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ABSTRACT

Hydrogen can play a central role in a fossil-free energy economy, yet its implementation is hindered by the lack
of safe, dense, and efficient storage methods. Hybrid Hyz physisorption-hydrate formation, which combines
physisorption in porous materials with encapsulation in clathrate hydrates, presents a promising route, but the
fundamental synergistic mechanisms remain largely elusive. Here, we perform microsecond-scale molecular
dynamics simulations to study the hybrid H, storage process in the hydrophobic metal-organic framework ZIF-8
seeded with THF hydrate nanoparticles. The results indicate that ZIF-8 rapidly physisorbs Hy, while effectively
excluding HoO and THF. Our simulations reveal a dynamic, three-step hybrid storage pathway, i.e., (1) ZIF-8
selectively adsorbs and enriches Hy within its pores, creating a high local Hy concentration; (2) The growing
binary Hy-THF hydrate crystals selectively capture the Hy; (3) Transfer of Hy from the ZIF-8 to the hydrate until
the hydrogen source transfer reaches a dynamic equilibrium. This hybrid storage method results in a total Hy
storage capacity reaching 1.82 wt%, exceeding the storage capacity of either physisorption or THF-driven hy-
drate formation alone. These findings provide critical molecular-level insights, showing that coupling hydro-
phobic ZIF-8 with hydrate promoters is a highly effective strategy for developing next-generation Hy storage
methods.

1. Introduction

and high operating temperatures [5]. Porous materials such as metal-
—organic frameworks (MOFs) can moderately absorb Hy at low tem-

Hydrogen (Hy) is an important energy carrier owing to its high en-
ergy density and zero-carbon combustion products. As decarbonization
efforts accelerate globally, efficient Hy utilization in fuel cells, power
generation, and industrial processes becomes critical. However, persis-
tent storage challenges hinder widespread use of Hy energy technologies
due to the low volumetric density (0.08 g/L) and high flammability of Hy
[1,2]. Compressed of Hj storage requires pressures in excess of 70 MPa
to achieve moderate volumetric density [3]. Liquefied of Hy demands
cooling to below 20 K, which results in significant energy demands and
evaporation losses [4]. Metal hydrides offer high volumetric capacity
but suffer from heavy weight, sluggish absorption/desorption kinetics,
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peratures; their capacity is limited at ambient conditions [6]. These
disadvantages highlight the urgent need for alternative storage solutions
that can simultaneously offer high volumetric density, fast kinetics, and
operational safety under relatively mild conditions. Clathrate hydrates
are sustainable nanomaterials formed by the oriented arrangement of
water molecules [7,8]. The volume storage density of H, hydrate can
reach or exceed that of liquid Hj storage under moderate pressure and
low temperature conditions [9-11]. However, its practical application is
often hindered by slow formation kinetics and demanding operational
conditions, challenges that primarily stem from the low solubility of Hy
in the aqueous phase. Hy storage of hybrid physisorption-hydrate

E-mail addresses: sunhongjuan@swust.edu.cn (H. Sun), o.moultos@tudelft.nl (0.A. Moultos), nflzx@cug.edu.cn (F. Ning).

https://doi.org/10.1016/j.fuel.2026.138370

Received 30 October 2025; Received in revised form 1 January 2026; Accepted 11 January 2026

Available online 19 January 2026

0016-2361/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-1537-0683
https://orcid.org/0000-0002-1537-0683
https://orcid.org/0000-0001-7477-9684
https://orcid.org/0000-0001-7477-9684
mailto:sunhongjuan@swust.edu.cn
mailto:o.moultos@tudelft.nl
mailto:nflzx@cug.edu.cn
www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2026.138370
https://doi.org/10.1016/j.fuel.2026.138370
http://creativecommons.org/licenses/by/4.0/

F. Mi et al.

formation has attracted great attention, since it combines rapid phys-
isorption with hydrate formation to exploit the advantages of both
mechanisms, and mitigate their individual drawbacks.

Early studies focused on the formation of pure Hy hydrates, which
require extremely high pressures (200 MPa). To overcome these extreme
conditions, effort was put to the study of binary hydrates, where pro-
moter molecules can greatly reduce the formation pressure of Hy hy-
drates [12-15]. Methane, carbon dioxide, propane, cyclopentane, and
tetrahydrofuran (THF) are all common promoters of Hy hydrate for-
mation [16-20]. In a previous study, we performed molecular dynamics
(MD) simulations to investigate the formation of binary Hy hydrates for
different promoters [21]. The simulation results showed that THF was
the most efficient promoter for binary Hy hydrate formation [21]. The
experimental results of Lee et al. showed that THF molecules occupied
large cavities to stabilize the binary Hy hydrate structure, thereby
reducing the pressure conditions for H storage from 200 MPa to 12 MPa
[11]. Many experimental and MD studies have investigated the effects of
promoter concentration [22,23], temperature [24], pressure [24,25],
and driving force [26-28] on the formation of binary Hy hydrates.
Monte Carlo (MC) simulations [29] have examined the storage capacity
of the mixed Hy + THF hydrate under different thermodynamic condi-
tions. An extensive discussion addressing the comparison of experi-
mental and MC studies for the Hy storage capacity of the particular
mixed hydrate has been presented in [30]. MC studies for calculating Hy
storage capacity of different hydrate structures and promoters has been
reviewed in [31]. Moreover, porous materials can greatly enhance the
formation kinetics of gas hydrates due to their large amount of confined
space and surface area [32,33]. Farrando-Perez and co-workers
designed new porous activated carbon materials that greatly improve
the kinetics of Hp hydrate formation [34]. Ciocarlan et al. designed
hydrophobic mesoporous silica as the host material, which significantly
reduced the pressure required to form Hy hydrate (about 20 %) [35].
MOFs have been extensively investigated for gas storage due to their
high surface areas and tunable pore environments [36,37]. Previous
experiments and simulation studies have shown that MOFs were used to
store methane gas via a hybrid physisorption-hydrate formation
method, which improved the gas storage capacity [38-40]. Hydropho-
bic MOFs such as ZIF-8 not only physisorb small gas molecules but also
promote heterogeneous hydrate nucleation at interfaces [41-43]. Most
studies have treated physisorption [44] and hydrate formation [8]
separately for Hy storage in hydrophobic ZIF-8, without investigating
coupled mechanisms affecting Hy storage (especially the synergistic ef-
fect of THF promoters remains unclear).

Here, we perform microsecond-scale MD simulations to investigate
hybrid H; physisorption-hydrate formation in hydrophobic ZIF-8 seeded
with THF hydrate nanocrystals. Our results show a three-step hybrid Hy
storage pathway, i.e., rapid enrichment, targeted capture, and dynamic
transfer of Hy. The total Hy storage capacity (physisorption and hydrate
storage) far exceeds that achievable by a single mechanism, reaching
1.82 wt% and is predicted to even exceeding 5 wt% after a long time.
These findings indicate that coupling hydrophobic ZIF-8 with hydrate
promoters is a highly effective strategy for developing next-generation
H, storage methods.

2. Simulation details and methods

The initial configuration comprised 1 ZIF-8, 1 THF hydrate nano-
particle, 6000 Hy, 550 THF, and 15,195 H,0 molecules-THF is most
favourable for binary Hj hydrate nucleation as shown in the literature
[21]. We replicated the cell of ZIF-8 to create a ZIF-8 structure with
dimensions 2 x 2 x 2, which was then placed in the simulation box. A
nanoparticle of THF hydrate (structure II) was inserted into the simu-
lation box before solvation. Water molecules were then added to fully
hydrate the system. The final composition (see Fig. 1) reflects a mixture
of ZIF-8, H,, and water, with THF hydrate crystals acting as seeds for
hydrate growth- THF hydrate nanoparticles contain 33 THF molecules
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Initial configuration

THF hydrate nanoparticle
a diameter of 3 nm

Metal-organic framework
Hydrophobic ZIF-8
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Fig. 1. Schematic representation of the initial configuration of the MD simu-
lation. The hydrophobic metal-organic framework ZIF-8, hydrate nanoparticle,
and H,O0 solution are shown. The initial homogeneous solution is composed of
H,, THF, and H,O molecules.

H,0

and 481 H,0 molecules, which is consistent with the ratio of large cages
to HyO molecules in the SII-type hydrate [45]. Five independent simu-
lations, each one starting from a different initial configuration, were
performed to obtain statistics. Specifically, different random seeds were
used for the free molecules (Hp, THF, and H50), ensuring statistically
independent trajectories. In total, five independent simulations of Hy
storage in MOF ZIF-8 were tested and marked as Hyior1, Hvor2, Hmors,
Hmor4, and Hyops. Details on the composition of these systems are listed
in Table S1. Periodic boundary conditions were applied in all directions.

The force field parameters for the MOF ZIF-8 were taken from Zheng
etal. [46,47]. THF and Hy0 molecules were modeled using the OPLS-AA
[48] and TIP4P/Ice force fields [49], respectively, which have achieved
high accuracy in previous MD studies [50-52]. For Hj, the three-site
model developed by Alavi et al. [53] was used. All force field details
are listed in Table S2 in the Supporting Information. These force fields
were shown in previous MD studies to perform well in modelling the
nucleation process of clathrate hydrates [24,25,27,54-58]. To maintain
the stability of ZIF-8, ZIF-8 was treated as a rigid structure. The Lorentz-
Berthelot mixing rules were used for the cross interactions. The leapfrog
integration algorithm was used in the MD simulation with a 2.0 fs
timestep. As shown in Fig. S1, the total energy fluctuates around a stable
mean value with no significant drift over the simulation period, con-
firming that the 2 fs time step does not compromise the numerical sta-
bility of the system [59]. Production runs of 2 pus were performed under
the isothermal-isobaric (NPT) ensemble at a pressure of 50 MPa and a
temperature of 250 K. These conditions fall well within the experimental
stability region of THF hydrates [25]. These conditions ensure that the
time required for hydrate nucleation is accessible in the molecular
simulation, and thus, within reasonable computational costs [60-62].
To regulate the temperature and pressure, the Nosé-Hoover thermostat
[63] and Parrinello-Rahman barostat [64] with time constants of 2 ps
and 4 ps, respectively, were used. MD simulations were performed in
GROMACS 2022 [65]. All simulation details (e.g., initial configurations,
equilibration scheme, electrostatics) along with the calculation princi-
ples of the properties computed in this study are provided in the Sup-
porting Information.
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3. Results and Discussions

3.1. Distribution of guest molecules, and metal-organic framework ZIF-8-
guest molecule interactions

The distribution of guest molecules and their interaction with ZIF-8
affect the physisorption of Hy in ZIF-8 and the growth of binary H,-THF
hydrate in the aqueous phase. The radial distribution functions (RDF) of
the metal-organic framework ZIF-8 with Hp and H0O molecules are
shown in Fig. 2a-b and Figs. S2-S3 in the supporting information. The
RDF for Hy molecules shows that the structure of Hy molecules and ZIF-8
atoms is consistent with the pore size range (Fig. 2a and Fig. S2a-e).
Specifically, a peak at approximately 0.3-0.5 nm for the C-H, shows that
Ha is close to the organic ligands (Fig. 2a and Fig. S2a-e); The Zn-H; peak
occurs over longer distances, indicating that Hy is adsorbed close to the
metal nodes Zn (Fig. 2a and Fig. S2a-e). These broad peaks of Zn-Hy
indicate that Hy is physically adsorbed in the ZIF-8 pores. In contrast, the
weak peak of the RDF curve corresponding to H,O reflects the hydro-
phobic nature of the ZIF-8 (Fig. 2b and Fig. S3a-e), i.e., H,O molecules
entering ZIF pores are unfavourable. These results confirm that ZIF-8
selectively adsorbs Hy molecules, while repelling H,O molecules due
to steric interactions, thereby forming a distinct interface between the
gaseous Hy and aqueous THF phases (Figs. S4-57). The number density
profiles in Fig. 2¢ and Figs. S4-S7 show the spatial distribution of guest
molecules in the system. Due to the geometry of the Hy nanobubble, the
projection of density onto the z-axis results in an apparent spatial
overlap between the gas phase and the ZIF-8 surface region (0-4 nm).
We find that the high density of Hy in the 0—4 nm region corresponds to
the nanobubble, while the specific peaks within the ZIF-8 framework
correspond to adsorbed molecules. Moreover, visual inspection of the
simulation trajectories (as shown in Fig. 2¢) confirms that mainly Hj is
contained within the nanobubbles. As can be observed in Fig. 2c and
Figs. S4-S5, H2 has a relatively high density both inside the ZIF-8 pores
and in the bubble region, while H,0 is mainly concentrated outside the
ZIF-8 (Fig. 2c and Fig. S6a-e), indicating that liquid water is excluded
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from the hydrophobic ZIF-8 pores. The density distribution of THF
molecules is similar to that of HyO, and it does not reside in the ZIF-8
pores (Figs. S6-S7). This means that ZIF-8 can selectively capture Hj
molecules while excluding H,0 and THF, forming an interface where the
gas phase (H; in the pores) and the H;O phase (HyO/THF outside the
pores) coexist, creating favorable conditions for the heterogeneous hy-
drate nucleation. As can be observed in Fig. 2c and Figs. S5, H2 aggre-
gates into nanobubbles within the aqueous phase. It should be noted that
these Hy nanobubbles exhibit an internal pressure higher than the sys-
tem's nominal bulk pressure (50 MPa) due to the surface tension effect
described by the Young-Laplace equation. In experimental hydrogena-
tion or gas storage processes, involving dispersed gas phases, such as
micro- or nanobubbles, is a common approach [23,43,66].

The diffusion and residence of Hy in different phases are illustrated in
Fig. 2d-f. Simulation snapshots reveal that Hy has four states, namely Hy
(1) in hydrates, (2) in water, (3) in ZIF-8, and (4) in nanobubbles
(Fig. 2e). As can be seen in the Fig. 2e, water molecules are effectively
rejected from the internal pore structure of the ZIF-8 framework,
interacting only with the external surface. The diffusion coefficients of
these states all change rapidly at the beginning of the simulation and
then enter a plateau (Fig. 2d and Fig. S8a-e). The diffusion coefficient of
Hj; in nanobubbles is the highest; the diffusion coefficient of Hs in the
aqueous phase is moderate (Fig. 2d and Fig. S8a-e). As expected, Hy
adsorbed onto the ZIF-8 pores diffuses the slowest due to the nano-
confinement effect. The change in the diffusion coefficient in the early
stage of the simulation is attributed to the phase separation of Hy mol-
ecules, some of which rapidly diffuse into the ZIF-8 pores. The diffusion
coefficient of Hy in the aqueous phase gradually decreases, attributed to
the fact that some H; molecules in the aqueous phase are bound to hy-
drate cages (Fig. 2d-e), significantly restricting their movement. The
probability distribution of the residence time for Hy in ZIF-8 shows that
most Hy adsorbed in ZIF-8 pores resides for only tens of picoseconds
(Fig. 2f and Fig. S9a-e), indicating rapid adsorption-desorption ex-
change with the external environment. The residence time of the Hyjop2
system is highest (Fig. 2f and Fig. S9a-e), likely due to the absence of
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Fig. 2. Radial distribution functions g(r) ZIF-8 atoms (i.e., Zn, N, and C) with (a) Hy and (b) H,O molecules. (c) Number density distribution of Hy, H>0O, and THF
molecules in the z direction for the Hyor; system. (d) Time evolution of the average diffusion coefficient for H, in water, bubble, and ZIF-8. (e) Snapshots of H, in
hydrate, water, ZIF-8, and bubble. (f) Probability distribution of the residence time for H, in ZIF-8. Lime balls and silver lines represent H, and H,O molecules,
respectively. Bonds of green colours represent 5'2 hydrate cages. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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hydrates. Hydrates compete with ZIF-8 for H, molecules in the Hyiopi,
Hwmors, Hmor4, and Hyops systems, thereby reducing the residence time
of Hy molecules in ZIF-8 pores. These results indicate that the hydro-
phobic ZIF-8 pores selectively adsorb Hy (physisorption) while simul-
taneously repel liquid water, forming a gas-water interface on the pore
surface. This increased gas—-water interface facilitates the heterogeneous
nucleation of hydrates.

3.2. Physisorption of Hy/THF on ZIF-8

During the physisorption process, the distribution of Ho/THF mole-
cules in the ZIF-8 pores at 2 us is shown in Fig. 3a-b. A large number of
Hs molecules occupy the ZIF-8 pore space, while only a very small
number of THF molecules enter the ZIF-8 pores (Fig. 3a-b), favoring the
storage of Hy in the ZIF-8 pores via physisorption. To further monitor the
adsorption process of Hy/THF in the ZIF-8 pores, the evolution of the
number of adsorbed Hy/THF molecules in the ZIF-8 pores for five
different systems is shown in Fig. 3c-d and Fig. S10a-e. The number of Hy
molecules in the ZIF-8 pores in each system rapidly increases (Fig. 3c-
d and Fig. S10a-e), indicating that the adsorption sites are filled within a
short time. Subsequently, the number of Hy molecules in the ZIF-8 pores
gradually decreases within the simulation period of 0.2-1.0 ps (Fig. 3c-
d and Fig. S10a-e). This is attributed to the fact that the growth of binary
H,-THF hydrate requires a hydrogen source, resulting in the gradual
migration of Hy molecules within the ZIF-8 pores to the exterior of the
pores for binary Hy-THF hydrate growth. Competition for hydrogen
sources between the growth of binary Hy-THF hydrate and the phys-
isorption of Hy in ZIF-8 results in a trade-off. This results in a plateau in
the number of Hp molecules in the ZIF-8 pores during a simulation
period of 1.0-2.0 ps (Fig. 3c-d and Fig. S10a-e). The Hyjop2 System ex-
hibits the lowest Hy adsorption, consistent with its inability to form
binary Ho-THF hydrates. In contrast, less than 0.8 % of THF molecules
are present in ZIF-8, and the THF adsorption in each system is
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significantly lower than that of Hy (Fig. 3c-d and Fig. S10a-e). In
particular, THF in ZIF-8 systems primarily accumulates near the ZIF-8
surface rather than within the ZIF-8 pores (Fig. 3b). This is primarily
due to the larger size of THF molecules, and their weak interaction with
ZIF-8.

To study the adsorption strength of Ho/THF molecules in the ZIF-8
pores, the lifetimes of Hy/THF molecules in ZIF-8 pores are computed
(Fig. 3e-f). The stronger the adsorption strength of Hy/THF in ZIF-8
pores is, the longer its lifetime in ZIF-8 pores will be. The lifetime of
Hy/THF molecules in ZIF-8 pores is defined as the time during which the
Hy/THF molecule retains its state in ZIF-8 in subsequent simulations
divided by the total subsequent time. Hy molecules in the ZIF-8 pores
exhibit a short residence time, with a lifetime of approximately 2-3 %
(Fig. 2f and Fig. 3e), indicating their rapid adsorption-desorption. In
contrast, THF molecules exhibit a long residence time, with a lifetime
extending 20 % (Fig. 3f and Fig. S9a-e), indicating that once THF is
adsorbed near ZIF-8, it remains in the adsorption state for a long time.
Notably, the lifetime of Hy molecules in the ZIF-8 pores in the Hyop2
system can reach as high as 9 %, significantly exceeding these lifetimes
in the other four systems, i.e., Hyvior1, Hvors, Hvors, and Hyjops systems
(Fig. 3e). This suggests that the growth of binary H,-THF hydrates in the
external space of ZIF-8 pores weakens the adsorption strength of Hj in
the ZIF-8 pores, which is unfavorable for the storage of Hy via phys-
isorption. An interesting future research route could focus on reducing
this adverse effect, such as designing new MOF materials with stronger
Hj; binding capabilities or increasing the hydrogen source in the aqueous
phase. Taken together, these results indicate that ZIF-8 pores can effi-
ciently and temporarily store Hy molecules, and once THF is near ZIF-8,
it exhibits more stable adsorption characteristics.

3.3. Growth kinetics of binary Ho-THF hydrates in ZIF-8

The growth process of binary Hy-THF hydrates in different systems is
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Fig. 3. Simulation snapshots of (a) H, and (b) THF in ZIF-8 pores. Evolution of the number of (¢) H, and (d) THF in ZIF-8 pores for the five systems. Lifetimes of (e)
H, and (f) THF in ZIF-8 pores for the five systems, i.e., Hyor1, Hvior2, Hmors, Hmor4, and Hyiors. Hydrophobic metal-organic framework ZIF-8 is displayed as pink (Zn
atom), cyan (C atom), blue (N atom), and white (H atom). Magenta balls and lime balls represent THF and H, molecules, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



F. Mi et al.

displayed in Fig. 4a-e and Videos S1-S5. For a detailed description of the
phase evolution in each system, including the dissociation process
observed in Hyopo, figures showing the time-evolution are provided in
the Supporting Information (Figs. S11-S15 and Videos S1-S5). In the
Hmor1 system, initial hydrate nanoparticles gradually grow, forming
large hydrate crystals close to the ZIF-8 at a simulation time of 2 ps
(Fig. 4a and Fig. S11). Gradual hydrate crystal growth is also observed in
Hmors, Hwmors4, and Hyops systems (Fig. 4c-e and Figs. S12-S14),
although the timing of onset and the final number of hydrates vary.
Notably, the snapshots of the Hyopz system show almost no hydrate
crystal at 2 ps (Fig. 4b and Fig. S15). Initially, the hydrate nanoparticles
in the Hyiopz system gradually decompose, and no large hydrate crystals
remain for a long time during the rest of the simulation (Fig. 4b and
Fig. S12). Therefore, among the five simulation systems, only the Hyorz
system fails to form binary H,-THF hydrates; the remaining four systems
all enter the hydrate growth stage (Videos S1-S5).

To study the growth kinetics of binary H,-THF hydrates, the evolu-
tion of the F4 order parameter, number of hydrate cages, guest molecule
mole fraction, and number of guest molecules in the nanobubble are
calculated, and the results are shown in Fig. 5a-e. The F4 parameters are
commonly used to characterize the phases of water molecules, with the
F4 values for the liquid phase, ice phase, and hydrate phase being —0.04,
—0.4, and 0.7, respectively, as stated in [67]. All systems exhibit very
low F4 values at the beginning of the simulation (Fig. 5a). For systems
where hydrates grow (Hyor1, Hvors, Hmor4, and Hyors), the F4 values
rise rapidly, reaching approximately a value of 0.125 at a simulation
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time of 2 ps, indicating a gradual transition from disordered to ordered
cage structures (Fig. 4a-e and Fig. 5a). Correspondingly, the number of
binary Ho-THF hydrate cage in these systems increases from 0 to hun-
dreds (Fig. 5b and Fig. S16a-e). The F4 value for the Hyop2 System re-
mains consistently ca. 0, and the number of hydrate cages remains 0,
fully demonstrating the absence of hydrate crystals in the Hyjop2 system
(Fig. 4b, 5a-b, and Fig. S16a-e). The F4 value distribution at different
distances from the ZIF-8 surface is shown in Fig. 5c and Fig. S17a-e. In all
hydrate growth systems, the F4 values of water molecules close to the
ZIF-8 surface are significantly lower than those farther away (Fig. 5c and
Fig. S17a-e), indicating that hydrate crystals are primarily concentrated
in the outer region away from the ZIF-8. This is attributed to the gradual
growth of hydrate nanoparticle seeds toward the ZIF-8.

In the Hyior1, Hvors, Hmor4, and Hyiors systems, the mole fraction of
H> molecules in water increases, while the mole fraction of THF mole-
cules in water decreases (Fig. 5d). This phenomenon arises from the
reorganization of water molecules into cage-like structures, resulting in
more Hj being bound to hydrate cages. Hy nanobubbles provide a direct
hydrogen source for hydrate growth. Hydrate growth continuously re-
duces the number of Hy molecules in the nanobubbles and increases the
Hj mole fraction in water (Fig. 5d-e and Fig. S18a). The increase in the
number of THF molecules in the nanobubbles results in a decrease in the
THF mole fraction in water (Fig. 5d-e and Fig. S18b). In contrast, the
mole fraction of Hyjope remains virtually unchanged. The number of Hy
and THF in the nanobubbles is also largely unchanged (Fig. 5d-e). The
Hpyorz System is in a state of dynamic equilibrium, unable to drive

Fig. 4. Simulation snapshots showing the growth process of binary H,-THF hydrates for the (a) Hyor1, (b) Huors, (¢) Hmors, (d) Huvors, and (e) Hyors systems at
0.01, 0.10, 1.0, and 2 p s, respectively. Hydrophobic metal-organic framework ZIF-8 is displayed as pink (Zn atom), cyan (C atom), blue (N atom), and white (H
atom). Magenta balls, lime balls, and transparent white represent THF, H,, and H,O molecules, respectively. Bonds of different colours represent seven types of
hydrate cages, i.e., green for 5'2, blue for 5'262, red for 5'26%, orange for 5'26*, cyan for 4'5'°62, purple for 4!5'%6%, and pink for 4'5'°6*. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Time evolution of (a) the F4 order parameters and (b) the number of hydrate cages for five systems. (c) F4 order parameters of the different distances from ZIF-
8 averaged over the last 0.05 ps of the simulation. Time evolution of (d) the guest mole fraction in water, (e) the number of guest molecules in the nanobubble, and (f)
the lifetime of H, molecules in water for five systems. Time evolution of the number of (g) Ho-occupied cages and (h) THF-occupied cages for the Hyop; System.

hydrate nucleation and growth, further confirming the absence of hy-
drate crystals (Fig. 5d-e). The time evolution of the average lifetime of
H, in water are analysed in Fig. 5f. In the Hyor1, Hmors, Hmors, and
Hmors systems, the lifetime of Hy in water continuously increases,
reaching 60 % in the later stages (Fig. 5f). This shows that as the hydrate
crystal gradually grows, a more stable coordination environment is
formed between Hy and the surrounding H»O, thereby extending its
lifetime in water until it is finally captured in the hydrate cage. How-
ever, the lifetime of Hy in water in the Hyop2 system is always short, and
the lifetime value does not increase significantly with the increase of
time (Fig. 5f), indicating that the structure of the water is in a highly
disordered state. Moreover, Hy mainly occupies small cages (512), while
THF mainly occupies large cages (5'26°, 526, 4!51%*) (Fig. 5g-h and
Figs. S19a-e, S20a-e), which is consistent with previous MD simulation
results [21]. The number of guest molecules adsorbed around each Hy—
and THF-occupied hydrate cage is also similar to previous MD studies
(Figs. S2la-d and S22a-d) [21]. These findings regarding the order
parameter, mole fraction, bubble state, and lifetime reveal that binary
Ho-THF hydrates favor large cage stability, driving the rapid growth of
binary Ho-THF hydrates and efficient Hy capture via the hydrate
method. Besides thermodynamic stability, the kinetics of gas release is a
crucial factor for practical applications. As summarized by Alavi and

Ripmeester [68], Hy diffusion out of the hydrate phase relies on the
passage of molecules through the hexagonal and pentagonal faces of the
water cages. This cage-hopping mechanism is inherently slow, and it
may pose a significant barrier to mass transport.

3.4. H, storage mechanism via hybrid physisorption-hydrate formation in
metal-organic framework ZIF-8

A hybrid physisorption-hydrate formation significantly enhances Hy
storage capacity. Simulation snapshots of ZIF-8 physisorption and hy-
drate growth at different times are shown in Fig. 6 and Figs. S23-527. For
the Hyop1 system, Hy molecules (green balls) are scattered around the
ZIF-8 at the beginning of the simulation (0 ps), and the hydrate nano-
particle seeds are relatively distant from the ZIF-8 (Fig. 6a). During the
simulation time of 0-0.01 ps, the hydrate nanoparticles become small
(Fig. 6a-b), due to the interactions between the initial hydrate nano-
particles and the solution, leading to the rearrangement of the hydrate
nanoparticles; A large number of Hy molecules are observed to rapidly
being adsorbed onto the ZIF-8 pores (Fig. 6a-b). During the simulation
period of 0.05-0.5 p s, a large number of Hy molecules remain physically
adsorb in the ZIF-8 pores, and some Hy molecules diffuse from the ZIF-8
pores to the external region to form binary Hy-THF hydrates (Fig. 6¢-f);
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Fig. 6. Simulation snapshots showing the physisorption and hydrate growth process for the Hyor1 system at simulation times of (a) 0, (b) 0.01, (c) 0.05, (d) 0.1, (e)
0.2, (f) 0.5, (g) 1.0, (h) 1.5, and (i) 2 p s. ZIF-8 is displayed as pink (Zn atom), cyan (C atom), blue (N atom), and white (H atom). Lime-coloured balls represent Hy
molecules. Bonds of different colours represent seven types of hydrate cages, i.e., green for 5!2 blue for 5262, red for 5'26°, orange for 51264 cyan for 4151062, purple
for 4'5'963, and pink for 4'5'%6*. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Binary Hy-THF hydrate crystals continue to grow toward ZIF-8 (Fig. 6¢-
f). Over simulation periods of 0.5-2.0 ps, a large, complete hydrate
crystal forms (Fig. 6g-i), which spans multiple surfaces, allowing Hy
molecules to reside both in the hydrate cages and the ZIF-8 pores
(Fig. 6g-i and Figs. 523-527).

To quantify the proportion of Hy molecules in binary Hy-THF hy-
drates, the probability distribution of the Hp ratio in the binary Hy-THF
hydrates (number of cages occupied by Hy/total number of cages) is
calculated and shown in Fig. 7a. The peak of the probability distribution
falls in the range of 0.5-0.6 (Fig. 7a), indicating that more than half of
the cage structures contain Hy. This is consistent with the characteristic
that THF molecules mainly occupy a few large cages while Hy molecules
occupy many small cages (Fig. 5g-h). It is worth noting that the number
of multi-occupied cages (multiple Hy occupying the same cage) is rela-
tively small (Fig. S27a-e). In our simulations, multi-occupancy was
found to be rare, with fewer than 5 % of Hy-containing cages being
occupied by more than one guest molecule. Moreover, Fig. 528a reveals
the persistence of empty cages across all systems, indicating that the

potential storage capacity of the hydrate lattice is not fully utilized.
These situations of the small number of multi-occupied cages and the
large number of empty cages will both reduce the H; storage capacity
via the hydrate-based method. An interesting future research direction
would be to focus on how to increase the number of multi-occupied
cages or increase the occupancy rate of Hy in empty cages, such as
enhancing Hy mass transfer, adding suitable hydrate particle seeds.
Understanding the mechanism of hybrid Hy storage is crucial for
developing hybrid H; storage methods. Our results show a three-step
hybrid Hy storage pathway, i.e., rapid enrichment, targeted capture,
and dynamic transfer. Specifically, the ZIF-8 pores rapidly adsorb Hy
(via physisorption), increasing the local Hy concentration (Fig. 7b).
Subsequently, the hydrate crystal that grows under the promotion of
THF, rapidly captures Hy molecules (Fig. 7b). Finally, the adsorbed Hy
moves to the nucleating hydrate cages until the hydrogen source transfer
reaches a dynamic equilibrium (Fig. 7b). Stronger physisorption in-
creases the local Hy concentration, allowing more Hy molecules to be
captured in the hydrate cages. These results exhibit a hybrid storage
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systems, i.e., Hvor1, Hvors, Hmor4, and Hyors. (¢) Hy storage capacity via the hybrid H, physisorption-hydrate formation method averaged over the last 50 ns of

the simulation.
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mechanism for Hy between ZIF-8 and hydrates. The hydrophobic ZIF-8
not only increases the local Hy concentration but also provides an
interface for water molecules to organize into cage-like structures,
effectively combining physisorption and hydrate formation. As a result,
the total Hj storage capacity (physisorption and hydrate storage) in
these systems over the last 0.05 ps of the 2 ps simulation far exceeds that
achievable by a single mechanism, reaching 1.82 wt% (Fig. 7c). This also
significantly exceeds the previously reported experimental storage ca-
pacity of 0.27 wt% for hydrate-based Hy storage [22,23]. This system
achieves a high Hj storage capacity at 250 K and 50 MPa, indicating that
efficient Hy storage can be achieved solely through the synergistic effect
of the THF promoter at pressures far below the 200 MPa required for
pure Hy hydrates. Compared to strategies relying solely on MOF
adsorption or hydrates, this study shows that a hybrid approach
combining ZIF-8 physisorption with THF-driven hydrate formation is a
viable path for efficient Hy storage. Notably, due to computational cost
constraints, the simulation was stopped at 2 ps. As evidenced by
Figs. S28b and S29a-e, the number of enclathrated Hy molecules and the
number of hydrate-bound water molecules exhibit a continuous upward
trend without reaching a plateau. This persistent positive slope at the
end of the trajectory indicates that the hydrate growth kinetics are still
active and the system has not yet reached saturation, suggesting that the
H, storage capacity would further increase over longer timescales. Ac-
cording to a previous study [11], the H; storage capacity of binary Hy-
THF hydrate reached ca. 4 wt%. Assuming the complete conversion of
the aqueous phase into an ideal hydrate structure, and accounting for
the additional Hy adsorbed in ZIF-8, the theoretical storage capacity of
this hybrid system could potentially exceed 5 wt% given sufficient time.
Molecular simulations of extended timescales would be a useful tool to
showcase if these storage capacities can actually be reached. Our results
show a three-step hybrid H; storage pathway, i.e., rapid enrichment,
targeted capture, and dynamic transfer. The ZIF-8 pores, acting as Hy
storage tanks, rapidly enrich Hy through physisorption, increasing the
local Hy concentration. This Hy tank is strategically positioned to
continuously supply the hydrate growth front, thus, overcoming the
fundamental limitation of low Hj solubility in the aqueous phase. Sub-
sequently, the growing binary Hy-THF hydrate crystals efficiently trap
the enriched Hy molecules that are readily available in the ZIF-8 pores.
Finally, a continuous flux of Hy will from the ZIF-8 pores to the encap-
sulating hydrate cages until the hydrogen source transfer reaches a dy-
namic equilibrium. From a practical perspective, the recovery of stored
H, is achieved via the separation of the hydrate phase from the ZIF-8
framework following a controlled dissociation, rather than mechanical
solid-solid separation. By applying thermal stimulation or depressur-
ization, the hydrate lattice decomposes, leading to a spontaneous phase
separation into Hy gas, liquid water, and solid ZIF-8. This process allows
for the effective extraction of Hy while retaining the MOF structure. This
dissociation-based separation pathway is conceptually similar to the
post-treatment processes widely employed in hydrate-based desalina-
tion technologies, ensuring that the integration of ZIF-8 does not hinder
the final recovery of the stored gas. However, the presence of the ZIF-8
host adds mass to the system. From a logistical perspective, the
requirement to transport the entire solid composite implies that the ZIF-
8 framework must be shipped to the point of use, and subsequently
returned to the production facility for recycling. This cycle of trans-
porting non-fuel mass increases operational costs and may limit the
feasibility of this method for long-distance export. Therefore, this hybrid
strategy is likely more advantageous for stationary storage applications
where rapid charge/discharge kinetics are prioritized over transport
efficiency. It should be noted that here a relatively high ratio of ZIF-8 to
water is used to efficiently capture the nucleation events in timescales
accessible to MD simulations. In practical engineering applications with
lower solid concentrations, the diffusion of Hy through the bulk aqueous
phase may become a rate-limiting factor. To this purpose, our study
serves as motivation for future studies investigating a broader range of
ZIF-to-water ratios to quantitatively assess the impact of particle
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concentration on Hj diffusion and the macroscopic kinetics of hydrate
formation.

4. Conclusions

Microsecond-scale molecular dynamics simulations were performed
to elucidate the hybrid Hy physisorption-hydrate formation mechanism
in the hydrophobic metal-organic framework ZIF-8 seeded with THF
hydrate nanoparticles. To quantify the coupled effects of ZIF-8 phys-
isorption and THF-driven hydrate growth on Hj storage, five indepen-
dent systems were studied at 250 K and 50 MPa. The simulation results
indicate that ZIF-8 effectively prevents the permeation of HoO and the
larger THF promoter molecules into the pores, thereby establishing a
gas-liquid interface between H and the aqueous solution. Concurrently,
ZIF-8 selectively captures and enriches Hy molecules from the bulk
phase through physisorption, reaching a high local H, concentration in
its pores. This effectively transforms the MOF into a dedicated Hy tank
that is strategically positioned to continuously supply the hydrate
growth front, thus, overcoming the fundamental limitation of low Hy
solubility in the aqueous phase. Our results strongly suggest that a dy-
namic, three-step hybrid Hy storage mechanism takes place. (1) Rapid
Enrichment, where the ZIF-8 pores act as nanoscopic storage tanks,
rapidly concentrating Hy via physisorption to increase the local Hj
concentration; (2) Targeted Capture, wherein the growing binary Hp-
THF hydrate crystals efficiently trap the enriched Hy molecules that are
readily available in the ZIF-8 pores; (3) Dynamic Transfer, i.e., charac-
terized by a continuous flux of Hy from the ZIF-8 pores to the encap-
sulating hydrate cages until the hydrogen source transfer reaches a
dynamic equilibrium. Our simulations show that the hybrid system can
achieve a total H; storage capacity of up to 1.82 wt% at a temperature of
250 K and a pressure of 50 MPa, exceeding the Hy storage capacity of
either physisorption or THF-driven hydrate formation alone. This work
provides a foundational design principle for future H; storage materials,
i.e., rationally combining a hydrophobic, Ha-selective porous host with
an effective hydrate promoter, it is possible to engineer a cooperative
system that overcomes the kinetic and thermodynamic barriers of
traditional storage methods. We also identified avenues for further
improvement, such as reducing the number of empty cages and
enhancing multi-occupancy rates, which point toward future research in
optimizing MOF-promoter pairings and process conditions. These in-
sights pave the way for the development of a new class of materials
capable of achieving Hy storage via a hybrid physisorption-hydrate
formation method.
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