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CH, storage in halloysite nanotube via adsorption-hydration hybrid method

CH, physisorption % A, "_ i “ hydrate formation

ABSTRACT: A microscopic insight into hybrid CH, physisorption-hydrate formation in halloysite nanotubes (HNTSs) is vital for
understanding the solidification storage of natural gas in the HNTs and developing energy storage technology. Herein, large-scale
microsecond classical molecular dynamics simulations are conducted to investigate CH, storage in the HNTs via the adsorption-
hydration hybrid (AHH) method to reveal the effect of gas—water ratio. The simulation results indicate that the HNTs are excellent
nanomaterials for CH,, storage via the adsorption-hydration hybrid method. The CH, physisorption and hydrate formation inside
and outside of the HNTSs are profoundly influenced by the surface properties of the HNTSs and the kinetic characteristics of CH,/
H,O molecules. The outer surfaces of the HNTs exhibit relative hydrophobicity and adsorb CH, molecules to form nanobubbles.
Moreover, CH, molecules adsorbed on the outer surface are tightly trapped between the hydrate solids and the outer surface,
inhibiting their kinetic behavior and favoring CH, storage via physisorption. The inner surface of the HNTSs exhibits extreme
hydrophilicity and strongly adsorbs H,O molecules; thus, CH, hydrate can form inside of the HNTs. It is more difficult for CH, and
H,O molecules inside of the HNTSs to convert into hydrates than for those outside of the HNTs. A moderate gas—water ratio is
advantageous for CH, physisorption and hydrate formation, whereas excessively high or low gas—water ratios are unfavorable for
efficient CH, storage. These insights can help to develop an efficient CH, solidification storage technology.

KEYWORDS: methane storage, halloysite nanotube, molecular dynamics simulation, physisorption, hydrate formation, methane hydrate,
surface property

H INTRODUCTION Pipeline natural gas (PNG), compressed natural gas (CNG),
liquefied natural gas (LNG), and other technologies all face
safety risks and low gas storage capacity. An innovative method
of solidifying natural gas (SNG) has been proposed through
the utilization of clathrate hydrates.” > Clathrate hydrates are
ice-like nonstoichiometric crystalline solids in which gas
molecules are encapsulated in the hydrogen-bonds framework

Challenges loom large on the global stage with energy
shortages and climate deterioration, as we grapple with the
continuous surge in energy consumption.1 The imminent
exhaustion of traditional fossil fuel reserves and the escalating
greenhouse effect underscore the urgency of our quest to
explore and advance clean energy." Natural gas (mainly CH,)
stands out with its abundant reserves and low CO, emissions,
positioning it as a relatively clean fuel with a great potential to
meet all of the energy demands of modern society in the
coming decades.” Its significance in our daily lives is already
irreplaceable and continues to grow. However, the limitation of
natural gas is that the mass density of CH, is low, which
increases the cost of natural gas storage and transportation.
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Figure 1. (a, b) Schematic diagram of the HNTs and configuration diagram (c, d) of the final simulation model.

of water molecules.” One of the most attractive aspects of
clathrate hydrates is that the 1 m*® of CH, hydrate contains up
to 160 m® of CH, gas.° Hydrates are formed under
comparatively mild conditions compared to the compression
and liquefaction of natural gas. Nonetheless, the long hydrate
induction time and low water-hydrate conversion ratio become
roadblocks to the development of this method.”

Significant efforts have been dedicated to accelerating
hydrate formation and enhancing conversion ratio, including
the use of mechanical reinforcements,”® chemical addi-
tives,” "' and porous materials.””™'* In particular, porous
materials stand out due to their large specific surface area and
favorable surface physicochemical properties, which promote
CH, hydrate formation and increase conversion ratio.'®™>'
Various experimental studies have employed carbon nano-
22724 ilicas,”>™*" activated carbon,”**' metal—organic
frameworks,*> > zeolites,** ">’ and other materials**~** as the
hydrate promoters to augment CH, storage. Recently, the
adsorption-hydration hybrid (AHH) method has been
proposed as a more efficient gas storage technology, i.e.,
CH, is solidified and stored through the hybrid of adsorption
and hydrate formation. This innovative technology leverages
the synergistic effect of CH, physisorption and CH, hydrate
formation in porous materials, greatlg enhancing CH, storage
capacity under mild conditions.”*~** Despite these advance-
ments, the microscopic mechanism of CH, physisorption and
hydrate formation in porous materials remain elusive.
Molecular dynamics (MD) simulation is a valuable tool for
studying the microscopic behavior of clathrate hydrates.””**
Microsecond MD simulations have been performed to study
CH, hydrate formation in the mesoporous metal—organic
framework MIL-101, and the results indicated that CH,
hydrate was preferentially formed in the outer space of the
MIL-101 cavity rather than inside the cavity."”*" The MD
results of Wang et al. revealed the relationship between CH,
physical adsorption and CH, hydrate growth in the hydro-
phobic metal—organic framework ZIF-8.>' Based on MD
simulations, the results of Duan et al. showed that the larger
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gas—liquid ratio can accelerate the transportation of ZIF-8
intergranular CH, and H,O at early stage to promote hydrate
nucleation and growth.”* Li and co-workers found that when
the water content was sufficient, the gas adsorption perform-
ance of ZIF-8 solid particles could significantly accelerate the
hydrate nucleation, exhibiting the adsorption-hydration
synergy.”> Wu et al. revealed through MD simulation that
the substrate surface hydrophilicity significantly affects hydrate
formation and thus changes the CH, storage capacity.”

While MOFs and activated carbon possess large specific
surface areas that promote gas adsorption, their monotonous
surface property may limit water adsorption and not good for
hydrate formation in confined spaces. Moreover, MOFs and
activated carbon are expensive to synthesize and not as readily
available. In contrast, halloysite nanotubes (HNTs) are one
kind of nanomaterial available in thousands of tons at low
prices.”® It is a nontoxicity, biocompatible, and readily available
alumosilicate and has attracted interest as an eflicient container
for storing CH,.”> The surface properties of the hollow tubular
shape nanotubes closely resemble those of kaolinite, with the
outer surface composed of hydrophobic siloxane and the inner
lumen surface composed of hydrophilic gibbsite (Figure
1a,b).>® This unique Janus surface of HNTs could facilitate
both water adsorption (for hydrate formation) and CH,
physisorption. The unique shape and surface properties of
halloysite nanotubes are expected to serve as efficient
containers for CH, using the adsorption-hydration hybrid
method. The experimental results of Em et al. show that the
HNTs are well suited for the requirements of gas storage
materials and the halloysite-bound water is almost fully
transformed into hydrate in pores smaller than 10 nm.”” The
experiments by Stoporev and colleagues found that the HNTSs
promote hydrate nucleation by reducing the supercooling of
the formed hydrate.’® The physisorption process of CH,
molecules in HNTs is unclear, and the microscopic mechanism
of CH, hydrate formation in HNTSs remains mysterious.

In this study, large-scale microsecond MD simulations are
conducted to investigate CH, storage in spiral HNTs via the

https://doi.org/10.1021/acsami.4c11288
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Figure 2. Number of (a, b) CH, and H,0 molecules and (d, e) their diffusion coefficient (Kp) at various radial distances from the inner and outer
surfaces during the last 5 ns of 20 ns adsorption simulation for the R, ;, simulation system. Each Kp¢ is calculated within the range 0.3 nm.
Evolution of the number of (c) CH, molecules adsorbed on the outer surface, and the dark blue (sky blue) curves represent the percentage of CH,
molecules (H,0 molecules) inside of the HNTs relative to the total number of CH, molecules (H,0 molecules) in the system. The adsorption

processes of CH, molecules inside and outside the HNTs (f=h) in the Ry, simulation system. Green balls represent CH, molecules.

adsorption-hydration hybrid method (Figure 1c,d). The hybrid
effect of CH, physisorption and CH, hydrate formation in the
HNTs is revealed. The effect of the gas—water ratio on the
CH, storage efficiency in the HNTs is clarified. This molecular
insight can help to develop efficient and sustainable natural gas
storage technologies. This preliminary study of the micro-
scopic mechanism of CH, physisorption and CH, hydrate
formation in the HNTs may catalyze further innovative
research, particularly with regard to their significance in energy
gas solidification storage and other hydrate-based technologies.

B RESULTS AND DISCUSSION

CH, Physisorption on the Inner and Outer Surfaces
of the HNTSs. The properties of the inner and outer surfaces of
the HNTSs significantly affect the physisorption behavior of the
CH,/H,0O molecules. During the adsorption process, phase
separation occurs shortly after the homogeneous CH, solution
(Videos S1—S3). Outside of the HNTs, a large number of CH,
molecules adsorb on the outer surface, forming semiellipsoidal
CH, nanobubbles. Simultaneously, an ellipsoidal CH, nano-
bubble is observed inside the HNTs (Figures 2f—h and S2a—
f). The inner and outer surfaces of the HNTs exhibit different
affinities for CH, and H,O molecules. The numbers of CH,/
H,0 molecules at various distances from the inner and outer
surfaces are shown in Figures 2a,b, S3a—l, and S4a—d. Inside
the HNTSs, H,O molecules show a noticeable wave peak in the
range of 0—0.4 nm. CH, molecules do not exhibit a
comparable wave peak (Figures 2a and S4a,c). This
phenomenon indicates that the inner surface of the HNTs
strongly adsorbs H,O molecules and repels CH, molecules,
which is attributed to the fact that the hydrophilic gibbsite
surface can form hydrogen bonds with H,O molecules.
Outside of the HNTs, both CH, and H,O molecules show
an obvious wave peak in the range of 0—0.5 nm, indicating the
relatively hydrophobic outer surface can adsorb CH, and H,O

molecules. The sharp peak at 0.3—0.5 nm corresponds to the
adsorption of CH, molecules onto the siloxane surface of the
HNTs (Figures 2b and S4b,d). The observed affinities of
siloxane surface for CH, molecules align with the properties of
kaolinite surfaces reported in previous MD studies.’
Furthermore, due to the irregular shape of the nanobubbles
adsorbed on the outer surface (Figures 2h and S2¢/f), the radial
distribution of CH, molecules does not immediately decline,
reflecting the broader spatial distribution of CH, molecules
around the HNTs. The adsorption of CH, molecules on the
outer surface is crucial to the storage of the energy gas CH,.
The number of CH, molecules adsorbed on the outer surface
initially rises rapidly, eventually reaching a plateau value
(Figures 2c and SSa,b). At the end of the 20 ns adsorption
simulation, approximately 2250 CH, molecules adsorb on the
outer surface for the Ry ;, simulation system (Figure 2c).
The kinetic characteristics of CH,/H,0 molecules also
affect the physisorption behavior of CH,/H,O molecules. A
selective diffusion pattern is observed, with a few H,O
molecules migrating from the inside to the outside of the
HNTSs, while a small number of CH, molecules diffuse in the
opposite direction (Figures 2c and S6a—c). During the first 1—
2 ns, the mass transfer of CH, molecules is not yet stable. The
initial slight decrease in the percentage of CH, molecules
inside the HNTs is related to the dynamic process of CH,
nanobubble formation outside of HNTs (Figure 2c). The
diffusion coefficients (Kpc) of CH,/H,O molecules at various
distances from the inner and outer surfaces in the adsorption
simulations are analyzed, and the results are shown in Figures
2d,e and S7a—d. Inside the HNTs, CH, molecules closer to
the inner surface exhibit higher Kpc values, suggesting a
tendency for less stable adsorption, while H,O molecules
closer to the inner surface have lower Ky values, indicative of
more stable adsorption (Figures 2d and S7a,c). The diffusion
patterns of CH,/H,0 molecules outside of the HNTs mirror
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Figure 3. Formation processes of CH, hydrate inside and outside of the HNTs for the (a—i) Ry, simulation system. The HNTs are displayed as
polyhedral, ie., yellow (Si atom), and pink (Al atom). Orange and green balls represent CH, molecules in the nanobubble and solution,

respectively. Hydrate cages are shown as sticks in various colors (green for 5'% blue for 5'26% red for 5'26, orange for 5

for 4'5'°6* and pink for 4'5'%6*).

126% cyan for 4'5'%6%, purple

those inside of the HNTs (Figures 2e and S7b,d). The
diffusion abilities of CH,/H,0O molecules outside the HNTSs
are slightly larger than those inside the HNTs (Figures 2d,e
and S7a—d). These observed properties of the inner and outer
surfaces of the HNTSs and kinetic characteristics of CH,/H,O
molecules inevitably play crucial roles in subsequent hydrate
formation and distribution.

Formation Kinetics of CH, Hydrate Inside and
Outside of the HNT. The formation kinetics of CH, hydrate
inside and outside of the HNTs are profoundly influenced by
the surface properties of the HNTs and the kinetic
characteristics of CH,/H,0 molecules. CH, and H,O
molecules outside of the HNTs are more easily converted
into hydrates than those inside the HNTs. After the adsorption
simulation, a large number of CH, molecules congregate to
form nanobubbles inside and outside of the HNTs (Figures 3a,
S8a, and S9a). These sizable CH, nanobubbles hinder the
rapid nucleation of CH, hydrates during subsequent hydrate-
formation simulations. In the early stages of the simulation,
both inner and outer nanobubbles undergo a reduction in size
(Figures 3b—e, S8b—e, and S9b—e). This reduction indicates a
continuous transfer of CH, molecules from the nanobubbles to
the solution, thereby augmenting the CH, concentration in the
solution and facilitating hydrate nucleation (Figure S10). As
the simulation progresses, several hydrate cages emerge inside
and outside of the HNTs, gradually coalescing into hydrate
clusters (Figures 3a—i, S8a—i, and S9a—i). A large number of
CH,/H,0 molecules in solution transition into hydrates, and
the conversion ratio of CH,/H,O molecules inside and outside
of the HNTs steadily rises (Figures 4a,b, S11a,b, and S12a,b).

67590

Conversion ratio is defined as the ratio of the number of CH,/
H,0O molecules in hydrate to their total number. Subsequently,
these hydrate clusters develop into sizable hydrate solids both
inside and outside of the HNTs, with numerous CH,/H,O
molecules forming hydrate cages (Figures S11c,d, S12c,d, and
S13a,b). CH, mole fraction in water (xcy,) and CHy in the

nanobubbles (Ncy,) inside and outside of the HNTSs are
analyzed in Figure 4c,d. In the Ry, simulation system, it is
observed that the CH, nanobubbles inside the HNT's gradually
become small in size, with xcy, and N¢yy, values reaching 0.07

and 340, respectively (Figure 4c). The conversion ratio of H,0
molecules inside of the HNTs increases rapidly, whereas the
conversion ratio of CH, molecules shows a relatively slower
increase (Figure 4a). At the end of the simulation, the
conversion ratios of CH,/H,0O molecules inside of the HNTSs
reach approximately 18 and 33%, respectively (Figure 4a).
These findings suggest that there are still a large number of
CH, and H,0 molecules that have yet to undergo hydrate
conversion. Similarly, the CH, nanobubbles adsorbed on the
outer surface diminish in size, allowing more CH, molecules to
diffuse into the solution and form CH, hydrates with H,O
molecules. At the end of the simulation, the xcy, and Ngpy,

values reach 0.087 and 720, respectively (Figure 4d).
Moreover, the conversion ratios of CH,/H,O molecules
outside of the HNTs amount to approximately 28 and 41%,
respectively, surpassing those observed inside the HNTs
(Figure 4b). This disparity can be attributed to the strong
binding of H,O molecules to the inner gibbsite surface of the
HNTs (Figure S14a—c). Similar trends are observed from the
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Figure 4. Evolution of (a, b) the conversion ratio of CH,/H,0 molecules, and (¢, d) CH, mole fraction in water xcy;, and CH, in the nanobubbles

Neyy inside and outside of the HNTs for the Ry, simulation system. Conversion ratio is defined as the number of CH,/H,O ions in hydrate
divided by their total number. Evolution of (e, f) the F, order parameter and (g, h) the number of H,O molecules in the hydrate as a function of
the radial distance from the inner and outer surfaces of the HNTs (H-HD) for the R,;, simulation system.

Ry145 and Ry g systems (Figures S15a—c and S16a—c). During
the hydrate formation process, the mass transfer of CH,/H,O
molecules inside and outside of the HNTs exhibits no
significant variation (Figure S17a—c).

The distribution of CH, hydrate inside and outside the
HNTs exhibits intriguing properties. The F, order parameter
serves as an effective discriminator for the water phase. The
evolution of the F, value and the number of H,O molecules in
hydrate at various radial distances from the inner and outer
surfaces are illustrated in Figure 4e—h. In the early stages of the
simulation, the F, value in the region 1.5-2.5 nm from the
inner surface and 1.5-3.0 nm from the outer surface
experiences a rapid increase (Figures 4ef and S18a—f),
indicating that H,O molecules situated far away from the
inner and outer surfaces (i.e., closer to the gas—water
interface) are first converted into hydrate. This observation
suggests that H,O molecules near the gas—water interface in
these regions are more easily converted into hydrate, as the
interface provides an ideal environment for CH, hydrate
nucleation and growth. In the HNTs, hydrates predominantly
concentrate in the central region of the HNTs, as they cannot
form near the inner gibbsite surface, owing to the presence of
strongly bound water (Figures 4g and S19a—1). At the end of
the simulation, the HNTs house primarily bound water,
residual CH, nanobubbles and hydrate solids from outside to
inside region in the R,;, simulation system (Figure 3f).
Despite the fact that complete embedding of CH, hydrates
inside of the HNT' is not being achieved, the composition of
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bound water and hydrate solids still offers relatively stable and
efficient CH, storage (Figure S20). In contrast, CH, hydrates
outside of the HNTs are positioned relatively closer to the
outer surface (Figures 4gh and S19a—1). A large number of
CH, and H,O molecules preferentially form hydrates in
regions distanced from the outer surface, which gradually grow
toward it (Figures 4h and S19a—1). This behavior stems from
the CH, nanobubbles adsorbed on the outer surface,
furnishing a sufficient gas source for hydrate formation.
Consequently, CH, hydrate solids outside of the HNTSs
grow toward the CH, nanobubbles, aligning with the
observations from previous MD studies. It is noteworthy that
at the end of the simulation, although the near-external surface
region lacks a significant number of CH, hydrate solids, the
CH, nanobubbles adsorbed on the outer surface are
encapsulated between the CH, hydrate solids and the HNTSs
(Figure 3f)i). Not only that, but the CH, nanobubbles exhibit
an extremely small and flat shape in the R, simulation system
(Figure 3f,i). Additionally, in the later stage of the simulation,
the diffusion abilities of CH, molecules adsorbed on the outer
siloxane surface sharply decrease (Figure S21a—1), realizing the
strong physisorption on the outer surface of the HNTs to
enhance CH, storage.

Effect of Gas—Water Ratio on CH, Storage. The gas/
water ratio is a crucial parameter in hybrid CH, physisorption-
hydrate formation. It is found that, in the physisorption
processes, a moderate gas—water ratio is advantageous for CH,
physisorption; excessively high or low gas—water ratios are

https://doi.org/10.1021/acsami.4c11288
ACS Appl. Mater. Interfaces 2024, 16, 67587—67596


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11288/suppl_file/am4c11288_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11288/suppl_file/am4c11288_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11288/suppl_file/am4c11288_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11288/suppl_file/am4c11288_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11288/suppl_file/am4c11288_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11288/suppl_file/am4c11288_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11288/suppl_file/am4c11288_si_007.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11288/suppl_file/am4c11288_si_007.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c11288?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c11288?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c11288?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c11288?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c11288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Ro.08

(o}

—~~
~

2 4000 190
§ [ outside CH, 3
% 3000 inside CH, § 180
; 2296 5
2000 g 170
o 2
‘c e
2 1000} S 160
5 <
o I
£ )
2 0 150

Ro.148

R0.08

Ro12 Ro.0s

R0A12

7601640 100
s
1A ©
75011630 8 g
S 740{1620 R
Yoeg” 8 60
v 73041610 <§ _20_03
72011600 g 40 0ot
© Ro 148
(9]
71011500 % 2
Roras <®o o5 10 15 20
’ Time (us)

Figure S. (a—c) Snapshots of CH, hydrate formed inside and outside of the HNTs at the end of 2 us simulation in the Rygg Rgy5 and Ry s
simulation systems. (d) Number of CH, in the nanobubbles Ny, at the end of 20 ns adsorption simulation and (e) the number of CH, adsorbed
on the outer siloxane surface of the HNTs during the last 0.1 ys of the 2.0 us hydrate-formation simulation for the three simulation systems. (f)
Evolution of the area percentage of CH, nanobubbles for the three simulation systems. Area percentage is defined as the solvent accessible surface
area of CH, nanobubbles that can contact with H,O molecules in solution (nonhydrate) divided by the total solvent accessible surface area.

(@)

(b)

1000 10000, 0.4 : .
§ % = —Roos inside
5 Q —
8 900} {9000 > o 02/=Roz2
s s S00 : ] _ ]
2 800t «— 1000z (C) 2 90 05 10 15 20
— Y 9 : ' s i
: —-—hydra.te cages - T —Rous  outside
g 700l =+=H,0 in cages 17000 8 L0.2¢
g i €
=)
z z L
600 —— : 6000 0.0 - : :
Roos Ro 1 Ro 14 0.0 0.5 1.0 1.5 2.0
Time (us)
(d) 0 CH,€ (f)
60 : = ; I ring_4
inside Ro.148 inside D
® 33.13 32.26
301 26.4228.04 Ro.12 T 4'51%¢
-% 17.68 13.31 fing_5
Y : Ro.08 O
c 0 L L
s 0 : — . @) o 1000 2000 3000 gl ring_6
g (e) 4068 OUS9e, 2 Ro.148 outsi O 415103
S anl 314113024 2759 ] R
830 22.36 0.12 [ring_7
RO,OB
0 : p 151052 1264
Ro.0 Ro.1 Ro 148 0 5000 10000 15000 4’576 5'%

Number of water ring

Figure 6. (a) Number of hydrate cages and H,O in hydrate cages in the three simulation systems. The evolution of (b, c) the F, order parameter,
(d, ) the conversion ratio of CH,/H,O molecules and (f, g) the number of water rings inside and outside of the HNTs in the three simulation
systems. The (h) proportion of seven types of hydrate cages in the three simulation systems. The water ring, conversion ratio, and cage proportion
are averaged over the last 0.1 us of the 2.0-us hydrate-formation simulation.

unfavorable for efficient energy storage. At the end of 20 ns
adsorption simulation, the Ny, values outside of the HNTs in
the Ry g Ro12 and Ry 45 simulation systems amount to 1522,
2296, and 3271, respectively (Figure Sd). Higher gas/water
ratios result in the formation of larger nanobubbles outside of
the HNTSs. The Ny, values inside of the HNTs are 330, 668,
and 642 in the Rygg Ry and Ry 4 simulation systems,
respectively (Figure Sd). Remarkably, the Ny, values inside

67592

the HNTs exhibit minimal disparity between the R;;, and
Ry 143 simulation systems. This observation is attributed to the
fixed volume of the HNTSs, which accommodates a limited
number of CH, molecules. Consequently, an excessively high
gas—water ratio cannot significantly increase the number of
CH, molecules inside the HNTs. The snapshots of three
different gas—water ratios at the end of the 2-us simulation are
shown in Figure Sa—c. In the R,y simulation system, the
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majority of CH, molecules are converted into hydrates, and
only a few CH, molecules adsorb on the outer surface of the
HNTs (Figures Sa and S8f). Approximately 168 CH,
molecules adsorb on the outer surface (Figure Se). However,
due to the low gas—water ratio, a large number of H,O
molecules cannot be converted into hydrates. In the Ry
simulation system, numerous CH, molecules adsorb on the
outer surface of the HNTs at 2 us (Figure Sc), with
approximately 1620 CH, molecules adsorbed on the outer
surface (Figure Se). These CH, molecules are not entirely
trapped by the CH, hydrate solid and the outer surface of the
HNTs (Figures Sc and S9f). In contrast, in the Ry ;, simulation
system, flat CH, molecules are trapped between the CH,
hydrate solid and the outer surfaces of the HNTs (Figures 3f
and 5b). Approximately 735 CH, molecules can be efficiently
stored via physisorption (Figure Se). To reveal the effect of the
gas—water ratio on physisorption, the solvent accessible surface
area (SASA) and area percentage of CH, molecules adsorbed
on the outer surfaces of the HNTs are calculated (Figures Sf
and S22a—c). Area percentage is defined as the solvent
accessible surface area of CH, nanobubbles that can contact
with H,O molecules in solution (nonhydrate) divided by the
total solvent accessible surface area. This area percentage is
mainly determined by the size and shape of the CH,
nanobubbles, as well as the distribution of CH, hydrates
around the CH, nanobubbles. The area percentage in the Ry 143
simulation system is the largest, followed by the Ry g
simulation system, and finally the R;;, simulation system
(Figures Sf and S22a—c). This observation indicates that at the
end of the R ;, simulation, the CH, molecules adsorbed on the
outer surface of the HNTSs can be relatively tightly trapped by
CH, hydrate solids and the outer surface of the HNTSs,
significantly inhibiting their kinetic behavior. This reduced
kinetic behavior favors CH, storage via the adsorption-
hydration hybrid method. Furthermore, at the end of the
simulation, the area percentage of the Ry g simulation system is
not markedly different from those in the R;;, simulation
system (Figure 5f), which is attributable to the relatively small
total SASA of the Ry g simulation system (Figure S22a).

In the hydrate formation process, a moderate gas/water ratio
is also conducive to hydrate formation for CH, storage. At the
end of the three simulations, the number of hydrate cages and
H,O molecules in the hydrate cages are counted as shown in
Figure 6a. It is found that the number of H,O molecules in the
hydrate cage in the R, ), simulation system surpasses that in
the Ryog and Ry 145 simulation systems (Figure 6a). Moreover,
the number of hydrate cages in the R, ;, simulation system is
also slightly higher than that in the other two systems (Figures
6a and S23a—c). These findings suggest that the moderate
gas—water ratio is more favorable for hydrate formation,
consequently enhancing CH, storage via the adsorption-
hydration hybrid method. The F, values inside of the HNTs
reach 0.22, 0.22, and 0.17 for the Ry, Ry and Ry
simulation systems, respectively (Figure 6b). The conversion
ratios of CH, and H,0O molecules in the R;;, simulation
system are higher than those in the other two systems (Figure
6d). Similarly, the F, values outside of the HNTs reach 0.23,
0.26, and 0.20 for the Ry 144, Ry 12, and Ry g simulation systems,
respectively (Figure 6¢). The conversion ratios of CH, and
H,O molecules in the R, simulation system are also higher
than those in the Ryog and Ry14s simulation systems (Figure
6e). These findings indicate that the conditions of the Ry,
simulation system are more conducive to CH, hydrate

formation inside and outside of the HNTs (Figure S24), i.e.,
a moderate gas—water ratio is conducive to CH, storage via
the adsorption-hydration hybrid method. On the other hand,
the water ring and hydrate cage are crucial parameters for
hydrate formation. Hydrate cages are composed of several
water rings, and the number and type of water rings determine
the structure of the hydrate cage. The number of water rings
and the proportion of hydrate cages in the three simulation
systems are illustrated in Figure 6f—h. It is observed that the
number of five-membered rings inside and outside of the
HNTs is the largest, followed by six-membered rings, with a
small number of four- and seven-membered rings (Figures 6f,g
and S25a—c). The number of six-membered rings in the Rg g
simulation system is the largest (Figure 6f,g), which may be
due to the difference in the number of H,O molecules in the
three different simulation systems (Table S1). Additionally, it
is found that 5" cages and 5'26” cages show a higher
proportion, followed by 4'5'%” cages (Figures 6h and S26a—
c). These small cages are the primary structures formed by
CH, hydrate, which is also consistent with previous MD
studies. The gas/water ratio exerts a slight influence on the
cage proportion, primarily 5'?6* cages. The formation
processes of CH, hydrate inside and outside of the HNTs in
the Ry g, Ry 12 and Ry 145 simulation systems can be observed in
Videos S4—S6, respectively.

B CONCLUSIONS

Large-scale microsecond MD simulations are conducted to
investigate CH, storage in the spiral halloysite nanotubes
(HNTs) via the adsorption-hydration hybrid method to reveal
the effects of the gas—water ratio. The simulation results
indicate that the HNTSs are excellent nanomaterials for CH,
storage via the adsorption-hydration hybrid method. The CH,
physisorption and hydrate formation inside and outside of the
HNTs are profoundly influenced by the surface properties of
the HNTs and the kinetic characteristics of CH,/H,0
molecules. The outer surfaces of the HNTSs exhibit relative
hydrophobicity and can adsorb CH, molecules. CH, molecules
adsorbed on the outer surface of the HNTs are relatively
tightly trapped between CH, hydrate solids and the outer
surface of the HNTs, significantly inhibiting their kinetic
behavior and favoring CH, storage via physisorption. The
inner surface of the HNTs exhibits extreme hydrophilicity and
can strongly adsorb H,0 molecules; thus, CH, hydrate can
form inside of the HNTs. It is more difficult for CH, and H,O
molecules inside of the HNTs to convert into hydrates than
those outside of the HNTs. CH, hydrate preferentially forms
in regions away from the inner and outer surfaces of the HNTs
and slowly grows toward these two surfaces. CH, hydrates
outside of the HNTs are positioned relatively closer to the
outer surface than those inside the HNTs. A moderate gas—
water ratio is advantageous for CH, physisorption and CH,
hydrate formation, whereas excessively high or low gas—water
ratios are unfavorable for efficient CH, storage. These insights
can help to develop an efficient and sustainable natural gas
storage technology. This preliminary study into the micro-
scopic mechanism of CH, physisorption and hydrate
formation in the HNTs will catalyze further innovative
research, particularly with regard to their significance in energy
gas solidification storage and other hydrate-based technologies.
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B METHODS

The halloysite nanotubes (HNTs) have a unique structure, featuring
the hydrophobic siloxane on its outer surface and the hydrophilic
gibbsite on its inner lumen surface. The unique structure of the HNTs
is expected to efficiently store CH, via the adsorption-hydration
hybrid method. We constructed a small HNTs model (Figure 1a), as
larger models would dramatically increase the computational cost.
This model draws inspiration from the work of Ferrante et al.*’ The
inner lumen diameter of the HNTSs is 10—100 nm and the length is
400—700 nm based on the general size distribution of natural
HNTSs.>*® However, such large inner diameter of the halloysite
nanotubes requires the construction of an extremely large simulation
model, which would greatly increase the computational cost.
Therefore, the diameter of the inner lumen and length of the
HNTs model were set to moderate values of 5.25 and 7.05 nm,
respectively (Figure 1b). This HNT model was positioned in a
simulation box with a size of 12.0 X 9.0 X 9.5 nm? in the xyz direction
(Figure 1lc,d). Subsequently, a homogeneous CH, solution with
various gas—water ratios was added to the simulation box. Three
simulation systems with different gas—water ratios, i.e., Ry 45 Ro12s
and Ryos; were considered, where gas—water ratios in the
homogeneous solution were set to 0.148, 0.12, and 0.08, respectively.
To explore the physisorption processes of CH, molecules on the
surface of the HNTs, a 20 ns adsorption simulation was performed
under the isothermal—isobaric (NPT) ensemble. The temperature
and pressure were 300 K and 10 MPa, respectively. The methods used
to analyze the data can be found in the Supporting Information.

CH, and H,0 molecules were represented by the OPLS-UA
model®’ and TIP4P-ice model,”” respectively. The HNT was
represented using the CLAYFF force field,*® which has been well-
validated and widely used.**** The detailed force field parameters for
H,0, CH,, and HNT are shown in Table S2. A time step of 2.0 fs was
used through the leapfrog algorithm. Periodic boundary conditions
were imposed in all directions. All intermolecular nonbonded
interaction was described by standard 12—6 Lennard—Jones (L—J)
potentials, and the Lorentz—Berthelot combination rules were applied
to calculate the interaction parameters between unlike L] pairs. The
particle-mesh Ewald (PME)®® summation algorithm was used for the
long-range electrostatic contributions within a Fourier space
extending 12 A. The cutoff distance of 10 A was used for nonbonded
interactions. The conditions of low temperature and high pressure in
the simulations could accelerate hydrate formation and optimize
computational efficiency.”” An ultralong 2.0 ps production simulation
was carried out under NPT ensemble of 240 K and 10 MPa to explore
hydrate formation in the system. During the 2.0 ps production
simulation, the Nosé—Hoover thermostat®® with a coupling time of 2
ps and the Parrinello—Rahman barostat® with a time constant equal
to 4 ps were adopted to keep the temperature and pressure constant.
All the molecular d_?rnamics simulations were carried out using the
GROMACS v.5.0.7.”°
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