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Abstract

:

Clathrate and semi-clathrate hydrates have recently been gaining major interest as hydrogen storage material. The benefits of hydrates, such as reversible formation and dissociation, their environmentally friendly nature, economical costs, and lower fire risk, make them one of the most promising hydrogen storage materials. One of the major challenges when storing hydrogen in hydrate crystals is the extreme pressure and temperature conditions required for the formation of hydrogen hydrates. Solving the problems of extreme pressure and temperature through the use of promoter molecules would make these materials a promising storage medium with high potential. Through the use of efficient, economical, and green promoter molecules, hydrogen hydrate can be used to store large amounts of hydrogen economically and safely. This review aims to present a comprehensive summary of the different hydrate promoters that have been tested specifically in terms of hydrogen storage. The hydrate promoters are classed according to the structure of the hydrate crystals they form, i.e., sI, sII, sH, and semi-clathrate hydrate. This review article provides summarized information for readers about the different promoters tested and their benefits and shortcomings.






Keywords:


hydrogen hydrate; hydrogen storage; gas hydrate promoters












1. Introduction


Hydrogen fuel production and storage represent one of the most prominent research topics at present. Depending on the method of production, hydrogen fuel can be broadly classified as green, blue, or brown hydrogen [1]. However, all these types of hydrogen fuel face a single major common problem, which is their easy, safe, and cost-effective storage. The future of renewable energy sources depends on the efficient storage of hydrogen fuel [2]. Geothermal energy, solar energy, ocean wave energy, hydropower, and nuclear energy have been employed successfully in a variety of applications [3,4]. However, the major drawback associated with these energy sources is that they cannot be directly utilized as fuel in most applications. The storage of these types of energy is also a major challenge. These energy sources can be used to produce fuel, such as hydrogen. Hydrogen is at the forefront in the current transitioning phase and represents the next sustainable fuel [5]. Green hydrogen gas is recognized as the most favorable substitute for fossil fuels. Hydrogen gas is considered green fuel if its production does not involve the emission of carbon dioxide, i.e., if the energy utilized to produce hydrogen is produced using renewable sources [6]. Hydrogen has very high fuel efficiency in comparison to conventional fuels, with a calorific value of 141.7 MJ/Kg [7,8,9]. Another advantage of using hydrogen is that it can easily replace natural gas for building heating purposes. The existing infrastructure would not require any major changes for the use of hydrogen. Hydrogen fuel could meet 10% of the global demand for building heating by the year 2050 [10]. It has also been predicted that, by 2050, hydrogen fuel will meet 25% of the energy demand in the transportation industry [11]. Depending on the application and use of hydrogen energy, it may pass through various supply chain links. Therefore, one of the most crucial aspects in the development of hydrogen energy as a sustainable energy source is its storage.



Storage of hydrogen fuel entails challenges because of its very low density (0.08 g/L) and extremely flammable nature, even at concentrations as low as 4% in air [5].



However, because of its low density, hydrogen also dissipates very quickly and disperses more rapidly during gas leakages. Under ambient conditions, 1 kg of hydrogen gas occupies approximately 11 m3 [12]. This means that energy input is required to increase the storage density of hydrogen. Hydrogen storage also depends on factors such as the type of application and the purity of the fuel required. In some applications, hydrogen release requires a quick response time, whereas in others, the hydrogen release response time is not so important, and the hydrogen may be required to be released only a few times in a year. The fuel purity also determines the storage mode; for example, in proton-exchange membrane (PEM) fuel cells, very high purity hydrogen is required, whereas, if the hydrogen is combusted with air, the purity is a less critical factor [13,14,15].



Research on the storage of hydrogen can be divided into two categories: hydrogen storage in onboard fuel cell vehicles and large-scale stationary hydrogen storage [13,16,17]. Some of the most common hydrogen storage technologies include high-pressure gas tanks, metal hydrides, cryo-compressed hydrogen storage, porous materials, and hydrogen hydrates [18,19,20,21,22,23]. These hydrogen storage technologies use different physical phenomena and mechanisms to store hydrogen and offer different storage capacities. The mechanisms used for storage range from simple compression, absorption, and liquefaction to physical trapping of the hydrogen. Hydrogen storage materials can be broadly classified in terms of the interaction between the hydrogen and the storage materials, i.e., physisorption and chemisorption [24,25]. In the physisorption mechanism, the molecular hydrogen interacts with the host storage material with the help of weak van der Waals forces [25]. Electrostatic and orbital interactions also contribute. The drawback associated with these interactions is that they are weak and only favored at lower temperatures (77 K). As the temperature increases, the adsorption decreases. The pore size of the storage host material is also a governing parameter on which the gas adsorption depends. It has been found that, with decreasing pore size, the enthalpy of adsorption increases; i.e., the amount of gas adsorption increases with the decrease in pore size [26,27]. In chemisorption, the molecular hydrogen is dissociated into the atomic form after the crossing of the activation energy barrier. Atomic hydrogen can be formed into a disordered solid solution or a compound by allowing it to diffuse into the bulk material [24].



The efficacy of the storage material is a particularly critical aspect that must be considered in the development of hydrogen storage technology in addition to the storage capacity. The efficacy of hydrogen storage technology is a measure of the net energy stored, i.e., how much energy is spent in storing hydrogen and recovering it from the storage medium [28]. The hydrogen storage technology requires the storage of hydrogen in its thermodynamically stable, gaseous state in a comparatively smaller volume with high net stored energy.



Conventional hydrogen storage systems have major limitations. High-pressure tanks are the simplest and most common method for hydrogen storage. They can store large amounts of hydrogen in a comparatively small space, and the material of the cylinder must be able to withstand hydrogen embrittlement due to the extremely high pressures of approximately 35–70 MPa. Moreover, the cylinder should be light and able to resist fire, high temperatures, and abrasion [29,30,31]. Similarly, storing hydrogen in cryogenic tanks requires small volumes for storage. The hydrogen’s volumetric energy density can be increased by liquefying the hydrogen gas through the reduction of its temperature to 20 K. This enables the use of smaller and lighter storage tanks to store the hydrogen. The drawback associated with cryogenic tanks is that approximately 35% of the energy content of the fuel is used for the liquefaction of the gas. This energy requirement is three times greater than the energy required to compress the gas to 70 MPa [32,33]. The metal hydrides, out of all the conventional storage materials, are the most compact ones to store the hydrogen [34]. They are capable of absorbing and discharging the hydrogen. They are broadly classified as binary and intermetallic hydrides [34]. The metal hydrides, despite their advantage of compact size, are not a desirable method of hydrogen storage because of their high metal alloy cost and their demand for large binding energy at elevated pressures for chemisorption of hydrogen [35]. The adsorption of hydrogen into metallic surface is an exothermic reaction, and to release the same hydrogen, heat input is required at lower pressures [36]. These conditions are not desirable in hydrogen storage mediums. Few metal hydrides can adsorb and desorb hydrogen close to ambient conditions, whereas they are not capable of higher gravimetric hydrogen storage. Moreover, the proposed metal hydrides were not able to attain faster dehydrogenation kinetics, which is one of the major requirements for the hydrogen stage medium [37,38]. The materials which store hydrogen with the help of physisorption mechanism such as zeolites, metal organic frameworks, and porous carbon structures store it on porous surfaces. The parameters, such as pore volume, surface area, pore size, etc., determine the storage capacity of the porous storage medium. Studies suggested that the decrease in temperature and increase in pressure promote the physisorption of hydrogen in porous materials. Many studies suggest that porous materials (physisorption based) have a hydrogen storage capacity within acceptable ranges, whereas within the ambient conditions and pressure limits of 1–50 bar, their storage capacity falls below 1%. However, maintaining lower temperatures using liquid nitrogen is found to be uneconomical, and it may lead to operational difficulties as well [39,40,41,42].



Another important and attractive class of hydrogen storage medium is clathrate hydrate [43]. The use of hydrates for the storage of hydrogen is growing in importance worldwide. The use of hydrates for the storage of hydrogen is growing in momentum because of the advantages associated with hydrate technology. In the gaseous form of hydrates, the dissociation kinetics can require swift and small amounts of energy for the dissociation of hydrate crystals, which means that slight variations in the pressure and temperature conditions outside the hydrate crystal stability zone will release stored hydrogen from the system [44]. Moreover, hydrate technology is a green technology; i.e., the hydrate crystals are mainly water molecules [45]. Therefore, hydrate storage can be considered a cheap and safe storage medium with minimal negative environmental impact. The hydrate crystals can also store up to 5 mass% molecular hydrogen [46]. However, the hydrogen hydrate storage medium is also not without its own challenges. A major challenge is the pressure required for the formation of hydrogen hydrate crystal; for example, a pressure of 200 MPa pressure is required for the formation of hydrogen hydrates at 273 K temperature [47,48,49,50,51]. The inclusion of hydrate promoters will help to decrease the pressure requirements during hydrogen hydrate formation. However, none of the studied promoters were able to make the hydrogen hydrate storage meet the technical targets given by the DOE (technical targets for hydrogen storage systems for material handling equipment, Table S1 [52]). The use of hydrogen hydrate promoters influences the structure, storage capacity, and formation kinetics of hydrate crystals. The hydrate crystal promoters are broadly classified as thermodynamic promoters (THP) and kinetic promoters (KHP) [53]. The thermodynamic promoters help to form the hydrate crystals at moderate pressure and temperature conditions; however, the volume of hydrogen stored in crystal structure is reduced due to the occupation of hydrate cage space by THP. On the other hand, KHPs influence the interface of liquid/gas without causing any effect on the operation conditions. THPs in a liquid phase, such as THF, cyclopentane, etc., and in a gaseous phase, such as CO2, CH4, C3H8, etc., were used commonly. Many researchers claim the presence of a “tuning effect” during the use of liquid THPs; however, the tuning effect is still disputed by many. According to this effect, hydrogen storage can be controlled by varying the concentration of the liquid THPs. The most commonly used KHP is sodium dodecyl sulfate (SDS). This review article only focuses on and discusses the hydrogen hydrate promoters specifically studied for hydrogen storage and draws a clear status of hydrate storage technology.



Clathrate hydrates or gas hydrates were first discovered in the year 1810 [44]. These are a class of compounds in which the host molecules form cage-like structures and entrap the guest molecules within these cages. Clathrates can be broadly classified as clathrate hydrates and semi-clathrate hydrates. In clathrate hydrates, the guest molecules and host molecule interact with one another only with the help of weak van der Waals force of attraction, whereas in the semi-clathrate hydrates, the guest molecules participate in the host cage framework via partial hydrogen bonding. Clathrate hydrates were proposed for hydrogen storage in the year 2002 by Mao et al. [46]. It was shown that hydrogen hydrates with a storage capacity of 5.3 wt% can be formed at 249 K and 250 MPa. A further detailed investigation was also performed which measured the hydrogen occupancy in hydrate cages, interaction of hydrogen with water molecules, etc. Pure hydrogen hydrates have the sII structure, which comprises a small dodecahedron cage (512) and large hexakaidecahedron cage (51264). sI and sH hydrate structures are the other two hydrate structure which are found in gas hydrates. Different research studies established that the number of hydrogen molecules entrapped in a hydrate depends on the type of hydrate cage. Two hydrogen molecules can be entrapped in a 512 cage, and four hydrogen molecules can be accommodated in 51264 hydrate cages. Similarly, 435663, 51262, and 51268 hydrate crystal cages can accommodate one, two, and five hydrogen molecules, respectively. Depending upon the total number of hydrogen molecules entrapped in different types of cages, the hydrogen storage capacity for different hydrate structures was estimated. The sI, sII, and sH hydrates can hold up to 6.33 wt%, 4 wt%, and 4.67 wt% hydrogen, respectively. The main role performed by the hydrate promoters is the stabilization of hydrate crystal structures to increase the hydrogen storage capacity. All the hydrate promoters which are studied as hydrogen hydrate promoters are classified into three major groups in the next section. They are grouped according to the hydrate crystal structure they form, i.e., Type sII hydrate crystal promoters, Type sI hydrate crystal promoters, and semi clathrate hydrate crystal promoters.




2. Hydrogen Hydrate Promoters


2.1. Type sII Hydrate Crystals


Type sII hydrogen hydrate crystal promoters (Figure 1) include tetrahydrofuran, cyclopentane, cyclohexane, propane, butane, furan, tetrahydrothiophene, argon, and nitrogen.



2.1.1. Tetrahydrofuran (THF)


THF is an organic compound which has physical and chemical attributes such as lower viscosity, being colorless, and water solubility. It is a heterocyclic compound (cyclic ether) with a chemical formula of (CH2)4O. The structure of THF is shown in Figure 1; it consists of four carbon atoms, eight hydrogen atoms, and one oxygen atom. The oxygen in the ring structure is more electronegative in comparison to carbon and nitrogen and thus pulls electron density towards itself by forming the covalent bonds. Because of its polarity, THF readily mixes with polar liquids. THF forms sII hydrate crystals.



Initially, it was presumed that hydrogen was not able to form hydrate crystals because of its inability to provide the desired crystal stabilization due to its smaller molecular size. In 1985, for the first time a theoretical study predicted the formation of hydrogen hydrates at very high pressure and lower temperature conditions in planetary bodies [54]. However, the first hydrogen clathrate was reported by Vos et al. in the year 1993 at a pressure of 0.75–3.1 GPa and 295 K [55]. Hydrogen gas formed sII hydrate crystals in this research study. Florusse et al. (2004) first proposed the use of THF to decrease the pressure required for hydrogen hydrate formation by two orders of magnitude [56]. Hydrogen hydrate formation pressure was decreased to 5 MPa at 279.6 K. However, due to the occupancy of THF in the larger crystal cages, hydrogen storage capacity was decreased to 1 wt% as they only occupy the small cages. This research demonstrated that hydrogen hydrate formation temperature and pressure conditions can be shifted towards ambient conditions with the help of hydrate promoters. Later, Lee et al. (2005) demonstrated that with the help of a ‘tuning effect’, it is possible to increase the amount of hydrogen occupancy in hydrate crystals [57]. In this research, the concentration of THF was decreased from 5.56 mol% to 0.1 mol% at 12 Mpa pressure condition. The highest hydrogen storage of 4.03 wt% was observed at a THF concentration of 0.15 mol%. THF partially occupies the large sII hydrate crystal cages and remaining large cages occupied by the hydrogen. The results were postulated depending upon the high-pressure NMR data and high-pressure Raman spectra of the hydrate crystals at different THF concentrations. However, the 4.03 wt% hydrogen storage capacity study was contradicted by Strobel et al. (2006), where they measured hydrogen storage capacity in volumetric gas uptake and found that irrespective of the THF concentration (varied from 5.56 mol% to 0.5 mol%), a maximum hydrogen uptake of only 1 wt% was achieved [58,59]. Research studies are divided upon the tuning effect in mixed hydrogen hydrates, where some studies supported the tuning effect while others refuted any such effect. Ogata et al., 2008 used Raman spectroscopy to assess two different methods of gas hydrate formation: (a) THF hydrates isothermal pressure swing adsorption at 277.15 K and (b) mixed hydrate formation using THF aqueous solution and compressed hydrogen gas [60]. In this study, 1.05 wt% of hydrogen storage was reported at 85 Mpa and 277.15 K. The use of powdered ice and solid THF was suggested by Ohgaki and Sugahara et al. (2008) at a pressure of 60 Mpa and temperature of ≈255 K [61]. They reported the maximum hydrogen storage capacity of 3.4 wt% at 0.5 mol% of THF. This research work also claimed the presence of the tuning effect at a THF concentration below 1.06 mol% (eutectic composition). The study also claimed that the THF concentration determines the fractional occupancy of the hydrogen in the large cages, and this occupancy remains constant for a time frame depending upon the method adopted for hydrate formation. The effect of porosity (porous media) on the mixed hydrogen/THF hydrate formation was studied by Saha et al., 2010 [62]. Four different pore sizes were tested (49, 65, 100, and 226 Å), and the study claimed that with the increase in the pore size, the clathrate hydrate formation time increases. The lowest hydrate formation time was observed in media with a pore size of 49 Å. In this research work, the hydrogen diffusivity was determined with the help of a modified shrinking core kinetic model. The hydrogen diffusivity was found to be in the order of 10−18 to 10−19 m2/s, with an inverse relationship with the pore size or clathrate particle size.



Talyzin (2008) also studied the hydrogen uptake kinetics of hydrates in the porous media [63]. The storage capacity of the hydrates in the presence of THF was studied, and foamed polyurethane was used as a porous medium. The hydrogen uptake capacity was measured using the gravimetric method instead of the volumetric method. It was observed that porous materials with a pore size of approximately 200–300 μm increase the hydrogen uptake to the maximum, but the amount of hydrogen storage increased only to the level of 0.2 wt% (at 135 bar) from the 0.1 wt% (at 150 bar).



The use of preformed seeds of (THF + H2) hydrates and the effect of liquid nitrogen quenching on hydrogen hydrate formation were presented by Grim et al. (2012), where the authors suggested that the use of hydrate seeds and liquid nitrogen quenching leads to rapid hydrate growth due to the enhanced kinetics of hydrate formation [64]. The sII hydrate crystal structures were formed and used to store the hydrogen in this research work.



Another patented technology was presented by Profio et al. (2009), where the authors claimed to discover a novel nanotechnology, which improves hydrate formation kinetics [28,65]. They proposed the use of amphiphilic molecule-stabilized water-in-oil nano-emulsion for the enhanced hydrate formation. These water droplets in the emulsion system form hydrate nanoparticles when subjected to hydrate equilibrium pressure and temperature conditions. THF was used as hydrate co-former, with iso-octane as the bulk solvent and Aerosol OT as the emulsion stabilizer.




2.1.2. Cyclopentane


Cyclopentane is an alicyclic hydrocarbon with the chemical formula C5H10. It consists of a ring of five carbon atoms, and each carbon atom is bonded with two hydrogen atoms above and below the plane. It forms sII type of hydrate crystal structures with hydrogen. Cyclopentane is insoluble in water and forms a layer between the gas phase and liquid phase. Zhang et al. (2009) first presented the equilibrium study of cyclopentane and hydrogen hydrates [66]. They measured the dissociation temperature of cyclopentane + hydrogen hydrate in a pressure range of 2.7 to 11.1 Mpa and temperature range of 280.7–283.7 K. The high-pressure micro-DSC is used to measure the dissociation temperature of the (cyclopentane + hydrogen) hydrate. They compared the dissociation temperature of cyclopentane/hydrogen hydrate and THF/hydrogen hydrates and found that cyclopentane/hydrogen hydrates give higher hydrate dissociation temperatures.



Komatsu et al. (2010) compared the phase equilibrium measurements of the hydrogen/THF and hydrogen/cyclopentane binary clathrate hydrate systems [67]. A semimicro cell was designed to perform the studies by maintaining different pressure and temperature conditions. The pressure varied from 2 to 14 Mpa, and the temperature varied from 278 K to 285 K. Raman spectroscopy was used to study the hydrogen molecule inclusion characteristics in the hydrate cages. The dissociation enthalpies for the hydrogen/THF hydrate and hydrogen/cyclopentane hydrate from this study were found to be 212 and 220 kJ·mol−1, respectively, in the pressure range of 8 to 14 MPa.



Du et al. (2010) studied the equilibrium conditions of the hydrogen/cyclopentane binary gas hydrates and compared the conditions with oxygen/cyclopentane and nitrogen/cyclopentane hydrates [68]. The temperature range of 281.3–303.1 K and pressure range of 2.27–30.40 MPa were maintained during the isochoric experimental method.



In a comparatively recent study, hydrogen hydrate formation and dissociation kinetics were studied and compared with the presence of THF, tetra-n-butylammonium bromide (TBAB), and cyclopentane. The research article concluded that among all conditions, the cyclopentane/hydrogen hydrate formation is the most difficult even at high driving force [69].




2.1.3. Cyclohexanone


Cyclohexanone is an organic compound with the chemical formula (CH2)5CO. It consists of a ketone functional group with six carbon cyclic molecules. It is slightly soluble in water and miscible in other organic solvents. It is slightly toxic with a threshold limit value (TLV) of 25 ppm (vapor phase), and it is a non-carcinogenic product. Strobel et al. (2007) first reported the formation of sII hydrate crystals with hydrogen and cyclohexanone as mixed guest molecules [59]. The study observed that cyclohexanone with molecular size of 7.3 Å is among the largest molecules that form the sII hydrate crystals with hydrogen, but it does not form hydrate crystals on its own. Due to the large molecular size of cyclohexanone, the hydrate cages formed are larger, but the hydrogen occupancy in the hydrate crystals is lower in comparison to THF mixed hydrates.




2.1.4. Propane and Butane


Propane is an alkane with three carbon atoms and eight hydrogen atoms, with a molecular formula of C3H8. It remains in gaseous form at standard temperature and pressure; however, it can be compressed to the liquified form. Propane gas has a boiling point of −42 °C and a solubility of 47 mg·L−1 at 0 °C in the water. Butane is also an alkane with a molecular formula C4H10 and has a boiling point of −1 to 1 °C (at 272 to 274 K) and a solubility of 61 mg·L−1 (at 20 °C).



Double clathrate hydrate of hydrogen and propane was proposed by Skiba et al. (2009) [70]. They reported the formation of sII structure hydrate crystals at a pressure of 24 bar and a temperature of 259 K with propane and hydrogen as the guest molecules. The decomposition curve of hydrogen/propane hydrate was compared with propane hydrate, and the authors observed that hydrogen/propane double hydrate’s decomposition curve was situated 3–4 degrees above the propane hydrate decomposition curve at lower pressures. At higher pressure of 2000–2500 bar, the decomposition curve shifted 20 degrees above propane hydrate.



With the help of the isochoric pressure search method, the phase equilibrium of hydrogen/propane mixed hydrates was studied by Veluswamy et al. (2015) [71]. The authors performed equilibrium studies by varying the hydrogen/propane compositions with 0.905/0.905 and 0.65/0.35 mole fraction. The hydrate dissociation enthalpies were calculated by the authors using the Clausius–Clapeyron equation, and they were found to be 149.3 kJ/mol and 179.0 kJ/mol for hydrogen/propane at a concentration ratio of (0.905/0.905) and (0.65/0.35), respectively. It was reported that the equilibrium pressure required for hydrate formation was brought down to 1.53 MPa at 274.2 K with the addition of 9.5 mol% of propane to the hydrogen. Apart from high hydrate formation equilibrium pressure, the slow kinetics remain another major drawback. It was reported that at 8.5 MPa pressure, approximately 16 h of time were required for hydrate formation even with the propane/hydrogen mixture. To resolve this issue, Veluswamy et al. (2015) suggested the use of sodium dodecyl sulfate (SDS). The hydrate formation time was reduced drastically to 25.5 min from 5.57 h with the addition of greater than or equal to 100 ppm of (SDS) [72]. However, the hydrogen storage capacity was sacrificed in the process [71].



Koh et al. (2014) experimentally investigated the effect on the hydrogen hydrate formation in the presence of propane and isobutane [73]. The authors studied the effect of tuning the cage dimensions on the multiple occupancy of the hydrogen molecule. They suggested that approximately 1% expansion of the cage dimensions enables the double occupancy in the dodecahedral cavity. They reported that the addition of propane (stoichiometric amount) at pressures above 20 MPa and at a temperature of 243 K expands the hydrate cage lattice 3% by volume (≈1%) [73]. The experimental observations presented by Koh et al. (2014) were further supported by Li et al. (2018) and Papadimitriou et al. (2016) [73,74,75].




2.1.5. Furan and Tetrahydrothiophene


The Furan structure consists of four carbons and one oxygen in a five-membered ring, with a chemical formula of C4H4O. It is partially soluble in water and completely soluble in organic solvents. Tetrahydrothiophene (THT) has the chemical formula of (CH2)4S, and it is an organosulfur compound consisting of four carbon atoms and one sulfur atom in a five-membered ring. Both Furan and THT are structurally similar to THF and were therefore studied as candidates for hydrogen hydrate promoters. The phase equilibrium of THT and Furan as promoters in the mixed hydrate with the hydrogen was studied by Tsuda et al. (2009) [76]. It was found that THT and Furan hydrates forms sII hydrate crystals. The hydrogen storage capacity in the THT and Furan hydrates was measured using pressure–volume–temperature measurements. The hydrogen adsorption rates are found to be much higher than the THF hydrates. The hydrogen storage in the THT and Furan hydrates was found to be about 1.2 mol (≈0.6 mass%) at 275.2 K and 41.5 MPa [76].




2.1.6. Argon and Nitrogen


Inert diatomic gases such as argon and nitrogen were tested and utilized as hydrogen hydrate promoters. Argon gas was proposed as a hydrogen hydrate promoter by Amano et al. (2010) [77]. In situ Raman spectroscopy was used to study the cage occupancy of hydrogen in the formed hydrate single crystal with pure hydrogen and hydrogen–argon mixture. The investigation was carried out under the three-phase equilibrium condition. It was observed that in the mixed gas sII hydrate crystals, the hydrogen cluster and argon competitively occupy the larger cages. This observation was made in the equilibrium pressure region. Even at the liquid nitrogen temperature of 77 K, the large cages of the hydrate crystals were occupied by the clusters of two, three, or four hydrogen molecules [77].



The use of nitrogen as promoter to increase the hydrogen occupancy in the clathrate hydrates was proposed by Lu et al. (2012) [78]. The authors carried out the experiment of reacting hydrogen with nitrogen hydrates at pressure and temperature conditions of 15 MPa and 243 K, respectively, and observed that hydrogen molecules could occupy both small and large cages in the sII hydrate crystals. However, while the authors were not able to form uniform and homogeneous samples during their experiments, the results of hydrogen occupancy were very close to the previously published pure hydrogen hydrates results. Two hydrogen molecules occupy the small cage, and the large cage was occupied by four hydrogen molecules [78].



The standard molecular dynamic and ab initio calculations of nitrogen replacement by hydrogen in the sII clathrate hydrates were performed by Liu et al. (2016) [79]. They observed during the thermodynamic analysis that nitrogen replacement by hydrogen occurs mostly in the large cages in comparison to the small cages. Moreover, hydrogen and nitrogen can form binary hydrates by co-existing in the same large cage or in different cages. Their simulations showed hydrogen occupancy of approximately 4.4 wt% by the replacement method. The results were in close approximation with the experimental results of the Park et al. (2014) study [80].





2.2. Type sI Hydrate Crystals


Type sI hydrogen hydrate crystal promoters (Figure 2) includes methane, carbon dioxide, ethane, ethylene oxide, and cyclopropane.



2.2.1. Methane


Matsumoto et al. (2014) suggested the use of hydrogen–methane binary hydrates in place of hydrogen–THF binary hydrate for energy storage due to the higher energy density [81]. It was reported that the addition of 5 mol% of methane depresses the equilibrium pressure to 50 MPa at 263 K for hydrogen hydrate. Raman spectroscopy and PXRD measurements were used to study the methane–hydrogen binary hydrate crystal structure and storage capacities and showed that both the hydrate structure and storage density depend on the composition of the initial gas mixture, formation period, and system pressure. It was also observed that the hydrogen–methane binary hydrates kinetically form sI hydrate crystals first, instead of the more thermodynamically stable sII hydrates [81]. It was concluded that the formation of sI hydrate crystals acts as a seed for the nucleation of sII hydrate crystals. The formed sII hydrate crystals at a temperature of 263 K and a pressure of 70 MPa present single occupancy in the smaller cages and quartet occupancy in the larger cages. The hydrogen storage capacity was estimated using a thermodynamic model based on van der Waals and Platteeuw theory (vdWP). It was reported that sI and sII hydrate crystals store 0.02 wt% and 0.31 wt% of hydrogen, respectively, which is less than the storage capacity required for practical use.



Belosludov et al. (2014) developed computational models to estimate the theoretical hydrogen storage capacity of clathrate hydrates [82]. They used the vdWP theory to study the thermodynamic stability and cage occupancy of sI and sII structure hydrate crystals of methane–hydrogen binary hydrates. It was observed that at 200 MPa pressure and 250 K temperature, the addition of approximately 6% gas phase methane forms sI hydrate crystals with hydrogen storage capacity of 1.75 wt%. On the other hand, the sII hydrate crystals were stable at 250 K and 70 Mpa temperature and pressure conditions with 2.6 wt% of hydrogen storage [82]. A similar kind of study was performed by Zhang et al. (2018) using molecular dynamic simulations [83]. The authors reported that in the large cages, the methane and hydrogen showed co-occupancy, with up to three hydrogen molecules.




2.2.2. Carbon Dioxide


Grim et al. (2012) studied hydrogen occupancy in sI hydrate crystals using CO2 as secondary guest molecules [64]. The experimental study was performed at 70 Mpa and 258 K pressure and temperature condition, respectively. The conditions were controlled carefully to remain inside the sI hydrate phase region of the phase diagram. In this work, the authors observed that hydrogen occupies the small cages first, although at 70 MPa, two hydrogen molecules were found in the large cages as per the Raman spectroscopy of the hydrate crystals.



Kim and Lee (2005) performed a spectroscopic study of clathrate hydrate crystals with hydrogen and CO2 as two gaseous guests [84]. NMR spectroscopy and X-ray powder diffraction analysis were used to determine the guest distribution in the mixed CO2 + H2 hydrate. The XRD analysis identified sI hydrate crystal structure, and NMR spectroscopy examined the distribution of H2 and CO2 in the cages of sI hydrate crystals. The authors observed that hydrogen molecules only occupied the small 512 cages of sI hydrate crystal, whereas CO2 occupied both the smaller 512 cage and larger 51262 cages [84]. Other research works also concluded through the spectroscopic analysis of the hydrate crystals that CO2 only occupied the larger cages, and the smaller cages were occupied by either hydrogen or remained almost empty with less than 2% CO2 [85,86].




2.2.3. Ethane


Park and Lee (2007) conducted a spectroscopic analysis of double hydrogen hydrates stabilized with ethane and propane [87]. The researchers claimed to synthesize double hydrogen hydrates by using ethane and propane as hydrate promoters. PXRD, GC analysis, and solid-state NMR studies indicated that the sI hydrate crystals formed by ethane encaged 0.127 hydrogen, and sII hydrate crystals stabilized by propane have 0.370 amount of encaged hydrogen at 120 bar and 270 K pressure and temperature, respectively. It was observed that 0.17 wt% of hydrogen occupies the cages in sI hydrate crystals, and 0.33 wt% of hydrogen occupies cages in sII hydrate crystals. The study concluded that sII hydrate crystals have better hydrogen storing capacity than sI hydrate crystals [87].



Ohgaki and Sugahara et al. (2008) performed an isothermal phase equilibria and Raman spectra study for ternary systems [61]. The authors performed experiments with the ternary system of hydrogen + ethane + water at a temperature of 276.1 K and a pressure of 5 MPa. The ethane formed the sI hydrate crystals, but the analysis demonstrated an absence of hydrogen molecules in the hydrate crystals. The authors found that the sII hydrate crystal of propane only encaged hydrogen in the hydrate crystal cages.



Belosludov et al. (2012) used the vdWP theory-based model with a few modifications such as multiple occupancies, host relaxation, and hydrogen quantum behavior in cavities [88]. This modified model was based on the lattice dynamic method, which considers the quantum effect in energy and entropy calculations. The research work compared pure hydrogen hydrates with ethane–hydrogen binary hydrate systems and concluded that pure hydrogen sII hydrates are more thermodynamically stable than sI hydrate crystals in the extended p-T regions. However, the researchers found that at lower pressures in the binary hydrate system, sI hydrate crystals can be stabilized even with small concentrations of ethane gas. The hydrogen occupancy in this study was dependent upon the ethane concentration. At a temperature of 250 K, the sI ethane hydrate crystals were formed with 2.5 wt% of hydrogen stored at lower concentrations of ethane [88].



Skiba et al. (2010) studied the decomposition curves of hydrates formed in the ethane–hydrogen–water system in the pressure interval of 2–250 MPa [89]. The authors studied the gas hydrates using XRD and Raman spectroscopy and observed that the mixed gas hydrate with hydrogen content up to 30 mol% forms the sI gas hydrate crystal structure. They authors speculated that the cubic structure II double hydrate of hydrogen and ethane formed when the hydrogen content was maintained above 60 mol% in the gas mixture. The experimental conditions were maintained at temperature below approximately 280 K and pressure above 25 MPa [89].



Lee et al. (2021) proposed the hydrate seed (sII hydrate crystals) solution for the rapid formation of ethane–hydrogen mixed hydrates [90]. The research work tested cyclopentane (CP) hydrate seed and tetrahydrofuran (THF) hydrate seed to increase the hydrate formation rate. The researchers observed that the immiscible CP hydrate seeds resulted in instantaneous nucleation and growth of mixed ethane–hydrogen hydrates. The formed hydrates had an sI hydrate crystal structure, which is thermodynamically favorable. The THF hydrate seed formed an sII hydrate crystal structure in the mixed ethane–hydrogen hydrate system, and while the THF hydrate seed is miscible in water, the overall reaction is considerably lower than the CP hydrate seed experiment. In the ethane–hydrogen mixed hydrate system, the hydrogen molecules only occupied the small cages of the hydrate crystals. The hydrogen storage ratio achieved in the THF hydrate seed experiment was higher than the CP hydrate seed experiment because of the sII hydrate crystal structure with many small cages formed with the THF hydrate seed. The CP hydrate seed concentration varies from 0.278 mol% to 2.78 mol%, and it has been seen that the mixed hydrate crystal growth is inversely proportional to seed concentration. The growth kinetics of hydrate crystals in the non-stirred system was found to be much faster than in the stirred systems [90].




2.2.4. Ethylene Oxide and Cyclopropane


Monte Carlo simulation studies were performed by Papadimitriou et al. (2009) to evaluate the hydrogen storage capacity of sI hydrogen hydrates and compare the same with hydrogen–ethylene oxide mixed hydrate [91]. The experiments were performed at a pressure of 500 MPa and a temperature of 274 K. It was seen that in the pure hydrogen hydrate, the storage capacity reached up to 3.5 wt%, whereas in the mixed hydrate system, hydrogen storage was limited to only 0.37 wt%. The large cages in the pure hydrogen hydrate accommodated up to three hydrogen molecules, and in the small cages only one hydrogen molecule was accommodated at a pressure as high as 500 MPa. In the mixed hydrate, the large cages were occupied by single ethylene oxide molecules, and single hydrogen molecule occupied the small cages [91].



Suguhara et al. (2008) tested the cage occupancies of hydrogen molecules in the presence of second guest species [61,92]. The cage occupancy was evaluated by Raman spectroscopy and phase equilibria. The fugacity of the second guest species was determined in the gas phase with the help of the Soave–Redlich–Kwong equation of state. It was seen that the three-phase equilibrium pressure increased monotonically with the increase in the hydrogen concentration. The research work tested mixed hydrates of hydrogen with ethane, cyclopropane, THF, TBAB, and TBAF and observed that the hydrogen was not encaged in the ethane and cyclopropane hydrates, concluding that the enclathration of hydrogen in hydrates was dependent upon the crystal structure and cage size [61].





2.3. Type sH Clathrate Hydrates


Type sH hydrogen hydrate crystal promoters (Figure 3) include 1,1 DMCH, MCH, MTBE, and 2,2,3-TMB.



sH hydrate crystals consist of one icosahedron (51268) large cage, two irregular dodecahedron (435663) medium cages, and three pentagonal dodecahedron (5 [93,94]) small cages. The sH hydrate crystals require 34 water molecules to form a crystal structure. Strobel et al. (2008) and Duarte et al. (2008) first presented sH hydrogen hydrate simultaneously by experimental research work. Strobel et al. (2008) performed sH hydrate crystal formation using 2.9 mol% of the stoichiometric composition of 1,1-dimethylcyclohexane (1,1-DMCH), methylcyclohexane (MCH), methyl tert-butyl ether (MTBE), and 2,2,3-trimethylbutane (2,2,3-TMB). The authors observed that the single hydrogen molecules occupied the small and medium cages, whereas the large cages were occupied by the large guest molecules [93]. Moreover, a 40% (by weight) increase in the hydrogen storage capacity was predicted in comparison to pure hydrogen hydrate crystals.



Duarte et al. (2008) presented the phase equilibrium data of mixed sII hydrogen hydrate with MTBE, DMCH, and MCH [94]. At pressure and temperature conditions of 60 MPa and 274.7 K, the DMCH was found to form the hydrate crystals with the highest stability. The authors theoretically presented an increase of 40% by weight in the hydrogen storage capacity of sH hydrates I compared to sII binary hydrogen hydrates. Different liquid hydrocarbon promoters were further investigated as sH hydrate promoter for hydrogen storage by Duarte et al. (2009) [88]. They tested 13 different liquid hydrocarbons belonging to different promoter groups such as alkanes (2,2,3-Trimethylbutane, 2,2-Dimethylbutane, 3,3-Dimethylpentane, 2,3-Dimethylbutane), alkenes (2,3-Dimethyl-1-butene, 3,3-Dimethyl-1-butene), alkynes (3,3-Dimethyl-1-butyne), cylcoalkanes (Methylcyclohexane, 1,2-Dimethylcyclohexane, 1,1-Dimethylcyclohexane, Methylcyclopentane), cycloalkenes (Cycloheptene), and ether (Methyl tert-butyl ether). From the experiments, they concluded that the equilibrium pressure of sH mixed hydrate (hydrogen + promoters) stood in the range of 60–100 MPa at a temperature of 269–275 K.



A thermodynamic model was proposed by Martin and Peters (2009) to predict the cage occupancy and hydrogen storage capacity of sH mixed hydrate crystals [95]. The model successfully predicted the experimental results of sH hydrate promoters such as DMCH, MCH, and MTBE. It was found that the hydrogen storage capacity remains within the range of 0.85% to 1.05% by weight.



Valdes and Kroes (2012) presented a theoretical investigation of sH hydrate crystals and their hydrogen storage capacity [96]. It was found that a single hydrogen molecule caged in small and medium size cages and larges cages of sH hydrate crystals was occupied by the double guest molecules. Guest molecules > 7 Å only occupied the small and medium size cages, which included hydrogen.




2.4. Semi-Clathrate Hydrates


Semi-clathrate hydrogen hydrate crystal promoters (Figure 4) include TBAB, HCFC-141b, TBACl, and TBPB.



Luo et al. (2018) recently presented the use of methane in addition to TBAB as the semi-clathrate hydrate promoter for hydrogen storage [97]. The study observed that when the concentration of methane in the gas mixture was raised to 70% and when TBAB mass fraction was maintained at 0.2, then the hydrate crystal formation pressure was lowered to 0.46 MPa at 282.55 K. For the same mass fraction (0.2) of THF, the equilibrium pressure for hydrates stood at 8 Mpa at a temperature of 288 K, which is higher than the value of 2 MPa observed with methane and TBAB as semi-clathrate hydrate formers [97,98]. Yu et al. (2020) studied new semi-clathrate hydrate promoters and presented the hydrate formation using a 5.6 mol% HCFC-141b and water mixture at different pressures and a constant temperature of 273 K [99]. They found that hydrogen storage of 0.24 wt% and 0.40 wt% was achieved at a pressure of 6 MPa and 12 MPa, respectively. The time required to achieve 90% of total capacity was close to 10.2 h in both the pressures. They reported that the equilibrium conditions required for hydrate formation in the presence of HCFC-141b were milder in comparison to methane and t-BA, which were 6.5 MPa at 284 K, 20 MPa at 280 K, and 8 MPa at 278 K, respectively [98]. The reason for this milder equilibrium condition requirement was attributed to two factors: the large size of the HCFC-141b molecule and (-F and -Cl) the high electronegativity of groups of HCFC-141b.



Strobel et al. (2007) presented semi-clathrate hydrate formation using the TBAB solution at 13.8 MPa and 279.5 K [58]. They observed 0.214 wt% hydrogen adsorption in the presence of 2.71 mol% TBAB solution and concluded that the hydrogen occupancy started with small cages and later proceeded to the larger cages. They reported hydrogen occupancy of 0.355 in the semi-clathrate hydrate crystals in the presence of TBAB solution [58].



Deschamps and Dalmazzone (2010) presented the phase equilibrium of semi-clathrate hydrates with tetrabutylammonium chloride (TBACl) and tetrabutylphosphonium bromide (TBPB) as hydrate promoters [99]. They determined that the dissociation temperature of the H2 + TBACL and H2 + TBPB hydrates was close to the ambient temperatures of 288.9 K and 286.5 K, respectively, in the pressure range of 15–18 MPa. The hydrogen storage capacity of 0.12 wt% and 0.14 wt% was achieved for H2 + TBACL and H2 + TBPB mixed hydrates, respectively [99].





3. Conclusions


The continuous effort to find cost effective, reliable, and environmentally safe hydrogen storage materials promotes research in hydrogen hydrate promoters. Storage for hydrogen attracts many researchers because hydrogen as an energy source has environmentally clean characteristics, the probability of high storage capacity, and the requirement of water as a raw material for hydrate formation material, which is recyclable. However, the challenge with hydrate hydrogen storage is the high pressure and low temperature requirements for hydrate formation. To solve this problem, different researchers proposed different hydrogen hydrate promoters which can shift the hydrate formation conditions toward ambient conditions. Many conventional and non-conventional promoters were reported to form sI, sII, sH, and semi-clathrate hydrogen hydrates. However, the challenge to increase the hydrogen storage capacity in hydrates has yet to be solved, and the kinetic challenges to scale up the hydrate storage to the commercial scale still need further investigation. Moreover, none of the hydrogen hydrate promoters were able to meet the technical targets given by the United States Department of Energy (DOE Technical targets for hydrogen storage systems for material handling equipment). We believe that with future, focused research on hydrogen hydrate storage technology and with the identification of high-storage-capacity, green, economical, and scalable hydrate promoters, the hydrate storage of hydrogen can be scaled up to the commercial level in the near future.
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Figure 1. Hydrate promoters (Type sII Crystal structure). 
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Figure 2. Hydrate promoters (Type sI Crystal structure). 
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Figure 3. Hydrate promoters (Type sH Crystal structure). 
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Figure 4. Hydrate promoters (semi-clathrate hydrates). 
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