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a b s t r a c t

The clathrate hydrate memory effect is a fascinating phenomenon with potential applications in carbon
capture, utilization and storage (CCUS), gas separation, and gas storage as it can accelerate the secondary
formation of clathrate hydrate. However, the underlying mechanism of this effect remains unclear. To
gain a better understanding of the mechanism, we conducted molecular dynamic simulations to simulate
the initial formation and reformation processes of methane hydrate. In this work, we showed the evo-
lution process of hydrate residual structures into hydrate cages. The simulation results indicate that the
residual structures are closely related to the existence of hydrate memory effect, and the higher the
contribution of hydrate dissociated water to the hydrate nucleation process, the faster the hydrate
nucleation. After hydrate dissociation, the locally ordered structures still exist after hydrate dissociation
and can promote the formation of cluster structures, thus accelerating hydrate nucleation. Additionally,
the nucleation process of hydrate and the formation process of clusters are inseparable. The size of
clusters composed of cup-cage structures is critical for hydrate nucleation. The residence time at high
temperature after hydrate decomposition will affect the strength of the hydrate memory effect. Our
simulation results provide microscopic insights into the occurrence of the hydrate memory effect and
shed light on the hydrate reformation process at the molecular scale.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

The nonstoichiometric ice-like crystals, called clathrate hy-
drates, are formed by guest molecules and water molecules at high
pressure and low temperature [1]. Gas hydrates were estimated to
contain twice as much carbon content as other fossil fuels on earth
[2]. On the one hand, gas hydrate is a strategic energy source.
Natural gas hydrate has great development value because of its
wide distribution, large reserves, high energy density, and high
cleanliness [3,4]. The development prospect of natural gas hydrate
is highly expected, and gas hydrate has been regarded as an

important follow-up energy. Moreover, gas hydrate also have po-
tential applications in carbon dioxide sequestration [5,6], gas
storage [7,8], seawater desalination [9], and gas separation [10,11].
On the other hand, hydrate is one of the main culprits of blocking
oil and gas pipelines or production equipment, which will cause
huge economic losses. The annual economic loss from hydrate
plugging exceeds billions of dollars [12]. In recent years, re-
searchers have conducted a lot of research on the commercial
development and application of gas hydrates and obtained rich
research results [7,13].

The discovery of hydrate dates back to 1810, when Davy [14]
accidently discovered that chlorine gas and water can form solids
(chlorine gas hydrates) above 273.15 K. The structure of hydrate
crystals was not confirmed until the 1950s. According to the dif-
ference of crystal structure of hydrate, hydrate can be divided into* Corresponding authors.
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sI, sII, and sH [12]. Size of guest molecules will directly affect the
type of hydrate formed. Typically, sI hydrate [15] is formed from
smaller guest molecules like CH4, CO2; sII hydrate [16] is formed
from larger guest molecules like C2H6, C3H4; the guest molecules of
sH hydrate [17] are composed of both small and large guest mol-
ecules (0.7e0.9 nm). In recent years, a lot of research has been done
on the physical properties and thermodynamic properties of gas
hydrates [18,19]. A perplexing phenomenon is that the induction
time required for hydrate decomposition to reform hydrate is
shorter than the induction time required to form hydrate initially
[20]. The researchers defined this phenomenon as the hydrate
memory effect [21]. As early as 1981, Makogen [22] reported that
hydrate dissociated water would form hydrate faster. Subsequently,
Parent et al. [23] found the thermal history of water can affect the
nucleation induction time of methane hydrate. Sefidroodi et al. [24]
investigated the reformation of cyclopentane hydrate. They found
that the memory effect of cyclopentane hydrate was affected by the
degree of superheating and time. Giavarini et al. [25] found the
memory effect can also occur in melt water. Propane hydrate
formed faster from melt water than from fresh water. Zhao et al.
[26] investigated the formation process of sI, sII, and sH hydrate.
They noted that the memory effect can occur between different
types of hydrate. Obviously, the memory effect can be observed in
different types of hydrate reformation. Due to the hydrate memory
effect can accelerate the secondary formation of hydrate, the hy-
drate technology have good application prospects in the fields of
gas storage [27] and gas separation [28]. On the other hand, the
memory effect can accelerate the blockage of oil and gas production
and transportation pipelines, which are problems that plagues the
transportation of oil and gas and hydrate exploitation [29]. There-
fore, clarifying the essence of the hydrate memory effect is of great
significance to the application of hydrate technology and the
development of hydrate prevention technology.

Although evidence for the hydrate memory effect is very
abundant, the mechanism of the hydrate memory effect is still
unclear, which limits the application of hydrate technology and the
development of hydrate prevention technology. At present, the
most accepted mechanism is the residual structure hypothesis [13].
The residual structure hypothesis holds that the residual hydrate
structures remain in the system after hydrate decomposition.
When thermodynamic conditions were suitable, hydrate would
rapidly reform based on these residual hydrate structures. Sloan
et al. [20] measured the apparent viscosity of the system after hy-
drate decomposition and believed that the memory effect was
caused by the residual clathrate clusters of water molecules con-
tained in the system after decomposition. Takeya et al. [21] pointed
out that the hydrate memory effect was due to the metastable
polyhedral water molecule clusters wrapped around gas molecules
in hydrate dissociation water. Sefidroodi et al. [24] found that the
memory effect still exists after mixing a small amount of cyclo-
pentane hydrate dissociation water with fresh water. They pointed
out that the memory effect may be caused by the presence of re-
sidual structures invisible to the naked eye in the liquid phase. Ke
et al. [30] derived the kinetic model and believed that the residual
structure was the main reason for the shortened induction period
of hydrate reformation. However, other researchers failed to detect
the existence of residual structures when studying the hydrate
memory effect by experimental means such as neutron diffraction
[31] and Raman spectroscopy [32]. Buchanan et al. [33] believed
that the residual structure size was too small to be measured by
Raman spectroscopy. Due to experimental methods have been
unable to detect the existence of residual structures, many re-
searchers have been skeptical of the residual structure hypothesis.
Rodger [34] did not detect the ordered water molecule clusters
when studying the reformation process of methane hydrate by

molecular simulation. They pointed out that the residual methane
molecules in the solution after hydrate decomposition were the
main cause of the memory effect and proposed the guest super-
saturation hypothesis. Subsequently, Zeng et al. [35,36] found that
the memory effect can be eliminated by antifreeze proteins and
proposed the impurity imprinting hypothesis. They believed that
the surface of impurity particles would be imprinted after hydrate
formation. After the hydrate was decomposed, the surface imprints
did not disappear immediately but remain for a period of time and
provide memory effect. Recently, Uchida et al. [37,38] used trans-
mission electron microscopy to investigate the hydrate formation
process. They observed that a large number of long-lived micro-
nanobubbles were produced during the dissociation of methane
hydrate and ethane hydrate. They reported that these micro-
nanobubbles could shorten the hydrate formation and the nano-
bubble hypothesis was proposed. Cheng et al. [39] also found that
nanobubbles appeared in the dissociated water after hydrate
decomposition, and these bubbles may provide a gaseliquid
interface for hydrate reformation. Maeda [40] considered the re-
sidual structure to be the least possible hypothesis. He combined
the impurity imprinting hypothesis and the nanobubble
hypothesis and proposed the interface nanobubble hypothesis. So
far, the mechanism of the hydrate memory effect has been
controversial, and the physical properties of hydrate memory effect
need to be further explored. Li et al. [41] believed that the above
assumptions were plausible to a certain extent but cannot cover all
aspects of observation. The dominant mechanism of memory ef-
fects may differ in different systems.

With the development of computer simulation technology,
molecular dynamics simulation, as a scientific research method,
has become an important means to study the formation process of
hydrate [42]. Bai et al. [43] used molecular simulation to study the
replacement of methane hydrate with carbon dioxide and found
that a large number of ring structures remained after the decom-
position of methane hydrate. Li et al. [44] studied the structural
characteristics of molten water by molecular dynamics simulation
method. They pointed out that the tetrahedral coordination oxygen
atoms were one of the important factors affecting the memory
effect. Zheng et al. [45] investigated the influencing factors of
memory effect bymolecular dynamics. They found that the thermal
treatment history was important for the memory effect. Therefore,
it is highly feasible to usemolecular simulation to study the hydrate
reformation process, which is conducive to in-depth exploration of
the mechanism of memory effect.

Due to the limitations of experimental methods, it is difficult to
describe the hydrate reformation process at the microscopic scale.
In order to further explore the reformation process of hydrate, the
initial formation process and the reformation process of methane
hydrate were simulated by molecular dynamics simulation in this
work. By analyzing the hydrate nucleation path and the F4 (four-
body order parameter) distribution of water molecules, the
microscopic process of the initial hydrate formation process and
the hydrate reformation process were demonstrated. The evolution
process of hydrate residual structures into hydrate was shown
during hydrate reformation. By comparing the difference between
the initial formation process and the reformation process, we
provided microscopic insights into the occurrence of the memory
effect of hydrate.

2. Simulation Details

The open-source code formassively parallel simulation software
LAMMPS was used for molecular dynamics simulations [46]. The
initial size of simulation was set to 5.2 nm � 5.2 nm � 5.2 nm. For
the initial configuration of the hydrate-containing system, a
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3 � 3 � 4 unit cell of methane hydrates was placed in the middle of
the simulation box as a hydrate layer and 1472 freewatermolecules
were placed in the other regions. The methane hydrate unit cell
structure conforms to the BernaleFowler ice rule [47]. For the
initial configuration of the initial hydrate formation system, 2944
water molecules and 256 methane molecules were randomly
distributed in the simulation box.

The TIP4P-ice force field [48] was used to describe the water
molecules. The methane molecules were described by single point
model. The LennardeJones parameters of methane molecules were
s ¼ 0.372 nm and ε ¼ 1.319 kJ$mol�1 [49]. The TIP4P-ice model has
been extensively used for water molecules [48,50], and the
methane force field has shown its effectiveness in methane hydrate
formation [51]. The selection of these force fields was based on
existing literature [50,51].The LorentzeBerthelot combination rule
was used to calculate the interaction between different types of
atoms. The LennardeJones cutoff radius was 1.2 nm. The angles and
bond lengths of water molecules were fixed by SHAKE algorithm.
The particle-particle particle-mesh (PPPM) summation technique
was used to handle the electrostatic interactions. The directions of
x, y and z were all set as periodic boundary conditions. For the
hydrate decomposition process, the hydrate-containing systemwas
firstly energy-minimized. The canonical ensemble (NVT) simula-
tion at 304 K for 20 ps was performed to relax the solideliquid
interface of hydrate and liquid water molecules and minimize the
likelihood of methane hydrate decomposition during the equilib-
rium phase. Subsequently, the methane hydrate decomposition
process was simulated using the constant-pressure, constant-
temperature (NPT) ensemble at 304 K and 50 MPa for the hydrate-
containing system, thereby obtaining the initial configuration
necessary for hydrate reformation. For hydrate initial formation
process and reformation process, the systems would be simulated
with NPT ensemble at 275 K and 50 MPa. Nos�e-Hoover thermostat
and pressure barostat were used to maintain temperature and
pressure. The time step was set to 1 fs.

3. Results and Discussion

3.1. Methane hydrate decomposition process

Hydrates are ice-like solid formed by water molecules wrapping
gas molecules. Water molecules are also known as "hydrate
skeletons". In order to explore the reformation of hydrate, we first

simulatedmethane hydrate dissociation process andmonitored the
number of methane hydrate cages and the total potential energy of
the system. Fig. 1(a) showed the schematic diagram of hydrate
decomposition at rising temperature. When the temperature rises
above the hydrate equilibrium temperature, the hydrogen bond of
the hydrate cage would be broken and the guest molecules would
escape from the cracked cage. Fig. 1(b) was curves of the number of
hydrate cages with time in hydrate decomposition process. When
the systemwas placed in an environment of 304 K and 50 MPa, the
system was below the methane hydrate phase equilibrium condi-
tion and the methane hydrate would decompose. It can be clearly
seen that the number of hydrate cages decreases as the simulation
proceeds. The hydrate dissociation process was heterogeneous, and
the dissociation rate would increase with the simulation time. The
small size of hydrate nuclei was more conducive to hydrate disso-
ciation. This indicated that the smaller the size of the hydrate nu-
cleus was, the more unstable it was. The last methane hydrate cage
disappeared at 13.01 ns and the number of methane hydrate cage
returned to 0, after which there is no complete hydrate cage
structure within the system. This phenomenon indicates that
13.01 ns can be used as the decomposition completion time.
Fig.1(c) were curves of the total potential energy and the number of
H-bonds with time in hydrate decomposition process. As the
simulation progresses, the number of H-bonds decreases while the
total potential energy of the system increases. This occurred due to
the decomposition of hydrates and the breaking of hydrogen bonds
between water molecules, resulting in a decrease in the system's
order. After the completion of hydrate dissociation, the total po-
tential energy and the number of H-bonds of the system did not
reach equilibrium. The total potential energy of the system kept
increasing, while the number of hydrogen bonds continued to
decrease. This occurred because the hydrate cagewithin the system
was disrupted and decomposed, not all five-membered ring or six-
membered ring structures formed by water molecules were sev-
ered. At 304 K, the five-membered ring or six-membered ring
structures gradually weakened, subsequently reducing the level of
order among the water molecules. The total potential energy and
the number of H-bonds was affected by the further decomposition
of the residual damaged hydrate cage structure in the system after
hydrate decomposition. Additionally, following the decomposition
of hydrates, methane molecules within the system remained in a
supersaturated state within the aqueous solution. These methane
molecules gradually transitioned out of the liquid phase,

Fig. 1. (a) Schematic diagram of hydrate decomposition process. (b) The variation curve of the number of hydrate cages with time. (c) The variation curve of the total potential
energy and the number of H-bonds with time (1 kcal$mol�1 ¼ 4.18 kJ$mol�1).
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aggregating to form methane bubbles, thereby contributing to the
reduction in the total potential energy.

Fig. 2 was the trajectory of the methane hydrate decomposition
process. At 304 K and 50 MPa, the hydrogen bonds in methane
hydrate cages were broken, the hydrate framework collapsed and
the methane molecules escaped, resulting in the destruction and
decomposition of methane hydrate cage. It can be found from
Fig. 2(a)e(f) that the decomposition process preferentially occurs at
the solideliquid interface, where the hydrate surfacewas in contact
with the liquid phase. It was more conducive to the collision of free
water molecules with the hydrate cages. The hydrate cages at the
solideliquid interface were more easily disturbed by free water
molecules, which led to the hydrogen bonds in the hydrate cage at
the solideliquid interface were more easily broken. The last
methane hydrate cage in the system disappeared at 13.01 ns.
However, the complete hydrate cage has disappeared and the cup-
cage structure after hydrate decomposition still remains in the
system. These cup-cage structureswere not stable structures. Under
the current temperature and pressure conditions, these cup-cage
structures would eventually break up and disappear. Obviously, at
14.01 ns, the cup-cage structures were not present in the system.

Fig. 3 showed the F4 order parameter cloud of the methane
hydrate decomposition process. The F4 was calculated by the

dihedral angle formed by the outermost hydrogen atoms of two
adjacent water molecules and the oxygen atoms. The F4 can
represent the order of water molecules. The configuration transi-
tion of water molecules can be described by the value of F4, which
is �0.4 for ice, �0.04 for liquid and 0.7 for hydrates. The initial
structure was composed of hydrate and free water, and the F4
value of the hydrate-containing area was significantly higher than
that of non-hydrate area. As the hydrate decomposition, the hy-
drate area was also gradually decreasing. Correspondingly, the F4
of the hydrate-containing area gradually decreased and the order
of the system was decreased. This indicated that the water mol-
ecules were changing from hydrate to liquid water. The last
methane hydrate cage in the system disappeared at 13.01 ns. In
Fig. 3(g), the F4 value of local areas in the system was still higher
than that in other regions. This is due to the broken hydrate
structures remaining in the system after the hydrate cages were
destroyed. However, these residual structures were not stable
structures and would be gradually decomposed as the simulation
proceeds. At 14.01 ns, the F4 value of the last hydrate cage
decomposition region was basically the same as that of the other
regions. This indicates that the degree of order of the system was
further reduced. In the subsequent simulation process, we took
the configurations of 13.01 ns and 14.01 ns as the starting point of

Fig. 2. The trajectory of the methane hydrate decomposition process. The cyan bolls represent methane molecules, the red balls represent water molecules and the red lines
represent hydrogen bonds.

Fig. 3. The F4 order parameter cloud pictures of the decomposition process of methane hydrate.
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the hydrate reformation process to explore the microscopic
perspective of hydrate reformation.

3.2. Methane hydrate formation and reformation process

In order to compare the difference between the initial formation
and reformation of hydrate, we simulated the initial formation
process (Run 1) and the reformation process (Run 2 and Run 3) of
methane hydrate. For the simulation process of initial formation of
hydrate, the initial configuration was composed of 2944 water
molecules and 256 methane molecules by randomly distribution.
For the simulation of the reformation process of methane hydrate,
we simulated two cases. One was to simulate the reformation of
hydrate immediately after the completion of hydrate decomposi-
tion (Run 2), and the other was to simulate hydrate reformation
after 1 ns of hydrate decomposition (Run 3). Decomposition process
trajectories of methane hydrate at 13.01 ns (Fig. 2(g)) and 14.01 ns
(Fig. 2(f)) were the initial configurations of Run 2 and Run 3,
respectively. All hydrate formation processes were carried out at
275 K and 50 MPa. The driving force of hydrate formation can be
increased and the simulation time can be shortened by setting the
simulation condition as high supercooling condition. It's important
to highlight that all of our simulations of the hydrate formation
process were carried out under relatively high subcooling condi-
tions, approximately 24.38 K, using methane supersaturated solu-
tion. This approach was adopted to reduce the simulation time
required for hydrate nucleation. The initial structures of different
systems were shown in Fig. 4.

Fig. 5 showed the variation curve of the number of hydrate cages
during the hydrate formation process and the reformation process.
For the initial hydrate formation system of Run 1, we can found that
the first complete hydrate cage formation time was 4.8 ns. But this
hydrate cage cannot be served as hydrate nucleation site to support
hydrate growth, and the number of cages would soon return to zero.
Before the formation of stable hydrate cages, metastable hydrate
cages had preferentially appeared in the Run 1 system. Frequent
formation and decomposition of metastable hydrate cages changed
the local order of the water molecule, which was beneficial to the
formation of stable hydrate cages. A stable hydrate cage was formed
in the Run 1 system at about 16.40 ns. After that, more methane
hydrate cages started to form. This result was consistent with our
previous simulation results [50]. For the hydrate reformation system
of Run 2, the first metastable hydrate cage formation timewas about
0.48 ns and the first stable cage formed at about 3.3 ns. The hydrate
nucleation time of Run 2 system was shorter than that of Run 1
system. This phenomenon indicated that there was an obvious hy-
drate memory effect in the Run 2 system. To verify the reliability of
the data, we performed two repeated simulations of the Run 2 sys-
tem, and the results were depicted in Fig. 5(c). The consistency of the
hydrate cage number change curves observed from three repeated

simulations of the Run 2 system validated the reliability of our
simulation results. For the Run 3 system, the formation time of the
firstmetastable hydrate cagewas about 3.06 ns,while themetastable
hydrate cages were frequently formed and decomposed during
3.06e15.67 ns. The first stable hydrate cage formed at about 15.67 ns,
which was significantly longer than that of the Run 2 system.
Compared with the Run 2 system, the hydrate memory effect of the
Run 3 system was not obvious, and the induction time of hydrate in
Run 3 systemwas similar to that in Run 1 system. This indicates that
when the system was kept at 304 K and 50 MPa for 1 ns after the
completion of methane hydrate decomposition, the induction time
required for methane hydrate reformation was prolonged and the
hydrate memory effect was weakened. The residence time at higher
temperature after hydrate decomposition would affect the strength
of the hydrate memory effect. Our result was consistent with the
experimental results [24,52].

Fig. 6 showed thenumberof 512 cages, 51262 cages, 51263 cages and
51264 cages in different systems. The 512 cage and 51262 cage are the
components of sI type hydrate. The 51263 cage is an important bridge
between sI type hydrate and sII type hydrate, and the 512 cage and
51264 cage are the components of sII hydrate. The number of hydrate
cages in the different systems followed the order of 512 cages > 51262

cages > 51263 cages > 51264 cages. Whether in the initial hydrate
formation system or in the hydrate reformation system, themethane
hydrate was always dominated by sI hydrate. This phenomenon in-
dicates that methane hydrate reformation does not affect the type of
methanehydrate formationpreference.However, it can be found that
the amount of sII hydrate in the Run 2 systemwas lower than that in
the Run 1 system. The sImethane hydrate has better thermodynamic
stability than the sII methane hydrate [53]. The reformation of the
methane hydrate in Run 2 system tended to bemore thermodynamic
stability. This may be due to the fact that the residual structure after
hydrate decomposition is the residual structure of sI type hydrate,
which makes it easier to reform sI hydrate.

3.3. The mechanism of hydrate memory effect

Due to the existence of hydrogenbonds betweenwatermolecules,
a large number of hydrogen bond networks would be formed be-
tweenwater molecules. The pentagonal and hexagonal rings formed
by the hydrogen network were also the key to form the hydrate cage
structure. The simulation results of Bai et al. [43] also show that
pentagonal and hexagonal rings play an important role in the for-
mationofmethanehydrate. However, liquidwater, hydrate and ice all
containpentagonal rings or hexagonal rings,whichmade up ofwater
molecules and hydrogen bonds. Especially, during the induction
period of hydrate nucleation, the number of pentagonal and hexag-
onal rings does not show obvious characteristics. In addition,
pentagonal and hexagonal rings in liquid water were very unstable
andeasytodecompose,whichwasnot conducive to themonitoringof

Fig. 4. The initial structure of different systems (the methane molecules were represented by cyan ball models, the water molecules were represented by line model, with oxygen
atoms shown in red and hydrogen atoms shown in white).
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the hydrate nucleation process. In this work, we focused on moni-
toring the cup-cage structures on the hydrate nucleationprocess. The
cup-cage structure consists of multiple pentagonal or hexagonal
rings, which have better stability than individual pentagonal or hex-
agonal rings. And cup-cage structures are important precursors for
the formation of complete hydrate cages, which is of great signifi-
cance for studying the hydrate formation and reformation process.

Fig. 7 was the hydrate nucleation trajectory of the Run 1 system.
It was obvious that the cup-cage structure was preferentially

formed before the hydrate nucleation. As showed in Fig. 7(b), the
cup-cage structures formed by the splicing of pentagon rings or
hexagon rings were randomly distributed in the system. Initially,
cup-cage structures formed in the systemwere very dispersed. The
cup-cage structures were unstable structures, which often form
and decompose during the simulation. In Fig. 7(c), the system
formed the first independent complete hydrate cage at 4.8 ns.
However, this independent complete hydrate cage cannot serve as
nucleation sites for hydrate growth, which was easily destroyed by
collisions of surrounding water and methane molecules. As the

Fig. 5. (a) Variation curves of hydrate cage counts over time in different systems; (b)
cage count variation curves from 0 to 30 ns; (c) repeat simulations of the Run 2 system.

Fig. 6. The number of 512 cages, 51262 cages, 51263 cages, and 51264 cages in (a) Run 1
system, (b) Run 2 system and (c) Run 3 system.
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simulation progressed, more cup-cage structures formed in the
system. Starting from 12.86 ns, the cup-cage structures always
appeared in the lower left part of the simulation box. Since the cup-
cage structure provided support for the surrounding water and
methanemolecules, more cup-cage structures were formed around
it. As showed in Fig. 7(f)e(g), several cup-cage structures were
combined to form cluster structures, and the formation of cluster
structures could increase the stability of the cup-cage structures.
However, cluster structures were also metastable structure that
frequently form and decompose during the simulation process.
Finally, the stable hydrate cage was formed at 16.4 ns. From the
trajectory snapshots, it can be found that the nucleation process of
hydrate and the formation process of clusters were inseparable.
Large-sized clusters must form before the stable hydrate nuclei
appeared, which was consistent with our previous results [42]. The
key to the formation of stable hydrate cage was not the number of
cup-cage structures, but the size of the cluster structures composed
of cup-cage structures.

Figs. 8 and 9 was snapshots of the hydrate reformation process
for the Run 2 and Run 3 systems. For the Run 2 system, it was
manifestly seen that there were residual cup-cage structures in the

system after the hydrate decomposition. These residual cup-cage
structures were significantly smaller than the critical nucleus size
[54,55]. The cup-cage structures were fragment of hydrate cages. As
showed in Fig. 8(a)e(c), these residual hydrate cup-cage structures
were still metastable structures, which would continue to decom-
pose and reform as the simulation progresses. The new cup-cage
structures were more likely to form around the residual cup-cage
structure, which made it easier to form the cluster structure in Run
2 system. This is due to the relatively high order degree of water
molecules in this region after hydrate decomposition. The residual
structure can provide skeleton support for surrounding water and
methane molecules, which was conducive to the formation of new
cup-cage structures. On this basis, the cluster structures composed
of several cup-cage structures would be formed rapidly, and the
cluster structure was the key of hydrate nucleation. As showed in
Fig. 8(c), the Run 2 system formed the first metastable hydrate cage
at 0.43 ns. Obviously, the formation of metastable hydrate cage in
the Run 2 system was earlier than that in the Run 1 system due to
the existence of residual structure. When the cluster structures
grow to a certain size, stable hydrate crystal nuclei would be
formed in the system. The Run 2 system formed stable hydrate

Fig. 7. The hydrate nucleation trajectory of the Run 1 system (the cyan bolls represent methane molecules, cup-cage structures are in red and complete hydrate cages are in green).

Fig. 8. The snapshots of the hydrate reformation process for the Run 2 systems (the cyan bolls represent methane molecules, cup-cage structures are in red and complete hydrate
cages are in green).
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nuclei at 3.3 ns. This indicated that Run 2 system had a significant
hydrate memory effect. Although the newly formed hydrate cage
was not directly formed from the original residual cup-cage
structures, the residual cup-cage structures can promote the for-
mation of cluster structures and accelerate the nucleation process
of hydrate. The reformation of hydrates takes place near the loca-
tion where the last fragment of the initial hydrate dissociated. This
phenomenon was consistent with the experimental observations
described by Oshima et al. [32].

Fig. 9 showed snapshots of the hydrate reformation process for
the Run 3 system. It can be established from Fig. 9(a) that there was
no residual hydrate cup-cage structure in the Run 3 system after the
hydratewas decomposed at 304 K and 50MPa and allowed to stand
for 1 ns. During the simulation, the Run 3 system appeared similar
to the initial nucleation system, that is, cup-cage structures
randomly formed in different regions. Without the support from
the residual structures, it would be more difficult for randomly
distributed cup-cage structures to form cluster structures. How-
ever, the formation of cluster structures was a prerequisite for the
hydrate nucleation. The cluster structure formed by cup-cages in
the Run 2 system appeared later than that in the Run 1 system. The
stable hydrate clusters finally formed stable hydrate cage at
15.67 ns. This phenomenon shows that the hydrate memory effect
in the Run 3 system was significantly weakened. The residual cup-
cage structures were important for accelerating hydrate reforma-
tion. The simulation results show that the residence time after
hydrate decomposition can affect the time required for hydrate
reformation. The decomposition of the residual cup-cage structures
leads to the weakening of the hydrate memory effect and the
prolongation of hydrate formation time.

The cup-cage structure serves as a crucial precursor in hydrate
cage formation. To further investigate the role of the cup-cage count
in hydrate nucleation, Fig. 10 displayed variation curves of the
number of cup-cages over time during 0e50 ns for different systems.
Throughout the nucleation and growth phases of hydrate formation,
the count of cup-cages continued to rise, demonstrating a close as-
sociation with hydrate formation. At 0 ns, the Run 2 system was the
only one showing a non-zero count of cup-cages, and it experienced
themost notable growth in this regard. Trajectory analysis fromFig. 8
unveiled a highly concentrated formation of cup-cages in the Run 2
system. Consequently, the critical cluster sizewas rapidly achieved in
the Run 2 system, resulting in nucleation at 3.30 ns. For the Run 1

system, Fig. 7 indicated a scattered formation of cup-cages during the
evolutionprocess,whichhad anadverse effect onhydrate nucleation.
The count of cup-cages gradually evolved and eventually nucleated at
16.04 ns after reaching the critical size. In the Run 3 system, signifi-
cant fluctuations in the count of cup-cages were observed during
hydrate nucleation. This was mainly due to the dispersed formation
of cup-cageswithin the Run 3 system,which hindered the formation
of stable hydrate cages. The cup-cage counts in different systems
revealed that at the moment of hydrate nucleation, clusters within
the systems contained 7, 9, and 8 cup-cages for Run 1, Run 2, and Run
3, respectively. This suggests that while the secondary formation of
hydrates might influence the rate of cup-cage formation, it does not
affect the critical cluster size necessary for hydrate nucleation.

Obviously, the formation of cluster structure was a necessary
condition for hydrate nucleation, and the formation of large-scale
cluster structure was the key to the formation of stable hydrate
cage. As a component of the cluster structure, the evolution process
of the cup-cage structure was very important for the hydrate
nucleation process. Although the Run 1 and Run 3 systems also
formed hydrate cup-cage structures locally at 0.28 ns and 0.22 ns,
respectively, the time required for the formation of stable hydrate
cage in the Run 1 and Run 3 systems was significantly longer than
that of in the Run 2 system. From the trajectory snapshots, it can be
found that the cup-cage structures formed early in the Run 1 and
Run 3 systems were very dispersed, which made the cluster
structure difficult to form. Moreover, some cup-cage structures
were deformed, which made these cup-cage structures easy to
decompose. We found that the center of the deformed cup-cage
structure generally did not contain methane molecules. These
deformed cup-cage structures would fail to evolve into complete
hydrate cages. The Run 1 and Run 3 systems took longer to form
metastable cluster structures. For the Run 2 system, the residual
cup-cage structures created excellent conditions for further cluster
formation. The residual cup-cage structures can be used as the
support point of the new cup-cage structure, and more metastable
cup-cage structures were formed around it, so that the cluster
structure was easy to form and grow rapidly. The formation and
growth rate of the cluster structure was the main factor for the Run
2 system to have a shorter nucleation induction time than the Run 1
and Run 3 systems. Our simulation results show that the residual
cup-cage structures are very important for the hydrate memory
effect, and these residual cup-cage structures can promote the

Fig. 9. The snapshots of the hydrate reformation process for the Run 3 system (the cyan bolls represent methane molecules, cup-cage structures are in red and complete hydrate
cages are in green).
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formation of cluster structures, thereby accelerating hydrate
nucleation.

To further clarify the participation of the hydrate dissociated
water in hydrate reformation, we marked the water from hydrate
dissociation and counted the hydrate dissociated water molecules
in the cup-cage structure, cluster structure, and hydrate cage
structure. The statistical results were shown in Fig. 11. For the Run 2
system, it can be found that during the hydrate nucleation induc-
tion, most of the water molecules forming metastable cup-cage or
cluster structures came from the hydrate dissociated water mole-
cules. This indicates that hydrate dissociated water molecules play
an important role in hydrate reformation. The higher the contri-
bution of hydrate dissociated water to the hydrate nucleation
process, the faster the hydrate nucleation. Obviously, the hydrate
memory effect was related to the participation of hydrate dissoci-
ated water. When the system entered the growth stage, the
participation of hydrate dissociated water dropped to about 0.5.
This indicates that the contribution of hydrate dissociated water
and free water to hydrate growth was the same. In addition, the
simulation condition was set at a higher supercooling and the hy-
drate growth process was too fast. This made it difficult to explore
the effect of the hydrate memory effect on the hydrate growth
process. For the Run 3 system, the proportion of hydrate dissociated
water involved in nucleation was significantly lower than for the
Run 2 system. Correspondingly, the nucleation time of the Run 3
system was longer than that of the Run 2 system. Meanwhile the
Run 3 system did not show a significant hydrate memory effect.
These simulation results indicated that the existence of hydrate
memory effect was closely related to the hydrate dissociated water.

In order to further explore the evolution process of the hydrate
cup-cage structures,weanalyzed theevolutionprocessof thehydrate
cup-cage structures with and without methane molecules,

respectively. As showed in Fig. 12(a), the cup-cage structure con-
taining methane molecules evolved from multiple pentagonal ring
structures. Methane molecules and a single pentagonal ring were
organized to form the precursor of the cup-cage structure. The
interaction between the pentagonal ring and methane molecule
increased the stability of the pentagonal ring [56]. Methane mole-
cules in hydrates can stabilize pentagonal and hexagonal rings, and
the interaction between methane molecules and water molecules
plays a certain role in skeleton support. Subsequently, more water
molecules formed new pentagonal rings around methane molecules
through hydrogen bonds. Finally, the cup-cage structure containing
methane molecule was formed. However, the cup-cage structure
containingmethanemolecules was still in a metastable state. During
the induction of hydrate nucleation, the cup-cage structures would
frequently form and decompose. From Fig. 12(a), it can be found that
the cup-cage structure containingmethanedidnot collapse suddenly,
but gradually decompose. The formation process and decomposition
process of cup-cage structure would take about 0.49 ns and 0.20 ns,
respectively. For the cup-cage structurewithoutmethanemolecule, it
can be found that the cup-cage structure did not follow the formation
mode of the methane-containing cup-cages. As showed in Fig. 12(b),
the hydrogen bond network formed by water molecules directly

Fig. 10. Variation curves of the number of cup-cages over time during 0e50 ns for different systems.

Fig. 11. The participations of hydrate dissociated water in the Run 2 and Run 3 systems.
Fig. 12. The evolution processes of the hydrate cup-cage structures (a) with methane
molecules and (b) without methane molecules.
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formed pentagonal rings. The formation time of the cup-cage struc-
turewithoutmethanemoleculeswas faster than that of the cup-cage
structure with methane molecules. This indicates that the formation
of the cup-cage can be achievedwithout theparticipation ofmethane
molecules. However, the cup-cage structure without methane
molecule led to the lack of stability of the cup-cage structure, and the
decomposition of the cup-cage structure without methane molecule
takes only 0.07 ns. The decomposition rate of the cup-cage without
methane was faster than that of the cup-cage with methane. This
phenomenon further proved that the methane molecules had stabi-
lizing effect on the pentagonal ring structures. The rapid decompo-
sition of the cup-cage structure was not conducive to the increase of
the order degree of localwatermolecules. Therefore, the formation of
the cup-cage structure with methane molecule in the system was
more conducive to promoting the hydrate nucleation. In the Run 2
system, the residual cup-cage structures containmethanemolecules,
which can well stabilize the cup-cage structures and make the cup-
cage structures have certain stability in the subsequent

decompositionand recombinationprocess. Thiswasbeneficial for the
formation and growth of cluster structures. In contrast, the Run 1 and
Run 3 systems need more time to form the cup-cage structure con-
taining methane molecules, which also resulted in the hydrate clus-
ters taking longer time to form. Our simulation results indicated that
the hydrate memory effect was linked to the residual structure and
methanemolecules. The schematicdiagramof reformationofhydrate
was shown in Fig. 13. The residual structure can provide the skeleton
support for the cluster structure and the methane can increase the
stability of the hydrate precursor structure. The residual structure
containing the cup-cage structures of methane molecules can pro-
mote the formation of cluster structures and accelerate the hydrate
nucleation.

Figs. 14e16 showed the F4 order parameter cloud for different
systems. It can be found that the F4 values in the systems were not
uniformly distributed. With the progress of, the local of F4 value
and the order degree of water increased. As shown in Figs. 14e16,
hydrate nucleation always occurs in regions with higher F4 value.

Fig. 13. Schematic diagram of reformation of hydrate.

Fig. 14. Evolution of the spatial distribution of F4 for the Run 1 system.
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This phenomenon indicates that the high degree of the order of
water molecules was necessary for the nucleation of methane
hydrate. In our previous discussion, we found that the cluster
structures were the key to hydrate nucleation, and stable hydrate
cage was evolved from the cluster structures. The formation of the
cluster structures was the reason for the increase in the F4 value
and order degree of local water molecules. With the formation of
hydrates, the F4 value would increase in the hydrate-containing
regions of the systems. The state of water molecules can be
distinguished by the spatial distribution of the F4 order param-
eter. It can be clearly seen from Fig. 15(a) that the value of F4 in the
area where the last hydrate cage decomposes was still higher than

that in other regions. This indicates that the order of water mol-
ecules in this region was higher than in other regions. During
subsequent simulation, this region acted like a seed and affected
the self-assembly of surrounding water molecules. The F4 value
around this region increased, and the liquid water molecules were
continuously converted into the hydrate. Our simulation results
show that the residual high-order water molecule was beneficial
to induce the surrounding water molecules to form highly order
structure and promote the reformation of methane hydrate. For
the Run 1 and Run 3 systems, since there was no obvious high-
order water molecule structure in their initial configuration,
they would first form local order water molecule structures. This

Fig. 15. Evolution of the spatial distribution of F4 for the Run 2 system.

Fig. 16. Evolution of the spatial distribution of F4 for the Run 3 system.
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resulted in longer hydrate induction time for the Run 1 and Run 3
systems.

4. Conclusions

The hydrate memory effect, as a perplexing phenomenon, can
accelerate the secondary formation of hydrate. To have a better
understanding of the mechanism of hydrate memory effect, we
simulated the initial formation process of hydrate (Run 1) and the
reformation process of hydrate (Run 2 and Run 3). The simulation
results show that the nucleation time for the Run 2 system was
significantly shorter than that for the Run 1 system. There is
obvious hydrate memory effect existing in the Run 2 system. By
analyzing the difference between the initial formation process and
reformation process, we found that the hydrate memory effect was
related to the residual structure and methane molecules. The re-
sidual cup-cage structures with methane molecules are critical for
the hydrate memory effect, and these residual cup-cage structures
can promote the formation of cluster structures, thereby acceler-
ating hydrate nucleation. It can be found that the nucleation pro-
cess of hydrate and the formation process of cluster structures are
inseparable. Additionally, the key to the nucleation of hydrate was
not the number of cup-cage structures, but the size of the clusters
composed of cup-cage structures. The residence time at high
temperature and low pressure after hydrate decomposition would
affect the strength of the hydrate memory effect. Our simulation
demonstrates the microscopic process of the hydrate reformation
process, and provides microscopic insights into the occurrence of
the memory effect.
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