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“H, sponge”: pressure as a means for reversible
high-capacity hydrogen storage in nanoporous
Ca-intercalated covalent organic frameworksf

%xa.b

Fei Gao,? Jia Tao Sun® and Sheng Meng

We explore the potential and advantages of Ca-intercalated covalent organic framework-1 (CaCOF-1) as
a 3-dimensional (3D) layered material for reversible hydrogen storage. Density functional theory calcu-
lations show that by varying the interlayer distance of CaCOF-1, a series of metastable structures can be
achieved with the interlayer distance falling in the range of 4.3-4.8 A. When four hydrogen molecules are
adsorbed on each Ca, a high hydrogen uptake of 4.54 wt% can be produced, with the binding energy
falling in the ideal range of 0.2-0.6 eV per H,. While H, absorption is a spontaneous process under H,
rich conditions, tuning the interlayer distance by reasonable external pressure could compress CaCOF-1
to release all of the hydrogen molecules and restore the material to its original state for recyclable use.
This provides a new method for gradual, controllable extraction of hydrogen molecules in covalent
organic frameworks, satisfying the practical demand for reversible hydrogen storage at ambient
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. Introduction

Owing to its abundance, intensive energy capacity, and
environmental friendliness, hydrogen is viewed as an appeal-
ing energy carrier alternative to fossil fuels in many appli-
cations.”” A wide range of materials are currently being
considered as potential reversible hydrogen media.>”” Identify-
ing new, efficient and portable storage materials has been,
however, the major challenge for the advancement of hydrogen
technology because of the lack of safe, economical and
efficient matrix materials for storing and extracting molecular
hydrogen at or near room temperature.

In general, a hydrogen molecule could be hosted in matrix
materials in two ways: physisorption and chemisorption. In
the first case, the matrix materials cannot adsorb enough
hydrogen because of too weak binding between H, and sub-
strates, whereas in the other case, H storage density is largely
enhanced thanks to strong chemical interactions, but the
release of hydrogen becomes difficult with hydrogen stored
mostly in atomic forms. Consequently, most pure carbon-
based porous nanomaterials,”> such as fullerene, nanotubes,
and covalent organic frameworks (COFs), failed to store H, at
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room temperature and ambient pressure, owing to weak physi-
sorption. While a few metal media can store a large amount
of hydrogen, the bonds of hydrogen molecules are broken to
form metal hydrides, which makes the process of releasing
hydrogen require high temperatures (>500 K), and not all of
the chemisorbed hydrogens could be extracted. For example,
LizN can absorb 9.3 wt% hydrogen, but it could only exhibit
reversibility at a temperature higher than 230 °C and less than
55% of hydrogens are desorbed in total.® High pressure can be
used to improve the hydrogen capacity, and reversible hydro-
gen desorption is achieved when releasing external pressure,®
but containers made of highly durable heavy metals are
needed, presenting additional sources of cost and risk. The
problems of low capacity, high temperature, and high risk
persist even with the help of external pressure. The search for
a matrix material suitable for hydrogen adsorption and extrac-
tion with an intermediate coupling under ambient conditions
is of utmost importance.

It has been demonstrated that the ideal energy range for
hydrogen binding is 0.2-0.6 eV per H, to favor ambient con-
ditions for hydrogen storage/release processes.”'® Although
many great efforts have been made, such as doping light
metals into porous networks and substituting carbon atoms by
boron or nitrogen atoms,'*** a high H adsorption capacity
with high retrievability under near-ambient conditions has not
been achieved. For example, Ca-decorated B-doped COFs were
predicted to absorb up to 6.5 wt% hydrogen, but the high
capacity can be maintained only at a low temperature due to
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Fig. 1 Schematic diagram showing reversible adsorption and release
processes for H, in CaCOF-1.

small adsorption energy and it is hard to fabricate such
materials in reality.’® It has become a primary challenge to
find a new material or a new way, which could adsorb and
release hydrogen efficiently under near-ambient conditions.

In this work, we report an interesting new phenomenon for
high capacity reversible H, storage in novel 3-dimensional (3D)
layered materials. Ca-intercalated covalent organic framework-
1 (CaCOF-1) can spontaneously adsorb ~5 wt% H, molecules
with an ideal binding energy, and more importantly, all these
H, can be gradually released under compressive external
pressure applied to the solid absorbent (see Fig. 1). In
CaCOF-1, Ca plays a central role, which spontaneously binds
four hydrogen molecules each, leading to the increased layer
separation of CaCOF-1 from 4.3 to 4.8 A. Meanwhile, when the
layer separation of CaCOF-1 is decreased by the applied com-
pressive pressure, the binding energy of molecular H, gradu-
ally decreases and extraction of molecular H, can be easily
achieved. This exemplifies a new approach to compress solid
adsorbent materials for H, extraction, in the same way as
squeezing wet sponges to produce fresh water, which is radi-
cally distinct from traditional methods where high pressure in
a heavy durable metal tank is used to enhance the hydrogen
capacity. Strikingly, CaCOF-1 could release all of the adsorbed
hydrogens resulting in a 4.54 wt% H, extraction and return to
its original state for recyclable usage. This proposal demon-
strates a controllable way for practical hydrogen storage and
extraction under near-ambient conditions.

lIl. Methodology

Our first-principles calculations are performed within the
framework of density functional theory (DFT) using the Vienna
Ab initio Simulation Package (VASP).'® The ultrasoft pseudo-
potentials’”'® and the gradient generalized approximation (GGA)
in the Perdew-Wang form'® for exchange-correlation energy
are used for optimizing the crystal structure and calculating
the external pressure. We also employ local density approxi-
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mation (LDA)*® calculations for comparison. Although GGA
tends to underestimate H, binding energy and LDA overesti-
mates it, the trends for comparing relative energy differences
should be reliable.*"*> The van der Waals density functional
(vdW-DF) recently developed by Langreth et al.>* and parame-
terized by Klimes et al.>* is also employed to check the relative
energies. Spin polarization is invoked whenever necessary. A
plane wave cutoff of 400 eV is used to expand the wave func-
tion and the total energy is converged to a level of 0.0001 eV
during the self-consistent electron density optimization. All
atoms are allowed to relax until the forces on each atom have
magnitude less than 0.01 eV A™'. The Brillouin zone was
sampled using the Monkhorst-Pack scheme with 1 x 1 x 3 for
GGA and LDA and 1 x 1 x 5 for vdW-DF calculations. The con-
vergence test for denser K-point sampling (1 x 1 x 7) has been
performed, which shows that the total energy variation is less
than 0.001 eV per atom.

[1l. Results and discussion

In recent experiments, 2-dimensional (2D) COF-1 has been
successfully synthesized by a dehydration reaction of 1,4-ben-
zenediboronic acid. This material consists of 18 carbon atoms,
12 hydrogen atoms, 6 oxygen atoms and 6 boron atoms in one
unit cell. Then 3D COF-1 is built by the B;0; rings in one layer
connected to the C¢H, rings in the neighboring layer with
lattice parameters: @ = b = 15.420 A and ¢ = 6.655 A.>® Based on
this knowledge, a new 3D Ca-intercalated compound,
CaCOF-1, has been designed, which is formed by stacking
planar COF-1 layers and intercalated Ca atoms, as shown in
Fig. 2.%° The lattice constants for minimum energy ground-
state configuration are obtained: @ = » = 15.20 A and ¢ = 4.4 A.
The bond lengths of B-C and B-O are 1.52 and 1.39 A, mean-
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Fig. 2 Formation of CaCOF-1. (a) Top and (b) side views of a CaCOF-1
unit cell. Gray, white, green, red and blue spheres represent C, H, B, O
and Ca atoms, respectively; (c) top view of 2D extended CaCOF-1. Red
daggers mark positions for Ca binding; (d) Ca relative energy as a func-
tion of layer separation (L) using GGA functional and vdW-DF.
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while the angles of B-O-B and O-B-O are 120.9° and 119.0°,
respectively. Most of the structural parameters in CaCOF-1 are
similar to those in COF-1, except the layer separation (L). Due
to the presence of the Ca atoms, the layer separation of
CaCOF-1 is 4.4 A, and it is about 3.3 A in COF-1. We also
notice that, in CaCOF-1, the Ca binding energy Ec, is 2.93 eV
per Ca, significantly exceeding the cohesive energy of E. =
1.88 eV for bulk Ca using GGA. Here, the binding energy (Ec,)
of the intercalated Ca atom in CaCOF-1 is defined as follows:

E -1 — Ecop-1 — NE
ECa _ CaCOF-1 (]Ori7 1 atom Ca (1)

Here n is the number of Ca atoms in CaCOF-1 and n = 3 for
each unit cell.
The cohesive energy for bulk Ca (E.) is defined as follows:

o Ebulkca —

nk atom Ca
2
. (2)

E.

Here n is the number of Ca atoms in the supercell calculations
of bulk Ca.

Furthermore, when layer separation falls in the range
of 4.0-5.0 A, the binding energies of Ca are all larger than
1.88 eV. This means that the porous nanomaterial is relatively
stable and could keep the crystal structure in this range. When
the van der Waals dispersion force is included, the binding
energy increases to 3.37 eV and the interlayer distance turns
4.3 A using vdW-DF; the additional 0.44 eV is attributed to the
vdW interactions between COF-1 layers. We expect Ca-inter-
calated COF-1 to be experimentally fabricated via self-assembly
of nanoscale components including benzene diboronic acid
building blocks or by Ca intercalation between weakly bound
COF-1 layers at high temperatures in inert gases.

The proposed CaCOF-1 is a nanoporous material with a
high density of pores of diameter of 1.5 nm, a key feature
essential for H, storage, which provides barrierless diffusion
channels for charging and discharging cycles. As a result, the
layered material CaCOF-1 has an intrinsic advantage for hydro-
gen storage, with the gravimetric density reaching 4.54 wt%.>°
In the process of adsorbing four hydrogen molecules per Ca
atom, the layer separation of CaCOF-1 is increased from 4.3 to
4.8 A using vdW-DF (from 4.4 to 4.9 A in GGA) during geome-
try optimization, and the total energy is lowered by 2.16 eV per
unit cell with respect to clean CaCOF-1 and isolated H, mole-
cules, as shown in Fig. 3a and Fig. 4. Here, long range inter-
actions should not be neglected, and the binding energy of H,
molecules adsorbed (Ep) in CaCOF-1 is defined as follows:

Eyn,—cacor-1 — Ecacor-1 — NEy, 3)
n

Ey =

A more negative value E, indicates a stronger binding
between the hydrogen molecules and CaCOF-1. By using
vdW-DF, the average binding energy per H, molecule is —0.18 eV
per H,, which is a reasonable value lying between GGA
(=0.077 eV per H,) and LDA (—0.419 eV per H,) results respect-
ively. All bonds of H, are parallel to the plane of COF-1 layers,
and hydrogen prefers to be adsorbed at 45° or 135° orientations
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Fig. 3 (a) Relative energy of two cases of CaCOF-1 as a function of the

layer separation L calculated with vdW-DF. Red and black lines represent
original CaCOF-1 and H, adsorbed CaCOF-1. (b) Average H, binding
energy (E,) as a function of the layer separation of H, adsorbed
CaCOF-1 from vdW-DF calculations. A more negative E, indicates a
stronger binding between the hydrogen and CaCOF-1. The black dashed
line shows that H binding energy is zero.
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Fig. 4 H, binding energy as a function of the distance between Ca and
H,. Red and blue lines represent the route for the layer separation of 4.3
and 4.8 A, respectively. The inset shows the charge density of CaCOF-1.
Red and blue clouds correspond to electron depletion and accumu-
lation regions upon Ca binding, respectively.
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with respect to the lattice vector in a fully optimized geometry,
thanks to the charge redistribution of the Ca atom in the
system. Extensive Bader charge analysis indicates that the posi-
tive charge on Ca in the clean CaCOF-1 gradually increases
from +1.42|e| to +1.46|e| when the interlayer distance changes
from 4.4 to 4.9 A (see ESIf). Increased positive charges on Ca
ions lead to a stronger H, binding energy. Upon H, adsorption
the variation in positive charges on Ca is flattened, yielding a
value of ~1.42 + 0.01|e| for interlayer distance changing from
4.4t04.9 A,

To gain a deeper insight into hydrogen storage, two layer
separations, 4.3 and 4.8 A, are tested when a H, is approaching
the intercalated metal atoms, shown in Fig. 4. It is surprising
that only at 4.8 A the H, molecule could be chemically trapped,
with a binding energy 0.08 eV higher than that at 4.3 A. Energy
minima at a large H,-Ca separation of 4.0 A are due to weak
physical adsorption. This confirms that the interlayer distance
of CaCOF-1 determines the adsorption of hydrogen molecules,
and the process of increasing layer separation with hydrogen
storage is spontaneous. This means that the adsorption
process is exothermic without an energy barrier and the de-
sorption barriers lying around 0.1-0.2 eV. More interestingly,
the larger layer separation produces the higher binding energy of
hydrogen molecules (Fig. 3b). When the interlayer distance
becomes 5.0 A, the binding energy is enhanced to —0.21 eV
per H,. The similar dependence of binding energy on the
interlayer distance has been observed in graphitic structures.>”
Furthermore, if the layer separation is enlarged, more hydro-
gen molecules can be trapped between COF-1 layers leading to
a higher hydrogen capacity.

This phenomenon inspires us that the release of hydrogen
molecules could be achieved via decreasing the layer separ-
ation. We compress under uniaxial pressure the interlayer dis-
tance of H, adsorbed CaCOF-1 (H,-CaCOF-1) by reducing the
interlayer distance of 0.1 A each time. It is found that hydrogen
adsorption energy becomes smaller consistently and turns
positive when the interlayer distance L is smaller than 4.4 A.
The obtained binding energy, 0.02 eV, is low enough for de-
sorption of hydrogen molecules, as shown in Fig. 5. Further-
more, the process for the release of molecular hydrogen could
be divided into three steps: (I) four hydrogen molecules are
bonded to each Ca atom when L is in the range of 4.8-5.0 A;
(I1) around 33% of hydrogens are extracted with L from 4.7 to
4.5 A; (111) all of the molecular H, are released when L is below
4.4 A (Fig. 5). The dependence of the binding energy of mole-
cular hydrogen presented here differs from the common view
that larger external pressure tends to bind molecular hydrogen
more strongly in conventional matrix materials for hydrogen
storage.

To regulate hydrogen binding energy via compression of
the layer separation in practice, we consider applying a suit-
able external pressure to hydrogenated CaCOF-1. The applied
pressure can be estimated directly by VASP calculations
(method 1) or by fitting the total energy E(V) as a function of
volume V through P(V) = —d(E(V)/d(V)) (method 2).*” Here we
use both of them for clean CaCOF-1 when necessary for
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Fig. 5 (a) Top view of H,-CaCOF-1 for the three stages of hydrogen

release. (b) Pressure as a function of the layer distance L for Hj-
CaCOF-1. The black dashed line means that the pressure is zero and the
values of pressure are obtained using VASP. The shaded areas in
different colors represent different percentages of hydrogen stored
during the three stages. The positive pressure means that the material is
compressed along the z-direction (normal to the COF plane).

comparison and GGA calculations are shown to give a good
reliability (see ESIT). At L = 4.4 A, the pressure is around 0 GPa,
which means that it is the most stable structure for CaCOF-1.
Reducing the interlayer distance, the pressure is positive; in
contrast, the negative pressure shows that CaCOF-1 is prone to
be elongated along the z-direction, the direction normal to
the COF plane. Moreover, near the equilibrium position,
~4.4 A, the values produced by the two methods are very close
to each other and the greater deviation shows up only when
the system is far away from the stable conditions. In spite of
that, the two methods yield a similar magnitude of slope of
around 2-3 GPa A~ by linear fitting. We adopt method 1 to
obtain pressure values directly from VASP calculations in the
following. In Fig. 5, it is clear that P(V) shows a nonmonotonic
dependence behavior on the interlayer distance. A rather good
linear dispersion between the external pressure and the inter-
layer distance of CaCOF-1 is exhibited for each stage. In the
same way as that for CaCOF-1, the positive values mean that
the matrix material is compressed. The most stable structure
with a Ca atom binding four hydrogens in CaCOF-1 can be
achieved when the pressure goes to zero with L, = 4.9 A.
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Changing the interlayer distance of 0.1 A each time, one needs
0.328, 0.332, and 0.307 GPa, respectively, for the three H,
release stages as defined before. If the layer separation of H,-
CaCOF-1 is reduced by 0.2 A from the equilibrium position
(Lo = 4.9 A), 33% of hydrogen molecules can be extracted by a
reasonable pressure of about 0.6 GPa, and the system reaches
a new equilibrium with zero pressure after 33% H, desorption.
Since we use a very small primitive cell and a limited number
of H, molecules in current calculations, a much smaller
pressure might be required in practice if macroscopic
materials and statistical processes are taken into account.
Afterwards, when a pressure is further applied, all of the
remaining hydrogen molecules could be recycled. Further-
more, if all H, molecules are desorbed, the system would
switch to a new equilibrium state with the pressure approach-
ing 0 GPa. When CaCOF-1 is given a reasonable pressure at the
beginning, releasing all stored hydrogen molecules steadily at
a time is possible and CaCOF-1 can restore to its original state
for recyclable use. Only a negligible energy of ~0.011 eV per Ca
is needed to compress the CaCOF-1 layer separation by 0.2 A to
release at least one H,/Ca, which produces an energy of 2.5 eV
upon ignition.

To gain a further understanding, molecular dynamics (MD)
simulations on the process of H, storage and release are per-
formed. In the MD simulations using LDA exchange-corre-
lation functional, the most stable structure with four H,
adsorbed on each Ca atom in CaCOF-1 at L = 4.8 A keeps its
optimized geometry at 77 and 300 K, and the system will
release three out of twelve (~25%) H, molecules when the
temperature is increased to 400 K. Moreover, at L = 4.3 A,
hydrogen molecules are extracted gradually and all hydrogen
can be released at room temperature after 600 fs (see ESIT).

Releasing hydrogen by external pressure is different from
conventional methods and has two major advantages: easy
control and safety. In general, high gaseous pressure is used to
improve the H, adsorption capacity, and H, release is achieved
by heating to high temperature, which consumes a large
amount of stored energy. Moreover, compressing gaseous
hydrogen by pressure or extracting hydrogen by heating is
hard to control and especially dangerous, which could lead to
an explosion. The method presented in this work gets around
these problems by releasing molecular hydrogen in a more
efficient and safe way.

IV. Conclusions

In summary, the layered structure CaCOF-1, namely, a covalent
organic framework (COF-1) intercalated by Ca atoms, has an
outstanding feature, which can be used to efficiently adsorb
and release molecular H, by tuning interlayer separation. By
using first-principles calculations we have found that with four
molecular hydrogens adsorbed on each Ca atom, the layer sepa-
ration of CaCOF-1 increases from 4.3 A to 4.8 A (from 4.4 A to
4.9 A for GGA), and the crystal structure is preserved. More
strikingly, the H, binding energy and external pressure show
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consistent trends in this process. With a suitably chosen
pressure, a one-time release or gradual release of H, molecules
up to ~5 wt% could be achieved in CaCOF-1. This proposal
demonstrates a new controllable way for practical hydrogen
adsorption and extraction. More importantly, this method of
binding and releasing H, by pressure is not limited to the
present system, and it is possible that better layered materials
with higher capacity and lower working pressure can also be
found in the future.
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