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Abstract A molecular dynamics simulation is carried out to
explore the possibility of using sl clathrate hydrate as hy-
drogen storage material. Metastable hydrogen hydrate struc-
tures are generated using the LAMMPS software. Different
binding energies and radial distribution functions provide
important insights into the behavior of the various types of
hydrogen and oxygen atoms present in the system. Clathrate
hydrate cages become more stable in the presence of guest
molecules like hydrogen.

Keywords Binding energy - Hydrogen - MD simulation -
Radial distribution function - Structure I (sI) clathrate

Introduction

Hydrogen is the most abundant element in the universe and
is the basic building block as well as fuel for stars. It is an
essential raw material in innumerable biological and chem-
ical processes. The possibility of use of hydrogen as a fuel
has been rigorously analyzed since the early 1970s when the
petroleum prices rose sharply. Apart from the eventual scar-
city of fossil fuels, when hydrogen burns it produces water
rather than greenhouse gases such as CO,. New challenges
impeding hydrogen-use development are not only related to

Dedicated to Professor Peter Politzer

S. Mondal - P. K. Chattaraj (><)

Department of Chemistry and Center for Theoretical Studies,
Indian Institute of Technology,

Kharagpur 721302, India

e-mail: pkc@chem.iitkgp.ernet.in

S. Ghosh (<)

Department of Metallurgical & Materials Engineering,
Indian Institute of Technology,

Kharagpur 721302, India

e-mail: sudipto@metal.iitkgp.ernet.in

the efficient production of hydrogen but also related to the
development of hydrogen storage technologies. The follow-
ing requirements are essential for a hydrogen storage medi-
um: (a) feasibility of synthesis at moderate temperature and
pressure, (b) moderate temperature and pressure of storage,
(c) high energy content per unit mass, (d) high gravimetric
weight percent of storage, (e) easy release of hydrogen, and
(f) environment friendly by-products [1].

Though clathrate hydrates have a long history of research
of approximately 200 years they have received much attention
during the last few decades. In 1811 Davy first reported to the
Royal Society of Chemistry, London, that a compound of
chlorine and water has a higher melting point than that of ice
[2]. In 1823 Faraday measured the composition of the com-
pound reported by Davy to be Cl,*(H,0);4 [3], but no one had
reported anything about the structural integrity of the com-
pound. After that with a long silence of almost 128 years, in
the early 1950s the sI and structure II (sII) clathrate cages were
identified and characterized [4—6]. It is found that the hydro-
gen clathrates can encage up to 15.6 mass percentage of
molecular hydrogen which is significantly above the target
of DOE [1, 7-9]. During liberation of hydrogen these clath-
rates produce water as the only by-product. Thus with all these
aspects we can say that clathrate hydrates are not only attrac-
tive but also inexpensive hydrogen storage material [1, 8-21].

Previously it was believed that formation of clathrate
hydrates was not possible with molecular hydrogen as a guest
[19]. However, Mao et al. synthesized and characterized a
hydrogen clathrate with the sII structure from a liquid at a
pressure of 200 MPa and a temperature of 249 K [6]. One
important drawback of the hydrogen clathrate is that there is
no accurate determination of number and position of the
encaged H, molecules inside the clathrate cage at different
temperature and pressure. Though there are a large number of
theoretical and experimental studies on this most reports are
still conflicting [17, 20-24]. Clathrate hydrates are inclusion
compounds of host water molecules and nonreactive, small
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Table 1 Lennard-Jones interaction parameters and atomic charges for
SPC/E water and the spherical H, molecule

Atom oii (A) &;j (kcal/mol) q(e)
o 3.166 0.1553 —0.8476
H (water) 0.0 0.0 0.4238
H (guest) 3.140 0.0190 0.0

guest molecules. The host cage is formed by H-bonded water
molecules [25]. Among three different types of cage struc-
tures: sl, slI, and hexagonal cubic structure (sH); which one
will be formed is governed by the size and nature of the guest
molecules [11, 26-28]. The guest molecules are trapped inside
the hydrogen bonded network of water molecules through
weak, nonspecific van der Walls interaction as well as in a
non-stoichiometric ratio. Among the above mentioned three
different types of cage structures, the most common naturally
occurring clathrate is sI which contains 46 water molecules
that form two pentagonal dodecahedron (5'?) and six hexag-
onal truncated trapezohedron (5'26%) cages in a unit cell [29].
An sl clathrate hydrate can encapsulate small guest molecules
0f'0.40-0.55 nm size [30]. Jacobson et al. have shown how the
size of guest molecules monitor the fate of the structural
integrity of clathrate hydrates [31]. From the solid-liquid
coexistence curve of s methane hydrate using different water
models in the 0-5000 bar pressure range, Smirnov et al. have
shown how the decay temperature decreases with the decrease
of cage occupancy [32]. The thermo-physical and structural
properties of sl clathrate hydrates are mainly influenced by the
host-guest asymmetries [33].

In this work we study the structure and stability of type sI
hydrogen hydrate with different number of hydrogen mole-
cules. Our primary target of this work is an attempt toward the
advancement of hydrogen storage technologies by exploring sI
clathrate hydrates where hydrogen is the only guest molecule.

Fig. 1 a Optimized structure of
empty sl clathrate hydrate, b
Ruptured structure of empty sl
clathrate hydrate during
temperature ramping
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Computational techniques

We have used LAMMPS package [34] to perform all the
molecular dynamics simulations. To model the structure of
hydrates with different number of hydrogen molecules we
have employed the extended SPC water model [35, 36]. For
the entire simulation, instead of hydrogen molecule we have
incorporated an imaginary sphere without any atomic charge
which resembles hydrogen molecule [37].

The potential energy equation between two atoms i and j

can be written as:
rij rij

Vi=2.2

mei negj
where q,, and q, are the charges on atoms i and j respec-
tively, 1y, is the distance between the q,, and q, charged ith
and jth atom, ¢;;, 0y; are Lennard-Jones parameters and rj; is
the distance between the two interacting atoms i and j.

Interaction potentials of all the above mentioned atoms
are given in Table 1.

Interaction potential of unlike atoms has been calculated
by using the Lorentz-Berthelot rule [38, 39].

We have taken an orthogonal box of size 68 Ax68 Ax
68 A, which contains a total of 9936 water molecules. The
coordinates of oxygen atoms are mimicked with the coarse
grained model of Jacobson et al. [40]. For all the cases we
have used periodic boundary conditions and all interatomic
interactions in the simulation box are calculated within a
cutoff distance of 10.0 A. The simulation is carried out with
a time step of 1.0 fs and equations of motion are integrated
with velocity Verlet algorithm [41]. Temperature and pressure
scaling are done with the Nose-Hoover thermostat and baro-
stat as employed in the LAMMPS package. The fix shake
algorithm is used to freeze the bond length and bond angle of
water molecules. A PPPM solver is used with a precision of
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1x107* to calculate the long-range Coulombic interactions.
During energy minimization and temperature ramping the
neighbor lists are updated at every time step but for equilibra-
tion at every 10 steps. Both NPT and NVT ensembles are
employed during temperature and pressure scaling. After the
completion of each simulation run (temperature ramping or
equilibration) we have checked the lattice constant of the
simulated cell and only those are considered where the lattice
constants are in the same ratio with the initial one.

We have done simulation with different number of hy-
drogen molecules. To simulate the empty clathrate cage first
we freeze the oxygen coordinates and then energy minimi-
zation in this frozen condition leads to the proper alignment
of all the water hydrogens to construct the sl clathrate
hydrate. We have tried to ramp the temperature of the empty
cage but every attempt leads to a rupture of the cage.
Structures corresponding to the energy minimized empty
cage, as well as the above mentioned ruptured cage are
shown in Fig. 1. Figures 1 and 2 are obtained from visual
molecular dynamics (VMD) [42] program package.

Thus, the obtained 6x6x6 sl empty clathrate is loaded
with three different numbers of hydrogen molecules. All the
hydrogen spheres are loaded in 5'26% units in the hydrate
slab in a symmetric way (Fig. 2). First we have added 216
hydrogen spheres in the hydrate slab at alternate 5'%6>
channels of each unit cell. Next 432 hydrogen spheres are
added in the same symmetric way maintaining a maximum
distance with the previously added hydrogen spheres.

Results and discussion

We have modeled the hydrogen hydrate with 216 hydrogen
spheres and the loaded hydrogen goes into each 5'%6% cage
of each unit cell which is 16.66 % occupation among the
total number of 5'%67 cages in the clathrate slab. Occupation
of 16.66 % of the 5'%6” cage thereby resulted in an increase

Fig. 2 Metastable structure of the sI hydrogen hydrate which contains
a total of 648 H, molecules placed in the 5'%6” channels

Table 2 Binding energy per hydrogen sphere for the loading of n
hydrogen spheres in the 5'26% channel of sI clathrate slab

% Occupied No. of H, molecules (n) AE/n (kcal/mol)

16.66 216
50 648

-3.82
—4.00

in the volume of the clathrate slab. Addition of further
hydrogen sphere in the hydrogen hydrate model takes place
in the same way as explained above. Obtained hydrogen
hydrates are then equilibrated at 150 K and 100 atm pressure
with N-P-T simulation. It is observed that the hydrogen
hydrates are stable up to ~200 fs. Binding energies per
hydrogen sphere are given in Table 2, which are calculated
by using the following equation [27]:

sI(0 Hy) + nH, — sl(n Hy)

AE/n = 1/n{E[sl(n H,)] — E[sI(0 H,)] — 5nRT/2},

where AE/n is the binding energy for loading of each
hydrogen molecule, E[sI(n H,)] and E[sI(0 H,)] are the
energies of n number of hydrogen loaded hydrogen hydrate
and of empty clathrate slab respectively. Energy of the
hydrogen sphere is SRT/2 per mole.

As the 5'%6% unit cages are loaded with hydrogen the
stability of the system increases and the hydrogen hydrate
becomes metastable. Thus we can say that the sI hydrogen
hydrate is stable up to a certain extent whereas the empty
clathrate cage is unstable.

The radial distribution functions (RDF) [43] of oxygen-
oxygen (water) (O-O), hydrogen (water)-hydrogen (water)
(H-HY), oxygen (water)- hydrogen (water) (O-H"), oxygen
(water)-hydrogen (guest) (O-H®) and hydrogen (water)- hy-
drogen (guest) (H"-H®) for 150 K and 100 atm are studied.
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Fig. 3 The O-O radial distribution functions for multiply occupied
cages. Black line indicates the 216 H, molecule encapsulated sl hy-
drogen hydrate whereas red and blue indicates those with 432 and
648 H, molecules
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Fig. 4 The O-H (water) radial distribution functions for multiply
occupied cages. Black line indicates the 216 H, molecule encapsulated
sl hydrogen hydrate whereas red and blue indicates those with 432 and
648 H, molecules respectively

The RDF of O-O, O-H" and H-H" of three different hydro-
gen loaded hydrogen hydrates are given in Figs. 3, 4 and 5
respectively. Analysis of RDF of O-O of all the hydrogen
loaded hydrates (Fig. 3) indicates the first peak at 2.8 A
which mimics the bulk-like structure of water [44] in the
presence of a hydrophobic solute, hydrogen. Again from the
same figure comparing the second and third peaks of the
three hydrogen loaded hydrogen hydrates we can say that
the structural integrity of 216 hydrogen loaded (black line)
and 648 hydrogen loaded (blue line) hydrates are the same
whereas the second and third peaks of 432 hydrogen loaded
hydrate (red line) becomes a bit broad which indicates a
little distortion of the clathrate cage.

Analysis of Figs. 4 and 5 leads to the same conclusion
that the structural integrity of 432 hydrogen loaded hydro-
gen hydrate is a bit distorted.
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Fig. 5 The H (water)-H (water) radial distribution functions for mul-
tiply occupied cages. Black line indicates the 216 H, molecule encap-
sulated sl hydrogen hydrate whereas red and blue indicates those with
432 and 648 H, molecules respectively
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Fig. 6 The O-H (guest) radial distribution functions for multiple
occupied cages. Black line indicates the 216 H, molecule encapsulated
sl hydrogen hydrate whereas red and blue indicates those with 432 and
648 H, molecules respectively

Analysis of O-H® RDF (Fig. 6) gives the first peak at
3.6 A for 432 hydrogen loaded hydrogen hydrate and at
3.9 A for 216 as well as 648 hydrogen loaded hydrate. This
behavior of water near a hydrophobic solute (hydrogen)
does not match with that reported in reference [44] which
albeit was not in clathrate hydrates. In the presence of a
hydrophobic solute like hydrogen, water molecules push
themselves away from hydrogen as well as try to achieve a
maximum hydrogen bonded environment [45]. Thus in this
case the hydrogen spheres of 432 hydrogen loaded hydro-
gen hydrate are on an average closer to the oxygen of water
than that of the 216 and 648 hydrogen loaded hydrogen
hydrates. This orientation leads to a net negative electrostat-
ic potential at the hydrogen center. Coating by methane can
reduce the leakage of H, through the hexagonal cages in the
sl clathrate hydrate [46]. Simulations involving a better
electrostatic model to generate a finite quadrupole moment
in H,, e.g., a three-center charge model [44] are being
explored.
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Fig. 7 The H (water)-H (guest) radial distribution functions for mul-
tiply occupied cages. Black line indicates the 216 H, molecule encap-
sulated sl hydrogen hydrate whereas red and blue indicates those with
432 and 648 H, molecules respectively



J Mol Model (2013) 19:2785-2790

2789

The RDF of H"-H® is given in Fig. 7. A comparison
between O-H® and H"-H® RDF indicates that at a distance
of 1.7-2.5 A the H"-H® RDF contains a tail. Appearance of
this tail was also reported in reference [44] and it indicates
that water hydrogens are closer to the guest hydrogen than
that of water oxygen.

A 50 % occupation of the 5'%67 clathrate channels where
each unit cage contains single H, molecule, gives us only
0.72 gravimetric weight percent of hydrogen storage. Now
as the number of hydrogen sphere increases in the clathrate
slab the binding energy per hydrogen molecule increases.
Thus accordingly when the clathrate channels are 100 %
occupied where each 5'267 cage contains only one H, mol-
ecule the binding energy will increase and the gravimetric
hydrogen storage will be 1.43 wt.% which albeit is lower
than the limit set by DOE [1]. However, when both the 512
and 5'267 cages of the clathrate slab are occupied by more
than one hydrogen sphere in each cage then the gravimetric
weight percent of hydrogen storage will increase substan-
tially. For any change of the external physical condition the
hydrogen hydrate will decompose and liberate hydrogen as
a gas spontaneously with water or its vapor depending on
the external temperature and pressure conditions as the by-
product which is also environment friendly.

Conclusions

From the study of the radial distribution functions of hydro-
gen loaded hydrates, it is clear that within the simulated time
scale the hydrogen hydrate cage is not ruptured.

The interaction energy of hydrogen loading in 5
channels of sl clathrate hydrate is negative up to 50 %
occupation of the 5'26% cages. Thus the modeled hydrogen
hydrate is metastable and may serve the purpose of hydrogen
storage.
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