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Abstract

Sustainable hydrate-based technologies generally involve hydrate coarsening and growth. The Ostwald ripening
observed during hydrate coarsening has important implications for sustainable hydrate-based technologies, but the
exact mechanism remains unclear. Herein, systematic molecular dynamics (MD) simulations and atomic force
microscopy (AFM) experiments are combined to investigate the structural transformation of THF hydrate. Our
nanoscale investigation not only confirmed this phenomenon but also revealed its unique driving mechanism: a
key size-dependent transition in the decomposition behavior of small hydrate particles. The decomposition of
small hydrate particles goes through two stages, namely the continuous decomposition stage and the collapse
decomposition stage. In the continuous decomposition stage, small hydrate nanoparticles decompose from the
outside to the inside in sequence. When the radius of the hydrate nanoparticles reaches about 1 nm, the hydrate
nanoparticles transition from the continuous decomposition stage to the collapse decomposition stage. In the
collapse decomposition stage, the outside and inside of the hydrate nanoparticle will decompose together. This
nanoscale insight helps in understanding the formation mechanism of clathrate hydrate and advances the

development of sustainable hydrate-based technologies, such as CO; sequestration and seawater desalination.

Keywords: Ostwald ripening; THF hydrate; Hydrate morphology; Hydrate growth; Atomic force microscope;

Molecular dynamics simulation
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1. Introduction

Clathrate hydrates (also referred to as hydrates) are hydrogen bond-based structures in which small guest
molecules (e.g., Haz, CH4, CO2, C3Hs, THF) are trapped in a hydrogen-bonded network formed by the oriented
arrangement of water molecules [1-3]. Clathrate hydrates exhibit high storage capacity under the conditions of
moderate temperature and high pressure[1]. For example, the 1 m® of CH,4 hydrate contains up to 160 m?® of CH,4
gas, and the capacity of H; storage in clathrate hydrate reaches 5 wt% [4]. Clathrate hydrates containing different
guest molecules also exhibit different phase equilibrium conditions. The unique properties and formation
conditions of clathrate hydrates have evolved a series of sustainable hydrate-based technologies, such as CO;
sequestration [5, 6], gas separation [7], Hz storage and transportation [8, 9], natural gas solidification storage [10,
11], seawater desalination [12], juice concentration [13], and wastewater treatment [14]. These hydrate-based
technologies all rely on clathrate hydrate formation. However, the slow formation rate of clathrate hydrates, low
water-hydrate conversion rate, and limited mass transfer of guest molecules have hindered the industrialization of
these sustainable hydrate-based technologies [15-18]. These limiting factors can be traced back to the formation

mechanism of clathrate hydrate.

The formation and evolution of crystalline structures proceed through multiple pathways, including classical
monomer-by-monomer growth from solution or melt, aggregation of pre-formed clusters, and oriented attachment
of crystalline subunits. While these mechanisms can contribute to the initial stages of nucleation and growth, the
late-stage evolution of clathrate hydrates is often characterized by grain coarsening. Among these processes,
Ostwald ripening stands out as a critical size-dependent transformation driven by the Gibbs-Thomson effect [19,
20]. As the molecules on the surface of the crystal are less stable than those inside the crystal, the large crystals are
energetically favored over the small ones, which manifests as the small crystals dissolving first and then

redepositing onto the large crystals to minimize surface area and surface free energy.
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Similar Ostwald ripening phenomena have been observed in previous literatures on the growth and coarsening of
clathrate hydrate [21-27]. Experimental investigations by Dai and co-workers suggested that Ostwald ripening in
mature hydrate-bearing coarse-grained sediments would promote patchy hydrate distribution [28]. The
experimental investigation of Chen et al. by using X-ray diffraction showed that Ostwald ripening could change
the pore habits of xenon and methane hydrates in hydrate-bearing sediments, resulting in xenon and methane
hydrates heterogeneous distribution in hydrate-bearing sediments in pore and core scales [29, 30]. Visualization
experiment results of Oya and co-workers observed that pointed ends of the CO. hydrate disappear and then
recrystallize from 37 minutes to 112 minutes [31]. In the CT image with 40-um resolution, Lei et al. found that
small hydrate exists and could not merge into large hydrate when the intrapores are quite large, which meant that
Ostwald ripening did not occur in a short time [32]. Core-scale laboratory experiments can only observe
phenomena similar to Ostwald ripening, but cannot provide direct evidence. Experiments entering the nanoscale
can help us understand the Ostwald ripening mechanism in the formation and coarsening process of gas hydrate
from the molecular scale. Atomic force microscopy (AFM) stands out and can provide nanometer-level resolution
[33-36]. Huang et al. observed through AFM images that the larger THF hydrate particles in the center grew
slowly, while the small hydrate particles underwent dynamic formation-dissociation [37, 38]. Based on the AFM
results, Li et al. speculated that the surface morphology formed by Ostwald ripening in polycrystalline THF
hydrate influences the thickness of the quasi-liquid layer on the hydrate surface [39]. Molecular dynamics (MD)
simulation is a widely utilized tool with low cost, high safety, and environmental friendliness compared to
laboratory experiments [40-42]. Some MD simulations have been used to confirm the Ostwald ripening of gas
cluster growth [43], ice crystallization [44], and nanobubbles coalescence [45]. Similar Ostwald ripening

phenomena were observed in our prior MD simulations for CH4 hydrate formation in marine sediments [46].

Currently, previous studies have speculated that Ostwald ripening is one of the important characteristics of gas
hydrate formation, and there is no evidence that Ostwald ripening exists in the formation and coarsening process
of gas hydrate. In this study, systematic MD simulations and AFM experiments are performed to investigate the
structural transformation of clathrate hydrate in aqueous solution and at the air-water interface. We provide
nanoscale evidence that Ostwald ripening occurs during the growth and coarsening of clathrate hydrate. Our
results show that the decomposition of small hydrate particles goes through two stages, namely the continuous
decomposition stage and the collapse decomposition stage. This nanoscale insight helps in understanding the
formation mechanism of clathrate hydrate and advances the development of sustainable hydrate-based
technologies (i.e., Ho/CH. storage and transportation, CO, sequestration, seawater desalination, and wastewater
treatment). The fundamental insights provided here regarding the behavior of metastable hydrate nanoparticles
may support further understanding of sustainable hydrate-based technologies. This paper is organized as follows:

Section 2 provides a short description of the MD simulation techniques and the AFM apparatus. Section 3
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investigates the Ostwald ripening of clathrate hydrate. Concluding remarks are presented in Section 4.

2. Simulation Models and Methods

2.1 Atomic force microscopy apparatus and methods

Hydrate formation typically undergoes a period of nucleation, crystal growth, and grain coarsening, during which
the Ostwald ripening phenomenon occurs. We employed in situ atomic force microscopy (AFM) to observe
hydrate surface structures at the nanoscale, uncovering the dynamic evolution mechanisms of hydrate grains
during Ostwald ripening. As shown in our prior studies [33], static topography imaging can resolve surface
features such as grain size, intercrystalline gaps, and surface roughness, which are critical for understanding
fundamental hydrate properties and the mechanisms of additives (e.g., anti-agglomerants, surfactants). However,
hydrates undergo dynamic changes during nucleation, growth, and stabilization. Due to challenges in maintaining
stringent growth conditions and surface quality, studies on these dynamic processes remain scarce. This
underscores the necessity for meticulous sample preparation and advanced characterization techniques. The
experimental observations were performed using a cryogenic atomic force microscopy (AFM) in situ observation
system, modified from a Bruker Dimension Edge AFM, as shown in Figure 1(a). This system enables hydrate
sample preparation and characterization under temperature-controlled conditions ranging from -190°C to room
temperature. To quantify instrumental uncertainty, the noise levels were monitored and found to be less than 0.5
nm in the lateral plane and less than 0.2 nm iin the vertical direction, ensuring the high-fidelity capture of

nanoscale surface dynamics.
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Figure 1. (a) Schematic diagram of the cryogenic atomic force microscopy system. (b) Initial configuration of

MD simulations for the NP2tHe and NP3zrwe Systems.

Ultrapure water (resistivity: 18.25 MQ-cm). was prepared using a purification system (Wuhan Pinguan Instrument
Co., Ltd., China). Tetrahydrofuran (THF, 99.9% purity) was supplied by Meryer (Shanghai) Biochemical
Technology Co., Ltd. Mica substrates were manufactured by TOHSO Trading Co., Ltd. Sample preparation and
analytical workflow as follows: (1) A 22 vol% THF solution (5 mL) was prepared. Before experiments, the glove
box was pre-dehumidified through 24-hour circulation to maintain a dew point below 208.15 K. (2) After
stabilizing the sample stage temperature at 278.15 K, 25 pL of the 22% THF solution was deposited onto the mica
substrate. The temperature was then reduced to 258.15 K at a rate of 10°C/min, during which hydrate
spontaneously nucleated and grew. (3) Following a 5-minute stabilization period at 258.15 K, the sample was
positioned under the AFM scanner. Surface topography of the hydrate was acquired in tapping mode, with
continuous imaging of the same microregion without stage movement. (4) AFM topography images were flattened
using NanoScope Analysis software and subsequently processed in ImageJ to quantify hydrate grain areas and

population statistics.

2.2 Molecular dynamics simulation models and methods
THF hydrate is one of the clathrate hydrates with THF molecules as guests. THF has excellent formation
conditions (e.g., low formation pressure, mild formation temperature) compared to CH., CO> hydrates [39, 47]. To

explore the Ostwald ripening that exists in the structural transformation of THF hydrates, three types of THF
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hydrate nanoparticles were created with diameters of 6, 4.5, and 3 nm, respectively. Two different systems were
created, containing two THF hydrate nanoparticles and three THF hydrate nanoparticles, respectively. The two
systems were labeled as NPotrr and NPsrhg, respectively. In the NP2the system, two THF hydrate nanoparticles
with diameters of 6 nm and 4.5 nm were placed in a box of size 90 x 85 x 110 A, which was filled with H,0
molecules. In the NPsrwr system, THF hydrate nanoparticles with diameters of 6 nm, 4.5 nm, and 3 nm were
placed in a box of size 90 x 85 x 110 A, which was filled with H,O molecules. The NP2ryr System contains
26,349 H,O molecules and 294 THF molecules, while the NPztHr System contains 26,349 H,O molecules and 327
THF molecules (see Figure 1(b) and Table 1). To reduce the randomness of the structural transformation of THF

hydrate, the NP2the and NPatHe Systems were repeated five times.

Table 1. Number of molecules of each species for the two different simulations.

T =258.15 K and P=1 bar

System NTHE NH,0 Time Repeated
NPo1HE 294 26349 100 ns 5
NP3tHF 327 26349 200 ns 5

OPLS-AA [48] and TIP4P-Ice [49] force fields were used for THF and H,O molecules, respectively. All force
field details were listed in Table S1 in the Supporting Information. The leap-frog integrator algorithm with a time
step of 2.0 fs was used, and the trajectories were saved every 10 ps. The particle mesh Ewald (PME) method with
a cutoff range of 10 A was used to determine the long-range Coulombic interactions using a grid spacing of 1.2 A,
The Lorentz-Berthelot mixing rules were used for the cross interactions. The cutoff range of 10 A was applied to
compute the Van der Waals forces. Periodic boundary conditions were assigned in all directions. The isothermal-
isobaric NPT ensemble-balance for NP2twe (100 ns) and NPsthe (200 ns) systems was carried out at a constant
temperature (T = 258.15 K) using Nosé-Hoover [50] temperature coupling, and at a constant pressure (P = 1 bar)
using Parinello-Rahman [51] pressure coupling. This temperature and pressure condition is consistent with the
AFM experiment in this study. All the simulations above were performed using the GROMACS 2022 [52]
package.

3. Results and Discussions

3.1 Ostwald ripening of clathrate hydrate from AFM experiments

Unlike conventional static observations, this study conducted continuous in situ monitoring of the same
microregion on THF hydrate surfaces to probe dynamic microstructural evolution. As shown in Figure 2(a-e), the
AFM 2D height images (50 pm x 50 um) show a polycrystalline THF hydrate sample prepared at 258.15 K,
composed of irregularly shaped monocrystalline grains (e.g., pentagons, hexagons, or irregular polygons) with

7
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distinct grain boundaries (Figure 2(a)). As the hydrate samples are placed for long periods, significant structural
changes are observed, especially in grain size, population, and morphology. Specifically, the highlighted grains A,
B, and C exhibit substantial growth and coalescence, whereas smaller adjacent grains indicated by white arrows
progressively diminish in area and ultimately vanish, providing visual confirmation of Ostwald ripening (Figure
2(a-e)).

(b) (c)

730.3 nm

-1.0um | -1.2um

1
Height Sensor 20.0 um

Height Sensor

(€)

737.3 nm 1.2um

-972.9 nm -1.5um

Height Sensor 20.0 um

Height Sensor 20.0 um

Figure 2. (a-e) Time evolution of surface height images of THF hydrate surfaces at different times, i.e., 27 min,
39 min, 50 min, 63 min, and 74 min. The red, yellow, and blue lines represent the crystal sizes of grains A, B, and

C, respectively. The white arrows represent the crystal diminishing in area and ultimately vanish.

To quantify microstructural evolution, grain characteristics are statistically analyzed using ImageJ (Figure 3(a-b)).
The quantitative results reveal that the average size of individual hydrate grains increases as the total population
decreases. We track and count each grain in the image in order from the largest to the smallest grain area. We
observe that during the period of 74 minutes, the grain count decreases from 27 (at 27 min) to 20, indicating that 7
hydrate grains are disappearing. Moreover, the largest grain area expands from 1193.9 to 1520.4 um? (Figure 3(a)),
which suggests that the largest hydrate grain gradually grows and coarsens. After stabilizing at 258.15 K for 5
minutes (confirmed by Raman spectroscopy), Morphologically, the hydrate grains predominantly maintain stable
irregular polygonal shapes, such as pentagons and hexagons, which are characteristic of mature polycrystalline
films undergoing coarsening. THF hydrate formation is complete, yet grain rearrangement persists, i.e., these large
hydrates continue growing and coarsening, whereas small ones diminish in size. This dynamic process reveals the
instability of grain boundaries, which drives the recrystallization of THF hydrate. Notably, grains A, B, and C

exhibit distinct growth trends (Figure 3(b)). Grain C grows continuously all the time, while grains A and B

8
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initially expand rapidly and then slowly (Figure 3(b)). This difference may be attributed to the differences in the
grain boundaries of the hydrate (Figure 2(a-e)). The irregular morphology of these grains suggests that the
coarsening of large hydrate follows a continuous growth mode rather than a faceted layered or spiral mechanism.
This behavior is driven by the dynamic exchange of molecules at the interface to achieve a more stable, low-

energy configuration.

(a) (b)
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Figure 3. (a) The evolution of the total area and number of THF hydrate grains. The multi-colored curves
represent different test times. (b) The evolution of grain areas for three different THF hydrate grains, i.e., grains A,

B, and C, is shown in Figure 2.

Current theories propose the existence of a dynamic quasi-liquid layer (QLL) at hydrate-gas interfaces, which
exhibits fluid-like behavior[39, 53, 54]. Temperature gradients between the sample and environment, combined
with THF volatility, may drive gradual QLL evaporation. To maintain stability, THF hydrate near the QLL
partially dissociates to replenish the QLL, while recrystallization occurs at the QLL-hydrate interface, facilitating
grain coarsening via Ostwald ripening. This implies that the interfacial instabilities induced by temperature and
mass transfer gradients trigger a dynamic balance of dissociation and recrystallization, where Ostwald ripening
controls grain coarsening to stabilize the system. Similar behavior was observed in ice under analogous
experimental conditions (see Figures S1-S2), suggesting a universal mechanism for crystalline stability at
interfaces. Figure 4 illustrates the dynamic morphological evolution of ice crystals at the air-solid interface over a
period of 91 minutes, serving as a comparative reference to the THF hydrate system. The time-resolved AFM
height images reveal a distinct polycrystalline structure characterized by irregular grains and sharp boundaries. As
the observation progresses from 47 to 91 minutes, a clear coarsening phenomenon is evident: larger ice grains
expand significantly while adjacent smaller grains gradually shrink or merge. This structural rearrangement,
driven by the minimization of interfacial free energy, mirrors the behavior observed in THF hydrates, thereby
confirming that Ostwald ripening is a universal mechanism governing the stability and growth of crystalline
water-based systems under interfacial instability. These findings provide critical insights into hydrate interfacial
dynamics and strategies for enhancing hydrate system stability.

9
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Figure 4. Time evolution of surface height images of ice surfaces at different times, i.e., 47 min, 63 min, 70 min,

77 min, and 91 min.

3.2 Ostwald ripening of clathrate hydrate from MD simulations

The experimental observations presented in Section 3.1 provide definitive evidence of Ostwald ripening through
the evolution of hydrate grain boundaries and population statistics at the micrometer scale. However, the specific
molecular pathways and the energetic drivers of these structural transformations require higher temporal and
spatial resolution than what experimental topography can currently provide. Consequently, molecular dynamics
simulations are employed to bridge this gap by resolving the atomic-scale kinetics of THF hydrate nanoparticles.
This multiscale approach allows for the correlation of long-term grain coarsening observed via AFM with the
rapid, size-dependent decomposition mechanisms occurring at the individual cage level, thereby providing a

comprehensive understanding of the ripening process.

From the MD simulation results, it is observed that THF hydrate nanoparticles in aqueous solution also undergo
an Ostwald ripening phenomenon. These spherical nanoparticles are employed to represent the individual
monocrystalline grains that constitute the polycrystalline hydrate film characterized in the AFM experiments. By
utilizing a spherical geometry, the simulations can isolate the size-dependent stability of the hydrate lattice from
complex grain boundary interactions, thereby providing a fundamental molecular basis for the coarsening
behavior observed at the micrometer scale. The coarsening process of THF hydrates for the NP2rwr Systems is
shown in Figure 5(a-f). As THF hydrate coarsens, Dss THF hydrate nanoparticles gradually become small and
even disappear, whereas D¢ THF hydrate nanoparticles remain at a large size and do not disappear (Figure 5(a-f)).

During the 100 ns of THF hydrate coarsening, no new THF hydrate nanoparticles appeared, and the Dss THF

10
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hydrate nanoparticles did not disintegrate into multiple small THF hydrate nanoparticles (Figure 5(a-f)). To further
reveal the dynamic evolution of the two THF hydrate nanoparticles, the local tetrahedral order parameter of water
molecules (F4) from the center of the nanoparticles, the volume/surface area, and the number of intact hydrate
cages are computed in Figure 6(a-d) and Figures S3-S7 in the supporting information. Because the structural
integrity of these nanoparticles relies on the clathrate framework enclosing the guest molecules, tracking the total
number of fully formed hydrate cages provides a direct, quantitative measure of the THF hydrate nanoparticle size
and thermodynamic stability. The value of F4 far from the center of the D.s THF hydrate nanoparticle is lower
than that close to the center (Figures 6(a) and S3(a-e)). This disordered shell effectively represents the
microscopic equivalent of the Quasi Liquid Layer identified through AFM. The enhanced mobility of water and
guest molecules within this interfacial region facilitates the preferential decomposition of smaller nanoparticles
and the subsequent diffusion of tetrahydrofuran molecules into the aqueous phase. The value of F4 decreases from
the outside to the inside of the sphere D4s THF hydrate nanoparticle as a function of time (Figures 6(a) and S3(a-
e)). This indicates that the small spherical THF hydrate nanoparticles decompose from the outside to the inside in
sequence. Since the outer surfaces of THF hydrate nanoparticles are in direct contact with the aqueous solution
and are more unstable than the inside, the surface of the THF hydrate nanoparticles decomposes preferentially.
Moreover, there is a difference in THF concentration between the hydrate and the aqueous solution, so the THF
molecules in the THF hydrate nanoparticle diffuse into the aqueous phase to increase the THF mole fraction in the

aqueous phase (see Figure S8(a-¢€)).
(@) 1ns

o
@ 51264 cage

Figure 5. (a-f) Simulation snapshots showing the coarsening process of THF hydrates for the NP2rwr systems at

different simulation times, i.e., 1 ns, 10 ns, 20 ns, 50 ns, 80 ns, and 100 ns. THF is displayed as cyan (C atom) and
red (O atom). Bonds of different colours represent seven types of hydrate cages, i.e., green for 5'2, and orange for
51264,

1
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Figure 6. Time evolution of the F, from the center of the (a) Das and (b) Ds THF hydrate nanoparticle for the
NP27HE System. The r = 0 nm represents the center of the THF hydrate nanoparticle, while sampling was averaged
for 1 ns. Time evolution of the (c) volume/surface area of the THF hydrate nanoparticles and (d) the number of
cages in the two nanoparticles for the NPorwr system. (e) The time required for the complete disappearance of the

D4s THF hydrate nanoparticles in the five repeated simulations.

The volume of the Dss THF hydrate nanoparticles gradually decreases to zero (Figure 5(a-f) and 6(c)), which
means that the small THF hydrate nanoparticles will gradually become smaller and eventually disappear. The
same insights can be obtained from the F, surface area, number of hydrate cages, and number of water molecules
in the cages of the D45 THF hydrate nanoparticles (Figures 6(a-d), S3(a-e), S6(a-€), S7(a-€), and S9(a-e)). It is
worth noting that the decomposition of small hydrate particles goes through two stages, namely the continuous
decomposition stage and the collapse decomposition stage. The continuous decomposition stage is mainly during
the period of 0 - 80 ns. The Das THF hydrate nanoparticles continuously decompose from the outside to the inside,
and the decomposition rate is relatively stable (Figure 6(a, ¢, and d)). The collapse decomposition stage mainly
occurs during the period of 80 - 100 ns (Figure 6(a, ¢, and d)). When the decomposition continues from the
outside to the inside to a radius of about 1 nm (Figures 6(a) and S3(a-e)), the outside and inside of the Dss THF
hydrate nanoparticle will decompose together, i.e., collapse decomposition. At this critical size (1 nm), the
cooperative hydrogen bond network that maintains the clathrate cages becomes globally distorted due to the high
surface to volume ratio. Simulation data demonstrate that the F. order parameter, which characterizes the

tetrahedrality of water molecules, drops simultaneously across the entire nanoparticle volume during this stage.
12
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This synchronized destabilization of the water framework results in the abrupt disintegration of the protective
cages, allowing for the rapid and simultaneous diffusion of guest molecules from both the core and the surface
into the surrounding solution. This transition signifies a shift from a surface-controlled process to a volume-

controlled lattice collapse.

During the decomposition of Dss THF hydrate nanoparticles, Ds THF hydrate nanoparticles undergo structural
reorganization and growth (Figure 5(a-f)). The spherical THF nanoparticles are obtained by cutting standard SlI
hydrate, so the outer surface of the spherical THF hydrate is metastable. During the 0 - 1 ns of THF hydrate
coarsening, the outer surface of the D¢ THF hydrate nanoparticle will quickly reorganize to a more stable state.
The surface area of the Ds THF hydrate nanoparticle will quickly decrease to a stable value (Figures 6(c) and
S6(a-¢)), which is an optimization process. This initial contraction is necessary to stabilize the metastable surface
created during the generation of the spherical model from bulk crystals. Once this optimization is complete, the Dg
nanoparticle can dissolve smaller particles. As the Dss THF hydrate nanoparticles decompose, the number of
hydrate cages in the D¢ THF hydrate nanoparticles increases slightly, indicating that the large THF hydrate
nanoparticles begin to grow and coarsen after the initial reorganization (Figures 6(d) and S7(a-e)). This
synchronized evolution of particle sizes confirms that the sysitem is undergoing Ostwald ripening rather than
simple independent dissociation. This phenomenon can also be confirmed by the F4, number of hydrate cages,
volume/surface area, and number of water molecules in the cages of the D¢ THF hydrate nanoparticles (Figures
6(a-c), S4-S7, and S9(a-e)). These results show that the decomposition of small THF hydrate nanoparticles is
beneficial to the coarsening and growth of large THF hydrate nanoparticles. To verify the repeatability of the
simulation results, the NP2trr system was repeated five times. This optimization involves the local rearrangement
of water and guest molecules within the existing boundaries of the nanoparticle. Specifically, the number of
hydrate cages increases because previously disordered regions or vacant cavities within the D¢ cluster gradually
transform into complete clathrate cages through structural reorganization (Figure 6(d)). Consequently, the total
cage count can rise even as the overall volume and surface area remain relatively constant or experience slight
initial contraction (Figures 6(c-d)). The time required for the complete disappearance of the Dss THF hydrate
nanoparticles is shown in Figure 6(e). It shows that the D4 s THF hydrate nanoparticles disappear during the 80 -
90 ns of THF hydrate coarsening (Figure 6(e)). The statistical reliability of the ripening process is confirmed by
the results of five independent simulation runs. For the NP2thr system, the complete disappearance of the Dys
THF hydrate nanoparticles was observed at a mean time of 86.4 + 2.3 ns (Figure 6(e)). The low standard deviation
indicates that the decomposition Kinetics in the two-particle system are highly reproducible and primarily driven
by the localized thermodynamic instability of the smaller particle relative to its larger counterpart. Ostwald
ripening occurs in the coarsening and growth of THF hydrate for other repeated simulations (Figure S10(a-1)).

During the 0 - 100 ns of THF hydrate coarsening, THF hydrate nanoparticles are mainly 5!2 and 5'26* cages
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(Figure S11-S12), which is consistent with the characteristics of Sli-type hydrate. The evidence from our
simulations clearly distinguishes Ostwald ripening from other growth mechanisms like aggregation or oriented
attachment. Throughout the coarsening process, we observe that smaller nanoparticles diminished in size and
disappeared without merging as stable units into the larger particles. The growth of larger hydrate is sustained by
the mass transfer of guest and water molecules released from the dissolving smaller particles, which is the

defining characteristic of the Ostwald ripening pathway.

In the system with three THF hydrate nanoparticles (NPstrr), Ostwald ripening also appears in the coarsening and
growth of THF hydrates. The coarsening process of the NPstwr system is shown in Figure 7(a-f). In the NPsrnr
system, both D3 and D45 THF hydrate nanoparticles gradually decompose and eventually disappear, while Dg THF
hydrate nanoparticles still exist (Figures 7(a-f) and S13(a-1)). Ds THF hydrate nanoparticles decompose faster than
Da4s THF hydrate nanoparticles, which once again confirms that small-sized THF hydrate nanoparticles are more
unstable than large-sized THF hydrate nanoparticles (Figures 7(a-f) and S13(a-1)). For the smallest nanoparticles,
D3 THF hydrate nanoparticles decompose quickly and are dissolved in water (Figure 7(a-b)). The radius of D3
THF hydrate nanoparticles is so small that they collapse and decompose directly in the solution. The
volume/surface area, the number of hydrate cages, and the number of water molecules in the cages of Ds THF
hydrate nanoparticles all decrease to zero in a short time (Figures 8(c-d) and S14-S17). The decomposition of D4 s
THF hydrate nanoparticles also goes through two decomposition stages, i.e., the continuous decomposition stage
and the collapse decomposition stage. During the 0 - 55 ns of THF hydrate coarsening, Dss THF hydrate
nanoparticles continuously decompose from the outside to the inside (Figures 8(a) and S18(a-e)). At 55 ns, the
radius of the D4s THF hydrate nanoparticles is only about 1 nm, and the D4s THF hydrate nanoparticles transition
from the continuous decomposition stage to the collapse decomposition stage (Figures 8(a) and S18(a-e)). During
the 55 - 65 ns of THF hydrate coarsening, the F4, volume/surface area, number of hydrate cages, and number of
water molecules in the cages of the D4s THF hydrate nanoparticles all decrease rapidly to 0 (Figures 8(a-d) and

S14-S18), indicating that the D4 s THF hydrate nanoparticles completely decompose and disappear.
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Figure 7. (a-f) Simulation snapshots showing the coarsening process of THF hydrates for the NPsrwe systems at
different simulation times, i.e., 1 ns, 10 ns, 50 ns, 100 ns, 150 ns, and 200 ns. THF is displayed as cyan (C atom)
and red (O atom). Bonds of different colours represent seven types of hydrate cages, i.e., green for 512, and orange

for 51264,

In the NPstur system, large THF hydrate nanoparticles also undergo structural reorganization and growth.
Specifically, during the 0 - 1 ns of THF hydrate coarsening, the outer surface of the D¢ THF hydrate nanoparticle
will quickly reorganize to a more stable state in the NPstue System. The surface area of the De THF hydrate
nanoparticles decreases rapidly (Figures 8(c) and S15(a-e)). But soon, with the decomposition of the D3 and Das
THF hydrate nanoparticles, the mole fraction of THF in the solution increases, thus facilitating the growth and
coarsening of the Dg THF hydrate nanoparticles (Figure S20(a-e)). It is found that the number of THF hydrate
cages increases slightly during the period of 1 - 200 ns (Figures 8(d) and S16(a-¢e)), indicating the growth and
coarsening of large THF hydrate nanoparticles. This insight can also be obtained from the F4, volume/surface area,
and number of water molecules in the cages of the Dg THF hydrate nanoparticles in the NPsrqe system (Figures
8(b-c), S14(a-e), S15(a-e), S17(a-e), and S19(a-¢)). In five repeated simulations for the NPstHe System, the Das
THF hydrate nanoparticles disappear during the period of 50 - 200 ns (Figure 8(¢)). In the NPsrwr system, the
disappearance of the Das nanoparticles occurred over a broader temporal range, yielding a mean disappearance
time of 109.6 + 35.5 ns. This higher variance, compared to the NP2rue system, is attributed to the complex
competitive growth environment and the stochastic nature of the collision and fusion events between the multiple
dissolving and growing particles. Despite this variability, the consistent eventual disappearance of the smaller

particles across all replicates provides robust evidence for the universality of the Ostwald ripening mechanism in
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hydrate systems.

While the proximity of nanoparticles in the simulation box is necessitated by computational constraints, the
observed trends confirm that the dissociation is a component of a larger ripening process rather than an
independent artifact. The definitive evidence lies in the coupled behavior of the particles: the dissolution of
smaller D3 and D particles coincides with a measured increase in the hydrate cage count of the Ds nanoparticle
(Figures S16-S17). This simultaneous growth and shrinkage, mediated by an increase in the THF mole fraction in
the surrounding water, identifies the Gibbs-Thomson effect as the primary driving force. Furthermore, the size-
dependent decomposition rates observed in the NPstue system, where smaller particles disappear more rapidly,

align with the thermodynamic expectations for Ostwald ripening.
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Figure 8. Time evolution of the F, from the center of the (a) Das and (b) Ds THF hydrate nanoparticle for the
NPsrur system. Time evolution of the (c) volume/surface area of the THF hydrate nanoparticles and (d) the
number of cages in the three nanoparticles for the NParur System. (e) The time required for the complete

disappearance of the D45 THF hydrate nanoparticles in the five repeated simulations.

3.3 Implication for sustainable hydrate-based technologies
Sustainable hydrate-based technologies, such as Ho/CH4 storage and transportation, CO; sequestration, seawater
desalination, and wastewater treatment, all involve hydrate coarsening and growth. The Ostwald ripening

observed during hydrate coarsening has important implications for sustainable hydrate-based technologies. The
16
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phenomenon of small THF hydrate nanoparticles dissolving to promote the growth of large particles provides
insights into the inherent limitations and potential optimization strategies for these technologies. For example, in
H2/CH, storage and transportation, understanding the microcosmic mechanism of hydrate particle coarsening and
growth can lead to improved methods for achieving higher storage densities and more stable storage conditions.
The reduction in particle count and specific surface area associated with the ripening process can alter the bulk
porosity and the packing characteristics of the hydrate mass. However, larger crystals generally demonstrate
superior stability and are less susceptible to spontaneous decomposition when compared to smaller nanoparticles.
We can design conditions that favor the formation of large hydrate, which has the potential to increase the
efficiency of gas encapsulation. To mitigate the potential challenges of uncontrolled coarsening in industrial
storage systems, several active control strategies may be implemented. For instance, the introduction of chemical
additives such as surfactants or anti-agglomerants can stabilize grain boundaries and restrict molecular diffusion at
the interface. Furthermore, confining hydrate formation within engineered nanopores can physically limit the
extent of grain coarsening, which helps to preserve a high effective surface area for rapid gas exchange. Moreover,
the insights from this study can help in the development of more efficient hydrate-based CO, sequestration. The
ability to control hydrate coarsening and growth at the nanoscale could allow for more precise engineering of
hydrate structures in marine environments. This precision could result in more secure and long-term sequestration
of CO; in hydrate form, mitigating the risks associated with leakage. In engineering practice, selecting oceanic
sediments or designing artificial porous media with pore-control that prevents the formation of hydrate particles
instability zone can fundamentally inhibit spontaneous lattice collapse, thereby significantly enhancing the
mechanical stability of the sequestered CO,. In the context of desalination and wastewater treatment, the
knowledge gained about the stability and growth of hydrate can help optimize the selective separation processes.
Enhancing the coarsening process could improve the purity of water obtained through hydrate-based desalination
and wastewater treatment by reducing the entrapment of impurities within the hydrate structure. These specialized
additives could be engineered to selectively destabilize the interfaces of smaller hydrate particles while lowering
the surface energy of larger grains. This targeted intervention would drive the rapid migration of impurities into
the liquid phase and facilitate the continuous growth of high-purity macro crystals, effectively increasing both the

throughput and the water quality of desalination systems.

4. Conclusions

In this study, systematic MD simulations in bulk aqueous solution and AFM experiments at the air-water interface
were performed to investigate the structural transformation of THF hydrate. The results indicate that small hydrate
gradually become smaller and even disappear, whereas large hydrate remain at a large size and even grow. We
provide nanoscale evidence that Ostwald ripening occurs during the growth and coarsening of clathrate hydrate,

supported by simulations in the aqueous phase and topographical observations at the air-water interface. Moreover,
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the decomposition of small hydrate particles goes through two stages, namely the continuous decomposition stage
and the collapse decomposition stage. In the continuous decomposition stage, small THF hydrate nanoparticles
decompose from the outside to the inside in sequence. When the radius of the THF hydrate nanoparticles reaches
about 1 nm, the THF hydrate nanoparticles transition from the continuous decomposition stage to the collapse
decomposition stage. In the collapse decomposition stage, the outside and inside of the THF hydrate nanoparticle
will decompose together, i.e., collapse decomposition. This nanoscale insight helps in understanding the formation
mechanism of clathrate hydrate and advances the development of sustainable hydrate-based technologies (i.e.,
H2/CH, storage and transportation, CO, sequestration, seawater desalination, and wastewater treatment). Our
study provided here can catalyze further original research, while motivating and guiding further experimental

studies of sustainable hydrate-based technologies.
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