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ABSTRACT
Both CH4 hydrate accumulation and hydrate-based CO2 sequestration involve hydrate formation in mixed clay sediments. The development
of realistic clay models and a nanoscale understanding of hydrate formation in mixed clay sediments are crucial for energy recovery and carbon
sequestration. Here, we propose a novel molecular model of pseudo-hexagonal montmorillonite nanoparticles. The stress–strain curves of
tension, compression, and shear of pseudo-hexagonal montmorillonite nanoparticles exhibit linear characteristics, with tension, compression,
and shear moduli of ∼435, 410, and 137 GPa, respectively. We perform microsecond molecular dynamics simulations to study CH4 and
CH4/CO2 hydrate formation in montmorillonite–illite mixed clay sediments with surface defects. The results indicate that hydrate formation
in mixed clay sediments is significantly influenced by the presence of clay defects. CH4 and CH4/CO2 mixed hydrates are challenging to form
at the junction between the inside and outside clay defects. CH4 and CH4/CO2 mixed hydrates exhibit a preference for forming outside the
clay defects rather than inside the clay defects. Some CH4 and CO2 molecules from the inside clay defect migrate to the outside clay defect,
thereby promoting CH4 and CH4/CO2 mixed hydrate formation outside the clay defects. This molecular insight advances the development
of clay particle models and expands an understanding of natural gas hydrate accumulation and hydrate-based CO2 sequestration.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0235454

I. INTRODUCTION

The increasing demand for traditional fossil energy has spurred
the quest for sustainable alternative energy sources.1 Natural gas
hydrates, primarily composed of methane (CH4) and water, are crys-
talline compounds in which CH4 molecules are encapsulated within
a cage-like network of water molecules.2–5 The estimated reserves
of CH4 hydrates are ∼3 × 1015 m3, representing the largest source
of hydrocarbons globally, with a carbon content roughly twice that
of traditional fossil fuels.6,7 Evidence suggests that extracting CH4

energy from natural CH4 hydrates is feasible from oceanic sedi-
ments, with over 90% of CH4 hydrates located in shallow oceanic
sediments.8,9 The exploitation of CH4 hydrates in oceanic sediments
is a critical step toward transitioning to a low-carbon energy struc-
ture. In addition, the injection of CO2 into seafloor reservoirs to
form CO2 hydrates, i.e., hydrate-based CO2 sequestration, offers
a promising approach for long-term stability, high-capacity CO2
sequestration.10,11 The CH4–CO2 replacement method is also con-
sidered for its potential to simultaneously facilitate energy recovery,
carbon sequestration, and reservoir stabilization.12 Challenges such
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as low gas production efficiency, mass transfer limitations, and
environmental risks hinder the commercialization of CH4 hydrate
exploitation and hydrate-based CO2 sequestration.13–15 The root
of these problems has been traced to the formation of CH4/CO2
hydrates in oceanic sediments. A deep understanding of the forma-
tion mechanisms of gas hydrates in seafloor sediments is essential
for advancing CH4 hydrate exploitation and hydrate-based CO2
sequestration.

More than 90% of the global natural gas hydrates are buried in
clay-rich, fine-grained marine sediments, with clay content reach-
ing up to 30% in hydrate-bearing sediments in the Shenhu area of
the South China Sea.8 These high clay contents primarily consist of
montmorillonite, illite, and montmorillonite–illite mixed clays. Clay
minerals possess unique characteristics such as a fine particle size
(<4 μm), a negative surface charge, a high specific area, and strong
interfacial reactivity, of which all inevitably influence the formation
of gas hydrates in clay-rich oceanic sediments.16,17 Clay particles
promote hydrate formation by providing high water dispersibility,
large gas–liquid contact area, and more nucleation sites.18–21 Fine-
grained clay creates a large number of nanoscale confined spaces,
which decrease the activity of water molecules and hinder the mass
transfer of gas molecules, thus being unfavorable for the formation
of gas hydrates.22–24 Recent experimental investigations have found
that the presence of swelling montmorillonite clay promotes the
nucleation while slowing the growth kinetics of CH4 hydrates.25,26

The unique characteristics of clay and the complexity of the sedi-
mentary environment significantly influence gas hydrate formation,
thereby complicating the overall hydrate formation process. Experi-
mental methods alone are insufficient to elucidate these microscopic
processes, necessitating the use of advanced techniques. Molecular
dynamics (MD) simulation is an emerging tool for revealing and
studying the formation mechanism of gas hydrates at the molec-
ular scale.27–34 Numerous MD simulations explored the effects of
surface properties,35–38 charge distribution,39,40 organic matter–clay
synergy,41–43 pore size,44–46 clay stacking,47 marine environment,48,49

and gas nanobubble50,51 on the formation of gas hydrates in oceanic
sediments. In prior MD studies, the positions of clay models are
infinitely extended flat nanoplates, which may differ significantly
from actual clay particles.52–55 These models assumed fixed posi-
tions and rigid structures for the clay particles, which do not
adequately reflect the flexible nature of clay minerals in real sed-
imentary environments. In fact, natural clays (such as montmo-
rillonite) are pseudo-hexagonal flexible nanoparticles with diam-
eters of ∼10–1000 nm.56 Although several studies had developed
molecular models of clay particles,57–59 no study reported on gas
hydrate formation in pseudo-hexagonal flexible clay sediments. In
real hydrate-bearing sediments, mixed clays are often found; prior
studies focused on the formation of gas hydrates in pure clays.
Knowledge of the formation mechanism of gas hydrates in mixed
clay sediments is essential for comprehending the formation of
hydrate-bearing marine sediments.60

In this study, we propose a new molecular model of pseudo-
hexagonal montmorillonite nanoparticles and perform large-scale
force field-based MD simulations to study the formation of CH4
and CH4/CO2 hydrates in montmorillonite–illite mixed clay sed-
iments with surface defects. The results indicate that CH4 and
CH4/CO2 hydrates are concentrated inside and outside the clay
defects, but these hydrates are challenging to form at the junction

between them. CH4 and CH4/CO2 mixed hydrates exhibit a pref-
erence for forming outside the clay defects rather than inside
them. The molecular model of pseudo-hexagonal montmorillonite
nanoparticles advances the development of clay particle models.
This molecular insight into the formation of pure CH4 hydrates
and CH4/CO2 mixed hydrates in montmorillonite–illite mixed clay
sediments expands an understanding of natural gas hydrate accumu-
lation and hydrate-based CO2 sequestration. This paper is organized
as follows: Sec. II provides the technical details and initial model
of molecular simulation. More details on the molecular simula-
tion techniques are provided in the supplementary material; Sec. III
discusses the performance of the pseudo-hexagonal montmoril-
lonite model and elucidates the formation mechanism of CH4 and
CH4/CO2 hydrates in montmorillonite–illite mixed clay sediments;
and Sec. IV presents the conclusions.

II. SIMULATION MODELS AND METHODS
The initial configuration was composed of pseudo-hexagonal

montmorillonite nanoparticles, illite clay, and homogeneous
solution, as shown in Fig. 1. Pseudo-hexagonal montmoril-
lonite nanoparticles were generated by cutting montmorillonite
nanoplates. The process is as follows: (1) Montmorillonite
nanoplates were obtained by expanding the unit cell of montmoril-
lonite;61 (2) the montmorillonite nanoplates were cut into pseudo-
hexagonal montmorillonite nanoparticles; and (3) the cut-edge sur-
faces of montmorillonite nanoparticles were hydroxylated.48,55 This
modification is necessary, as the edges of clay particles tend to
undergo hydroxylation due to interactions with water and other
ions in natural systems. To maintain charge neutrality of the edge
local structures and the overall nanoparticles, the charge distribu-
tion of atoms on the edge surface was adjusted (see Fig. S1). The
diameter of the pseudo-hexagonal montmorillonite nanoparticles
was about 12 nm, which is the same magnitude as the diameter
of montmorillonite particles in real reservoirs.56 The model closely
matches the size and shape of real montmorillonite particles encoun-
tered in natural marine sediments. The novel molecular model
of pseudo-hexagonal montmorillonite nanoparticles distinguishes
itself from previous models. Our model considers flexibility, where
the montmorillonite nanoparticle can deform under external forces,

FIG. 1. Schematic representation of the initial configuration. Pseudo-hexagonal
montmorillonite nanoparticle and illite layers are displayed as yellow (Si atom), pink
(Al atom), red (O atom), and white (H atom). Green and orange balls represent the
CH4 and CO2 molecules, respectively.
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as observed under real conditions (Fig. 1). This flexibility allows
for more accurate simulations of interactions between clay particles
and gas/water molecules. The illite minerals were the most abun-
dant clay mineral in the hydrate-bearing sediments in the Shenhu
area of the South China Sea.8,9 The illite model was an infinitely
extended nanoplate and contained surface defects. The clay defect is
a common feature of clay minerals and often appears in actual situa-
tions.62 Natural illite particles in hydrate-bearing sediments contain
edge defects and surface irregularities, which influence the interac-
tions between the clay minerals and other molecules, such as water
and gas molecules. To study the influence of clay defects on hydrate
formation, an illite model with surface defects was constructed, and
the defect edges were also hydroxylated. The homogeneous solu-
tion is composed of 4424 gas molecules, 25 440 water molecules,
and 1224 ions (Table S1). The gas mole fraction in water was set to
0.148, which is consistent with the gas–water ratio of the standard SI-
type hydrate crystal. In total, two systems containing different gases
(pure CH4 or a mixture of CH4 and CO2) in montmorillonite–illite
mixed sediments were tested. We refer to these two systems hereafter
as mixedCH4 and mixedCH4+CO2 . The mixedCH4 and mixedCH4+CO2

systems contained ∼13 600 and 14 500 atoms, respectively. Ini-
tial configuration files for these two systems studied here are
shown in Files S1 and S2 of the supplementary material. To test
the mechanical properties of pseudo-hexagonal montmorillonite
nanoparticles, the nanoparticles were subjected to tension, com-
pression, and shear [Figs. S2(a)–S2(c)]. All mechanical simulations
were performed using the pull module of the GROMACS 202263

software.
The pseudo-hexagonal montmorillonite nanoparticle, illite

nanoplate with surface defects, and ions (Cl−, Na+, and K+) were
represented using the ClayFF.64 The CH4, CO2, and H2O molecules
were modeled using the OPLS-UA,65 TraPPE,66 and TIP4P-Ice67

force fields, respectively. Details on the force field parameters are
provided in the supplementary material (Tables S2 and S3). The
force field parameters for the pseudo-hexagonal montmorillonite
nanoparticles were carefully adjusted to account for the flexibility of
the nanoparticle and its edge structures. This was necessary to ensure
charge neutrality and accurate interactions between clay surfaces
and gas/water molecules. The well depth εO(CO2)–O(H2O) between
the oxygen in CO2 and the oxygen in H2O was scaled by a fac-
tor of 1.08. It has been demonstrated that with such scaling, the
solubility of CO2 in water and the three-phase coexistence temper-
ature of CO2 hydrate can be accurately predicted.68 Initially, the
initial configurations were energy minimized by using the steepest
descent algorithm. A 2-ns pre-equilibration was performed in the
isothermal–isobaric (NPT) ensemble, with the temperature (260 K)

and pressure (100 bars) controlled by a velocity-rescaling thermo-
stat69 (time constants of 0.1 ps) and the Berendsen barostat70 (time
constants of 1.0 ps), respectively. The condition of low tempera-
ture and high pressure accelerates hydrate formation and reduces
the computational cost.48 Finally, a 3.0 μs production run was car-
ried out at the NPT ensemble, with temperature (T = 260 K) and
pressure (P = 100 bars) controlled by the Nosé–Hoover thermostat71

(time constants of 2.0 ps) and Parrinello–Rahman barostat72 (time
constants of 4.0 ps), respectively. The xy-plane of the illite layer,
being infinite and rigid, would not compress significantly even under
varying pressure conditions (Fig. S3). The pressure coupling was
semi-isotropic, allowing independent fluctuations along the normal
(z-dimension) and lateral (xy-dimensions) directions. The leap-frog
integrator algorithm with a time step of 2.0 fs was used. The particle
mesh Ewald (PME) method with a cutoff range of 10 Å was used to
determine the long-range Coulombic interactions using a grid spac-
ing of 1.2 Å. The cutoff range of 10 Å was applied to compute the
van der Waals forces. Periodic boundary conditions were assigned
in all directions. The illite nanoplate with surface defects was fixed
with a force of 1000 kJ mol−1 nm−2 to prevent illite deformation,
which was often used in prior studies.40,43 The pseudo-hexagonal
montmorillonite nanoparticle was flexible in the simulation box. All
the simulations above were performed using the GROMACS 202263

package. Details of the simulation scheme and calculation principle
were provided in the supplementary material.

III. RESULTS AND DISCUSSIONS
A. Mechanical properties of pseudo-hexagonal
montmorillonite nanoparticle

To verify the mechanical properties of the pseudo-hexagonal
montmorillonite nanoparticle, we subjected it to tensile, compres-
sive, and shear deformations. The stress–strain curves of mechan-
ical deformation are shown in Figs. 2(a)–2(c). The results indicate
that the stress–strain curves of tension, compression, and shear
of pseudo-hexagonal montmorillonite nanoparticles exhibit linear
characteristics (strain from 0 to 0.018). During the tensile deforma-
tion process, the tensile stress increases linearly with the increase
in tensile strain [Fig. 2(a)]. The elastic modulus of tension (ET)
for pseudo-hexagonal montmorillonite nanoparticles is calculated
to be ∼435 GPa [Fig. 2(a)]. This value falls within the range
reported in the literature (range 400–695.8 GPa). The simulation
results of Manevitch and Rutledge73 show that the elastic modulus
of tension for montmorillonite nanoplates is 400–420 GPa (strain
from 0 to 0.016), while Ghazanfari et al.74 calculated the elastic
modulus of tension for montmorillonite nanoplates to be 695.8 GPa

FIG. 2. Mechanical (a) tensile, (b) com-
pressive, and (c) shear stress–strain
curves of pseudo-hexagonal montmoril-
lonite nanoparticles.
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(strain from 0 to 0.009). This shows that the tensile properties
of the developed pseudo-hexagonal montmorillonite nanoparticles
are similar to those of montmorillonite nanoplates. During the
compressive deformation process, the compressive stress increases
linearly with the increase in compressive strain [Fig. 2(b)]. The
elastic modulus of compression for pseudo-hexagonal montmoril-
lonite nanoparticles is ∼410 GPa, which is slightly lower than the
elastic modulus of tension [Figs. 2(a) and 2(b)]. During the shear
deformation process, the shear stress also increases linearly with the
increase in shear strain [Fig. 2(c)]. The shear modulus of pseudo-
hexagonal montmorillonite nanoparticles is ∼137 GPa, which is
significantly lower than both tensile modulus and compression
modulus [Figs. 2(a)–2(c)]. The shear modulus of all-atomic mont-
morillonite nanoplates reported by Ghazanfari et al.74 is 137 GPa
(strain from 0 to 0.04), which is similar to the shear modulus of the
pseudo-hexagonal montmorillonite nanoparticles developed here.
In summary, the mechanical properties of the pseudo-hexagonal
montmorillonite nanoparticles developed in this study are similar to
those of previous studies of montmorillonite nanoplates. The tensile,
compressive, and shear moduli of pseudo-hexagonal montmoril-
lonite nanoparticles calculated here provide a basis for subsequent
related research. However, due to the limitations of the simulation,
we focus on the elastic regime and do not explore the ultimate ten-
sile stress and strain values. The limitations in reaching the ultimate
tensile stress and strain values are primarily due to the computa-
tional constraints of simulation time and spatial scale, rather than
the model itself. Beyond this strain range, nonlinear behavior and
potential failure will occur. Future studies can extend the simulation
to observe the failure point. Moreover, montmorillonite nanoparti-
cles are subject to complex environments in nature or experiments,
including flow, heat transfer, vibration, and reaction. Our study
focuses on gas hydrate formation under static conditions with con-
trolled temperature and pressure. In future studies, we can consider
the effects of complex environments on pseudo-hexagonal mont-
morillonite nanoparticles, e.g., chemical reactions or heat transfer
processes.

B. CH4 hydrate formation in montmorillonite–illite
mixed clay sediments

The formation of CH4 hydrates in oceanic sediments is pro-
foundly influenced by the presence of clay defects. The results show

that CH4 hydrates form quickly inside the clay defects and near
pseudo-hexagonal montmorillonite nanoparticles (i.e., outside the
clay defects) but are difficult to form at the junction of inside and
outside clay defects. During the 3.0 μs period of CH4 hydrate for-
mation, a lot of CH4 hydrates form inside the clay defects and near
pseudo-hexagonal montmorillonite nanoparticles [Figs. 3(a)–3(g)
and S4(a)–S4(f)]. CH4 molecules in montmorillonite–illite mixed
clay sediments are widely distributed both inside and outside the clay
defects [Figs. 4(a), S5(a), and S5(b)]. Initially, high concentrations
of CH4 in the homogeneous solution lead to the formation of large
CH4 nanobubbles inside and outside the clay defects [Figs. 3(b) and
3(e)]. As the simulation progresses, the formation of CH4 hydrates
consumes carbon sources, causing the CH4 nanobubbles to dimin-
ish in size [Figs. S6(a)–S6(c)]. H2O molecules are adsorbed on both
the inner and outer surfaces of clay defects, whereas CH4 molecules
do not show significant adsorption peaks on the inner and outer
surfaces of clay defects [Figs. 4(a), S5(a), and S5(b)]. This indicates
that CH4 molecules are not easily adsorbed on the inner and outer
surfaces of clay defects, while H2O molecules can be adsorbed to
these surfaces [Figs. S6(a)–S6(c) and S7(a)–S7(c)]. This is mainly
due to the presence of adsorbed ions (e.g., Na+ and K+), which
reduce the availability of adsorption sites for CH4 molecules. The
ions tend to occupy the clay surfaces, creating a shielding effect that
hinders direct interactions between CH4 and the clay surface [Figs.
S8(a)–S8(c)]. CH4 molecules exhibit an adsorption behavior near the
pseudo-hexagonal montmorillonite nanoparticles [Figs. 3(b)–3(d)].
This is due to the absence of significant ion coverage on the outer
surfaces of the clay particles, allowing more CH4 molecules to inter-
act directly with the nanoparticle surface [Figs. 3(b)–3(d)]. These gas
molecules will adsorb on the surface of the pseudo-hexagonal mont-
morillonite nanoparticle [Figs. 3(b)–3(d)]. This adsorption behavior
is consistent with observations from previous studies on mont-
morillonite nanoplate models,39,40 confirming the validity of our
nanoparticle model in simulating real interactions.

The F4 order parameter75 for water molecules can accurately
identify hydrate formation, with average values of −0.04 and 0.7 for
liquid water and hydrate, respectively. The time evolution of the
value of F4 along the z-axis is shown in Fig. 4(b). After 0.2 μs, the
values of F4 along the z-axis increase rapidly, suggesting that the
CH4 hydrates rapidly nucleate and then grow inside and outside
the clay defects [Fig. 4(b)]. At the junction between the inside and

FIG. 3. (a) Snapshots of CH4 hydrates in montmorillonite–illite mixed clay sediments at 3 μs. Formation processes of CH4 hydrates (b)–(d) near the pseudo-hexagonal
montmorillonite nanoparticle and (e)–(g) inside the clay defects at 0.2, 1.0, and 3.0 μs are shown, respectively. Pseudo-hexagonal montmorillonite nanoparticle and illite
layers are displayed as yellow for Si, pink for Al, red for O, and white for H. Green balls represent CH4 molecules. Hydrate cages are shown as green (512), blue (51262), red
(51263), orange (51264), cyan (4151062), purple (4151063), and pink sticks (4151064).
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FIG. 4. (a) Density distribution curves of
H2O and CH4 molecules for 2.95–3.0 μs
and (b) time evolution of F4 along the
z-axis direction in the mixedCH4 sys-
tem. Time evolution of (c) the F4 order
parameters, (d) the number of CH4
molecules, and (e) gas mole fraction
inside and outside the clay defects. The
range inside the clay defects is ∼0 nm
< z < 3.5 nm, while the range outside the
clay defects is ∼3.5 nm < z < 12.5 nm.

outside clay defects (z = 3.5–4.0 nm), the value of F4 at the junc-
tion remains low [Fig. 4(b)]. This suggests that CH4 hydrates are
primarily concentrated inside and outside the clay defects but are
difficult to form at the junction between the inside and outside clay
defects [Fig. 4(b)]. This phenomenon may be due to the mass trans-
fer of CH4/H2O molecules inside and outside the clay defects. This
means that in the real hydrate accumulation process, CH4 hydrates
are formed at the junction of inside and outside clay defects after
a long time, potentially rendering the CH4 hydrates at this location
less stable. During the subsequent hydrate production process, the
CH4 hydrates at the junction may be more prone to preferential
decomposition and mechanical disruption. The formation process
of CH4 hydrates in mixed clay sediments studied here is shown in
Video S1 of the supplementary material.

The range inside the clay defects is ∼0 nm < z < 3.5 nm, while
the range outside the clay defects is ∼3.5 nm < z < 12.5 nm (see
Fig. 1). The time evolution of the F4 order parameters, the number
of CH4 molecules, and CH4 mole fraction in water inside and out-
side the clay defects are shown in Figs. 4(c)–4(e), respectively. CH4
hydrates exhibit a preference for forming outside the clay defects
rather than inside the clay defects. Although the values of F4 both
inside and outside the clay defects increase as a function of time,
the values of F4 outside the clay defects are always higher than the
values of F4 inside the clay defects [Fig. 4(c)]. This shows that CH4
hydrates prefer to form outside the clay defects. During the 3.0 μs
period of CH4 hydrate formation, the number of CH4 molecules
inside the clay defects decreases from ∼900 to 700, while the num-
ber of CH4 molecules outside the clay defects increases from about
3500 to 3700 [Fig. 4(d)]. The nucleation and growth of CH4 hydrates
require a sufficient carbon source; thus, the mass transfer of CH4
molecules inside and outside the clay defects affects CH4 hydrate
formation. The mass transfer of CH4 molecules is conducive to the
formation of CH4 hydrates outside the clay defects rather than inside
them. It is also observed from Fig. 4(a) that CH4 molecules have
an adsorption behavior outside the clay defects. This differential

behavior inside and outside the defects suggests that while clay
defects provide nucleation sites, the actual growth of CH4 hydrates
is more likely to occur outside the defects where the physical condi-
tions are more favorable for gas adsorption and subsequent hydrate
formation. This mechanism is critical in understanding the accumu-
lation process of natural gas hydrate in mixed clay sediments. During
the 0–0.1 μs period of CH4 hydrate formation, CH4 molecules in the
homogeneous solution inside and outside the clay defects quickly
form nanobubbles to the water phase [Figs. S6(a)–S6(c)]. There-
fore, CH4 molecules in the water inside and outside the clay defects
decrease, while CH4 molecules in the nanobubbles increase [Figs.
S9(a) and S9(b)], which reduces the CH4 mole fraction in the water
inside and outside the clay defects [Fig. 4(e)]. A high mole fraction of
guest molecules in the water phase is crucial for promoting hydrate
formation.60 Subsequently (during 0.1–3 μs), the CH4 nanobubbles
diminish in size as a function of time [Figs. S6(a)–S6(c)]. More CH4
molecules migrate from the nanobubbles to the water phase [Figs.
S9(a) and S9(b)], increasing the CH4 concentration dissolved in the
water and thereby facilitating the formation of CH4 hydrate cages
[Fig. 4(e)]. The CH4 hydrate cages in montmorillonite–illite mixed
clay sediments are mainly 512 small cages, followed by 51262 and
4151062 small cages [Figs. S10(a) and S10(b)], consistent with pre-
vious research results.48,60 By the end of CH4 hydrate formation (at
3 μs), about 1200 hydrate cages are formed in montmorillonite–illite
mixed clay sediments [Fig. S10(b)].

C. CH4/CO2 hydrate formation
in montmorillonite–illite mixed clay sediments

The formation of CH4/CO2 mixed hydrates in
montmorillonite–illite mixed sediments is also influenced by
the presence of clay defects. The results show that CH4/CO2 mixed
hydrates form quickly both inside and outside the clay defects, but
they are challenging to form at the junction between the inside and
outside clay defects. The snapshots of CH4/CO2 mixed hydrates in
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FIG. 5. (a) Snapshot of CH4/CO2 mixed
hydrates in montmorillonite–illite clay
sediments at 3 μs. Formation processes
of CH4/CO2 mixed hydrates (b)–(d) near
the pseudo-hexagonal montmorillonite
nanoparticle and (e)–(g) inside the clay
defects at 0.2, 1.0, and 3.0 μs are shown,
respectively. Green balls, orange balls,
and silver lines represent the CH4, CO2,
and H2O molecules, respectively.

montmorillonite–illite clay sediments are shown in Figs. 5(a)–5(g)
and S11(a)–S11(f). A large number of CH4/CO2 mixed hydrate
cages are observed in montmorillonite–illite mixed clay sediments
[Figs. 5(a)–5(g) and S11(a)–S11(f)]. CO2 molecules are adsorbed on
the inner and outer surfaces of clay defects to form adsorption peaks
[Figs. 6(a), S12(a), S12(b), and S13(a)–S13(c)]. The differences in
the distribution of CH4, H2O, and ions in the mixedCH4+CO2 system
are small compared to those observed in the mixedCH4 system
[Figs. S14(a)–S14(c), S15(a)–S15(c), and S16(a)–S16(c)]. Supersat-
urated CH4/CO2 concentrations lead to the formation of CH4/CO2
mixed nanobubbles both inside and outside the clay defects.
As CH4/CO2 mixed hydrates form, the size of CH4/CO2 mixed
nanobubbles becomes gradually small [Figs. S13(a)–S13(c) and
S14(a)–S14(c)]. The value of F4 inside and outside the clay defects is
greater than 0.3, while the value of F4 at the junction of inside and
outside clay defects remains always low. The value of F4 at the junc-
tion of inside and outside clay defects is less than 0.3 [Fig. 6(b)]. This
indicates that CH4/CO2 mixed hydrates are also difficult to form
at the junction of inside and outside clay defects. The formation
process of CH4/CO2 mixed hydrates in montmorillonite–illite clay
sediments studied here is shown in Video S2 of the supplementary

material. However, the limited deformation observed in the videos
is indeed due to periodic boundary conditions and the relatively
small system size in the simulation. These factors inherently
constrain the extent to which large-scale deformation can be
visualized within our setup. Expanding the system size to include
larger montmorillonite nanoparticles or additional particles would
substantially increase computational demands. A larger system
could potentially allow for more pronounced particle deformation
and inter-particle interactions. In future studies, we plan to simulate
larger clay nanoparticle systems to capture the interactions and
potential deformation between particles on a more realistic scale.
This approach would allow us to observe deformations that may not
be apparent in smaller, periodic systems.

CH4/CO2 mixed hydrates in montmorillonite–illite clay sedi-
ments also exhibit formation preferences. At the end of CH4/CO2
mixed hydrate formation (3 μs), the value of F4 outside the
clay defects is about 0.4, while the value of F4 inside the clay
defects is about 0.3 [Fig. 6(c)]. The values of F4 outside the
clay defects are significantly higher than the values of F4 inside
the clay defects, indicating that CH4/CO2 mixed hydrates also
prefer to form outside the clay defects [Fig. 6(c)]. During the

FIG. 6. (a) Density distribution curves
of H2O, CH4, and CO2 molecules for
2.95–3.0 μs and (b) time evolution
of the F4 order parameters along the
z-axis direction in the mixedCH4+CO2

sys-
tem. Time evolution of (c) the F4 order
parameters, (d) the number of CH4/CO2
molecules, and (e) gas mole fraction
inside and outside the clay defects.
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0–3 μs of mixed hydrate formation, CH4/CO2 mixed nanobubbles
are adsorbed on the inner surface of the clay defect [Figs. 5(e)–5(g),
S13(a)–S13(c), and S14(a)–S14(c)]. Although the CH4/CO2 mixed
nanobubbles on the inner surface of the clay defect gradually
become small as a function of time, they are firmly adsorbed on the
inner surface of the clay defect [Figs. 5(e)–5(g), S13(a)–S13(c), and
S14(a)–S14(c)]. In contrast, two large CH4/CO2 mixed nanobub-
bles outside the clay defects become smaller as a function of time
[Figs. 5(b)–5(d), S13(a)–S13(c), and S14(a)–S14(c)]. There is no sig-
nificant migration of CH4 molecules between the inside and outside
clay defects, whereas some CO2 molecules from the inside clay defect
migrate to the outside clay defect [Fig. 6(d)]. This mass transfer of
CO2 molecules is conducive to the formation of CH4/CO2 mixed
hydrates outside the clay defects. As CH4/CO2 mixed hydrates form,
CH4/CO2 molecules in the nanobubbles inside and outside the clay
defects dissolve in water, increasing the mole fraction of CH4/CO2
molecules in water inside and outside the clay defects and promoting
the formation of CH4/CO2 mixed hydrates [Figs. 6(e), S17(a), and
S17(b)]. The gas mole fraction will experience a rapid decline at the
beginning because the excessive gas concentration in the aqueous
solution leads to the gradual formation of nanobubbles [Fig. 6(e)].
Subsequently, the gas mole fraction in the aqueous solution gradu-
ally increases. The gas mole fraction inside the clay defects increases
from 0.06 to 0.098, while the gas mole fraction outside the clay
defects increases from 0.085 to 0.12 [Fig. 6(e)]. During the 0–3
μs of mixed hydrate formation, the CH4/CO2 mixed hydrates in
montmorillonite–illite clay sediments are mainly composed of 512,
4151062, and 51262 small cages [Figs. S10(b) and S18]. Compared to
the pure CH4 hydrate formation in similar sediments, the CH4/CO2
mixed hydrates contain more 4151062 cages [Figs. S10(a), S10(b),
and S18).

D. Implication for CH4 recovery and CO2
sequestration

The insights gained from our MD simulations are applicable
to CH4 extraction from hydrate sediments and CO2 sequestration
in marine sediments. The preferential formation of gas hydrates
outside the clay defects suggests that strategies for gas extraction
and CO2 sequestration should focus on the areas where the con-
ditions favor hydrate formation, as there are more gas hydrates
outside the clay defects. Understanding the stability of hydrates at
the junction between the inside and outside clay defects can provide
a reference for methods to maintain reservoir structural integrity
in CH4 extraction and CO2 sequestration. For example, future
research can enhance the formation of gas hydrates at junctions
or pore throats, which can maintain the integrity of the reservoir
structure and reduce environmental hazards. The novel pseudo-
hexagonal montmorillonite model developed in this study can be
used in large-scale sediment simulations to predict the hydrate
behavior in natural environments. This model improves upon previ-
ous approaches by accounting for the flexibility and defect structures
of clay particles, making it more relevant for simulating real sed-
iment conditions encountered during gas hydrate formation. The
migration of gas molecules from inside clay defects to outside clay
defects as observed in our simulations is beneficial for recovering
the gases trapped inside those defects during the CH4 extraction
process.

IV. CONCLUSIONS
In this study, we propose a novel molecular model of pseudo-

hexagonal montmorillonite nanoparticles. The stress–strain curves
of tension, compression, and shear of pseudo-hexagonal montmo-
rillonite nanoparticles exhibit linear characteristics, with the tensile,
compressive, and shear moduli calculated to be ∼435, 410, and
137 GPa, respectively. In addition, we perform microsecond molec-
ular dynamics simulations to study the formation of pure CH4
hydrates and CH4/CO2 mixed hydrates in montmorillonite–illite
mixed clay sediments with surface defects. The results show that
the formation of pure CH4 hydrates and CH4/CO2 mixed hydrates
in montmorillonite–illite mixed clay sediments is profoundly influ-
enced by the presence of clay defects. CH4 hydrates and CH4/CO2
mixed hydrates are challenging to form at the junction between
the inside and outside clay defects. CH4 hydrates and CH4/CO2
mixed hydrates exhibit a preference for forming outside the clay
defects rather than inside the clay defects. Some CH4 and CO2
molecules from the inside clay defect migrate to the outside clay
defect, thereby promoting the formation of CH4 hydrates and
CH4/CO2 mixed hydrates outside the clay defects. This molecu-
lar insight into the formation of pure CH4 hydrates and CH4/CO2
mixed hydrates in montmorillonite–illite mixed clay sediments
expands an understanding of natural gas hydrate accumulation and
hydrate-based CO2 sequestration. The development of the pseudo-
hexagonal montmorillonite nanoparticle model represents a signif-
icant advancement in clay molecular modeling. The tensile, com-
pressive, and shear moduli of pseudo-hexagonal montmorillonite
nanoparticles calculated here provide a basis for subsequent related
research, e.g., the mechanical properties of hydrate-bearing sedi-
ments from the molecular scale. Our group is currently researching
the microscopic behavior of systems containing multiple mont-
morillonite nanoparticles to observe inter-particle interactions and
collective behavior in a larger, more complex setup.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details of the
simulation models and methods; parameters and force field for
the systems; the final charges of edge atoms for pseudo-hexagonal
montmorillonite nanoparticles; calculation of properties; hydrate
formation processes; number density distributions of H2O, CH4,
and CO2 ions; number of CH4/CO2 molecules inside and outside the
clay defects; and numbers of seven hydrate cages. VIDEO S1: For-
mation process of CH4 hydrates in the montmorillonite–illite mixed
clay sediments for the mixedCH4 system. VIDEO S2: Formation
process of CH4/CO2 mixed hydrates in the montmorillonite–illite
mixed clay sediments for the mixedCH4+CO2 system. FILE S1: Initial
configuration for the mixedCH4 system. FILE S2: Initial configuration
for the mixedCH4+CO2 system.
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