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ARTICLE INFO ABSTRACT

Keywords: Extensive research has been carried on the molecular adsorption in high surface area materials such as carbona-
Hydrogen storage ceous materials and MOFs as well as atomic bonded hydrogen in metals and alloys. Clathrates stand among the
Clathrates

ones to be recently suggested for hydrogen storage. Although, the simulations predict lower capacity than the
expected by the DOE norms, the additional benefits of clathrates such as low production and operational cost,
fully reversible reaction, environmentally benign nature, low risk of flammability make them one of the most
promising materials to be explored in the next decade. The inherent ability to tailor the properties of clathrates
using techniques such as addition of promoter molecules, use of porous supports and formation of novel reverse
micelles morphology provide immense scope customisation and growth. As rapidly evolving materials, clathrates
promise to get as close as possible in the search of “holy grail” of hydrogen storage. This review aims to provide
the audience with the background of the current developments in the solid-state hydrogen storage materials, with
a special focus on the hydrogen clathrates. The in-depth analysis of the hydrogen clathrates will be provided be-
ginning from their discovery, various additives utilised to enhance their thermodynamic and kinetic properties,
challenges in the characterisation of hydrogen in clathrates, theoretical developments to justify the experimental
findings and the upscaling opportunities presented by this system. The review will present state of the art in the
field and also provide a global picture for the path forward.

Hydrogen Hydrates
Raman Spectroscopy
NMR

energy sources[1]. However, due to its low density (0.08 g/L) and highly
flammable nature (at as low as 4 % concentration in air), safe and effi-

1. Introduction

Protection of the environment is of paramount importance for sus-
tainable development and growth of a nation. The development of alter-
nate energy sources, which can address serious issues like global warm-
ing, have gained grave urgency. Hydrogen, with its high fuel efficiency
(141.7 MJ/kg) and environment friendly nature (by product of com-
bustion is water), is the most promising alternative to fossil fuel-based

cient storage is a challenge[1]. US Department of Energy has specified
storage requirements of ~5.5 % hydrogen by weight for a commercial
vehicle on-board storage system, with amicable pressure (5-12 bar) and
temperature (<85°C) conditions[2]. In this regard, storage of hydrogen
in materials is an attractive alternative to the conventional high-pressure
cylinders. Important classes of materials developed for hydrogen storage
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include: (i) metals and alloys (intermetallics), (ii) carbonaceous materi-
als, (iii) metal organic frameworks (MOFs), (iv) zeolites & (v) clathrates.
Multiple studies have been carried out to investigate the hydrogen stor-
age characteristics of these materials. However, none of the materials
has been found to be suitable for commercial use in an on-board vehic-
ular application.

Hydrogen storage in clathrates drew attention of the scientist in the
beginning of 21% century. After their discovery in 1810 by Sir Humphry
Davy[3], clathrates were proposed as hydrogen storage materials in
2002 by Mao et al.[4]. They showed successful formation of water-based
hydrogen clathrates with classic sII structure at 249 K, under a pressure
of 250 MPa; it had hydrogen storage capacity of 5.3 wt.%. This was fol-
lowed by detailed investigations of occupation of hydrogen in hydrate
cages, interaction of H, with water molecules, electronic environment
around water molecules[5]. Advanced characterisation tools have been
used to confirm the presence of hydrogen; in-situ Raman spectroscopy
to study the modes of vibration of H, molecules, synchrotron radiation
under high pressure to determine the precise structure and 'H NMR to
determine the cage occupancy[6]. This paper discusses in detail the hy-
drogen storage characteristics of the clathrates with an in-depth analysis
of their thermodynamic and kinetic properties, challenges in the char-
acterisation of hydrogen in clathrates and the upscaling techniques so
as to bring out the key issues limiting the growth of the clathrates as the
next revolutionary on-board hydrogen storage material.

2. Hydrogen storage materials: A brief overview

Interaction of hydrogen with materials can be divided into two
broad categories; physisorption and chemisorption. During physisorp-
tion, molecular hydrogen interacts with the host material using weak
Vander Waals’ forces, apart from electrostatic and orbital interac-
tions[7,8]. The problem arises as these interactions are quite weak and
hydrogen molecule possess no dipole movement or charge and is only
weakly polarizing[7]. The adsorption is favoured at low temperatures
(77 K) and decreases upon increasing temperature. At the same time,
pore size forms an important parameter governing the amount of gas
adsorbed. It has been found that enthalpy of adsorption increases with
decreasing pore size[9]. In narrow pores, the potentials of neighbour-
ing atoms overlap and interaction strength increases[10]. As a result,
with decreasing pore size, the amount of adsorption increases and usu-
ally Type I isotherm (IUPAC nomenclature) is followed by physisorp-
tion based materials at 77 K [11]. The adsorption increases monotoni-
cally with pressure and saturates at a certain pressure. Chemisorption,
on the other hand takes place by dissociation of molecular hydrogen
into atomic form. Activation energy barrier has to be crossed for the
chemisorption to take place. Atomic hydrogen can further diffuse to
the bulk of the material and form either disordered solid solution or
a compound. This is accompanied by a phase transformation resulting
in change in crystal structure or lattice parameter. A typical sequence
of steps during hydrogen adsorption in magnesium is provided in the
Figure 1.

A plethora of materials exist for solid state hydrogen storage[13].
These can be classified based on the form of hydrogen stored: the mate-
rials which store hydrogen in molecular form fall under the category of
physisorption viz. the molecular hydrogen is physically adsorbed on the
surface of the material[14]. Materials such as carbonaceous, MOFs and
zeolites fall under this category. On the other hand, the materials which
absorb hydrogen in atomic form are classified under chemisorption[15].
Metal hydrides and complex hydrides are examples of few such mate-
rials. Metal hydrides usually form interstitial hydrides in which atomic
hydrogen occupies interstitial voids in the crystal and complex hydrides
form ionic or covalent bond with hydrogen. An important set of criteria
which governs the ability of the material to be utilised in on-board ap-
plication have been formulated by Department of Energy (DOE), United
States[16]. These criteria not only focus on the overall hydrogen storage
capacity of system (5.5 wt.%), but also take into account the rate of tank
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filling (1.65 wt.% H, per minute), temperature (~85°C) and pressure of
storage and release (5-12 bar), the ability of the material to undergo
multiple cycles without degradation (>1000 cycles) among other fac-
tors. However, no material has been able to meet these targets till now.
Recently developed materials closely meeting these targets have been
shown in Figure 2.

2.1. Carbonaceous materials

Among the physisorption based materials, carbon based materials
have attracted the largest attention[24,25]. Quite a few types of car-
bon materials have been extensively studied such as activated carbon,
microporous templated carbon, carbon nanotubes and nanofibers and
graphene[26-31]. Among these, activated carbons are amorphous in
nature and exhibit extremely large surface area (3000 m?2/g for AX-
21) and porosity[32]. This property makes them ideal for absorption
of hydrogen with capacity reported upto 5 wt.% at 77 k and 20 bar[32].
Several computational models have been developed to optimise the pore
structure and surface properties of activated carbon for enhanced hydro-
gen storage[33,34]. Zuettel et al.[35] have developed a computational
model which suggests that density of hydrogen on the surface of carbon
material is expected to be 2.28 wt.% m?2/g. This corroborates well with
the model developed by experimentally comparing the specific surface
area (SSA) and the hydrogen storage capacity[36].

To enhance the ambient temperature hydrogen storage, doping with
metal nanoparticle catalysts such as Ni, Pd, Pt, V and Co has been car-
ried out[37]. Pt doped superactivated carbon shows 1.2 wt.% hydrogen
absorption at 298 K and 100 bar[38]. The increase has been attributed
to ‘hydrogen spillover’ mechanism[39]. This refers to the dissociation of
hydrogen molecules atop the catalyst, diffusion of hydrogen atoms to-
wards the carbonaceous support and adsorption at surface sites, which
were inaccessible otherwise[39]. The presence of surface oxygen groups
has found to further enhance the effect of metal catalyst[40]. It has been
reported that Pd-doped reduced graphene oxide absorbs 3 wt.% hydro-
gen at 298 K and 40 bar[41]. Surface oxygen functional groups have
been found to act secondary surface for the hydrogen spillover[42].
Other elements such as boron and nitrogen have also shown to have
beneficial effect on the hydrogen absorption in carbon materials[43—
46]. In a recent study, boron doped activated carbon have been irra-
diated by neutrons to optimise the pore size and structure[47]. They
have shown ~9 wt.% hydrogen storage capacity at 80 K and 100 bar.
In a recent study, cellulose acetate derived activated carbon (SSA=3800
m?/g) have been reported to store ~8.9 wt.% hydrogen at 77 K and
30 bar[17]. However, their hydrogen storage capacity at room temper-
ature (298 K) remains low (~ 1.2 wt.% at 30 bar), with heat of adsorp-
tion being 10 kJ/mol!7. Turning around the dangerous waste to useful
materials, microporous porous carbons derived from cigarette butt have
been reported to show 11.2 wt.% hydrogen absorption at 77 K and 40
bar[48]. They exhibit ultra-high surface area (4300 m?/g) and pore vol-
ume of 2.09 cm3/g. This is the highest reported capacity till date for
the carbonaceous materials at cryogenic temperatures. However, repro-
ducibility and accuracy of results are a cause of concern for the carbon
materials and multiple round robin tests have been conducted to verify
the same[49-51].

In contrast to activated carbons, the templated carbons represent
materials with narrow range of pore size, giving better control over
structure. Zeolite template carbon, with high surface area (3200 mz/g)
and fine pore size (0.5-0.9 nm), have shown hydrogen storage capac-
ity upto 6.9 wt.% at 77 K and 20 bar with heat of adsorption of 4-8
kJ/mol [52]. Carbon nanotubes, especially single wall carbon nanotubes
(SWNTs), show moderate hydrogen absorption capacity of ~2 wt.% at
77 K[53]. Multiple attempts have been made to enhance the hydrogen
storage capacity by decorating the surface with elements such as alu-
minium, lithium, calcium and nickel[54]. Doping with Ni nanoparti-
cles has shown enhancement in the hydrogen storage capacity of multi-
walled carbon nanotube (MWNTs), with ~2.27 wt.% hydrogen stored at
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Figure 1. Interaction of hydrogen with material in various steps: (i) physisorption, (ii) chemisorption, (iii) solid solution and (iv) compound formation[12].
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Figure 2. An overview of the hydrogen storage materials, from the perspective of DOE requirements[16]. A representative material of each category has been taken
to plot the data. These are: (a) Activated Carbon (Cellulose Derived Activated Carbon)[17], (b) MOF (MOF-5)[18], (c) Complex Hydrides (LiBH,/MgH,)[19], (d)
Nanoconfinement (Mg@CMK)[20], (e) Complex Hydride (NaAlH,@TiO, & Carbon)[21], (f) MgH, nanopartciles[22] and (g) Mg nanowires[23]. DOE targets refer
to material based targets (an estimate keeping in mind the weight of auxiliaries).
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298 K and 80 bar[55]. Atomic oxygen irradiated MWCNTSs have shown
1.6 wt.% hydrogen storage capacity at 100 kPa and 298 K[56]. Although
computational studies have predicted hydrogen storage capacity as high
as 19 wt.% in 3-D assemblies of carbon nanotubes, experimental vali-
dation of these results have not yet been achieved[57]. While carbon
materials have been studied from the early stages of research, several
other materials have gained attention in the recent past for hydrogen
storage such as MOFs (Metal Organic Frameworks)[58,59], COFs (Co-
valent Organic Frameworks)[60,61], zeolites[62] and PIMs (Polymers
with intrinsic Microporosity)[63].

2.2. Metal Organic Frameworks (MOFs)

MOFs including MOF-5, IRMOF-6 and IRMOF-8 were first reported
for hydrogen storage by Rosi et al[64]. They reported 4.5 wt.% at 77
K and 0.07 MPa for MOF-5. Pore size has been one of the important
parameters for tuning the hydrogen storage capacity in MOFs. A pore

size close to the kinetic dimeter of hydrogen molecule (2.89 A)is sug-
gested; it would enhance the interaction of hydrogen with the frame-
work and strengthen the Vander Walls forces. This phenomenon has
been observed at low pressures (1 bar) and cryogenic temperatures (77

K); e.g. MIL-53 (1.66 wt.%, pores size: 6.87\) and IRMOF-3 (1.42 wt.%,

pore size: 9.6 A).

In a recent study, nearly half a million MOFs were screened us-
ing GCMC (Grand Canonical Monte Carlo) calculations and exceptional
hydrogen storage capacity was reported for the three MOFs: NU-100,
UMCM-9 and SNU-70%5. Capacity of 13.9 wt.% (NU-100), 11.3 wt.%
(UMCM-9) and 10.6 wt.% (SNU-70) was observed at 77 K and 100 bar.
This exceeded the capacity for the bench mark MOFs i.e. 7.8 wt.% for
MOF-5 and 9.1 wt.% for the IRMOF-20, under similar conditions[18].
Apart from the gravimetric storage capacity, volumetric storage capac-
ity is also vital in MOFs, as their density is lowest among the crystalline
materials (0.61 g/cm3 for MOF-5)[66,67]. Another MOF with composi-
tion Ni,(m-dobdc) has shown impressive volumetric capacity of 23 g/1
(equivalent to 2 wt.%H) for the absorption at —75°C and desorption at
25°C, the highest reported in this temperature range[68]. They also re-
ported a gravimetric hydrogen storage capacity of 1.2 wt.% at 110 bar
and 298 K. In conforming with tank design recommendations of DOE,
NU-125 (BET area = 1870 m?/cm3) was reported to have 49 g/1 volu-
metric capacity and 8.5 wt.% gravimetric capacity, with absorption at
100 bar and 77 K and desorption at 5 bar and 160K[69]. They have
also observed an exception to the well know Chahin’s rule, which states
that for every 500 m?/g surface area, an excess adsorption of 1 wt.% is
observed[18,69]. The rule is applicable only upto surface area of 3000
m?/g, whereas after that approximately 0.5 wt.% excess adsorption is
observed for every additional 1000 m2/g%°. Many other strategies such
as introduction of metal nanoparticles in the pores[70], restricting the
pore size using catenation[71], nanoconfinement[72,73] and incorpo-
ration of guest metal ions[74,75] have been utilised to enhance the hy-
drogen storage capacity of MOFs.

2.3. Zeolites

Zeolites represent microporous materials with high surface area and
porosity, but have been unable to achieve promising results with regard
to hydrogen storage[62,76]. For Na-Y zeolite, hydrogen absorption ca-
pacity of 1.81 wt.% was observed at 77 K and 1.5 MPa[77]. Around
2.55 wt.% hydrogen absorption was reported at 77 K and 40 bar Na-
X[62]. Computational studies have shown that the upper limit for hy-
drogen absorption in zeolites lies in the range of 2.65 to 2.68 wt.%[78].
Among the PIMs, triptycene based polymers have shown hydrogen ca-
pacity upto 2.7 wt.% at 1 MPa and 77 K[79]. A similar class of materials,
Hypercrosslinked Polymers (HCPs), have shown higher capacity of 3.68
wt.% at 15 MPa and 77 K[80]. Among the emerging set of materials,
COFs have fared better than HCPs and PIMs in terms of gravimetric hy-
drogen storage capacities|60]. COF-102 and 103 have shown 7.2 wt.%
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Table 1
Brief timeline of the progress in the development of
magnesium-based hydrogen storage materials.

Year Material Wt.% H T (°C) Ref
1968  Mg,NiH, 3.6 325 [85]
1996  La,Mg;;-LaNis 35 250 [127]
2000 MgH,-Ge 7.6 350 [128]
2001 (Mgg65Cag 3, )Ni, 14 40 [129]
2004  MgH,-Si 5 20 [130]
2007 Mg nanowires 3 100 [23]
2013 MgH,-C 5 270 [131]
2014  y-MgH, (1.99 wt%) 5 300 [132]
2018  Ni-Mg-C 6 200 [120]
2019  Mg-Glass-Zr,Pd 2 50 [121]
2020  MgH, nanoparticles 6.7 30 [22]

and 7.3 wt.% hydrogen storage capacity, respectively at 77 K and 9
MPa[61,81]. Tong et al. [60] have carried out similar screening exercise
as Ahmed et al.[65] on COFs and have theoretically calculated volumet-
ric storage capacity of 56.1 g/L and gravimetric capacity of 10.3 wt.%
in a hypothetical 3-D bor-GCOF. Although, none of the above materials
has been able to meet the criteria for practical hydrogen storage media,
important advancements have been made in the context of hydrogen
adsorption in microporous materials which bring us one step closer to
the DOE targets[82].

2.4. Metal Hydrides

As stated earlier, metal hydrides distinguish themselves from the
above materials with regard to the presence of hydrogen in the atomic
form. Typically, metals (such as Mg, Pd) and intermetallic compounds
(such as LaNis) constitute the typical examples of such materials. Among
metals, Mg is one of the most attractive material due to its easy avail-
ability and high hydrogen storage capacity (7.6 wt.%), which exceeds
the ultimate DOE targets (6.5 wt.%)[83]. However, in its native form it
suffers from high temperatures of absorption (>300°C), sluggish kinetics
and sensitivity to oxidation upon exposure to air[84]. Some of the strate-
gies used to improve the hydrogen absorption characteristics of Mg-
based materials include alloying (Mg,Ni[85], Mg,Fe[86], Mg,Cd[87],
Mgg.95Ing o5[88], Mg3Ag[89], Mg,Si[90], MgsGa, [91], MgsLaNig
[92]), addition of catalysts (such as B[93], Co[94], Cu[95], Fe[96],
Ge[97], Gd[98]), formation of metastable phases[99], hybrids[100-
103], nanocomposites[104-108] and nanostructured materials (pre-
pared using ball milling[109], chemical vapour deposition[23], hybrid
combustion[110], chemical synthesis[111,112] and melt spinning[113-
115]) and nanoconfinement[116-119] (to keep the particles in the
nanosized regime by restricting their growth using a scaffold). A brief
timeline of the developments is given in Table 1. Some of the most
promising results have been seen when the nanocomposites have been
prepared by combining the high surface or amorphous materials with
nanoscale magnesium. For example, polymer embedded Mg nanocrys-
tals have been synthesised without addition of heavy metal catalysts and
show ~6 wt.% hydrogen storage at 200°C and 35 bar within 60 min%4.
Hard carbon sphere wrapped Ni-Mg composite have shown 3.5 wt.%
hydrogen absorption at 75°C and 30 bar within 200 min'?°. Magne-
sium nanocrystals have been also been ball milled with metallic glass
and Zr,Pd alloy to give ~2 wt.% hydrogen absorption at 50°C and
10 bar within 10 min'2!. MgH, nanoparticles have also been investi-
gated for hydrogen storage and have shown promising properties[122].
Of recent interest has been introduction of graphene in the compos-
ites. MgH, nanoparticles on graphene were synthesised by Xia and co-
workers, in which graphene provided the necessary structural support
as well as acted as a barrier to prevent the growth of nanoparticles[123].
Mg nanocrystals encapsulated nanocomposite has been proposed by Cho
and co-workers, consisting of atomically thin layer of reduced graphene
oxide (rGO)[108]. This composite shows 6.5 wt.% hydrogen absorption
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at 200°C and 15 bar in 120 min. A recent publication by Zhang et al.[22]
has shown 6.7 wt.% hydrogen at 30°C under a pressure of 30 bar in ul-
trafine MgH, nanoparticles (4-5 nm). Although this technique does not
ensure industrial scale-up production, there has still been continued in-
terest in the Mg based hydrogen storage materials and recent works have
shown some considerable progress in reaching towards DOE goals[83].
For details, the reader is referred to the dedicated review articles on the
magnesium-based hydrogen storage materials[83,124-126].

Apart from metals, intermetallic compounds also exhibit good hydro-
gen absorption characteristics, partly due to the large number of inter-
stitial sites present in their crystal structure[133]. For example, LaNis,
an intermetallic compound between La and Ni, readily reacts with hy-
drogen under ambient temperature and pressure conditions, with a rea-
sonably quick reaction[134]. Although the amount of hydrogen stored
by volume in this material is almost equal to the that of liquid hydrogen
(71 g /L), the presence of heavy element such as La makes the gravimet-
ric storage capacity dismal (~1.4 wt.% at 25°C and 2 bar)[135,136].
Another important intermetallic compound which has been of lot of
intertest is TiFe, with the current focus on improving the activation
characteristics and enhancing kinetics[137-139]. Several review arti-
cles give detailed insight into the developments in the intermetallics for
hydrogen storage storage[140-142].

2.5. Complex Hydrides

Complex hydrides form when the ionic hydrides (alkali metal hy-
drides such as NaH and LiH) react with covalent hydrides (such as
BH; and AlH;), leading to formation of metal salts (such as NaAlH,
and NaBH,). Hydrogen is covalently bonded to the central atom in the
anionic unit[143], consisting of alanates [AlH4]‘1, amides [NHZ]‘1 or
borohydrides [BH4]‘1. They are easier to handle than covalent or ionic
hydrides and offer much more stability[144]. Complex hydrides are rel-
atively new among chemisorption based materials and have attracted
much attention in the past decade[145,146]. This is partly due to their
high theoretical hydrogen storage capacity in the range of 7-18 wt.%.
However, due to their strong interaction with hydrogen (heat of adsorp-
tion in the range 40-100 kJ/mol), issues such irreversibility, high tem-
perature of desorption (>400°C), sluggish kinetics and difficult synthe-
sis protocols have limited their successful use[147]. Some of the earliest
studies which indicated their use as a attractive hydrogen storage mate-
rial proposed TiCl; as a catalyst for NaAlH, [148]. This was followed by
use of various other additives such as Sc and Nb (transition metals), Ce
and Sm (rare-earth metals) and carbonaceous materials[149,150]. Few
other studies also focussed on the use of nano-catalysts such as nano-TiN
(5.4 wt.% H at 130°C)[151] and nano-CeBg (4.9 wt.%H within 20 min
at 180°C)[152].

Some progress has also been made in overcoming these bottlenecks
by using the previously suggested techniques for metal hydrides. Among
these, nanoconfinement of complex hydrides in porous materials, cou-
pled with catalytic additive, has been one of the most rapidly explored
methods[153-156]. Earliest developments in this area were reported by
Blade et al.[156], in which as small as 2-10 nm NaAlH, particles were
confined in carbon fibers. This led to sharp decrease in hydrogen des-
orption temperature to 70°C. At the same time, another study by Zheng
et al.[153] reported the space confined NaAlH, in ordered mesoporous
silica and were able to achieve hydrogenation in the temperature range
of 125-150°C. NaAlH,, confined in nanocrystalline TiO, embedded in
carbon matrix, has shown 4.5 wt.% hydrogen absorption at 50°C and
100 bar[157]. The hybrid was able to release complete hydrogen at
temperatures as low as 63°C. Under similar strategy, Ti nanoparticles
(3-5 nm) were incorporated in amorphous carbon (nano-Ti@C) to en-
hance the hydrogen storage in NaAlH,?!. The nano-Ti@C-NaAlH, hy-
brid showed 5 wt.% hydrogen absorption in 3 min at 100°C and 120 bar.
The hydrogen can be released at 140°C within 60 min. The hybrid stays
stable till 100 cycles of hydrogen absorption/desorption. However, mul-
tiple lacunae need to be overcome before it can fulfil the requirements of
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a practical storage material. The reader is referred to the review articles
on complex hydrides for details[143-146,158-160].

2.6. Core-shell and hollow structures

Novel structures being explored for hydrogen storage include core-
shell structures[161], hollow nanostructures[162,163] and hierarchi-
cal structures[164]. Hollow nanospheres, as compared to nanospheres,
have the advantages of high surface area, greater structural stability and
better chemical inertness[162]. Nitrogen-doped hollow carbon spheres
have shown improved performance at ambient temperature, with 2.25
wt.% hydrogen absorption at 80 bar. Hollow glass microspheres have
also been explored for hydrogen storage[165]. Among the metal hollow
spheres, multi-mode hydrogen absorption philosophy has been demon-
strated by Shervani et al.[166], further carried forward by Gupta et
al.[167,168] and Amaladasse et al. [169]. In their work, existence of hy-
drogen in multiple forms i.e. free gaseous form, weakly adsorbed form,
solid solution form as well as compound form has been demonstrated in
palladium and nickel hollow spheres. Although the maximum hydrogen
absorption is well below the DOE norms, it forms promising technique
for further development of hydrogen storage materials.

A comparison of hydrogen storage capacity with temperature is
shown schematically in Figure 3 for selected set of materials. It is evi-
dent from the figure that significant strides have been made in the ef-
forts towards development of hydrogen storage materials. On one hand,
materials such as MOFs, activated carbons have shown promising hydro-
gen storage capacity at low temperatures (77 K), complex hydrides and
nano-confined structures have been able to show considerable improve-
ment in performance near room temperature (as shown in Figure 2 and
Figure 3). Hybrids seem to be most promising among them with char-
acteristics closest to the DOE requirements. However, for a material to
be practically viable, it has to be easily amenable to scale up produc-
tion and provide low cost. Advanced materials such as the hybrids are
nonetheless excellent in terms of laboratory use, but their sensitivity to
the atmosphere, difficult synthesis process, harmful effects to the en-
vironment and sometimes higher cost act as deterrent to their use in
the practical applications. It is therefore imperative that efforts are in-
vested in an alternative set of materials which can overcome these lim-
itations, without compromising the underlying performance character-
istics. An emerging and promising class of materials in this regard are
hydrogen hydrates. They are not only environment friendly, but also low
in cost and easy to synthesise. Clathrate compounds are different from
either MOF or Zeolites in terms of their flexibility in tuning the struc-
ture. Parameters such as temperature, pressure, concentration of guest
molecules, among others, can be modified to achieve the desired proper-
ties. A brief introduction to the structure and properties of clathrates is
given in next section, followed by their hydrogen storage properties. Due
to the rapidly growing interest in the field, scientific literature is being
continuously reviewed, with a special focus on the thermodynamic and
kinetic aspects of the hydrogen clathrates[3,6,170-174]. However, the
current review not only covers the essential scientific aspects of the hy-
drogen clathrates, but correlates them with the theoretical and techno-
economical aspects of the field. Distinctively, this review also takes a
sharp look at the accuracy of hydrogen characterisation in clathrates,
which is one of the biggest challenge prevailing in the solid-state hydro-
gen storage.

3. Clathrates: Origin and Structure

Clathrates are a class of inclusion compounds, where the guest
molecules reside in the cages formed by the host lattice. Clathrates
are conventionally classified in two categories based on the interac-
tion of the guest species with the host structure: clathrate hydrates and
semi-clathrate hydrates. Clathrate hydrates exhibit weak van der Waal’s
forces of attraction between the guest molecules and the host. Semi-
clathrate hydrates, in addition to van der Waal’s interaction, show par-
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tial hydrogen bonding between the guest species and the host frame-
work.

A brief outline of the structures formed by hydrogen clathrates in
given in Table 1 [3]. Pure hydrogen hydrates form sII structure, with
a small dodecahedron cage (5'2) and large hexakaidecahedron cage
(5'26*). Other structures of hydrates include sI having similar small
cage and large tetrakaidecahedron cage (5'262) and sH with same
smaller cage and irregular dodecahedron (435°62) along with icosahe-
dron (51268) as large cages. As per the earlier studies and theoretical
estimates[4,176], it has been observed that the number of hydrogen
molecules that can be accommodated in a hydrate depends on the type
of cage present; 52 cages can accommodate upto 2 molecules, 51264
can accommodate upto 4 molecules, 435%63 cage upto 1, 5262 upto 2
and 5'268 can accommodate upto 5 molecules. Considering the above
estimates, hydrogen storage capacities of s, sII and sH hydrates can
reach upto 6.33 wt.%, 4 wt.% and 4.67 wt.%, respectively. One of the
important roles played by promoters or secondary guest molecules in
the hydrates is the stabilisation of the sI or sH structure with a scope of
increasing the hydrogen storage capacity.

In determining which structure is thermodynamically stable, it is
important to take into account the molecular diameter of the guest
molecule. For example, small molecules such as methane and propane
form sl structure (Figure 4), whereas the larger molecules such as THF
stabilize the sII structure. The large cages of sl structure act as pre-
ferred enclosures for incorporation of these molecules. Further, very
small molecules such H, also form sII structure as they have been pro-
posed to occupy small cages (16 such cages), which exceed the total
number large cages (8 such cages) in sl structure.

4. Discovery of hydrogen in clathrates: The saga of
Tetrahydrofuran (THF)

In a pathbreaking study by Mao et al.[4] in 2002, it was proclaimed
that pure hydrogen hydrates could store upto 5 wt.% hydrogen under
pressure of 200 MPa at 243 K. In spite of the high-pressure conditions
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reported in this study, it opened up the new vista for search for the holy
grail of hydrogen storage. Soon after, Florusse et al.[178] used a water
soluble reagent (THF) as an additive to bring down the clathrate forma-
tion pressure by two orders of magnitude to 5 MPa at 279.6 K. How-
ever, this led to a significant drop in the hydrogen storage capacity to 1
wt.%, with single H, molecule occupancy in small cages and complete
absence in large cages. Florusse et al. [178] suggested that THF molecules
occupy the large cages, which constraints the presence of hydrogen in
these cages and limits the extent of increment possible. However, in an
another remarkable study, Lee et al.[179] reiterated the use of THF as
an additive and showed significantly high hydrogen storage capacity of
upto 4 wt.% at 12 MPa and 270 K. This was attributed by Lee et al.[179]
to the ‘tuning effect’, which allowed hydrogen storage capacity to be in-
creased by controlling the amount of THF in the hydrate. They observed
that upon decreasing the amount of THF to 0.15 mol%, the hydrogen
occupancy can be increased in the large cages, with co-existence THF
and H,. They based their postulate on high pressure Raman spectra at
different THF concentrations, and additionally confirmed by NMR (un-
der high pressure). Also, in contrast to Mao et al.[4], they confirmed
the presence of two H, molecules in the small cages. A schematic show-
ing timeline of major events associated with the THF based hydrogen
clathrates is shown Figure 5.

With a spike in interest in the field, multiple attempts were made to
repeat the promising results of Lee et al.[179]. However, only few re-
ported the feasibility of the tuning effect, with most suggesting it to be
plainly untenable[180-184]. Strobel et al. [180] attributed this aspect to
the complete reliance on Raman spectra to quantify the hydrogen stor-
age capacity. To circumvent this issue, they used volumetric gas uptake
measurement and observed maximum 1 wt.% hydrogen uptake, irre-
spective of the concentration of THF. Raman spectra were in accordance
with that of Florusse et al.[178], with maximum one H, molecule in
small cages. To confirm the observations, Strobel et al.[185] used an al-
ternate approach in which concentration of THF was fixed at 5.6 mol%,
whereas the pressure of hydrogen was increased to 150 MPa. This would
indirectly be similar to the approach of Lee et al.[179], where in lieu
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of reducing the concentration of THF, the fugacity of hydrogen was in-
creased. They found that at 150 MPa and 250 K, pure hydrogen hydrates
showed presence of hydrogen in both small and large cages, whereas
the same was not true for the THF based hydrates, as shown in Figure 6
(i). In the latter case, hydrogen only occupied small cages and the larger
ones seemed to be fully occupied by THF. Also, Strobel et al. [185] found
discrepancy in the approach of using the integrated area of the Raman
peaks to quantify hydrogen molecules present in each cage. They ob-
served that peak area differed when the spectra was collected at 77 K
(0.1 MPa) and 90 K (150 MPa). They ascribed this anomaly to the change
in polarization of the hydrogen molecules within the cages, as the in-
ternuclear distances even go below the values observed for the solid hy-
drogen[185]. They concluded that there is need for a more sophisticated
technique to accurately characterise the amount of hydrogen present in
the cages. In light of these findings, Nishikawa et al.[186] performed
in-situ Raman spectroscopy measurements on THF promoted (less than
stoichiometric concentration) hydrogen hydrates at 74.3 MPa and 265
K. They have reported that hydrogen molecules (with upto double oc-
cupancy) are present in large cages along with THF. The occupancy in
small cages could not be distinguished in this study due to overlap with
fluid phase hydrogen. This led to further support for the ‘tuning effect’.
However, the measurement system proposed by Nishikawa et al.[186]
could not accurately quantify the amount of THF added and thus pro-
vided only qualitative comparison across earlier works.

To investigate the effect of THF on the hydrogen storage capacity of
the clathrates, Liu et al.[188] carried out ab initio molecular dynamic
simulations. They showed that small cages are occupied by a single hy-
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Figure 4. (a) Methane hydrate unit cell form-
ing sl structure and (b) methane molecule
enclosed in a large tetrakaidecahedron cage
(drawn using Crystal Maker[177]).

Figure 5. Important milestones in the research
path of THF promoted hydrogen clathrates.

2018 2022

drogen molecule while in the large cages one THF molecule is likely to
coexist with one hydrogen molecule. It was also observed that the in-
teraction of a THF molecule with the host water framework leads to a
slight distortion of the clathrate network, where large cages shrink and
small cages expand. However, this effect is diminished as the hydrogen
occupancy in the cages increases. They have predicted a hydrogen stor-
age capacity on THF promoted clathrates in the range of 1.6 to 3.8 wt.%,
depending on the concentration of the THF promotor[188]. This is in ac-
cordance with the experimental studies of Lee et al. [179] and Sugahara
et al.[187]. In an another study, Papadimitriou et al.[189] carried out
Monte Carlo simulations on binary THF+H, hydrates assuming that the
concentration of THF would not influence the hydrate’s hydrogen stor-
age capacity, in accordance with experimental observations of Strobel et
al.[180]. Their calculated uptakes were very similar to experimental re-
sults, especially from NMR spectroscopy. These results agreed with the
previous observation by Strobel et al.[180] showing single occupancy
of hydrogen molecules in small cages and showed uptakes very close to
the maximum assumption of single H, occupancies in the large (THF-
occupied) and small clathrate cages.

The assignment of peaks in Raman spectra for the hydrogen
molecules in large cages has been subjected to debate in literature. To
study this aspect in detail, Strobel et al. [190] have prepared simple hy-
drogen hydrates under a pressure of 200 MPa at 250 K and carried out
ex-situ Raman spectra measurement at 77 K (after quenching in liquid
nitrogen). All the peaks were observed to be red-shifted with respect
to the free hydrogen. Highest frequency Raman peaks were assigned
to the quadruple occupied hydrogen, middle range frequency to triply
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occupied hydrogen, lower range frequency to the doubly occupied hy-
drogen. This is in line with the argument that as density of molecules
in a cage increases, greater repulsion between potential surfaces takes
place, thus increasing the vibrational frequency of hydrogen molecules.
This assignment of peaks is also in accordance with the observation by
Lokshin et al. [191] carried out using high pressure Neutron diffraction.
However, Gianassi et al.[192] have proposed a different peak assign-
ment under similar conditions. They have assigned the peaks to triple,
double and single occupation in the order of decreasing frequency. Their
assignment was based on the integrated intensities of Raman peaks aris-
ing due to presence of hydrogen molecules in small and large cage. A
possible reason for the discrepancy in assignment of peaks in literature
can be due to change in Raman scattering cross-section of the hydrogen
molecules with local environment. It is evident from the frequency shift,
observed for molecules packed in a cage, that the polarizability of hydro-
gen molecules is also subject to change[190]. At the same time, at high
hydrogen concentration, the interaction of the molecules with the elec-
tromagnetic radiation increases, as is evident from the larger breadth of
the high frequency bands. To unequivocally explain the phenomenon,
detailed quantification using other techniques such as NMR cross cali-
bration is needed[193]. On the whole, there still seems to agreement to
the qualitative assignment of Raman bands, with increasing intensity of
Raman peaks demonstrating higher occupancy of the cages.

The subject of Raman band assignment has also been computation-
ally dealt by Plattner & Meuwly[194]. They have used atomistic MD
simulations to calculate the frequency shifts for hydrogen clathrate hy-
drates and study the effect of temperature and pressure on the spectra.
It has been observed that optimising the structures before frequency
calculations leads to overestimation of frequency shifts. Their oberved
frequency shifts lie within the range of experimental peak maxima ob-
served at 4120 cm~! (—35) and 4148 cm~! (-7) under pressure of 2000
bar at 99 K. Consideration of quantum dynamical effects leads to shift
in frequency for two H, in 5'2 cages by 47 cm~! (MP2 calculations) at
50 K. The shift in frequency for large cages is small and is less affected
by increase in the H, molecules, which is also in agreement with the
experimental results. The reason for this has been attributed to the dis-
tance between the hydrogen atom in a molecule and neighbouring oxy-
gen atom in water molecule. In smaller cages these distances decrease

with increase in density of H,, whereas these are least affected in the
larger cages. The overall differences are less pronounced at higher tem-
perature than at lower temperatures. Computations performed on peri-
odic systems help to capture the effect of lattice vibrations of clathrate
molecules. In other words, periodic system are able to quantify the ef-
fect of molecules at large distances. Frequency for two H, molecules in
small cage 5'2 reduces by 17 cm~! at 150 K and increases by the same
amount at 50 K due to 1000 bar pressure. This confirms that frequency
not only dependent on the number of molecules occupying a cage, but
also on pressure (more sensitive at higher pressures).

In majority of the above measurements, the hydrates were prepared
separately in high pressure cells and quenched in liquid nitrogen after
release of pressure, for subsequent ex-situ characterisation using Raman
spectroscopy or X-ray diffraction. It has been suspected that the peaks
observed in Raman spectroscopy during ex-situ measurements are due
to the formation of hydrates upon quenching and not as per the forma-
tion conditions proposed[195]. To bring light to this anomaly, Grim et
al.[195] have proposed a method of ‘hydrate seeding’ in which a pre-
formed hydrate is mixed with the powdered ice, before beginning the
process of hydrate formation. The hydrate had a lower concentration of
promoter (0.55 mol % THF) and was kept under hydrogen pressure a
shorter time (~4 hours), as compared to a reference hydrate with 5.6
mol % THF and hydrate formation time of 3-4 days. Both samples were
quenched in liquid nitrogen for 20 min upon release of pressure for ex-
situ characterisation. It was observed that the ‘hydrate seeded’ sample
shows formation of hydrates at par with the non-hydrate seeded sample,
despite having lower concentration of THF (0.5 mol%). This led Grim et
al.[195] to conclude that liquid nitrogen quenching might lead to unin-
tended growth of hydrate, especially in the non-stoichiometric samples
where a some part of the ice was always left without conversion to hy-
drate. Hence, the ‘tuning effect’ proposed earlier might be due to pure
hydrogen hydrate formation during liquid nitrogen quenching seeded
by the surrounding hydrates, instead of THF promoted hydrates. This
was unlike the proposed mechanism by Lee et al.[179] and Sugahara et
al.[196].

An important difference in all the above studies was the method of
preparation of hydrates, which might have resulted in discrepancy in
the observed results, as observed by Sugahara et al.[196]. According to
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the authors, the rate of hydrate formation was one of the key factors
hampering the realisation of ‘tuning effect’. To demonstrate this, Suga-
hara et al.[196] used ice and solid THF under pressurised hydrogen gas
environment at 77 K and slowly heated the mixture. They observed 3.6
wt.% H, storage capacity upon decreasing the THF concentration to 0.5
mol% at 70 MPa and 255 K. Solid THF starts melting at 164.7 K and its
high mobility provides rapid rate of hydrate formation. This was in line
with the ‘tuning effect’ and confirmed the observations of Lee et al[179].
This theory was also supported by Lokshin et al.[191], where the rate
of hydrate formation upon direct reaction with ice was 100 times faster
than that with water, in the temperature range of 77-273 K. On the
basis of this evidence, Sugahara et al.[196] proposed that during hy-
drate formation, an intermediate metastable structure is formed which
favours encapsulation of hydrogen molecules in the large cages. How-
ever, this ‘tuning effect’ is not observed when the pressurised hydrogen
is in contact with the aqueous solution of THF, as was the case in the
experiments carried out by Hashimoto et al[182]. A recent study by
Zhong et al.[197] has shown that it may be possible to trap two hydro-
gen molecules in the small cages of THF promoted hydrates, leading to
hydrogen storage capacity of 3.08 wt.% under moderate conditions of
3.8 MPa and 273 K. However, the hydrate formation was limited to the
surface layer of less than 0.5 mm in thickness, beyond which the hy-
drogen occupancy decreased to single molecule in a time frame of 24
hours. Controversy surrounding the hydrogen storage capacity of THF
promoted hydrogen hydrates has refused to die down, with few recent
studies still not fully convinced of the high capacity achieved using the
‘tuning effect’[198-200].

5. Secondary Guest Molecules Promoted Hydrogen Clathrates

As seen in the previous section, binary hydrates consist of a sec-
ondary guest molecule along with hydrogen which stabilises the struc-
ture due to its higher affinity for the host water molecules. Detailed
study carried out by Belosludov et al. [176] suggested a set of criteria for
selection of ‘ideal’ promoter molecule for formation of binary hydrate
with low pressure and high hydrogen storage capacity. The requisite
criteria state that: (a) the size of the promoter should be similar to the
cavity size of the smaller (5!2) cage, (b) it should be able to form both
s-I and s-II hydrates in pure form and (c) among the above two struc-
tures, s-I should be more stable[176]. Many other promoters have been
exploited for the advantage of hydrogen storage properties in clathrates
and form a important foundation for the future developments in the
field.

5.1. Hydrocarbons

Among the gaseous additives or co-guests, hydrocarbons have re-
cently been explored as secondary guests in hydrogen clathrates. Hydro-
carbons, at the same time, also provide an additional energy medium,
as opposed to hydrophobic promoters such THF which provide no addi-
tional advantage. Pure hydrocarbons such as methane form gas hydrates
under far mild conditions than pure hydrogen hydrates. For example,
propane forms hydrates under mild pressure (0.2 to 0.5 MPa) in the
temperature range of 274.15 to 278.15 K [201]. Methane has been the
most sought after hydrocarbon with lowest weight penalty on the hydro-
gen storage capacity[202]. Moreover, it has been postulated that since
methane has a smaller size than THF, hydrogen may be accommodated
in the large cages along with methane and thus enhancing the hydrogen
storage capacity. Early investigation into the H,-CH4-H,O system were
carried out by Skiba et al.[203], using a gas mixture of 40 % H, and
60 % CH, in direct contact with ice to form hydrates at 20 MPa and
259 K. However, they failed to observe any evidence of hydrogen in the
formed hydrates; methane occupied both small and large cages forming
pure methane hydrates. Following this, Skiba et al.[204] reported for-
mation of propane promoted hydrogen hydrates at 24 bar and 259 K,
with single occupancy of hydrogen molecule in sII structure. This led to
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many theoretical and experimental studies to investigate the addition of
hydrocarbon as promoter in hydrogen hydrates[205,206].

5.1.1. Methane

Matsumoto et al.[202] have shown that when added in concentra-
tion of 5 mol% (gas phase), methane reduces the pressure of hydrogen
clathrate formation to 50 MPa at 263 K. However, under these condi-
tions, sl structure is formed with single hydrogen molecule occupying
the small cage and two hydrogen molecules occupying large cage. The
hydrate undergoes phase transformation upon further increase in pres-
sure to 70 MPa. The new phase with slI structure nucleates at the end of
5 h, taking as long as 24 hours for the transformation to complete[202].
The plot showing change in structure with pressure and composition of
methane in the gas mixture is shown in Figure 7 (i). It has been proposed
that formation of metastable sI structure acts as seed for the nucleation
of the sII. The structure sII shows single occupancy of small cages and
quartet occupancy for large cages at 263 K and 70 MPa, as confirmed
by in-situ Raman spectroscopy[202]. Since, it was not possible to esti-
mate the hydrogen storage capacity from the experimental data, ther-
modynamic modelling using der Waals and Platteeuw (vdWP) theory
was used. It was found that structure sI stores 0.02 wt.% H,, whereas
the structure sII stores 0.31 wt.% H,2%2. The hydrogen storage capacity
of these hydrates remained far below the practical requirements.

To explore the additional possibility of increasing the capacity and
theoretically estimate the amount of hydrogen that can be entrapped
in these hydrates, computational model were developed by Belosludov
et al.[176]. They studied thermodynamic stability and cage occupancy
of the binary CH,+H, hydrates with both s-I and s-II structure using
van der Waals and Platteeuw (vdW-P) theory under various tempera-
tures and pressures. It has been observed that ~6 % gas phase concen-
tration of methane can stabilise s-I structure at 250 K with hydrogen
storage capacity of 1.75 wt.%, but under extreme pressure conditions of
200 MPa. However, structure s-II is stable at 250 K and 70 MPa, with
a higher hydrogen storage capacity of 2.6 wt.%. While the hydrogen
storage capacity obtained by experimentation were smaller, this fuelled
further interest in the investigation of hydrocarbon-based hydrate pro-
moters. The stability of CH4+H, hydrates has been evaluated by Zhang
et al.[207] using molecular dynamics simulations. They have reported
co-occupancy of hydrogen and methane in the large cages, with upto
three hydrogen molecules present.

5.1.2. Propane and Butane

Propelled by interest in computational and experimental studies in
methane promoted hydrogen hydrates, higher hydrocarbons such as
propane and butane were examined as promoter molecules. Veluswamy
et al.[208] have reported that addition of 9.5 mol% propane to hy-
drogen brings down the equilibrium pressure to 1.53 MPa at 274.2 K
(Figure 7 (ii)). However, sluggish kinetics remains a drawback with ap-
proximately 16 hours required at 8.5 MPa for clathrate formation. This
can be drastically reduced to 30 min by addition of small amounts (500
ppm) of SDS to the propane and hydrogen mixture[209]. In spite of the
benefit, their hydrogen storage capacity of still remains low at 0.032
wt.%[208]. Koh et al.[210] have shown promising results by experi-
mentally investigating propane and isobutane as guest molecules. As
the structure s-II consist of 16 small cages vis a vis 8 large cages, a small
change in the hydrogen occupancy in small cage from single to double,
leads to significant increase (~1-2 wt.%) in overall hydrogen storage
capacity of hydrate. Keeping this in view, sII hydrate structure with sto-
ichiometric (5.56 mol%) and non-stoichiometric (1 mol%) amounts of
propane ware compared in terms of their hydrogen occupancy. They
have reported that above 30 MPa at 243 K, stoichiometric amount of
propane helps to expand the lattice by ~1 % (3 % by volume), as con-
firmed by synchrotron high resolution XRD. This leads to hydrogen stor-
age capacity of 2.29 wt.% for sII hydrate[210].This assumption has been
verified by GCMC simulations using different promoters such as THF or
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Figure 7. (i) Hydrate structures at different pressure and composition of methane (in H,+CH, gas mixture) at 263 K and t = 72 h (circles represent sI hydrate,
squares sII hydrate, diamonds simple methane sI hydrate and triangles no hydrate formation, reprinted with permission from Matsumoto et al.[202], Copyright 2014
American Chemical Society) (ii) Phase equilibrium plots of propane promoted hydrogen gas hydrates. Similar plots for pure propane and pure hydrogen hydrates
have been overlaid for clarity (adapted with permission from Veluswamy et al.[208], Copyright 2015 American Chemical Society).

iso-butane, and the results remain consistent as long as the lattice ex-
pansion of similar magnitude is observed[210].

This study highlights the importance of cage dimensions in tuning
the hydrogen storage capacity of the clathrate hydrates. Raman spec-
troscopy further confirms that propane molecules occupy large cages,
thus leaving the small cages to be filled with two hydrogen molecules.
However, when the concentration of propane was diluted to 0.5 or 1
mol%, it was found that up to four hydrogen molecules could be ac-
commodated in the larger cages, with single occupancy in small cage.
This increases the hydrogen storage capacity to 3.84 wt.% [210]. How-
ever, in both the cases, the occupancy of hydrogen in small cages is
dependent on temperature of measurement, since Raman and HRXRD
measurements were carried out ex-situ at 77 K. Koh et al.[210] have
observed that upon gradual increase in temperature, double occupancy
in small cage starts to diminish at 90 K, with single hydrogen molecule
frequency disappearing at 160 K. Similar trend has been observed for
the deuterium in the large cages (simple hydrogen hydrates), from four
H, molecules at 80 K to lowering down to two at 160 K.[211]

Figure 8 and 27

In line with the experimental studies highlighting the importance of
dimension of the cage on the clathrate formation, Li et al.[213] have
used high level quantum chemical methods for investigating the same.
They have found that the bond energy between hydrogen molecules in
a cluster is a sensitive function of the side length of hydrate cages. The
bond energy Qecreases sharply with increase in the cage dimension to

2.84 or 2.86 A for small cage (2.82 A without hydrogen), suggesting a
possibility of incorporation of upto 4 or more hydrogen molecules. This
leads to a hypothesis for stability of hydrogen molecules upon incor-
poration of promoter molecules. Promoter molecules (such as THF or
TBAB) occupy the large cages and in turn help in increasing the edge
length of the neighbouring small cages. One of the important require-
ments of estimation of hydrogen storage in clathrates by simulations is
the accurate determination of the interaction energies. This aspect be-
comes even more significant for weak interactions such as those between
the hydrogen molecules in a cluster. For accurate results, Li et al. [213]
have used CCSD(T) level to calculate these interactions. At the same
time, to accurately carry out QM calculations, large basis set have been
used by Li et al.[213] which include polarization, diffusion and floating
functions. An important work highlighting the importance of lattice pa-
rameter on the hydrogen storage capacity of sl structure has been done
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by Papadimitriou et al.[214]. Using GCMC simulations, they have found
that increase in lattice parameter of 3 % could lead to increase in the hy-
drogen storage capacity by 13 %, for the measurements in the pressure
range of 100-300 MPa. However, this effect is seen pronounced only in
the large cages, with the smaller cages remain unaffected by the changes
in lattice parameter. At the same, the number of small cages (singly oc-
cupied hydrogen) and large cages (with 2-4 hydrogen) decreased with
increase in lattice parameter[214]. Both these studies further support
the experimental observations reported by Koh et al. [210].

5.1.3. Mixed Hydrocarbons

To explore further scope of addition of hydrocarbon to the hydrogen
clathrate, methane and propane mixture has been used as a promoter by
Ahn et al.[212]. They observed hydrogen storage capacity of 1.78 wt.%
under moderate conditions (9 MPa and 250 K). An important aspect of
this work has been the direct reaction of powdered ice with mixture
of hydrogen, methane and propane gas. Whereas, the reaction of the
hydrogen with pre-formed hydrates (of methane and propane) under
similar conditions, failed to produce the desired results. The composi-
tion of the gas mixture also had a direct impact on the type of structure
and subsequently the hydrogen storage capacity of the hydrates. Higher
concentration of methane (90%) in the feed gas produced sII structure
with higher capacity (1.7 wt.% H,), whereas lower concentration (70%)
leads to the formation of sI structure (0.67 wt.% H,)[212]. Ex-situ Ra-
man spectroscopy carried out at 77 K has revealed a double occupancy
of small cages as well as possibility of double to triple occupancy for
large cages. This is the first direct evidence of double hydrogen occu-
pancy in small cages found using Raman spectroscopy, although NMR
spectroscopy has provided such evidence in the past[179]. The blue shift
observed for the double occupancy in the small cages has also been con-
firmed by computational techniques[194]. It has been suggested that
due to the small size of methane as compared to other hydrocarbons, it
occupies small cages of hydrate structures and is further substituted by
hydrogen in a so called ‘replacement reaction’[212]. Ahn et al.[212] also
observed that directly formed clathrates had ~0.5% larger edge length
as compared to indirectly formed ones, thus confirming the previously
stipulated role of the cage dimension upon the hydrogen occupancy by
Koh et al.[210] and Li et al.[213].
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Figure 9. Molecular structures of THF, acetone, i-PA and n-PA (blue circle rep-
resents the hydrophilic group in the organic compound). Reprinted from Park
et al.[217] with permission from the PCCP Owner Societies.

5.2. Alkyl Amines

Alkyl amines come under a rare class of additives which typically
form semi clathrates, with directional hydrogen bonding in stoichio-
metric hydrates. However, it has been observed that they may undergo
structural transformation upon the incorporation as secondary guest
molecules such as methane[215,216]. To investigate this in detail, Park
et al.[217] have employed iso-propylamine (i-PA) and n-propylamine
(n-PA) as guest in hydrogen clathrates and examined their behaviour at
concentration ranging from 1 to 13.3 mol%. It has been observed that
i-PA clathrates with concentration below 5.6 mol% displayed sII struc-
ture, with possible ‘tuning effect’ observed in these hydrates. It was seen
that 1 mol% i-PA showed double occupancy of small cages and triple
occupancy of large cages (confirmed using ex-situ Raman spectra), un-
like the higher concentration (i-PA = 5.6 mol%) hydrates. This amounts
to hydrogen storage capacity of 3.08 wt.% at 40 MPa and 243 K. How-
ever, similar phenomenon was not observed in another isomer of propyl
amine (n-PA), with single occupancy of hydrogen molecules reported ir-
respective of concentration of n-PA molecules. Crystal structure of n-PA
clathrates was indexed to be monoclinic, with no transformation ob-
served with changes in the additional parameters (such as concentra-
tion, temperature and pressure). Park et al.[217] have ascribed this to
the presence of hydrophilic group in the middle of the ring as in i-PA, un-
like at the end of the ring present in n-PA. The same is also applicable to
additives such as THF and acetone, which have shown favourable hydro-
gen absorption. This is shown in Figure 9, highlighting the hydrophilic
group. This was significant as few studies have been reported which ex-
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amine the structural transformation in these systems and this opens new
vistas for exploration of suitable hydrogen storage material[218].

5.3. Inert Gases (Ar and N,)

Diatomic gases have also been utilised as promoters for the hydro-
gen clathrates. Amano et al.[219] have investigated hydrogen hydrates
promoted by Ar gas using in-situ as well as ex-situ Raman spectroscopy
measurements. They have observed hydrogen occupancy in large cages
as well as small cages at 27 MPa and 276.1 K, with 37 mole % H, present
in the Ar-H, gas mixture. The same results were obtained by ex-situ Ra-
man spectroscopy measurements with upto four H, molecules observed
in large cages and one molecule in small cages. Another idea of using
N, as a guest in the clathrate was first floated by Lu et al. [220] in 2012.
They reported formation of clathrates under mild conditions of 243 K
and 15 MPa, with hydrogen reported to be present in both small and
large cages. Although they could not produce homogenous and uniform
samples in their experiments, hydrogen occupancy results were close
to the earlier reports on pure hydrogen hydrates, with two hydrogen
molecules present in small cage and four hydrogen molecules in the
large cage[220].

To study the potential of nitrogen as a guest in hydrogen clathrate
hydrates, Liu et al. [221] have used ab initio and standard molecular dy-
namics calculations in their work. They observed that replacing N, with
H, is thermodynamically favourable in small cages, whereas the large
cages favour coexistence of the both molecules. This reflects the close
similarity with the experimental observations of Park et al[222]. Liu et
al.[221] observed presence of 2L-1S as stable configuration from ther-
modynamics calculations, whereas 3L-2S configuration was favoured
under dynamic conditions, at 243 K and 15 MPa. This leads to theo-
retical hydrogen storage capacity of 2.5 wt.% for the first case (thermo-
dynamically favourable) and 4.4 wt.% for the second case (dynamically
favourable)[221].

5.4. Mixed Promoters (Inert Gas and Solid/Liquid)

Park et al.[222] proposed addition of solid additives (hydrate form-
ing THF & non-hydrate forming PRD) to the existing N, as a guest
molecule at 35 MPa and 243 K. The addition of 1 mol% THF with N,
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showed improved hydrogen storage capacity of 2.24 wt.%, with dou-
ble and quartet occupancy in small and large cages. This was attributed
to the ‘exchange mechanism’ between nitrogen and hydrogen, in which
hydrogen replaces the larger diameter nitrogen molecule, thus allowing
for reduction in the cage dimensions. Synchrotron XRD data showed the
lattice parameter decreased upon increasing the amount of hydrogen in
the cages, confirming the stipulated ‘exchange mechanism’. Also, it was
observed that ‘exchange mechanism’ was dominant in small cages, with
large cages preferring co-existence of N, and H, molecules for stabil-
ity[222]. This was evident from higher hydrogen occupancy seen in the
large cages for the PRD+N, samples when the partial pressure of hydro-
gen was reduced to 15 MPa, with remaining gas being N, (total pressure
of 35 MPa)[222].

5.5. Greenhouse Gases (SFg and CO,)

Considering the fact that almost all the studies done previously had
formation >10 MPa, Lee et al.[223] suggested the use of SFg as a pro-
moter molecule, which forms hydrates even under atmosphere pressure
below 273 K. This was significant as it posed a double advantage: bring-
ing down the hydrogen hydrate formation pressure as well as captur-
ing an extremely potent greenhouse gas, SFg, with impact on the atmo-
sphere greater than 23900 times than CO,. Molecular size of SFg is big

enough (~6 A) to occupy the large cages of the sII structure, leaving
the small cages empty for hydrogen. Their study reveals formation of
metastable structure, under the formation conditions of 0.5 MPa and
263 K, with single hydrogen molecule present in the small and large
cages[223]. However, the presence in large cage is lost with the passage
of time, coupled with reduction in the number of small cages occupied.
The intensity of Raman bands has been observed over a period of 6 days
with significant drop seen in the initial 2-3 days. It is expected that hy-
drogen molecules diffuse through the large cages until they find they an
empty small cage. Although it does not represent a significant develop-
ment with respect to the hydrogen storage capacity (0.014 wt.%), it re-
flects important development in exploration of new promoter molecules
with an ability to co-host the hydrogen in the large cages near ambient
temperature and pressure[223].

In order to study the occupation of hydrogen in sl clathrates, Grim et
al.[224] used sl hydrate formers (CO, and CH,) as secondary guests to
hydrogen hydrates with sl structure (258 K and 70 MPa). This has been
possible by carefully controlling the conditions to be present in the sI
phase region of the phase diagram. They have observed, in accordance
with the sII structures, hydrogen starts filling with small cages. How-
ever, presence of upto two hydrogen molecules in large cages has been
observed using Raman spectroscopy along with CH,;/CO, at 70 MPa, as
shown in Figure 10 (ii). Upon increase of pressure to 130 MPa, no extra
peaks appear in the spectrum. This is unlike the behaviour observed in
the sII structure, where the occupancy of four hydrogen is observed at
140 MPa. Monte Carlo simulation studies on the hydrogen occupancy in
sI structures have reported that 51262 large cages can store upto three
molecules, which is in close agreement to the experimental observa-
tions[225]. Theoretical estimates show that hydrogen storage capacity
of these structures is close to 3.2 wt.%, which is comparable to the THF
promoted hydrogen clathrates.

5.6. Tertiary alcohol

To throw more light on the phenomenon observed by Prasad et
al.[226], Tanabe et al.[227] studied phase equilibrium for the (t-BA)-
H,0-H, system. They have observed that in the absence of hydrogen,
t-BA occupies large cages of the sVI hydrate structure and no structural
phase changes are observed upto 112 MPa at a fixed concentration of 9.3
mol% t-BA. However, when hydrogen is added to the system at 25.3 MPa
and 274 K, it transforms to slI structure. The transformation pressure re-
duces to 2.35 MPa and 267 K if the concentration of t-BA is reduced to
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5.6 mol%, as shown in Figure 10 [227]. Notably, the stoichiometric con-
centration has a lower transformation pressure then non-stoichiometric
one. As seen from the Raman Spectra, no hydrogen occupancy is ob-
served below the transformation pressure in the small 445* cages of sVI
hydrate. In the slI structure, hydrogen was seen to occupy small cages.
This shows that the smaller cages of sVI structure are not favourable
for the occupation of hydrogen. This led Tanabe et al. [227] to propose
that pressure alone cannot be a driving force for the structural trans-
formation and presence of smaller guest molecules such as methane or
hydrogen was essential for it.

5.7. Organic compounds

In examining the stability of sVI structure for the hydrogen encap-
sulation, Prasad et al.[226] studied the hydrogen occupancy in the H,-
H,O-(t-BuNH,) system. It has been observed that pure t-BuNH, hydrate
(5.86 mol %) forms a sVI structure at 250 K, with lattice parameter

of 18.81 A [228]. However, a transformation to sII is seen under a
hydrogen pressure of 13.8 MPa at 250 K. Prasad et al.[226] claimed

that considering the size of hydrogen molecule (2.72 /6\) with the size of

the smaller 445 cage (5.8 A), it was expected that hydrogen molecules
would be small enough to fit into these cages. This justification is based
on the previous study of CH; + (t-BuNH,) hydrates, where methane

(4.36 A) was close in size to the smaller cavity of 4*5* cage, but did not
stabilize sVI structure. This led to phase transformation from sVI to sII
where the small 5'2 cages were occupied by methane molecules[229].
However, the similar phenomenon was observed in the case of H,+(t-
BuNH,) hydrates, where evidence supported the transformation to sII
structure and occupancy of hydrogen in smaller cages. Prasad et al. [226]
perceived this to be pressure induced structural transformation, in spite
of the availability of the appropriate cage sizes. Prasad et al.[226] fur-
ther measured the hydrogen storage capacity of the hydrate using vol-
umetric gas release measurements, and they found 0.7 wt.% H, present
in the hydrate. This was too low to be practically utilised.

Considering the theoretical hydrogen storage potential of sH struc-
tures of clathrates to be higher than 5.6 wt.%, Strobel et al.[230]
have used the well-known sH hydrate formers like methyl tert-butyl
ether (MTBE), methylcyclohexane (MCH), 2,2,3-trimethylbutane (2,2,3-
TMB), and 1,1-dimethylcyclohexane (1,1-DMCH) as co-guests to form
hydrogen hydrates at 150 MPa and 275 K. The formation of sH struc-
ture was confirmed by XRD measurements with peaks indexed to space
group hexagonal crystal system (p6/mmm) having lattice parameter a=

12.203 A and c= 9.894 A. Among the co-guests used, MTBE showed
highest rate of hydrate formation due to its enhanced ice-wetting proper-
ties and large surface area. It was proposed that any promoter molecule
with size large enough to stabilise the icosahedral 5'268 large cages
could lead to the formation of the sH structure under suitable thermo-
dynamic conditions. Due to the similar size of 5'2 and 43563 cages in
the sH structure, the Raman bands of the hydrogen in the two cages
overlapped with each other, thus creating difficulty in identification in
each cage. By comparing with the earlier studies of THF/H, hydrates,
it was concluded that H, is present in both the smaller cages of the sH
hydrates[180]. Various other liquid hydrocarbon promoters were used
for the formation of sH structure in the subsequent studies by Durate et
al.[231,232], with predicted hydrogen storage capacities reaching upto
1.4 wt.%.

In a bid to enhance the hydrogen storage properties of sH hydrates,
Koh et al.[233] applied a strategy to encapsulate hydrogen in large cages
along with a water soluble co-former. At the same time, they also inves-
tigated the ‘tuning effect’ proposed by Lee et al.[179] to increase the
occupancy of hydrogen in these cages. For this purpose, they used a
water soluble sH co-former (1-methylpiperidine), which had shown su-
perior performance earlier in the case of methane hydrates[234]. They
observed that upto a concentration of 2 mol% 1-methylpiperidine, sH
hydrates are formed with single occupancy of hydrogen both small and
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Figure 10. (i) Phase equilibria for the H,+t-BA+H,O system (blue colour) and t-BA+H,O system (red colour) with 5.6 mol% t-BA. The closed symbols represent
sVI structure and open symbols represent slI structure (reprinted with permission from Tanabe et al.[227], Copyright 2015 American Chemical Society). (ii) H-H
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(reprinted with permission from Grim et al. [224], Copyright 2012 American Chemical Society).
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Figure 11. A schematic showing structural transformation from sH to sII upon incorporation of hydrogen in the MCH-promoted clathrates. Reproduced from Koh et

al.[233] with permission from The Royal Society of Chemistry.

middle cages, under pressure of 58 MPa at 240 K. However, upon de-
crease in the concentration of co-former below 1%, sH hydrates trans-
form to sII hydrates with multiple hydrogen occupancy (upto four) in
large cages and single occupancy in small cages. Koh et al.[233] con-
cluded that it was not possible to push hydrogen through the large cages
of sH structures, which resulted in transformation to sII structure with
favourable 51264 cages. Moreover, the formation of slI structure was
also favoured by the kinetics of reaction. This is shown schematically in
Figure 11.

In the previous studies, the transformation from sH to sII was found
to be metastable, with a lifetime of a few hours. However, Koh et
al.[233] measured the Raman spectra for a period of 48 hours to con-
firm the stability of sII structure. They observed that peaks for the sII
structure start appearing within three hours, and the intensity of peaks
increases till the solution is saturated with hydrogen over the complete
observation period. In an extension of work carried out by Strobel et
al.[230], effect of quaternary phase equilibria (H,-H,0-CH4-MCH) on
the formation of sH structure was investigated by Khan et al. [235]. They
observed equilibrium pressure of 10 MPa at 273 K, when the ratio of hy-
drogen to methane in the gas mixture was 7:1. The equilibrium pressure
decreased with drop in the hydrogen content at a given temperature,
as hydrogen hydrates are expected to be stable at higher pressures as
compared to methane hydrates. The occupancy of hydrogen found to
increase with pressure, in medium and small cages, till 50 MPa. Khan

81

et al.[235] ascribed this to the replacement of methane with hydrogen,
although the mechanism for the same is not fully understood yet.
Atamas et al.[236] have predicted that an ability of guest molecule
to form a given crystal structure is determined by its van der Waals
volume, and pressure alone cannot be responsible for it. They have cal-
culated Gibbs free energy using Monte Carlo calculations at finite tem-
perature and pressure to arrive at their conclusion. Liu et al. [237] have
investigated the parameters required for the efficient sH hydrate for-
mer using ab initio molecular dynamics simulations. They have observed
that the promoter with higher electronegativity, chemical potential or
the electrophilicity index can be more efficient, provided the molecu-
lar weight is kept constant. Among the alkane molecules, those with
number of heavy atoms less than seven have better chances of forming
a stable sH hydrate[237]. Above this, cycloalkanes work better. With
regard to the cage occupancy, interaction energy results have proven
that one hydrogen molecule is stable in the small (5'2) and medium
(435%6%) cages, with 512 cages preferred over the other[237]. This is
similar to the experimental results obtained by Khan et al.[235] and
Koh et al.[233], where Raman spectroscopy along with thermodynamic
modelling proved the presence of single hydrogen occupancy in small
as well as medium cages. Other studies have been performed to pre-
dict the stability of sH hydrates, which signify that the thermodynamic
properties are dependent of the multiple parameters including molecu-
lar size, molar volume, molar mass of the promoters[238]. Attempts to
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have sound theoretical understanding of the thermodynamics of sH hy-
drates have been made consistently and considerable progress has been
made to match the experimental and computational results[239].

6. Organic and Inorganic Clathrates

A different approach for enhancing the hydrogen storage capacity
of clathrates was proposed by Daschback et al.[240] in which hydrogen
was encapsulated in the non-aqueous solid crystal to produce an organic
clathrate. It was shown by Daschback et al.[240] that hydrogen could
be stored in Hydroquinone (HQ) clathrate structure using MD simula-
tions. This concept was later improvised by Strobel et al. [241] to form a
chemical-clathrate hybrid which combined the combined the chemically
bound hydrogen with that present in molecular form. The HQ clathrate
phase consists of six HQ molecules bound at the top and bottom ends by

six hydroxy groups. The cavity radius of these structure is 4.5 A. These
structures retained hydrogen ever after exposure to ambient conditions
for at least 10 min, unlike the hydrogen hydrates which quickly dissoci-
ate upon exposure to ambient conditions. Due to their large cavity size

(close to the cavity size of sII hydrate at 4.5 A), they show immense po-
tential as hydrogen storage media, with storage capacity reaching upto
2.4 wt.% if quadruple hydrogen occupancy is assumed (similar to sII
hydrates). Strobel et al. [230] extended this idea to chemically dissoci-
ate hydrogen from the HQ + clathrate structures, which they estimated
could lead to storage capacity as high as 4.2 wt.%.

Undertaking a novel approach, Han et al.[242] synthesized guest
free HQ clathrates and reported fast hydrogen uptake of 0.35 wt.%
at 298 K and 35 MPa. From the previous studies and theoretical ar-
guments, they concluded that 62% of the cages of the structure are
occupied by the hydrogen molecules. The entire hydrogen adsorption
process was concluded in a fraction of a minute (2 s) and did not
show degradation after ten cycles of operation. The structure was main-
tained throughout these cyclic operations, as confirmed by the syn-
chrotron XRD measurements[242]. These structures fall under the cat-
egory of novel HOFs (Host Organic Frameworks), where it is expected
that the channel cages of the clathrates allow rapid inter cage diffu-
sion and enhance the hydrogen storage capacity. However, structural
stability of organic clathrates at high temperatures is poor and they
tend to release gas at high pressures due to structural transformation.
To address these concerns, Woo et al.[243] have proposed a HQ frame-
work with fullerene (Cg() as a guest molecule. These clathrates demon-
strate high volumetric hydrogen storage capacity of 49.5 g/L at 77 K
and 8 MPa, which is far higher than similar structures proposed ear-
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lier (Figure 12 (i))[180,230,241,242,244-246]. The Cg stabilised HQ
framework structure remains stable upto pressures of 10 GPa and 438
K. However, the gravimetric hydrogen storage capacity remains low
(2.9 wt.%) due to absence of porosity in the structure and high crystal
density, equivalent to that of Cgy (1.678 g/cc)[247]. A comparison of
gravimetric vs. volumetric hydrogen storage of different clathrate struc-
tures for hydrogen storage has been shown in Figure 12(ii). It is seen
that although Cgq HQ clathrate have highest volumetric storage capac-
ity among the clathrate structures, sII structures still remain superior in
terms of gravimetric storage capacity.

To explore further likelihood of improvement in hydrogen storage
capacity, GCMC simulations were carried out on the Li doped HQ frame-
work with Cg, guest molecules[243]. They observed that more than 16
H, molecules are present in the cages of HQ along with Cg( forming dis-
torted cuboctahedra arrangement. The total hydrogen storage capacity
was higher than non-doped frameworks at 6.59 wt.% (81.1 g/L) at 77
K and 8 MPa[243]. It is important to note that volumetric density ex-
ceeded that of liquid hydrogen (70.8 g/L), with interl:nolecular distance

between the hydrogen molecules decreasing to 2.0 A, much below the

value in liquid hydrogen (3.4 A). Woo et al.[243] proposed that the
doping with light elements poses an attractive alternate to enhance the
hydrogen storage capacity of clathrates.

Other clathrates considered for hydrogen storage include Type I in-
organic silicon clathrates consisting of open structure with crystalline
framework[248,249]. However, a pertinent drawback in each of these
structures was high desorption temperature of the order of 673 K,
thus making them unsuitable for use in practical applications. Chan et
al.[250] have tried to address this issue using DFT simulations by substi-
tuting the Si framework atoms by other atoms such as Cu, C and Al and
guest atoms with elements such as Ba, Na and Li. This was done in order
to create optimum void space for the hydrogen atom and modifying the
binding energy of the hydrogen with the host framework. The results
have shown that the hydrogen storage capacity equivalent to 10 wt.%
can be achieved with the binding energy within the desired range (0.1-
0.6 eV/H,). This could allow the operating temperature to be brought
close to the ambient. These studies reflect ample scope for the modifi-
cation of the silicon clathrates and synthesis of new clathrate materials
for hydrogen storage applications.

7. Semi-clathrates

In a recent study, Luo et al. [251] used CH, in addition to the TBAB
compound for the formation of hydrogen semi clathrates. This can lower
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the formation pressure to as low as 0.46 MPa at 282.55 K, when the mass
fraction of TBAB was 0.2 and concentration of methane in the H,+CH,
gas mixture was close to 70%. It was seen that for the similar fraction
of THF (0.2), the equilibrium pressure at 288 K is close to 8 MPa[252],
much higher than that observed in the current system (~2 MPa) by Luo
et al.[251]. In the search for new promoters with better performance, Yu
et al.[253] have studied 5.6 mol%HCFC-141 b and water mixture at 273
K under different pressures. They observed that system shows 0.24 wt.%
hydrogen storage capacity under 6 MPa and 0.40 wt.% under 12 MPa,
with the time required to achieve 90% of the total capacity being close
to 10.2 h in both cases. They have reported milder equilibrium condi-
tions for HCFC-141 b (6.5 MPa at 284 K) as compared to either methane
(20 MPa at 280 K) or t-BA (8 MPa at 278 K)[253]. This can be attributed
to two factors: large size of the HCFC-141 b molecule and presence of
highly electronegative groups (-F & -Cl) in HCFC-141 b, changing the H-
bonding between the water molecules and reinforcing the Vander Waals
forces of attraction between guest and water molecules. Detailed inves-
tigation with the respect to cage occupancy and structure identification
is needed to establish the efficacy of HCFC-141 b as a promoter for hy-
drogen clathrates.

Strobel et al. [185] have demonstrated 0.214 wt.% hydrogen adsorp-
tion in 2.71 mol% TBAB solution at 13.8 MPa and 279.5 K. They have
observed that, in line with the hydrogen occupancy in THF promoted
hydrates, the filling of hydrogen molecules starts with small cages and
large cages are occupied later. The behaviour of hydrogen was found
to be similar in the small cages, irrespective of the structure of the
hydrates. They observed hydrogen occupancy of 0.355 (7) for TBAB
promoted hydrates, at par with that observed for THF based at 0.47
(5). In order to explore other alternative guest molecules forming semi
clathrates, Deschamps and Dalmazzone[254] have studied the phase
equilibria in Hy+TBACL and H,+TBPB hydrates. It has been found that
these systems show dissociation temperatures close to ambient (288.9 K
for H,+TBACL and 286.5 K for H,+TBPB) at low pressures in the range
of 15-18 MPa. This was a clear improvement as compared to the TBAB
promoted hydrogen hydrates, with their hydrogen storage capacity close
to 0.12 wt. % (H,+TBACL) and 0.14 wt.% (H,+TBPB)[254].

8. Hydrogen clathrates without promoters

Del Rosso and co-workers[255] experimentally investigated the sta-
bility of pure hydrogen hydrates using in-situ Raman spectroscopy at a
pressure of 2000 bar at 263 K. The conditions were chosen keeping in
view the phase stability region of sII structure in water-hydrogen phase
diagram (denoted by red line in Figure 13). They used supercooled wa-
ter hydrogen solution at 2000 bar to carry out the experiments. With the
help of Raman spectra, they identified single occupation of small cages
and triple occupation of large cages after an incubation time of 10 h.
This is in contrast to the simple hydrates examined by Mao et al.[256],
who claimed double hydrogen occupancy in small cages and quadruple
occupancy in large cages.

Del Rosso and co-workers[255] put forth the argument that the rate
of hydrate formation is expected to be limited by the diffusion of the hy-
drogen through the liquid phase. As soon as the transformation to solid
is complete (at the end of 18 h), the rate of reaction increases rapidly. It
is proposed that large cages are filled first, thus allowing the hydrogen to
quickly diffuse through the hexagonal faces (lower energy barrier than
pentagonal faces) and complete hydrate formation. Cage occupancy has
been determined by Lokshin et al.[191] on simple deuterium hydrates
using in-situ Neutron diffraction. They found that hydrates formed un-
der pressure of 2000 bar showed quadruple deuterium occupancy in
large cages, in the temperature range of 40 K to 180 K. The deuterium
molecules were expected to be located at the corners of a tetrahedra,

with D,-D,, distance close to 2.93 A. This was similar to the intermolec-

ular distance of 3.78 A found in solid hydrogen, at atmospheric pressure
and 4.2 K [257]. However, at atmospheric pressure, the quadruple oc-
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Figure 13. Phase Diagram of water-hydrogen system overlapped with the that
of pure water (reprinted with permission from del Rosso et al. [255], Copyright
2015 American Chemical Society).

cupancy is only stable upto 80 K with progressive decrease to double
occupancy at 160 K. This remains in contrary to the works of Strobel et
al.[190] (ex-situ measurements at 77 K) and Del Rosso et al.[255] (in-
situ measurements at 200 bar and 263 K), who never observed double
occupancy of large cages, with small amount of triple occupancy re-
portedly necessary for the hydrate stability. Belosludov et al.[176] have
reported that for the case of pure hydrogen hydrates, the existence of
higher capacity sI structure is not thermodynamically favourable; it re-
quires T=200K under very high pressures to be realised. At higher tem-
peratures of 250 K, they have reported that the maximum hydrogen
that can be stored in sI, sII and sH is 4 wt.%, 3.8 wt.% and 2.7 wt.%,
respectively. Using a thermodynamic computational model, it has been
predicted that the pressure for stabilisation of sI structure is higher than
100 MPa at 250 K, whereas it is 84 MPa for the s-II structure[176].
Liu et al. [188] investigated the cage occupancy in pure H, hydrates
using ab initio molecular dynamic simulations. Their study shows that
double hydrogen occupancy is dynamically feasible in the small cages,
whereas up to three molecules can populate the large cages. This leads to
a maximum hydrogen storage capacity of 4.4 wt.%, lower than the esti-
mates of Mao et al. [4]. Liu et al. [188] suggested that hydrogen molecules
tend to adsorb on different faces of the host framework, rather than
forming a cluster. To examine the effect of pressure on the cage occu-
pancy, Brumby et al. [258] carried out Gibbs ensemble Monte Carlo sim-
ulations. They observed that the cage occupancy decreases with decreas-
ing pressure, going from single occupancy at 400 MPa to half occupancy
at 30 MPa at 275 K. However, this effect is not observed at low temper-
atures of 150 K, with constant single occupancy untill 30 MPa. Similar
effect is observed for large cages, with quartet occupancy (at 1000 MPa)
diminishing to single occupancy at 30 MPa at 250 K. On the other hand,
the drop in large occupancy is still evident at low temperatures of 150 K,
unlike the small cages. Overall, the hydrogen storage capacity varies lin-
early with pressure, with 1.5 wt.% at 30 MPa to 4 wt.% at 1000 MPa at
250 K. This is in accordance with the previous simulations of Papadim-
itriou et al[189,225]. Despite a single occupancy of the small cages was
observed at all studied conditions, a small percentage (< 1%) of cages
have been found to show double occupancy at pressures higher than
100 MPa. This shows that although the coverage of hydrogen in the
small cages is not high, double occupancy does occur for pressures be-
low 400 MPa[258]. Using ab initio calculations, Lu et al. [259] predicted
sIT hydrate’s stable configurations with two H, in large 5'26* and 5262
cages, and one H, in 5'2 cages. However, the effects of temperature
during structural relaxations were not taken into account in this study,
which might affect the final results. Kaur & Ramachandran[260] used
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Figure 14. (i) Theoretical hydrogen storage capacity of clathrate structures. (reprinted with permission from Strobel et al.[185], Copyright 2007 Elsevier Ltd). (ii)
Cage occupancy for the large cages as a function of pressure for three hydrate structures at 200 K (solid lines) and 300 K (dashed lines). Reprinted with permission

from Tsimpanogiannis et al.[262], Copyright 2020 American Chemical Society.

DFT studies to predict the hydrogen occupancy in small and large cages.
They reported that up to two and seven molecules could be respectively
accomodated in the small and large cages of sII hydrates.

One of the reasons for the discrepancy in the experimental and com-
putational results have been accounted to the release of the hydrogen
molecules in the vapor form from the hexagonal faces of the larger
cages[259]. It has been predicted that presence of larger molecules such
as methane or THF, may block the release of such vapors and lead to en-
hancement in the hydrogen storage capacity of the hydrates. Burnham et
al.[261] have used ab initio molecular dynamic simulations to show the
presence of four hydrogen molecules in the large cages. They accounted
this to the perfect packing of four molecules in tetrahedrahedral vacan-
cies inside the large cages, which can be violated if the numbers increase
to five or decrease to three. This correlates well with the experimental
observation of the Mao et al.[4] (using Raman spectroscopy) and Lok-
shin et al. [191] (using Neutron Diffraction).

9. A Comparison of hydrogen storage capacity of different
hydrate structures

Based on the theoretical calculations, depending upon the size of the
cavity (cage opening) and occupancy in each cage, Strobel et al. [185]
have predicted the maximum hydrogen storage capacity possible in each
type of structure formed by clathrate hydrates, as shown in Figure 14 (i).
They have chosen methylcyclohexane (MCH) to represent sH, ethylene
oxide (EO) to represent sI, THF to represent sII, Br, to represent sIII, tert-
butylamine (t-BA) to represent sVI, hexafluorophosphoric acid (HPFy)
to represent sVII, and TBAB to represent the semi-clathrate. Their esti-
mates are based on an empirical correlation: #H, = (4.0385 x cavity

radius (A) - 15.096), with the values rounded off to the nearest inte-
ger. These values are calculated assuming that all the small cages are
available for hydrogen occupation, whereas large cages are occupied by
the promoters or secondary hydrate forming molecules. It is seen that
sVI hydrates have been poised to store more than 7 wt.% hydrogen at
100 % occupancy, followed by sVII structures at more than 5 wt.%. The
rest lie in the range of 3-4 wt.%.[185] Although the predicted hydrogen
storage capacities have been calculated under various assumptions, it
represents the broad spectrum of clathrates with flexibility to modify
the structure.

In an yet another attempt to compare the hydrogen storage ca-
pacity of various hydrate structures, Tsimpanogiannis et al.[262] have
proposed a practical methodology to categorise the hydrogen hydrates
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based on Monte Carlo Simulations. They have divided the hydrogen hy-
drates with regard to the pressure, molecular weight of the promoters,
temperature to assist in their selection for the desired application. As
shown in Figure 14 (ii), decreasing the temperature increases the hydro-
gen storage capacity, with the maximum obtained for the sH hydrates.
Similarly, they have also shown that the promoters with least molecular
weight will enable to have largest hydrogen storage capacity, keeping
other factors constant. Also, the presence of promoters in large or small
cages can affect the overall capacity of the hydrates, with highest ca-
pacity achievable ~ 3 wt.% when a promoter with molecular weight of
16 g occupies the medium cage in the sH structure[262].

A summary of the important promoter molecules used in the past
couple of decades has been given in Table 2, along with their hydrogen
storage properties. Although, the comparisons provide here form a crude
analysis of the properties of the clathrates, it represents rapid progress
in the hydrogen storage characteristics of the clathrates and prove am-
ple opportunities for the future scope of development. A summary of
the promoters and their brief characteristics have been summarised in
Figure 15.

10. Kinetic Aspects

Although the recent developments have shown promising results
with regard to the thermodynamic properties of the clathrates, im-
provement in their kinetics remains an utmost challenge. As seen in
the Table 2, the large time taken for the hydrogen clathrate formation
(ranging from days to weeks) is not viable in practical applications. As
it has been discussed in the previous sections, the hydrate formation
occurs via two routes i.e. by direct reaction of gaseous hydrogen with
the aqueous solution or through adsorption into hydrogen free hydrate
crystals. In the first case, the hydrate crystals nucleate at the interface
of the gas and the liquid; the rate of reaction is governed by the growth
of crystals. However, in the second case, the rate determine step is the
diffusion of the hydrogen into the cages of the hydrate.

To enhance the rate of reaction via first route, one of the techniques
has been dispersion of the aqueous solution using a porous substrate,
which leads to enhanced surface area thus increasing the formation
rate[179]. This was successfully demonstrated by Lee et al. [179], with
the hydrate formation time reduced by more than factor of ten. How-
ever, this technique led to additional weight of the substrate, which can
be penalty on the overall gravimetric capacity of the hydrate. In contin-
uation of the efforts of Lee et al. [179], Saha et al.[267] used mesoporous
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Structural properties and hydrogen storage characteristics of clathrate hydrates (structures have been drawn using Crystal Maker[177]).

Number of Other Examples of
Structure  Crystal Structure Pictorial Cages per Hydrogen Storage  Hosts for the
Notation ~ (space group) Cages Present Cage Characteristics Representation Cage Type unitcell Max H, Capacity (Wt.%H) hydrates
Type 1 Cubic (pm3n) fx Dodecahedron (5'2) Twelve 5-vertex  fx Small 2 2 6.33 % Diameter (~5 ,i)
faces Methane
Ethane
Cyclopropane
Carbon dioxide
Tetracaidecahedron ~ Twelve 5-vertex fx Large 6 2 Ethylene oxide .
(512 62) faces and two Hydrogen Sulphide
6-vertex faces Xenon
Type 11 Cubic (fd3m) fx ~ Dodecahedron (5'2) Twelve 5-vertex  fx Small 16 2 4% Diameter (~4 ,i)
faces Argon
Helium
Nitrogen
Oxygen
Krypton
Neon )
Diameter (~6 A)
Propane
Hexakiadecahedron = Twelve 5-vertex fx Large 8 4 Isobutane
(512 6%) faces and four Cyclopentane
6-vertex faces Tetrahydrofuran
Type H Hexagonal Dodecahedron Twelve 5-vertex fx Small 3 2 4.67 % Diameter (~7 A)
(p6mmm) fx (512) faces 22
Irregular Three 4-vertex fx Medium 2 1 Dimethylbutane
Dodecahedron faces, six 5-vertex Methylcyclohexane
(435663) faces and three Ethylcyclohexane
6-vertex faces Cycloheptane
Icosahedron Twelve 5-vertex fx Large 1 5 Cyclooctane
(51268) faces and eight Adamantane

6-vertex faces

materials with pore size in range of 49 to 226 A to enhance the rate of
clathrate formation. An additional advantage offered by the porous sub-
strate is to keep the ice particles intact in the pores even after melting,
thus allowing rapid reaction upon multiple cycling. Saha et al.[267] ob-
served ~1 wt.% hydrogen absorption at 270 K and 65 bar within 27

min, using the media with pore size of 49 A.

To understand the role of interface in the nucleation and growth of
hydrate, Lokshin et al. [268] have used an in-situ high pressure neutron
diffraction apparatus to study pure hydrogen hydrate formation. They
have observed sluggish kinetics upon reaction of water with hydrogen
under 1.5 kbar at 260 K, with only 30% conversion of water to clathrate
in 3 hours. On the other hand, when ice was used as starting material,
100% conversion to clathrate was completed in less than 10 min. This
difference was attributed to the presence of small cavities in the ice-Th
structure, where the hydrogen molecules can penetrate and support the
transformation to hydrate structure. The difficulty in the nucleation of
hydrate at the gaseous hydrogen-liquid water interface is evident from
the work of Rosso et al.[255] The time taken for the hydrate crystals
to appear under 200 MPa and 263 K was close to 10 hours. A detailed
insight into the role played by the secondary guest molecules in the
nucleation of hydrate at in the liquid-gas interface was given by Song
et al.[269]. Using molecular dynamic simulations, they have observed
that the hydrates formation is primarily dependent on the arrangement
of the secondary guest molecules and smaller hydrogen molecules at the
liquid-gas interface. Since the secondary guests such as THF can only oc-
cupy large cages, smaller molecules such as hydrogen hinder their move-
ment owing to the entropy effects. To add to this, extremely low solubil-
ity of hydrogen in water makes it difficult for the hydrogen molecules
to access the growing crystal interface[269]. It has also been an impor-
tant study to identify the effects of supercooling the solution to form
hydrates. It is shown that using intensive thermodynamic forces leads
to excess occupancy of hydrogen in the large cages, unlike small cages
where it remains unchanged. However, these effects are metastable in
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nature and may hinder the occupancy of the large cages by secondary
molecules[269].

10.1. Macroscopic Reaction Kinetics

Recent studies by Veluswamy et al. [200] have focused on the macro-
scopic kinetics of hydrate formation and dissociation. Veluswamy et
al.[200] have observed that stoichiometric THF solution stored 0.186
wt.% H, at a formation rate of 18.07 mol/min/m?3, whereas similar
amount of TBAB showed 0.035 wt.% H, uptake with a slower forma-
tion rate of 3.44 mol/min/m3. Both measurements were carried out at
constant driving force, to keep out the inaccuracies due to measurement
parameters. This is one of the important consideration for kinetic stud-
ies, as the Veluswamy et al.[200] found reversed trend when measure-
ments were taken without keeping this in view (under constant temper-
ature and pressure conditions). Surfactants have traditionally been used
to prevent the agglomeration of clathrates in the oil and gas pipelines,
where they form spontaneously. Veluswamy et al. [270] have also evalu-
ated the effect of ionic (DTAC) and non-ionic (Tween-20) surfactant on
the kinetics of the THF promoted hydrogen hydrates. Both these surfac-
tants have shown an increase in the rate of reaction by 20% when added
in concentration of 0.5 wt% DTAC and 0.1 wt% Tween-20. However, the
decomposition kinetics remained unaffected by the use of surfactants.
In a bid to search a better surfactant to enhance the kinetics of hydrate
formation, Veluswamy et al. [209,271] analysed the effect of sodium do-
decyl sulfate (SDS) on the THF/H, and CH,;/H, hydrates. While SDS
had no effect on the former, it drastically enhanced the rate of hydrate
formation in the latter system. The timer required for 90% completion
of the reaction was reduced by 10 times to 30 min, from the previous
334 min. This represents the effect of surfactant is dependent upon the
secondary guest molecule added and detailed study is required to find
the best suitable additive.
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than CO,.

Figure 15. A summary of the critical role played by the promoters/additives in the hydrogen clathrate formation.

In a bid to enhance the rate of reaction, Di Profio et al.[198] have
used a synthesis method based on reverse micelles formation, which
helps to reduce the interface area between the gas and the hydrate to
the order of nanometers. This has led to a singnificanlty redcued time
of the hydrate formation (in the range of 20-30 min) with a range of
promoters including THF, THT, CP and DXL This was specially relevent
for water insoluble promoters such as CP and THT, which had shown
difficulty in direct formation with water[198]. The reactor design was
also proposed in this study which allowed the hydrate particles to set-
tel at the bottom of the reactor in the form of free flowing slurry. This
prevented the hydrate particles from aggregating at the bottom of the
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reactor and favoured scaling up the technique to the inductrial level.
However, they had limited success in terms of hydrogen storage capac-
ity, with the highest being reported for THT based hydrates at 0.5 wt.%
under 10 MPa and 274.5 K. Based on their study Di Profio et al.[198]
have concluded that presence of polar surface plays a major role in de-
termining suitability of co-former. This has been one of the reason for
better performance of THT (sulphur as polarizable element) than CP.
Cai et al.[264] have studied the macroscopic kinetics of 3 mol% THF
solution at 273.15 K and 14.53 MPa. They have also captured the im-
ages during the course of the experiment using a camera, as shown in
Figure 16 (i) & (ii). Upto 48 h, no hydrate formation was seen in the
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Figure 16. (i) Gas Uptake during hydrate formation with time. (ii) Representative images during the transformation (reprinted with permission from Cai et al. [264],

Copyright 2019 Elsevier Ltd).

camera captured images. From the standpoint of the rate of hydrate for-
mation, this process was divided into three parts; A, B and C. In the A
part, the rate of hydrate formation was low (0.19 mmol/h), and this part
lasted till about 128 h. This was followed by B part, in which there is
sudden increase in the hydrate formation rate (1.25 mmol/h) and hy-
drate crsytals could be observed in the photographs. The rate of hydrate
formation again decreases in the third part (part C), possibly due to the
mass transfer resistance of hydrate crystals growing into bulk solution.
Cai et al.[264] have carried out time based Raman spectroscopy to study
the effect of promoters on the hydrate formation. It has been seen seen
that hydrogen stabilises the metastable THF hydrates formed during the
process. The liquid/gas interface provides a nucleation site for the for-
mation of the hydrates.

Matsumoto et al. [202] have studied time based structural changes
in the methane promoted (3 mol% in gas phase) hydrogen hydrates at
70 MPa and 263 K. Although the thermodynamically stable phase is sII,
formation of sI phase was observed during the initial 5 hours. They have
explained this with the formation of methane hydrates initially in con-
tact with the ice, further leading to the formation of hydrogen hydrates
with time. The structure stabilises at the end of 24 hours. Using molec-
ular dynamics simulations, Zhang et al.[207] have shown that although
methane thermodynamically stabilises the hydrogen hydrates, the hy-
drogen acts as a kinetic promoter in this case. They observed a six-fold
increase in the growth rate of hydrates when the small cages were dou-
bly occupied by hydrogen, as opposed to almost negligible change in
case of pure methane hydrates upon increase of pressure from 20 to 100
MPa. They have concurred that the growth rate is controlled by the mass
transfer of the guest molecules, i.e. solubility and diffusivity of methane
play a crucial role in the growth of the hydrate. It is self-evident from
the increase in the growth rate with pressure, as the diffusivity follows
the similar trend.

Belosudov et al.[272] have highlighted a kinetic anomaly or ‘self-
preservation’ effect in the hydrogen hydrates. In other words, due to
extremely small dissociation rate of hydrates in the temperature range
of 240-273 K under atmospheric pressure, the hydrate will continue to
withhold almost constant amount of hydrogen even if these conditions
are thermodynamically unfavourable. This effect can be explained in the
following steps: initial liberation of hydrogen gas leads to the decrease in
the temperature of the hydrate. This generates thermal gradient across
the sample, with the inside of the sample being colder than the outside.
A layer of ice is formed surrounding the hydrate. Due to the difference
in the thermal expansion coefficients of the ice and the hydrate, the in-
ner hydrate experiences higher pressure than the outside pressure upon
increase in temperature[272]. This returns the hydrate to the equilib-
rium conditions in the hydrogen-water phase diagram. Additionally, to
protect distortion of the structure during the heating, it has been found
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using molecular dynamics simulation that a network of hydrogen bonds
forms between the ice and the hydrate. This effect has been proposed
to be beneficial for the storage and transport of the hydrogen hydrates
without the need for high pressures or low temperatures, thus saving
energy and cost[272].

10.2. Microscopic Reaction Kinetics

To throw light on the microscopic behaviour of the hydrate trans-
formation, Okuchi et al.[273] have utilised in-situ high pressure NMR
spectroscopy. The stoichiometric sample of THF hydrate was prepared
using heavy water and observed under NMR spectrometer at temper-
ature range of 250-256 K and upto 20 MPa. The activation energy for
diffusion of hydrogen in the hydrate was found to be 3 + 1 kJ/mol, much
lower than the values obtained using MD and PIMD simulations or math-
ematical models . A reason for this was attributed to reorientation and
diffusion of water molecules in the structure, thus creating favourable
conditions for the diffusion to occur. Also, the authors speculate the dif-
fusion of hydrogen through the pentagonal faces of the smaller cages,
as the large cages are occupied by the THF molecules. However, as de-
termined later by MD simulations, this process requires large activation
energy (>50 kJ/mol) and is not feasible under given conditions. To con-
firm this, Zhong et al. [197] have experimentally measured the diffusion
coefficient of H, in THF promoted (stoichiometric) hydrates using time-
resolved Raman spectra. They used change in the area under the Raman
peaks to arrive at a value of 6.6 x 10712 m2/s, which is close to the pre-
vious results in the rang of 10~ to 10-12 m?2/s. The values observed by
NMR are significanlty lower (~10~15 m?/s), as the measurements are
made under equilibrium conditions.

With a view of understanding the factors effecting the microscopic
reaction kinetics, Nagai et al. [274] have provided a mathematical model
governing the rate of hydrate formation. They have proposed a hybrid
kinetic model consisting of a hydrogen delocalization and diffusion,
in which hydrogen is first adsorbed on the particle surface and sub-
sequently diffuses into the cavities of the structure to form hydrate. It
based on presumption that single hydrogen molecule occupied small
cages and THF molecule occupied the large cages of slII structure. This
model successfully described the experimental results with regard to
variations in temperature, pressure or particle size, except during initial
period of rapid reaction rate. The activation energies for the diffusion
and adsorption were determined to be 78.7 kJ/mol and —5.9 kJ/mol,
respectively. In a further study by Yoshioka et al.[275], the model pro-
posed by Nagai et al. [274] was extended to study the desorption kinetics
and compare it with the absorption. It was found that during the first
part of the process i.e. adsorption was two to three times faster than the
desorption, whereas the rate of diffusion was almost similar to the des-
orption process. They also observed a stable occupancy of hydrogen over
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Table 3

Important hydrogen clathrates synthesised along with their hydrogen storage characteristics.

Volume Technique for
Synthesis Synth . In- structure Max H, Occupancy (Raman H, Vol
Promoter Conc. (mol %) route P (MPa)T (K) Time Structure.P. (A) crease”” determination® spectroscopy/NMR) H, wt.%" (g/L)" Technique used (to calc wt.% H,) Year Ref
5[12] 5126[4] 5126[2]
Pure H, Hydrates
- Pure H, Direct 220 234 - sIl 17.047 - In-situ EDXRD 2 4 - 5.25 43 Ex-situ Raman Spectroscopy® 2002 [4]
- Pure H, Direct 200 263 60 h sl - - - 1 3 - 3.2 27 In-situ Raman Spectroscopy® 2015  [255]
Solid/Liquid Promoters
THF 56 % Indirect 5 279.6 - sII 17.236 33 % Ex-situ XRD 1 - - 1.06 10 Volumetric gas Release 2004 [178]
THF 56 % Indirect 5.6 270 - sll 17179 23 % Ex-situ XRD (1 bar,2 - - 2.09 20 In-situ Raman Spectroscopy 2005 [179]
123 K)
0.15% Indirect 12 270 - sll - - - 2 4x H,, - 4.03 - In-situ Raman Spectroscopy 2005 [179]
(1-x)THF
02 % Indirect 12 270 - sll - - - 2 4x H,, - 3.81 - Volumetric gas Release 2005 [179]
(1-x)THF
THF 56 % Indirect 12.6  270-278 7 days sll - - In-situ Neutron 1 - - 1.05 10 Volumetric gas release 2006 [180]
Diffraction[211]
05 % Indirect 13.8 270-278 7 days slI - - - 1 - - 1.05 10 Volumetric gas release 2006 [180]
t-BuNH, 5.86 % Indirect 13.2 250 2 days slI 17.44 71 % Ex-situ XRD 1 - - 0.7 10 Volumetric gas release 2009 [229]
THF 05% Direct-Indirect 74 255 3-4 days slI 17.15 1.8 % Ex-situ XRD 1 4x H,, - 34 - Volumetric gas release 2010 [187]
(1-x)THF
Acetone 0.5 % Direct-Indirect 74 255 3-4 days sll 17.17 22 % Ex-situ XRD (1 bar,1 4x H,, - 3.6 - Volumetric gas release 2010 [187]
90 K) (1-x)
TBAF 3.6% Indirect 13 294 - sl - - - 1 - - 0.024 - Volumetric gas release 2013 [263]
Ar 1% Indirect 40 243 5 days sl 17.164 21 % Ex-situ XRD 1 3 - 3.08 27 Ex-situ Raman Spectroscopy® 2015  [217]
i-PA 56 % Indirect 40 243 5 days sll 17253 3.7 % Ex-situ XRD 1 - - 1.09 10 Ex-situ Raman Spectroscopy® 2015 [217]
t-BA 56 % Indirect 2.53 267 - sl 17.51 83 % Ex-situ XRD 1 - - 1.02 10 Ex-situ Raman Spectroscopy® 2015 [227]
THF 56 % Indirect 3.8 271.1 1day sl - - - 2 - - 2.08 32 Ex-situ Raman Spectroscopy® 2017 [197]
THF 56 % Reverse 10 276.2 19 min sl - - - - - - 0.12 - Volumetric gas release 2018 [198]
Micelles
THF 3% Indirect 14.53 273 8 days slI - - - - - - 0.18 - Volumetric gas release 2019  [264]
HCFC-141 56 % Indirect 6.5 284 - - - - - - - 0.5 - Volumetric gas release 2020 [253]
b
Gaseous/Mixed Promoters
Ar 25 % (gas phase) Direct 52 276 - sll - - - 1 4 - 3.1 48 In-situ Raman Spectroscopy® 2010 [219]
co, 1.7 MPa Indirect 70 258 1day sl 1183 - Ex-situ XRD 1 - 2 3.2 - Ex-situ Raman Spectroscopy®¢ 2012 [224]
CH, 11 MPa Indirect 70 258 1 day sl 11.83 - Ex-situ XRD 1 - 2 3.2 - Ex-situ Raman Spectroscopy®* 2012 [224]
N, - Indirect 15 243 4 days sl - - Ex-situ XRD 2 4 - 5.01 43 Ex-situ Raman Spectroscopy® ¥ 2012 [220]
N, & THF 1 % THF, 20 MPa Indirect 35 243 8 days slI 17162 2.0% Ex-situ EDXRD 2 4x H,, - 2.24 - Ex-situ Raman Spectroscopy 2014 [222]
N, (1-x)THF
N, & PRD - Indirect 35, 243 8 days slI 17.285 42% Ex-situ EDXRD 2 4x H,, - - - Ex-situ Raman Spectroscopy 2014 [222]
Pu2=15 (1-x)PRD
CH, 7 % (gas phase)  Direct 30 263 - sl 11.87 Ex-situ XRD 1 - 2 0.02 28 Thermodynamic modelling 2014  [202]
5 % (gas phase)  Direct 70 263 - sl 17.15 1.8 % Ex-situ XRD 1 4x H,, - 0.31 32 Thermodynamic modelling 2014 [202]
(1-x)CH,4

(continued on next page)
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multiple absorption/desorption cycles. It was a significant development

over the previous model[274], as it took into account the particle size
- B ng oo o dependence of the kinetics i.e. the distance over which hydrogen dif-
& as a4 44 4 fuses in the clathrate. This led to better agreement with the experimen-
. < < we 29 g tal data, although the activation energy for the adsorption was higher
] == - = &
N ISBS SR 88 1§ (—28 kJ/mol). This value corresponds to the values comparable to the
~ chemical bonding (e.g. hydrogen bonding), along with a possible re-
E, % arrangement of water molecules. However, both models calculated the
€ S 3 . diffusion coefficient of hydrogen to be of the order of 10-12 m?2/s, which
s 23 _ - ydrog
] £ § %E QE 2 agrees well with the previous experimental results[273].
; g-’.é. = s o g Improving upon the previous mathematical models, Komatsu et
~ o = e . . .
g £ g ‘g »» § al.[276] developed a Multiple Adsorption Resistance (MAR) Model
g 5 5 . g g . . . -
= EE § g g i bl which took into account the hydrogen occupancy in the cages with the
) == 3 2 £ [ g = change in pressure during the absorption process. It was due to the fact
g 2z 2 £ 5 £ 3 8 p 8 P p
£ B a 5 w @ 2 : g = that an increase in absorbed amount led to decrease in the pressure of
g L2 gk s |f g EE P
= & Al E. 0O O 3] s 98 the hydrogen and correspondingly the vacancy in the cages, resultin:
2 £ =2 ydrog P! 8ly y g g
= 2 2 &= greater resistance for further absorption. The activation energy was cal-
PN 2 s 1s . :
=g 2 o g © culated to be 30.65 kJ/mol for the stoichiometric THF hydrate, which
IN Y o a 5 = 0 y .
i N b L 2 o S & was closer to the results of Frankcombe and Kroes (32.3 kJ/mol) usin,
g
@ Q E=) g 8
?\g <« g 8 &5 MD simulation[277]. Komatsu et al.[276] concluded that for this case,
o a3 5t R |9 e g9 diffusion of hydrogen occurred through both small and large cages with
fas) NI Vo == g g s @ ydrog 8 g 8
= % g ,‘é‘ transport of water molecules as well in the THF promoted hydrates. For
g T . B T = non-stoichiometric THF hydrates (6.2 mol% THF), THF molecules pro-
g c 2 3 Y
S D 5 D . £ §° § & §o mote formation of grain boundary and Quasi Liquid Layer, thus reducing
& g s L .. .
52 é‘ § o © bt 38 the activation energy. A summary of the kinetic models has been given
== a0 A v b g g 2 : ble 3
82 = CE SR o ¥ Z in Table 3.
SN RS- -l % < 9 g
2 = x L= - = =] o w
g a TN T o g 8 15 o 5
o ) —
e 2 §° 8 9 T & 10.3. Diffusion Energy Barrier
T 5 < = =] D voct!
O > 0 = [=)] ~
3 2 v T 2 : s . . . .
=& N Lo = S § 53 To gain insight into the phenomenon of diffusion of hydrogen in
5 EE o 82 & 8 p ydrog
8 S« ] S ~ clathrates, Alavi and Ripmeester[278] determined the activation ener
g E E P &y
5 E g = % g § g § % 2 for the diffusion through the hexagonal face of large cage (23 kJ/mol)
e 8 B S .
e £ |2 [ a8 a PR @ + = and pentagonal face of the small cage (121.4 kJ/mol) using DFT cal-
S o & m > m m 8 %o = o g g g
g5¢E |2 2 2 B B O L g5 & culations. The values observed lied considerably above the experimen-
E B E = =% = = o = = 50 g y P
325 | LB L L k= Té! ;" g 2 tally observed results of Okuchi et al.[273]. It is important to note that
A B S I - T~ Okuchi et al.[273] used NMR pulsed filed measurements to arrive at
[T g 8 5 = o« p
g Y | s e e & g, & 1— = their results, which concur with the macroscopic motion of hydrogen
S & g e L2 .§ E . % s *é molecules through the hydrates. As compared to cage to cage migra-
- R E, g tion process calculated using simulations, these processes are usually
el o " 0 Q9 'g £ S g S & : . . o . . .
= 3 £ a aster[279]. This may help in explaining the discrepancy in the experi-
. N = @ = 8 o3 T = .
5. =, = = B 5 SE ® 9 mental and computational results.
I g < g 2 s B p
= g v o % 2= In a series of studies, Burnham et al. [261,280] have compared the ef-
g == =S == = g g § g g é 8 fect of quantum and classical nature of hydrogen on the diffusion energy
v3 ¥ g = barrier in clathrate structure using Path Integral Molecular Dynamics.
v v ve o |B9EL 2373 & & y
e 22 =2 2R = |=g ~ o T 28 = They have observed that entropy plays a critical role in deciding the
g © ° ©TS TT T = 22 8 = R . .
& E o o B g 3 8L S E e effect of temperature on the energy barrier, which in general increases
22w g 5y p 8y b3
9 .'IJI A § - with increase in temperature. It has been found that entropy is lower
- 2 = = . . . o o
< o~ o 22 Zo o g ® E g E g 2 in the transition state i.e. during inter-cage movement, than within the
= I < © S 2 E - ; ;
= aa S& 88 A& = g - = ‘§ i 'q'é 2 body of the cage. In the transition state, the H, molecule is squeezed in
I - . .
g . a9 g —i £E = 23 2 the gap between the hexamer (in case of large cage), forming a bridge
I~ ) So Qo do s 3 —g ﬁ % f‘ 2 EN é Y around the H, molecule. However, the trend is reversed in case four
. -E ‘é’a & : < E« T § H, molecules are present in the cage, as they sit in perfect tetrahedron
S 2 5°%%3¢ ° 3 ® inside the cage and have lower entropy than the transition state[280].
9 o 8§ BT E 08 T2 g 5 Py
8 R e e - |ESCAZE S8 In other words, for the case of four H, molecules present in a cage,
S v L o O O O o T 0 8 O % 'E» g & '_g 2 P g
g E == g8 gE2 B @ ‘g §g¢° EZze the energy barrier decreases with increase in temperature. The energy
e R=RC a8 A = . . - .
® % 2 o~ g 9 % T g ° 5 = —g barrier also increases for the case of quantisation of the nuclei, due to
@ = = 9 . . . . . .
> EAR Y Epges Y fo &5 S increase in the size of nuclei, making it difficult for it squeeze through
o S = |2 25E88® Sg% 8 &
g = fe 0o PETSES o883 the hexamer connecting adjacent cages. In order to bring theory closer
= E O8N o~ |2 899805 AE i i
g FE &g O s S5 282% wy & to the real hydrate formation process, Lu et al.[259] have considered
) = ° o ro — — =} S .
§ g e ot x o ox= 3 i 3 S % g ig 2 g g = the hydrogen occupancy effect as well as condensed phase environment
El 8 9 * v gesSg<sl g 5 28 i g ‘g 2 during simulations. Lu et al. [259] used MP2 simulations to determine
§ - SN B § é @ g E s = ‘é = the energy barrier for the diffusion of hydrogen molecule through the sI
-| £ % ; 3 £ & Eﬁ g2 i g g 2 and sII structures. The simulations show that energy barrier depends on
2| § IE: TS o 35: [ :] SEZESSA two factors: number of molecules crossing the barrier (decreases with
S & J O »wodJ PR e ® om0 owoe w . . 1
& increasing number of molecules) and the type of face (hexagonal or pen-

tagonal) through which H, molecule is hopping to another cage. They
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have observed that energy barrier is lower for the hexagonal face as
compared to pentagonal face. The values obtained are in close agree-
ment with the experimental results obtained by NMR[273]. The val-
ues obtained for the diffusion energy barrier have been summarized in
Table 3.

table 4

To further delve into the detailed mechanism of diffusion of hydro-
gen in clathrates, Cendagorta et al.[281] have examined the effect of
temperature on the diffusion energy barrier. The values reported by
them are at the middle of the path travelled from centre of one cage to
another. They have noted that the decrease of classical energy barrier on
reducing temperature is due to the fact that thermal fluctuations are re-
duced at low temperatures, thus increasing the cavity size for the H, to
pass through the hexagonal face. Below 25 K, energy barrier is governed
by quantum tunnelling effects. Competing effects of Zero Point Energy
(which leads to swelling of the ring polymer shaped H, molecule, thus
restricting its movement across the hexagonal face) with the tunnelling
effect (which causes the ring polymer to be highly delocalised, being ei-
ther present in one cage or another at any point of time and reducing the
free energy barrier) have been observed[281]. At T<25K, tunnelling ef-
fect takes precedence and leads to reduction in the free energy barrier.
At T<25 K, the quantum rates become much larger than the classical
rates due to the tunnelling effect. To have a comparison with the exper-
imental data, multiple iterations would be required with different occu-
pancy of H, in neighbouring cages and averaging of these rates[281].
They reported activation barrier for the transition between large cages
to be 15.9 kJ mol (classical) and 2.1 kJ/mol (quantum) at 8K. However,
these values were identical at 25 K (15.9 kJ/mol) and above for both
cases.

In a recent study, Hasegawa et al. [282] have considered the effect of
the sII structure binary hydrates (e.g. SFg+H, or t-BuNH,+H,) on the
diffusion of the hydrogen using molecular simulations. It has been ob-
served that the diffusion of hydrogen is unhindered when moving from a
one large cage to another through the hexagonal ring. However, in case
of movement from large cage to small cage, the pentagonal ring has to
partially break up and allow the movement of hydrogen across. The lat-
ter case was more frequent, since the large cages were occupied by the
secondary molecules (SFg or t-BuNH,) and no-occupancy of hydrogen
was observed in the large cages.

11. Computational Aspects

From previous sections it has already become clear that computa-
tional contributions in the field of hydrogen clathrates are of utmost im-
portance to understand and guide experimental findings, as they provide
fundamental insights in the atomic-level structure of these materials.
In this respect, recent theoretical efforts, mostly on SII clathrate struc-
tures, have been dedicated to (i) the estimation of H,/D, cage occupan-
cies[258,283,284], implicitly determining upper H, storage limits (see
section 4.3); (ii) the evaluation of translational-rotational (TR) eigen-
states/eigenvalues in each hydrate cage[285-287], providing insight to
the interpretation of Raman and INS spectra; and (iii) the determina-
tion of free energy profiles associated with cage hopping[280,281,288]
obtained by NMR measurements and related to the activation energy in-
volved in the diffusion of H, molecules in the clathrate cages (see section
4.4).[279] However, the greatest technological challenge that hinder the
successful implementation of clathrates in practical applications is the
slow kinetics of clathrate growth and to circumvent the typically harsh
temperature and pressure conditions necessary to stabilize them. In this
light, current computational studies on hydrogen clathrates therefore
focus on identifying and understanding alternative approaches to speed
up clathrate growth and stabilize clathrate structures. Herein we specif-
ically highlight the use of promoter molecules and surfactants and the
synthesis of clathrates in nanoconfinement, with particular emphasis on
how theory can help to design pathways for formation of clathrates un-
der more feasible pressure and temperature conditions. As will become
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clear, new avenues in modelling are necessary to model clathrate forma-
tion and stabilization in more complex environments, therefore we end
the theoretical section with a brief discussion on the current challenges
in computational clathrate research.

11.1. Clathrate growth and stabilization using promoter molecules and
surfactants

Computational studies seeking to improve the kinetics of clathrate
growth and the stability of H,-containing clathrate matrices have mostly
focused on the role of promoter molecules, such as small alkanes and
tetrahydrofuran (THF) (Figure 17a). For instance, Tsimpanogiannis et
al.[262] estimated the H, storage capacity at different temperatures and
pressures in pure and binary H, hydrates via Monte Carlo (MC) simula-
tions, reaching the conclusion that the H, storage capacity increases if
promoter molecules occupy the medium-sized cages instead of the large
cages in SII clathrates. Liu et al.[289] combined static and dynamic ab
initio calculations to propose that, when populated with THF, the larger
SII clathrate cages can accommodate an additional H, molecule. This
is an important observation, as it challenges the common assumption
of the segregation of these gases in different cages. Using ab initio ge-
ometry optimizations, they shed light on the mechanism of formation of
clathrate cages around THF and determined the interaction energies and
most stable geometries of THF and water and THF, water and other gases
(CO,, CHy, H,). THF clathrate cages were shown to be formed initially
from the adsorption of THF onto a hexagonal water ring and other guest
molecules were seen to be preferentially located next to pentagonal
cages.[290] Using a combined static/dynamic ab initio approach, they
furthermore investigated different alkanes as promoter molecules at var-
ious temperatures, showing that alkanes follow an interesting pattern
in the stabilization of the structure H hydrogen clathrate matrix: linear
shaped lighter molecules and heavier cyclic molecules.[237] However,
to accurately evaluate the growth rate, cage occupancy, and growth
mechanism of these clathrates, substantially longer dynamic simula-
tions are necessary. To this end, Zhang et al. [291] used the generic force
fields to model the water and methane molecules, complemented with
specific force fields terms to model the interaction with the hydrogen
molecules.[292] Their microsecond-long molecular dynamics (MD) sim-
ulations of a binary (CH,4/H,) clathrate reveal that the growth process
is dominated by the solubility and diffusivity of the promoter, in line
with previous approximative simulations[293] considering a THF/H,
clathrate. Although these works have given considerable insight to un-
derstand clathrate formation and stabilization with promotor molecules,
other recently employed experimental strategies to enhance the forma-
tion of hydrogen clathrates have been less targeted by computational
studies and deserve further investigations, as outlined below.

A typical example of such ill-understood strategies is the use
of surfactants (e.g. sodium dodecylsulfate) to promote hydrogen
clathrates[209,270,294,295] (cf. Figure 17b). While interesting theoret-
ical research has been recently devoted to the understanding of the in-
teractions of surfactant molecules and methane clathrates, these studies
typically started from the perspective of using surfactants as inhibitors
of clathrate nucleation in water/hydrocarbon mixtures, as undesired
clathrate formation could block pipelines and subsea flowlines.[296]
For instance, Bui et al. [297] employed combined standard and enhanced
sampling MD simulations to a oil/water/clathrate system and verified
that surfactants may both control the methane transport across the
oil to the clathrate phase and structure neighboring water molecules
into more ordered configurations, promoting hydrate growth. Berto-
lazzo et al. [298] and Naullage et al. [299] carried out MD simulations
using coarse-graining (CG) approximations to enable the simulation of
longer length/time scale simulations of water/hydrocarbon/surfactant
systems. The former revealed that structure I clathrate surfaces are
oleophilic and theoretically quantified the effect of surfactant concentra-
tion on the nucleation rate of clathrates. Further investigations on this
counterintuitive interaction patterns may help the development of other
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Table 4

Diffusion energy barrier of hydrogen through the sII hydrate calculated using experimental and computational techniques.

Diffusion barrier (kJ/mol) @

Hydrate No. of molecules crossing the
Technique Structure Cage Face Type barrier T (K) Comments Year Ref
DFT (B3LYP and sll 51264 Hexagonal 23 250 @ Constraint movement of H, along 1-D reaction coordinate 2007 [278]
MP2 levels) 5[12] Pentagonal 1214
@ Rigid cages model with full occupancy of hydrogen
In-situ NMR sIl (5.6 5[12] Pentagonal 3 + 1 (activation energy) 250 @ Lower diffusion rates in cage to cage measurement (by NMR) as compared to 2007 [273]
spectroscopy mol% THF) 2 x 104 m?/s (diffusion other macroscopic techniques due to absence of defects and vacancies.
coefficient) @ Considerably lower activation energy as compared to computational (DFT)
values.
Hydrogen Hydrate sII (5.6 5[12] Pentagonal 78.7 (E, for diffusion) 266- @ Consideration of the split model with two step process: adsorption on the 2008 [274]
Phase Diffusion mol% THF) -5.9 (E, for adsorption) 275 surface, followed by diffusion into cages.
(HHPD) Model @ Cage and face type values arrived at comparison with literature data.
Multiple sIl (5.6 5[12] & Pentagonal & 30.65 (E, for diffusion) 265- @ Diffusion of hydrogen through both small and large cages with transport of 2014 [276]
Adsorption mol% THF) 51264 Hexagonal —-22.59 (E, for adsorption) 269 water molecules as well in the THF promoted hydrates.
Resistance (MAR) slI (6.2 (Grain boundary and Quasi 17.97 (E, for diffusion) 265- @ Non-stoichoimetirc THF hydrates (6.2 mol% THF), THF molecules promote
Model mol% THF) Liquid Layer) —24.87 (E, for adsorption) 272 formation of grain boundary and Quasi Liquid Layer, thus reducing the activation
Furan 5126[4] Hexagonal 28.79 (E, for diffusion) energy.
—-16.84 (E, for adsorption) @ Change in cage occupancy with pressure taken into account.
CcP 5[12] Pentagonal 100.1 (E, for diffusion) @ Lowest activation energy found for secondary guest molecule, Furan.
—24.15 (E, for adsorption) @ Diffusion coefficient calculated in the range of values observed in literature.
Path Integral sl 5126[4] Hexagonal 313+ 0.1 @ 1H, 200 @ Effect of hydrogen occupancy in the surrounding cages considered in the 2016 [280]
Molecular 140+ 04 @5 H, simulation.
Dynamics (PIMD) @ The activation barriers found to increase with temperature.
@ Quantisation of nuclear degree of freedom, increases the activation barrier by
2 kJ/mol.
Ab initio MD sll 5126[4] Hexagonal 20 @ 4H, 260 @ Vander Waals interaction between the hydrogen molecules and the host water 2017 [261]
simulations structure taken into account.
EE-GMF (ab initio sl 5126[2] Hexagonal 13.5 @ 1H, 250 @ Effect of condensed phase environment taken into account 2019 [259]
method) 3.9 @ 3H, @ Cage flexibility and cage occupancy considered during simulations.
5[12] Pentagonal 57.9 @1H, @ Quantum mechanical zero-point energy effects of confinement of H, in cages
53.1 @3H, included.
sll 5126[4] Hexagonal 145 @ 1H, @ Closely match with the experimental results
2.9 @ 7H,
5[12] Pentagonal 48.2 @ 7H,
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Figure 17. Representations of new technological approaches employed in relenting the operational conditions and accelerating the kinetics of formation of H,
clathrates: introduction of (a) small molecules or (b) surfactants as promoting agents, (c) guest replacement in template clathrate scaffolds and (d) confinement in

nanopores.

promoting molecules acting in the stabilization of surfaces of clathrate
nuclei. Meanwhile, the coarse-grained based simulations investigated
the factors controlling the thermodynamics and kinetics of water coa-
lescence in bare and surfactant-covered clathrate surfaces surrounded
by a water/alkane system, showing that dense monolayers composed
solely of surfactants provide high barriers for water permeation and
inhibit further clathrate growth. These works exemplify the potential
of molecular simulation techniques to derive meaningful insights from
clathrate/surfactant systems and could inspire future theoretical works
to determine (i) the role of surfactants in the promotion of hydrogen
clathrate coalescence and growth and (ii) the local atomic-level struc-
ture of these systems.

Computational methodologies are also attractive to explore alterna-
tive approaches still not extensively investigated experimentally due to
the need for dedicated experimental setups or the cost for these experi-
ments. One such promising approach is guest exchange (cf. Figure 17c¢),
in which one would first grow clathrates at mild conditions using other
guest molecules as templates to be later flushed through H, injection.
Liu et al. [221] studied through static ab initio and classical MD calcu-
lations the replacement of N, with H, in SII clathrate hydrates. They
revealed that (i) H, can potentially replace N, in the larger cages of
the clathrate network, although this event is less likely to occur in the
smaller cages, (ii) both gases can coexist in larger cages or in separate
cages, and (iii) a maximum H, loading amount of ca. 4.4 wt.% could
be achieved via this gas exchange method. Several other computational
studies have described gas replacement mechanisms in clathrates, most
of them aiming at describing the replacement of CH, by CO, either
for accelerating the recovery of CH, or for the sequestration of CO, in
clathrate matrices.[300-305] For instance, Liu et al.[306] applied ab
initio MD calculations to investigate the thermodynamics and kinetic
mechanisms involved in the replacement of CH, by a N,/CO, mixture
in a structure I clathrate. They noticed that N, substitutions occur in
the smaller cages and are kinetically dominated, while CO, exchanges
occur in larger cages and are thermodynamically dominated. Matsui et
al.[307] reinforced these results by carrying out microsecond-long MD
simulations. They also showed that the experimentally-confirmed im-
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provement of CH, recovery by injecting a CO,/N, mixture in compar-
ison with injecting each gas individually[308] is obtained by the oc-
curring of major disruptions of the clathrate structure. Wu et al.[309]
demonstrated from MD calculations the role of CO, surface adsorption
in the stabilization of a template clathrate matrix and the growth of sec-
ondary CH4-CO, heteroclathrates to be favoured after CH, molecules
are displaced from the template matrix by CO, injection. These early
results form a rich source of inspiration for additional theoretical stud-
ies concerning (i) the feasibility and kinetics/thermodynamics of mono-
and multicomponent H, mixtures to replace guest molecules in template
clathrate matrices and (ii) the role of H, replacement in the preserva-
tion, disruption or co-growth of the hydrogen bonded clathrate frame-
work and in the creation of defects or self-healing of this structure.

11.2. Clathrate growth in nanoconfinement

A promising and completely different approach to facilitate clathrate
growth and stabilize clathrate structures is by growing them under
nanoconfinement (Figure 17d). Recent studies demonstrate that confin-
ing hydrate assemblies in nanoporous solids facilitates clathrate synthe-
sis at mild pressures and temperatures and speeds up their nucleation
and growth kinetics, given the intimate interactions in the water/gas
interfacial region under nanoconfiement.[310-314] A recent review ex-
plored experimental and theoretical aspects involved in the formation
of hydrates in confinement, although these studies were focused on CH,
clathrates.[315] In this contribution, the authors detailed the formation
of clathrates in nanopores as a complex phenomenon involving mul-
tiple factors, with surface chemistry and pore sizes being among the
most important ones. They also pointed out mesopores with moderate
hydrophobicity as optimal candidates for promoting gas hydrate forma-
tion, as this allows finding a balance between (i) overcoming the capil-
lary forces and (ii) preserving the preferential tetrahedral orientation of
water molecules close to pore’s surface. Computational efforts succeeded
in providing more details on the microscopic mechanisms of clathrate
formation and interaction with the surface of nanopores. DeFever and
Sarupria[316] employed a coarse-graining approach to model guest and
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water molecules in pores formed by hydrophobic and hydrophilic self-
assembly monolayers. In this work, a coarse graining approach was em-
ployed to show that the clathrate nucleation starts at the center of the
pores and a more hydrophilic surface was noted to promote the kinet-
ics of clathrate nucleation. Cox et al.[317] employed a similar model-
ing strategy using a kaolinite and a graphene surface to study the CH,
clathrate nucleation, not observing noticeable differences in the nucle-
ation pattern from one surface to the other while confirming the same
nucleation pattern, initiated at the center of the pores. Li et al. [318]
applied more detailed atomistic MD calculations to study the mecha-
nisms of CH, clathrate formation on kaolinite surfaces. While the same
nucleation mechanism was observed, the authors were able to further
describe the topology of half cages formed by the clathrate nuclei at the
vicinities of pore surfaces. This pattern of nucleation was also confirmed
by similar calculations carried out by Yu and Yazaydin[319], who also
unambiguously showed the nucleation of CH, clathrates confined in sil-
ica pores to occur at pressures too low for the growth of the hydrate
in the bulk. Such contributions are expected to provide a theoretical
guiding towards future experimental studies allowing the growth of H,
clathrates in nanoconfinement.

11.3. Current challenges and opportunities

Notwithstanding the diversity of computational studies related to
the topic of hydrogen clathrates detailed in the last paragraphs, there
are still considerable challenges ahead to computationally describe the
formation and stabilization of clathrates at ambient conditions and in
complex environments. The evaluation of the nucleation and growth
of clathrates at mild conditions is particularly challenging due to the
high free energy associated with these events. As a result, standard
MD calculations would have to be performed for excessively long-time
scales. As a result, several studies have attempted to simulate more effi-
ciently such nucleation events, mostly by (i) increasing the driving force
of nucleation by overcooling, overpressurizing or supersaturating the
system[291,320], (ii) reducing the complexity of the simulated species
considering coarse graining water and solute models[293,321] or (iii)
applying enhanced[322,323] sampling techniques. However, the intro-
duction of bias or the oversimplification inherent to CG approximations
severely affect the nucleation mechanism, generating amorphous or SII
CH, clathrates instead of the SI structure observed experimentally.[324]
More recently, transition path sampling techniques[324,325] have been
suggested as an alternative methodology to overcome these limita-
tions and correctly predict the nucleation of clathrates in mild con-
ditions. However, path sampling techniques require the knowledge of
the final clathrate configuration, which is troublesome if those final
clathrate configurations are not directly known from experiments. Apart
from these limitations, simulations of hydrogen clathrates pose addi-
tional challenges. Due to their light nature, nuclear quantum effects
(NQE) substantially affect the behavior of hydrogen molecules, espe-
cially at the higher pressures and lower temperatures that facilitate
clathrate growth.[326] These NQEs are essential as the quantization of
the translational-rotational states inside clathrate cages at these exper-
imental conditions cannot be fully ignored. Nevertheless, taking into
account NQEs require advanced and highly computationally demand-
ing techniques, such as path integral molecular dynamics.[326] Further
advancing our computational insight in hydrogen clathrate formation
and enabling highly accurate studies on hydrogen clathrates therefore
crucially depends on the development of affordable yet robust computa-
tional techniques that allow to accelerate nucleation events and account
for NQEs.

12. Characterisation techniques in clathrates

All the scientific studies in the field of hydrogen clathrates ultimately
depend on the accuracy of the characterisation techniques used and their
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ability to detect and quantify the presence of hydrogen. Advance char-
acterisation techniques such as in-situ Raman, NMR, HRXRD and Neu-
tron diffraction have been utilised and several advancements have been
made thereof. This section will briefly discuss these developments and
highlight how these techniques have been vital to hydrogen clathrate
research along with their limitations.

12.1. Raman Spectroscopy

The beginning of 2000s represented one of the most influential pe-
riods of time for the insertion of Raman spectroscopy into the study
of water-based clathrates for hydrogen storage[4,256]. Notably, Mao et
al.[3,4,191] defined the representative regions in the Raman spectra for
which the hydrogen clathrates formation is clearly observed (Figure 18
(). The broad band between 3000-3600 cm™!, characteristic to OH
from the liquid water, sharpened during the slI clathrate structure for-
mation at 200 MPa and 227 K, as well as at 10 kPa and 78 K. At the same
time, distinctive bands in the 300-850 cm™! region appeared and were
correlated with the hydrogen roton peaks. Finally, the most representa-
tive bands for the hydrogen clathrates were found in the 4100 to 4200
cm~! region, assigned to the hydrogen vibrons present into the cages of
sII clathrate structure. In contrast to roton peaks, which were observed
at similar frequencies with the ones of pure hydrogen, the vibron bands
were shifted to higher frequencies when compared to pure hydrogen,
due to the increased vibrational coupling within the H, molecules inside
the cages. This discrimination suggests that, in the clathrate form, hy-
drogen is in free rotational state and at the same time, enclosed into the
small cages of the slI structure. Their initial assignment of the bands in
the hydrogen vibron region (4100 to 4200 cm™!) suggested an equal dis-
tribution between the lower frequency group 5'26* (4115-4135 cm™1)
and higher frequency group 5'2 (4135-4155 cm™1) cages.

In order to stabilize and facilitate the storage of hydrogen clusters
at lower pressures, Florusse et al.[178] # studied the effect of a second
guest component, the case of tetrahydrofuran (THF), in a mixed system
of H,O + H, + THF. Their investigation suggested a completely differ-
ent hydrogen cage occupancy than the one implied by Mao et al 1.[4]
As the majority of the large cages of the sII structure were filled with
THF molecules, the only available space for the hydrogen molecules to
occupy in this arrangement was represented by the small cages. They
concluded that for the H,/THF hydrate, the H-H vibron band at 4125
cm~! is due to the hydrogen presence in the small cages 5'2 (Figure 18
(ii)). Lee et al.[179] 5 studied the same system of THF + H, through
a series of experiments where pressure or THF concentration was var-
ied. Here, Raman spectroscopy was used to gain information not only
about the clathrates formation (qualitative) but also about the amount
of hydrogen (quantitative) in the sII structure, when THF loading was
varied. The Raman band intensities were used to approximate the com-
position of the hydrates, from their corresponding integral area. Based
on the ratio between Raman intensity and the volumetrically measured
H, content obtained from the corroborated results of the multiple ex-
periments at different THF concentrations, the authors assumed the ex-
tinction coefficients to be constant. Besides the cage occupancy of the
H, and THF guests in sII hydrate structure formed at 150 MPa and 250
K (Figure 6(i)), Strobel et al.[185] © attempted to address the peculiar
behaviour of the hydrogen frequency positions in the two cages of sII
structure, 512 and 51264, The widely regarded bias suggests that “the
larger the cavity, the lower the frequency of the stretching vibration
of the guest” and it is based on a complete study of Subramanian and
Sloan[327] 7. The study focused on (i) a series of guest molecules in a
sII hydrate, (ii) various guests in different hydrate cages and (iii) corrob-
orated with qualitative “loose cage—tight cage” model of Pimentel and
Charles[328] 8. In regards to this, Strobel et al[185] ® assumed that
the small cages stretching frequencies appear at lower values due to the
presence of more hydrogen molecules in the large cages, thus creating
a tighter environment when compared to the small cages.
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Giannassi et al. [192] © concentrated their efforts on a series of Raman
experiments involving the use of heavy water (D,0), fully deuterated
tetrahydrofuran (TDF) and H,, at low temperatures after the clathrates
were formed at pressures of ~800 bars or ~2000 bars and the tem-
perature was around -10°C. The Raman cell allowed the clathrate sam-
ples to be cooled at very low temperature (~20 K), while helium gas
was introduced at different pressures (500 mbar to 1 bar) and assured
a good thermal conductivity as well as decreased the chance of laser-
induced sample local heating effect. In their assessment for the H, + TDF
clathrate, the well-defined peaks distinctive for the small cavities of
the sII structure are found at 4118 cm~! and 4124 cm™! attributed to
Q; (1) and Q; (0) modes, respectively, as concluded from previous stud-
ies[3,4,185,256] (Figure 19(i)). A similar behaviour was observed for
D, + TDF clathrate system at considerable different frequencies shift
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(between 2960 cm~! and 2990 cm~1, Figure 19(ii)). However, the in-
vestigation of the large cavities of the same system led to a reversed
assignment compared to the one found by Strobel et al.[185] ©. They ob-
served that a maximum occupation of 4 molecules in the large cavities
is negligible, as no bands corresponding to this were clearly observed,
while the triple, double and single occupations are observed from low to
high frequencies. The reasoning behind the assessment of the frequen-
cies position related to the large cages occupations is based on the fact
that a molecule in a large cage is less perturbed than more molecules
present in the same confined space, thus behaving more similar to a free
molecule. As the free molecules are found at higher frequencies, the sig-
nal of one molecule occupying the large cage should be closer to the
signal of free molecules, followed by the double and triple large cages
occupancy signal. At the same time, the stability of the simple (hydro-
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Figure 20. (i) Vibrational region assigned to H, encaged into the sH hydrate cages and sII hydrate cages (reprinted with permission from Strobel et al.[231],
Copyright 2008 American Chemical Society!?), (ii) Raman spectra of (a) initial hydrogen hydrate and after each (b-d) heat/quench (reprinted with permission from

Strobel et al.[190], Copyright 2009 AIP Publishing 13).

gen) and binary clathrates was studied, comparing the results obtained
right after the formation and after 3 months conservation in liquid nitro-
gen (all clathrates measured at 77 K). From the Q; (1) and Q;(0) pairs,
attributed to ortho and para hydrogen, the authors concluded that over
the time there is a switch between their concentrations. From an initial
concentration of 75% - 25% ortho - para, to a 39% - 61% ortho - para,
after 3 months.

Sugahara et al. [329] studied the cage occupancy of hydrogen in a se-
ries of ternary systems, involving carbon dioxide, ethane, cyclopropane
and propane hydrates, measured at 276.1 K and up to 5 MPa. In the
H, + CO, + water system they concluded that the H, is not present
in the CO, hydrate cages, but rather absorbed on the surface of the
hydrate. These findings are not in agreement with the previous data re-
ported by Kim et al.[192] 11, in which a clear broad band at 4130 cm™!
was observed and correlated with the presence of H, molecules trapped
in the hydrate cage. This discrepancy is attributed to the different prepa-
ration methods for the hydrate samples. Similar to the previous system
(H, + CO, + water), Sugahara et al. [329] reported no H, in the ethane
or cyclopentane sI hydrate structure. However, in the system consisting
of H, + propane + water, a broad band at 4131 cm™! is detected in the
Raman spectra and assigned to the H, encage in the small cage of the sII
hydrate structure. They concluded that CO,, ethane and cyclopentane
sI hydrate structures are not able to encage H,, while the propane sII
hydrate structure is the only one able to store H,, with respect to their
experimental conditions. Initial experiments showed that the sapphire
window is not suitable for this type of experiments, due to overlapping
bands of H, hydrate with the impurities from the sapphire (4100-4200
em™1). To correct this, the Raman cell was equipped with a highly pure
quartz window. Strobel et al.[330] 12 reported the stabilization of hy-
drogen in a clathrate hydrate sH structure, facilitated by the presence of
an additional large molecule (methyl tert-butyl ether MTBE, methylcy-
clohexane MCH, 2,2,3-trimethylbutane 2,2,3-TMB) at 150 MPa and 275
K. The Raman results of all the sH hydrate structures in the region 4100-
4200 cm~! showed a small blue shift of the broad hydrogen vibron band,
when compared to the sII-THF/H, system (Figure 20 (i)). This shift was
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attributed to the discrete size differences between the sH and slI cages,
which has direct implications on the hydrogen interactions with the host
lattices. Moreover, after normalizing and overlapping the vibron region
of the sII and sH hydrate, they noticed that the shoulder of the H, in sH
structure was less pronounced than the one of H, in sII structure and
the peaks of the H, in sH was broader than the one characteristic to H,
in sIL.

In a later study, Strobel et al.[190] 13 performed a series of experi-
ments to check if the Raman ex-situ analysis was in agreement with the
Raman in-situ analysis for the study of simple sII hydrogen clathrates and
binary sII THF + H, clathrate hydrates. Their findings suggested a sim-
ilar trend between the two techniques and for the further experiments
the ex-situ technique was applied. At the same time, they confirmed
the findings reported in previous work[185] ©, regarding the change of
the ortho-para hydrogen ratio in time. Based on a heat/quench series
of cycles, the Raman experiments measured at 76 K and 0.1 MPa, re-
vealed that the large cages of the sII hydrate are occupied by hydrogen
in order, from the highest frequency for the quadruply occupied cages to
middle frequency for the triply occupied cages and finally the lowest fre-
quency for the doubly occupied cages. This assessment was completely
different than the one of Giannassi et al.[192] 2. The motivation was
based on the Raman signal observations: (i) decrease of the signal for
the quadruply occupied cavities, (ii) increase and then decrease of the
signal for the triply occupied cavities and (iii) continuous increase of
the signal for the doubly occupied cages, during the heat/quench cycles
(Figure 20 (ii)). As a mechanism, they proposed a migration pathway
for hydrogen through the hexagonal face sharing connectivity, as the
highest amount of hydrogen in the hydrates was observed immediately
after the formation, while the heat/quench measurements after each cy-
cle were performed at ambient pressure. Moreover, during the diffusion
of the H, inside large cavities of the clathrate structure, the small cages
occupancy remains unperturbed. Koh et al.[210,233] studied the effect
of multiple guest occupancy and the tuning of the cage dimensions con-
sequence in clathrate hydrates, using ex-situ Raman spectroscopy. The
measurements were performed using an Ar-ion laser emitting 514.53
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nm (green laser), with an intensity of 30 mW and a cooled CCD detec-
tor. Their experiments revealed, in some of the cases, the presence of 2
H, molecules in the small cage at Raman shift values higher than the
ones of multiple H, molecules in the L-cages. Moreover, they correlated
well the assumption of 1% detection level of Raman with simulations
and experimental observations for the H, doubly occupied small cages.

Aside from the use as a promoting agent for H, storage in clathrate
hydrates, Zhong et al.[197] 1© proposed the use of THF as a highly se-
lective membrane to separate H, from gas mixtures. They performed
in-situ Raman resolved analyses on a THF hydrate layer and followed
the diffusion of H,, CH4 and CO,, concluding that only H, is able to
penetrate a 5 mm thick THF hydrate membrane in 24h. The main part
of the in-situ Raman setup able to measure at various positions with a
depth between 0.0 to 0.5 mm is shown in Figure 21 (i). The competitive
cage occupancy of Ar and H, in an Ar + H, + water as a ternary system
(forming a sII hydrate structure at 276 K and pressures between 27 —
100 MPa) was studied by Amano et al.[219] 17. The vibron bands of
H-H are very similar for the simple H, hydrate and H, + Ar mixed-gas
hydrate. The experiments performed at equilibrium pressure lower than
simple H, hydrate showed a tendency of Ar to be encaged in the hydrate
structure cavities in a direct competition with H, for both cavities of the
hydrate (S and L). Moreover, the peak corresponding to 4 H, molecules
entrapped in the large cavity (4151 cm~1) appeared at lower pressure
than expected (27 MPa), allowing a potential increased amount of H,
to be stored at lower pressures. Finally, they observed that concomitant
with the decrease of the equilibrium pressure, the maxima at 4143 cm~!
assigned to 2 or 3 H, molecules in the L-cage, decays more than the 4151
cm~! maxima of the 4 H, molecules in L-cage for the Ar + H, hydrate,
while the reverse trend was depicted for the simple H, hydrate. This
suggests that the contribution of 4 H, in L-cage stabilizes at a similar
level with the presence of Ar the structure, while 2 or 3 H, in L-cage
provides a lower degree of stabilization. The other possibility involved
the simultaneous presence of Ar and H, in the L-cages. Grim et al.[195]
18 researched the influence of the quenching technique on the preserva-
tion of hydrogen hydrates for the ex-situ Raman analysis. The quenching
technique involves the use of liquid N, to avoid the dissociation of the
hydrates during the sample recovery in conditions of normal pressure,
prior to Raman measurements. Their experiments focused on a series of
steps before the actual ex-situ Raman spectra were acquired (Figure 21
(ii)). After the hydrate formation (3 days), additional powdered ice was
mixed with the seed hydrate and loaded again in a cool high-pressured
cell for 4h, followed by a quenching step and Raman acquisition. Since
Raman is a local technique, the addition of extra powdered ice (dilution
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~90%) complicated the spectra acquisition. In order to correct this, the
authors collected data from 5 to 15 points, while the experimental con-
ditions were repeated at least 3 times. At the same time, Lu et al. [331]
19 confirmed the inhomogeneous formation of the hydrates via Raman
spectroscopy, using for each spectrum a 6 min. acquisition time with
a ~15 pm laser spot. In this case, the results acquired on a local part
of the sample had a beneficial effect for the overall characterization of
the clathrates. For the N, + H, hydrate system (243 K and 15 MPa),
they concluded that the peaks at 4150-4160 cm~! show the presence
of 2 H, molecules in the small cavities and not 1 H, co-existing with
1 N,. For the spectra where only the bands for 2 H, molecules occu-
pying the S-cage were observed, the L-cages were fully occupied by N,
molecules. The bands in 4129-4150 cm™! region represent multiple H,
in the L-cages without co-existing with N, molecules, due to the almost
perfectly match with the results obtained for pure H, hydrate.

Park et al.[217] 20 investigated the effect of the propylamine (i-PA, n-
PA) concentration on tuning behaviour for hydrogen clathrate hydrates.
Taking into account the observations of Grim et al.[195] 18 regarding
the fast formation of the H, hydrate from preformed hydrate seeds dur-
ing the quenching step, Park et al.[217] 20 performed a series of ex-situ
Raman analyses to differentiate this from the tuning effect. The indepen-
dent results from the experiments carried out with and without liquid
nitrogen confirmed the tuning effect, as the Raman spectra were very
comparable for both separate ways to obtain the H, hydrates. In a later
study, Grim et al.[224] 2! used a similar approach to incorporate H, in a
sI hydrate structure, using as base CH,;/CO, hydrates and ex-situ Raman
as the main characterization method. Additionally, they used a Linkam
THMS 600 cooling stage to preserve the hydrates at 83 K during the
ex-situ Raman. Based on their Raman results, the enclathration of H, in
the sI structure follows two potential pathways, namely diffusion and/or
hydrate melting succeeded by reformation.

Particularly, Del Rosso et al.[255] 22 designed a remarkable in-situ
Raman system able to withstand very high pressures (about 2 kbar).
The high thermal conductivity beryllium-copper alloy optical cell is de-
signed to contain liquid water and H, as gas phase in the first step of
the process, considering the simple H, hydrate. This allowed the acqui-
sition of Raman spectra before and after the sample solidification and
hydrogen clathrate formation. The optical access is insured by three ver-
tical faces diamond windows, where the scattered radiation is collected
at 90° vs. the incident radiation minimizing the acquisition of the in-
cident radiation. The almost cubic shape geometry of the cell (internal
volume ~ 0.4 cm?) is presented in Figure 22 (left), where the laser aim
is coloured in yellow (left side). Their experiments suggest that Raman
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Figure 22. Schematic (left) and real (right) in-situ Raman cell able to withstand very high pressures (up to 3 kbar) (reprinted with permission from del Rosso et

al.[255], Copyright 2015 American Chemical Society ).

analysis was able to detect very small amounts of hydrogen hydrates,
however quite larger than a critical nucleus. In this specific experimen-
tal setup, it was shown that the growth of the H, clathrates is slowed
down by the diffusion of the H, molecules in water.

Cai et al[264] 23 carried out in-situ Raman analyses on a THF-
hydrogen binary hydrate focusing in and around the gas/liquid inter-
face during the hydrate formation process. The results suggested that
H, molecules tunnel among hydrate cavities in the hydrate layer and for
the first time proved the tunnelling movement of H, molecules through
the liquid system.

In the current section, all the Raman results (in-situ/ex-situ) were
obtained on instruments equipped with green lasers (514 or 532 nm),
while various intensities were used (<100 mW). As an easy to implement
technique it allows rough quantifications of H, molecules in different
hydrates cages as well as identifying orto-para H, species. Both in-situ
and ex-situ analyses are fast and require a small amount of sample. The
discrete differences between the cage sizes of each hydrate structure are
noticeable as frequency shifts for the H, vibron molecules, thus allowing
to distinguish between the hydrate structures in which the H, molecules
are present. As a local technique and regarded in most of the applications
as a drawback, for hydrogen hydrates characterisation provides unique
information about the homogeneity of the sample, as well as specific
structural insights, if used at the interface or different depths of the
matrix.

Raman and infrared analyses are often regarded as complementary
techniques for a complete study. In the case of hydrogen hydrates, in-
frared spectroscopy is not the most straight forward technique, since H,
is a homonuclear molecule and as a result without a permanent electric
dipole moment. As a direct consequence of this, in normal conditions,
hydrogen does not absorb the infrared radiation. However, in solid hy-
drogen case, the infrared absorbance of H, is due to an induced dipole
moment, resulted from the interaction with the neighbouring molecules.
Similar to this, in a confined space and high pressure systems as the
case of hydrates cages, hydrogen can present collision-induced infrared
activity[332]. Even if infrared spectroscopy can provide some useful in-
formation for the hydrogen hydrates structural characterization, Raman
spectroscopy appears to be richer in information, thus preferred much
more by the scientific research community.

12.2. NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy provides a power-
ful and direct probe to investigate the local chemical environment of
protons. 'H NMR quantitatively reveals all hydrogen atoms in a sam-
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ple, independent of the local structure they are part of (i.e. 'H nuclei
taking part in clathrate structures, confined molecules or other materi-
als present), enabling to discriminate and identify all protons and their
interactions.[333] This unique property renders 'H NMR spectroscopy
particularly suited for characterizing clathrate hydrate structures ex situ,
in situ and potentially even operando.

Because of the high-pressure required for their formation, NMR char-
acterization of hydrogen containing clathrate hydrate samples is typi-
cally performed on ex situ prepared samples. Following their formation,
the clathrates are quenched in liquid nitrogen, subsequently packed in
a 4 mm zirconia rotor and transferred to a pre-cooled NMR probe (of-
ten at 183 K). Using this approach, Florusse et al.[178], Lee et al.[179]
and Strobel et al.[180] have been able to confirm the presence of H,
in the small cages of a binary sII clathrate hydrate structure formed
with D,0 and perdeuterated THF (THF-dg) as thermodynamic promo-
tor.[178,334,335] They all reported a sharp 1H signal at 4.3 ppm which
was attributed to the presence of one H, molecule in the 5'2 cages
of sII clathrate hydrate. Multiple hydrogen occupancy of the 5'2 cage
has been hinted at by Florusse et al.[178]. Integration of the H, res-
onance yielded an occupancy of 0.5 H, molecules per cage, whereas
volumetric measurements on similar samples performed during hydrate
dissociation revealed an average occupation of 1.0 H, molecules per
cage.[178,244,336] This discrepancy was attributed to a loss of H, dur-
ing NMR measurements as the NMR rotor was exposed to atmospheric
pressure.[178] The 4.3 ppm 'H NMR fingerprint of H, molecules con-
fined to 5'2 cages of SII and SI bulk clathrate hydrates was also ob-
served in binary systems obtained with 1,4-dioxane and CO, as pro-
motors.[337-339] Lee et al.[179] reported a 'H NMR signal at 0.15
ppm appearing at low THF concentrations, which increased with de-
creasing THF concentration (Figure 23). This signal was assigned to H,
molecules occupying the large 5264 cages of the SII clathrate hydrate
structure.[334] This experiment was repeated by Strobel et al [180],
who failed to reproduce the (NMR) results obtained by Lee and co-
workers, leaving their initial observations and 'H NMR assignments
open for discussion.[3,335]

A more detailed characterization of the enclathration of hydrogen
is obtained by following the hydrate formation process in situ. Okuchi
et al.[273] proposed a sample environment based on a 10 mm sap-
phire tube (theoretically resisting pressures up to 20 MPa) to carry
out static, in situ observations of the formation and dissociation of a
binary H, clathrate hydrate obtained from a perdeuterated THF-D,0
mixture.[273] Signal assignment proved challenging because of the lim-
ited spectral resolution, but Okuchi and his colleagues managed to iso-
late the 4.3 ppm 'H NMR signal characteristic of hydrogen in small
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Figure 23. Evolution of the 'H NMR spectrum of the binary H,/THF (THF-dg)
clathrate hydrate with decreasing THF content (expressed as mol% THF in D,0).
At lower concentrations (< 1.2 mol% THF), a new signal emerges around 0.15
ppm which continues to grow with decreasing THF content. This 'H signal is
attributed to H, molecules residing in the large 5264 cages of the SII clathrate
hydrate. The 'H signal originating from H, molecules in the small 5!2 cages, typ-
ically observed around 4.3 ppm, is also highlighted (reprinted with permission
from Lee et al. [179], copyright Springer Nature 2005).

clathrate cages by carefully decomposing the NMR spectrum.[273] Wal-
ter et al.[340] recently presented a new MAS NMR rotor design (the
WHIiMS rotor), capable of achieving internal pressures up to 40 MPa at
lower temperatures.[340] This type of rotor has not yet been used for
clathrate hydrate research, but its compatibility with hydrogen gas at
elevated pressures opens up new perspectives for in situ NMR experi-
mentation and characterization of H, clathrate hydrates.

12.3. X-Ray and Neutron Diffraction

Diffraction techniques such as X-Ray Diffraction (XRD) and Neutron
Diffraction (ND) are often performed to investigate the structural pa-
rameters of crystalline compounds. Also, the clathrate hydrates have
been scrutinized using these techniques. Ever since their discovery in
the mid-1900s much work has been devoted to the elucidation of these
inclusion compounds by researchers such as Clausen[341], Mc Mul-
lan[342,343], Ripmeester[344] and Von Stackelberg[345]. G.A. Jef-
frey[343,346] wrote several reviews on the subject, focusing on the
clathrate host structures. As discussed earlier in this review, three ma-
jor structures were identified (sI, sII and sH), all consisting of guest
molecules encaged in polyhedra built from water molecules.

The use of X-Ray diffraction techniques for the structural analysis of
hydrogen clathrates poses several problems. The first and major prob-
lem is the intrinsic instability of these materials in ambient conditions.
Measuring these systems at their formation conditions (low tempera-
tures and high pressures) is a challenging task that requires specialized
equipment, often only found in synchrotron facilities[347,348]. It is also
possible to measure the structures using lab-scale setups by quenching
the sample cell in liquid nitrogen after the clathrate hydrate is formed,
followed by a degassing step and analysis at ambient pressures and
low temperatures. Most published reports use this latter (ex situ) ap-
proach for the determination of the structural parameters of hydrogen
clathrates[178,349,226,187,217,350,230].

The second problem originates from the limited interaction of x-rays
with light elements such as hydrogen. This results in diffractograms that
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are dominated by oxygen-oxygen correlations, ultimately providing lit-
tle to no information on the hydrogen atoms in the structure[351]. On
top of that, hydrogen is prone to self-scattering and Compton scatter-
ing phenomena, inducing significant levels of noise in the final diffrac-
tograms.

Despite these challenging problems, X-Ray Diffraction has been suc-
cessfully utilized to investigate structural changes in clathrates, either
as a result of changing the promotor molecules, or evacuating and/or
filling of clathrate hydrates[350,352,220,222,224]. These studies have
offered great insights in the structures of these potential future hydrogen
storage materials.

Synchrotron radiation sources generate X-Rays that are orders of
magnitude more intense than the lab-scale diffractometers. As a conse-
quence, the signal-to-noise ratios is enhanced substantially. Combined
with Rietveld refinement, this method provides an excellent strategy for
the accurate determination of the structural parameters of clathrate hy-
drates. Koh et al.[210] carefully examined the High Resolution Powder
Diffraction (HRPD) data of hydrogen clathrates and showed that the
lattice parameters, and thus cage sizes, are dependent on the nature of
the guest molecule. This means that the cage sizes can be tuned. This
studied confirmed the earlier work of Udachin et al.[353] This tuning
effect could be very relevant to enhance the total hydrogen capacity of
hydrogen clathrates by opening the possibility of H, double occupancy
in the 5!2 cages of the sII framework. Additionally, the fine structure of
these HRPD measurements as displayed in Figure 24 were used by Park
et al.[222] to identify cage occupancies. Upon interchanging of nitrogen
with hydrogen in a N,/THF hydrate system, a gradual decrease of unit
cell size was observed while the sII structure was retained. Raman spec-
troscopy confirmed the gradual incorporation of hydrogen in both small
and large cages with increased pressure, which was corroborated by a
gradual shift and broadening of the reflections observed with HRPD.
The X-Ray beams are of course also always improving and are becom-
ing more and more brilliant, making the techniques virtually necessary
when studying hydrogen clathrates.

Neutron diffraction techniques are more sensitive towards light el-
ements, interacting with the target nucleus compared to the electronic
shell as is the case with x-rays. As hydrogen only has one proton in its
core that is able to interact with the incoming neutrons, deuterated sys-
tems are often studied instead. Deuterated samples show an increased
intensity and a much less noise. Noise in neutron diffraction data comes
from incoherent scattering and deuterium has a larger coherent scatter-
ing length and a smaller incoherent scattering cross section than hydro-
gen[351]. The technique has been used with great success to determine
the structure of pure H, clathrates[268,191], as well as the structure of
binary clathrates[245,211,183]. The work of Hester et al. [211].provided
a detailed mapping of a binary H,/THF clathrate where both structural
information as well hydrogen occupancies could be determined. Don-
nely et al.[354] utilized ND to study the phase diagram of hydrogen
clathrate going from a C, to a slI structure through several P,T routes.
The work provided evidence of the Ostwald Rule of Stages for hydro-
gen clathrates, meaning that the system transitions through a series of
states of increasing stability. It should be noted that isotopic exchange
between H and D results in the change of some physical properties of the
system. Literature shows that this isotope effect induces a temperature
shift in the phase transitions of D,O of approximately 10 K and 2-5 K
for liquid and crystalline systems respectively[351,355,356].

By utilizing the difference in incoherent scattering cross section be-
tween H and D, combined with Incoherent Neutron Scattering (INS),
it is possible to study several properties of the included hydrogen in a
deuterated host framework. In an in-depth work, Colognesi et al.[357]
performed INS on several sII hydrogen clathrates. They were able to
assign the bands in the resulting spectra to translational and rotational
motions of encaged hydrogen molecules by using a quantum mechanical
treatment of the system. Follow-up INS studies have further elucidated
different morphologies of hydrogen clathrate systems, however this has
proven to be quite complex[358].
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Figure 24. (a) HPRD patterns of the (THF + H,) hydrates and reaction product of (THF + N,) hydrates with H, recorded at ambient pressure and 80 K. (b) Enlarged
region of 26.5° to 34.0°. Asterisks denote the reflections of the hexagonal ice-I;, phase (reprinted with permission from Park et al.[222], Copyright 2014 American

Chemical Society).
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Figure 25. QENS spectra of the H, molecules confined in the TDF clathrate
hydrates recorded at various temperatures with the ToF spectrometer NEAT
(4o =4.8 10\). The dashed line corresponds to the spectrometer resolution func-
tion with AE = 152 peV (determined from the vanadium QENS spectrum). All
spectra are normalized (reprinted with permission from Pefoute et al.[359],
Copyright 2012 American Chemical Society).

In Incoherent Quasi-Elastic Neutron Scattering (QENS), any dynam-
ical process which takes place on a longer timescale than that of the
measurement results in broadening of bands in the spectra. Incidentally,
information on the diffusional motions of H, can be acquired by inves-
tigating broadening phenomena in the quasi-elastic region of the spec-
trum (+ 3meV), as is illustrated in Figure 25. No H, diffusion between
cages could be observed on a picosecond timescale, as was concluded
in the work of Pefoute et al. [359] for a binary H,/THF clathrate.

13. Reactor Design: Industrial Level Scale-Up

From the industrial point of view, the main challenges associated
with hydrate clathrates formation are: i) the extreme experimental con-
ditions (low temperature coupled to high pressure), ii) their slow rate
of formation, iii) the low storage capacity, iv) mass transfer limitations
due to the interfacial nature of the conversion, and the v) heat transfer
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resistances associated with the interfacial phase-changing nature of the
process and pressure vessels’ thick walls. On the engineering side, as
consequence of the required process conditions, the high refrigeration
operational expenses and high capital expenses associated with pressure
vessels are the key economic factors for feasibility. A convincing reac-
tor technology should also be developed that proposes a solution to the
challenges mentioned above.

In this section, we will review and comment over the scarce reactor
design and scale-up attempts that were published for the production and
storage of hydrogen and hydrogen hydrate clathrates (energy storage),
but also CO, hydrates (capture of CO, from industrial flue gases).

13.1. Kinetics-related and mass transfer limitations

Generally, the kinetics and transport limitations are hardly distin-
guishable and often confused. It is indeed difficult to discriminate be-
tween kinetic effects and mass transfer limitations in the context of this
complex multiphase phenomenon: the hydrate guest molecules must be
transported to the hydrate-forming interface where the reaction front
solidifies. The solidification leads to a dynamic addition of resistance to
mass transfer: the rate of hydrate formation is inversely proportional to
the thickness of the growing hydrate and the surface area of the increas-
ing hydrate particle[360] [1]. To minimise mass transfer, the forma-
tion of hydrate clathrates would have to performed in a device allowing
to continuously replenish the surface of the newly formed hydrate by
chemical or mechanical means.

Most of the published research since the early 1990s focused on over-
coming the slow kinetics/mass transfer limitations via the use of ki-
netic promoters (e.g. surfactants)[360,361]. However, the development
of innovative gas-liquid contacting modes and materials have also raised
some interests in order to maximize the gas-liquid interface (increasing
the mass transfer driving force), as well as rapidly removing the heat
of formation of hydrates (increasing the heat transfer). Some reactor
concepts are presented below.

The slow rate of formation is a common challenge to all types of hy-
drates, as well as the low conversion of water to hydrates[2] [2]. Linga
et al.[362] [3]showed that the rate of methane hydrates using packed
columns filled with silica sand particles was increased, and that the par-
ticles could also assist in minimizing the fraction of unconverted water
(they reported water conversion as high as 98%). The rate of methane
hydrates formation was even faster than in stirred tanks, at least for the
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initial fast hydrate formation phase[363] [4]. They also showed that in
stirred vessels, the rate decreased rapidly due to the increasing viscos-
ity as the extent of reaction increased. They also observed a 10-fold de-
crease reaction time in packed beds to reach the final conversion values.
By using silica gel, i.e. porous particles, Seo et al. [364] [5] achieved an
additional 10 fold decrease in reaction time for CO, hydrates, reaching
85% conversion in 1 hour. It was also showed that 40-75 mm particles
with 100 nm pores were the most efficient for CO, consumption and
water conversion[365] [6]. Polyurethane foam showed hydrate growth
rate and water conversion in between that of silica gel (lowest) and silica
sand particles (highest)[2] [2].

Common to any hydrate clathrate formation is the need for high dis-
persion of gas bubbles leading to high concentration of gas dissolved in
water, which can represent a strong constraint on the reactor design.
While the additional of chemicals (either gas or chemical additives to
lower pressure requirements, surfactants, etc.) do not strongly interfere
with reactor design constraints, mechanical agitation almost dictates the
reactor type. Mechanical enhancement is obtained via mixing, spraying
of liquids (in which case the gas is the continuous phase), bubbling of a
gas (the liquid is selected as the continuous phase), etc. Bubble columns
is a conventional reactor configuration to deal with gas-liquid applica-
tions, but the formation of a hydrate at the gas-liquid interface hinders
the mass transfer driving force and it is difficult to break by relaying
only on the shear stress generated by bubbling. It has also been ob-
served that methane hydrate-covered methane bubbles tend to agglom-
erate[366] [7]. Stirring is typically performed in batch stirred tanks, but
sealing challenges due to the high pressure required must be overcome.
The mechanical energy consumption is also problematic: As the reaction
proceeds, the increase in the extent of the reaction is associated with an
increase of the mixture’s viscosity. It has been suggested to maintain
the fraction of hydrate to 5% due to the high viscosity[367]. In addition
to power consumption, the increase of the mixture viscosity leads to a
decrease in turbulence during operation, leading to a decrease in the re-
quires shear stress to remove the hydrate shell around the bubbles and
so the maintaining of the active surface area for mass transfer.

A better approach might be to select the water as the dispersed
phase so to maximize the interfacial area, and making sure to “peel”
off the hydrate shell to avoid slowing the reaction. Chemical reactors
with high heat and mass transfer, and enhanced attrition via particle-
particle and particle-walls collisions could be envisioned for this appli-
cation. The adaptation of ablative reactor developed in the 1980s[368]
[9] and based on the cyclonic reactor concept, with typical application
in biomass pyrolysis where the outer char shell must be removed to
enhance the pyrolysis rate, could be an interesting research avenue. Ab-
lative cyclone-type reactor working at high pressures (up to 100 bar) are
not unconventional but would have to be adapted for the low tempera-
tures required[369]. Still, centrifugal reactors are known for their high
heat transfer rates. However, due to the long formation time of hydrate
clathrates, for this approach to be successful, the particle residence time
in a similar device would have to match the required reaction time. A
semi-batch centrifugal reactor with permanent bed formed of hydrate
crystals or via the use of the dry water concept[370,371] [10, 11](c.f.
section 5.2) could be an interesting approach.

13.2. Low storage capacities

The low storage capacity of methane hydrates cannot be improved
via clever reactor design, except if it is due to high amounts of unreacted
interstitial water, in fact a commonly mentioned problem[360,371] . In
order to circumvent this issue without having to rely on impractical and
costly solutions typically implemented in small-scale laboratory units,
Wang et al.[371] [11] developed the dry water concept for methane
hydrates based on the work of Binks and Murakami[10] [10], a free-
flowing water-in-air inverse foam formed by a network of fumed silica
surrounding water droplets. This concept prevents droplet coalescence
and the particle size can be controlled by sampling varying the mixing
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speed. This concept has a low dead weight disadvantage as the weight
of silica is approximately 5 wt %. The main drawback is that upon in-
creasing the number of heating/cooling cycles (i.e. storage and release),
particle agglomeration is observed accompanied by a loss of storage ca-
pacity and slowed kinetics. At the end, mixing is thus required.

However, even though the dry water concept relies on small parti-
cles (classified as Geldart-C in the fluidization literature, and thus very
difficult to fluidize), a reactor concept based on the use of centrifugal flu-
idization could be envisioned: Qian et al.[372] [12] demonstrated that
by imparting a centrifugal acceleration to small particles, fluidization is
indeed possible (the boundaries of the different particle types shift to
the “right” in Geldart chart, i.e. towards easier fluidization). This av-
enue has not been explored yet in the clathrate literature, even though
it has been thoroughly investigated for gas-solid applications[373-375],
and slightly tested for gas-liquid applications[376] [16]. Again, while
it is quite easy to adapt such reactors for the high pressure required,
no attempts has been made in the literature for low temperatures. We
note however several patents for gas hydrates formation in conventional
fluidized beds[377-379].

13.3. Heat transfer limitations

A growing amount of effort has been devoted on increasing the mass
transfer driving force, (i.e. the gas-liquid interface) during the formation
of the hydrates. Unfortunately, the design considerations to limit heat
and mass transfer are antagonistic. Indeed, increasing the gas-liquid con-
tact is favoured in a dispersed liquid phase, but doing so limits the re-
moval of the heat of formation of the hydrates from the hydrate forming
sites (gas have lower thermal conductivities and heat capacities). To ef-
ficiently remove the heat of formation of the hydrates, water should be
selected as the continuous phase[380] [17]. However, in such case, and
if guest molecules are bubbled, we are facing the potential issues due to
bubble coalescence and so mass transfer limitations, as discussed above,
unless of course some mechanical means are planned for (e.g. with
mesh-like inserts, or vibrations, etc.). For example, the spinning fluid re-
actor (SFR), based on the air sparged hydrocyclone concept[381], takes
advantage of the size reduction of gas bubbles by shear stress and an
internal porous mesh to break coalesced bubbles, resulting in very high
interfacial area (up to 16,000 m? m~3)[382] [19].

When considering the heat transfer limitation at industrially rele-
vant scale, we also have to account for the fact that the required high
pressures imply the use of thick wall stainless steel reactors, which rep-
resents an important conduction resistance for heat transfer. Vessel or
tube walls heat transfer limitation is an underestimated issue in hydrate
clathrates reactor design and scale-up. Mori[380] [17] estimated that
for industrial-scale stirred tanks (i.e. when the diameter exceeds 0.2-0.4
m), the main thermal resistances shifts from inside the reactor to the
reactor walls, and suggested that this issue should be solved by insert-
ing a cooling coil inside the reactor. However, in the case of tubular
reactors, as scaling-up rarely ends up in a considerable increase in the
tube diameters, heat transfer limitation through reactor walls is limited.
Unfortunately, the use of small tubes logically limits the possibilities for
mixing, so clathrate agglomeration could be an important issue.

The challenge is different for H, release: The pressure must be de-
creased and heat efficiently provided at the hydrate forming sites, ide-
ally without melting the hydrates for an optimal heat balance (reuti-
lization of the ice, allowing 67% and 64% in energy gains for plain H,
hydrates and THF-H, hydrates, respectively, c.f. section 13.5).

13.4. Reactor concepts developed

Besides the potential reactor development avenues briefly presented,
some reactor concepts were published in the open literature and in
patents database. Bench-scale or pilot plant scale hydrate forming reac-
tors are scarce, and almost non-existing in the case of hydrogen hydrate
clathrates[383]. Hartman et al.[384] [21] published a patent in which
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they describe a microfluidic apparatus for producing hydrogen hydrates,
from H, and a THF solution. In their device, the hydrate particles glow
along the length of the microreactor, in either a gas-liquid, or a liquid-
liquid (including an inert oil phase) multiphase segmented flow in the
channels of the microreactor, i.e. in the form of micro-scale batch reac-
tors with high circulation separated by an inert phase. The authors of
this device foresee the scale-up to relevant industrial production both by
scaling-up and scaling-out (using an array of microreactors). They claim
that the continuous operation eliminates the transport resistances that
limits of the THF+H, hydrate (diffusion of H, into THF hydrate crys-
tals) by increasing the interfacial area between the phases. Clogging of
the channels by the clathrates is claimed to be avoided by keeping their
size in the sub-micrometers range. Separation of the clathrates from the
excess H, is envisioned via the use of polymeric membranes into which
H, can permeate, while separation of the clathrate particles from the
solution is achieved with flow acoustic separation (positioning of the
particles at pressure nodes), or via capillary separation.

13.5. Scale-up, engineering and economic aspects

H, storage at large scale is yet to be demonstrated. The main in-
dustrial challenge for hydrogen hydrate clathrates is the considerable
pressure required, i.e. around 200 MPa at 273 K for sII clathrate hy-
drates, even though promoters can considerably reduce this pressure.
For example, the addition of THF reduces the pressure to 7 MPa at 273
K but can also reduce the storage capacity (the large cages are filled with
the promoter)[360] [1], unless H, can also enter in the large cages of
sII hydrates while keeping the kinetics to industrially relevant values.
Lee et al.[179] [22] proposed a path to be followed to achieve those
two goals: by dispersing the reacting phase in silica gel. However, the
authors mentioned the obvious disadvantage of this approach, namely
that the clathrate formation is limited to the pores of the silica gel (which
then acts as a dead volume). This approach can only be relevant if the
support material has a very low density[385] [23].

For large scale storage, the material’s gravimetric or volumetric ca-
pacity is of less importance than the costs for the construction and
maintenance of the storage plant, as well as the utility costs and the
safety[386] [24]. Besides the high pressure and low temperature condi-
tions required, mass transfer limitation and high energy costs for contin-
uous stirring was pointed to by Veluswamy et al.[174] [25]. They high-
lighted the work of Veluswamy and Linga[271] [23], as well as Treuba
et al.[263,387] where H, storage was limited to 0.01 wt.% when using
large sample sizes (around 100 g), versus smaller sample sizes where
higher storage capacities were measured. They also suggested that fu-
ture research should focus on the effects of scale-up (namely increasing
heat and mass transfer rates) on the kinetics.

The IHI Corporation published conceptual designs for hydrate stor-
age plants (based on batch agitated tank reactors) at 35 MPa/140 K and
30 MPa/223 K, for H, and THF-H,, respectively[388] [28]. The stor-
age temperature was selected 50 K below the hydrate synthesis tem-
perature to minimize the potential sintering of the hydrate particles.
Shibata et al.[389] [29] suggested to limit the pile high to 10 m based
on pressure sintering of snow data. Both large scale and smaller scale
urban area storage, with capacities of 3000 and 500 Nm? hr~! were
considered in their study. The author concluded that due to the huge
cooling energy requirements, a strong industrial constraint is that the
storage plants must be located to adjacent LNG facilities, where the en-
ergy of vaporization of LNG is available. Indeed, their study show that
the use of conventional refrigerator would lead to prohibitive electric-
ity requirements. Based on their conceptual designs, a 3000 Nm? hr~!
would require thirty 0.45 m? batch hydrate forming reactors, and 15.12
and 21.17 GJ/h of electricity for H, hydrates and THF-H, hydrate, re-
spectively, using conventional refrigerators and without ice reuse (i.e.
up to 40% of the energy content of the H, of the plant for plain H, hy-
drates) [28]. Reusing the ice and assuming a heat integration scheme
with a neighbouring LNG plant reduces the electricity requirements to
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5.04 and 7.56 GJ/h for the H, hydrates and THF-H, hydrates, respec-
tively. The total plant costs were estimated at 61 and 96 M€ for simple
H, and THF-H, hydrates, respectively (using the average 2010 JPY to
EUR exchange rate).

Sumitomo Mitsui Construction complemented the IHI Corporation
study in 2012, considering this time reactor concepts based on the min-
ing industry. Shibata et al.[389] [29] described a large scale under-
ground tank type and cavity type storage system for simple H, hydrates
consistent with the Japanese context where ground-based storage plants
is difficult due to their densely populated country. The described con-
ceptual design is based on a 35 000 m? silo, i.e. for H, consumption
of 3000 Nm?/h for 75 days. As in the previous study, heat removal is
planned via heat integration of adjacent LNG facilities. The total costs
for the cavern type storage systems amount to an average of 151 M€ (us-
ing the average 2012 JPY to EUR exchange rate), for which two thirds is
attributable to the refrigeration work around in the underground stor-
age tunnel. Tank-type silo, i.e. the storage technology used in numer-
ous underground tanks for storing LNG at 110 K, is also described. The
cost is less than that of the cavern type, but without the freezing works.
Also, to make a definite decision between the cavern and tank-type more
difficult, the authors mentioned that for the tank-type storage, it is im-
possible to change its capacity to accommodate potential change in the
demand for H,. Finally, Shibata et al.[389] [29] concluded over the su-
periority of hydrate-based H, storage over compressed gas and metal
hydrides, based on both the economics and the inherent higher safety.

The IHI Corporation compared the annual costs for different H,
storage technologies (liquified H,, compressed gas and low and high
pressures, i.e. 9.5 and 350 bars, respectively, metal hydrides as well as
ground-based hydrate clathrates plants) for large scale storage (90 days
storage of 3000 Nm?/y, followed by 90 days of H, release, and the re-
maining 90 days or so without operation). Their engineering study con-
cludes that H, storage in clathrates represents the lowest annual costs, if
the cooling energy can be supplied by a LNG transportation line (without
additional costs). The total annual costs (construction, electricity, fuel,
and loss of water) for H, hydrate clathrates amounts to 11 M€ (1.55
M JPY, using the yearly averaged exchange rate for 2014), i.e. 64% of
the annual costs of high pressure compressed gas, the next best technol-
ogy[386] [24]. Even at high pressure, the density of H, remains low,
leading to large storage volumes and thus high investment costs[142]
[30]. Interestingly, H, storage in hydrate clathrates is superior to LH,,
even if the cooling requirements of the hydrates does not come from
a neighbouring LNG plant but either electrically-powered refrigerators,
while that of LH, do. In their designs, Ozaki et al.[386] [24] planned
for a sequential operation of the hydrate synthesis-storage, and the H,
release plant. By doing so, water is recycled thus decreasing the cooling
utility requirements. Their reactor concept is also inspired by mining
operations (stockpiling ice particles sprinkled from the top of the tank
using a rotary stocker, pressurising for hydrate clathrate synthesis, and
pneumatic conveying from the bottom of the tank for hydrate clathrates
transportation to the H, release unit). The cost estimation provided by
the IHI Corporation and Sumitomo Mitsui Construction only represent
“desktop” estimates as there are no existing construction or operation
practice of commercial hydrate clathrates[386] [24].

On-board hydrogen storage, coupled with fuel cell, remains one of
the most sought-after areas commercially. It has been estimated more
than 10,000 commercial fuel cell light duty vehicles have been sold
worldwide, till early 2019 [390]. The cost estimates formulated by DOE
for the on-board hydrogen storage target a price a $8/KWh for a com-
mercially viable solution (driving range greater than 300 miles). Current
status review has predicted that price tag of $24/KWh will be borne by
the industry if the production volumes are kept low. These numbers
could be reduced to $15/KW at best, if the production volumes are high
(upto 5,00,000 units per year). These estimates are based on the high-
pressure gas storage in carbon fibre composite tanks, with carbon fibre
contributing to the maximum percentage of the total cost. These tanks
utilise the concept of storage of hydrogen at low temperature, without
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Cost Analysis of Stationary Hydrogen Storage
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Figure 26. A comparison of cost estimates
for various hydrogen storage technologies
for stationary applications[386].
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aiming for complete liquefaction. For example, in lieu of 700 bar tank
and 288 K, 500 bar at 200 K is utilised. This leads to higher density of
hydrogen without the need for complete liquefaction. A comparison has
also been drawn with the metal hydride-based storage system with 350
bar hybrid tank, as proposed by Argonne National Laboratory[391]. This
system utilises the on-board fuel cell stack coolant to heat the metal hy-
dride bed to release hydrogen and offboard station coolant to cool the
bed during refuelling. The projected costs are $13/KWh for 5,00,000
systems per year. This is an improvement with respect to the compressed
gas storage, however, the additional materials and auxiliary present a
significant challenge to be integrated into a commercial vehicle. It is im-
portant to note that in this cost analysis, the metal hydride ($2.7/KWh)
constitutes just 20% of the total cost. This highlights the importance
of the additional accessories to be installed when using metal hydride
based on-board storage solution. Moreover, it has been assumed that
the material shows 5.6 wt.% hydrogen storage capacity, which is still
a challenge for the large-scale performance under the temperature and
pressure conditions present. As of now no literature exists of the cost es-
timates of the clathrates for on-board hydrogen storage, but above two
options lead us to an important conclusion regarding the feasibility of
the clathrates for the on-board storage. Two important conditions such
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as low temperatures (~200 K) in the first technology and the require-
ment of 5.6 wt.% hydrogen storage capacity, can be met by clathrate
to provide a reversible hydrogen storage medium, provided the factors
such as heat and mass transfer can be controlled. A summary of cost
comparisons has been provided in Table 5 as well as in Figure 26.

14. Summary and Conclusions

The search for the “holy grail” of hydrogen storage material remains
an elusive dream for the scientific community. On one hand, physisorp-
tion based materials such as high surface area activated carbons show
promising performance at cryogenic temperatures, on the other hand
chemisorption-based materials such as complex hydrides offer excep-
tional properties at high temperatures, often exhibiting irreversible na-
ture. An alternative proposed by storing hydrogen in clathrates holds
promise in the future. Although the results remain conflicting with re-
gard to the quantification of the hydrogen in clathrates, qualitative anal-
ysis has provided a confirmed evidence of the multiple strategies that
have been successful in this regard. A summary of the these strategies
used to tackle the three corners of the problem; hydrogen storage capac-
ity, thermodynamics and kinetics of the reaction have been summarised
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Table 5
Comparison of financial costs incurred for the implementation of the hydrogen storage technology for on-board and stationary application.
Application Type of Storage T (K) P (bar) Annual Cost ($/ton)” Comments Ref
Stationary! Compressed Gas 298 9.5 58 Low Pressure System [386]
298 350 38 High Pressure System
Liquified Gas 20 1.1 43 LNG Supported Cooling System
Metal Hydride 298 5 108 Assumes 3.3 wt.% hydrogen storage capacity of metal hydride
Clathrates?:? 140 1.1 24 Assuming 3.03 wt.% hydrogen storage capacity of clathrates
Clathrates* 140 1.1 41
On-board Compressed Gas <100 350 12 ($ per KWh)® Cryo-compressed hydrogen [391]
(coupled with 298 350 14 ($ per KWh) Standard Compressed Hydrogen
Fuel Cell)® Metal Hydrides 298 350 13 ($ per KWh) Assumes 5.6 wt.% hydrogen storage capacity of metal hydride

(including all the
auxiliary components)

! For an estimated storage of 3000 Nm?/h for a period of 90 days (total of 582 tons of hydrogen).
2 Taking into account the “self-preservation effect”, the storage conditions (1.1 bar and 140 K) for the clathrates are different from the production conditions

(350 bar and 140 K).

3 Assuming that the source of cooling is available from freely available LNG from the nearby industrial sources.

4 Without the availability of the LNG nearby.
5 The values have been rounded off to the nearest integer.

6 The costs of the on-board hydrogen storage solutions are based on per unit energy produced by the fuel cell.

in Figure 26. A sharp decline in the pressure of absorption from 200
MPa (Mao et al.[4] in 2002 for pure hydrogen hydrates) to 9 MPa (Ahn et
al.[212] in 2020 for methane and ethane supported hydrogen hydrates),
massive improvement in the kinetics of the reaction from a week (Stro-
bel et al.[180] in 2006) to few seconds (Profio et al.[198] in 2018) are
some of the successful outcomes of the utilisation of these strategies. Ad-
ditional unique properties of clathrates such as their zero-environment
interference, abundant supply in nature, completely reversible exchange
with hydrogen, high safety and reliability makes them stand apart from
the variety of other materials. The ultimate aim of combining these char-
acteristics to produce an ideal hydrogen storing clathrate remains not
very far if the efforts and resources are continued to be invested in the
right direction.
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