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Hydrate-based Hy storage is based on the mechanism of trapping Hy in water-based structures that are envi-
ronmentally friendly and cost-efficient. Understanding the effects of common promoters on hydrate-based Hy
storage at the molecular level is crucial for designing efficient storage systems, and for discovering novel pro-
moters. Here, a series of ps-scale molecular dynamics simulations are performed to investigate the nucleation of
binary Hy hydrates from gas-liquid two-phase solutions in the presence of various promoters, i.e., CHy, COg,
CyHe, C3Hg, CsHig, and THF. The simulation results indicate that the Hp and promoter molecules first dissolve in
water from the gas phase and then are absorbed on the cage-faces, promoting the nucleation and growth of
binary Hy hydrates. THF is the most effective promoter for hydrate-based Hy storage, exhibiting high perfor-
mance in converting Hy from the gas phase to hydrates. It is followed by CH4, C2Hp, and CO»; C3Hg and CsHig
molecules are less effective Hy hydrate promoters. The presence of large promoter molecules enhances multi-
occupied cage formation. The molecular insight into the nucleation of binary Hy hydrates with various pro-
moters provided here not only contributes to a broader understanding of hydrate-based H storage but is ex-

pected to motivate further experimental and computational studies.

1. Introduction

Hydrogen (Hy) is anticipated to play a pivotal role in the global en-
ergy transition [1]. Hy has high gravimetric energy density, while Hy
combustion produces only water, which is promising for enabling near-
zero emission technologies. However, to efficiently and safely store and
transport Hp, many technical challenges should be overcome. Although
Hpy can be stored in different physical and chemical ways (e.g., lique-
faction [2], compression [3], 2D materials [4,5], porous materials [6],
and metal hydrides [7]), most of these have disadvantages such as large
energy consumption, strict operating conditions, high cost, and possible
hazards owing to the low volumetric density (0.08 g/L) and high flam-
mability of Hy [8,9]. A promising alternative is hydrate-based H; stor-
age, ie., Hy is encapsulated in water-based structures (clathrate
hydrates) that operate at relatively mild conditions compared to other
storage methods, e.g., liquefaction [10-12]. Since clathrate hydrates are
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formed by the directional arrangement of water molecules, they are a
class of sustainable and environmentally friendly nanomaterials capable
of Hj storage [13-18].

The relatively high pressures required for the formation of pure Hy
hydrate combined with their slow formation rates, hinder the large-scale
implementation of hydrate-based Hy storage [19-21]. To this end, in the
past few decades, considerable efforts have been made to enhance the
formation kinetics of Hp hydrates and alleviate the formation conditions
[22-30]. Promoters such as methane (CH4), carbon dioxide (CO-),
ethane (CyHg), propane (C3Hg), tetrahydrofuran (THF), and cyclo-
pentane (CsHjp), have been shown to significantly change the phase
equilibrium of Hy hydrates [31-35]. These molecules can form binary
hydrates with Hy, where they mainly occupy large cages, while Ha oc-
cupies small cages [36,37]. The experimental results of Lee and co-
workers [10] show that THF molecules occupy large cages to stabilize
the binary Hy hydrate structure, thereby, reducing the pressure
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conditions for Hj storage from 200 MPa to 12 MPa. A drawback is that
the formation of binary hydrates reduces H; storage capacity due to the
occupation of large cages by the promoters. Numerous experimental
studies have sought to balance Hj storage capacity and Hy storage ef-
ficiency from promoter species, promoter concentration, temperature,
pressure, and other factors [38-43]. Nevertheless, experimental ap-
proaches lack molecular resolution, and therefore, cannot observe, and
thus, provide physical insights into the underlying mechanisms of binary
H, hydrate nucleation and growth.

Access to the nanoscale is essential for understanding the influence of
promoters on binary hydrate formation kinetics and Hy, storage capacity.
To this purpose, molecular simulation, and Molecular Dynamics (MD)
simulation in particular, is the natural tool for elucidating the formation
process of Hy hydrates at the molecular level [44-48]. Alavi and co-
workers [44] performed MD simulations and showed that the most
stable hydrate crystal structures occur when a single Hy molecule oc-
cupies a small cage, and four Hy molecules occupy a large cage. Wang
et al. [49-51] performed a series of MD simulations to study the for-
mation of binary Hy-propane hydrates under different pressures and
promoter concentrations. Fan et al [52] showed that the H; storage
capacity in a clathrate hydrate is mainly affected by temperature.
Several other MD studies explored the influence of environmental fac-
tors on the storage capacity of Hp hydrates with various promoters, such
as CH4, CO4, THF, and C3Hg [53-56]. Although prior MD studies mainly
focused on Hj hydrate growth and binary Hy hydrate nucleation from
homogeneous solutions with very high Hy concentrations, hydrate
nucleation usually occurs at the gas-liquid interface. The exact nucle-
ation mechanisms of Hp hydrate from gas-liquid two-phase solutions
with promoters still remain obscure despite being crucial for developing
hydrate-based Hj storage.

In this study, for the first time in hydrate-related literature, an
extensive series of MD simulations are performed to investigate the
nucleation mechanisms of binary Hy hydrates from gas-liquid two-phase
solutions in the presence of various promoters, ie., CHy, CO3, CoHg,
CsHg, CsHig, and THF. By performing ps-scale MD simulations, we
observe that H, and promoter molecules first dissolve in water from the
gas phase and then are absorbed on the cage-faces, promoting the
nucleation and growth of binary Hy hydrates. Our results clearly show
that THF is the most effective promoter for hydrate-based Hy storage,
exhibiting high performance in converting Hy from the gas to hydrates.
Our study provides unique molecular insights that can serve as a refer-
ence for investigating new promoters, while motivating and guiding
further experimental and simulation studies of hydrate-based Hj stor-
age. This paper is organized as follows: Section 2 provides a short
description of the molecular simulation techniques and models. In sec-
tion 3, the nucleation mechanism of binary Hj hydrates and the effect of
promoter species on hydrate-based Hj storage are investigated.
Concluding remarks are presented in Section 4. Details on the simula-
tions and methods are provided in the Supplementary material.

2. Simulation models and methods

The hydrate nucleation promoters considered here are: CHy, COo,
CoHg, C3Hg, CsHjp, and THF (Fig. S1). These hydrate nucleation pro-
moters frequently appear in previous experimental literature [31-35],
because pure Hy does not form hydrates under the selected conditions,
while the addition of these promoter molecules facilitates the nucleation
and growth of binary Hy hydrates. A system of pure Hy was also studied
as a reference. Thus, seven systems in total were tested. Hereafter, these
systems are referred to as Hpyre, Hcus, Hco2, Heone, Hesus, Hesuio, and
Hryr. Details on the composition of these systems are listed in Table S1.
Each system comprised 300 Hy, 180 promoter, and 3060 HoO molecules.
The number ratio of Hy to promoter molecules is 0.625, which is
favorable for binary hydrate formation as shown in the literature [50].
The number ratio of the promoter to HoO molecules is 17, which is
consistent with the ratio of large cages to HoO molecules in a standard
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SII-type hydrate [57]. To obtain statistics four independent simulations
were performed for each system, each one starting from a different
initial configuration. Nucleation occurred at different times (the so-
called induction time) and in a random fashion in each simulation. In
all simulations, Hy hydrates nucleated from the gas-liquid two-phase
configuration as shown in Fig. 1 and Fig. S2(a-h) in the Supplemen-
tary material. The presence of a gas-liquid interface introduces inter-
facial tension, which, according to the Laplace equation, results in
higher internal pressures in smaller bubbles. This, in turn, can increase
the local solubility of Hy in the aqueous phase. The system sizes in the
simulations performed here are relatively small, and although different
runs produced some variations in bubble size, the overall statistical
analysis of nucleation events showed similar trends across the replicas.

The OPLS-AA force field [58] was used to model the CH4, CyHg,
C3Hg, THF, and CsH; molecules. CO; and H,O molecules were modeled
using the TraPPE [59] and TIP4P/Ice force fields [60], respectively. For
Hp, the three-site model developed by Alavi et al [44] was used. All force
field details are listed in Tables S3 and S4 in the Supplementary mate-
rial. Due to the lack of experimental solubility data for H; in water under
specific conditions, direct comparison is not feasible, but the force fields
used here have been widely tested under related conditions. These force
fields have been extensively validated in previous studies for their ac-
curacy in predicting hydrate phase behavior [49,50,52-56,61]. The
Lorentz-Berthelot mixing rules were used for the cross interactions.

All properties of interest, i.e., free energies, diffusivities, residence
time correlation functions, order parameters, hydrogen uptake, were
computed from production runs of 3 ps in the isothermal-isobaric (NPT)
ensemble at a pressure of 1100 bar and a temperature of 240 K. The
simulation conditions (1100 bar and 240 K) were selected based on prior
studies [50,52], where binary Hy hydrate nucleation was successfully
observed, confirming that these conditions fall within the hydrate sta-
bility region for relevant systems. In addition, based on the experimental
data for the phase equilibrium of single guest molecule hydrates (listed
in Table S2 in the Supplementary material), it is evident that the
simulation conditions considered here fall into the stable region of bi-
nary hydrates. These conditions ensure that the time required for hy-
drate nucleation is accessible within the molecular simulation, and at a
reasonable computational cost. These conditions have also been shown
in previous studies to be the most favourable for the nucleation of binary
Hy hydrates [50,52]. To regulate the temperature and pressure, the
Nosé-Hoover thermostat [62] and Parrinello-Rahman barostat [63] with
time constants of 2 ps and 4 ps, were used, respectively. Periodic
boundary conditions were applied in all directions. The simulations
were performed using the GROMACS MD simulation package (version
2022) [64]. Details of the simulation methods (e.g., initial configura-
tions, equilibration scheme, electrostatics, timesteps) along with the
calculation principles of the properties computed in this study are pro-
vided in the Supplementary material.

3. Results and discussion

3.1. Effect of interactions between promoter and H,0/H2 molecules on
hydrate nucleation

The interactions between promoter and Hy/H0 molecules play an
important role in the nucleation of binary Hy hydrates, and therefore,
also affect Hy storage. To study the effect of interactions between
different promoters and H>O molecules on hydrate nucleation, the Gibbs
free energies (AG) of six different promoter molecules in aqueous so-
lution are computed; see Fig. 2(a). Gibbs free energy provides infor-
mation on the dissolution of the different promoter species in water. The
solvation free energy of a gas in water is thermodynamically related to
its Henry’s constant and can be used to assess gas solubility under a
given partial pressure. At the conditions considered here (i.e., 240 K and
110 MPa), experimentally measured Henry’s constants are lacking,
making comparisons of our data with experiments not possible.
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Fig. 1. A representative initial configuration for the MD simulation. The molecular structures of the six promoters are shown on the right. Orange balls, green balls,
and silver lines represent H, in nanobubble, H, in water, and H,0, respectively. (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. 2. (a) Gibbs free energies of various promoters in water at 240 K 1100 bar. Time evolution of (b) the number of hydrogen bonds near the promoter molecules in
water, (c) the average diffusion coefficient for guest molecules (H, and THF) in bubble and solution, (d) the average residence time for H,O near promoter in water,
and (e) probability distribution of the distances between H; in water and various promoters at 3 ps.

However, the solvation free energy values calculated in this study are favourable the dissolution process is. This indicates a higher solubility of
close to the results of previous studies [65]. The lower (i.e., the more the species in water, and thus, AG can potentially affect the diffusivity of
negative) the Gibbs free energy, the more thermodynamically the species in the solvent, ie., a low AG means that the promoter can
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diffuse faster in the aqueous solution. As can be seen in Fig. 2(a), C3Hg in
the solution has the lowest free energy value, and thus, C3Hg molecules
are expected to diffuse faster in water. This is consistent with the find-
ings by Fang et al. [66], where it is shown that C3Hg and CH4 exhibit high
diffusivities in aqueous electrolyte solutions at different temperatures,
pressures, and salinities. The high diffusivity of C3Hg in water disrupts
the hydrogen bond network of water molecules in the vicinity of the
promoter molecule, and thus, inhibits hydrate nucleation. As shown in
Fig. 2(a), THF exhibits the highest free energy value, suggesting that
THF molecules have lower diffusion in water compared to the rest of the
promoter molecules studied here. While solvation free energy is corre-
lated with solubility, additional factors such as molecular size, hydration
shell structure, and hydrophobic interactions can lead to deviations from
experimentally measured solubilities. For example, although CHy is less
soluble than THF in bulk water, its small molecular size and hydro-
phobic hydration effects result in a more negative solvation free energy
compared to THF as shown in Fig. 2(a). Different promoters affect the
hydrogen bonding network formed by surrounding H»O molecules
differently. The time evolution of the number of hydrogen bonds around
the promoter in water is shown in Fig. 2(b). The number of hydrogen
bonds around CsHg and CsHjo molecules in water stabilizes at a high
value, whereas the hydrogen bonds around CH4, CO,, CoHg, and THF
molecules are fewer and slightly decrease with time (see also Fig. S3(a-f)
in the Supplementary material). This complements the direct measure-
ment of diffusivity by providing additional information about the
interaction between the promoter and water molecules. Together, these
metrics offer a deeper insight into the complex interplay of physical
mechanisms involved in the system (see Fig. 2(c), and Fig. S4(a-f) and
Fig. S5(a-f) in the Supplementary material).

The mobility of promoter molecules in the hydrogen bonding
network has a strong effect on hydrate nucleation [67]. Slow-diffusing
promoter molecules are beneficial for the nucleation of binary Hy hy-
drates. In our simulations, the promoter molecules can be found in two
different states: (1) residing in nanobubbles (i.e., gas phase) or (2) as free
molecules dissolved in water (see Fig. 1). As shown in Fig. 2(c), and
Fig. S4(a-f) and Fig. S5(a-f) in the Supplementary material, the diffusion

(@) 0.615ps (b)

0.618 s ()
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coefficients of promoter molecules in nanobubbles are higher than their
diffusivity when dissolved in water. As mentioned earlier, the low dif-
fusivities of promoter and Hy molecules are favourable for binary Hy
hydrate nucleation.

To further study the influence of promoter molecules on their sur-
rounding HoO molecules during the binary Hy hydrate formation, the
residence time of H,0 molecules near various promoter molecules is
calculated. As can be seen in Fig. 2(d) and Fig. S6(a-f) in the Supple-
mentary material, the residence time for H,O molecules near C3Hg and
CsHjp molecules is lower than that of other promoters. These findings
indicate that H,O molecules are less likely to cluster near CgHg and
CsHjp molecules, which is not favourable for binary Hy hydrate nucle-
ation, and thus, Hy storage in clathrate hydrates.

To investigate the strength of interactions between Hj and promoter
molecules, the probability distribution of the distance between H
molecules dissolved in water and promoter molecules is computed. At 3
ps of simulation time, the distance probability curve between Hy in
water and promoter species CHy, CO2, CoHg, and THF shows a peak at a
distance of ca. 0.5 nm (Fig. 2 (e), and S7(a-f), and S8(a-f) in the Sup-
plementary material). The corresponding distance for C3Hg and CsHjo
did not exhibit such peaks (Fig. 2(b), S7(a-f), and S8(a-f)), likely due to
the absence of hydrate nucleation during the period of 3 ps.

3.2. Nucleation mechanisms of binary Hy hydrates

The dissolution of guest (Hy and promoter) molecules in water, and
the absorption of guest molecules on the faces of the hydrate cage (as
shown in Fig. 3(a-f)) are crucial for binary Hy hydrates nucleation. The
spontaneous nucleation process of binary Hy-THF hydrates is illustrated
in Fig. 4(a-f), where snapshots from the MD simulations at different
simulation times are shown. Hy and THF molecules form mixed hydrate
clusters after ca. 0.7 ps of simulation time as can be observed in Fig. 4(a-
c). The nucleation process of binary hydrate cages (during 0.615-0.631
ps) is shown in Fig. 3(a-f). Since a hydrate cage is a hydrogen bond cage-
like network formed by water molecules surrounding guest molecules,
the formation of hydrogen bond networks around guest molecules is

0.620 us

Fig. 3. (a-f) Nucleation process of H, hydrate cages in the Hyyr system. THF molecules are displayed as cyan (C atom), red (O atom), and white (H atom). Pink and
green balls represent H, in hydrate and H, in solution, respectively. Green bonds represent hydrogen bonds formed by water molecules. (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. 4. Simulation snapshots showing the spontaneous nucleation process of binary H,-THF hydrates from two-phase solutions for the Hyyr system at (a-f) different
simulation times. THF is displayed as cyan (C atom), red (O atom), and white (H atom). Orange balls, green balls, and silver lines represent H, in nanobubble, H, in
solution, and H»0O, respectively. Bonds of different colours represent seven types of hydrate cages, i.e., green for 512 blue for 5'262, red for 5'26°, orange for 51264
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.)

beneficial for hydrate nucleation. The cage-faces in the cage-like
hydrogen bond network absorb surrounding Hy and THF molecules to
stabilize their structures (Fig. 3(a-f)), which promotes the gradual
transformation of the cage-like hydrogen bond network into a standard
Hp hydrate cage. At 0.615 ps in the MD simulation, the hydrogen bond
network begins to form around the guest molecules (THF and Hj) as
shown in Fig. 3(a). The water molecules are arranged in a manner that
starts to resemble the structure of a hydrate cage. In the time-window
0.618 - 0.625 ps, the hydrogen bond network becomes more defined
as shown in Fig. 3(b-e). Water molecules continue to form hydrogen
bonds, creating a more cage-like structure. After 0.631 ps of simulation
time, the hydrate cage structure appears to be well-formed, with Hy
molecules effectively being encapsulated in the cages as can be seen in
Fig. 3(f). A large number of guest molecules (THF and H) are absorbed
on the surface of the hydrate cage. This shows that the absorption of
guest molecules on the cage-face is essential for hydrate nucleation. Our
results support the cage adsorption hypothesis, in which hydrate cage-
faces form first and then stabilize through guest molecule adsorption,
rather than the mutually coordinated guest (MCG) mechanism, which
suggests guest-driven cage formation. These insights contribute to a
deeper understanding of hydrate nucleation pathways and may help in
the development of strategies to enhance hydrate-based Hy storage.

To quantitatively reveal the adsorption of guest molecules on the
cage surface during the nucleation of binary Hy hydrate, the time evo-
lution of the number of guest molecules absorbed on cage-faces are

calculated. As shown in Fig. 5(a), each Hp-occupied hydrate cage ab-
sorbs ca. 13 gas molecules (i.e., 8 Hy and 5 THF molecules). More gas
molecules are absorbed on the cage-faces of CoHg-occupied and THF-
occupied cages compared to CHy-occupied and COz-occupied cages
(see Fig. S9(a-h), S10(a-h), S11(a-h), and S12(a-h) in the Supplementary
material). This difference can be attributed to the varying size and type
of hydrate cages. As can be seen in Fig. 5(b), Fig. 5(c), Fig. S13(a-d) and
Fig. S14(a-b) in the Supplementary material, during the first ps of the
MD simulation (0-1.0 ps), gas molecules gradually dissolve from the
nanobubbles into the water, greatly increasing the concentration of
guest molecules in water (Fig. 5(c)), and facilitating hydrate nucleation
(see also Fig. S14(a-b) in the Supplementary material). Most of the
promoter molecules in the Heya, Heoz, Hezns, and Hespio Systems are in
the solution or part of hydrates rather than in nanobubbles (see Fig. S14
(b) in the Supplementary material). During the second ps of the simu-
lation (1.0-2.0 ps), a large number of dissolved guest molecules in water
are absorbed on the cage-faces, stabilizing the hydrate clusters, and thus,
promoting hydrate nucleation (Fig. 5(b) and Fig. S13(a-d) in the Sup-
plementary material). In the last ps of the simulation (2.0-3.0 ps), most
guest molecules dissolved in water are getting absorbed on the cage-
faces, and only a few guest molecules remain in water (Fig. 5(b) and
Fig. S13(a-d) in the Supplementary material). These findings indicate
that the nucleation and growth of binary Hy hydrates proceed in three
stages: (1) guest molecules initially dissolve into water from the gas
phase; (2) guest molecules dissolved in water are gradually absorbed on
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Fig. 5. (a) Time evolution of the number of gas Hy and THF molecules (Ncage-face) absorbed to each face of the hydrate cage (i.e., cage-face) occupied by Hy (Ha-
occupied) and THF (THF-occupied). (b) The number of gas molecules dissolved in water (Ngissolved) @s a function of the number of gas molecules absorbed on cage-
faces (Ncage-face)- (€) Time evolution of the gas mole fraction x,,, in water and number of gas molecules in nanobubble Ng,. (d) Time evolution of the F4 order
parameters within 0.35 nm of H, and THF in water. Time evolution of the number of (e) Hy-occupied cages, (f) THF-occupied cages, and (g) total hydrate cages. (h)
The number of multi-occupied cages averaged over the last 0.1 ps of the simulation.

the cage-faces, promoting hydrate nucleation; and (3) most guest mol-
ecules in water are absorbed on the cage-faces, enhancing the stability
and growth of binary Hj hydrates. The spontaneous nucleation process
of binary Hy hydrates in the seven different systems studied here is
shown in Videos S1-S7 provided as Supplementary material.

The nucleation mechanism of binary Hj hydrates is affected by the
molecular size and diffusivity of the promoters. By the end of the sim-
ulations (after 3 ps), the formation of hydrate cages is not observed in
the Hpyre, Hesusg, and Hespio systems. This can also be observed in the
simulation snapshots shown in Fig. S15 in the Supplementary material,
where S15(a), (e), and (f) clearly contain only gas/liquid systems. This
can be attributed to the gas—water two-phase setup used in this study,
where the initial concentration of guest molecules in the water phase is
much lower compared to the homogeneous solution systems commonly
used in prior MD studies [50,52]. In homogeneous systems, most guest
molecules are distributed in the water phase, significantly enhancing
hydrate nucleation. Our previous study revealed that the higher the

concentration of guest molecules in the water phase, the more favorable
it is for hydrate formation [68-70]. However, gas-water two-phase
systems better mimic real hydrate nucleation conditions, making the
results more relevant to practical applications. A maximum number of
25 C3Hg and CsHjo molecules in the Hespyg and Hesyio Systems are
dissolved in water as shown in Fig. S14(b) in the Supplementary mate-
rial, where the gas mole fractions are illustrated as a function of simu-
lation time. Most C3Hg and CsHj( promoter molecules (>150) remain in
the nanobubbles, and thus, are not available in the aqueous phase to
form hydrates (Fig. S14(b) and S15(a, f) in the Supplementary material).
The number of water molecules in the solution and in the hydrates as a
function of time for the Hcys, Heo2, Heone, and Hryg systems is shown in
Fig. §16-S19 in the Supplementary material. A large number of water
molecules transition from liquid to hydrate with time in the Heyas, Heoo,
Hcane, and Hryr systems as shown in Fig. S16(a-d), S17(a-d), S18(a-d),
and S19(a-d) in the Supplementary material.

The F4 order parameter can accurately identify the state of water,
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taking average values of —0.04, —0.4, and 0.7 for liquid water, ice, and
hydrate, respectively [71]. The F4 value computed in the vicinity of
promoter molecules is higher than the respective quantity near Hy
molecules as shown in Fig. 5(d), S20(a-p), and S21(a-h) in the Supple-
mentary material. Due to their lower diffusivity compared to Hy mole-
cules [72], promoter molecules facilitate the formation of cage
structures around them. As discussed earlier, both Hy and promoter
molecules can occupy hydrate cages as guest molecules. Hy mainly oc-
cupies small cages (5'2) and a few large cages as shown in Fig. 5(e) and
S$22(a-p) in the Supplementary material. Since CH4 and CO5 molecules
(SI-type hydrate) are smaller than C;Hg and THF (SII-type hydrate), they
mainly occupy small cages of 5'% and 4'5'%6% C,Hg and THF molecules
occupy large cages such as 51264 (see Fig. 5(f) and S23(a-p)). However,
during the last stages of nucleation in the Hcys system, we observed
occasional instances where CH4 molecules occupied large cages such as
51264, This transient behavior is consistent with previous reports [73],
where binary Hy + CH4 hydrates kinetically form SI structure hydrates
first, with CH4 molecules occupying small and large cages, before
transitioning to the thermodynamically stable SII structure hydrate. This
dynamic behavior reflects the interplay between kinetic and thermo-
dynamic factors during hydrate nucleation. The number of Hy-occupied
hydrate cages exceeds that of promoter-occupied hydrate cages in the
Hcone and Hypr systems (see Fig. 5(g), S24(a-d), and S25(a-d) in the
Supplementary material), which enhances the storage capacity of Hy in
clathrate hydrates.

Hj hydrate cages that are occupied by multiple guest molecules (i.e.,
multi-occupied Hy hydrate cages) are frequently observed during the
nucleation processes of binary Hy hydrates, which have also been
observed in previous MD studies [44]. The number of multi-occupied
cages is the highest in the Hyyp system, followed by the Hcys, Heons,
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and Hcogz systems as shown in Fig. 5(h). As can be seen in Fig. 5(h) and
S26(a-d) in the Supplementary material, these multi-occupied hydrate
cages are mainly large 5'26° and 5'26* cages, with a small number of
4151963 and 41519 cages. More large hydrate cages are formed in the
presence of large-sized promoter molecules (Fig. S23(a-p) and S24(a-p)),
which enhances the formation of multi-occupied hydrate cages. Multi-
occupied Hy hydrate cages can theoretically store more Hy molecules
than Hy hydrate cages that are occupied by single Hp molecules.
Therefore, the formation of more multi-occupied Hy hydrate cages is
beneficial for the Hj storage in clathrate hydrates.

3.3. The effect of promoter species on Hy storage in clathrate hydrates

Different promoter species affect Hy storage in clathrate hydrate in a
unique manner. This is also manifested in the so-called hydrate induc-
tion time which is the time it takes for Hy and promoter species to
transform from the gas phase to hydrates. Short induction times indicate
fast Hp hydrate nucleation, which is beneficial for Hy storage. Although
the induction time in the Hgoye and Hyyp systems is slightly longer
compared to Hcpg and Hgy, it is much shorter than that in the Hpyye,
Hcsus, and Hespio systems as shown in Fig. 6(a) and Fig. S27(a-g) in the
supplementary material. From the last 100 ns of the simulations, when
the final stages of binary Hy hydrate nucleation and growth are taking
place, it is shown that ca. 47 % of Hj is converted from the gas phase to
hydrates in the Hyyp system. This practically means that 47 % of the
total Hy molecules in the system are stored in the clathrate hydrate (see
Fig. 6(b)). In contrast, 29.63 %, 25.99 %, and 8 % of the total H; are
stored in hydrates for the Hcpa, Heanes, and Heop systems, respectively,
while no Hj is stored in hydrates in the Hpyre, Hesus, and Hespio systems
(see Fig. 6(b)). This shows that the Hj storage capacity in the Hyyp
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system is the highest among the systems studied (also see Fig. S28 in the
supplementary material), indicating that THF is the most beneficial
promoter for the storage capacity of Hs in clathrate hydrate. In contrast,
a large number of Hy molecules remain in nanobubbles, and thus, cannot
be stored in clathrate hydrates for the Hespyg and Hesyip Systems as
shown in Fig. 6(c) and S29(a-g) in the supplementary material. There-
fore, C3Hg and CsH;o molecules are less effective promoters for con-
verting Hy from the gas phase to hydrate.

To further reveal the effect of different promoters on the Hy storage
capacity, the time evolution of the number of Hs in clathrate hydrates in
different systems is calculated and shown in Fig. 6(d). During the
simulation period of 3 ps, the Hj storage capacity in the Heas Hcog,
Hcons, and Hryr systems gradually increases. As shown in Fig. 6(d) and
$28 in the supplementary material, the Hy storage capacity in the Hcoz
system is low, while it is high in the Hryr system. The H; storage ca-
pacities of the Hcys and Heopg systems fall in between Hgoo and Hryg.
From the last 100 ns of the simulations, it is shown that the total number
of hydrate cages in the Hcys, Heone, and Hyyrp systems does not signif-
icantly differ from each other (Fig. 6(e) and S30 in the supplementary
material). The proportion of Hy-occupied hydrate cages in the Hyyp
system reaches 0.8, which is much higher compared to the rest of the
systems (Fig. 6(e)). The total number of hydrate cages in the Hgoa sys-
tem is small (see Fig. 6(e)), and the proportion of Hy-occupied hydrate
cages in the H¢op system is lower compared to the rest of the systems
(Fig. 6(e) and S30 in the supplementary material). Our findings clearly
show that, among the species studied, THF is the most effective pro-
moter for Hy storage in clathrate hydrates, exhibiting high performance
in converting Hy from the gas phase to hydrate.

A systematic experimental investigation to reveal the effect of pro-
moter species on Hj hydrate formation is largely lacking. By comparing
the available experimental data, we observe that the highest density of
hydrogen can be obtained when THF is used as a promoter [19,74,75].
As a future outlook, novel efficient promoters for Hy storage in hydrates
could possibly be discovered based guided by the beneficial character-
istics of THF molecules (which exhibit high Gibbs free energy and slow
diffusivity in water). By monitoring these properties via MD simulations,
one can efficiently screen and design superior Hy hydrate promoters.
This approach will not only expedite the identification of potential
promoters but also provide theoretical references for subsequent
experimental validation. In a follow up study, we focus on systematic
screening of new promoter classes to optimize Hy storage efficiency and
environmental compatibility.

3.4. Integrated mechanistic framework for hydrate nucleation

While previous sections have analyzed individual properties influ-
encing hydrate nucleation, it is essential to consider how these factors
collectively control the nucleation mechanism. The Gibbs free energy of
solvation influences guest molecule availability, which, together with
molecular mobility (diffusivity), dictates transport to pre-nucleation
sites. A longer residence time of guest molecules near water clusters
stabilizes incipient hydrate structures, facilitating nucleation. A shorter
residence time suggests rapid molecular exchange, preventing stable
cage formation. A sufficiently long residence time allows for stronger
molecular interactions between guest molecules and the hydrogen bond
network, facilitating cage stabilization and hydrate nucleation. How-
ever, an excessively long residence time may indicate low diffusivity,
limiting mass transfer to pre-nucleation sites. Hydrogen bond formation
between water molecules dictates the stability of pre-nucleation clus-
ters. Stronger hydrogen bonding networks lead to more rigid water
structures, facilitating cage formation and reducing the likelihood of
premature cluster dissociation. Our findings highlight that successful
hydrate nucleation requires a balance between solubility (free energy),
molecular mobility (diffusivity), and local structuring effects (residence
time and hydrogen bonding). For instance, while CH4 exhibits a less
negative solvation free energy than THF due to its smaller molecule size
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and hydrophobic interactions, THF simultaneously promotes longer
residence times and more stable hydrogen bonding networks. This
multi-faceted stabilization explains its superior performance in binary
Hy hydrate nucleation. This physics-informed analysis serves as a
framework for assessing promoter efficiency, based on which novel
promoters can be evaluated.

3.5. Implications for hydrogen storage and the search for novel promoters

Hydrate-based H storage is a promising alternative to traditional gas
and liquid-phase storage methods, offering advantages in safety and
energy efficiency. However, several challenges remain, including low
formation rates, limited storage capacities, and the need for stable and
environmentally friendly promoters. While THF is an effective pro-
moter, but its volatility and potential toxicity limit its practical appli-
cations. CO9, another widely studied promoter, raises concerns due to its
environmental effect. Hydrocarbon-based promoters such as CHy4, CoHp,
and C3Hg exhibit moderate promoting effects but contribute to green-
house gas emissions and present safety concerns. The ideal hydrate
promoter should possess: (1) High solubility in water to maximize guest
molecule availability; (2) Optimized residence time to enhance nucle-
ation without excessive mobility; (3) Strong hydrogen bonding in-
teractions to facilitate stable cage formation; (4) Environmental
sustainability to minimize ecological impact. Functionalized organic
molecules, ionic liquids (ILs), and nanoparticle-assisted nucleation have
been expected to influence hydrate nucleation and could serve as novel,
tunable promoters. In the future, we focus on systematic screening of
these new promoter classes to optimize H; storage efficiency and envi-
ronmental compatibility. Our study clearly shows that THF is the most
effective promoter under the simulated conditions, a finding that is in
line with prior studies. To advance the field, future research should focus
on identifying novel promoters with enhanced performance, improved
environmental profiles, and/or unique molecular functionalities. Po-
tential candidates include functionalized organic molecules, ionic lig-
uids, and nanoparticle-assisted systems. In this context, the quantitative
framework presented here (linking solvation free energy, diffusivity,
hydrogen bonding, and residence time) provides clear criteria for eval-
uating and designing new promoters. Such an approach could lead to the
discovery of additives that not only match but potentially surpass THF in
promoting hydrate-based hydrogen storage.

4. Conclusions

An extensive series of ps-scale molecular dynamics simulations are
performed to investigate the nucleation of binary Hj hydrates from the
gas-liquid two-phase solution in the presence of various promoter
molecules, i.e., CHy, CO5, CoHg, C3Hg, CsHig, and THF. The simulation
results show that the Hy and promoter molecules first dissolve in water
from the gas phase and then are absorbed on the cage-faces, promoting
the nucleation and growth of binary Hy hydrates. Promoter molecules,
due to their lower diffusivity compared to Hy molecules, facilitate the
formation of cage structures near the promoter molecules. The nucle-
ation of binary Hy hydrates is affected by the molecular size and diffu-
sivity of the promoters-THF has low diffusivity in water and can occupy
many of the large hydrate cages, characteristics that are beneficial for Hy
storage in clathrate hydrates. Therefore, THF (followed by CH4, CoHg,
and COy) is the most effective promoter for Hy storage in clathrate hy-
drate, exhibiting high performance in converting Hs from the gas phase
to hydrates. C3Hg and CsHjo molecules are less efficient Hy hydrate
promoters. Hy molecules mainly occupy small hydrate cages, while
promoter molecules occupy various cages depending on their molecular
size. The multi-occupied hydrate cages are mainly large cages of 5'%6°
and 5!26* The presence of large-sized promoters enhances the forma-
tion of the multi-occupied hydrate cage. The molecular insight provided
here into the nucleation of binary H; hydrates with various promoters
contributes to a broader understanding of hydrate-based H; storage. We



F. Mi et al.

are confident that this investigation is poised to catalyse further exper-
imental and computational research efforts, particularly in developing
new promoters for Hy hydrate formation, and providing theoretical
guidelines for experiments.
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