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Highlights

e CH, works as a thermodynamic promoter to stabilize clathrate for hydro-
gen storage.

e Clathrate stability is improved by a double occupancy (Ha - CO2) of the
large cage.

e Double occupancy of the large cages facilitates Hy diffusion.

e (Hy-CHy) energy storage in sl are estimated to be 2.0 kW.h/kg and 1.8
kW.h/L.

e (Hy-CHy) sl capacity meets DOE targets of volumetric and gravimetric
energy storage.
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Abstract

Gas hydrates are non-conventional materials offering great potential in captur-
ing, storage, and sequestration of different gases. The weak Van der Waals
interactions between a gas molecule and the pore walls stabilize these non-
stoichiometric structures. The present article reports an ab initio improved van
der Waals density functional (vdW-DF2) study devoted to the interactions as-
sociated with Ho, CHy, and CO4 adsorption in sl clathrate hydrate. The study
provides the clathrate stability, diffusion, and energy storage of possible mixed
gas occupancy in sl cages in the presence of Hy. The results also provided the hy-
drogen energy landscapes and the estimated diffusion activation energy barriers
to the large and small cage to be 0.181 and 0.685 eV, respectively. In addition,
the results showed that the presence of CH4 or COs could enhance the storage

capacity, thermodynamic stability, and hydrogen diffusion in sI clathrates. The



volumetric storage, gravimetric storage, and molecular hydrogen content in Hs-
CH,4 binary sl clathrate are calculated to be 2.0 kW.h/kg, and 1.8 kW.h/L, and
5.0 wt%, respectively. These results are comparable to DOE targets of hydrogen

storage.

1 Introduction

Clathrate hydrates are non-stoichiometric “ice-like” structures or inclusion com-
pounds that are formed out of water molecules connected by H-bonding to form
three-dimensional cavities which are stabilized by presence of gases such as CHy,
Hs, CO2, Os, Ar, Kr and others. The non-stoichiometric nature of clathrates
is illustrated by statistical-mechanical analysis of their stabilities which showed
that the cages are not completely occupied [1,2]. The existence of clathrates
can be tracked to early 1810 when Sir Humphrey Davy described chlorine gas
crystal structure [3]. According to Makagon, the discovery of gas hydrates dates
back to 1778-1780. It should be related with the work of the English naturalist
Joseph Priestly who described water “impregnated” SO, [1]. However, it was
not before 1930s when hydrates attracted more attention with the discovery
and improvements in the oil and gas industry [4]. At that time, the research
was focused on preventing the blockage of pipelines by forming hydrates that

can interrupt the production and cause safety concerns [5].

The studies on gas hydrate are related to many fields such as astrophysics [6],
geosciences, chemical and petroleum engineering [7]. In addition, gas hydrates
have many practical applications that includes but not limited to desalina-
tion [8], CO2 sequestration [9], gas separation [10] and storage [11]. The latter
two applications are in the focus of the present article. With the energy transi-

tion toward renewables and decarbonization, the focus of current studies on gas



hydrates is shifted equally toward to main areas: (1) their natural occurrence
and environmental impact [12-14] (2) the potential technological applications
in energy transition and the energy-water nexus [3]. A promising technologi-
cal applications of clathrates is their usage as energy storage material to store
and transport energy gases such as methane and hydrogen in moderate pres-
sure and temperature conditions [15]. Moreover the double-benefit of replacing
CHy in discovered hydrate reservoirs by the more stable CO4 clathrates is the
focus of intense research [16]. The different interactions between host and guest
molecules (host-host, host-guest, and guest-guest) are important to understand

their formation, stabilization and dissociation [17].

There is a number of clathrate structures as the most common hydrates are
sI, sII, and sH. Similar to other crystalline solids, the clathrate structure forma-
tion depends on factors such as pressure, temperature, and the nature of guest
species [3]. For example, methane can form sI below 120 MPa. Increasing the
pressure to 250 MPa, sII clathrate is obtained, and a further increase to 600
MPa will transform that structure to sH [18]. sI exhibits space group Pm3n and
the unit cell consists of 46 water molecules. The water molecules are arranged
in two kinds of cages - two small cages of pentagonal dodecahedra (5'2), and 6
large cages of tetrakaidecahedra (5'262). The sII includes 136 water molecules
arranged in sixteen (5'?) and eight hexakaidecahedra (5'26%) with space group
of Fd3m and lattice parameter of 17.3 A [3,19,20]. Reported to be isostuctural
with hexagonal clathrasil dodecasil-1 H, sH showed smaller unit cell of only 34
water molecule but with 3 different sizes of the cages: 3 small (5'?) , 2 medium
irregular dodecahedra (43556%) and a large icosahedra (5'26%) cages [21].

SI clathrate can not accommodate organic promoters and usually encapsu-

late single gas species such as CHy or CO4 at relatively high pressures. On



the other hand, the other two structures are commonly synthesized as bi-
nary clathrates such as hydrogen-tetrahydrofuran (Ho-THF) [22] and methane-
cyclooctane (CH4-Cyclo-O) [23] at more moderate conditions on the expense of
storage capacity. For example, while pure methane sI clathrate can store about
172 v/v, the maximum storage capacity of binary CH4-THF sII can reach ap-

proximately 112 v/v only [1].

Hydrogen clathrates are an attractive opportunity for green mass storage, rep-
resenting a cheap alternative to the metal-organic frameworks (MOF's) or metal
hydrides [24]. In 1999, Dyadin et al.. found experimentally that pure hydrogen
clathrate can be synthesized in the form sII clathrate but at very high pres-
sures (= 1.5-2 kbar) [25]. Mao et al. showed that the sII hydrogen clathrate is
structurally stable up to 145 K at ambient pressure [26]. The estimated storage
capacity of the synthesized pure sII hydrogen hydrates is approximately 5.3 wt%
at those significantly elevated pressures. Such a hydrogen weight content will
result in volumetric and gravimetric energy storage capacities of 1.8 kW.h/kg
and 1.5 kW.h/L, respectively [27,28]. The above estimation is based on the dou-
ble occupation of small (5!2) and quadruple occupation of large (5'26*) cages

of slII clathrate.

However, the above P-T conditions are extremely demanding and difficult to
scale-up. One way to solve that is to use thermodynamic hydrate promoters
(THP). In that context, Hy-THF binary clathrates have been widely studied
with the goal to bring the formation conditions to reasonable ranges. Liu et
al. found that the hydrogen storage capacity in Ho-THF binary clathrates falls
in between 1.6 wt% and 3.8 wt% [29]. Experimentally, storage capacity has

been significantly reduced to about 1 wt% since Hy enclathration is limited



to 512 small cages, while the 526 large cages are occupied by THF [30, 31].
For example, Talyzin could not exceed 0.2 wt% in Ho-THF-H5O when differ-
ent pressures for 6 days [32]. Lee et al.suggested that the reducing of THF
concentration would allow hydrogen storage in large cages in relatively mod-
erate conditions [22]. Although supported by Sugahara et al. data [33],this
approach was reported non-reproducible by other studies including the one by
Strobel et al.. Thus, boosting the hydrogen capacity upon reasonable pressure-

temperature conditions remains a challenge far from being met.

Another direction to solve this problem is to use gaseous thermodynamic pro-
moter of high calorific value and hydrogen content or ”blue hydrogen storage”.
Recently, storing hydrogen along with methane has attracted attention as they
are anticipated to meet the US Department of Energy (DOE) targets of energy
density while showing affordable formation and storage conditions [26]. Skiba
et al. studied X-ray diffraction in the system Hy-CH4-H5O at a pressure of 20
MPa and 40 mol% of hydrogen content in the initial gas mixture. They con-
cluded that hydrate formed is sI with cell parameter of 11.86 A at 133 K [34] .
Matsumoto et al. investigated Ho-CHy hydrates prepared at various conditions
were by PXRD and Raman spectroscopy to reveal hydrate structure, cage oc-
cupancies and mole fraction of Hy and CH,4. They noticed that Ho-CH,4 binary
hydrates can be either sl or sII depending on pressure, temperature, composition
and formation time. More importantly, that they showed that in some cases sl
can be formed first even before the thermodynamically stable sII and that the-
ses hydrates can be formed at more moderate conditions than pure Hy or tuned
H,-THF binary hydrates [35]. As hinted earlier, the presence of thermodynamic
promoters in sII or sH improved the formation conditions significantly but on

the expense of sharp decrease in storage capacity due to filling the large cages.



So, one way to improve the clathrate storage capacity for hydrogen is to allow
both small and large cage occupancies by using small gas molcules such as CHy
and COs. Belosludov et al. theoretically investigated the hydrogen storage in
binary hydrogen-methane clathrate hydrates and showed that methane concen-

tration of 6% stabilizes the cubic sI [36,37].

Grim et al., using Raman spectroscopy and PXRD, showed that Hy can be
stored in both small and large cages of sI. They basically used pre-synthesized
CH,4 and COg sl clathrate as a “templates” for hydrogen clathrates. Although
the storage potential was less than sII, they proved the concept that Hy can
occupy both small and large cages and multiple cage occupancy is feasible in
case of sI. It should be noted that CH4 and COs sl clathrate were synthesized at
11 and 1.7 MPa, respectively. Accordingly, the CHy initial templates is almost
fully occupied with ©4=0.96 and ©;=0.99, a value similar to CO; large cages
©,;=0.98 occupancy as calculated by CSMGem [3]. Consequently, there is a big
chance that cages, especially large ones, accommodate hydrogen together with
CHy or CO43. Such a mixed occupation would greatly impact the estimated

storage capacity of those clathrates.

Generally, the cage occupancy depends mainly on two important interrelated
properties: (1) the stability of those (pre-)occupied cages and (2) the ability
of guest gas to diffuse into those specific cages at first place. The latter is de-
termining factor in transport phenomena and processes such as mass transfer
depend on the inter-cages transition energy barrier. Calculating those barriers
will enable us to accurate estimate parameters such as diffusion constant in
intact hydrate phase and therefore give better understanding of practical issue

such as the slow kinetics of hydrogen storage or CO5/CHy replacement [38—41].



The diffusion mechanism suggested in the literature refers to that hydrogen dif-

fuses most probably through hexagonal faces [42-44].

On the contrary, some other computational [45,46] and experimental [47, 48]
evidences strongly suggested that guest molecules can hop between all cages
without significant overall changes to the hosting water network, despite that
their nominal size exceeds the opening in the hexagonal or pentagonal face [49].
Peters et al. suggested that guest transport is supported by a water-hopping
type mechanism to explain those contradictions. In such scenario the hydrogen
bonds of a water molecule are completely dislocated and the hydrogen bond
is broken while other bonds are elongated to keep the ring intact during tran-
sition [46]. Another study suggested the "help gas” mechanism in which an
additional guest molecule enhance the diffusivity of the main guest by mutual
interaction with the water network [50,51]. On the other hand, a direct transi-
tion mechanism for gas diffusion in gas hydrates was proposed based on density
functional theory (DFT) calculations. This approach does not involve defects
or helping gases. For instance, Alvi and Ripmeester [52] considered rigid cages
to calculate the diffusion of Hy in slII hydrates using BSLYP and MP2 levels
of theory. They estimated that the Hy guest needs 5-6 kcal/mol to diffuse
through a hexagonal face of the large cage. That value increases about 5 or
6 times in case of pentagonal face . Other theoretical studies suggested that
the cage-to-cage hopping of gas molecules through the five- and six-membered
water rings involves distortion of the local water rings and requires no other
structural defects within the hydrate framework [53,54]. However, the cage
structures are partially constrained; therefore, these calculations may not be
able to fully reveal the important factors related to the gas cage-to-cage hop-

ping in gas hydrates [45].



To summarize, there are two extreme approaches try to resolve those contra-
diction between computational and experimental data (1) complete distortion
of H-bonding network where the diffusion is facilitated by other molecule or
crystal defect and (2) global structure flexibility that is enhanced by equitable
sharing of the bond elongations. Thus, the proper understanding of inter-cage
transport at the molecular level lies largely in the appropriate estimation of the

flexible transitions.

This paper aims to study the cage occupancy and diffusion in single (Hs),
mixed (CHy - Hz) and (COz - Hy) sI clathrates. In addition, we will report
the stability, binding energy, and optimum storage capacity of CH4 and COq
in sI clathrate containing hydrogen. Finally, we will present all possible diffu-
sion paths of hydrogen in sl empty and filled with frameworks. To evaluate the
hydrogen bond network’s ability to enhance global structure flexibility, we con-
sider the diffusion through fully relaxed structures since the proper evaluation
of diffusion is important to estimate the hydrogen storage in sI CHy, or COs,

clathrates.

2 Computational Methods

We performed here density functional theory (DFT) calculations [55] using pro-
jected augmented wave (PAW) psedopotentials with kinetic energy cutoff for
wave function and charge density of 55 and 440 Ry, respectively [56]. A self
consistency convergence criterion of at least 1 x 10~ was used and all struc-
tures were fully optimized using force convergence threshold of at least 1074
Ry/a.u. All calculations have been performed using 2 x 2 x 2 mesh except those

for sII large unit cell where we used I' point calculation only. Gas molecules



such as Hy, CH4 and CO- are interacting with water frameworks by means
of van der Waals forces and hydrogen bonding [3]. Moreover, it is not only
the guest-host interaction but also the guest-guest and host-host interactions
that affect hydrate formation and stability [57,58]. Ab initio DFT calculations
via Perdew-Burke-Ernzerhof generalized gradient approximation (GGA) func-
tional [59] with revised exchange parametrization of Zhang and Yang (revPBE)
has been applied self consistently [60]. The improved GGA functionals such
as PBE and its revised versions revPBE and RPBE can gives more accurate
chemisorption energies than the PW91 and PBE functionals [60-63], however
it fails to include vdW dispersion forces or hydrogen bonding [64,65]. To il-
lustrate, Pétuya et al. argued that the semilocal PBE functional can still re-
produce experimental structural properties obtained by neutron diffraction and
estimate stability of clathrates even better than non-local vdw-DF [66]. In an-
other study, Vlasic et al. pointed out that revPBE works very well for gas and
THF hydrates and could accurately determine their mechanical and vibrational
properties. They suggested that particularly revPBE provided a unique com-
bination of accuracy and low computational cost, when compared to other XC
functionals including those that take into account long-range van der Waals in-
teractions [67]. On the other hand, Cao et al. [68] suggested that the improved
nonlocal van der Waals density functional (vdw-DF2) with the inclusion of a
long-range term of the correlation energy is necessary to account for intermolec-
ular dispersion interactions [69]. Accounting for the importance of these forces,
we have used both revPBE and vdW-DF2 as implemented in Quantum Espresso
(QE) software [70], thus addressing the discrepancies in the literature sources.
The thermodynamic stability and storage capacity of mixed (CHy - Ha, CO4 -
Hs) sI clathrates was evaluated using the cohesive energy (E.on) and binding

energy (Ep).



Cohesive energy (E.,,) per water molecules is calculated as [29]:

Ehydrate - (:EEHQ + y~Egas + 46EH20)

Eco =
" 46

The binding energy (Ej) is calculated as [71,72]:

Eb = Ehydrate - [EHQ + Eresidual]

where Epydrate; Ecoss Egas, Er,0, Eresidual are the energies of hydrate, hydro-
gen , gas (CO, or CHy) , water and the hydrate with one hydrogen molecule
less.The minimum energy paths (MEP) between two minima were identified
using NEB and CI-NEB methods with convergence criterion (< 0.05 eV/A).
Transition state structures were confirmed by presence of only one imaginary
frequency along the reaction coordinate. Vibrational frequency calculation for
those transition states were performed via DFPT (Density-Functional Pertur-

bation Theory) calculations as implemented in QE package. [73].

3 Results and discussion

3.1 H, cage occupancy

The clathrate volumetric or gravimetric storage capacity depends on hydrate’s
stability and cage occupancy, while the diffusion rate of a gas molecule through
the cages influences the storage kinetics. A major drawback of van der Waals
and Platteeuw (vdW-P) theory is that it assumes single cage occupancy and
ignores guest-guest interaction [74-76]. To overcome that, we used ab initio
calculation of binding energy of gases in different cages to evaluate multiple
cage occupancies and stability of hydrates. Calculating the binding energy in
isolated cage models in order to evaluate occupancy in different cages has been

proven to be a good compromise between high accuracy and computational

10



performance [77-79]. The small cage was modelled with a 20-molecule water
cluster. In this structure , 8 oxygen molecules are organized in perfect cube
(0p,) at a distance of 3.91 A from the center of the cage while the remaining
12 oxygen are positioned at 3.95 A from cage center. For the large cage, a 24-
molecule model cluster is used where oxygen atoms are positioned in between
4.04 A and 4.64 A from the cage center. For most of the hydrogen atoms the O-
H bond length is approximately 0.96A. Thus,the cluster models agrees will with
the average x-ray structure of sI as well as the optimized crystal model [80,81]

as shown in Fig.1.
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Figure 1: Optimized geometries of empty (a) small (5'2) and (b) large (5'262)
cages of sl clathrate.

We calculated the binding energies as a function of the number of Hy gas
molecules bound to the sI individual cages using both vdW-DF2 and revPBE
generalized gradient approximation (GGA). Here, the binding energy is defined
as the energy difference between the cluster (host cage and guest molecule(s))
and the summation of system individual components. In case of n multiple
gas occupancies, we subtract n time the energies of single gas molecule. For
example, in case of Hy occupancy in 5'2 cage, we have calculated the encapsu-
lation energy of 1, 2 and 3 hydrogen molecules while for 5'262 we considered
encapsulation reactions with up to 6 Ho molecules. For either low or high oc-

cupation of n Ho@5'2 and nH,@5'262, it has been noticed that the calculated
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binding energies are not favouring the hydrogen encapsulation in both small
and large sl clathrate cages even at low occupancies using revPBE as summer-
ized in Table 1. This inconsistency with experimental evidences is not totally
surprising because almost all popular PBE functionals are not able to describe
vdW dispersive interactions which are dominant in the presence of non-polar
gas molecules such as hydrogen [82,83].

So, using vdW-DF2 we further examined the structure and stability of the

Table 1: vdW-DF2 and revPBE binding energies (eV) for H; in sI

Reaction AEy(revPBE) AFy(vdW-DF2) AE Hy-Hy (vdW-DF2)
1Hy4+-S=1H->@S 0.023 -0.123 -
2H5+S=2H,@S 0.258 -0.147 0.020
3H,+S=3H,@S 0.598 -0.070 0.062
1H;+L=1H,@QL 0.005 -0.108 -
2Hs+L=2H,QL 0.108 -0.216 -0.002
3Hs+L=3H,QL 0.341 -0.210 0.013
4H,+L=1H,QL 0.546 -0.243 0.013
5Ho+L=2H,QL - -0.225 0.037
6Hs+L=3H,QL - -0.186 0.037

H>0/Hz models. For Ho@5'2 model, the calculation predicted that hydrogen
molecule is off-centre by only 0.2 A. However, this distance from cage center in-
creased to 1.27 A in case of 51262 cage. This deviation from center in large cage
can be explained by the presence of different cage faces (pentagonal and hexag-
onal) areas that have unequal interactions with the Hy molecule. On the other
hand, the equivalent 5'2 pentagonal faces have equal host-guest interactions
areas that keep hydrogen molecule centred. For 2 Ho@5'2) the intermolecular
distance in between the centres of mass is 2.92 A while the distances from cage

center are 1.32 and 1.46 A. Likewise for 2H,@5'262, this intermolecular distance

12



slightly increased to 3.03 A and the two molecules stayed at remarkably equiva-
lent distance of approximately 1.52A from cage center. When a third molecule
is added to the small cage, the Hy molecules are relaxed in an approximately
equilateral triangle positions with intermolecular distances ranges from 2.59 to
2.64 A and almost equal distances of average 1.51 A from cage center. How-
ever, for 3 Hy@5'262, the hydrogen molecules preferred to position at isoscele
triangle fashion with Ha-Hy distances of 2.75, 2.74, and 3.21 A. The mass cen-
tres of those three Hy molecules are at a distance that ranges 1.67 and 1.77
A from the large cage center. A combination of size effect and Hy-Hy repul-
sions prevents the small cage to accommodate more than 3 Hy molecules and
the binding energy become positive. On the contrary, adding a forth molecule
to the large cage stabilized it at an optimum binding energy of -23.41 kJ/mol.
While 2 of the 4 hydrogen molecules relaxed at cage off-center distance of 1.70
A the other couple maintained approximately 1.83 A equal distances from the
cage center. In that case, the Ho-Hs distances are between 2.74 and 3.13 A. The
geometry optimization resulted in distorted tetrahedron of Hy molecules with
center-of-mass distances between 2.72 and 4.14 A after adding a fifth hydrogen
molecule. The off-center distance range increased to 1.42-2.28 A, with the upper
limit reflecting the increasing effect of Ho-Ho repulsion. Finally, we examined 6
hydrogen molecules cluster, and similarly H2-H2 mass center distanced between

2.74-3.98 A.

From Table 1 , we can see that an increase in the number of Hy molecules
leads to an increase in binding energy per Hy molecule and further stabilization
of the cage due to the additional interaction of Hy molecules. This is valid
until the number of hydrogen molecules reaches an optimum cluster size above

which additional hydrogen molecules destabilize the cage. Accordingly, it has
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been found that 5'2 cage can accommodate up to 2 Hy molecules, while 5262
had optimum cage occupancy of 4 Hy molecules as shown in Fig.2. On the
other hand, the inclusion of dispersive forces increased the stability structures
in general and more specifically at higher hydrogen occupancies. For single Hy
occupancy, the differences between vdW-DF2 and revPBE is 14.12 and 10.08
kJ/mol for small and large cages, respectively. However, for the optimum oc-
cupancies, these numbers increased by 19-89% to reach 19.51 and 19.02 kJ/mol
for small and large cages, respectively. In addition, our results using vdw-
DF2 showed excellent agreement with those benchmark values calculated using
higher level quantum chemistry methods. To illustrate, our calculated binding
energies of single Hy occupancy in small and large cages are -0.123 , -0.110
eV compared to -0.124 and -0.110 reported by Patchkovskii and Tse using sec-

ond order Mgller—Plesset (MP2) calculations, respectively [77]. To explain this
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Figure 2: Optimized configurations of Hy molecules at optimum cage occupan-
cies inside (a) small (5!?) and (b) large cages (51262) of sl clathrate.

stabilization or destabilization, we should consider the relative weight of guest-
guest interaction compared to host-guest interaction. To estimate the earlier
we calculated the formation energies of a "bare” nHs cluster at the optimized
geometry inside cages as shown in Table 1. Our calculations indicated that for
lower cage occupancies up to the optimum, the Hs-Hs repulsion had a minor

effect at both small and large cages and did not exceed 1.91 kJ/mol. How-
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ever, increasing the number of Hy molecule by only one Hy molecule beyond
that optimum resulted in Ho-Hs repulsion sharp increase by 3 times in case of
small cage and about 2.8 time in case of large cage. In contrast, and at the
same time, the attractive host-guest interactions between hydrogen and cage
wall improved the cage stability to maximum at optimum occupancy. Adding
further hydrogen molecules did not improve the stability as the contact area
between hydrogen and cage wall has already reached the maximum at optimum

occupancies. Thus, the Ho-Hs repulsion further dominated, as shown in Fig.3.

——H, in 5'%6?
54 —~H,in 5"

Binding Energy (kJ/mol)
&

0 1 2 3 4 5 6
Cage Occupancy

Figure 3: Binding energies as a function of the number of molecules for Hs in
small and large cages of sl clathrate.

3.2 (CH.+H:) and (CO:+ H:) cage occupancy

Similar to Hs, we studied the single occupancy of COs, CH4, CHy-Hs, and
CO2-Hs in individual cages. In all cases, we have found that the adsorption en-
ergy is dominated by van der Waals interactions in line with the above results.
Unlike vdW-DF2, the absence of van der Waals forces in the GGA approxima-
tion showed that the inclusion of CO2 and CHy4 in sl cage is not energetically
favorable, contradicting experimental results as shown in Table 2.

Consequently, from hereafter, vdW-DF2 results will only be considered. The

geometry relaxation for CHy and CO5 @ 52 cage showed that the gas tends to
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Table 2: Calculated interaction energy (eV) of CO; and CH,.

Guest Molecule IE (revPBE) IE (vdW) eV IE (MP2) eV
1CH4+5=1CH,@S 0.021 -0.288 -0.337 [84]
1CO2+5=1C0,@S 0.235 -0.360 -0.390 [85]
1CH4+L=1CH4,@QL 0.089 -0.283 -0.295 [84]
1CO,+L=1C0O,QL 0.063 -0.408 -0.417 [84]
2C02+L=2C0O,@QL 0.101 -0.476 -
3C02+L=3C0O,QL 0.310 -0.160 -

stay at almost exactly the cage center. The single occupancy at the large cage
shows some differences with the gas molecule relaxed off-centered by 0.21 and
0.52 A for CH, and COs, respectively. Again, this small displacement is due to
the unequal interactions with different faces of the large cage. One can conclude
that for a single cage occupancy, the larger the molecules tend to position them-
selves at the cage center. More interestingly, comparing our binding energies
results of single occupancy of CO2 and CHy to those calculated by Atilhan et al.
via the highly accurate MP2 method, an excellent agreement has been obtained
as shown Table 2 [84]. For CO,@5'2 cage single, cage occupancy is slightly
preferred than in case of CH4 and the results are comparable to DF-MP2/AVTZ
level of theory reported by Arismendi-Arrieta et al. [85]. Additionally, we cal-
culated, for the first time to the best of our knowledge, the binding energies
of double occupancy of (CH4+Hs) and (CO2+ Hs) in both small and large
cage. The binding energy values indicated that inserting hydrogen destabilizes
the small cage by 18.9 kJ/mol relative to CHy single occupancy. At the same
time, Hy will prefer to occupy an empty cage instead as shown in Fig.4. Simi-
larly, trying to adsorb hydrogen molecule in a small cage pre-occupied by COq

destabilized the cage but to lesser extent. From energetic point of view , the
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co-inclusion of (CO2 + Hsy) in small cage is more stable than the optimum Hy
double occupancy. On the other hand, the large cage showed flexibility to ac-
commodate or store both molecules as detailed below. Additionally, the results
showed that COy occupancies in large cages is dominant over small cages. Fi-
nally, based on above results, one can conclude the separation efficiency in large
cage is in the order of COy > CHy > Hy which perfectly agrees with previous
experimental observations [86-88].

Except for the debatable tuning studies [89], hydrogen is generally stored in

Guest molecules
H2 CO; CH4 H2+CHg4 H+CO;
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Figure 4: Binding energies as a function of the number of molecules for Hy in
small and large cages of sl clathrate.

the small cages of its binary clathrates such as Ho-THF or Ho-MTBE. One of
the research targets of hydrogen clathrate is to store hydrogen in both small
and large cages to get the full potential of clathrate storage capacity to meet
DOE targets [90,91]. Therefore, we examined the hydrogen accommodations
in 5'262 cage being already occupied by a small gas molecule such as CHy4 or
COs. It was found that the Hy inclusion in a large cage, already filled by CHy,
will stabilized the cage by 21.23 kJ /mol which is better than single, double and

triplet pure Hy occupancies. However, it is still less than the optimum quadrate
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occupancy as detailed in Table 1. When the large cage is filled with a single
CO5 molecules, the inclusion of Hy molecule will stabilize the cage significantly
by -41.16 kJ/mol which is more stable than all possible pure hydrogen occu-
pancies. Because the low binding energy of only -10.4 kJ/mole in case of pure
hydrogen single cage occupancy at 5'262 cage, such heterogeneous occupancy
(Hy+COs5 or Hy+CHy) binding energy results can better explain H, single cage
occupancies in sl large cages proposed by experimental studies [35,92]. These
results are in line with the concept that hydrate templates containing suitable

energy gases can allow Hs large cage occupancies, as shown in Fig.4.

3.3 Thermodynamic and structural properties

To further test the thermodynamic stability of the proposed mixed CH4-Hs oc-
cupancies in small and large cages, we evaluated the cohesive energy and binding
energy when introducing Hy to methane hydrate crystal structure. Assuming
the cage is fully occupied by methane, we have found that the cohesive energy
remains around -0.04 eV when filling the large cages. Similarly, the binding
energy showed that introducing Hy to the large cages increased the structure
stability. However, trying to introduce a single hydrogen molecule to the small
cages, the structure extremely destabilized, as indicated by both binding energy
and cohesive energy values as shown in Fig.5. Similarly, the same behavior
has been found when tried to introduce Hs to CO2 methane hydrate. These
results confirm the outcome of isolated cage calculations. Accordingly, one
can draw two conclusions. First, one is methane prefers to occupy the small
cage. Second, it can be further stabilized in the large cage by a single hydrogen
molecule. These multiple and mixed cage occupancies have implications on the
energy storage capacity of sI methane clathrate containing hydrogen, as shown

in Fig.6. Based on these results, we estimate that about 5.00 wt% of molec-
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ular hydrogen can be stored in binary CH4-Hs sI, which meets the US DOE’s
2020 4.5 wt% target. More importantly, the gravimetric and volumetric energy
contents are 2.0 kW.h/kg and 1.8 kW.h/L, respectively. This higher energy
density due to combining hydrogen with methane could even fulfill 2025 DOE
targets of 1.7 kW.h/L . According to vdW-P theory [74,75], the empty hydrate
is considered a metastable or hypothetical phase because the hydrate requires
guest molecules to form a stable phase [93,94]. However, Falenty et al. showed
that those metastable structures are experimentally accessible by removing all

neon guests from sII clathrate using vacuum [95]. In another study, Krishnan et
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Figure 6: Energy density of possible binary Ho-CHy occupancies in sI clathrate
compared to DOE targets.

al. evaluated the activation energy for release and uptake of neon to be 16.4 and
14.9 kJ/mol, respectivey [96]. Thus, those empty cages can be considered as a
valid starting point for our hydrate crystal calculations. We have calculated the
optimized lattice parameters for the three common structures sI , sII, and sH
considering both empty and fully occupied cages as shown in Table 3 .

The small difference between lattice parameter of empty and filled cages for
small gas guests agrees well with those reported in literature [97]. In case filled
cages, we considered pure CH,y, CH4-THF, and CHy4-Cylcooctane binary hy-
drates as representative examples for sl, sII and sH, respectively. In general,
our results showed excellent agreement with experimental and computational
data [3,42,80,98]. The small deviation from experimental distances do.y in
case of sII and sH can be probably due to the difficulty of accurately determin-
ing H positions in X-ray experiments [81,97]. Accordingly, the results indicate
that vdW-DF2 can not only express the system energetics, but also it can give

accurate structural properties.
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Table 3: Calculated Lattice Parameters for sl, sII and sH of empty and filled
crystal structures

Lattice Parameters Empty Filled
alA] c[A] | alA] c[A] do_m doo
sI! Calc. 12.03 - 11.98 - 0.99 2.79
Exp. 12.00 - 12.00 - 0.97  2.76
sI12 Calc. 17.33 - 17.33 - 0.99  2.79
Exp. 17.35 - 17.35 - 0.81  2.77
sH3 Calc. 12.43 10.16 | 12.47 10.16 0.99  2.79
Exp. 12.33  9.92 | 12.33  9.92 0.78  2.78

L CH, for filled sI
2 CH4-THF for filled sII
3 CH4-Cyclooctane for filled sH

3.4 H, diffusion in sI clathrate

Finally, we calculated the diffusion energy barriers of the cage to cage transfer
for the Hs in both empty and filled conditions. In addition to cage occupancy,
diffusion of different guest molecules through hydrate cages is important deter-
mining factor for possible gas storage, extraction and seperation [96,99]. For
example, in case of hydrogen storage, the practical application requires fast
kinetics. Diffusion barriers depends on many factors but mainly on (1) gas
molecules size (2) nature of gas molecule (2) cage(cavity) diameter (3) diffusion
path (e.g via pentagonal or hexagonal face) and (4) cage occupancy. Through
12 images along the path from the center of one cage to another, we have cal-
culated the diffusion barrier via nudged image elastic (NEB) folliowed climbing
nudged image elastic band (¢cNEB) calculations . While the the first make sure
that proper relaxtion are perpendicular to the path, the later fine tune the result
by allowing the image of highest energy to climb along the path regardless the

effect of springs. It worth saying also that the accuracy of such energy barriers
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are sensitive to proper relaxation of the host lattice at the first place [100,101].
To simplify, we will use AxzB notation to refere to diffusion path where A and
B to refer to initial and final state,respectively. The number x then will refer
to the opening type (cage face) through which the gas diffuse. A or B can be
small cage (S) and large cage (L) while x can either represent pentagon (5) or
hexagon (6). While the diffusion path between large cages can be either via
the pentagon L5L or the hexagon (L6L), the diffusion path between large and
small cages has only one possibility (L5S) which is not symmetric due to the
different sizes of small and large cage. In addition, as we highlighted earlier
in Table 1 and Table 2, the different gas molecules possess different binding
energies in small and large cages. Thus, there are two different activation ener-
gies for L5S and S5L depending on the direction of diffusion path. Fig.7 and
Table 4 summarize the energy profiles of all different diffusion paths of Hy in

both empty and filled cages. The flexibility of a cage can be estimated from
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Figure 7: Diffusion Energy barriers of Hy in different inter-cage transition sys-
tems (in eV) as a function of the relative progress along the reaction coordinate.

the deformation of its faces upon guest hopping. Inter-cage face deformations

can account for the bonds’ stretching and angular changes at a time and can be
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directly estimated by calculating the area change of the cage face polygon de-
fined by the oxygen atoms [54]. Those deformations and the area change values

are summarized in Fig.8 and Table 4. We found the L6L hydrogen hopping

Table 4: Hs diffusion energy barriers and inter-cage deformation area of different
transitions

System Initial State Final Sate Ea(eV) | Ea(kJ/mol) | A(A%)* | AA%
LL (H)L5L L5L(Ha) 0.710 68.47 14.53 | 5.44%
(Hy)L6L L6L(Hy) 0.218 21.04 25.81 | 38.91%
(Hy)(CH,)L6L(CH,) | (CH,)L6L(CH,)(Hy) | 0.222 21.42 21.43 | 15.34%
(H2)L6L(CHy) L6L(CH,y)(Ha) 0.301 29.03 21.35 | 14.91%
(Ha)(CH,)L6L (CH4)L6L(Hy) 0.189 18.26 21.35 | 14.91%
(H2)(CO2)L6L(CO,) | (CO2)L6L(CO2)(Hs) | 0.181 17.46 21.28 | 14.53%
(H2)L6L(CO») L6L(CO2)(Ha) 0.233 22.49 21.63 | 16.42%
(H2)(CO4)L6L (CO4)L6L(Hs) 0.181 17.51 21.63 | 16.42%

LS (H2)L5S L5S(Ha) 0.685 66.13 15.01 | 10.04%
(Hy)S5L S5L(Hy) 0.717 69.18 15.01 | 10.04%
(Hs)(CH4)L5S (CH4)L5S(Ha) 0.582 56.16 15.44 | 13.20%
(H,)S5L(CH,) S5L(CHy4) (Hz) 0.722 69.63 1544 | 13.20%
(H)(CO,)L5S (CO,)L5S(H,) 0.672 64.85 15.48 | 13.49%
(Hz)S5L(CO3) S5L(CO,)(Ha) 0.742 71.55 15.48 | 13.49%

*In empty cages the areas of small cage pentagonal face,large cage hexagonal and
pentagonal (L5L) faces are 13.64 ,18.58 and 13.78 A2, respectively

is in parallel to hexagonal cage face forming intermolecular hydrogen bonding
between hydrogen molecule and the oxygen atoms building the cage as shown
Fig.8 (b). This temporal hydrogen bonding contributes to lower the activation
energy barrier that was estimated to be 0.22 eV (21.04 kJ/mol) for a hydrogen
molecule hopping between empty cages. The value is significantly lower than
27.02 kJ/mol reported using vdW-DF functional for sl large cage (5'262) [42]
. Moreover, it perfectly agrees with the similar (5'26%) L6L diffusion values of
22 kJ/mole value using AIMD calculation (B3LYP) and at the lower side of
21-25 kJ/mol range reported by using MP2 methods [52,102]. We have also
investigated the hydrogen diffusion when CO5 or CH,4 occupies the large cage.

Two important observations should be underlined: first, the presence of CO4
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or CH, in the cage facilitated the hydrogen hopping compared to empty cages,
and second, the inter-cage deformation has been minimized, as shown in Table
4. Although there is no experimental values for Hs diffusion in sI, it should
be noted that being at lower side can be considered at the right direction as
experimental activation energy barrier from NMR is only 0.03 eV ( 3 + 1 kJ/
mol) [103]. The large discrepancy between computational and experimental re-
sults are due to the fact that zero-point energy and quantum tunnelling are not
considered which decreases the effective diffusion barrier [52] and cage occu-
pancy are not considered [102]. These factors will be considered in our future
study. Nevertheless, we considered our activation energy barrier at 0 K-for the
scope of this study- is enough as it has already revealed important information
and proved the concept. In absence of temporary guest-cage hydrogen bond-
ing, hydrogen molecule diffusion via pentagonal face required to overcome 0.717
and 0.685 eV for LoL and L5S transitions which are slightly lower but agrees
well with Li et al. and Roman-Perez et al. calculations using vdW-DF func-
tional [42,97]. The higher energy barrier via pentagonal faces to/from the small
cage is not sufficiently higher to underestimate its contribution to the overall
diffusion. It is obvious that a lower barrier to diffuse via large cage hexago-
nal face channels dominates and enables faster kinetics for both adsorption and
release. However, some hydrogen molecules should be retained in the small
cage to get the full storage capacity of the clathrate structure. The latter can
only happen through diffusion through pentagonal faces. Although those hops
have relatively higher diffusion barriers, they are still affordable by the overall
structure flexibility. The other challenge for optimum hydrogen storage is the
ability to retain hydrogen in large cages. Based on above, the calculated 0.22
eV low barrier for hopping between large cages represent excellent opportunity

for not only increasing the storage capacity but also the ease of hydrogen stor-
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Figure 8: Representations of the transition state showing inter-cage face defor-
mation during the Ho diffusion.

»

age and extraction in clathrate as reported for sII [96,99,104]. However, our
binding energy calculations showed also that even at the optimum occupancy
of 4 Hy molecules in 5'262 cage, the cage stability is still lower than those of
CH4 and COs in large cages which supports to the ’template’ concept discussed
above. Several experimental pieces of evidence showed the presence of Hy in
the 51262 cage of sI clathrate that have almost full large cage occupancy of COq
and CHy [35,92]. So, these two contradicting effects leads us to think about

the possibility of hydrogen diffusion to get heterogeneous Ho-CH4 and Hs-COs
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occupancy with in the same large cage, which may justify the experimental re-

sults. Although there are experimental and computational evidence for Hy and

Figure 9: L6L system showing transition state of Hy (green) passing through
the hexagonal face (blue) from large cage filled with (a)Ho-CHy and (b)Hy-COs.

H-radical diffusion to occupied large cages of pure Hy , binary Ho-THF and
H,-C3Hsg slI clathrates [78,99,105], the diatomic hydrogen diffusion between
already sl occupied large cages -for the best of our knowledge- has not been
reported yet. Our results showed that L6L hydrogen diffusion from the double
occupied cage (DC) of (CHy+Hs) to a large empty cage needs 18.26 kJ/mol
compared 21.04 kJ/mol when hydrogen in a single occupied (SC) large cage dif-

fuses to a neighbor empty large cage Fig.9a. However, when both large cages
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are occupied by CHy, this diffusion required a slightly higher diffusion barrier
of 21.42 kJ/mol. Yet, this is still feasible compared to the higher diffusion bar-
riers required to diffuse through the pentagonal faces for both small and large
cages. Similarly, hydrogen can diffuse from DC (COy+Hs;) to empty or (CO3)-
filled large cage with energy barrier cost of 17.51 and 17.46 kJ/mol, respectively
Fig.9b. In both case, the diffusion energy barrier is reduced significantly com-
pared to the point of hydrogen hopping to empty large cage. Double occupation,
either (CH4+H;) or (CO2+Hs) did not only facilitate hydrogen diffusion into
neighboring large cages, but also to empty small cages. To illustrate, the dif-
fusion energy barriers from DC large cage of (CH4+Hz) and (CO2+Hs) into
a small empty cage are 56.16 and 64.89 kJ/mol, respectively. Both values are
also less than the 66.13 kJ/mol required for hydrogen to diffuse from SC large
cage to empty small cage. Based on these results, one can anticipate that het-
erogeneous occupancies of (CHy+Hs) and (CO3+Hs) are energetically feasible
and can compete with pure hydrogen occupancy in large cages. More impor-
tantly, this double occupation facilitate the hydrogen diffusion to neighboring
small and large cages especially the empty ones. Consequently, the Hy storage
capacity can be enhanced. This lower diffusion barrier can be attributed to the
fact that small molecules such as CHy or CO4 (1) stabilize the cage and (2) alter
the large cage dimensions during hydrogen diffusion. This can be noticed in the
smaller inter-cage expansion area (AA) values required for hydrogen diffusion
from DC large cage (CH4+Hy or CO2+Hs) into other large cages as indicated
in Table 4.

4 Conclusion

A comprehensive stability and diffusion study was performed to evaluate the vi-

ability of sI clathrate for hydrogen storage in the presence of CO2 and CHy. The
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computational data set pointed out that energy values obtained from generalized
gradient approximation (GGA) functional, such as revPBE, can not properly
evaluate the stability of gas clathrate. They are not reliable to determine the
cage occupancy when compared to vdW-DF2 functional, providing results that
are comparable to highly accurate wave function-based methods such as MP2
and the experimental values. Consequently, we used improved van der Waals
density functional (vdW-DF2) to account for dispersion forces associated with
adsorption of Hy, CHy, and COs in clathrates, focusing on sl. First, we ana-
lyzed the structural properties of the common hydrate phases of sI, sII and sH,
in both empty and filled conditions, and the results agreed well with previous
experimental and computational studies. Our calculations showed that: (1) the
order of sI gas hydrate stability is COz > CHy4 > Ha; (2) Hy clathrate stability
can be improved in H3-COs and He-CH4 mixed systems with heterogeneous
occupancy of different gases in the same cage; (3) multiple cage occupancies
of Hy; and (4) the volumetric storage, gravimetric storage and molecular hy-
drogen content in Hy-CHy binary sl clathrate can reach 2.0 kW.h/kg and 1.8
kW.h/L and 5.0 wt% wt, respectively. Finally, the results proved that the direct
transition mechanism is theoretically feasible through a fully relaxed structure.
The presence of COy or CH4 facilitates the hydrogen diffusion to large and
empty small cages by reducing the cage deformation. The estimated activation
energy for hydrogen diffusion from doubly occupied (H9-CHy) to a large and
a small cage are 0.189 and 0.582 eV, respectively. This set of computational
results highlights the promising properties of sI clathrate for hydrogen storage

and transportation, CH, recovery, and CSS in sl clathrates.
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