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Gas hydrates (clathrate hydrates, clathrates, or hydrates) are crystalline inclusion compounds composed of water and gas
DOI: 10.1039/x0xx00000 molecules. Methane hydrates, the most well-known gas hydrates, are considered a menace in flow assurance. However,
they have also been hailed as an alternative energy resource because of their high methane storage capacity. Since the
formation of gas hydrates generally require extreme conditions, developing porous material hosts to synthesize gas hydrates
with less-demanding constraints is a topic of great interest to the materials and energy science communities. Though reports
of modeling and experimental analysis of bulk gas hydrates are plentiful in the literature, reliable phase data for gas hydrates
within confined spaces of nanoporous media has been sporadic. This review examines recent studies of both experiments
and theoretical modeling of gas hydrates within four categories of nanoporous material hosts that include porous carbons,
metal-organic frameworks, graphene nanoslits, and carbon nanotubes. We identify challenges associated with these porous

systems and discuss the prospects of gas hydrates in confined space for potential applications.

gas pipelines and cause disruptions to the methane production

1. Introduction

1.1 Gas Hydrates: Overview and Crystal Structures

Gas hydrates (clathrate hydrates, clathrates, or hydrates) are
exceptional non-stoichiometric encapsulating compounds
capable of entrapping small guests such as gas molecules, ions,
or radicals in cages made of hydrogen-bonded water molecules
at specific temperatures and pressure.” 2 Under these
conditions, water freezes to construct a crystalline matrix of ice-
like cages that host guest gas molecules (Fig. 1).3 With the first
discovery of chlorine hydrate by Humphry Davy* in 1810, the
desire to understand water was accelerated and it expanded
the water research to this new field of gas hydrates. The novel
ice-like frameworks of water cages in gas hydrates are
reinforced by hydrogen bonding and the van der Waals
interactions among gas guests and water molecules.>’ Gas
hydrates occur naturally in large quantities all over the world.?
It is estimated that 6.4 trillion tons of methane are trapped
within the methane hydrate deposits in the ocean floor.?
Conventionally, methane hydrates (or natural gas hydrates)
have been seen as a menace that causes significant
complications for the oil and natural gas industry in gas
pipelines, during oil drilling processes, and in workover
operations.1% 11 |t was first discovered in 1934 that the reason
for blockages in gas pipelines was due to the formation of
methane clathrate hydrate plugs inside the gas pipelines
instead of ice, which was initially perceived to be the reason
behind the blockage.’> The formation of methane hydrate
inside the gas pipeline can weaken the structural integrity of the
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process with high risk and low efficiency.’®> Methane hydrates
have also been identified as a primary cause of the deep-water
flow assurance problem.' 14 These natural gas hydrates, apart
from being a menace, are now being explored as an eco-friendly
and sustainable energy resource in the future because methane
has important advantages as an energy resource in comparison
to conventional fuels in terms of energy density and efficiency,
cost of extraction and transportation, and environmental
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Fig. 1 Crystal structures (X") of structure | (sl), structure Il (sll),
and structure H (sH) of gas hydrates.® 15 “X” denotes the
number of sides of a polyhedral face, and “n” indicates the
number of cage faces with X sides. Reproduced with permission

from Ref.15. Copyright 2009, Elsevier Publishers.

impact.16 17 Different categories of gas hydrates have been
explored for their prospective applications in gas storage
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Table 1 Pore size in various cages of bulk gas hydrate structures.®

Hydrate Crystal Structures sl
Cavity Small Large
Description 512 51262
Number of cavities per unit cell 2 6
Average cavity radius (A) 3.95 4.33
Coordination number 20 24
Number of waters per unit cell 46

media'8, gas separation system?!” 19-25 energy storage media2®-
31 energy transport32-3>, cold energy storage3® 37, carbon
sequestration 3841, and water desalination applications.#244

One of the most distinguishable characteristics of a bulk gas
hydrate is its ice-like cage structures that host guest gas
molecules.*> Conventionally, there are three conventional
classes of bulk gas hydrate structures: structure | (sl) hydrate,
structure |l (sll) hydrate, and structure H (sH) hydrate 46 (Fig. 1
and Table 1). These different structures of water cages in gas
hydrates are generally labeled as X", where “X” denotes the
total number of sides of a polyhedral face and “n” denotes the
number of cage faces having X sides. Different gas hydrate
structures have distinct numbers of cages and cage volumes per
unit cell. For example, an sl hydrate has two distinct cage-types,
a small pentagonal dodecahedral cage represented by 52
(consisting of 12 pentagonal faces on the cage) and a relatively
large tetrakaidecahedral cage represented by 5262 (12
pentagonal and 2 hexagonal faces on the cage). However, an sl|
hydrate is composed of small 5 cages and large
hexacaidecahedral cages denoted by 5%26* (12 pentagonal and
4 hexagonal faces on the cage). In contrast, an sH hydrate
consists of small 52 cages, medium-sized 435%63 cages (3
square, 6 pentagonal, and 3 hexagonal faces on the cage), and
large icosahedral cages, denoted by 5262 (consisting of 12
pentagonal and 8 hexagonal faces on the cage).?

The type of crystal structure that constitutes the unit cell of
a gas hydrate is highly dependent on the size and the geometry
of the guest gas molecule. Small gas molecules including
methane and ethane tend to form the sl hydrate structure, but
bigger gas molecules such as C3Hg tend to form the sll hydrate
structure.> 474  Guest-free hydrates are generally
thermodynamically unstable because the ice-like porous
structures have to be partially stabilized by the gas molecules
entrapped in the cages. Nonetheless, Falenty and co-workers
successfully synthesized the guest-free sll hydrate by leaching
the guest neon atoms from the sll structure of neon hydrate.>®
Computer simulations have also been widely applied to predict
bulk guest-free hydrates®! and they are usually specified using
the nomenclature of microporous material zeolites such as
RHO>2, FAU>3, and EMT.>* However, these computer-simulated
guest-free hydrates are predicted to be thermodynamically
stable at strongly negative pressures.

1.2 Gas Hydrates in Nature

Natural gas hydrates are primarily found in the oceanic and
permafrost regions.>>>’ At present, the explored methane

2| J. Name., 2012, 00, 1-3

sl sH
Small Large Small Medium Large
512 5i2g4 512 435663 51268
16 8 3 2 1
3.91 4.73 3.91 4.06 5.71
20 28 20 20 36
136 34

hydrate reservoirs on the ocean floor are mainly distributed in
Japan, India, Gulf of Mexico, Bering Strait, South China Sea,
Korea, Trinidad, and Tobago. Natural gas hydrates in the
permafrost are primarily distributed in Alaska, Mackenzie Delta,
Qinghai-Tibet plateau, and Siberia.> 8 The source of methane in
these naturally occurring gas hydrates is largely through
methanogenesis, in which the methanogens (bacteria) break
down and reduce organic matter over time to evolve
methane.>® Production methods to extract methane from these
natural gas clathrate hydrates are currently being developed as
a lucrative alternate energy resource.?® Natural gas hydrates in
the permafrost region exist not only in the clay layer but also in
the pores of the sandy sediment (Fig. 2).>> > It is known that the
demanding conditions for storing methane in hydrates at low
temperatures (liquefied natural gas at 111 K) or enormously
high-pressure requirements (compressed natural gas at 25
MPa) are highly undesirable and expensive.> 60

= (p) Nankai Trough

(1) Ulleung Basi

(d) NGHP 01
Fig. 2 Schematic showing methane hydrates in hydrate-bearing
sediments found in nature.®! Reproduced with permission from
Ref.?1. Copyright 2020, Elsevier Publishers.

(h) Ulleung Basin

Besides being a potential energy resource, gas hydrates
have been studied for developing hydrate-based seawater
desalination technology since the 1940s.3 62 63 |n this hydrate-
based desalination process, seawater is pressurized with co-
former agents that can induce the formation of hydrates.
Consequently, water molecules in seawater encapsulate the
hydrate forming agents and form the hydrate crystals, thereby
excluding salt and other impurities from being incorporated

This journal is © The Royal Society of Chemistry 20xx
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within the hydrate structure.®* Afterward, the hydrate crystals
are then mechanically removed and decomposed into potable
water and hydrate forming agents that can be recycled to
resume the desalination process (Fig. 3).52

Significant research efforts have been made globally to
harness the hydrate-based desalination technology due to its
potential eco-friendliness and economic feasibility.®> Currently,
to accelerate the hydrate growth kinetics and alleviate the high-
pressure requirement, an array of hydrate forming agents such
as propane®®, cyclopentane®’, carbon dioxide*?, refrigerant
gases (HFC, HCFC, and CFC),%% 6% and sulfur hexafluoride’® have
been studied as possible candidates for the hydrate-based
desalination technology.”*7> Porous materials have been
documented as hydrate carriers because they can promote the
nucleation of gas hydrates due to their high surface area.’¢78
The specific hydrophobicity of these materials can further
enhance the contact surface between immiscible water and
hydrocarbons for forming hydrocarbon clathrate hydrates.”®
Hence, porous materials could be useful in ameliorating the
extreme pressure and temperature required for improving the
hydrate-based desalination process.

High Hydrates Hydrate
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Fig. 3 Schematic illustration depicting the hydrate-based
desalination process. In this process, saline water is pressurized
with a hydrate forming agent to form hydrates. The hydrate
crystals can then be isolated from the brine and depressurized
to give potable water and hydrate former which can be
recycled.

Understanding the formation of gas clathrate hydrates in
small pores is of fundamental importance because natural gas
clathrate hydrates in the seabed are dispersed in the pores of
deep-sea sediments typically comprising of 1-nm thick layers.**
Additionally, the thermodynamic behavior of gas clathrate
hydrates confined within these layers is expected to be
significantly different from those of bulk gas clathrate
hydrates.8° The characteristics of highly confined water stem
from an interplay between the hydrogen-bonding interactions
and spatial homogeneity under the confinements in the
nanosized pores.8%. 82

1.3 Gas Hydrates in Porous Media

The research on exploring confinement effects to induce the
growth of gas hydrates within porous materials at moderate
conditions is becoming increasingly popular in the field of gas
hydrates.?3 Gas hydrate research has been expanded to a broad

This journal is © The Royal Society of Chemistry 20xx
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range of porous materials in the past few decades.?* The unique
behavior of gas hydrates within porous materials including silica
gels (SGs)®-88, porous glasses (PGs)?°2, graphene oxide (GO)%3,
sand®*?%, and clay®” °8 have been reported. Preliminary studies
of porous materials focused on exploring the behavior of gas
hydrates in the confined environments found in porous geo-
sediments.®®101 Currently, the newly found properties of
confined gas hydrates and increasing scientific curiosity to
understand their formation kinetics at the nanoscale have
driven this new pioneering field to embrace new applications
such as gas storage media and gas separation systems.192 |t has
been illustrated that the geometric constraints in porous media
affect many characteristics of gas hydrates including hydrate
cage occupancy, hydrate growth kinetics, and thermodynamic
phase behavior.8> 103 The distinctive phase behavior of water
under nanoscale confinement stemmed from the hydrogen-
bonding interactions and spatial inhomogeneity which
significantly impacts the kinetics of crystallization.104-106 Besides
the discussed applications in energy storage and desalination,
other examples include selecting boundary lubrication
condition in nanofluidic devices?” 108  frost heaving
phenomenon in soil%: 119, syntheses and designs of antifreeze
proteins to inhibit ice growth! 112, rapid cooling of biological
suspensions under high pressure!l3 114 extractions of natural
gas from shale rock ' 116 and understanding the gas trapping
phenomenon within interstellar ices.''711° |n this review, we
survey recent theoretical models and experimental findings for
understanding the growth of gas hydrates within confined
spaces of nanoporous materials. We focus on examining recent
findings in four categories of nanoporous materials that include
porous carbons, metal-organic frameworks, graphene nanoslits
constructed by parallel graphene sheets, and carbon nanotubes
and their applications in energy gas storage, carbon
sequestration and seawater desalination (Fig. 4). Lastly, we will
discuss the prospects and challenges in the field of gas hydrates
formed within confined spaces.

4\ Hydrates in

Confined

Fig. 4 Schematic illustration depicting four categories of
nanoporous materials for growing gas hydrates in confined
spaces and their applications in energy gas storage, carbon
sequestration, and water desalination.

2. Gas Hydrates in Porous Carbon

Porous carbon is a highly porous material that has a complex
structure consisting predominantly of carbon atoms.'?° Porous
carbon is a member of a family of carbons ranging from carbon

J. Name., 2013, 00, 1-3 | 3
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blacks, carbon fibers, and carbon composites. They are all
derived from common sources but with different carbonization
and manufacturing processes.'?® Porous carbon is a unique
material because of the way it is filled with "pores” that
significantly enhance its surface area. The porosity (pore size) of
these materials can be enhanced by two processes: physical
activation and chemical activation. During the physical
activation, gases such as H,, H,0, and O, enter the pores and
gasify the surface atoms of the pores, thereby removing carbon
atoms as CO,, CO, H, and CH,4.'?° For chemical activation,
modifications are achieved in the carbonization process by
adding chemical additives to the solid carbon precursor such as
H3PO,4, ZnCl,, KOH, and K,C03.120 ZnCl, and H3PO, produce a
dehydrating effect on the carbon precursor, resulting in a
reduction in the particle size. ZnCl, drives the creation of small
and uniform size micropores, whereas H3;PO, leads to a
heterogeneous microporosity. In the case of KOH, the carbon
precursor is oxidized to CO or CO,, creating some porosity and
K,COs. In this process, KOH is reduced to potassium which is
intercalated between the graphene layers of the carbon
particles to generate micropores.

Understanding the relationship between porosity and
surface functionality is essential for enhancing these porous
materials’ performance in different applications. Based on
porosity, activated porous carbons are divided into three broad
categories: microporous (< 2 nm), mesoporous (2 -50 nm), and
macroporous (>50 nm) carbons 120, Activated porous carbons
possess big internal pore volumes that facilitate them to trap
water and gas molecules.'?! This outstanding ability to adsorb
water molecules to attain good contact with gas molecules has
been widely explored by researchers to investigate gas hydrate
formation and phase behavior within different activated porous
carbons.122-124

2.1 CH, Hydrates in porous Carbon

2.1.1. Effect of Pore Size

The formation of gas hydrates in different sizes of cavities in
porous materials has been directly correlated with natural gas

15t margins
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hydrates found in sediments deep under the sea.l%®
Understanding this phenomenon is advantageous for
applications of porous materials as physisorption media and
nanoreactors for growing artificial methane hydrates.° Water
molecules enclosed within pores of activated carbons were
reported to enhance the adsorption of methane and the
resulting combination tends to form methane hydrates under
the pressure slightly higher than 3.5 MPa at 275 K.126 One of the
ground-breaking findings of the formation of methane hydrate
within carbon materials goes back to 1998, in which Miyawaki
et al. assessed methane adsorption at sub-par pressure (up to
0.03 MPa) in water-saturated porous carbons at 303 K.1?7 Even
with the limited pore volume in these porous carbons (with
pore size under 1.1 nm) and the minimal pressure employed, a
credible model of methane nanohydrates was proposed based
on the experimental findings and the simulation of methane
adsorption with a gas-to-water ratio of 1:2. This study
illustrated the correlation of the gas hydrate growth process
with the extent of fractional loading of the pores with pre-
adsorbed water.

Pore volume also plays a vital role in the formation of gas
hydrate within confined nanopores. Borchardt et al.l?®
evaluated an array of model porous carbons (micro-, meso-, and
macroporous) as shown in Fig. 5(a)-(d). They found that the
pore volumes of these materials played major roles not only in
calculating the net methane adsorption capability in saturated
environments but also in determining the hydrate-to-water
ratio percentage. Therefore, the integration of porous carbon
nanostructures had a boosting impact on the formation of
methane hydrate. Upon a closer examination of the methane
isotherms, they revealed that all test materials in this study
displayed critical blocking effects caused by water at the low-
pressure range (below 2 MPa) (Fig. 5(e)). Nevertheless, the
adsorbed methane quantity improved significantly in the
pressure range of 2—4 MPa hinting towards the formation of
methane hydrate. The adsorption capacity of methane within
the micropores (Chicro, the pore size of 0.8 nm) was restricted to
180 mg/g due to spatial restraints. Similar results were

~ (e) 400-Temperature: -9 °C
B 350
o @%
1 Pl — =
€ 300 PO PV
k5 1 >
£ 250 4
?% 200 -
4 =(O—0=0=Oa=CgrOgrC
100 nm ‘g 150 D '.,’.—%-"." WA
E 100
50 —
0 -
0 1 2 3 4 5 8 7 9 10
Pressure (MPa)
—w— Confined hydrate C__, —#— Confined hydrate C___ .
—A— Confined hydrate C__, —®— Confined hydrate C___

—a— Bulk hydrate

Fig. 5 SEM and STEM images of the four model carbons: (a) Cricro (0.8 nm), (b) Cneso-1 (10 NM), (€) Crneso-2 (25 Nm), and (d) Cracro
(10,000 nm). (e) High-pressure isotherms studying methane adsorption/desorption at 264 K in different carbons.?> Reproduced
with permission from Ref.12>, Copyright 2016, PCCP Owner Societies.
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observed from pinewood-derived macro-porous carbons
(Crmacro, the pore size of 10,000 nm). However, in comparison to
the dry carbons, mesoporous carbons exhibited an increase in
the methane adsorption capacity of 120% and 173% for the 10
nm and 25 nm samples, respectively.

2.1.2 Effect of Water Content

An accelerating impact of the fractional loading in the quantity
of methane trapped by water-saturated porous carbons
(mesoporous and microporous) was observed by Celzard et
al.128 as well as Casco et al.*?® albeit under different conditions
(275 K and up to 8-10 MPa). Generally, high-pressure isotherms
of methane within the pores of these activated wet porous
carbons are categorized into three major ranges of pressure: (1)
pressure less than 4—5 MPa, results in less adsorption capacity
in comparison to the dry porous carbons, (2) pressure range of
5-8 MPa at which an ensuing increase in the adsorption
capacity credited to the formation of methane hydrate in large
pores, and (3) pressure above 8 MPa denoting the formation of
methane hydrate within the smaller pores (mesopores or
micropores). A higher level of water saturation was found to be
essential to bridge the adsorption capability of the dry porous
carbons. The highest adsorption at 10 MPa was 50 wt.% for the
water-saturated sample R,, = 1.8, which was higher than the dry
porous carbons (24 wt.%), where R,, = weight of water/ weight
of carbon (Fig. 6).126 Reaching the point of oversaturation (R, =
4.1) remarkably enhanced the methane storage capacity to 63
wt.%, through the addition of a step in the methane adsorption
isotherm at 3.5 MPa. This was due to the growth of methane
hydrate within the macropores. The gas hydrate growth within
porous carbons was dependent on a sizable hysteresis loop
resulting from the metastability of the gas hydrate growth
process. At this stage, these gas hydrate crystals within confined
nanospace were formed within 60 minutes. Thus, owing to the
enhanced gas-liquid interphase, the presence of activated
porous carbons accelerated the gas hydrate formation kinetics
in a timescale comparable to that of the bulk phase.

70
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Fig. 6 High-pressure CH, isotherm studying

adsorption/desorption of CH; on activated carbons under
distinct water saturation ratios (R, = weight of water/weight of
carbon).126 Reproduced by permission from Ref.126. Copyright
2015, Springer Nature Publishing Group.
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The growth kinetics of methane hydrate in water-saturated
porous carbons was demonstrated by Yan et al. to increase
upon a decrease in the formation temperature or an increase in
the methane pressure.'?® This study suggested that to achieve
the maximum formation of methane hydrate, the water-to-
carbon weight ratio had to be optimized. Conditions by-passing
that optimal ratio would plummet the amount of methane in
the porous carbons due to the accumulation of bulk water
above the water-filled carbon bed.

2.1.3 Effect of Particle Size

The particle size effect of activated porous carbons on the
growth of methane hydrate has been investigated by Siangsai
et al.130 For activated porous carbons with large particle sizes
(841-1680 pum), the high-pressure gas adsorption experiments
(8 MPa and 276 K) resulted in a gas hydrate yield of 96%. This
was attributed to the bigger interstitial pore gaps amongst the
activated porous carbon particles. Activated porous carbon
particles with small sizes (250-420 um) also exhibited enhanced
methane hydrate formation kinetics because their surface
provided greater contact areas that allowed water and methane
molecules to diffuse more efficiently. In situ thermal studies
revealed two separate growth stages. The first stage was
postulated to originate from the formation of imminent gas
hydrate films within the interstitial space present at the gas-
water interphase. The second stage was credited to the growth
of gas hydrate within the core of the interparticle spacings
through gaps and cracks created in the peripheral gas hydrate
films.

Babu et al.*3! reported the growth of methane hydrate in
silica sand and activated porous carbons. They proposed that
the nucleation of gas hydrate first began on the surface of
carbon particles, whereas for silica, the gas hydrate crystals
were formed within the interstitial gaps between the pores.
Additionally, for activated porous carbons of larger particle
sizes, the occurrence of a transient gas hydrate crystal within
the hydrate stability region was observed. Jung et al.13?
reported similar observations for methane hydrates formed
within capillary pores, further indicating the intricacy of the
nucleation mechanism and the growth process of gas hydrates
within the confined environment.

2.2 Hydrate Growth Models in Porous Carbons

It has been well-established in the literature that all carbon
surfaces can act as nucleation sites for gas hydrates because
they enhance the water-gas interphase to facilitate the
formation kinetics in comparison to the bulk gas hydrate phase
133 In the light of the kinetic growth model reported by
Skovborg et al.134, assuming that the diffusion of the guest gas
molecules from the bulk gas phase to the bulk water is the rate-
determining step, Yan et al. claimed that the surfaces of carbons
play the key role in the nucleation of methane hydrates as
opposed to the water/gas interface commonly credited for bulk
hydrate growth.129 13>

J. Name., 2013, 00, 1-3 | 5
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A recurring open question among the scientific community
of hydrates centers on understanding the complex nucleation
mechanism and the growth process of methane hydrates in the
presence of porous carbons. Since the size of a
thermodynamically stable gas hydrate nucleus is approximately
8-11 nm?3¢, the growth mechanism for understanding the
formation of gas hydrates within macropores cannot be applied
to micropores which have limited pore space for gas hydrate
growth. Also, various water adsorption mechanisms are
expected when compared to the case of larger pores.
Nevertheless, there are several proposed mechanisms for
micropores. According to one proposed growth mechanism,
pure water first forms films on the surface of the cavities of the
porous carbons, followed by the formation process of gas
hydrate at the interface between water and the surface of the
porous carbons (Fig. 7). This water film provides a larger and
more effective contact area amongst the methane and water
molecules to initiate the methane hydrate growth.

Porous Carbon

Fig. 7 A physical model for the formation of methane hydrate in
activated porous carbons.'?® Reproduced with permission from
Ref.137. Copyright 2013, Hindawi Publishing Corporation.

One of the daunting challenges in this field is to resolve the
crystal structure and morphology of the confined gas hydrates.
After all, owing to the lack of experimental proof regarding the
nature and structure of this potential gas hydrate formed under
this spatial constraint, the nucleation mechanism and growth
process in micropores is yet to be explored. The absence of
experimental evidence lies in the limited crystal size of these
confined gas hydrates in micropores being too small to be
characterized using standard spectroscopic methods, although
the crystal structure of the methane hydrate crystals formed in
the confined environment of larger cavities has been reported
using synchrotron X-ray diffraction.1?> 126 These experimental
studies have demonstrated that gas hydrate crystals formed
within porous carbons with different pore sizes (mesoporous)
reveal an sl gas hydrate crystal structure with an average crystal
size of 10-50 nm. These meticulously constructed activated
porous carbons can be used as gas hydrate growth media to
synthesize artificial methane hydrates under moderate
pressure and temperature environment (3.5 MPa and 275 K)
with quicker hydrate growth kinetics (within minutes) than
those in nature, fully reversible methodology, and a minimal
stoichiometry that simulates the growth of natural gas

hydrates.1?® However, activated porous carbons display

6 | J. Name., 2012, 00, 1-3

imperative challenges associated with the dearth of structural
versatility in terms of composition and surface chemistry
functionality.120 138 139

3. Gas Hydrates in Metal-Organic Frameworks
Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), are porous materials consisting
of metal-ion networks linked by multifunctional organic
molecules.’®® These linkages are formed through robust
chemical bonds between the organic linkers and the metal-
containing clusters.'*! Through modifying the types of metal
ions and organic linkers, a large assortment of different porous
structures can be designed and synthesized with varied pore
traits including size, shape, and density of the pores.}4?
According to the International Union of Pure and Applied
Chemistry (IUPAC), one criterion that MOFs needs to satisfy is
to contain cavities (voids) with no actual size limit for the
porosity.'*3 Hence, MOFs can be divided into three broad
categories based on porosity: microporous (< 2 nm),
mesoporous (2 - 50 nm), and macroporous (> 50 nm).*** While
different types of MOFs have been thoroughly explored for
their applications as gas storage devices'*> and gas separation
systems!4, researchers only started to realize the effect of
water on enhancing the gas storage capacity and gas separation
efficiency of MOFs in the past decade (Table 2).247-151 This is
because most MOFs developed at the beginning of this material
research field had water-sensitive metal-organic linkages and
thus were unstable in the presence of water.1>2

3.1 CH, Hydrates in MOFs

Gas hydrates have been reported to form within the pores of
MOFs and enhance their gas storage capacity. Recently, the
formation of methane hydrate inside MOF MIL-53 was reported
(Table 2).333 MIL-53 was chosen in this study because it is
thermodynamically stable in water and commercially available.
MIL-53 consists of interconnected chains formed by aluminum
hydroxide and benzene-1,4-dicarboxylates. This sequential
linking of metal ions with organic molecules gives rise to a highly
porous structure.'> MIL-53 has two types of pores. The first
type is the micropore of size around 0.6 nm (pore volume: 0.18
cm3 g1) and the second type is the meso/macropore of pore
size more than 10 nm (pore volume: 0.49 cm3 g). The
nucleation of methane hydrate crystals was observed solely in
the interparticle space (meso/macropores) instead of the inner
micropores (Fig. 8(a)). This was attributed to the small size of
the micropores (~0.6 nm) in comparison to the size of the sl unit
cell for methane hydrate (~1.2 nm).

The formation of gas hydrates in MIL-53 was characterized
by synchrotron high-resolution X-ray powder diffraction (HRPD)
because the high-intensity synchrotron X-ray provides greater
penetration depth and diffraction peak intensity. In this study,
the water-saturated MIL-53 samples were pressurized with CH,
(10 MPa) and CO, (4 MPa) at room temperature and also at 243
K. The corresponding HRPD data showed diffractions peaks
corresponding to the diffractions from planes of sl gas hydrate.
Additionally, P-T trace curves were measured to evaluate the
phase transformation of the hydrates in MIL-53 (Fig. 8).

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Table showing the crystal structures of different metal-organic frameworks (MOFs) reported for hosting the growth of gas hydrates.
Guest Gas Ref.

Structure

MOF
MIL-53 CO,, CH, 153
ZIF-8 CH, 155
MIL-100 (Fe) CH, 156
MIL-101 CH, 157
Cr-soc-MOF-1 CH, 158
HKUST-1 co, 147

J. Name., 2013, 00, 1-3 | 7

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Nanoscale

The sharp drop in pressure in the cooling curve of the P-T traces
(blue arrow) in both cases was indicative of the formation of the
corresponding gas hydrates. The first gas hydrate phase
observed at higher pressure and temperature was very similar
to that of the bulk phase of gas hydrate, whereas the other gas
hydrate phase was somewhat of a confined hydrate phase as a
result of the limited dimensions of the pore. The growth of the
bulk hydrate was only observed in the macropores (> 300 nm).
Note that the amount of bulk phase of both gas hydrates in MIL-
53 was insignificant in comparison to the confined phase of gas
hydrate. In the case of CO,, cooling and heating curves turned
out to be different due to a pressure drop but no such pressure
difference was seen in the case of CHy. Interestingly, with 33 wt.
% of water-saturation in MIL-53, no bulk phase of the gas
hydrate was observed due to insufficient water. Inhibited phase
behavior was exhibited by the confined hydrate phases of both
CH,4 and CO, hydrates within MIL-53. This was because both the
surface properties and the pore size influence the phase
behavior of gas hydrates formed within a confined
environment.

Zeolitic imidazolate frameworks (ZIFs) are another subclass
of MOFs which are water-and-acid stable (Table 2). ZIFs have
been reported to nucleate gas clathrate hydrates within their
lattice structures for gas storage applications.'® 160 Mu et. a/
reported an increase of 45% in the gas storage capacity of ZIF-8
due to methane hydrate formation.?>® In this study, methane
hydrates formed within ZIF-8 pores (pore volume: 0.61339 cm?3
g1) at 269.15 K and 274.15 K. The phase behavior of methane
hydrate was studied above and below 273 K (freezing point of
water). Additionally, the effect of water content in ZIF-8 pores
on the storage capacity of methane hydrate was studied at four
different water content percentages (16.34%, 27.71%, 30.64%,
and 35.13% (by mass)). The growth of CH,4 hydrate in ZIF-8 was
observed only within the interparticle space between pores
because water cannot access the hydrophobic inner pores.

The results showed an improvement in the methane storage
capacity of ZIF-8 clusters along with ZIF-8 particle beds. For
maximizing the methane storage capacity of the ZIF-8 particle
bed (Sv), there was an optimal water content (~30%) required.
There are two reasons behind this, firstly, the strong hydrogen
bonding among water molecules makes the ZIF-8 particles more

attractive to each other. Secondly, the water molecules may
have increased the pore volume of MOFs.161 The first effect
decreased the volume of the water-filled ZIF-8 bed (V) whereas
the second effect increases the V) with increasing water
content. The methane storage capacity of a water-filled ZIF-8
framework with a net water content of 35.13% was 56% (by
mass) more than that of the dry ZIF-8 sample at 269.15 K and
2.85 MPa. The methane storage capacity of a water-filled ZIF-8
particle bed with a water content of 30.6% was 150 v/v at 6.5
MPa. The ZIF-8 framework remained stable during the water
saturation of pores and the methane hydrate formation
processes. No changes in the morphology after dissociation of
methane hydrate in ZIF-8 were observed, demonstrating that it
can be used repeatedly for methane hydrate formation.

The effect of porosity and surface chemistry of MOFs on the
nucleation of the methane hydrate have been reported using
the hydrophilic MIL-100 (Fe) MOF and the hydrophobic ZIF-8
MOF (Table 2).156 MIL-100 (Fe) is a hydrophilic MOF that has
large mesopores (2.4-2.9 nm) and micropores (0.55 nm and
0.86 nm).’%2 ZIF-8 has a hydrophobic external surface and
internal pore cavities of about 1.2 nm.1%3 The methane hydrates
formed within the MOFs were characterized using HRPD and
inelastic neutron scattering (INS). The hydrophilic MIL-100 (Fe)
MOF was reported to promote the growth of methane hydrates
within its internal pores with a lower water-to-hydrate
percentage, whereas the hydrophobic ZIF-8 MOF only
promoted the growth of methane hydrate within the
interparticle space between pores and/or within the peripheral
surface area because the hydrophobic inner surface did not
permit water to gain access to the internal micropores.

Molecular dynamics (MD) simulations have also been
performed to examine the growth kinetic process of methane
hydrates within MOFs. Recently, He et al. simulated the
influence of water content on the formation of methane
hydrate and the associated kinetic processes in a mesoporous
MIL-101 MOF.157 MIL-101 is composed of a complex porous
network built from 1,4-benzenedicarboxylic acids and
octahedral Cr;O trimers.1®* The cage structures of MIL-101
contribute to the nanopores whereas the inter-particle space of
the material provides the meso/macropores. Accordingly, MIL-
101 particles have an exceptionally large pore volume and

CO; hydrate in MIL-53
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surface area. In this study, methane hydrate was found to form
selectively within the exterior area of MIL-101 cavities.
Methane molecules within the exterior area were steadily
drained following the sustained growth of gas hydrate, and a
methane concentration gradient was established between the
MIL- 101 pore cavities and the exterior area, consequently
driving the diffusion of methane molecules out of the pore
cavities. Nonetheless, a stable gas hydrate can form within the
pore cavities of MIL-101 after the gas hydrate growth within the
exterior area was almost full.

In the past decade, studies focusing on the design of suitable
organic building blocks through reticular chemistry have paved
the way towards the discovery of new water-stable MOF
structures with exceptionally high water adsorption capacity.16>
166 Following this trend, Cuadrado-Collados et al. evaluated Cr-
soc-MOF-1 that has high water adsorption capacity (~200 wt.%)
for studying the formation of CH,; hydrates within its porous
cavities.'®® Cr-soc-MOF-1 structure consists of chromium
trimers together with tetratopic organic building blocks. It has
an apparent surface area of 4500 m2/g and pore size of about
~1.6 nm. The CH,4 hydrates were characterized using inelastic
neutron scattering, high-pressure methane adsorption
measurements, and synchrotron X-ray powder diffraction. In
the high-pressure methane adsorption study of Cr-soc-MOF-1,
the authors observed that when the cavities were partially or
completely saturated with water, CH4 could not access the inner
pores to form hydrates. However, the scenario changed
significantly upon going slightly above the oversaturation
conditions (~150 wt.%) at 4.5 MPa. Above this pressure
threshold, the CH, uptake showed a sharp increase of 33 wt.%
at >6 MPa. This sudden increase in CH4 uptake by Cr-soc-MOF-
1 was strong evidence of the CH; hydrate formation.
Additionally, the CH4 hydrates were also discovered to form in
the inner cavities of Cr-soc-MOF-1 because the pressure
required for the formation of CH4 hydrate on the surface and in
larger pores was usually at 3-4 MPa.1?% |t was observed that the
internal surface chemistry of the pores and porous structures
(cuboidal cavities and 1D pore channels of size ~1.6 nm)
promoted the formation and nucleation of the sl structure of
CH4 hydrate within the porous network.

3.2 CO, Hydrates in MOFs

Owing to the success of applying MOFs to form methane
hydrates within their pores, many MOF researchers have
started to evaluate the properties of reported water-stable
MOFs for CO, hydrate storage. One example is the investigation
of the HKUST-1 MOF on the storage for N,, H, and CO, in the
form of gas hydrates (Table 2).147 HKUST-1 consists of three
types of pores. The two bigger pores (1.06 nm and 1.24 nm) are
hydrophilic, whereas the small pore (0.5 nm) was comparatively
hydrophobic due to the exposed copper.167: 168 The gas storage
capacity of CO, was found to be pressure-dependent, but, for
N, and H,, it was severely inhibited because the water-
saturated pores significantly reduced the available pore volume
of the micropores. When the water-saturated HKUST-1 was
exposed to CO, (50 bar), new diffraction peaks corresponding
to the planes of structure sl CO, hydrate were observed. The
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samples subjected to only N, and H, gas (100 bar) showed no
difference in diffraction peaks and thus, no gas hydrates were
formed. This enhanced CO, storage capacity observed at higher
pressure (>23 bar) was due to the formation of CO, hydrates
within the mesopores. The introduction of CO, disturbed the
adsorbed water molecules within the water-saturated HKUST-1
framework, whereas no difference was detected in the
diffraction patterns of the water-saturated HKUST-1 framework
when pressurized with N, and H, separately.

4. Quasi-2D Gas Hydrates in Graphene
Nanoslits

Recent studies of materials growth confined to quasi-two-
dimensional (Q-2D) space such as slits between surfaces
(sometimes referred to as slit nanopores) have guided the
discovery of many novel 2D materials possessing unusual
chemical and physical properties.1® 170 Presently, no structures
of Q-2D gas hydrates have been experimentally verified,
conjectures of the existence of these materials can be inferred
by the theoretical predictions of Q-2D polymorphs of ice at low
temperatures. Since the first reported simulation proof of the
spontaneous growth of bilayer ice enclosed within the sub-
nanometer gap of a graphene slit nanopore!’?, many new Q-2D
polymorphs of ice such as monolayer'’2 173, bilayer'’4 175, and
trilayer'’® 177 polymorphs within hydrophobic slit nanopores
have been revealed using MD simulations as well as through
experiments.'’8 In the laboratory, the formation of the bilayer
ice | has been also realized through vapor deposition at
extremely low temperatures on a graphene/Pt(111) substrate
or an Au(111) substrate.1’® 172 The first simulation evidence of
the spontaneous formation of 2D monolayer argon hydrate
within hydrophobic nanoslit was reported by Bai et al. in
2010.172 Even though the spontaneous growth of two-
dimensional clathrate hydrates has been reported previously
using MD simulation, the molecular insight, and growth
mechanism of such low-dimensional gas hydrates are yet fully
understood.180-182

4.1 Q-2D H, Hydrate in Graphene Nanoslits

The first MD simulation evidence of the Q-2D H, hydrates was
reported by Zhao et al. They found that H, rapidly formed a
bilayer (BL) hydrate within the nanoslits between parallel
graphene sheets (Fig. 9 and Table 3).183 18 The hexagonal
hydrate crystal with single occupancy of an H, molecule in each
hexagonal cage was demonstrated to be the
thermodynamically stable phase. The size effect of the guest gas
molecule on the formation of the BL gas hydrates within the
nanoslits was also investigated using ethane (C,Hg), ethene
(CyHy), allene (C3Hy), carbon dioxide (CO,), and hydrogen (H,).
Apart from these gases, NH3 and H,S were also studied since
both molecules exhibit strong intermolecular hydrogen-
bonding with water. Several stable BL gas hydrate structures
with either the nonpolar or polar nature of guest gas molecules
confined within a nanoslit were observed. The structures of the
hydrate cages depended on the size of the guest gas molecule.
Additionally, bigger guest gas molecules were observed to
induce the formation of larger cages for the corresponding
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structures of the BL hydrates. In the cases of guest gas
molecules bigger than CO, such as CH4 "5 or linear molecules
such as C,Hg, C,Hy, and C3Hy4, the BL-square-octagonal clathrate
hydrate structures were observed. Also, for polar guest
molecules such as NH3 and H,S, they were found capable of
displacing water molecules from the actual lattice sites of the
whole water framework in the BL hydrate structures. NH3 and
H,S both act as hydrate promoters that strengthen the hydrate
cage by extending the hydrogen bonding network and

subsequently causing the formation of larger water cages.

Fig. 9 Simulated models of (a) BL amorphous H, hydrate and (b)
constructed perfect BL-hexagonal H, hydrate. Red spheres
represent oxygen. Small white spheres represent the hydrogen
of water, whereas big white spheres represent hydrogen
molecules. Blue dotted lines indicate hydrogen bonds.'%*
Reproduced with permission from Ref.18%. Copyright 2015,
Royal Society of Chemistry.

Motivated by the MD simulation results of BL gas hydrates,
Zhong et al.'8> applied first-principles quantum chemistry
calculations to examine the structural characteristics and
thermodynamic phase stability of Q-2D H, hydrates (Table 3).
Four new BL H, hydrate structures were predicted by density
functional theory (DFT) calculations.'®> This Q-2D H, hydrate
confined within graphene sheets exhibited superior H, storage
capacity in comparison to that of bulk THF-H, hydrates.186-194
Interestingly, the BL hydrates were found to be highly
susceptible to the distance between the graphene sheets but
not towards the hydrophobicity of the plates.17> 183,195

To study the effect of the space between the graphene
sheets on the structure of Q-2D H, hydrates, geometry
optimization was applied to optimize the structures of the
hydrates enclosed within two graphene sheets with a
separation distance from 8.0 A to 11.0 A. Here, the notation
used to denote a hydrate cage is XaY°-mH,. “X” and “Y”
represent the shape or geometry of the water cage in the lateral
and vertical direction, respectively, whereas “a” and “b”
indicate the number of water rings differently. The symbol “m”
denotes the number of hydrogen gas molecules entrapped
within the hydrate cages. When the distance between two
graphene sheets was 9.0 A, the optimized hydrate structures
with singly H,-occupied cages had the highest stability with the
different structures following the stability order of 624%H, >
8248-H, > 7?47-H, > 5245-H,. For hydrate structures with doubly
H,-occupied cages, the optimized distance between the
graphene sheets for the maximum stability hydrate cages was
found to be 9.2 A. Comparing the hydrate structures with triply
and quadruply-H, occupied cages, the 8248 structure had the
highest stability. Due to the space constraints, four novel
hydrate structures, namely BLHH-I (4:-624%), BLHH-II (245,
2-8248), BLHH-III (2-524°, 6-624%, 2:7%47), and BLHH-IV (4-5245,
46245, 2.8248), were observed by DFT optimization (Fig. 10).

4.2 Q-2D CH,4 Gas Hydrates in Graphene Nanoslits

The first MD simulation evidence of Q-2D CH,4 hydrates was the
BL CH, hydrate reported by Bai and Zeng.'’> Their study started
from an initial system of phase-separated liquid water and CH,
gas, both confined to a nanoslit at 300 K and 10 MPa. When the
pressure was increased instantly to 1.0 GPa, nucleation of the
CHy4-containing water octagon was observed at a very early
stage. However, the formed octagons kept on collapsing until
nuclei of a critical size (consisting of at least four water
octagons) were formed. They also computed the melting point
of the BL CH,4 hydrate with 100% singly CH4-occupied cage at
285 K and ambient pressure.

Following a similar trend, Q-2D CH,; hydrates were also
studied using first-principles quantum chemistry calculations.%®
Different structures of Q-2D CH,4 hydrates were observed after
the confinement of water and CH, molecules between two
parallel graphene sheets with a separation distance from 8.0 A
to 13.0 A (Table 3). In this study, two distinct types of CH,
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Fig. 10 Structures of Q-2D H, hydrates: (a) BLHH-I (4-624°) unit cell, (b) BLHH-II (2-45, 2-8248) unit cell, (c) BLHH-III (2-:524°, 6-6245,
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Table 3 Table showing the cage occupancy and the hydrate cage structures of different Q-2D gas hydrates formed between
parallel graphene sheets.

H, BL-Hexagonal Single 8.0 - 184
CO, BL-Heptagonal Single 8.0 -
C,He BL-Octagonal Single 8.0 -
CyH, BL-Octagonal Single 8.0 -
Cs3H, BL-Octagonal Single 8.0 -
CH, X2-CH, Single 9.0 - 1%
(X2-CH.), Double 11.5 -
(X2-CHa)y - 12.0 -
H, BLHH-I (4-6246) - 9.0 2.703 185
BLHH-II - 9.0 1.37

(2-48, 2-8248)
BLHH-III - 9.0 2.174
(2-5245, 66245,
2:7247)
BLHH-IV - 9.0 1.639
(4-5245, 4-6245,
2.824%)
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Fig. 11 Geometry optimized structures of Q-2D CH,4 hydrates confined between two parallel graphene sheets. The water and
methane molecules are shown in the stick model, the C atoms are shown in a ball-and-stick model, and the hydrogen bonds
are shown in dashed black lines.1%¢ Reproduced with permission from Ref.1%. Copyright 2019, Elsevier Publishers.
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hydrate cages, the “plum-pudding” and the “sandwich” cages
were reported. In the “plum-pudding” structure, the adjacent
water molecules formed a singly CHj-occupied cage. For the
“sandwich” cage structure, the water molecules formed two
planar water ring layers “sandwiching” a CH; molecule. The
structures of the three cage patterns were denoted by the
notation (X"™CHj4)m, Where “X” denotes the number of water
molecules in a single planar water ring, the superscript “n”
denotes the number of layers of water, and the superscript “m”
denotes either the number of coplanar cages or the “sandwich”
cage structure (I1).

Overall, the three cage patterns were predicted to follow
the stability order of X2:CHy > (X2:CH,), > (X2:CH,)y. The “plum
pudding” hydrate structures containing the single-cage X?-CH,
structures (X = 6 - 8) had the highest stability when the gap
between the two graphene sheets was 9.0 A (Fig. 11). The
relative stability of the three similarly “plum pudding” hydrate
structures follows the trend: 82-:CH, > 72-:CH, > 62:CH, (Fig. 11).
The 8%:CH,4 cage formed within two graphene sheets having a
separation distance of 8.0 - 12.0 A, whereas the 62-CH, and
7%-CH4 hydrate cages formed readily with the distance between
the graphene sheets to be at least 8.5 A. The other “plum
pudding” hydrate structures contained coplanar double cages.
The coplanar double cage (X?-CHj,), structures (X = 6 - 8) formed
when the separation distance between the two graphene
sheets was 11.5 A (Fig. 11). The stability of these hydrates with
coplanar double cages followed the order: (82:CH,), > (7%:CH,),
> (62:CHy),. In comparison to the single cage X?:CH,, double
cages (X2-:CH,), exhibited less stability. To obtain stable (X2:CH,),
(X = 4 - 8) “sandwich” cage hydrate structures, the optimum
distance between the two graphene sheets was found to be
12.0 A. The order of the stability of different sandwich methane
hydrate structures was (52:CH4)y > (4%:CHg)y > (6%:CHy), >
(72-CHg)y > (82-CHa)y:.

5. Quasi-1D Gas Hydrates in Carbon Nanotubes
Carbon nanotubes (CNTs) have been explored to provide quasi-
one-dimensional (Q-1D) channels for growing gas hydrate.
There are two types of CNTs, single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTSs).
SWCNTs are often regarded as a rolled-up infinitely long
graphene sheet with a set of opposing edges chemically bonded
to each other (Fig. 12).2%7. 198 MWCNTs are composed of
concentric, nesting shells of SWCNTs like matryoshka Russian
dolls (Fig. 12).

Fig. 12 Schematic representations of (left) a single-walled
carbon nanotube (SWCNT) and (right) a multi-walled carbon
nanotube (MWCNT).
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Studies of gas hydrates in SWCNTs were inspired by the
widespread interests in the structure of water in a restricted
environment %9, in its degree and type of hydrogen bonding?°%-
204 and proton transfer via “water wires”.29% 206 The formation
of gas hydrates in SWCNTs was first reported by Tanaka and
Koga?®” using classical molecular dynamics (MD) and grand
canonical Monte Carlo (GCMC) simulations. Their results
revealed that these hydrates adopt structures containing an
octagonal ice nanotube with a hollow space filled with
hydrophobic guest gas molecules such as neon, argon, and
methane. The attractive interactions between the guest gas
molecules and the nanotube ice and the SWCNTs were found to
stabilize the structures.

5.1 Q-1D H, Hydrate in SWCNTs
Inspired by the success of Tanaka and Koga,?®” Zhao et al.
applied both MD and ab initio molecular dynamics (AIMD)
simulations to verify the formation of H, hydrate inside SWCNTSs
of various diameters.2%8 Significantly, they observed the rapid
growth of Q-1D H, hydrates at near ambient temperature and
pressure. Similar to the results of Tanaka and Koga,?” inside the
SWCNTs, the guest H, molecules in the Q-1D gas hydrates form
a chain of molecules inside polygonal ice nanotubes (Fig. 13).

Fig. 13 Axial views (top panels) and side views (bottom panels)
of the inherent structures of the Q-1D octagonal H, hydrates
formed in (17, 0) SWCNT.2%8 Reproduced with permission from
Ref.298, Copyright 2014, American Chemical Society.

The structures, composition, and stability of H, hydrates inside
SWCNTs were revealed to be highly dependent on the
diameters of the SWCNTs. For the (14, 0), (15, 0), (16, 0), and
(17, 0) SWCNTs, their diameters vary from 1.09 nm to 1.33 nm,
and their corresponding spontaneous formation of pentagonal,
hexagonal, heptagonal, and octagonal H, hydrates was
observed (Table 4). As the size of the ice nanotubes increased,
the H,0/H, ratios of these Q-1D H, hydrates also increased from
5:1 to 8:1. Computed basis set superposition error (BSSE)
corrected interaction energy values between the H, molecule
and polygonal ice nanotube were applied to calculate the
structural stability of these novel gas hydrate structures. At the
formation temperature, if the interaction energy values were
positive, H, molecules could simply escape the polygonal H,
hydrate structure if the SWCNT was open-ended, and much
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larger pressure was required to capture H, molecules within this
SWCNT system. For example, for the (15, 0) SWCNT system, the
interaction energy was about -0.09 eV, indicating that it was
energetically favorable for the H, molecules to be encapsulated
within the hexagonal ice nanotube. The AIMD trajectories also
showed that in the larger (17, 0) SWCNT, stable octagonal H,
hydrates having either single or double occupancy per octagon
prism were possible at 250 K. Overall, the predicted growth
conditions of H, hydrates at near ambient temperature and
pressure in water-filled SWCNTs make this material very
attractive as a potential hydrogen storage material.

5.2 Q-1D CO Hydrate in SWCNTSs

The formation of Q-1D carbon monoxide (CO) hydrate within
SWCNTs was reported by Zhao et al.?°° at ambient pressure
(Table 4). Similar to the case of Q-1D H, hydrates,?%® the
structure of this CO hydrate was composed of a polygonal ice
nanotube containing a chain of CO molecules in the centre. In
this study, they studied the selective adsorption of CO by the ice
nanotubes in presence of H,. They observed selective
adsorption of CO over H, molecules in octagonal and nonagonal
ice nanotubes. The water to CO gas ratio in these nanotube CO
hydrates was also found strongly dependent on the sizes of
SWNTs. For example, heptagonal gas hydrate was formed
rapidly in the (17, 0) SWCNT at 280 K (Table 4). In this case, this
hydrate permitted only an average of 1.3 CO and 2.2 H,
molecules to diffuse through. Thus, the heptagonal gas hydrate
was undesirable for separating a mixture of CO and H,. In
contrast, the (18, 0) and (19, 0) SWCNTs were predicted to
readily allow the guess molecules to diffuse. The octagonal gas
hydrate in (18, 0) SWCNT allowed the diffusion of 8.4 CO and
0.8 H, molecules. The mean quantity of CO molecules diffused
through the nonagonal nanochannel of gas hydrate inside the
(19, 0) SWCNT was increased to around 9.0, whereas the
number of H, molecules was just 0.8. This suggests that the
nonagonal gas hydrate may better suit to separate the CO and
H, molecules in diluted CO/H, aqueous solutions. The
preferential adsorption of CO over H, within the ice nanotube
can be applied to design a process for purifying hydrogen.

5.3 Q-1D CO, Hydrate in SWCNTs

The simulation proof of the existence of Q-1D polygonal (7-, 8-,
and 9-gonal) CO, hydrates inside SWCNTs was investigated by
Zhao et al.?*°, As shown in Fig. 14, the Q-1D heptagonal and
octagonal CO, hydrates were formed rapidly within (17, 0) and
(18, 0) SWCNTs, whereas the growth of the nonagonal CO,
hydrate was observed within a (19, 0) SWCNT. Highly selective
adsorption of CO, over H, gas molecules was also observed in
Q-1D hydrates within SWCNTSs. This was attributed to the lower
free energy profile of CO, diffusing from the bulk solution into
the polygonal ice nanotube than that for H,. Similar to the case
of CO hydrates, the high preferential selectivity of CO, over H,
in a dilute CO,/H, aqueous solution was found dependent on
the diameter of the SWCNTs rather than their chirality. The
modeling results of the selective adoption study revealed that
numerous CO, gas molecules and some H, gas molecules were
encapsulated within the Q-1D polygonal gas hydrates. For
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example, the heptagonal hydrate in a (17, 0) SWCNT trapped
CO, and H; in the ratio of ca. 5.8 on average. The average ratio
of trapped CO,/H, for the octagonal hydrate in an (18, 0) SWCNT
was about 11, whereas that for the nonagonal hydrate in a (19,
0) SWCNT was about 15.

p
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7-gonal hydrate
RS Y
Fig. 14 Axial views (top panels) and side views (bottom panels)
of snapshots of the Q-1D (a) heptagonal and (b) octagonal CO,
hydrates in SWCNTs.?10 Reproduced with permission from
Ref.219, Copyright 2018, American Chemical Society.

5.4 Q-1D CH, Hydrates in SWCNTs

The formation of Q-1D CH,4 hydrates was reported in SWCNTSs of
different sizes using MD simulation (Fig. 15 and Table 4).211
However, unlike the cases of H,, CO, and CO, hydrates, CH,4
hydrates formed only when a few of the water molecules of ice
nanotubes were substituted by CH,4. The results were explained
by the stronger methane-CNT interactions than the water-CNT
interactions and the great propensity of water molecules to
form hydrogen bonds. The results also matched the findings of
Tanaka et al.,?%7 in which the interactions of the guest molecules
with the ice nanotube in the SWCNTs were observed to affect
the stability and structure of gas hydrates. Although the types
of ice nanotubes of CH; hydrates formed in SWCNTs were
similar to H, hydrates, their structural distributions were
different. In the (13, 0), (14, 0), and (15, 0) SWCNTs, there was
one layer of water molecules formed before the addition of
methane molecules, but two layers were formed following the
addition of the methane molecules. Nevertheless, in the (16, 0)
and (17, 0) SWCNTs, two layers of water molecules were
formed, but three or more water layers were formed following
the addition of the methane molecules.

Fig. 15 The formation of methane hydrates in the (14,0)
SWCNTs in the states of (left) "with methane" and (right)
"without methane". Water molecules are in red and methane
molecules are in blue.?!! Reproduced with permission from
Ref.2!1,  Copyright 2018, Centre National de la Recherche
Scientifique (CNRS) and The Royal Society of Chemistry.

J. Name., 2013, 00, 1-3 | 13
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The structural stability of methane hydrates formed in
SWCNTs can also be understood from the self-diffusion
coefficients of water molecules within the nanotube models
with and without CHy (Fig. 15).211 In the absence of CH,, the self-
diffusion constants of water molecules in water-filled SWCNTs
were relatively large (0.158—0.250 x10° cm? s'1), indicating that
the ice nanotubes formed in the SWCNTs were liquid-like.
However, in the presence of CH,, the self-diffusion constants of
water molecules dropped by 50% to 90% in values. For the (16,
0) SWCNT, the self-diffusion constants of water molecules of
the methane hydrates were the smallest among the computed
results. This observation was attributed to the rise in the total
number of molecules with an increase in the accessible SWCNT
volume and the formation of two rows of water molecules in

the middle of the carbon nanotube instead of only polygonal ice
nanotubes.

5.5 Q-1D N, Hydrates in SWCNTs

The simulation proof of the existence of Q-1D nitrogen (N;)
hydrate inside SWCNTs was investigated by Li et al.?!2. They
demonstrated an electric-field-triggered process to release N,
molecules from the hydrate structure. The role of the electric
field in this gas release process was to interrupt the hydrogen-
bonding network of the ice nanotube, resulting in the change of
diffusion coefficient of the water molecules in the hydrate
structure. In this study, N, diffused into the SWCNT and formed
Q-1D N, hydrate when they were initially placed randomly in
the bulk water. An octagonal structure (type A) of Q-1D N, was

-
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Fig. 16 Schematic showing 5 structures of Q-1D N, hydrates formed in SWCNT under the electric field. (a) An octagonal N, hydrate
(type A). (b) A gas-free helical hydrate (type B). (c) A helical N, hydrate (type C1). (d) A helical N, hydrate (type C2). (e) A helical N,
hydrate (type C3). For (a), red, pink, and white spheres represent oxygen and hydrogen atoms, respectively. For (b)—(e), red, yellow,
cyan, white, and violet licorices represent different helixes of the water chain. Blue spheres and ice blue spheres represent N,
molecules and water molecules in the center, respectively. (f) The diffusion coefficient of water is a function of the electric field (E).
White, red, and blue spheres represent hydrogen, oxygen, and nitrogen atoms, respectively. Lime dotted lines denote hydrogen
bonds.?'2 Reproduced with permission from Ref.?12. Copyright 2020, Royal Society of Chemistry.
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Table 4 Physical properties of different Q-1D gas hydrates formed inside single-walled carbon nanotubes (SWCNTs).

H, (14,0) 1.09 5-gonal 5:1 0.37 290 208
(15,0) 1.17 6-gonal 6:1 0.34 390
Phase- <6:1 - -
separated
(16,0) 1.25 6-gonal 6:1 0.33 300
Mixed (6:1,7:1) (0.32,0.33) -
(7-gonal/
6-gonal)
7-gonal 7:1 0.32 400
(17,0) 1.33 7-gonal 7:1 0.30 330
Mixed (7:1, 8:1) (0.29, 0.30) -
(8-gonal/
7-gonal)
8-gonal 8:1 0.29 330
(8:1, 8:2) (0.29, 0.58)
8:2 0.58 410
co (17,0) 1.33 7-gonal <8:1 - 280 209
(18,0) 1.41 8-gonal 10:1 - 270
(19,0) 1.49 9-gonal 9:1 - 270
co, (17,0) 1.33 7-gonal 5.8:1 2.43 260 210
(18,0) 1.41 8-gonal 11:1 2.36 260
(29,0) 1.49 9-gonal 15:1 3.23 240
CH, (13,0) 1.01 4-gonal - - 250 211
(14,0) 1.09 5-gonal - - 250
(15,0) 1.17 6-gonal - - 250
(16,0) 1.25 7-gonal - - 250
(17,0) 1.33 8-gonal - - 250
N, (17,0) 1.35 8-gonal 10:1 - 240 212
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15
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observed (Fig. 16(a) and Table 4). An N, wire occupied the
hollow space within the octagonal ice nanotube. The effect of
the electric field (E) on the behavior of the Q-1D hydrate
confined in SWCNT was studied by analyzing the axial diffusion
coefficient (ADC) of water in the Q-1D hydrate under different
electric fields (Fig. 16(f)). For E = 0, the ADC of water in SWCNT
was 7.3 x 10719cm? s71. For 0 < E <1 V nm%, the ADC of water
remains constant, but the orientation of the water molecules
changed from bipolar orientation to uniform orientation. In the
range of 1 < E £ 1.25 V nm™, the octagonal ice nanotube
structures transform into a helical structure called type B (Fig.
16(b)). Simultaneously, the N, molecules are released from the
helical ice tube and are displaced by a single water chain (see
Fig. 16(b)). Furthermore, the ADC increased significantly when
E was in the range of 1.25 < E £ 2 V nm™L. With an increasing
value of E, interestingly, the ADC of water dropped sharply to
the magnitude of ~1071° cm? s7L. For the range of 2.25 < E <100
V nm, the N, molecules were encapsulated by an ordered
helical ice nanotube (type C). Additionally, the type C structure
can further be divided into type C1, C2, and C3, corresponding
to the three new structures of the ice nanotubes. In the type C1
structure, the structure of the ice nanotube (hydrate shell) is
similar to that of the type B structure (Fig. 16(c)). For type C2
and C3 structures, there are four and five helical water chains
respectively (Fig. 16(d)-(e)). In the case of type C (C1, C2, and
C3), N, molecules cannot escape from the helical ice nanotube
structure.

5.6 CH,; Hydrate in MWCNTs

Multi-walled carbon nanotubes (MWCNTs) which are
composed of two or more concentric carbon nanotubes have
also been explored for the formation of CH,; hydrates. So far,
there has been only one published study on the formation of
CH,4 hydrates within MWCNTs through studying the sorption
behavior of CH, inside water-filled MWCNTSs (Fig. 17).2'3 The
existence of water in the MWCNTs was reported to cause the
amount of CH, adsorbed to be nearly zero at lower pressures.
However, the CH,4 adsorption isotherm soared to a higher value
at about 3.9 MPa of CH,. The equilibrium amount of CH,4 stored
in MWCNTs was dependent on their water content. The
maximum methane storage was observed when the weight
ratio of water to MWCNTSs (R,,) was one. The highest quantity of
CH, stored per unit mass of MWCNTs was 5.1 times higher than
those of dry samples. Since the pressure required for the
formation of bulk CH,; hydrate in water was 3.23 MPa,?!* the
increase in the sorption amount of CH,4 in water-filled MWCNTSs
was probably because of the formation of CH4 hydrate.

The study concluded that the observed CH,; hydrate was
formed not merely in the pores of MWCNTSs but also within the
outer spaces present in between the sorbent particles.
Nonetheless. MWCNTs were unlikely to be used as a CH,
storage material because their maximum storage capacity was
still less than the other storage methods.

6. Conclusion and Outlook

This review surveys four categories of nanoporous materials

16 | J. Name., 2012, 00, 1-3

niwt%

pMPa

Fig. 17 Methane isotherms on dry and water-filled multi-walled
carbon nanotubes (MWCNTSs) at 275 K.213 R,, is the weight ratio
of water to nanotubes. Reproduced with permission from
Ref.213, Copyright 2005, Elsevier Publishers.

including porous carbons, metal-organic frameworks (MOFs),
graphene nanoslits, and carbon nanotubes for investigating the
formation of gas hydrates in confined spaces. From being
traditionally considered a source of troubles in flow assurance,
gas hydrates are now regarded as potential chemicals for
applications such as gas separation, energy storage and
transport, water desalination, and carbon sequestration.
However, the requirements of high pressure and slow
formation kinetics limit the practical application of bulk gas
hydrates. Porous nanomaterials provide promising hosts to
facilitate the growth of gas hydrates and drastically improve
their formation kinetics. Experimental studies of these
materials have revealed a new understanding of the unusual
phase behavior of gas hydrates formed under nanoscale
confinement. The effectiveness of gas hydrate formation in
these materials is dependent on the size of spatial confinement,
pore size, sizes of guest gas molecules, and chemical
interactions of the materials/media with edges and/or
functional groups with gas and water molecules. Although
advances in theoretical modeling have yielded numerous new
predictions of low-dimensional gas hydrate structures, most of
these novel structures discussed in this review lack concrete
experimental results. Thus, this review is expected to rekindle
researchers’ interests in gas hydrate research and encourage
them to explore new frontiers of porous materials for the
growth of gas hydrates.

Activated porous carbons are composed of ordered
micropores with walls of defective graphene-like layers. Owing
to their highly nanoporous structure and large internal surface
area, water-filled activated porous carbons are promising
materials to store gas in the gas hydrate form. For example, the
amount of methane stored in pre-humidified carbons at

This journal is © The Royal Society of Chemistry 20xx
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Fig. 18 Current challenges in the development of gas hydrates in confined spaces are depicted in this graphic illustration.

moderate pressure (ca. 10 MPa?'®) surpasses the amount
stored in the corresponding dry materials considerably.1?> The
hydrophobic pores have been demonstrated to be effective in
nucleating gas hydrates. Significantly, activated porous carbons
can accelerate the formation kinetics of methane hydrates from
days to minutes?6, making this carbon material the most
promising materials for methane storage.

Gas hydrate studies using MOFs216 as confined structures
demonstrate the complexity of the gas hydrate nucleation and
growth process in porous frameworks. MOFs with hydrophobic
inner surfaces have been shown to promote the formation
process of gas hydrates with a high yield. The controls of the
nucleation, formation kinetics, and structures of gas hydrates
inside MOFs were found to depend on (i) the structures of the
MOF hosts, (ii) the inner surface chemistry, and (iii) the growth
conditions.1#> 217 Owing to the high degree of chemistry control
in the design of MOFs, they are promising candidates to initiate
the formation of artificial gas hydrates for demanding industrial
applications such as gas storage or large-distance gas transport.

Theoretical modeling has predicted the formation of novel
gas hydrate structures within graphene nanoslits made of
parallel graphene sheets and also within single-walled carbon
nanotubes. These unique low-dimensional hydrates not only
enrich the gas hydrate family but also provide new model
systems towards understanding the formation of gas hydrates
in sandy sediments that occur naturally in the environment.
Significantly, these low-dimensional gas hydrates with
controllable physicochemical features form at ambient pressure
and temperature, rendering them potentially important for
industrial applications. Nevertheless, the existence of these two
novel low-dimensional gas hydrates has yet to be
experimentally verified.

Many questions on the nucleation and growth of
nanospace-confined gas hydrates and the development of
versatile nanoporous materials remain unaddressed. Below we
list five major challenges (Fig. 18) in the research of gas hydrates
in nanoscale confinements of nanomaterials:

This journal is © The Royal Society of Chemistry 20xx

Debatable nucleation mechanism of low-dimensional gas

hydrates

e Current nucleation pathways for gas hydrates in
nanoconfined porous materials remain under debate. The
complexity of this subject lies in the existence of multiple
competing pathways that intricately depend on the
density, size, volume, shape, and chemical nature of the
pores.?18 Such parameters can affect how the nanoscale
confinement intrinsically influences the phase boundaries
of gas hydrates. One major challenge in studying the
growth of low-dimensional gas hydrates is to achieve
sufficient control of gas diffusion into and out of the
nanomaterials. Factors such as uniformity of the pores and
porosity within the nanoporous materials and the degree
of opening of these pores for accessibility can drastically
influence the measured nucleation rate and kinetics of
hydrate growth.21°

Sluggish water uptake and gas diffusion within nanoporous

materials

e Enhancing the water-gas interphase through the use of
porous materials has been demonstrated to initiate
hydrate growth. However, the induction time for the
hydrate growth in these porous materials is still in the order
of hours. Accelerating or regulating the water uptake and
gas diffusion within the pores through other external
driving forces has the potential to significantly improve the
hydrate growth process. Recently, the application of
electric field for manipulating the surface wettability?2° of
water has been widely used in designing pH-filters,??! oil-
water mixtures,??2 liquid droplet actuators,??3 224 liquid

display This  observed

phenomenon is called electrowetting in which an electric

lenses, 22> and devices.226
field is used to modify the surface tension between a solid
surface and water, resulting in the modification of the
wettability and contact angle of water on solid surfaces.??’

Controlling the surface wettability is essential for designing
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and fabricating devices such as microfluidics, self-cleaning
surfaces, bio-sensors, and filtration devices.??® Many
studies have reported that through modification of water-
surface interaction via electrowetting??®, the water uptake
230,231 can be regulated and the opening and the closing of
pores?32-234 of different porous materials can even be
controlled.?3% Currently, the application of electric field for
studying gas hydrate growth in porous nanomaterial has
only been modeled by Li et al.?%?

The major limitation of most MOFs for confined gas
hydrate growth is the collapse of their micropores in the
presence of water.236240 This is attributed to the labile
nature of many metal-oxygen bonds which are susceptible
to hydrolysis that can cause irreversible destruction of the
frameworks. Recent synthetic advances have led to the
development of new water-stable MOFs that are suitable
for water-sensitive applications such as water-harvesting in
arid regions.?4%: 242 These water-stable MOFs show great
promises as hosts for growing gas hydrates within their
porous structure. Nonetheless, it is still a challenge to
anticipate a priori for any new MOF-confined hydrates to
overpass the performance of corresponding dry materials.
New metal-ligand chemistry is required to improve the
storage capacity of the MOF hosts when designing MOFs as
nanoreactors to grow artificial gas hydrates.?*3 Similar to
MOFs, covalent organic frameworks 244 (COFs) are hailed as
viable candidates?*® for studying gas hydrate formation due
to their high stability in water, high crystallinity, tunable
pore size, large surface area, and unique metal-free
molecular architecture. Presently, the research field of
COFs is still in its infancy and its application for gas hydrate
growth is yet to be explored.246: 247

In recent years, many studies reported the use of water-
stable porous materials such as polymerized high internal
phase emulsion (polyHIPE),” “dry water”,?*8 hydrogels,® 24°
and aluminum foams?>° to promote the formation of gas
hydrates. The high surface areas of these porous materials
were observed to accelerate the formation of hydrates
probably by enhancing the heat transfer process.®* These
studies reported high-pressure gas sorption measurements
which provided excellent information about the gas
uptake. However, they lacked information that could
pinpoint whether the gas hydrates were formed within the
pores or on the external surface of these porous materials.
Nonetheless, these studies demonstrated the promising
potential of hydrolytically stable porous polymeric
materials.” 2°1-253 Hence, further exploration of water-
stable porous polymeric materials is expected to be a
rewarding direction for gas hydrate research.

of gas hydrates from

nanoporous materials

The different gas storage studies in this review have
illustrated that it is still a daunting challenge to reach the
DOE target®* of methane storage (180 v/v) with
nanoporous materials. This is because the methane storage
mechanism within these materials is drastically different
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from the bulk. However, in recent years, MOFs have shown
great promises in overcoming this hurdle.?>> Through
optimizing the pore size and pore chemistry by designing
specific ligands, the methane storage capacity of MOFs can
be significantly enhanced. An ingenious use of the flexibility
of MOFs may also enhance their gas hydrate storage
capacity. For example, researchers can simply increase the
accessible surface area for hydrate growth without
increasing the pore volume by using the interpenetration
of frameworks in MOFs.2%6 This strategy may improve the
water-gas contact within the pore without changing the
pore size. Through developing new synthetic
methodologies for MOFs, there would be endless
possibilities of different systems fit for the scalable growth
of gas hydrates.

Achieving refined structural control of nanoporous carbon
materials can also improve the cycles of gas hydrate
formation and dissociation and it is essential for large-scale
hydrate production. For example, in the case of SWCNTs,
small changes in the nanotube diameter can lead to
significant changes in the structures of water tubes inside
the SWCNTs and the conductance of these “channels” for
gas diffusion. Also, ensuring the opening of the nanotubes
and the accessibility of the tubular space in macroscopic
samples is necessary for reproducible measurements of the
phase change and the formation of gas hydrate inside bulk
SWCNTs samples.

Insufficient characterization data for Q-1D and Q-2D gas
hydrates

Advances in computer modeling of gas hydrates in
different configurations of nanoscale confined spaces such
as nanoslits and nanotubes have led to the predictions of
many new gas hydrate structures. Nonetheless, since these
structures are highly sensitive to local changes in the host
structures, they post severe challenges in producing
samples with extremely uniform nanospace for structural
studies using a conventional bulk technique such as X-ray
diffraction and neutron diffraction. To verify these
theoretically predicted structures, further development of
local probe structures characterization techniques such as
in situ TEM, 237 non-contact atomic force microscopy,*’® and
confocal infrared spectroscopy,?°® 2°° are recommended
for experimental studies of these unique low-dimensional
gas hydrate structures.

Barriers to industrial-scale implementation of hydrate-based
technology

The outlooks of gas hydrate research have been shifted
from discoveries of new gas hydrates toward developing
applications. Presently, most of the reported studies of gas
hydrates in nanoporous materials are only conducted in
small laboratory-scale reactors. It remains to be
demonstrated that laboratory-scale experiments are
relevant and representative for gas hydrate applications on
large scale. To enable the development of gas hydrates for
industrial-scale applications, significant progress in

This journal is © The Royal Society of Chemistry 20xx
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understanding the gas hydrate growth processes is still
necessary to accelerate their scale-up processes. Improved
reactor configurations are required to promote faster mass
and heat transfer within the nanoporous materials and
hence hydrate growth kinetics. These advances are
essential to provide sufficient samples for application
developments.

e Another novel application of hydrate-based technology is
the desalination of seawater. For its large-scale
implementation, it is essential to have cost-effective and
environmentally sustainable hydrate forming agents. Many
explored hydrate forming agents have compromised side
effects. For example, sulfur hexafluoride and common
refrigerant gases can cause ozone layer depletion. Alkanes
are flammable and hence possess safety concerns for large-
scale implementation. Recently, studies report that
cyclopentane and carbon dioxide are more favorable
hydrate forming agents for the desalination process.
Cyclopentane can form hydrates at atmospheric pressure,
making it an easier system to control at a larger scale.?%0
Desalination through the carbon dioxide hydrate
processing route can serve a dual purpose. CO, gas can be
captured in the form of CO, hydrates from seawater and
these hydrates can then decompose to CO, gas and potable
water.43 79, 261-265 Combining the use of porous materials
and hydrate forming agents for the clathrate hydrate-
based desalination process has the potential to further
alleviate the requirements of high pressure and low
temperature. This processing strategy requires efficient
separation of the formed hydrate from the porous
materials in the water-release process. Linga and co-
workers have reported several desalination studies using
porous silica systems for growing clathrate hydrate with
propane or cyclopentane as co-formers.*3 266, 267 |n their
studies, the clathrate hydrates initially grew at the surface
of water-saturated porous materials but then gradually
grew out of the pores. Based on these observations, they
designed a clathrate hydrate-based desalination
apparatus.?®®  While other porous carbon-based
nanomaterials such as carbon nanotubes??® 270 and
MOFs?’t 272 have been studied widely for water
desalination application, to our best knowledge, their uses
as co-hydrate-formers through the hydrate-based
desalination approach have yet to be realized.
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