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Possible formation of H, hydrates in different
nanotubes and surfaces using molecular dynamics

Mohsen Abbaspour, & *@ Hamed Akbarzadeh, ©° Sirous Salemi,?
Somayeh Mazloomi-Moghadam?® and Parnian Yousefi©

In this work, we simulated water molecules confined in carbon, boron nitride (BN), and silicon carbide (SiC)

nanotubes with similar sizes. We also simulated water molecules confined between parallel graphene, BN,

and SiC surfaces in two cases: (a) a similar geometric surface density of water of 0.177/A%, in which the

number of gas molecules was 18% of the total water molecules, and (b) a similar density profile of water

of 0.04-0.05 dalton per A>. To examine H, hydrate formation, we added guest H, molecules to the

confined water molecules in the nanotube and surface systems. We analyzed the formed shapes,

adsorption energies, radial distribution functions (RDFs), and self-diffusion coefficients of the confined

molecules in gas hydrate formation. Our results showed that a more ordered heptagonal ice nanotube
was formed in the BN nanotube than that in the other systems. After the addition of H, molecules in the
different nanotubes, some of the H, molecules occupied the wall of the ice nanotube and some of them

positioned in the hollow space. Although gas hydrates were created in all surface systems, ordered gas

hydrate shapes were formed only in the graphene system. The adsorption energy for guest H, molecules

between the different surfaces was negative, which means that the formation of H, hydrates between

these surfaces is a spontaneous process (unlike that in the nanotube systems). According to RDF results,

the BN nanotube and graphene surfaces are proper systems to form more ordered H, hydrate

structures. The confined water molecules have much higher diffusion coefficients in the BN nanotube

and graphene surfaces than in the other systems. The F4 parameter also substantiated hydrate formation

in the different nanostructures. In a new configuration of BN and SiC systems with density profiles similar
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to that of the graphene system, the H, hydrate was not formed completely as in the case of the

graphene system. H, hydrates formed in the new BN and SiC surfaces were less than those formed in

DOI: 10.1039/d4ra00064a

rsc.li/rsc-advances graphene system.

1. Introduction

Owing to their important energy and environmental implica-
tions, gas hydrates (clathrates) have attracted significant
attention in the recent years." Gas hydrates are natural gas
reserves. They have significant applications as gas storage
media (such as H,).>™* Scientists previously considered that the
H, molecule is very small and it cannot stabilize the host lattice
structure of ice hydrates. However, Mao et al.®> demonstrated
that hydrogen clathrates are stable at room temperature and
high pressures. The interesting results obtained by Mao et al.®
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the primary structures (with a geometrical density similar to that of the graphene system) and the

led to subsequent investigations on gas clathrates as an envi-
ronment for H, storage."®” These investigations showed that
water cages may present a clean and safe method to store H,
gas.

The mechanism of formation of bulk hydrogen clathrates is
still less understood because of the very long computational
time required in molecular dynamics (MD) simulations and the
imprecise monitoring of time and spatial domains of the crys-
tallization process in the laboratory.® Furthermore, the nano-
scale environment allows spontaneous formation of some low-
dimensional ice and gas clathrate structures.”™* Moreover, the
knowledge of transport of gases and their physiochemical
interactions in nanoscales help us to design more efficient
methods for gas storage processes at the nanopores.> Among
different nanopores, carbon nanotubes (CNTs) have attracted
much attention among scientists in recent years because of
their interesting physical properties and significant potential
applications such as gas clathrate formation.*>** Recently, Zhao
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et al.* have investigated the H, hydrate formation in different
CNTs and reported that the confined H, molecules in the gas
clathrates formed a molecular wire. We have also recently
studied methane clathrate formation in different CNTs and
demonstrated that the water molecules are replaced by the gas
molecules in the ice nanotubes.' More recently, we have
studied methane clathrate formation in different fullerenes and
found that the formation of methane hydrate in fullerene is
favorable.”

In this work, we initially modelled confined water molecules
in different nanotubes. After that, we added guest H, molecules
in the nanotubes to examine the formation of gas clathrates. We
also examined the H, hydrate formation between different
surfaces. We also examined different properties including
adsorption energy, radial distribution function (RDF) and self-
diffusion coefficients of the confined molecules during the
gas hydrate formation.

2. Simulation method

In the first part, we initially simulated 126 water molecules in
(16, 0) CNTs with a length of 50 A (according to the work by Zhao
et al.'). Then, we simulated 126 water molecules and 18H,
molecules in the CNT, to examine the gas hydrate formation.*
We also repeated these simulations for 108 water molecules and
36H, molecules." The simulations for pure water and water +
gas mixtures in the CNTs were initially run at 1000 K for 1 ns to
overcome the initial configurations. Then, the systems were
equilibrated at 250 K for 20 ns.* In our simulations, the nano-
tube was kept in a fixed position."**'®* We also repeated these
simulations in boron nitride (BN) and silicon carbide (SiC)
nanotubes with similar geometrical lengths and diameters.

In the second part, we initially simulated 210 water mole-
cules confined between fixed parallel graphene surfaces (with
parallelogram shape) with dimensions of 35.3 and 36.7 A and an
interlayer distance of 8 A (a fixed geometric volume of 9137.55
Ae’). Then, we simulated 210 water molecules and 38H, mole-
cules confined between the graphene plates. The number of
water molecules was chosen as 17.7/nm?> of the surface,
according to the work by Bai and Zeng."* The number of gas
molecules was chosen as 18% of the total water molecules. The
systems were initially equilibrated at 7 = 1000 K to overcome
the initial arrangements and then subjected to an instant
quench at T = 230 K. Then, the systems experienced incre-
mental step annealing and reheating cycles (230 — 235 — 240
— 245 — 250 — 245 — 240 — 235 — 230 K) for which each
incremental step takes 1 ns. Then, the systems were equili-
brated for 10 ns at 230 K and then 10 ns at 250 K. Finally, all
systems were equilibrated for 10 ns at 270 K. The simulations
for pure water and the water + gas mixture between the gra-
phene plates were also repeated for parallel BN and SiC surfaces
with similar geometrical dimensions and interlayer distances,
i.e. a surface density water of 0.177/A% in which the number of
gas molecules was 18% of the total water molecules. The
snapshots of all nanotubes and surfaces used in this work are
presented in Fig. S1 in the ESI.f We also investigated the
hydrate formation in BN and SiC surfaces at similar density
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profiles of the graphene surfaces (and not in the similar
geometrical density), i.e. at a density of 0.04-0.05 dalton per A,
In order to do this, we increased the distance between the BN
and SiC surfaces (because of a larger atomic diameter of N and
Si than that of C) and repeated the simulations with similar
numbers of water and H, molecules.

All of the simulations were performed in the NVT ensemble
and a Nosé-Hoover thermostat was used with a relaxation time
of 0.1 ps. We used the DL_POLY software'” with the Verlet
leapfrog algorithm with a time step of 1 fs. For electrostatic
interactions, we used the Ewald summation technique. The
cutoff distance was 12 A. Periodic boundary conditions were
applied in all three directions. To avoid artificial influence from
periodic images, the nanotubes and plates were positioned at
the center of a simple orthorhombic box with vacuum on both
sides separating it from the next periodic image in the Z
direction.

The SPC/E and TIP5P models were used for the confined
water molecules in the nanotube and surface systems, respec-
tively (according to the previous simulations on gas
hydrates'***). Hydrogen molecules were modelled by a rigid two
center 12-6 Lennard-Jones (LJ) potential with a bond length of
0.074 nm and parameters of ey = 0.1039 k] mol " and oy =
0.259 nm.*® The 12-6 L] parameters for B, N, and Si atoms were
from ref. 19. The 12-6 L] parameters for all the heterogeneous
interactions were obtained by utilizing the geometric mean for ¢
and the arithmetic mean for ¢.>° Bai et al.'* have successfully
simulated methane hydrates between graphene surfaces using
the TIP5P model for water and the 12-6 L] model for methane.
They also used the 9-3 LJ potential for the gas-wall and water-
wall interactions. Thus, we used the 9-3 L] model for water—
surface and gas-surface interactions. In order to do this, we
fitted the 12-6 L] model to the 9-3 L] model for gas and water
with different wall interactions (Fig. S2 in the ESI}). The water-
carbon interaction was also computed by the 9-3 L] model (o =
2.4737 A and & = 1.2024 kcal mol ™).

3. Results and discussion
3.1 H, hydrate formation in the nanotubes

We initially simulated 126 water molecules in the C, BN, and SiC
nanotubes, and the final configurations after 20 ns of simula-
tion times are given in Fig. 1. We also present the simulation
results of 108 water molecules in different nanotubes in Fig. 1.
In accordance with the simulations results of Zhao et al. on
water molecules in the (16, 0) CNT,* the water molecules create
a heptagonal ice nanotube in the CNT and a row of confined
water molecules are positioned in the middle space of the CNT.
Our results for the other nanotubes showed that a more ordered
heptagonal ice nanotube is formed in the SiC and BN nanotubes
(especially in the BN nanotube), which is due to the stronger
water-wall interactions in the BN and SiC nanotubes than that
in the CNT. By decreasing the water molecules from 126 to 108,
the number of confined water molecules in the middle space of
the tubes decreases, so that the water molecular wire in the
middle space disappears for the SiC system. However, the less
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126 water in CNT 126 water in BN 126 water in SiC

Fig.1 Ice nanotube formed in the different nanotubes with similar sizes. The oxygen atoms are shown in red color and hydrogen atoms in white.

ordered heptagonal shapes are formed in the 108 water mole- positioned in the hollow space (Fig. 2). It is shown that the
cule systems than those of the 126 water molecules. number of the H, molecules in the hollow space is more for the

After addition of 18H, molecules in the different nanotubes BN nanotube. This is due to the fact that the stronger water-wall
containing 126 water molecules, some of the H, molecules interactions do not allow the guest H, molecules to replace the
occupied the wall of the ice nanotube and some of them were water molecules in the wall of the ice tube. It is also shown that

126 water and 18 H, in CNT 126 water and 18 H, in BN 126 water and 18 H, in SiC

Fig. 2 H, clathrate formed in the different nanotubes. The oxygen atoms are shown in red color, hydrogen atoms in white, and hydrogen
molecules in violet.

32474 | RSC Adv, 2024, 14, 32472-3248] © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00064a

Open Access Article. Published on 15 October 2024. Downloaded on 4/16/2026 6:00:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the heptagonal structure of ice nanotube disappeared for the
CNT and SiC nanotubes but not for the BN nanotube, which is
also due to the stronger water-BN interactions than the other
interactions. After addition of 36H, molecules in the different
nanotubes containing 108 water molecules, most of H, mole-
cules occupied the hollow space, so that there were not any
water molecules in the middle space in the CNT and BN
nanotube, whereas the reverse trend was observed for the SiC
nanotube in which most of the H, molecules were positioned in
the ice nanotube wall (Fig. 2). Another interesting phenomenon
is the near-complete cylinder shape, which was formed for the
SiC nanotube. Previous investigations showed that the gas—
water (ice) nanotube interactions play significant roles in the
structure of the created gas hydrates.”* Duo to the competition
between the gas-nanotube wall interactions and the hydrogen
bond (HB) network in the ice nanotube. The confined water
molecules try to keep the HB network in the ice nanotube, but
the H, gas molecules reduce the number of the HBs between the
confined water molecules.™

The role of guest H, molecules in the confined space of the
nanotubes is to compete with water molecules which interact
with each other by hydrogen bonding (HB). Therefore, the guest
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gas molecules affect the structure of the water molecules and
their HB network, which result in a longer distance between the
confined water molecules.™ To deeply investigate the structural
properties of the confined molecules during the H, hydrate
formation, it is better to compute the RDFs between the oxygen
atoms of the confined water molecules using the following
equation:**

o=y <ZZé[ - nﬂ> 1)

where N is the total number of atoms in the system, p is the
number density (N/V), r; is the distance between atoms i and j,
and the brackets indicate the ensemble average in the simula-
tion. We present the water-water (O-O) RDFs for the confined
water molecules in the different nanotubes containing different
numbers of confined water and gas molecules in Fig. 3. The
longer the distance of appearance of the first O-O RDF, the
better the system for gas hydrate structure formation. We also
present the water-hydrogen RDFs in this figure.

According to Fig. 3, the first peaks of water-water and water—
methane RDFs for the BN nanotube appear at longer distances

80

—— 126 H20 and 18 H2 in SiC tube
126 H20 and 18 H2 in CNT
—— 126 H20 and 18 H2 in BN tube

60

40 4

g(r)wa(er-m ethane

20 1

—— 108 H20 36 H2 in nano tube SIC
108 H20 36 H2 in nano tube C
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g( r)water-H

20 1

Fig. 3 Water—water (O-0) and water—hydrogen (O—H) RDFs for the different nanotube systems.
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than the CNT and the SiC nanotube for both 126 and 108 water
molecule systems. Moreover, those peaks of the CNT appear at
longer distances than those of the SiC nanotube. This result
relates to the fact that the BN nanotube and CNT are better
systems for H, hydrate structure formation than the SiC nano-
tube (the BN nanotube is the best)."”® The gas hydrate structure
has a more ordered structure than the gas-water mixture
without formation of gas hydrates, in which the distance
between the water molecules (and also gas molecules)
increases, and therefore, the water-water RDF appears at larger
distances. To more examine these results, for instance, we
calculated the adsorption energies of 18H, molecules into 126
water molecules in different nanotubes using the following
equation:

Eads. = E(Waler+H2+lube) - E(Waler+lube) (2)

According to eqn (2), the adsorption energy for the BN
nanotube was 3.33 (kcal mol '), for the CNT was 10.726 (kcal
mol "), and for the SiC nanotube was 51.637 (kcal mol ") per
hydrogen molecule. These results indicate that the adsorption
energy for guest H, molecules is positive, which is in agreement
with the results obtained by Zhao et al.,* in which they reported
that the interaction energy between two H, molecules and the
ice nanotube (with 128 water molecules) is positive. The results
also indicate that the BN system is more favorable than the
other systems for gas hydrate formation (it is less positive).

To examine the dynamical behavior of the confined water
molecules during the gas hydrate formation, we calculated the
self-diffusion coefficients using the mean square displacement
(MSD) from the following formula** using the modified VMD
software:*

D= limgy 3 (i) ~rOF) ®
where N is the number of particles and the positions of the
particles at time ¢ = 0 and ¢ are shown by r(0) and r{¢),
respectively. Table 1 shows the self-diffusion coefficients of
confined water molecules in different systems containing 126
water molecules. As this figure shows, the confined water
molecules have much higher diffusion coefficients in the BN
nanotube than in the other systems. There are much different

Table 1 Self-diffusion coefficients of confined water molecules in
different nanotube systems

System D (10 °m*s ™)
126H,0

CNT 0.0051

BN 0.0070

SiC 0.0055

126H,0 + 18H,

CNT 0.0044

BN 0.0289

SiC 0.0096
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parameters affecting the self-diffusion coefficients of the
molecule, especially for the nanotube systems in which the
adsorption energies are positive. However, we can interpret that
the guest H, molecules try to interact with water molecules and
disrupt their HB network to form the gas hydrate structure in
which the confined water molecules have higher diffusion
values.

We also calculated the MSD curves of the confined H,
molecules in the different nanotubes, and they are presented in
Fig. S3 in the ESI.T Similarly to the confined water molecules,
this figure shows that the confined H, molecules have a greater
diffusion coefficient in the BN nanotube than in the other
nanotubes.

3.2 H, hydrate formation between the surfaces

We initially simulated 210 water molecules confined between
parallel C, BN, and SiC surfaces with an interlayer distance of 8
A. Then, we simulated 210 water molecules and 38H, molecules
confined between the different plates. The corresponding
snapshots are presented in Fig. 4 (using the method described
in the simulation details). As Fig. 4 shows, although the gas
hydrates were created in all systems, the ordered gas hydrate
shapes were formed only in the graphene system. In compar-
ison with the simulation work by Bai and Zeng'* on the methane
hydrate formation between graphene plates with similar inter-
layer distances, we used lower temperature ranges (they used
270-320 K range). The lower temperature range in the H,
hydrate is due to the weaker H, interactions than CH, interac-
tions. The reason why the ordered gas hydrate shapes were not
formed in the BN and SiC systems may be the stronger water—
surface interactions in these systems than the graphene in
which the confined water molecules do not tend to destroy their
ordered HB networks (please compare the ordered HB network
in pure water systems in BN and Sic with the graphene in Fig. 4).

We present the water-water and water-gas RDFs for the
confined molecules in the different surface systems in Fig. 5. It
is shown that the first peaks of water-water and water-methane
RDFs for graphene surfaces appear at longer distances than the
BN and SiC surfaces. Moreover, those peaks of the BN nanotube
appear at longer distances than those of the SiC nanotube.
Therefore, the graphene surfaces are better systems for H,
hydrate formation than the SiC and BN. This result is in
agreement with Fig. 4, in which we observe that the ordered gas
hydrate shapes are formed only for the graphene system. To
better examine these results, we also calculated the adsorption
energies of 38H, molecules into 210 water molecules in
different systems. The adsorption energy for the BN nanotube
was —22.868 (kcal mol™"), for the CNT was —17.974 (keal
mol '), and for the SiC nanotube was —11.989 (kcal mol ") per
hydrogen molecule. These results show that the adsorption
energy for guest H, molecules between the different surfaces is
negative, which means that the formation of H, hydrate
between these surfaces is a spontaneous process (unlike the
nanotube systems). The energy results also indicate that the BN
system is more favorable than the other systems for gas hydrate
formation, which is in agreement with the nanotube results.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00064a

Open Access Article. Published on 15 October 2024. Downloaded on 4/16/2026 6:00:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

L s W 4

water between SiC plates |

EPE

View Article Online

RSC Advances

water and H, between graphene plates

water and H, between SiC plates

Fig. 4 Ice and H; clathrate structures formed between different surface systems. The oxygen atoms are shown in red color, hydrogen atoms in

white, and H, molecules in blue.

However, the gas hydrate shapes are more ordered in the gra-
phene system than the BN surfaces. The more negative
adsorption energy in the BN system is due to the stronger
molecule-surface interactions in the BN system than in the
graphene.

g(r)water-water

2o 25 30 a5 o

H,O and H, between graphene
—— H,0 and H, between BN
H,0 and H, between SiC

r(A)

To examine the dynamical behavior of the confined mole-
cules during the gas hydrate formation, we also present the self-
diffusion coefficients of confined water molecules in different
systems in Table 2. As this table shows, the confined water
molecules have much higher diffusion coefficients in the

2

g(r)water-H

Fig. 5 Water—water and water—gas RDFs for the different surface systems.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 32472-32481 | 32477


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00064a

Open Access Article. Published on 15 October 2024. Downloaded on 4/16/2026 6:00:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 2 Self-diffusion coefficients of confined water molecules in
different surface systems

System D10 °m*s ™)
210H,0

Graphene 0.1079

BN 0.0037

SiC 0.0081

210H,0 + 38H,

Graphene 0.1055

BN 0.0101

SiC 0.0077

graphene system than in the other systems, which confirms the
formation of gas clathrates in the graphene system more than
the other surfaces.

We also calculated the MSD curves of the confined H,
molecules between the different surfaces, and they are pre-
sented in Fig. S4 in the ESLT Similarly to the confined water
molecules, this figure shows that the confined H, molecules
have a greater diffusion coefficient between the graphene
surfaces than the other plates.

3.3 Criteria of H, hydrate formation

The four-body structural order (F,,) evaluates the degree of gas-
hydrate formation:**

‘l n
Fy = . ;cos&m (4)

where n is the total number of hydrogen bond (HB) pairs and ¢;
is the torsion angle between the oxygen atom and the two
exterior hydrogen atoms in water molecules that are neighbor to
each other. The F, parameter was calculated for the different
systems using the GRADE code,” and the results are presented
in Table 3. The F, parameter ranges from —0.4 to 0.7. The value
of —0.4 and —0.04 represents the ice and liquid, respectively.
We also presented the formed rings in Table 3 for the different
systems. The rings are closed structures obtained by connecting
first-neighbor water molecules to each other. For example,
molecules i, j, k, 1, and m form a ring if j is first-neighbor of i
and k, 1 is a first neighbor of k and m, and m is first-neighbor of
i. The size of a ring corresponds to the number of water mole-
cules in the loop. Therefore, the size of the ring formed by water
molecules i, j, k, 1, and m is 5.*

Table 3 F4 and rings formed in the different nanotube and surface
systems using GRADE®

System F, Ring-5 Ring-6
126H,0 and 18H, in BN nanotube 0.02 1 1
126H,0 and 18H, in CNT 0.03 9 10
126H,0 and 18H, in SiC nanotube 0.06 2 2
210H,0 and 38H, between BN surfaces 0.11 18 13
210H,0 and 38H, between graphene 0.07 25 19
surfaces

210H,0 and 38H, between SiC surfaces 0.09 31 32

32478 | RSC Adv, 2024, 14, 32472-3248]
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According to this table, the formed rings and the positive F,
values indicate that the gas hydrates are formed in all of the
nanostructures. However, the most proper systems to gas-
hydrate formation in this table are not exactly in agreement with
the RDF, self-diffusion, and adsorption energy results. This can
be due to the confinement effect in the nanotubes and between
the nano-sheets in which there are not enough space to form
the normal hydrate ring and cages.

3.4 Density profile and pressure of the confined systems

We present the density profile of the confined water molecules
for the nanotubes and surfaces systems in Fig. S5 in the ESL.}
According to this figure, the confined water molecules have

water and H, between BN plates

Fig. 6 Hy-clathrate structures formed between new BN and SiC
surface systems. The oxygen atoms are shown in red color, hydrogen
atoms in white, and H, molecules in blue.

Table 4 F, and rings formed in the different nanotube and surface
systems using GRADE?*

System F, Ring-5 Ring-6
210H,0 and 38H, between BN surfaces 0.026 5 2
210H,0 and 38H, between SiC surfaces 0.055 1 3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Snapshots of the side view of the formed H,-clathrate structures in the different systems. The oxygen atoms are shown in red color,

hydrogen atoms in white, and H, molecules in blue.

almost similar densities in the different nanotubes. It is also
shown that the water molecules confined between the graphene
plates have a lower density than that of the BN and SiC surfaces.
We also present the perpendicular and lateral components of
the pressure tensor of the confined water molecules in the
different systems in Table S1 in the ESI.{ The lateral compo-
nents of the pressure tensor are as follows:

P= _(Pw+Py,) (5)

N —

According to Table S1,t the confined water molecules in the
different nanotubes experience almost a similar order of pres-
sure values (the negative values may relate to the bubble
formation in the nano-confinement®®). It is also shown that the
confined water molecules between the graphene surfaces
experience lower pressures than those of the BN and SiC
surfaces. This result is in agreement with the density profile
presented in Fig. S5.f Although the different systems have
a similar geometrical density, the different atomic diameter and
different water-surface interactions lead to the different density
profiles and pressure values.

We also investigated the hydrate formation in BN and SiC
surfaces at a similar density profile of the graphene surfaces, i.e.
at a density of 0.04-0.05 dalton per A%, and repeated the simu-
lations with similar numbers of water and H, molecules. The
corresponding results of density profiles are presented in Fig. S6
in the ESL{ As this figure shows, the new configuration of BN
and SiC systems has a density profile similar to that of the
graphene system. We also present the perpendicular and lateral
components of the pressure tensor of the confined water
molecules in the new BN and SiC systems in Table S2 in the
ESI.{ We also compared the results with those of the graphene
system. According to Table S2,} the confined water molecules in
the new BN and SiC systems experience almost a similar order
of pressure values to those of the graphene system. Despite the
similar density profile and pressure of the new BN and SiC
configurations, the snapshots in Fig. 6 show that the H, hydrate
has not been formed completely, as formed in the case of the
graphene system.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The F, parameter and the formed rings were also calculated
for the new BN and SiC systems, and the results are presented in
Table 4.

According to this table, the gas hydrates were formed in the
new BN and SiC systems. However, according to Tables 1 and 2,
the H, hydrates in the new BN and SiC surfaces were formed
less than those of the primary structures (with a similar
geometrical density to that of the graphene system) and also
less than those of the graphene system. The reason why the gas
hydrates were not formed completely and orderly (as the gra-
phene system) is the stronger water-surface interaction in the
BN and SiC systems than in the graphene system. According to
the snapshots in Fig. 7 in which we present the side views of the
hydrogen clathrates in different systems, the hydrogen mole-
cules in the graphene system were positioned between the two
water (ice) layers, which indicates the formation of ordered gas
clathrates, whereas the hydrogen molecules were positioned in
outer layers and not between the ice layers, because of the
stronger wall-hydrogen molecules in the BN and SiC systems
than in the graphene system.

4. Concluding remarks

In this work, we have simulated water molecules confined in the
C, BN, and SiC nanotubes with similar sizes. We have also
simulated water molecules confined between parallel C, BN,
and SiC surfaces in two cases: (a) a similar geometric surface
density of water of 0.177/A% in which the number of gas mole-
cules was 18% of the total water and (b) a similar density profile
of water of 0.04-0.05 dalton per A®. To examine the H, hydrate
formation, we have also added guest H, molecules to the
confined water molecules in the nanotube and surface systems.
After analyzing the shape, adsorption energy, RDF, and self-
diffusion coefficients, the following important results have
been obtained:

(1) The water molecules create a heptagonal ice nanotube in
the CNT and a row of confined water molecules positioned in
the middle space of the CNT. The more ordered heptagonal ice
nanotube is formed in the SiC and BN nanotubes (especially in
the BN nanotube).
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(2) After the addition of 18H, molecules in the different
nanotubes, some of the H, molecules occupied the wall of the
ice nanotube and some of them were positioned in the hollow
space.

(3) An interesting phenomenon is the near-complete cylinder
shape, which was formed for the 108 water and 36H, in the SiC
nanotube.

(4) The first O-O RDF peaks for H,-containing nanotubes
and surfaces appear at larger distances than those of the pure
water systems. It is also shown that the first peaks of water-
water and water-methane RDFs for the BN nanotube appear at
longer distances than that of the CNT and SiC nanotube for
both 126 and 108 water molecule systems. Therefore, the BN
nanotube is the best system for H, hydrate formation than the
SiC nanotube and CNT.

(5) The adsorption energy for guest H, molecules in the
different nanotubes is positive.

(6) The confined water molecules have much higher diffu-
sion coefficients in the BN nanotube than in the other systems.

(7) Although the gas hydrates have been created in all surface
systems, the ordered gas hydrate shapes have been formed only
in the graphene system.

(8) The first peaks of water-water and water-methane RDFs
for graphene surfaces appear at longer distances than that of
the BN and SiC surfaces. Therefore, the graphene surfaces are
the better system for H, hydrate formation than the SiC and BN
nanotubes. This result is in agreement with the ordered gas
hydrate shapes formed only for the graphene system.

(9) The adsorption energy for guest H, molecules between
the different surfaces is negative, which means that the
formation of H, hydrate between these surfaces is a sponta-
neous process (unlike the nanotube systems). The energy
results also indicate that the BN system is more favorable than
the other systems for gas hydrate formation, which is in
agreement with the nanotube results.

(10) The gas hydrate shapes are more ordered in the gra-
phene system than in the BN surfaces. The more negative
adsorption energy in the BN system is due to the stronger
molecule-surface interactions in the BN system than in the
graphene.

(11) The confined water molecules have much higher diffu-
sion coefficients in the graphene system than in the other
systems, which confirms the formation of gas clathrates in the
graphene system more than that in the other surfaces.

(12) The formed rings and the positive F, values indicate that
the gas hydrates have been formed in all of the nanostructures.

(13) The confined water molecules between BN and SiC
surfaces with similar geometric densities show higher density
profiles than that of the graphene system.

(14) In the new configuration of BN and SiC systems with
similar density profiles to that of the graphene system, the H,
hydrate has not been formed completely as in the case of the
graphene system. The H, hydrates in the new BN and SiC
surfaces have also formed less than those of the primary
structures (with a similar geometrical density to that of the
graphene system) and also less than that of the graphene
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system. This is due to the stronger water-surface interactions in
the BN and SiC systems than in the graphene system.
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