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Understanding the properties of the surficial quasi-liquid layer (QLL) is a prerequisite in proper handling of gas
hydrates, a potential alternative future energy resource. Despite of its critical importance, the characterization of
QLL has long been known to be highly challenging. In this work, the evolution of QLL during hydrate decom-
position was systematically investigated by Molecular Dynamics simulations. Using the instant displacement of
water molecules as a measure of the fluidity of the molecular layer adjacent to hydrate surfaces, QLL thickness
was accurately measured using the dynamic properties of water molecules for the first time. The QLL thickness
obtained by this new molecular dynamics-based approach takes amorphous water molecules close to hydrate
surfaces into account, which was often ignored in the previous results based on the static structural order pa-
rameters. The variation of QLL thickness throughout the hydrate decomposition process at different temperatures
and pressures was then evaluated. The thickness of QLL was found to increase with elevated temperature and
pressure, owing to the varied changes of the amorphous and hydrate-like molecular content in this important
layer. The results regarding the dynamics of the QLL with molecular resolution improved the current under-
standing on the stability of gas hydrate and shed new light on the physical fundamentals relevant to future
hydrate exploration as well as anti-hydrate materials design.

1. Introduction

Gas hydrate is a host-guest mixed cage-like solid substance formed
by water and gas (methane, carbon monoxide, etc.) molecules under
conditions of low temperature and high pressure [1]. Owing to its po-
tential as an alternative energy storage medium, hydrate with cage
structure has attracted great attention. Research on hydrates has been
steadily progressing in many fields over the past few decades. There
were a good number of studies focusing on the formation and dissoci-
ation processes [2-4] of hydrate for the understanding of specific micro-
mechanisms observed in experiments, aiming for the further develop-
ment of specific applications. Besides, hydrate formation and blockage
of the pipeline system for the oil and gas exploitation in deep-sea water
is still one of the biggest unsolved challenges in the energy production
industry [5,6]. It is generally desired, via the investigation of their
properties under varied ambient conditions, to understand gas hydrate
behaviors in structural stability, surface adhesion, guest molecule con-
tent, and many others [7-11].

Understanding of the characteristics of hydrate surface is a
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prerequisite for almost all the research areas concerning hydrate. It is
known that the surface of hydrate consists of an amorphous liquid-like
water layer mixed with guest molecules, which is termed the Quasi-
Liquid Layer (QLL) [12,13], as illustrated in Fig. 1. Similar to its
known analogs on ice and other materials [14-19], the QLL of hydrate is
also critically important to the properties of gas hydrates. Specifically,
the presence of QLL has a direct impact on the decomposition of hy-
drates, namely the self-preservation phenomenon [20,21]. QLL can
inhibit the further decomposition of internal hydrate due to its special
quasi-liquid and viscous properties. QLL also plays an important role in
hydrate growth by affecting the transport process of guest molecules for
the formation of new cage structures. Furthermore, the structure and
thickness of QLL are proven to have a significant effect on the adhesion
of hydrate on solid surfaces [22,23]. The precise understanding of the
thickness and structure of the QLL could also guide the field of hydrate
phase changes on environmental issues and energy-related advances
[24-26].

The thickness of QLL is extremely important for understanding its
roles on the properties of hydrate. And it is currently known that the
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Fig. 1. Schematic illustration of the quasi-liquid layer on gas hydrate.

thickness of the QLL on the hydrate surface is in the range of a few
nanometers [27-29]. Due to the small scale of QLL, there are many
limitations in using experimental tools to detect the precise QLL thick-
ness during QLL evolution. In comparison, Molecular dynamic (MD)
simulation was proven to be a powerful tool for the investigation of the
intriguing nanoscale events only observed in the QLL [27,30]. Using MD
simulations, previous studies overwhelmingly focused on systems under
temperature only below the hydrate melting point, and at the same time
did not pay attention to the important responses of the QLL structure to
the changes of system temperature and pressure. Furthermore, the
previous simulation studies only mainly on the QLL at the hydrate-solid/
vacuum interface, but not the hydrate/water interface that is more
common in an actual pipeline. There is a good reason for the previous
studies not to investigate QLL at the hydrate/water interface, as it is
obviously difficult to distinguish the molecular structure of QLL from
free water. In addition, the most common method for measuring QLL
thickness in MD simulations is the F4 order parameter [31], which can
identify the QLL through molecular structure differences among the
water molecules. However, measuring the QLL only from the structural
difference cannot give an accurate thickness due to the outermost un-
structured and water-like region of the QLL [30]. Therefore, the dy-
namic definition and thickness analysis of QLL at the hydrate/water
interface are not yet clear.

Herein, we performed MD simulations of the evolution of QLL during
methane hydrate decomposition under different temperature and pres-
sure conditions mimicking the pipeline internal environment. The aim of
this study is (1) to accurately resolve QLL at the hydrate-water interface
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(2) to explore the evolution of QLL during the decomposition of hydrates
above the melting point, and (3) to quantify the change of QLL thickness
under different temperature and pressure conditions. The findings of
this study focus on the mechanism of QLL evolution during hydrate
decomposition at high temperatures and demonstrate the effect of
environmental conditions on QLL thickness from a microscopic
perspective.

2. Methodology
2.1. Model system and force-field parameters

A three-phase system consisting of gas (methane), water and hydrate
was constructed for the simulation of the hydrate decomposition pro-
cess, as shown in Fig. 2. The hydrate in the system contained 4 x 4 x 3 s
hydrate unit cells, which consisted of 2944 water and 384 methane
molecules. The hydrate structure was sandwiched by two water layers of
8000 water molecules, and further sandwiched by two gas layers of
1400 methane molecules in a simulation box with periodic boundary
condition. The overall simulation box dimension of the configuration in
the X-, Y-, and Z-direction was 26, 5, and 5 nm, respectively. This
configuration of molecules in the simulation box reproduced the exis-
tence of multiple phases in a pipeline, which included hydrate/water
interfaces featuring realistic conditions. The TIP4P-ICE model [32] was
employed to describe the water molecules, while parameters from the
OPLS-UA force field [33] were used for the methane molecules. The
combination of the two molecular models was proven to produce
credible results in previous studies [34-36].

2.2. Simulation settings

All the MD simulations were performed using Gromacs 2021.5 in this
work [37]. The initial system was first energy minimized using the
steepest descent method implemented in Gromacs, and further relaxed
by a short equilibration of 2 ns under the NVT ensemble at a temperature
of 300 K. The Newtonian equations of motion were integrated with the
Velocity-Verlet algorithm [38] with a time step of 2 fs. In all the simu-
lations, the non-bonded interactions were truncated at a cut-off distance
of 1 nm, with the long-range electrostatics treated by the Particle Mesh
Ewald method [39]. The system was then subjected to simulations under
the NPT ensemble, with the hydrate decomposition conditions of tem-
perature and pressure range of 280 to 320 K and 50-300 bar. It is worth
noting that keeping the hydrate structure at the temperature range did
not lead to sudden structural disintegration but gradual melting with the
progression of the QLL layer into the hydrate structure. Due to the
nanoscale size of the simulation systems, the temperature of the hydrate
structure could be different from the bulk hydrate in melting experi-
ments. The temperature was controlled by using the Nosé-Hoover al-
gorithm [40] with a relaxation time of 0.4 ps. The pressure was

Fig. 2. Initial structure of the methane-water-hydrate three-phase system along the X-axis of the simulation box. The system contains 2944 water molecules (red and
white spheres for oxygen and hydrogen respectively) and 384 methane molecules (cyan spheres) in the hydrate, 8000 water molecules in the water phase, and 1400
methane molecules (cyan sphere) in the gas phase. The same molecular color scheme was used in the other figures if not otherwise specified.
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controlled using the Berendsen algorithm [41] with a relaxation time of
4 ps. Each simulation under specific temperature and pressure was
carried out for 300 ns, with 5 parallel independent runs for the statistical
reproducibility and reliability of the results.

2.3. QLL thickness measurement analysis method

The study of QLL thickness has always been an indispensable ques-
tion of QLL-related research. Up to now, the thickness of QLL has been
effectively measured by various methods in the experimental field
[8,13]. However, due to the limitations of the QLL scale, the QLL
thicknesses measured by different experimental methods are not uni-
form and do not give reliable results. Therefore, the thickness of QLL is
tried to give a precise definition from the microscopic point of view. In
the field of simulation, the most used method is the F4 order parameter.
Because the F4 order parameter cannot take into account the outermost
layer of amorphous water molecules (unstructured part) of the QLL, a
novel method using the instant displacement of water molecules, that
can consider the amorphous water layers, was used here for better
quantification of the QLL. The thickness of QLL measured by the above
two methods is compared in the results sections.

2.3.1. F4 order parameter

The F4 order parameter has been widely used to identify the struc-
tural arrangement of water molecule at the hydrate surface in MD
simulations [42,43]. The F4 order measures the twist angle formed by
the outermost hydrogen and oxygen of two adjacent water molecules
away from the hydrate structure and has the definition as:

1
F4 =- 3
ng cos3@

where n is the total number of water-water pairs, @ is the H-O .... O-H
twist angle of the pair of two adjacent water molecules. The F4 order
parameter is an average value obtained by averaging all water-water
molecule pairs in the system, which reflects the different structure dis-
tributions within the system [43]. The corresponding values for the F4
order parameter are 0.7 and —0.04 for hydrate and bulk water,
respectively.

The F4 order parameters of the whole model system in this work
under 320 K and 100 bar is shown in Fig. 3 as an example. The F4 order
parameter was measured every 0.1 nm along the x-axis to show the
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evolution more accurately. There is no value on both sides of the system
because the F4 order parameter only measure the specific structure
between the water molecules but not the gas molecules. As can be seen
in Fig. 3(a), there are three regions of the F4 order parameter profile in
the model system: the hydrate phase (around 0.7, the pink region in
Fig. 3a), the water phase (around —0.04, yellow region), and the tran-
sition region (green region). And the transition region of the F4 order
parameter profile can be considered as the QLL, continuously dropping
from 0.7 to —0.04 (from ordered to amorphous). The F4 order param-
eters can be used to capture the changes of QLL in the system during
hydrate decomposition, as shown in Fig. 3(b). At the beginning of the
hydrate decomposition simulation, the QLL was located at the position
close to the X-coordinate 10 nm and 14.5 nm of the simulation box
(black curve, Fig. 3b). As the decomposition of hydrate progressed, the
two transition regions of the F4 order parameter profile gradually
migrated towards the hydrate at the center, signifying the shrinkage of
the ordered hydrate structure. In the end, the F4 order parameter of the
system was almost stable around —0.04 (brown curve, Fig. 3b), indi-
cating the fully decomposition of hydrate structure in the model system.
Using the F4 order parameter profile across the three phases in the
system, the width of the transition region at the hydrate-water interface
was taken as the thickness of QLL. In order to quantify the QLL thickness
using the Drapgrameter Profile, the so-called “10-90” criterion was applied
in distinguishing the interfaces [44,45]. However, the “self-preserva-
tion” phenomenon [13] of hydrate suggests that the dynamic properties
of water molecules in the QLL are significantly different from those in
the hydrate and in the bulk water. As named by the “quasi-liquid”
feature, water molecules at the outermost layer of QLL can be as
amorphous as but dynamically different from bulk water. Example of
similar water layers, termed “solvation layer”, can be found on nano-
particles and biomolecules such as proteins in water [46,47]. This spe-
cial water layer is part of QLL, which cannot be easily identified by a
method relying on only analyzing the water structure such as the F4
order parameter. The thickness of QLL is urgently needed to be accu-
rately measured by new methods.

2.3.2. Instant displacement

As such, a novel method is proposed to measure the thickness of the
QLL through the molecular dynamic property, called the instant
displacement (Djnsiane) of water molecules. Specifically, the displacement
of each water molecule in the equilibrated model system was monitored
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Fig. 3. F4 order parameter profile of the model system. (a) Three regions of the F4 order parameter profile representing the water (yellow), hydrate (pink) and QLL
(green) along the X-direction of the simulation box. (b) The F4 order parameter profile at different simulation time of the model system under the temperature of 320

K and pressure of 100 bar.
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for a sufficiently short simulation time window (At), as:

Dinsian: = \/(Xo - xAr)2 + (v — ym)z +(z0 — ZA1)2

where Xo, Yo, 2o are the initial x-, y- and z-coordinate of a water mole-
cule, while x;, yar and z,, are the new coordinates of the same water
molecule at the end of the time window At. By focusing on the dynamic
properties of water molecules, the instant displacement can identify an
accurate QLL with the previously missing “solvation layer”, providing
that the At was chosen correctly. Here in this work, At of 4,5,6 pico-
seconds were chosen to see if different At had any effect on QLL thick-
ness (Suppl. Fig. S1). Since the results of 4,5 picoseconds were very
similar, 5 ps was finally chosen for the clear distinguishing result after
rounds of testing, as an example shown in Fig. 4. Specifically, the model
system was first binned along the X-direction of the simulation box.
Djnstane of all the water molecules in each binned layer of the model
system was averaged and then normalized. Similar to F4 order param-
eter profiles, the Djsqne profile of the model system also exhibits three
regions indicating bulk water (yellow region, Fig. 4), hydrate (pink re-
gion), and an obvious QLL at the hydrate-water interface (green region).
The QLL identified by the Djpsqne profile is obviously thicker than by the
F4 order parameter profile above, showing the power of Djsan: in dis-
tinguishing the dynamic of the water molecules. In order to quantify the
QLL thickness using the Dingqn profile, the so-called “10-90” criterion
was applied in distinguishing the interfaces [44,45]. Specifically, the
Dinstane profile was scanned along the X-axis of the simulation box. The x-
coordinate with Djsan: Value equal to 90 % of the average Dinstan: in bulk
water is taken as the beginning of the QLL, and 10 % higher than the
average Dinsane in the hydrate as the end of the QLL. The “10-90” cri-
terion can avoid data fluctuation to ensure the accuracy of measure-
ment. Compared to the F4 order parameter, the new Dijngqns approach
considers the amorphous water molecules facing the bulk water, thus
allowing an accurate description of the QLL region. It is worth noting
that, compared with the more widely used mean square displacement
(MSD) method, the instant displacement method is focusing on the
short-time dynamic properties of water molecules, which is needed for
the fast progressing of QLL during hydrate decomposition.

3. Results and discussion
3.1. QLL identified by two methods

Using Dinsiane @s @ measure, the outermost amorphous water layer of
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QLL facing bulk water can indeed be resolved, resulting in higher
thickness of QLL than using F4 order parameter. As the exemplifying
result shown in Fig. 5, the QLL thickness on hydrate surface at a tem-
perature of 320 K and pressure of 100 bar was found to be roughly 1.2
nm. As a comparison, the QLL thickness quantified by F4 order param-
eter is around 1.05 nm, which is similar to the result that has been
observed in previous studies [48,49]. Indeed, most of the structures in
the QLL obtained using F4 order parameter were cage-like or semi-cage-
like structures with a few ring structures, missing the outermost mo-
lecular layer. Disqne is thus a relatively more precise quantification for
the identification of QLL, because the unstructured water solvation shell
of hydrates is included. Given the QLL is highly important to the prop-
erties of hydrates, the outermost solvation layer of amorphous water
molecules directly facing the surrounding environment of hydrates
should always be accounted in the study of QLL. As such, it is recom-
mended to use Dj,sqn: for more accurate characterization of the QLL on
hydrates.

Because the QLL is important to the decomposition rate of hydrate,
precisely recognizing the QLL throughout the whole hydrate decompo-
sition process is thus crucial. As a typical example of hydrate decom-
position process observed in the modeling system shown in Fig. 6(a), the
size of hydrate first steadily decreased, followed by an abrupt drop right
before the hydrate completely disappeared. The decomposition of hy-
drate can also be illustrated by the radial distribution function (RDF) of
water around methane molecules during simulation. Most obviously, the
nearest peak of RDF of water molecules decreased with the simulation
time, as shown in Suppl. Fig. S2. By monitoring the system snapshots
during the decomposition process (Fig. 6b), the abrupt drop in the hy-
drate size occurred when the width of hydrate reached roughly one ring
structure. It can be observed that the width of one cage structure is a
critical size in the decomposition process, separating gradual steady
melting and catastrophic disappearance. During steady melting, the
thickness of QLL identified by F4 order parameter and Djsqn: Were
roughly 1.05 and 1.2 nm, as shown in Fig. 6(c). QLL thickness measured
using Dinsane is overall higher than that by F4 order parameter (red curve
over black curve, Fig. 6¢). As discussed above, Dinstane can recognize the
outermost water layer belong to the QLL, which render thicker and more
accurate QLL than F4 order parameter. Interestingly, QLL thickness by
the two methods shown very different results after the melting hydrate
reached the critical size of one ring structure. As indicated at the end of
the profiles in Fig. 6(c), QLL thickness calculated by F4 order parameter
also exhibited a sudden decrease when the hydrate was smaller than the
critical size, featuring the abrupt drop of the hydrate size shown in Fig. 6
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Fig. 4. Instant displacement (Dinsiane) Of water molecules. (@) Dinsiane profile in the model system at equilibrium under the temperature of 320 K and pressure of 100
bar. The grey, yellow, green and pink areas represent the methane, free water, QLL and hydrate respectively. Dyqn: values are high close to the water—gas interface
owing to high mobility in this area. (b) the “10-90” criterion used in quantifying the QLL region.
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Fig. 5. Typical snapshots of QLL on the same hydrate surface are identified by the F4 order parameter (Blue region) and Instant Displacement (Blue and Green
region). The top and bottom are free water and hydrate phase, respectively.

—~~
Q
N

/\% T T T T T T T T T
57 ] Ons
=
38 |
2 |
5o 12ns
< D .
EXS
T i
N
; § - 24ns
£ ]
>
= o " | 1 . | L |
0 6 12 18 24 30 30ns

simulation time(ns)

—~
(¢)
p —

2

e—e F4 order parameter
— «—e instant displacement

1.5

thickness of QLL (nm)
0.5 I1

| |
=0 6 12 18 24 30
simulation time (ns)

Fig. 6. The evolution of QLL during hydrate decomposition. (a) a typical hydrate size change profile under a temperature of 320 K and a pressure of 100 bar. The
number of water molecules in hydrate structure is taken as the size of hydrate [52]. (b) The snapshots of the decomposition process shown in (a). (¢) QLL thickness
recognized by F4 order parameter and by Dinstane-



Y. Zhang et al.

(a). In contrast, QLL thickness calculated by Dipstqns shown an extra
obvious increase before the final sudden decrease (red curve, Fig. 6¢).
The increase in the QLL increase recognized by Dinsan Was further
confirmed by independent simulations at a higher temperature of 310 K,
as result shown in Suppl. Fig. S3. Because the instant displacement
quantifies the dynamic properties of the water molecules, the result thus
indicated an increase in the mobility of the water molecules of the
remaining hydrate structure right before the fully decomposition event
(sudden drop in hydrate size, Fig. 6a). Indeed, the instance displacement
level of remaining hydrate structure increased obviously right before
fully decomposition, as shown in Suppl. Fig. S4. The difference of QLL
thickness obtained by the two methods also indicates a delay in time in
the hydrate decomposition, during which the water molecules in the
hydrate of critical size swiftly lost the hydrate structure, maintained a
mixed state with guest molecules, and then gained the dynamic prop-
erties as bulk water. This time difference is roughly 1 ns in the example
shown in Fig. 6(c) (from 25 to 26 ns, red curve). The result raised an
interesting question concerning the so-called secondary formation of
hydrate in experiments, namely hydrate can form again in a short time
in mixed systems right after hydrate melting [50,51]. The delay in time
observed here for newly melted water molecules from hydrate structure
to become bulk water seems to favor the hypothesis of good mixed state
for hydrate secondary formation.

3.2. QLL at different temperatures

The QLL was believed to have a so-called self-preservation effect
impacting hydrate dissociation rate [17]. Temperature-dependent QLL-
related properties such as structure and thickness can have a significant
impact on self-preservation capabilities. It is thus interesting to gain an
in-depth view of the QLL during hydrate steady decomposition under
varied temperatures. To do so, the model system was subjected to a
pressure of 100 bar in a temperature range of 280 to 320 K. The steady
decomposition of hydrate can be identified by the hydrate size as shown
in Fig. 6(a), and by the potential energy. Specifically, the steady
decomposition of hydrate structures leads to the loss of stable hydrogen
bonds in the system, which further results in the gradual increase of the
potential energy. As the potential energy at the chosen temperature
shown in Suppl. Fig. S5, there is no observable hydrate decomposition at
280 K. At other temperatures, the hydrate decomposition is obvious,
with the higher temperature the higher the decomposition rate. The QLL

Fuel 357 (2024) 129905

indeed showed clear response to the change of temperature.

Most strikingly, the structure of QLL was different at different tem-
peratures. As snapshots shown in Suppl. Fig. S6(a), the QLL region in all
the simulations included an amorphous and a hydrate-like region as the
detailed identified method provided in the Supplementary Materials
(Suppl. Fig. S7). At a low temperature of 280 K, the QLL mainly con-
sisted of a hydrate-like region. With the increase of temperature, the QLL
contained a gradually increasing content of amorphous region (Suppl.
Fig. S6(b)). Furthermore, the QLL also contained an increasing methane
concentration in the amorphous region as the temperature increased,
which could be resulted from the elevated rate of hydrate decomposition
and not sufficient time for the diffusion of the methane molecules. The
increase in the amorphous region in the QLL resulted in thicker QLL, as
depicted in Fig. 7(b). Overall, the thickness of QLL showed a significant
increase with the increase of the system temperature, which agreed with
observations in previous studies on the self-protection phenomenon of
hydrates [53]. Here, the thickening of the amorphous region at higher
temperatures and the accumulated high concentration of guest mole-
cules was also in line with the self-preservation effect. Besides, the QLL
thickness measured by instant displacement is larger than that measured
by the F4 order parameter at all temperatures as comparison shown in
Suppl. Fig. S8, which further confirmed the result in Fig. 6(c).

3.3. QLL under different pressure

It was confirmed by experiments that the decomposition rate of hy-
drate gradually decreases with the increase of pressure [54]. The
decomposition rate of hydrate monitored in the simulation also followed
the same trend, namely the higher pressure the slower decomposition.
The model system was subjected to a temperature of 290 K in a pressure
range of 50 to 300 bar. As shown by Suppl. Fig. S9, the system potential
energy profile shows the highest increase slope under the lowest pres-
sure of 50 bar, the fastest breaking down of hydrogen bonds and thus the
hydrate structure. It is worth noting the hydrate structure not only was
stable but also grew slightly under a pressure of 300 bar during the
whole simulation, as demonstrated by the system snapshots shown in
Suppl. Fig. S10, leading to no significant potential energy changes in the
system.

The QLL also responds to the change of pressure in the system. Under
low pressure, the QLL is mainly dominated by the hydrate-like structure
as shown in Fig. 8a. With the increased pressure, the QLL also includes
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Fig. 7. QLL at different temperatures. (a) QLL captured during the steady decomposition of hydrate. The amorphous and structured regions in the QLL are indicated
by pink and blue, respectively. (b) QLL thickness at different temperatures. The error bars show standard deviation of 5 independent simulations.
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an increasing content of amorphous structure (Suppl. Fig. S11(b)).
Accordingly, the QLL slightly thickened with increasing pressure, from
0.93 nm under 50 bar to 1.10 nm under 300 bar as shown in Fig. 8(b).
Specifically, the QLL thickness increased significantly from 50 bar to
200 bar, but less obviously from 200 to 300 bar. The increase of QLL
thickness with high pressure was also confirmed by measurement using
the F4 order parameter, as shown in Suppl. Fig. S12, and at different
temperatures (Suppl. Fig. S13). It is interesting to note that the thick-
ening QLL and the decreased hydrate decomposition coincided with the
increase of pressure. This result again suggested that the thickness of the
QLL play important roles in hydrate decomposition rate, which might
also be explained by the self-preservation effect by the previous study
[20,21].

4. Conclusion

In this work, the decomposition of methane hydrate under different
temperature and pressure conditions was investigated by using molec-
ular dynamics simulations with focusing on the changes in the structure
and thickness of the QLL. A new characterization approach of the QLL
based on the instant displacement of water molecules was proposed,
which uses the dynamics properties of water molecules instead of the
structural properties for taking into account the amorphous regions of
QLL. The QLL was found to maintain a stable thickness during the steady
decomposition of hydrate but showed a previously unresolved increase
right before the complete disappearance of hydrate. Overall, the QLL
thickness was found to increase with elevated temperature and pressure,
which was attributed to the different molecular content in the QLL.
There was an increasing content of amorphous water molecules in the
QLL with the increased temperature and pressure. Specifically, high
temperature increased hydrate decomposition rate, which resulted in
thickening of the QLL with viscous amorphous water and increased gas
content. Higher pressure also resulted in larger thickness of the QLL,
which is associated with stable hydrate and hindered decomposition.
The thickness of the QLL seemed to play an important role in the hydrate
decomposition process. It is a challenging and interesting topic for
future studies to assess the thermal conductivity and interface pressure
of the thickening QLL for a better understanding of its function in hy-
drate decomposition. Besides, the influence of methane concentration in
the QLL is not considered in this work due to the fast migration dynamics

of the released methane. However, the concentration of methane in the
water phase could influence the QLL properties or thickness, which
should be taken into account in experiments. The results detailed the
evolution of the molecule composition in the QLL throughout the hy-
drate decomposition process at varied conditions, which provided new
reference for the understanding of hydrates and their interaction with
the environment, shedding light on the theoretical basis of unexplained
phenomena of hydrate such as self-preservation, secondary formation
and so on in experiment and applications.
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