2.462 0.964
GGA 2.538 2.526 2.106 2121 1.869 2.225 2.113 2.015 0.687
vdW-DF2 2.203 2.210 1.775 1.791 1.618 1.859 1.798 1.696 0.420

all allotropes, a specific pattern can be observed for the en-
ergies produced when using different exchange correlation
functionals. The LDA functional consistently produces the
highest lithium binding energy, followed by the GGA func-
tional and the vdW-DF2 functional produces the lowest
binding energy for each allotrope system. The vdW-DF2
functional is known to have a stronger repulsion for electron
exchange effects than PBE GGA [30] and this is likely contrib-
uting to its relative lower metal adsorption energies. It is
interesting to note that all the GGA and vdW-DF2 lithium
binding energies are stronger than the corresponding lithium
binding energies for double sided decoration on graphene [31],
suggesting metal decoration for these structures might be
more favorable than for graphene.

In order to understand the nature of bonding in the sys-
tems, the projected density of states (PDOS) for each of the
metal decorated carbon allotropes simulated with the vdW-
DF2 functional are presented in Fig. 3. For structures with
multiple adsorption positions, only one PDOS diagram is
shown for the position with the strongest binding energy as
the other positions are likely to have very similar states. The
carbon substrates clearly show sp hybridization within the
carbon sheet where the carbon s and p shell peaks overlap in
each diagram. The lithium atoms have very localized peaks
which overlap with carbon peaks to some degree in all the
structures and so there is likely some degree of hybridization
between the lithium orbitals and surrounding carbon orbitals.
The Cegs structure shows the highest degree of hybridization as
the two lithium peaks line up very well with corresponding
carbon peaks; in fact the red carbon p-orbital peak which
overlaps the rightmost green lithium peak is barely visible.
This indicates a strong degree of hybridization for the Cgs

41 [T vdW-DF2 ]
10PBE-GGA o
31|00 LDA |
2 - -

Binding Energy (eV)

IHHHN

SRSV -
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Fig. 2 — Average metal binding energies (eV/atom) at
multiple sites for the six studied two-dimensional carbon
allotropes with double-sided lithium decoration.

structure and explains its stronger lithium binding energies.
The Cegs structure also has the fewest zero state energy regions
or number of deep valleys which are close to zero value in
density of states, indicating it has a greater degree of delo-
calization of the electrons which are shared well amongst the
system atoms and demonstrates that the lithium atoms have
integrated well into the substrate system. Conversely, the Cs;
structure displays the greatest number of deep valleys and has
several energy regions with zero or near zero states. This in-
dicates a greater degree of localization of electrons on atoms
and decreased charge sharing within the system, indicating
that the lithium adsorption is less favorable for the C3; system
configuration. The PDOS diagrams also demonstrate that
none of the lithium adsorbed structures have a band gap,
unlike the bare substrates where the Cg, and Cg, structures
have small energy band gaps indicating they are semi-
conductors [15]. On the other hand, the adsorption of lithium
seems to have metalized all the allotropes which all now
display conductor like PDOS.

Hydrogen adsorption

Following lithium adsorption, a hydrogen molecule was
adsorbed on each lithium atom for all the carbon allotrope
structures. The average hydrogen molecule binding energy
(eV/H,) results are given in Table 2. The optimized configura-
tions of the adsorbed hydrogen molecules for each position
can be seen in Fig. 1. Unlike the lithium adsorption simula-
tions, there is no clear pattern among the binding energies
produced by the different exchange correlation functionals for
hydrogen adsorption. In most cases (seven out of nine) the
LDA functional produces the highest binding energy while the
lowest binding energies are almost equally split between GGA
and vdW-DF2 functionals. Overall, the C3; allotrope displays
much stronger binding energy than the other structures,
opposite to its behavior for lithium adsorption, as can be seen
in Fig. 4 for easy comparison. As the Li decorated Cs; structure
was found to be relatively less stable (with a lithium binding
energy even less than bulk lithium's cohesive energy), the
addition of the hydrogen molecule's charge acts as a stabiliz-
ing force and makes the molecule's charge quite attractive to
the lithium-Cz; system, thereby enhancing its adsorption
energy. Amongst the remaining structures, the GGA and vdW-
DF2 functionals produce roughly similar energies across all
positions. The H, adsorption energies with LDA functional
show greater variability, being fairly high for the Cg, allotrope
(0.434 eV) and low for the Cgs-square position (0.089 eV). The
vdW-DF2 functional displays the smallest variability for non-
Cs; binding energies, with all of them having values within
0.02 eV of each other.
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Fig. 3 — Projected density of states (PDOS) for the lithium decorated two-dimensional carbon allotropes from simulations
using the vdW-DF2 functional: a) C31; b) Ca1; ) Ce2; d) Ces; €) Cegs; f) Ces. There is evidence of sp hybridization within the
carbon sheet and hybridization between the lithium and carbon atoms. The Cgs structure displays the greatest degree of
hybridization and electron sharing while the Cs, structure displays the highest localization of electrons.

There also seems to be little relation between the strength
of hydrogen adsorption and lithium adsorption behavior for
the non-Cs; allotropes. Instead, the particular electronic and
structural properties of each structure determine their inter-
action with the hydrogen molecules and a specific pattern
seems to be difficult to predict a priori. Hence, it is not possible
to determine the effect of hybridization between the lithium
and carbon atoms on hydrogen storage capacity as other
factors can play a more significant role for such relatively
weak physisorption type binding. In a broad sense, positions

located in larger polygons such as hexagons or pentagons
produced slightly stronger hydrogen binding than those in
smaller polygons such as squares or triangles, although the
magnitude of the difference is negligible (especially for vdW-
DF2 results as pointed out). Interestingly, all the vdW-DF2
hydrogen adsorption energies are stronger than that of gra-
phene with double sided lithium decoration with the same
functional, while all the GGA binding energies are weaker
(with the exception of Cs;) [31]. This once again points to the
importance of considering vdW effects, where their neglect
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Table 2 — Average hydrogen adsorption energies (eV/H,) for each two-dimensional carbon allotrope and adsorption

position.
Ces Cau Ces Ces Ce2 &3
Hexa Penta Square Hexa Tri Hexa Square Hexa Tri
LDA 0.197 0.192 0.196 0.243 0.237 0.226 0.089 0.434 0.709
GGA 0.158 0.161 0.159 0.179 0.179 0.167 0.167 0.194 0.743
vdW-DF2 0.188 0.175 0.173 0.182 0.177 0.183 0.173 0.189 0.671

leads to the conclusion that these carbon allotropes are infe-
rior to graphene for hydrogen adsorption while their inclusion
results in the opposite conclusion.

As all of the hydrogen molecules remained intact after
adsorption and as all of the average hydrogen binding en-
ergies were below 1.0 eV, the hydrogen likely bonded with the
lithium adatoms through physisorption. This is further
confirmed by the charge density differences (CDD) of the
systems for hydrogen adsorption, as seen in Fig. 5 for vdW-
DF2 results. All of the structures follow the same pattern
where there are very clear regions of charge accumulation and
depletion on either side of the hydrogen molecules, indicating
strong polarization of the hydrogen. This suggests that the
hydrogen binds by a weak electrostatic dipole mechanism for
all of the systems and there is no covalent character bonding
or strong hybridization between the hydrogen and lithium
atoms. Such relatively weak binding is actually advantageous
as it allows easier release of the hydrogen molecules from the
system while stronger covalent type bonds require significant
input of energy.

Maximum gravimetric density

The various structures were next investigated for adsorption
of the highest number of hydrogen molecules they could
accommodate. The Cs; structure was excluded from this study
as it was not considered practical based on metal anchoring
ability as previously discussed. Furthermore, since the vdW-
DF2 functional is considered to be more accurate for
hydrogen adsorption [31], the simulations were carried out
with this functional alone. The systems analyzed so far had
only four hydrogen atoms on two lithium atoms in 48 or 40
carbon atom substrates, leading to quite low gravimetric
density for hydrogen (0.68—0.81 wt.%). However, even adding
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Fig. 4 — Average hydrogen binding energies (eV/H,) at
multiple sites for double sided lithium decorated carbon
allotrope systems.

multiple hydrogen molecules to each lithium atom would not
be able to compensate for the large number of carbon atoms
which represent a significant non-hydrogen mass fraction.
Indeed, it can be seen from Fig. 1 that only a small area of the
carbon substrate in each simulation is being used for
hydrogen adsorption (assuming all such adsorption only oc-
curs on lithium atoms). Hence, increasing the number of
adsorbed lithium positions within each supercell would go
towards greatly increasing hydrogen mass fraction in the
supercell.

Expectedly, increasing the number of lithium atoms in
each supercell caused the hydrogen binding energy to
decrease and and eventually made hydrogen adsorption un-
stable in the system. This is similar to a trend observed for
nickel decorated graphene in our previous work [31], where
increased metal coverage decreased the hydrogen adsorption
energies. Several configurations with adsorption of lithium
atoms at different positions were analyzed for different allo-
tropes. The best results were obtained for the Cgs and Cyy
structures. The Cgs was able to adsorb up to four lithium
atoms in its 48 carbon supercell, meaning that it could
accommodate double sided lithium decoration at only one
additional position (another hexa position) compared to the
earlier simulation. Each of the lithium atoms was able to
adsorb only two hydrogen molecules to give a total of eight
hydrogen molecules in the system, as seen in Fig. 6, which
produced a hydrogen gravimetric density of 2.6 wt.%. The
average binding energy per molecule for these 8 hydrogen
molecules was 0.147 eV, a slight decrease from 0.183 eV
binding energy for the initial system with lithium adsorbed at
only one position.

The C4; structure was able to adsorb lithium atoms at three
additional positions within its 48 atom supercell, giving it a
total of 8 adsorbed lithium atoms. Each of these in turn were
able to adsorb a maximum of 3 hydrogen molecules, resulting
in a total of 24 hydrogen molecules being successfully adsor-
bed in the supercell, as seen in Fig. 7. This produced a
hydrogen gravimetric density of 7.12 wt.%, by far the highest
of any of the carbon allotrope structures studied and the only
one to exceed the DOE target of 5.5 wt.%. The average
hydrogen binding energy per molecule was reduced to
0.087 eV, a marked decrease from the 0.173 eV energy for the
initial single site adsorption case. Although the C4; structure's
gravimetric density is lower than the extremely high density
of 15.15 wt% reported by Zhang et al. [14], it should be noted
that the previous study used the LDA functional which is less
accurate than the vdW-DF2 functional we have utilized and
often overpredicts binding energies. Indeed, in a previous
study we have reported that using the newer vdW-DF2 func-
tional produces drastically lower hydrogen gravimetric den-
sity for graphene (6.12 wt.% at best) compared to earlier
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(d) (e) ey

Fig. 5 — Charge density difference isosurfaces for (a) Cs;, (b) Cas, () Ce2, (d) Ces-hexa, (e) Ces-hexa and (f) Ces-hexa systems.
Yellow indicates regions of charge gain, blue indicates regions of charge loss, green indicates lithium atoms and red
indicates hydrogen atoms. The isosurfaces show clear polarization around the hydrogen molecules. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

studies which used LDA (with a value reported up to 16 wt.%) correlation functional which can represent weak van der
[31]. Hence, the Cy4 structure demonstrates higher possible Waals interactions for molecular hydrogen systems.

hydrogen gravimetric density than graphene. This also dem- The geometry of the Cy4; structure likely plays a role in its
onstrates the importance of selecting a proper exchange outstanding performance. The structure has less large open

v -
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Fig. 6 — Configuration of C¢, system with maximum number of adsorbed hydrogen molecules. Each lithium atom binds two
hydrogen molecules to give eight molecules in the system and a hydrogen gravimetric density of 2.6 wt%.
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Fig. 7 — Configuration of C4; system with maximum
number of adsorbed hydrogen molecules. Each lithium
atom binds three hydrogen molecules to give twenty four
molecules in the system and a hydrogen gravimetric
density of 7.1 wt%.

hollow spaces compared to the other allotropes, allowing for
more efficient packing of its square lithium adsorption sites
within a certain area. Yet the lithium adsorption sites are not
too close to each other, as in the adjacent hexa sites of the Cgy
structure, which can cause less stable hydrogen adsorption as
well as impose geometrical constraints on hydrogen molecule
packing. Hence, the C4; carbon allotrope seems to have a
balanced structure with potential to be used in a practical
hydrogen storage device. It should be noted the stated
hydrogen gravimetric density is its theoretical best for the
allotrope medium and in real life conditions and as part of a
wider system the overall figure will likely drop somewhat.
However, the structure will still likely produce hydrogen
density in the ballpark of the DOE target value. Furthermore,
the storage capacity of the structure may be even further
enhanced by effects such as the presence of vacancies and
other topological defects, which tend to increase hydrogen
storage capability in graphene systems [28], and would be a
good candidate for further investigation.

Conclusions

The hydrogen storage capacity of six metal-decorated two-
dimensional carbon allotropes (Ces, Cesa, Cs3, Cs2, C31 and Cay)
was investigated using density functional theory. Multiple

positions on the allotrope structures were tested for double
sided lithium decoration using LDA, GGA and vdW-DF2
functionals. Subsequently, the adsorption energy of a single
hydrogen molecule on each lithium atom at these positions
was determined using the same three functionals. All the
structures were able to successfully bind lithium atoms with
adsorption energies stronger than bulk lithium cohesive en-
ergy, with the exception of the C;; structure which had
lithium adsorption energies significantly lower than the other
allotropes. The remaining allotropes showed roughly similar
lithium adsorption energies, with the Cgs structure possessing
the strongest binding energies. The vdW-DF2 functional
resulted in the lowest lithium binding energies for all struc-
tures followed by the GGA functional, while the LDA func-
tional produced the highest binding energies for all structures.
All lithium decorated two dimensional allotropes successfully
adsorbed hydrogen with stronger adsorption energies than for
lithium decorated graphene. The GGA and vdW-DF2 hydrogen
adsorption energies for all of the allotropes, except C3;, were
roughly similar, while the LDA functional produced more
widely fluctuating though generally stronger binding energies.
In contrast to it's lithium binding energies, the Cs; structure
had significantly stronger hydrogen binding energies than the
other allotropes. The maximum possible hydrogen adsorption
capacity of each carbon allotrope, other than Cs;, was then
examined using the vdW-DF2 functional alone. The C4; allo-
trope possesed an average hydrogen binding energy of
0.17 eV/H, and produced the highest hydrogen gravimetric
density at 7.12 wt%, better than that of metal decorated gra-
phene, and was the only one to exceed the DOE hydrogen
storage target.
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