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ABSTRACT: Hydrogen hydrates are promising for hydrogen storage
owing to high capacity and safety, yet the poor stability hinders its
practical applications. This study used molecular dynamics
simulations to systematically explore the stabilizing effect of an Ice
Ih shell on hydrogen hydrates. At 260 K and 10 MPa, the quasi-liquid
layer caused by the dissociation of hydrates retarded the diffusion of ﬂ
hydrogen from the hydrate to the gas phase but cannot prevent
complete decomposition. In systems with an Ice Ih shell, structural :
transformation at the ice—hydrate interface dominates stability, Saak | AR

strongly dependent on cage occupancy. Low-occupancy hydrates | l

remain stable under superheating conditions, whereas high-occupancy — -

ones fully dissociate as the ice shell converts to hydrate, thins, and \ disordered water

collapses. This work clarifies the molecular stabilization mechanism of

ice shell-protected hydrogen hydrates, offering a theoretical foundation for stable hydrogen storage and transportation via hydrate-
based technologies.

hydrate H, hydrate

1. INTRODUCTION

Hydrogen energy, as a clean, efficient, and sustainable secondary
energy source, serves as a key energy carrier for achieving the
dual carbon goals. The development of suitable hydrogen
storage and transportation technology is a critical step for the

hydrogen hydrates stored up to 280 K exhibited excellent
metastability only at 200 MPa, and the hydrates remained stable
under atmospheric pressure only when cooled to 77 K. It was the
first report on the preservation of hydrogen hydrate. Such
stringent stability conditions severely limit its practical

commercialization of the hydrogen energy industry chain.'
Currently, the most common hydrogen storage methods include
high-pressure gaseous storazge, liquid hydrogen storage, and
solid-state hydrogen storage.” Among these, solid-state clathrate
hydrate-based hydrogen storage technology has attracted
considerable attention as the characteristics of its high storage
capacity, favorable safety, and reversible hydrogen storage—
release.”’

Clathrate hydrates, also known as gas hydrates, are non-
stoichiometric crystalline compounds formed by host water
molecules and guest molecules under high pressure and low
temperature, which the water molecules are connected through
hydrogen bonds to form cage-like frameworks." Hydrogen
molecules are encapsulated in the hydrate cages for the storage
and transportation of hydrogen energy. Mao et al. synthesized
sI hydrogen hydrates (consisting of 16 small cages (5'%) and 8
large cages (5'26%)) under conditions of 200—300 MPa and
240—249 K> Their results indicated that the large and small
cages were occupied by four and two hydrogen molecules,
respectively (L4S2). Subsequently, it was reported that the
storage capacity of hydrogen hydrates could reach up to 5.3 wt
%,” demonstrating the great potential as a hydrogen storage
medium. However, the poor stability of hydrogen hydrates poses
a challenge for the transportation. As reported by Mao et al.,” the
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applications.

It has been confirmed that methane hydrates exhibited
anomalous stability outside the thermodynamic stability region,
retaining high stability at temperatures 50—75 K above their
equilibrium temperature, which was referred to as the self-
preservation effect.” The prevailing explanation for this effect
was that the outer layer of hydrate decomposed below the
freezing point and transformed into a surface ice shell, which
suppressed further decomposition of the internal hydrate.
Takeya et al. investigated the decomposition of methane
hydrates at 253 K under atmospheric pressure and found that
methane hydrates preserved for 24 h were tightly encapsulated
by a thin ice layer. Even after one month, a high capacity of CH,
remained inside the hydrate.® They further measured the
decomposition rate of methane hydrates using energy-dispersive
X-ray diffraction,” revealing that the decomposition process
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occurred in two stages: rapid initial decomposition of methane
hydrates with the formation of an ice layer around the hydrates,
followed by a reduced decomposition rate as the ice layer
hindered CH, diffusion. Melnikov et al. first experimentally
observed that when methane hydrate below the freezing point
dissociated to supercooled water, which subsequently recrystal-
lized on the hydrate to form a continuous protective ice layer,
thereby enhancing the stability of methane hydrates.'’
Numerous studies have confirmed that ice shell can significantly
delay hydrate decomposition. Based on these findings,
researchers have proposed stabilizing gas hydrates by forming
protective layers with the mechanism similar to the self-
preservation effect, such as ice or other solid hydrate structures
on the surface of hydrates."'™"* Experimental studies have
shown that external coating shell can construct a diffusion
barrier on the hydrate surface, thereby impeding the escape of
gas molecules and slowing the hydrate dissociation.'* However,
most existing studies focus on methane hydrates. Due to the
high diffusivity and small molecular diameter of hydrogen
molecules, whether the ice shell can hinder hydrogen diffusion
within hydrate cages and further stabilize the hydrate structure
remains to be explored.

In addition, the stability of hydrogen hydrates is closely
related to the cage occupancy of the hydrogen molecules. Zhong
et al. found that the stabilization energy of hydrogen hydrate
generally decreased with increasing cage occupancy, ~ indicating
that the hydrate cages with fewer hydrogen molecules were more
stable. Niall et al. proposed that hydrogen diffusion was driven
by enhanced nonequilibrium cage-to-cage hopping resulting
from guest chemical potential equilibrium and concluded that
double hydrogen molecules occupying the large cages and single
molecules occupying the small cages were more stable
(L281)."*"” Gorman et al. investigated the molecular behavior
of hydrogen hydrates using molecular dynamics (MD)
simulations."® Their results showed that no hydrogen migration
occurred with single hydrogen molecules in the small cages,
while hydrogen migration appeared with the relaxation of
hydrogen bonds when double hydrogen molecules were in the
small cages, suggesting that single hydrogen occupation was
more stable. Krishnan et al.'” calculated the activation energy
with different hydrogen cage occupancies using the Arrhenius
equation and found that higher occupancy resulted in lower
activation energy, which led to distortion of the hydrate
structure; therefore, minimizing the occupancy of small cages
was beneficial for structural stability. Burnham suggested that
the cage occupancy of the large cages in hydrogen hydrates
rarely exceeded two hydrogen molecules.”” Although there is
still debate regarding the exact number of hydrogen molecules
occupying large and small cages in hydrates, it is widely accepted
that the stability of hydrogen hydrates is strongly related to the
hydrogen cage occupancy.

MD simulations provide an important tool for investigating
the structural stability, migration behavior of guest molecules,
and dissociation processes of gas hydrates. In this study, an MD
simulation was employed to systematically investigate the
stability of hydrogen hydrates. The dissociation behavior of
the hydrogen hydrate systems with different cage occupancies
was analyzed. Subsequently, the hydrogen hydrate systems with
an ice Th shell were constructed, and the influence of ice shell
thickness on hydrate stability was further investigated.
Parameters such as potential energy, number of water molecules,
hydrogen migration fraction, and density distribution were used
to elucidate the microscopic stability mechanism of hydrogen

hydrates with an ice Ih shell. The study would provide guidance
for the development of hydrate-based safe hydrogen storage
technologies.

2. METHODOLOGY

2.1. Modeling

In this study, the TIP4P/ICE four-point water model”' and
three-point hydrogen model proposed by Alavi et al.”* were used
to describe the properties of water and hydrogen, respectively.
The Lorentz—Berthelot combining rule was used to calculate
the interaction between different molecules in the system.”” The
TIP4P/ICE model exhibits a certain deviation (25 K) in
predictin§ the gas—liquid—solid three-phase point of gas
hydrates;”* however, the prediction of the freezing point and
hydrogen hydrate stability aligns best with experimental data,
which can better reflect the properties of hydrate.”*>°

Hydrogen hydrate system was set as the control group.
According to the work reported by Takeuchi et al,”’ the
hydrogen hydrate cell was constructed and subsequently
expanded to a supercell with a size of 2.505 X 3.46 X 4.80
nm?, containing 1048 water molecules. In this study, it was set up
that four initial cage occupancies of L1S1,L2S1,L1S2, and L3S1
(L: 5'%6* cages; S:5'* cages; the notation L,S, denotes x and y
hydrogen molecules encapsulated in each large and small cage,
respectively) corresponded to 160, 216, 264, and 272 hydrogen
molecules. The gas phase was made up of 50 hydrogen
molecules with a size of 2.505 X 3.46 X 2.40 nm®. The total
system size is 2.505 X 3.46 X 7.23 nm” (the initial configuration
is shown in Supporting Information Figure S1).

Ice Th was added to both sides of hydrogen hydrate in
hydrogen hydrate with ice shell systems, consisting of ice shell—
hydrogen hydrate—ice shell—gas phase (the initial structure is
shown in Figure 1). As the size of the crystal cell of ice is
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Figure 1. Initial configuration of hydrogen hydrate with the ice shell
system: the hydrate structure is represented by red lines, the ice Th
structure is represented by blue, hydrogen in hydrate cages and gas
phase are represented by cyan and silver spheres, respectively.

V0%

inconsistent with that of sII hydrogen hydrate crystal, so the size
of ice shell was cut into 2.505 X 3.46 X 2.70 nm® and placed in
system after the equilibrium simulation of 5 ns.”® The ice shell
on both sides of the system contained 756 water molecules and
contacted the hydrate phase through the secondary prism plane.
Previous studies have reported that lattice mismatch exists
between ice and hydrate structures, and an interfacial transition
layer was required to connect the two crystalline.”” Therefore,
no additional structural modification was performed at the ice—
hydrate interface in this study. The configuration of the
hydrogen hydrate and the gas phase was the same as described
above. The overall size of the simulation system was 2.505 X
3.46 X 12.65 nm’.

2.2. Simulation Details
All simulations were performed with GROMACS version
5.1.4.°° A Nose—Hoover thermostat’’ (with a time constant
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of 2 ps) and Parrinello—Rahman®* (with a time constant of 4 ps)
barostat were used to maintain the temperature and pressure,
respectively. Periodic boundary conditions were agplied in all of
the directions. The particle mesh Ewald method® was used to
calculate long-range electrostatic interactions. The cutoff radii
for both van der Waals interactions and Coulomb interactions
are set at 1.0 nm. All operating conditions adopt a single fully
equilibrated initial supercell without repeated replicate
trajectories. Identical force field parameters, boundary con-
ditions, and simulation algorithms guarantee highly determin-
istic trajectory evolution for clathrate hydrate systems.

The simulation process is as follows: the initial configuration
was first energy-minimized, followed by a 1 ns NVT
equilibration. Subsequently, the NPT simulations were
performed under 260 K and 10 MPa for 200 ns, which
correspond to a metastable thermodynamic regime of hydrogen
hydrates. At this temperature, the phase-equilibrium pressure of
hydrogen hydrate is approximately 100 MPa,** indicating that
the system is thermodynamically unstable. The primary purpose
of this condition is not to reproduce long-term equilibrium or
self-preservation behavior but to investigate the microscopic
dissociation kinetics and structural evolution mechanisms.
Under near-equilibrium or self-preservation conditions, the
dissociation process would be extremely slow, making it difficult
to observe statistically meaningful structural transitions within
nanosecond scale simulations. Therefore, the chosen condition
provides a suitable compromise between physical relevance and
computational tractability, enabling a systematic comparison of
the effects of cage occupancy and ice shell on hydrate stability.
As for the hydrogen hydrate with an ice shell system, NVT
simulations under 200 K were used for 10 ns for the adjustment
of the interface between ice and hydrate phases. NPT
simulations were conducted for 800 ns under 260 K and 10
MPa. The trajectories collected after the simulation were further
processed via a time-averaged statistical analysis. More details
about data analysis are available in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Stability Analysis of Hydrogen Hydrates

Figure 2 shows the time evolution of the potential energy of
hydrogen hydrate systems with different initial cage occupancies
at 260 K and 10 MPa. It can be observed that a characteristic
spike signifying hydrate dissociation in the potential energy was
observed in all four systems. The curves eventually reached a
stable plateau, indicating that the hydrogen hydrates had
completely decomposed. This result suggested that the hydrate
structures are unstable at 260 K and 10 MPa and fully dissociate
regardless of cage occupancy. However, significant differences
were observed in the hydrate dissociation behavior among the
systems, in which the dissociation time increased with the cage
occupancy: ty g < tyig, < trag; < trsg;. For the L1S1 system, the
potential energy increased with a nearly constant slope,
indicating that the hydrogen hydrate decomposed at an
approximately constant rate. For the L2S1 and L3S1 systems,
the dissociation process of hydrogen hydrate underwent three
stages: rapid—slow—rapid dissociation; while the L1S2 system
had only two stages, namely, slow dissociation followed by rapid
dissociation.

To further analyze the effect of cage occupancy on the stability
of hydrogen hydrates, Figure 3 presents the configurational
snapshots of hydrogen hydrate systems with different initial cage
occupancies. It can be observed that at 10 ns, hydrogen hydrates
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Figure 2. Potential energy evolution of hydrogen hydrate systems at
260 K and 10 MPa.

in four systems began to dissociate (rapid dissociation) at the
hydrate—gas interface with hydrogen molecules migrated into
the gas phase. As the L1S1 system with the lowest cage
occupancy and minimum total hydrogen content, the residual
hydrogen trapped within hydrate lattices was insufficient to
sustain long-term structural stability, so the hydrate framework
collapsed continuously at a steady and relatively rapid rate
without a secondary dissociation stage afterward. The L1S2
system followed a two-stage dissociation pathway (slow
dissociation followed by rapid dissociation). The hydrogen
molecules in the 5'* small cages first migrated to the 5'*6* large
cages, forming a temporary slow dissociation period controlled
by intercage hydrogen hopping, and then the hydrogen
molecules diffuse outward (see Supporting Information Figure
S$2). Once most hydrogen molecules transferred out, the residual
hydrate lattice lost stabilizing guest molecules and collapsed
rapidly, which corresponded to the two-stage dissociation
characteristics observed in the L1S2 system.

By contrast, the L2S1 and L3S1 systems with high large-cage
hydrogen loading display three-stage dissociation kinetics
(rapid—slow—rapid). At 40 ns, the L2S1 and L3Sl systems
entered a slow dissociation stage because hydrate dissociation
proceeded from the outer layer inward. A quasi-liquid film would
form on the surface of hydrogen hydrates, and the dissociation
interface shifted from the hydrate—gas interface to the hydrate—
quasi-liquid film interface. Below the freezing point, the quasi-
liquid film exhibited an “ice-like” structural ordering, which
imposed sisgniﬁcant mass transfer resistance to hydrogen
molecules,” which trapped massive hydrogen inside the hydrate
cages and formed an extended slow dissociation plateau. When
the residual hydrogen concentration within the hydrate bulk
dropped below the critical threshold required to maintain cage
structural integrity, the entire hydrate lattice collapsed
drastically and released a huge volume of hydrogen molecules,
resulting in the second rapid dissociation stage.’

The L2S1 and L3S1 systems exhibited a similar characteristic
of hydrate dissociation stages; however, there were significant
differences in the dissociation time, mainly in the slow
dissociation stage. Figure 4 shows the structural configurations
of the L2S1 and L3S1 systems along with the time evolution of
hydrate cages during the dissociation process. It can be observed
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Figure 4. (a)Snapshots of hydrogen hydrate dissociation and (b) time evolution of cages with hydrogen molecules of L2S1 and L3S1 systems.

that at 120 ns, when the L2S1 system completely dissociated, the
L3S1 system still retained some of the hydrate structure. This
difference was mainly related to the migration behavior of the
hydrogen molecules within the hydrate. During hydrate
dissociation, hydrogen molecules in the 5'*6* cages diffuse and
migrate outward.”” When hydrogen molecules in the outer
hydrate layer diffuse into the gas phase, hydrogen molecules
inside continuously move outward to replenish the outer layer.
Therefore, the greater the number of hydrogen molecules
occupying the 5'%6* large cages, the longer the migration time
required for hydrogen molecules to diffuse outward under the
resistance of the quasi-liquid film, resulting in a longer slow
dissociation stage. In the L2S1 and L3S1 systems, the quasi-
liquid layer introduced an additional transfer resistance for
hydrogen migration, thereby shifting the rate-limiting step from
direct surface dissociation to diffusion through a disordered
interfacial film, thereby slowing the dissociation rate. Con-

17619

sequently, the overall dissociation rate became significantly
lower than that in the initial stage. However, it cannot prevent
complete decomposition of the hydrate.

3.2. Stability Analysis of Hydrogen Hydrates with Ice lh
Shell

The stability of hydrogen hydrates with an ice Ih shell with
different initial cage occupancies was investigated at 260 K and
10 MPa. Figure S shows the initial and final configurations of the
hydrogen hydrate with ice Ih shell systems. Intermediate-time
snapshots are not supplemented; continuous structural
evolution during dissociation is supported by the time-
dependent water molecules of hydrogen hydrate and ice in
hydrogen hydrates (as shown in Figure 7). As shown in the
figure, hydrogen hydrates did not completely dissociate, and
some hydrate structures remained stable in the L1SI1@Ice
system after an 800 ns simulation. The behavior was quite
different from that of the dissociation characteristics observed in

https://doi.org/10.1021/acs.energyfuels.6c02515
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Figure S. (a) Initial and (b) final configurations of the hydrogen hydrate with ice Th shell systems.

the L1S1 system. In contrast, the hydrate and ice structures
disappeared by the end of the simulation in the L2S1@Ice,
L1S2@Ice, and L3S1@Ice systems.

The phase transition processes of hydrogen hydrates and ice
were analyzed to further investigate the reason. Accordingly, the
system was divided into six regions, denoted as A, B, C, D, E, and
F (see Figure 6). The CHILL + recognition algorithm proposed
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Figure 6. Region division of the number of water molecules in
hydrogen hydrate with ice Ih shell systems.

by Nguyen et al.”® was employed to identify water molecules in
hydrogen hydrate and ice. Figure 7 shows the time evolution of
the number of water molecules belonging to ice and hydrate
phases in distinct regions of the hydrogen hydrate with ice Ih
shell systems. Given the varying conditions of cage occupancy,
each parameter’s time axis was customized to match its own
characteristic evolution window, with the time point defined as
when the kinetic parameters cease to show obvious variations.
For the L1S1@Ice system, the number of water molecules
identified as ice in regions B and E increased from 300 to 350,
while the number of water molecules identified as hydrogen
hydrates remained zero in regions B and E throughout the
simulation, which indicated that the water molecules at the ice—
hydrate interface gradually became ordered into the ice
structure. And the number of water molecules of ice phase in
regions C and D increased significantly, accompanied by a
decrease in the number of hydrate water molecules, indicating

that part of the hydrate structure decomposed and transformed
into ice in these regions. For the L2S1@Ice system, the number
of water molecules in the ice phase in regions B and E decreased
before 200 ns, while the number of water molecules of the
hydrate phase increased markedly, suggesting that part of the ice
shell decomposed into the hydrate phase. Subsequently, the
number of water molecules of the ice phase dropped sharply
after 200 ns, indicating that the original ice shell was destroyed.
Approximately 15 ns after the destruction of the ice shell, the
hydrogen hydrates began to dissociate. Such phenomenon was
also observed in the L1S2@Ice and L3S1@Ice systems, with a
difference in the dissociation times. In the L1S2@Ice system, the
ice shell was disrupted at around 175 ns, and hydrate began to
dissociate at approximately 270 ns. In the L3S1@Ice system, the
number of water molecules of the ice phase decreased rapidly at
50 ns, while the number of water molecules of the hydrate phase
began to decline at about 110 ns coated with ice Ih systems at
260 K and 10 MPa.

Table 1 compares the time required for complete dissociation
of hydrogen hydrates with/without an ice shell. The L1S1
system exhibited the fastest dissociation kinetics among all of the
systems. In contrast, the hydrogen hydrates in the L1S1@Ice
system did not completely dissociate, which can be mainly
attributed to the protective effect of the ice shell. Although the
hydrogen hydrates in L2S1@Ice, L1S2@Ice, and L3S1@Ice
systems completely dissociated within 800 ns, the dissociation
times were significantly longer than those systems without an ice
shell. This was primarily because the disordered water layer
caused by the dissociation of the ice shell also hindered the
diffusion of hydrogen molecules within the hydrate, thereby
suppressing the dissociation of the hydrogen hydrates. Overall,
the encapsulation of an ice shell can enhance the stability of
hydrogen hydrates. However, during the stabilization process,
structural transformations occurred between the ice and
hydrogen hydrate. Once the ice shell was destroyed, it was
difficult for hydrates to remain stable due to the vanished
shielding effect of the ice shell.
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Figure 7. Number of water molecules of hydrogen hydrate and ice in hydrogen hydrate.

3.3. Effect of Ice Ih Thickness on the Stability of Hydrogen
Hydrates

In the L1S1@Ice system, the ice shell gradually thickened, while
in the L2S1@Ice, L1S2@Ice, and L3S1@Ice systems, the ice
shell gradually thinned until eventually destroyed. This raised
the question of whether hydrogen hydrates can be stably

preserved if the initial ice shell thickness is increased. To address
this issue, an L2S1@Extended-Ice system with an ice shell
thickness of 3.66 nm was constructed. Figure 8 shows the
configurational evolution and the number of water molecules in
the ice and hydrate phases of the L2S1@Extended-Ice system at
260 K and 10 MPa. As shown in Figure 8a, the hydrogen
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Table 1. Time for Complete Dissociation of Hydrogen 120
Hydrate with/without Ice Shell Systems

100 1

time for complete dissociation of

initial cage occupancy hydrate(ns)
none ice shell
L1S1 58 /
L2S1 115 618
L1S2 108 666
L3S1 148 800

[~}
<
1

4 a0 YO
—=— 1 H, in 5'%" cages
—o—2 H, in 5'%6" cages
—A—3 H, in 5'%6* cages
—v—4 H, in 5% cages
—&—1H,in 5 cages

2 g

hydrates in the L2S1@Extended-Ice system remained structur-
ally stable with the ice shell throughout the simulation. In Figure
8b, the number of water molecules in the ice phase showed little
change, whereas the number of water molecules in the hydrate
phase increased from 850 to 1004. This indicated that part of the
ice structure transformed into hydrate, and the ice structure
remained stable until the end of the simulation. The comparative
results clearly revealed that sufficient ice shell thickness was a
prerequisite for long-term hydrate stabilization. When the ice
shell was 2.70 nm, continuous ice-to-hydrate phase trans-
formation at the ice—hydrate interface gradually consumed the
outer ice layer, leading to shell thinning, structural collapsed, and
complete hydrate dissociation within 800 ns. In contrast, the
3.66 nm thick ice shell provided abundant water molecules to
sustain the ice—hydrate phase equilibrium; even partial ice was
converted into hydrate at the interface, residual intact ice still
maintained a complete diffusion barrier, so the hydrate phase
can be stably preserved throughout the 800 ns simulation. It
should be noted that only two ice thickness gradients were
adopted in the current MD simulations, so a precise quantitative
mathematical function linking ice shell thickness, cage
occupancy, and hydrate stable preservation time cannot be
derived yet. Nevertheless, the pairwise comparison between ice
shell and extended-ice shell systems still delivered a clear
qualitative rule: thicker initial ice shells significantly delay ice
shell failure and extend hydrate survival time, especially for high-
occupancy hydrate systems. In other words, the complete
decomposition of hydrogen hydrates in the L2S1@Ice, L1S2@
Ice, and L3S1@Ice systems can be mainly attributed to the
insufficient thickness of the ice shell.

Figure 9 shows the variation in the number of hydrate cages in
the L2S1 @extended-ice system. Within 50 ns, the number of 5"
cages increased, indicating the growth of the hydrogen hydrates.
During this period, the number of 5'*6* cages occupied by two
hydrogen molecules decreased (L2), while the number of 5'%6*
cages occupied by a single hydrogen molecule increased (L1). A
possible explanation was that hydrogen molecules originally

-2 H, in 5" cages

Number of cages
-~ (=)
[} [—]

[
(]
1

400
Time(ns)

0 200

Figure 9. Number of cages in the L2S1@Extended-Ice shell system.

located in the 5'*6* cages migrated into newly formed hydrate
cages, resulting in a decrease in the occupancy of hydrogen
molecules in the 5'26* cages. At equilibrium, the average
occupancy of hydrogen molecules in the 5'%6* cages was
approximately 1.536, as calculated by the data after 50 ns. It
could be seen that when the ice shell thickness increased to a
certain extent, hydrogen hydrates grew within the confined
space by the ice shell until a structural equilibrium between the
ice and hydrogen hydrate phases was reached.

3.4. Mechanism Analysis of Hydrogen Hydrate Stabilization
by Ice Ih Shell

Figure 10 presents the two-dimensional density distribution of
hydrogen molecules in the hydrogen hydrate with ice Th shell
systems. In the L1S1@Ice system, hydrogen molecules were
mainly concentrated in the hydrate phase at 800 ns, only few
hydrogen molecules in the ice regions, and almost no hydrogen
molecules in the gas phase. This indicated that during the
simulation process, hydrogen molecules did not migrate from
the hydrate phase into the gas phase, suggesting that the ice shell
provided an effective barrier to hydrogen diffusion. In addition,
in the L2S1@Ice and L1S2@Ice systems, the ice shell was
destroyed at around 170—180 ns, and hydrogen molecules in the
hydrate phase already migrated into the gas phase by 200 ns. In
the L3S1@Ice system, the ice shell was disrupted at
approximately 50 ns, and hydrogen molecules originating from
the hydrate phase can be detected in the gas phase at 100, 150,
and 200 ns. A common feature of these three systems was that

2000
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Figure 8. (a) The initial and final configurations of L2S1@ Extended-Ice shell system; (b) the number of water molecules in hydrate and ice.
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Figure 10. Density distribution of hydrogen molecules in hydrogen hydrate with ice Ih shell systems.

the ice shell completely dissociated during the simulation,
indicating that once the ice shell was destroyed, its ability to
hinder hydrogen diffusion was significantly weakened. Con-
sequently, hydrogen molecules were distributed in both the
hydrate phase and the gas phase. These observations further
confirm that the ice shell plays an important role in blocking
hydrogen migration.

Figure 11 shows the diffusion coeflicients of hydrogen
molecules within the hydrate phase. At 100 ns, the diffusion

10
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=
a
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Figure 11. Diffusion coefficient of hydrogen molecules in hydrogen
hydrate with ice Ih shell systems.

coefficient of hydrogen molecules in the hydrate phase of the
L3S1@Ice system was significantly higher than that of the other
three systems. This was because the ice shell in the L3S1@Ice
system was destroyed at around 50 ns, while the ice shell in the
other three systems remained stable. The mass transfer
resistance provided by the ice shell restricted the motion of
hydrogen molecules. In the L1S1@Ice system, the ice shell
remained intact throughout the simulation, resulting in the
lowest diffusion coeflicient, which was approximately 3 orders of
magnitude lower than that in the other systems. The results
indicated that the motion of hydrogen molecules was strongly
confined by the ice shell. In contrast, once the ice shell
disappeared, the disordered quasi-liquid film provided much
weaker resistance to hydrogen diffusion, allowing hydrogen
molecules to pass through the disordered water layer and enter
the gas phase more freely. For the L2S1@Ice system, the

diffusion coefficient of hydrogen increased from 0.0063 X 10~>-
cm? s7! (at 200 ns) to 1.0651 X 1075-cm*s~" (at 300 ns). And
the diffusion coefficient further increased to 6.2196 X 107>-cm*:
s”' by 800 ns. It could be found that when the hydrates was
stably encapsulated by the ice shell, the hydrogen molecules
could be confined in the hydrate region for the stable
preservation of hydrogen hydrates. However, once the ice
shell was destroyed, the high hydrogen diffusion coeflicients
made it difficult to retain hydrogen molecules within the hydrate
phase.

The fraction of hydrogen migration was used to evaluate the
potential of hydrogen molecules in 5'%6* cages or 5'* cages. As
shown in Figure 124, the final fraction of hydrogen migration in
5'26* cages in the L1S1@Ice system was the lowest, indicating
the relatively low kinetic energy. As the number of hydrogen
molecules occupying the 5'26* cages increased (L1 to L3), the
fraction of hydrogen migration in 5'*6* cages also increased,
which was caused by more frequent guest—guest molecular
collisions, making it easier for hydrogen molecules to migrate to
neighboring cages.'” It was also noteworthy that the fraction of
hydrogen migration in 5'%6* cages in the L1S2@Ice system was
higher than that in the L1S1@Ice system. As shown in Figure
12b, the fraction of hydrogen migration in 5'* cages of the
L1S2@]Ice system was close to 50%, significantly higher than
that in the other three systems, which indicated that the 5'* cages
cannot stably accommodate two hydrogen molecules, and
hydrogen molecules would tend to migrate to the 5'26* cages.
Consequently, the increasing number of hydrogen molecules in
the 5'26* cages would thereby increase the fraction of hydrogen
migration in 5'%6* cages. Overall, the increase in the hydrogen
occupancy of either the 5'%6* cages or the 5'> cages would lead to
a high kinetic energy of hydrogen molecules. As a result, more
hydrogen molecules overcame the cage confinement and
migrated between hydrate cages.

For the systems with high cage occupancy (L2S1, L1S2,
L3S1), abundant hydrogen molecules were confined inside the
hydrate cages with strong intercage hopping tendency. Driven
by chemical potential difference, hydrogen molecules continu-
ously migrated from the hydrate matrix into the ice Ih shell.
Hydrogen molecules trapped within ice lattice defects broke the
ordered hydrogen-bond network of hexagonal ice, and the ice—
water interface undergoes phase transformation. Belosudov et
al.*” reported that the thermal expansion coefficient of hydrogen
hydrates was larger than that of ice. Consequently, ice Th can
exert an additional pressure (P;) on hydrogen hydrates to
stabilize the hydrate structure. From the thermodynamic
perspective, as the additional pressure increased, hydrogen
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Figure 13. Mechanism of stabilization of hydrogen hydrate by ice shell.

molecules are more easily stabilized within the hydrate cages,
which leads to expansion of the lattice parameters.’”"'
Conversely, the expansion of the lattice parameters further
increased the additional pressure exerted by the ice on the
hydrate. So, the ice phase gradually reacted with inward-
diftusing H, to form new hydrate cages. This continuous ice-to-
hydrate conversion consumed the outer ice shell layer by layer,
thinning the ice crust until it lost its complete shielding structure
and finally collapsed (equivalent to the macroscopic phenom-
enon of ice shell “melting”). By contrast, low-occupancy L1S1
system had weak hydrogen intercage migration. Few hydrogen
molecules diffuse into the ice layer, so ice-to-hydrate phase
transition barely occurred; the ice shell remained intact and even
slightly thickens over simulation time without melting or
collapse.

On the basis of the results of this study, a mechanism for the
stabilization of hydrogen hydrates with an ice Ih shell was
proposed (Figure 13). For the hydrogen hydrates with an ice Th
shell system, the ice shell provided an effective barrier to
hydrogen diffusion and simultaneously exerted additional
pressure on the hydrogen hydrates, thereby stabilizing the
hydrate structure even under superheated conditions. During
hydrate dissociation, a hydrogen-rich interfacial region (quasi-
liquid layer) was formed. In this region, water molecules
exhibited partially disordered hydrogen-bonding networks,
which created transient cavities structurally similar to hydrate
cages. Ice Th possessed a highly ordered, dense hydrogen-
bonded hexagonal network. Free hydrogen molecules encounter

17624

enormous steric resistance when they attempt to pass through
intact bulk ice. As a result, the escaped hydrogen molecules
induced a structural transformation between hydrate and ice
within this confined space. During the process, structural
transformations between the ice and hydrate phases occurred,
which were also related to the additional pressure. The process
was strongly correlated with the hydrogen cage occupancy in the
hydrate. For low-cage occupancy systems (the L1SI1@Ice
system), the additional pressure exerted by the ice shell was
insufficient to stabilize the hydrogen hydrate structure, resulting
in the collapse of the hydrate structure and the transformation of
water molecules into the ice structure. Due to the strong
hydrogen-blocking eftect of the ice shell, hydrogen molecules
can migrate back into the hydrate cages, causing lattice
expansion and an increase in the additional pressure until a
stable structural equilibrium was achieved. The protective effect
of the ice shell depends strongly on the hydrogen cage
occupancy of the hydrate. When the structural transformation
between ice and hydrogen hydrate reaches equilibrium, the
critical hydrogen occupancy in the $'26* cages was approx-
imately 1.5 (see Supporting Information Figure S3). For high-
cage occupancy systems (L2S1@Ice, L1S2@Ice, and L3S1@
Ice), hydrogen molecules would overcome the confinement of
hydrate cages and migrate to the ice phase, leading to the
transformation of a part of the ice shell into a hydrate structure.
As a result, the ice shell gradually thinned until structural failure
occurred. However, in the Extended-Ice system, hydrogen
migration to the ice shell would lead to a gradual decrease in cage
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occupancy. When the system reached the critical cage
occupancy, the outermost ice shell still existed, allowing the
ice shell to effectively stabilize the hydrogen hydrate structure.

4. CONCLUSION

This study systematically investigated the stability of hydrogen
hydrates with ice Th shell systems with different initial cage
occupancies at 260 K and 10 MPa by MD simulations. The
dissociation behavior of hydrogen hydrates and the stabilization
mechanism were revealed at the molecular level. The main
conclusions are summarized as follows:

1 At 260 K and 10 MPa, a quasi-liquid film caused by
hydrate dissociation increased the diffusion resistance for
hydrogen molecules migrating from the hydrate phase to
the gas phase. Different kinetic dissociation characteristics
were observed with the hydrogen cage occupancy.
However, all hydrogen hydrate systems eventually
dissociated completely, indicating that hydrogen hydrates
were thermodynamically unstable under the conditions.

2 The stability of hydrogen hydrates with an ice Ih shell was
strongly dependent on the hydrogen cage occupancy. In
the L1S1@Ice system, hydrogen hydrates remained stable
and achieved superheated preservation. In the L2S1@Ice,
L1S2@Ice, and L3S1@Ice systems, hydrate and ice
structures disappeared after the simulation. Nevertheless,
the presence of the ice shell significantly prolonged the
hydrate dissociation time, thereby inhibiting the dissoci-
ation process.

3 The stabilization mechanism of hydrogen hydrates with
ice shell was elucidated by potential energy, configuration,
fraction of hydrogen migration, and hydrogen diffusion
coeflicient analysis. The structural transformation at the
ice—hydrate interface was identified as the key mechanism
controlling hydrate stability, which was highly correlated
with the hydrogen cage occupancy. The optimal hydrogen
occupancy of the 5'6* cages was approximately 1.5.
When the occupancy was below the optimal value,
hydrates at the interface transformed into ice. And
hydrogen hydrates can be stably preserved as the shielding
effect of the ice shell. When the occupancy was above the
optimal value, hydrogen molecules migrating outward
from the hydrate combined with ice to form hydrate
structures, the ice shell would gradually thin and
eventually collapse, making stable preservation of hydro-
gen hydrates impossible.

This study elucidates the molecular-level stabilization
mechanism of the ice shell on hydrogen hydrates and clarifies
the regulation effects of cage occupancy on hydrogen hydrates
stability. These findings provide theoretical guidance for the
design of highly stable hydrate-based hydrogen storage and
transportation systems.
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