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Molecular dynamics simulations are performed to investigate the heterogeneous nucleation of methane
hydrate near ice surfaces over a range of initial methane concentrations (3.0-15.0 mol%) at 250 K and
50 MPa. Across all concentrations studied, the presence of ice enhances methane hydrate nucleation,
albeit via distinct mechanisms depending on methane availability. At low initial methane concentrations
(<5.8 mol%), ice growth precedes hydrate formation; the advancing ice front concentrates methane in
the remaining liquid, triggering hydrate nucleation once the local concentration approaches some
threshold (4—-6 mol%). The formation of hydrate then consumes methane, enabling further ice growth.
Therefore, we observed a coupled growth mechanism regulated by local methane availability. At inter-
mediate concentrations (5.8-6.3 mol%), ice growth is suppressed, yet nucleation remains promoted due
to modifications in the nucleation potential near the ice interface, which lower the free-energy barrier
and reduce the critical nucleus size. At high concentrations (>6.3 mol%), spontaneous hydrate
formation emerges via collective stochastic nucleation, occurring randomly throughout the aqueous

Received 28th June 2025, phase. In all cases, hydrate nuclei preferentially form at a distance from the ice interface or in the bulk

Accepted 23rd July 2025 liquid; direct nucleation on the ice surface is rare and observed only in the presence of cubic ice
domains arising from stacking faults in the hexagonal lattice. These results reveal the complex interplay

between methane concentration, ice growth, and hydrate nucleation, providing mechanistic insights into
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Introduction

Clathrate hydrates, formed under conditions of low tempera-
ture and high pressure, are crystalline solids composed of water
and small guest molecules. These hydrates exhibit various
structures that can accommodate different sizes of guest mole-
cules such as H,, CH,, CO,, C3Hs, etc. The guest molecules are
enclosed within polyhedral cages of water molecules held
together by hydrogen bonds.' The abundant reserves of clean
energy, particularly in the form of methane, stored in naturally
occurring gas hydrates, have garnered significant interest from
the scientific community.> These hydrates have the potential
for diverse technological applications, including cold energy
storage,> CO, capture,™® CO, sequestration,® desalination,”®
seafloor stability, and transportation of natural gases in remote
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the dynamic behavior of clathrate formation near ice interfaces.

areas.”'® The utilization of hydrate-based technologies

enhances their value and suitability, especially for countries
lacking conventional domestic energy resources.'''?

Clathrate hydrate formation can proceed via homogeneous
or heterogeneous nucleation. Homogeneous nucleation occurs
in a uniform system, such as an aqueous methane solution,
where nucleation can happen spontaneously under hydrate
forming conditions. In contrast, heterogeneous nucleation is
facilitated by interfaces or particles that lower the free-energy
barrier, providing sites for hydrate embryo formation.*™?
Experimental studies’®>' suggest that the homogeneous
nucleation rates are often much lower as compared to the
heterogeneous ones.?>?* The reduction in critical nuclei size
and energy barriers was considered to be the reason for the
rapid nucleation of hydrate, heterogeneously.™® Therefore, it is
believed that gas hydrate formation in nature occurs via a
heterogeneous nucleation mechanism. One of the classic examples
of gas hydrate formation is in the oil/gas pipelines (flow-assurance
problem), causing severe risk of blockages at both onshore and
offshore regions.>*** Although the formation of hydrates in oil/gas
pipelines occurred at the gas-water interface heterogeneously, the
solid surfaces (pipeline) also play a significant role. The agitation,
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mixing (creating more water and gas interfaces), the roughness of
the pipe, and the presence of sand or scale can affect the rate of
hydrate nucleation. Understanding these interfacial mechanisms
and their influence on both nucleation and growth is essential for
developing effective hydrate-control strategies and advancing
hydrate-based technologies.

A number of studies have been performed to understand
the heterogeneous nucleation of gas hydrates.">**’ Different
surfaces such as silica, clay, carbon steel, activated carbon, and
glass beads were used with a supersaturated aqueous solution
of methane to explore the nucleation process in heterogeneous
systems, 227297313438 Baby et al.** investigated the effect of
particle size, pore space, and water saturation (50 and 100%)
levels in their experimental study, using silica sand (hydrophilic
surface) and activated carbon (hydrophobic surface). In their
conclusions, formation and dissociation of a transient layer
of hydrate occurred at the surface of activated carbon grains,
while in the case of silica sand, hydrate was formed between the
interstitial pores of the silica sand particles. A similar kind of
experimental study has been performed by Kerkar et al.*® using
5.0 wt% BaCl, solutions with glass beads. The author used
synchrotron X-ray computed microtomography (CMT) technology
to report that methane hydrate was nucleated away from the
surface or into the pores of glass beads but not at the surface.
Zylyftari et al® investigated cyclopentane hydrate nucleation
in the presence of ice, salt, and oil, suggesting that the ice-oil-
aqueous phase contact line was the heterogeneous nucleation site
for cyclopentane hydrate formation. Even the presence of an
additive (ethanol) in ice powder accelerates the methane hydrate
formation process.*! In the aforementioned experimental studies,
the key focus was on where the nucleation occurred in
the presence of different surfaces and supersaturated solution.
However, experimental observations can be the result of coupled
effects of the surface and confinements, making it difficult to
isolate the surface effects separately. The deficiency of experi-
ments motivates us to explore the system by molecular dynamics
simulation to improve our understanding about the nucleation
mechanism, induction time, and nucleation rate calculations by
comparing the homogeneous and heterogeneous systems, while
using variable guest concentrations.

Several molecular dynamics simulation studies have been
conducted to understand the nucleation of gas hydrate in the
presence of a surface at the molecular level. S. Liang and P. G.
Kusalik'® studied the methane hydrate nucleation behavior
in the presence of hydroxylated silica confinement that was
80 A apart. The supersaturated aqueous methane solution was
prepared with a temperature impulse applied to the initial
methane hydrate crystal. The melting of methane hydrate left
the amorphous hydrate-like structure in the liquid phase. They
observed that the silica surface was able to provide nucleation
sites despite the structural mismatch and the appearance of
intermediate cages facilitated methane hydrate nucleation at
the silica surface. In conclusion, the intermediate half-cage
structures (amorphous hydrate-like solid structures) formed
initially at the silica surface were able to connect better with
the methane hydrate structure. The CO, hydrate nucleation in
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the presence of the silica surface using supersaturated CO,
concentration (14.81 mol%) was studied by Bai et al.®® They
observed an ice-like structure first formed at the silica surface.
The nucleation of the first CO, hydrate layer developed from
the intermediate structure, which that acted as a nucleation
seed and formed the second layer. They concluded and sug-
gested a three-stage nucleation mechanism for CO, hydrate
formation and proposed that the silica surface does not directly
help the nucleation of CO, hydrate, but the intermediate layer
does. Later, Bai et al.* further explored the effect of hydro-
philicity and crystallinity of the silica surface on CO, hydrate
nucleation. They concluded that the hydrophilicity of a surface
can change the nucleation mechanism from a three-step to
a two-step by adjusting the local structure of the water layer.
Yan and coworkers®! performed NVT simulations, using the clay
surface (Na-montmorillonite) to study methane hydrate nucleation
and growth. Methane molecules migrate and accumulate near the
clay pores, which allows the formation of “interlayer hydrate” and
the “surface hydrate”. The effects of hydrophobic and hydrophilic
surfaces on methane hydrate nucleation were investigated by He
et al.,** using MD simulations. They reported contrasting effects of
both the surfaces (graphite and silica) on hydrate nucleation using
a supersaturated solution (14.81 mol% CH,). The graphite (hydro-
phobic) surface adsorbs the methane molecules and forms a nano-
bubble with a flat or a curved (low aqueous CH, concentration)
surface, and hydrate nucleation was not observed until 2.5 ps.
An interfacial water layer has been formed between the nano-
bubble and graphite surface, which prevents direct contact
between them. In contrast, the silica (hydrophilic) surface helps
to form a cylindrical nano-bubble (high aqueous CH, concen-
tration) in the solution that helps to nucleate methane hydrate into
the bulk but not at the silica surface. A brief summary of the
literature work has been given in Table 1.

Ice is recognized as a catalytic surface that accelerates
gas hydrate nucleation. Experimental work has shown that the
presence of an ice interface markedly shortens the induction
time for both cyclopentane hydrates*® and methane hydrates,*"**
confirming its promotional role. Ice, which provides a hydrophilic
surface, has also been a subject of several studies. Pirzadeh
and Kusalik' studied methane hydrate formation using steady-
state MD simulation, where one ice interface was melting, and
the other was growing. In their study, a saturated aqueous
solution of methane with 5.0 and 10.0 mol% was used at 50 and
100 MPa. The induced-promote-nucleation (IPN) mechanism
was observed, i.e., accumulation of CH, molecules near the ice
surface and defective cage formation leading to nucleation.
Zhang and Guo®® performed NVE simulations to illustrate the
nucleation of methane hydrate using hexagonal ice (basal,
prism I, and prism II surfaces) with methane as a bubble.
Their results indicate that ice melts in the beginning and later
hydrate nucleation can occur either homogeneously (into the
bulk) or heterogeneously (at the ice surface). The structure of
the ice-clathrate interface was studied by Nguyen et al.** using
MD simulation. The importance of an interfacial transition
layer (ITL), half-cage connecting structures, and the importance
of interfacial free energy were explained in detail. The different
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Table 1 A summary of previous studies on heterogeneous gas hydrate formation and comparison among different systems

Experimental or Substrate (hydrophilic Guest Gas
MD study or hydrophobic) molecule T and P concentration  Surface or bulk nucleation
Experimetal®* (2013) Silica sand (hydrophilic) CH, 277.15 K, 8 MPa — Interstitial pores
Activated carbon CH, 277.15 K, 8 MPa — Surface with a transient layer
(hydrophobic)
Experimental®® (2014)  Glass beads CH, 272.16 K, 6.76 MPa 14.0% Bulk

Experimental®® (2014)  Ice cyclopentane  273.15, 1 atm 0.05% (v/v) Ice-oil-aqueous phase
contact line
Experimental’’ (2019)  Ice powder CH, —15to —1 °C 16.55 MPa — Follows shrinking core model
Experimental®® (2023)  Active ice CH4 272 K, 6 MPa — Follows shrinking core model
Steady-state MD'® Hydroxylated silica CH, 250 & 255 K, 50 MPa 8.84% Surface with intermediate
(2011) half cage-structure
MD?® (2011) Silica CO, 275 K, 25 MPa 14.81% Surface with an ice-like
intermediate layer

MD?° (2015) Silica with varying CO, 265 K, 15 MPa 4.2% Bulk

hydrophilicity
MD?' (2016) Clay surface CH, 260 K, 10 MPa 14.81% “Interlayer hydrate” and

(Na-montmorillonite) the “surface hydrate”
MD?*? (2017) Silica CH, 250 K, 50 MPa 14.81% Bulk

Graphite CH, 14.81% No nucleation observed
Steady-state MD'* Hexagonal ice CH, 265 K, 50 MPa, 5.0%, 10.0% Surface
(2013) 100 MPa
MD?° (2017) Hexagonal ice CH, NVE; starting 257 K, ~12.0% Surface and bulk

100 MPa

MD** (2023) Hexagonal ice CO, NPT 260 K, 5 MPA 19.0% Whole ice is melted, bulk
MD This work Hexagonal ice CH,4 250 K, 50 MPa 3.0-15.0% Surface and bulk

Note: TIP4P/Ice, six-site, TIP4AP, SPC/E, and TIP4P/2005 force field models for water; OPLS-AA and OPLS-UA force field models for methane; EPM2
force field model for CO,; CHARMM, hydroxylated silica model, silanol/silane models, Lopes models for silica surface; CLAYFF model for clay

surface; CHARMM?27 model for graphite surface.

kinds of partial cages’ formation (5-8 membered, 5-7 and 5-8
membered and 5-6 membered rings)'“**** were reported at
the ice interface. Lu et al.** recently carried out similar simula-
tions of ice, solution, and a CO, nanobubble but under NPT
conditions where ice melts rapidly and so CO, hydrate formed
in the bulk solution near the nanobubble. Poon and Peters*’
developed a stochastic model to explain that a growing inter-
face (ice) can enhance the solution concentration to many folds
and significantly accelerated the nucleation process.

Despite extensive experimental and molecular dynamics
(MD) simulation studies on heterogeneous gas hydrate nuclea-
tion, the detailed relationship between methane concentration,
ice morphology, and hydrate formation remains insufficiently
understood. Prior investigations have often focused separately
on structural motifs or interfacial phenomena, without fully
addressing how dynamic changes in methane concentration
modulate ice-hydrate interactions at the molecular level. To
bridge this gap, we systematically examine the nucleation of
methane hydrate in both the presence (heterogeneous) and
absence (homogeneous) of ice across a range of initial methane
concentrations (3.0 to 15.0 mol%) at 250 K and 50 MPa. Our
results demonstrate that ice facilitates methane hydrate for-
mation through distinct mechanisms depending on the
methane concentration. Most nucleation events occur near
the ice interface rather than directly on it; true surface nuclea-
tion is only observed when the growing ice front transitions
into cubic ice via stacking faults. These findings provide
molecular-level insights into how methane concentration gov-
erns heterogeneous nucleation pathways in the presence of a
dynamically evolving ice front.

17706 | Phys. Chem. Chem. Phys., 2025, 27,17704-17716

Computational details

The initial models were prepared using Material Studio®® as
shown in Fig. 1. The perfect ice Ih structure was created by
replicating the orthorhombic unit cell in a 6 x 3 x 3 arrange-
ment, resulting in a simulation box containing 432 H,O mole-
cules with the dimension of 27 A x 23.4 A x 22 A. The
construction of ice followed both the Hayward*® and Bernal-
Fowler ice rule*” with zero dipole moment. The ice crystal is
then cut open in the z-direction and a slab of liquid water with
dissolved methane is added. The overall dimensions of the box
(ice + aqueous methane solution) is about 27 A x 23.4 A x
124 A. The basal face of hexagonal ice (Th) was exposed to the
aqueous phase. The basal face of the hexagonal ice is the most
stable and slowest growing face among the other faces (primary
and secondary prisms) and has lower interfacial free energy
(34.5 mJ m~2) as compared to the primary and secondary prism
faces (35.1 and 35.2 mJ m >).*® Similarly, the homogeneous
systems were prepared, where only an aqueous methane
solution was present with variable methane concentrations.
In both homogeneous and heterogeneous systems, a total of 18
models were prepared using variable methane concentrations,
as listed in Table 2.

Molecular dynamics simulation settings and force fields

All molecular dynamics simulations were performed using
the Gromacs (version 4.5.5) and (version 2022.1) software
package.*® The force fields used in this study are TIP4P/Ice*®
for water and OPLS-AA’! for methane, and both have been used
in several past studies.’*™>* A spherical cutoff of 10 A was used

This journal is © the Owner Societies 2025
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Fig. 1 The initial simulation configurations of (A) the reference homogeneous aqueous methane solution and (B) the heterogeneous system of the
solution in contact with the basal surface of hexagonalice |h (6 x 3 x 3 lattice, 432 H,O molecules). Water and methane molecules are presented in their
respective colors. All systems are run at 250 K and 50 MPa and a variable initial aqueous methane mole fraction from 3.0 to 15.0%.

Table 2 Description of simulation models (homogeneous and heterogeneous system, total 179 simulation runs)

CH, concentration Homogeneous system

Heterogeneous system

Initial box dimensions Independent #runs

(mol%) (# of H,0 and CH,) [432-ice] (# of H,O and CH,) (A x A xA) (homo, hetero)
3.0 2554 and 80 2027 and 63 27 x 23.4 x 124 15,7

4.0 2531 and 105 2041 and 85 15,5

4.5 2518 and 120 2031 and 96 12,5

5.0 2508 and 132 2022 and 106 20, 20

5.8 2484 and 153 2005 and 124 20, 20

6.25 2478 and 165 1998 and 133 55

8.33 2428 and 221 1958 and 178 55

10.0 2389 and 265 1926 and 214 55

15.0 2168 and 381 1835 and 323 55

for short-range Coulomb interactions and Lennard-Jones
potential.>* The long-range Coulomb and van der Waals con-
tributions to energy and pressure were calculated by applying
Particle-Mesh-Ewald (PME)* and dispersion corrections. The
Lorentz-Berthelot (LB) combining rules were used to calculate
the parameters of the cross-interaction terms between water
and methane. These force fields have been shown to provide
good accuracy for various thermodynamic properties.’®>¢™>8
The initial structures were first energy minimized using a
steepest descent algorithm, followed by a short 20 ps NVT
run at 200 K to relieve initial stresses and then an NPT heating
run at 50 MPa for the next 100 ps from 200 K to the final
temperature of 250 K at the rate of 0.5 K ps~* using a Nose-
Hoover thermostat® and Parrinello-Rahman barostat.®> MD
runs were performed for up to 2000 ns using a leap-frog
integrator with a 1 fs time step, saving frames every 5 ps for
analysis.

The simulation conditions (temperature, pressure, and aqu-
eous methane concentrations) as shown in Table 2 were

This journal is © the Owner Societies 2025

carefully selected to permit methane hydrate formation while
preventing melting of the ice slab. Preliminary simulations
were conducted to establish the equilibrium conditions of
relevant systems using the employed force field. At 50 MPa,
the melting points of ice and sI methane hydrate were deter-
mined to be approximately 270 K and 298 K, respectively,
consistent with the experimental values of 268 K** and 290 K.’
Thus, the chosen simulation temperature of 250 K lies well
below the melting point of both phases (see Table S1 in the
ESIT). The equilibrium methane concentration in the liquid-
hydrate two-phase system is found to be approximately 2 mol%.
Notably, the presence of dissolved methane depresses the
melting point of ice by ~15-20 K. At a methane concentration
of ~5.8 mol%, the ice melting point is reduced to approxi-
mately 250 K. Consequently, simulations performed at 250 K
and 50 MPa across a range of methane concentrations (3.0-
15.0 mol%) allow for the study of the competition between ice
growth and hydrate nucleation. The upper bound of 15 mol%
was chosen because spontaneous methane bubble formation is

Phys. Chem. Chem. Phys., 2025, 27,17704-17716 | 17707
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observed at this concentration within the first nanosecond
of simulation.

Results and discussion

The mechanism of methane hydrate formation varies distinctly
with initial methane concentration. Accordingly, we categorize
and discuss the formation pathways in three concentration
regimes: low (< 5.8 mol%), intermediate (5.8 to 6.3 mol%), and
high (>6.3 mol%).

Case I: low methane concentrations

For the lower range of initial methane concentrations (3.0 to
5.0 mol%), we present the results using 3.0 mol% methane
concentration as shown in Fig. 2 and 5.0 mol% methane as
shown in Fig. S1 of the ESI.{ These figures provide an overview
of the simulation outcomes for heterogeneous systems at low
methane concentrations. The overall process of methane
hydrate formation can be divided into three stages: Stage I,
the pre-nucleation phase; Stage II, during which nucleation
occurs; and Stage III, characterized by the growth of the
hydrate phase.

Prior to nucleation. As the simulation begins, ice grows
rapidly (blue curve in Fig. 2E), resulting in concentrating
methane in the aqueous phase (purple curve in Fig. 2E).
A layered distribution of methane near the ice interface
(~12 A) is observed (see Fig. S2, ESIt), consistent with previous
studies.**® The locally enriched methane concentration at the
ice interface facilitates the formation of hydrate-like partial
cages (Fig. 2A), as also reported by Pirzadeh and Kusalik."*
In all independent runs under varying methane concentrations,
transient hydrate-like structures were repeatedly observed at
the ice interface. These structures typically had short lifetimes
(1-2 ns) and detached from the ice interface due to hydrogen
bond breakage. Once separated, they migrated into the bulk
liquid as clusters of the hydrate-like water structure, as illu-
strated in Fig. 2B. These detached structures were not stable.
Some partially dissolved in the bulk, while others persisted and
acted as precursors or “seeds” for methane hydrate nucleation
near the ice interface.

Nucleation stage. As the ice grows, the methane concen-
tration in the surrounding aqueous phase increases, thereby
enhancing the thermodynamic driving force for methane
hydrate nucleation. Conversely, the elevated methane concen-
tration inhibits further ice growth. The details about the
inhibitory effect on ice growth by methane enrichment are
given in the ESIt (Fig. S7). As a result, ice growth gradually
slows down and nearly ceases when the local methane concen-
tration reaches approximately 4.0 mol% (around 250 ns shown
in Fig. 2E). Shortly, methane hydrate nucleation is observed at
approximately 302 ns (Fig. 2E). The nucleation time is identified
using the MCG1 order parameter,®* which tracks the number of
methane molecules in the largest hydrate-like cluster. In the
metastable liquid, this parameter remains low but increases
sharply once nucleation begins (see Fig. S3 and $4 in the ESIY).

17708 | Phys. Chem. Chem. Phys., 2025, 27,17704-17716
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The nucleation time is recorded as the point at which the largest
stable cluster first exceeds a threshold of 16 methane molecules.
This time agrees well with results based on the F4 order parameter
(orange curve in Fig. 2E) and visual inspection of simulation
trajectories. Compared to homogeneous systems with the same
initial methane concentration, the nucleation rates in the hetero-
geneous system are significantly higher (see Table 3). This
enhancement is attributed to the elevated methane supersatura-
tion resulting from ice growth. Notably, nuclei tend to form near
the ice interface (Fig. 2C and Fig. S1, ESIt) but not directly on the
ice surface.

Growth stage. Once the nucleus reaches the critical size
(MCG1 = 16), it continues to grow irreversibly. Here, a contin-
uous supply of methane molecules is essential to sustain this
growth (Fig. 2C and D). As the hydrate nucleus grows, methane
is consumed more rapidly than water because sI hydrate
contains approximately 14.8 mol% methane, significantly
higher than the surrounding aqueous solution. This methane
depletion in the liquid phase can relieve the inhibitory effect on
ice growth, allowing the ice phase to resume growth. Conse-
quently, methane concentration in the bulk rises again, pro-
moting further hydrate growth. This feedback mechanism
produces an oscillatory pattern in methane concentration and
a coupled growth behavior between the hydrate and ice phases.

The pace of coupled ice-hydrate growth is set by how quickly
methane can be shuffled ahead of the advancing solid fronts.
Between 300 ns and 800 ns, the ice front incorporates about 400
water molecules, equivalent to ~20 A of new crystalline thick-
ness (22 A layer contains 432 water molecules). This translates
to a linear growth rate of ~0.041 A ns™'. As each ice layer
forms, methane is rejected into the liquid, causing the bulk
CH, mole fraction climbs from 4.0 mol% to 6.4 mol%, steadily
raising the local supersaturation. Over the same 500 ns win-
dow, the hydrate nucleus enlarges from 16 to 36 cages, a gain of
20 cages (~0.04 cages ns ). Its radius increases from 9.4 A to
12.3 A, giving a radial growth rate of ~0.006 A ns™*, roughly
one-seventh the rate of the ice front. In contrast, methane
diffusion is much faster: with a diffusivity of D = 0.0452 x
107° cm? s (4.52 A® ns™?), the root-mean-square displacement
is \/(2D) ~3Ans!, nearly two orders of magnitude faster
than the hydrate interface and an order of magnitude faster
than the ice front. The result is a coupled growth scenario, in
which the advancing ice front acts as a piston that concentrates
methane ahead of it, thereby slowing its own growth while
promoting hydrate formation. The growing hydrate consumes
methane, lowering the local supersaturation and thus the
thermodynamic driving force for its continued growth, which
in turn allows ice growth to resume.

Notably, two distinct oscillation frequencies in methane
concentration are observed in Fig. 2E. A faster oscillation, with
a period of approximately 40-50 ns, is associated with the
coupled dynamics of ice and hydrate growth and persists
throughout the growth phase. A slower oscillation, with a larger
period of ~70-100 ns (from 1100 to 2000 ns), emerges during
the later growth stage. Further details about the oscillation of
methane concentration are given in the ESL{ This slower

This journal is © the Owner Societies 2025
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Fig. 2 Snapshots taken from the 3.0 mol% methane hydrate nucleation simulation showing the formation of partial cages at the ice interface (A), the
appearance of a non-dissolving nucleus at 302 ns (B), the growth of methane hydrate till 600 ns (C), and the final structures of both ice and hydrate at the
end of 2000 ns (D). The time evolution of the number of ice (blue) and hydrate-like water molecules (orange) along with the mole fraction of methane
(purple) is shown in (E).
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Table 3 Summary of the nucleation characteristics of methane hydrate nucleation under various initial aqueous methane concentrations in a

homogeneous (without ice) and a heterogeneous (with ice) setting

CH, conc. Min. NR (cm ®s™') NR(cm ®s') Nucleation time (ns) Nucleation time (ns) NR enhancement
(mol%) BN/SN distance (A) BSA-z (A) (HeS) (HoS) for homo for hetero (HeS/HoS)
3.00 7/0 23+9 67 +£17 4.1 x 10*® NA >3000 595 + 225 NA

4.00 5/0 26 + 8 83+4 4.2 x 10* NA > 2000 441 + 26 NA

4.50 5/0 314 10 90 + 8 4.4 x 10*®° 3.6 x 10** 855 + 82 328 + 147 12.2

5.00 20/0 25 +£11 9 +4 52 x 10*° 1.7 x 10*° 470 £ 51 315 + 24 3.1

5.80 20/0 24 + 8 99+ 1 1.6 x 10*° 4.7 x 10% 228 + 32 101 + 15 3.4

6.25 4/1 35+ 13 100 £ 0 4.0 x 10*® 2.6 x 10%° 46 + 14 38+38 1.5

8.33 —— = 100+ 0 5.9 x 10*° 4.5 x 10%° 27 +7 2645 1.3

10.00 —— - 100 £ 0 12.2 x 10%° 9.8 x 10%° 1342 12 +4 1.2

15.00 —— = 100+ 0 172 x 10%*°® 12.4 x 10% 10 £ 2 741 1.4

Note: bulk nucleation (BN), surface nucleation (SN), minimum distance from ice interface (Min. distance), bulk space available (BSA) for nucleation
(z-length), nucleation rate (NR), heterogeneous system (HeS), homogeneous system (HoS); ‘—/—* indicates the case of collective stochastic
nucleation, where it was difficult to locate the first nuclei formation location. NA stands for not available due to no nucleation within 2000 ns

(4 mol%) or 3000 ns (3 mol%).

fluctuation reflects the progressive depletion of liquid water
and increased methane enrichment at both ice and hydrate
surfaces, leading to more pronounced variations in measured
methane concentration. (The method for determining methane
concentration is detailed in the ESIY)

Case II: intermediate methane concentrations

In the intermediate methane concentration range (5.8-6.25 mol%),
the growth of ice is effectively suppressed, resulting in a largely
stationary ice front. Fig. 3 illustrates the nucleation process of
the initial 5.8 mol% scenario. As can be seen, the ice front does
not change before the nucleus develops to the size of MCG1 = 16
at 80 ns (comparing Fig. 3A to B). Nevertheless, methane
molecules accumulate at the interface, forming a layered dis-
tribution pattern as in the low initial concentration cases. (see
also Fig. S2, ESIt). The locally elevated methane concentration at
the interface facilitates the initial formation of hydrate-like
structures directly on the ice surface. However, due to lattice
mismatch between the hydrate and the underlying ice crystal,
these nascent half-cages are destabilized and tend to detach
from the surface. A portion of these detached structures subse-
quently dissolves into the bulk liquid, while others persist and
contribute to the nucleation of stable hydrate clusters near the
ice interface. Such structure order formation and transmission
are similar in the low initial concentration cases. Kumar et al.®>
recently showed that in the presence of an ice interface, both the
critical nucleus size and the free-energy barrier for nucleation
are reduced, thereby facilitating heterogeneous nucleation com-
pared to the homogeneous system. Once the nucleus is formed,
the coupled growth mechanism of ice and methane hydrate is
observed as in the low initial methane concentration cases (see
Fig. S1, ESIY).

Case III: higher methane concentrations

At elevated methane concentrations (8.33-15.0 mol%), hydrate-
like clusters initiate simultaneously at multiple, spatially uncor-
related sites within the supersaturated aqueous phase, making
it infeasible to identify a single dominant nucleation locus.
This multi-site emergence of hydrate embryos, often occurring

17710 | Phys. Chem. Chem. Phys., 2025, 27,17704-17716

within just a few nanoseconds after the start of the simulation,
suggests a collective stochastic nucleation (Fig. 4A) in all runs
with >8.33 mol% methane (see Fig. S5 (ESI) for the 10.0 mol%
case and Fig. S6 (ESIf) for the 8.3 mol% case). The elevated
methane concentration increases supersaturation and thus the
thermodynamic driving force Ay, which reduces the nucleation
barrier according to Classical nucleation theory,*®
_16myhy?

AG = SR @

Therefore, the nucleation process may transition from a
rare-event regime to collective stochastic nucleation or even
spinodal-like behavior at high methane concentrations. These
nascent structures appear randomly throughout the aqueous
phase: some located within a few angstroms of the ice interface,
and others deep within the bulk liquid. Due to the mismatch of
hydrate and ice lattice, there appears to be a quasi-liquid layer
(QLL)** between the ice and hydrate nuclei formed near the
interface. Therefore, no surface nucleation is observed in these
cases, even though the nuclei form very close to the interface. The
previous study, where nucleation is observed in the interfacial
regime'* and later separated from the ice surface to form crystal,
higher concentration scenario, is consistent with our observations.

At the highest concentration studied (15.0 mol%), which
exceeds the sI-hydrate stoichiometry of 14.81 mol%, we also
observe methane bubble formation (Fig. 4A) and partial melting
of the ice substrate (Fig. 4B) in growth stage. Here, the surplus
methane drives further hydrate growth by drawing water from
the melting ice, which is consistent with a shrinking-core model
under gas supersaturation conditions.*®%*

Nucleation rate calculation. The nucleation rate (J) is calcu-
lated using the following equation®

J= N )

Nr NNR
2Tt 21| Vig
i=l j=1

where Ny is the number of reactive (nucleating) trajectories,
Nyr is the number of nonreactive trajectories, 7; is the induction
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Fig. 3 The promoted nucleation of methane hydrate from an initial 5.8 mol% CH, aqueous solution. The snapshot taken before the nucleation (A), with
nucleus reaching the critical size MCG1 = 16 (B) and coupled growth of ice and hydrate at the end of 300 ns (C).

Fig. 4 The case of collective stochastic nucleation using 15.0 mol% methane concentration: (A) multiple nuclei formations are observed at the same
time (t = 1 ns) and later (B) convert into the crystalline structure (end of 500 ns). Three layers of ice have been melted, indicating a shrinking core

mechanism when methane is excessive.®*

time for the ith reactive trajectory, ; is the total simulation time
for the jth nonreactive trajectory, and Vjq is the volume of the
aqueous phase. The induction time was calculated using a
threshold value of MCG1 = 16, explained in a previous section.
In general, the above nucleation rate formula was defined for the
homogeneous system. While in the case of the heterogeneous

This journal is © the Owner Societies 2025

system, the surface area is very important and should be
considered. Since the surface area of ice is the same in all the
heterogeneous systems in this study, we used the same formula
(eqn (2)) to calculate the nucleation rate without normalizing the
surface area. This makes the comparison with the homogeneous
cases easier.
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In general, the nucleation rate falls in the range of 4.1 x 10*°
to 17.2 x 10%° ecm™* s~ " with the heterogeneous systems having
a greater nucleation rate (up to 12 times greater) compared to
the corresponding homogeneous system with the same initial
methane concentrations. The nucleation rate increases with
increasing initial methane concentration for both homoge-
neous and heterogeneous systems. Our results are similar to
the work of Zhang et al.®® and DeFever,®” where the nucleation
rate (5 x 10> ecm > s7') was calculated at 250 K and 50 MPa
using the MFPT method and 230 K and 50 MPa (1.3 X
10*® em ™ s7") using forward flux sampling (FFS), respectively.

From Table 3, the nucleation rate of methane hydrate
increases significantly in the presence of ice, and this enhance-
ment can be attributed to two primary mechanisms. First, in
heterogeneous systems with low initial methane concentrations
(3.0 to 5.0 mol%), ice growth during the induction period
concentrates methane in the surrounding liquid, thereby
increasing the thermodynamic driving force for hydrate nuclea-
tion. However, at intermediate initial methane concentrations
(5.8 and 6.25 mol%), the ice front remains nearly stationary,
yet an enhancement in hydrate nucleation is still observed.
This interfacial catalytic effect, beyond mere concentration
enhancement, has been shown by Kumar et al.®* to involve a
modification in the nucleation free-energy landscape near the
ice surface, i.e., reducing both the critical nucleus size and free-
energy barrier. Notably, this interfacial reduction in the nuclea-
tion barrier is expected to contribute across the full range of
methane concentrations, complementing the concentration-
driven mechanism at lower methane loadings.

Location of first stable nuclei formation. The location of the
first non-dissolving nucleus (i.e., the nucleus that eventually
develops to form a crystal) is an interesting parameter in

View Article Online
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heterogeneous systems, which shows the preferred location of
the first stable nucleus formation. Fig. 5 shows the probability
distribution of such locations at different concentrations
(3.0 mol% to 6.25 mol%). It was observed that in most cases,
methane hydrates preferred to nucleate near but not at the ice
surface. However, there was one case where hydrate nucleation
was observed at the ice interface (discussed in the next section).
For the case of 8.33 mol% and above, it becomes difficult to
identify a single non-dissolving nucleus due to the formation of
multiple nuclei at a time (collective stochastic nucleation).

The probability of occurrence of first nuclei formation peaks
at 24 + 4 A distance and starts to decrease towards or away from
the surface. Therefore, it is insightful that the preferred loca-
tion of first nuclei is at a short distance from the ice interface.
We have simulated 7 runs for 3.0 mol% and 5 runs for each
concentration of methane (4.0 and 4.5 mol% CH,), and 20-runs
each for 5.0 mol% and 5.8 mol% concentrations of methane.
No surface nucleation was observed in 3.0 to 4.5 mol%, while in
the case of 6.25 mol%, surface nucleation was observed. There-
fore, the nucleation of methane hydrates at the ice interface is a
rare event. Fig. 6 illustrates the surface-nucleation mechanism
with oxygen atoms colored by their F4 order parameter, calcu-
lated from averaged trajectory coordinates. Here, F4 = —0.95
indicates cubic ice (red), —0.50 indicates hexagonal ice (silver),
and +0.98 indicates sI hydrate (blue). The stacking faults within
the hexagonal lattice intermittently produce a cubic-ice layer,
and surface nucleation (panel (A)) only takes place once a
contiguous region of cubic ice is formed, and a sufficient
methane concentration exists at the interface. Panels (B) and (C)
then capture the ensuing growth of methane hydrate at the
cubic-ice interface, with stable connectivity clearly established
by 75.35 ns and 100 ns, respectively.
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Fig. 5 Histogram (# events) of the separation distance of the first stable nucleus from the ice surface under different initial methane concentrations.
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Fig. 6 (A) Surface nucleation case (6.25 mol% CHy,) at 67.25 ns, where cubic ice (red color) is formed to initiate nucleation and (B) and (C) further growth
at 75.35 ns onwards and hydrates stick to the ice surface. Hexagonal ice, cubic ice and methane hydrate are shown in this figure by silver, red and blue

colors, respectively. Methane gas molecules are shown in green color.

Conclusions

This study systematically investigates how initial methane
concentration (3.0-15.0 mol %) influences the nucleation and
growth of methane hydrate in the presence of an ice interface at
250 K and 50 MPa. Across the entire concentration range,
heterogeneous systems exhibit significantly accelerated nuclea-
tion and growth compared to their homogeneous counterparts,
underscoring the catalytic role of ice. Three primary mechan-
isms are identified to account for this enhancement:

1. Methane enrichment by ice growth

At low methane concentrations (< 5.8 mol %), advancing ice
fronts reject methane into the surrounding aqueous phase,
progressively enriching it. As the local methane concentration
approaches a critical threshold (~5.8-6.0 mol %), hydrate
nucleation is initiated near the ice interface, coinciding with
the slowing or cessation of further ice growth.

2. Thermodynamic barrier reduction

The presence of the ice interface modifies the nucleation
free-energy landscape by lowering the nucleation barrier and
reducing the critical nucleus size. This facilitation effect per-
sists at all methane concentrations and becomes prominent
when the ice front is stationary (intermediate concentrations)
and under collective stochastic nucleation conditions at higher
methane concentrations (>8.3 mol %).

3. Coupled ice-hydrate growth

This journal is © the Owner Societies 2025

During the growth phase, the ice front and the forming
hydrate phase engage in a feedback loop: ice growth increases
local methane concentration, which in turn promotes hydrate
formation; hydrate growth then depletes methane, allowing the
ice front to advance again. This dynamic coupling results in
oscillatory supersaturation cycles and synchronized advance-
ment of both phases.

Furthermore, hydrate nuclei consistently emerge within an
“active layer” approximately 20-40 A from the ice interface,
rather than directly on the ice surface. This spatial preference
arises from the structural mismatch between the hydrate and
hexagonal ice lattices, as well as the reduced nucleation barrier
in the interfacial region. Direct surface nucleation is rare and is
only observed under specific structural conditions, such as the
presence of cubic ice domains formed via stacking faults.
Overall, this study provides a clearer molecular-level under-
standing of how methane concentration influences hydrate
formation near ice surfaces. These insights have important
implications for controlling hydrate formation in both natural
environments and engineered systems.
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