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ABSTRACT: Nanoporous carbon structures are promising candidates for
hydrogen physisorption storage due to their high specific area and light
weight. Using first-principles calculations, we predict a type of sp’—sp’
hybrid carbon network (HCN) with well-aligned and size-tunable
nanopores that are suitable for hydrogen storage. The unique shape of
the nanopores is beneficial for the selective Li atoms doping and induces an
enhanced H, binding energy that can be attributed to the improved
interaction between polarized H, and Li ion. A maximum weight
percentage of hydrogen storage reaches 6.28 wt % with an average binding
energy of —0.19 eV in Li-doped HCN. Together with the ultrahigh
volumetric density of hydrogen (102 g/L), the HCN structure is a
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promising candidate for the hydrogen storage medium.

1. INTRODUCTION

Hydrogen is a clean, nontoxic, renewable energy carrier and can
be considered as a potential major alternative to fossil fuels for its
efficiency, abundance, and environmental friendliness. However,
one of the most difficult challenges for the hydrogen economy is
the lack of suitable hydrogen storage systems with high
gravimetric and volumetric density. The 2015 target of United
States Department of Energy (USDOE)' requires the medium to
carry the hydrogen capacity with 5.5 wt % and 40 g/L volumetric
density. In addition, to enable H, reversible adsorption/
desorption under operating conditions, the adsorption energy
in the storage media is desired to be —0.1 to —0.5 eV/H,. Metal
hydrides show high gravimetric and volumetric densities of H,
storage but suffer from the strong binding energy and poor
diffusion rate. Liu et al. find the Li doping into MgH, could
overcome such drawbacks at low Li doping concentrations.”
Carbon nanomaterials have attracted a lot of attention for the
large surface area and light weight. However, pristine carbon
nanostructures are too chemically inert to act as possible
hydrogen storage media. These materials such as carbon
nanotubes,® graphite expanded structures,®”® and so on suffer
from one form of practical difficulty, whereas the H,
physisorptions in the carbon nanostructures are too weak to
store hydrogen at room temperature. One possible approach to
improve the H, binding energy is to modify these pristine
nanostructures by doping metal atoms. A lot of studies suggest
that the transition metals doping could enhance the H, binding
energy in carbon nanotubes,” "> graphene,"*~" and graph-
yne."®'” The enhanced binding by transition metal is known as
the Kubas bonding,18 where stems from the hybridization of the
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o or o* orbitals of the H—H bond with the transition metal d
orbitals. Psofogiannakis and co-workers measure a reversible H,
storage capacity of about 3 wt % in graphite oxide-like carbon
foam doped with Pd/Hg nanoparticles at room temperature and
2 MPa pressure.19 However, the transition metals are prone to
form clusters, and it is fundamentally difficult to achieve
homogeneous monolayer coating on the carbon nanostruc-
tures.””*! Furthermore, the Kubas interaction seems to be
excessively strong to dissociate the hydrogen molecule, which
reduces the amount of the hydrogen storage. Recently, graphene
structures doped with light metals such as Li, Ca, and Al atoms
have been predicted to store the hydrogen capacity more than 8.4
wt % theoretically.”>”>* Unfortunately, the latest study shows
that the hydrogen storage capacity in Al-doped graphene is
significantly reduced due to the dissociation of the first adsorbed
H, molecule.*® Although it is verified that the Li doping could
enhance the hydrogen binding energy in carbon nanotubes and
boosts the reversible hydrogen storage to 3.9 wt % at 77 K and
106 kPa,”” no experiment has yielded comparable hydrogen
capacity to the theoretical expectations for the low-dimensional
carbon material.

Sigal et al. cast serious doubt about the straightforward
application of metal-doped two-dimensional (2D) systems for
hydrogen storage since even slight oxygen content in H,
atmosphere can block the metal sites at ambient condition
which suppresses the H, adsorption and suppose metal-
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Figure 1. Intermediate configurations of (24, 0) SWCNT bundles upon compressing strain: (a) ideal bundle, (b) hexagonal-like bundle, and (c) HCN

structure.

decorated porous structures could be more practical by hindering
the oxygen access to the metal sites.”® In fact, metal-contained
three-dimensional nanoporous carbon has been fabricated and
exhibits promising application in hydrogen storage.” Gogotsi et
al. fabricate a series of porous carbide-derived carbons and find
the hydrogen storage in TiC-carbide-derived carbon reaches 3.0
wt % at 1 atm pressure and 77 K.*° Their results indicate that
hydrogen storage is dominated by the porous size rather than the
total specific surface area. Another work reveals that the density
of the adsorbed fluid hydrogen appears to be a function of both
the pore size and pressure in carbon nanopores.’' Recently,
metal organic framework (MOF) and covalent organic frame-
work (COF) are proposed to be promising candidates for
hydrogen storage due to the chemically tunable nanoporous
structures.”>”>” Pt-decorated MOFs are reported to achieve
~4% mass fraction excess hydrogen storage at 10 MPa gas
pressure and room temperature experimentally.*® Among a series
of alkali-metalized MOFs and COFs, MOF200-Li and MOF200-
Na are predicted to meet the 2015 USDOE target in weight
percentage at 298 K; nevertheless, the highest volumetric density
among them is less than 25 g/L.**> Most recently, a new COF
configuration (COF-301) is designed with nanoporous size of
about 9 A, and the grand canonical Monte Carlo simulations
suggest PACI decorated COF-301 exhibits H, volumetric density
of 60 g/L at 100 bar and room temperature, close to the ultimate
target of 70 g/L. However, the H, weight percentage in COF301-
PbCl is 4.2 wt %, still lower than the goals of 2015.%° Up to now,
none of three-dimensional (3D) nanoporous structures could
meet the requirement of hydrogen storage in both weight
percentage and volumetric density.

In this work, we reveal that a new type of 3D carbon hybrid
carbon network (HCN) with size-tunable and well-aligned
nanopores, which can be formed from single-wall carbon
nanotubes (SWCNTs) bundles by applying radial pressure. By
changing the diameters of SWCNTs, the nanoporous size of
HCN can be flexibly tunable, which makes it a promising
container for hydrogen uptake. We present that the doping of
alkali metal Li to the corner site of the nanopore is selectively
favorable, and the unique shape of nanopore prevents the
migration and clustering of Li atoms. It is indicated that the H,
binding energy can be effectively enhanced via polarization of the
H, in alocal electric field caused by Liions. The maximum weight
percentage of hydrogen storage in the HCN achieves to 6.28 wt
%, and the corresponding volumetric density is as high as 102 g/
L, which reaches the 2015 goals of USDOE. These findings imply
the HCN structure could be a promising material in highly
efficient H, storage.

2. COMPUTATIONAL METHOD

Our density-functional calculations have been performed using
the projector-augmented-wave (PAW)*" method, implemented

in the Vienna ab initio Simulation Package (VASP)."™** It is
reported the general gradient approximation (GGA) usually
produced purely repulsive interactions between H, and graphene
as well as carbon nanotube,** which contradicts the experimental
findings.*® While local density approximation (LDA) often
overestimates the binding energies between H, and metal atom
as well as carbon planar structure.*” However, the overestimate
of the binding energy by LDA could be compensated by the
neglect of the van der Waals (vdW) interactions of H, in carbon
nanoporous structures,”® and the H, adsorption energies
predicted by LDA calculations are in substantial agreement
with the second-order Mpller—Plesset (MP2) perturbation
theory as well as the experiments.49—51 Moreover, we calculate
the H, binding energy in the nanopores of Li-doped HCN by
several vdW correction methods®>*® (Table S1 in Supplement-
ing Information) and find the prediction given by LDA agrees
well with the corrected results. Thus, LDA is chosen to calculate
the binding energy between the H, and HCN as well as Li-doped
HCN rather than GGA in this work. We adopt a standard
hexagonal supercell for the SWCNTs bundle and HCN
structures. The plane-wave cutoff is set to 400 eV, and the
Brillouin zone of the supercell is sampled with I" centered
Monkhorst—Pack grid of 2 X 2 X 12. The atomic positions are
fully optimized until the magnitude of the forces acting on all
atoms becomes less than 0.05 eV/A.

3. RESULTS AND DISCUSSION

As demonstrated in previous studies, ultrasmall diameter zigzag
SWCNTs (5, 0) could spontaneously join with each other with
covalent bonds rather than weak vdW force due to the intensive
curvature®® and then spontaneously form a hybrid carbon
network with size-tunable nanopores.> Interestingly, previous
work showed that hydrostatic pressure on the SWCNT could
make the SWCNT undergo oval and peanut shape transitions
with anisotropic curvature.*® The following observation of the
pressure-induced transition in magnetoresistance in SWCNT
bundles confirmed an anisotropic shape transition of the
SWCNTs upon pressure.”” Here we present an experimentally
accessible approach to achieve the HCN structures for larger
diameter SWCNT's bundles by applying radial pressure. We take
the (24, 0) SWCNTs bundles for example to investigate the
formation of HCN structures. As known, the pristine SWCNTs
of (24, 0) are prone to align in a 2D hexagonal lattice to form
bundle state as Figure la. The equilibrium lattice constants of
(24,0) SWCNTs bundle are calculated to be a = b =21.66 A and
c=4.21 A, respectively. The optimized individual SWCNT in the
bundles appears natural cylinder shape and the distance between
neighboring nanotubes is 3.2 A, which indicates the vdW force is
responsible for the stability of the bundle. However, upon radial
compressing strain (~1.9 A, 9 GPa), the individual nanotubes are
enforced to approach to each other and thus exhibit a hexagonal
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deformation according to the symmetry of the aligned nanotubes
(Figure 1b). If further compressing is applied (~2.6 A, 12 GPa),
we find the sidewalls of hexagonal-like nanotubes become
incurved and the vertexes of the hexagonal nanotubes get close to
the neighboring ones and eventually covalently bond with each
other to form a HCN structure in Figure 1c. It is noticed that the
carbon atoms undergone sp* hybridization in HCN are marked
as yellow, which offer a junction to support the whole structure.
The formed HCN structure is in hexagonal symmetry with a
shorter lattice constant of a = b = 18.77 A. During the phase
transition from the SWCNT bundle to HCN structure, the size
of the inner space marked as d; in the nanotubes has been
compressed from 1.85 to 1.49 nm in Figure lc. On the other
hand, the sidewalls between two neighboring junctions form an
oval nanotube with the distance d, of 3.8 A. According to the
compressing pressure of ~12 GPa, we estimate an energy barrier
of 0.16 eV/C should be overcome during the transformation
from regular bundles to HCN structure. It is noticed that such
bundle to HCN transformation can be applied for other zigzag
SWCNTs. The derived HCN structures exhibit different
nanoporous sizes, which correlates to the diameters of the
precursor nanotubes. Table 1 summarizes the structural

Table 1. Calculated Structural Parameters of Different HCNs

HCN (15,0)  (18,0) (21,0) (24,0) (27,0) (36,0)
a(A) 12.84 14.76 16.50 18.77 20.71 26.5
c(A) 421 421 421 421 421 421
d, (A) 9.87 11.58 12.74 14.95 16.33 20.80
d, (A) 2.97 3.18 3.76 3.81 438 5.76

parameters of HCNs derived from different SWCNTSs and the
sizes of the main nanopores (d,) of the HCNs range from 9.9 to
20.1 A. Moreover, we show that HCNs remain quite stable under
ambient temperatures once formed and the (24, 0) HCN only
transforms reversibly to SWCNT bundles at a temperature of
about 1580 K by molecular dynamics simulations (see Figures S1
in Supporting Information).

Figure 2a shows the calculated electronic band structure and
density of state (DOS) of the (24, 0) SWCNT bundle,
hexagonally deformed SWCNT bundle, and HCN structure.
As indicated by Figure 2a, the band structure of ideal bundle in
the I'—A direction is similar to that of SWCNT, while the bands
in-plane appear flatter dispersion than those along the tube axis
near the Fermi level, which corresponds to the vdW interaction
between neighboring SWCNTs. Thus, the DOS of the ideal

bundle show a significant peak at the Fermi level. Upon radial
pressure, the individual SWCNTs in the bundle undergo
hexagonal deformations and lead to increased area of faced
sidewalls of SWCNTs. As a result, the deformed SWCNTs
exhibit relatively stronger vdW interaction and thus show
enhanced dispersion of the band structure near the Fermi level in
Figure 2b. However, once the HCN structure is formed, an
obvious band gap of 0.36 eV is opened due to the formation of
strong sp> C—C bonds in the junction region. The band structure
of the HCN exhibits similarly anisotropic features in different
directions. The flat bands in the I'"M-K-I" directions indicate
there is weak dispersion in-plane due to the formation of sp*
carbon atoms junction, which divides the conducting blocks of
sp” carbon atoms. It implies that the mass of the carrier moving
against the porous axis is much heavier than that along the porous
axis near the Fermi level. Along the porous axis, the dispersion of
the bands is similar to that of pristine SWCNT except for the
opened band gap.

Because of the nanoporous structure and large specific surface
area, it is expected that the HCN structure would be much
advantageous in hydrogen storage. The physisorption of
hydrogen molecules in (24, 0) HCN is investigated first. We
notice the HCN structure shows two sizes of nanopores: d; and
d, marked in Figure 1. Since d, is much smaller (3.8 A) than d,
and the former is too narrow to encapsulate the hydrogen
molecules, we focus on the discussion of hydrogen physisorption
in larger nanopore d;. The H, attachment to several possible sites
in this nanopore has been considered, and we find the stable H,
physisorption energies for the side and corner sites (Figure 3a)
are calculated to be —0.08 and —0.12 eV, respectively. It is
noticed the binding energy of the latter is more favorable, which
can be attributed to the overlapped attraction of the two adjacent
sidewalls. The distances between H, and the sidewall of
nanopore for the two sites are optimized to be about 2.70 A,
and the H—H bond length in adsorbed H, is 0.77 A. Together
with the small negative binding energy, we conclude that there is
weak attractive interaction between H, and the (24, 0) HCN.

Since the physisorption of H, into the pristine nanopore is too
weak to store hydrogen at ambient conditions, light metal atom
Li is introduced into the nanopore to improve the H, binding
energy. To evaluate whether the metal atoms cluster or not in the
nanopores, the Li binding energies into different doping sites are

defined as
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Figure 2. Electronic band structure and DOS of (24, 0): (a) ideal SWCNTs bundle, (b) hexagonal-like bundle, and (c) HCN structure.
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Figure 3. (a) Possible Li doping sites in the nanopores of HCN. (b, c)

Differential charge density contour and the band structures as well as the
DOS of Li atom doped into the corner site of HCN, respectively.

where Ej;aucn and Eycy denote the total energy of metal atom
doped HCN and pristine HCN structure, respectively, and Ey; 1,
is the total energy of single Li atom in bec structure. Thus, a
negative binding energy means an exothermic process of the Li
intercalation into the HCN. After relaxation, two stable sites have
been found for Li doping: the corner site and side site in Figure
3a. It is found that the binding energy of Li doping to corner site
is —0.29 eV compared to the bulk Li, which indicates that Li
prefers doping rather than clustering in the nanopore. On the
other hand, the side site with a flatter curvature exhibits a much
higher binding energy of +0.22 eV, which implies the Li would
dominantly reside the corner site rather than side site. Figure 3b
plots the charge transfer contours between Li and HCN, and
there are clear charge loss near the Li atom and charge
accumulation near the carbon atoms, which suggests the 2s
electron of Li has been transferred to HCN. Our Bader charge
analysis®®*” shows that there are 0.867 e~ of Li donating to HCN
and the bond between Li and HCN is ionic-like, which would be
responsible for the strong binding energy. As a result, a Li
positive ion is exposed in the nanopores upon doping. The
charge transfer from Li to HCN agrees well with the change of
band structure in Figure 3c, which follows a rigid band picture
except for the upshifting of Fermi level upon doping.

The H, binding energy to the Li doped into the corner site of
HCN (Li@HCN) is defined as

E, = EHZ_Li@HCN - EH2 = Epiguen

where the Ey 1;oucn En, and Ejgucn are the total energies of

H, adsorbed Li@HCN, H, molecule, and Li@HCN systems,
respectively. The optimized configuration of one H, adsorbed
Li@HCN is shown in Figure 4a. It is found the H, molecule is
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Figure 4. (a) Configuration of H, adsorbed onto the LI@HCN with the
corner site. (b) Differential charge density of H, adsorbed to LI@QHCN
with polarization. (c) Partial DOS of Li and H atoms as well as the
neighboring C atoms in H, adsorbed Li@HCN.

parallel instead of heading to the Liion, and the distance between
H, and Liion is 1.97 A, which is shorter than the vdW adsorption
distance (2.70 A). The binding energy of a H, adsorbed to the
Li@HCN is —0.28 eV, much stronger than weak physisorption in
the bare nanopores. The interaction between Li and H, enlarges
the bond length of H-H to 0.78 A. We note the distance
between Li and H, as well as the H—H bond length in Li@HCN
is quite different from that of transition metal atoms doped
carbon structures.® It is reported that the typical distance
between the adsorbed H, and Ti is about 1.73 A, and the H, is
dissociated with a bond length of 2.71 A in Ti-doped carbon
nanotubes.'! To throw light on the interaction between H, and
doped Li ion, Figure 4b shows the differential charge density
contour of the H, adsorbed Li@HCN across the plane of the one
Li and two H atoms, which is defined as Ap = p(H, Li@HCN)
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— p(Li@HCN) — p(H,). The red and blue colors represent
electron accumulation and depletion, and there is obvious charge
redistribution of H, inside the nanopores of HCN in Figure 4b.
The negative charge of H, gathers toward the Li ion, and the
positive charge departs form Li ion, which indicates the H, has
been polarized clearly. Moreover, we examine the partial DOS of
H, adsorbed Li@HCN (Figure 4c) and find the o orbital of the
H, located far below the Fermi level remains intact without
hybridization with 2s or 2p orbitals of Li, which implies no
chemical bonds formed between H and Li. The Bader charge
analysis reveals there is no electron of the H, transferred to Li,
supporting no chemical bonds formed between them. This also
agrees with the intact DOS of H, in Figure 4c. On the other hand,
the charge analysis of Li indicates only 0.847 e transfers from Li
to HCN upon H, adsorption. This is reasonable since the
polarization of H, (Figure 4b) where negative charge heading to
the Li screens the binding between Li and HCN and cause less
charge transfer of Li to the HCN. The strong binding between H,
and Li@HCN should be attributed to the induced electric field
by positive Li ion in the nanopores, which is similar to the case of
Ca decorated fullerenes.”” Our calculated H, binding energy in
Li@HCN is a little stronger than those reported on SWCNTs,’
which can be attributed to the more charge transfer of Li to the
HCN for the unique corner site.

By adding more H, molecules to the Li atom, the binding
energies for two, three, and four H, adsorbed to Li@HCN are
calculated to be —0.22, —0.21, and —0.21 eV per H,, respectively.
We note a single Li atom can adsorb up to four H, molecules
(Figure Sa) with a relatively constant binding energy in the
nanopores of HCN, which indicates multiple H, adsorption
would not weaken the attraction between H, and Li. Since there
are six equivalent corner sites in each nanopore, it is expected that
large amount of H, could be stored in the Li@HCN structure.
To evaluate the H, storage capacity, we increase H,
concentration gradually into the nanopores and calculate the
corresponding total and average binding energies. For each
concentration, several configurations of H, arrangement inside
the nanopores are considered, and the lowest binding energies
are plot as a function of the H, concentrations in Figure 5b. We
notice the total binding energies lower down as the H,
concentrations increase to HgyCosLis and further uptake will
lead to the increase of the binding energy due to the strong
repulsion between H, and HCN as well as H, and H,. Thus, the
highest H, storage capacity in LI@HCN is estimated to be 6.28
wt %. The configuration for HgyCysLig is shown in Figures Sc and
5din top and side views, and it is found that the H, molecules are
arranged in two alternative layers along the nanoporous axis. On
the other hand, the average binding energy of H, for HgyCo4Li is
calculated to be —0.19 eV/H,. The zero point energies to H,
molecule in free and adsorbed states have been considered and
we find the correction is slight since most of the H, in the
nanopores are in physisorption states. The binding energy is
close to the optimum enthalpy (—0.16 eV/H,) for H, storage
upon reasonable pressures at room temperature,”* which implies
the Li@HCN could be favorable for hydrogen reversible
adsorption/desorption under mild conditions. Moreover, the
H, molecules are packed in a high density state in the nanopores
and the H, volumetric weight percentage is calculated to be 102
g/L in LI@HCN, much higher than the ultimate goals of DOE
(70 g/L). The high weight percentage and volumetric density of
H, uptake indicate the Li-modified HCN should be promising
materials for hydrogen storage. Besides that, it is found that the
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Figure S. (a) The configuration of four H, adsorbed on Li@HCN, (b)
total and average binding energies curve to the H, adsorption
concentration in the nanopores of LI@HCN, (c) and (d) are the top-
and side-views of the configurations of maximum H, storage in Li@
HCN with a formula of Hg,CqLig.

HCN keeps robust structure and the volumetric change of HCN
can be negligible with the maximum H, uptake.

To explore the interaction between multiply H, molecules and
the Li@HCN, the electrostatic potential profiles inside the
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nanopores are provided in Figure 6a. The upper inset shows the
electrostatic potential contour in the cross section which crosses
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Figure 6. (a) Electrostatic potential plots across the nanopore of HCN
and Li@HCN. (b) Differential charge density isosurface of upper layer
of the H, adsorption indicates the two regions adsorption mechanism of
H, storage in LI@HCN by different polarized degrees.

the two opposite corner sites of LI@HCN along the nanoporous
axis. Figure 6a shows the corresponding potential curves along
the line crossing the Li atom norm to nanoporous axis (inset in
Figure 6a) for both pristine and Li-doped HCN. The slope of the
curve indicates the electric field in the nanopores. At the
optimum hydrogen distance, it is found the electronic field
intensity of LI@HCN in the gray region ranges (2—6) X 10'° V/
m, which is about 4 times that of pristine HCN. Such electronic
field is high enough to polarize the H, molecules,*> and thus the
enhanced electronic field is responsible for the improved binding
between H, and Li ion. We note the H, molecules keep robust
binding (—0.20 eV/H,) to the Li@HCN until the concentration
approaches to H,3CocLig (3.87 wt %), which corresponds to the
formula of H,3Cy4Lig. The configuration of HgCysLi4 is shown in
Figure S2, where all the H, molecules are directly attached to Li
with four H, per Li. If more H, molecules are introduced, they
would be adsorbed as an indirect layer (region II in Figure 6b) in
the nanoporous with an average energy gain of —0.16 eV/H,,
which is still strong enough for the H, storage. We note the
indirect layer H,’s are more than 4 A away from the Li, and the
average binding energy of —0.16 eV should involves two parts:
the binding energy between the first layer adsorbed Li@HCN

and 16 H, cluster, as well as the binding energy between H,
molecules in the H, cluster. The calculated results show the
contributions of the two parts to the energy gain are —0.09 and
—0.07 eV/H,, respectively. Moreover, the binding energy
between the indirect layer H, and the first layer adsorbed
HCN (CgygH,5) without Li is calculated to be —0.12 eV/H,, a
little weaker than that of Li@HCN (—0.16 eV/H,). Thus, the
enhanced binding of the indirect layer H, should also be
attributed to the polarized effect of Li doping. However, the
improved binding strength of the indirect layer H, (about —0.04
eV) is much weaker than that of the first layer H, (about —0.08
eV). The differential charge density isosurface of the maximum
concentration HgyCoLis (Figure 6b) clearly illustrates the
polarization of all adsorption H, and the difference of the
polarized degrees between the two layers. Region I depicts the
direct adsorption of H,, and region II shows the indirect layer
adsorption. It is clear that the H, molecules in region I are
polarized more remarkable than that in region II, which agrees
well with the more favorable binding energy of the direct
adsorption.

4. CONCLUSION

A HCN structure with well-aligned nanopores is predicted by
first-principles calculations via phase transition of carbon
nanotube bundles under compressing. The high surface area
and tunable nanoporous size make it a potential candidate for
hydrogen storage. Via Li decoration, favorable H, adsorption
energy can be achieved and the enhanced binding energy can be
attributed to the interaction between polarized H, and positive Li
ion. The weight percentage and volumetric density of hydrogen
storage can reach 6.28 wt % and 102 g/L, respectively, indicating
the HCN structure is promising candidate of hydrogen storage
medium.
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