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Abstract 

Clathrate hydrates are have potential as environment-friendly materials for storing hydrogen. under the right 

conditions of temperature and pressure. In this work, tetrahydrofuran (THF) aqueous solution with concentration of 3.0 

mol% was adopted to investigate hydrogen storage process. Moreover, thermal properties of hydrate was measured by 

high pressure differential scanning calorimeter (hp-DSC), and mechanism of hydrate-based hydrogen storage was 

studied by in-situ Raman. Especially, gas uptake, morphology and structures change of compounds from gas/liquid 
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interface towards hydrate layer were monitored in the process of hydrate formation. Thermal experiments illustrate 

that thermal data for THF-hydrogen binary hydrate under extra high pressures could be effectively obtained by hp-DSC, 

moreover, memory effect shows no influence on thermal state of hydrate but affects water aggregation weakly. Kinetics 

experiments and microscopic analysis illustrate that a special pressure drop and some THF hydrates with unstable 

structure can be found under conditions of 273.15 K and 14.53 MPa. The pressure drop involves into hydrogen 

molecules tunneling movements among hydrate cavities. Moreover, hydrogen molecules show a positive effect on the 

stability of binary hydrate. Further, the density of 1.875 g/liter water shows that hydrogen storage process via clathrate 

hydrate is an excellent method to store hydrogen.  

Keywords: Hydrate, hydrogen storage, THF, mechanism 

1. Introduction 

Gas hydrate is a kind of crystalline compound formed by host framework of water molecules via hydrogen bonds and 

guest molecules encaged into cavities through van der Waals under appropriate conditions of low temperature and/or 

high pressure.[1] Generally, the host water framework is built with three different cavities, including 12-hedra (512), 14-

hedra (51262) and 16-hedra (51264). The guest molecules, including different hydrate promoter molecules and various gas 

molecules, are encapsulated into these cavities via van der Waal force. In terms of size and characteristic of guest 

molecule, cubic structure (sI), cubic structure II (sII) and hexagonal structure H (sH) can be found.[2] Due to these 

encaging advantages, natural gas hydrate (NHG) is widely considered as the promising alternative energy resource in the 

future. Besides, it is also widely investigated as a special material to store and transit hydrogen, natural gas and carbon 

dioxide.[3]  

With the depletion of fossil fuels, various sustainable energy sources have attracted the eyes of researchers. Especially, 

hydrogen with advantages of being clean, environmental-friendly and efficient fuel, is an active research area worldwide. 

Although liquid hydrogen, compressed hydrogen gas, molecular hydrogen adsorption on solids, and bonding in 

hydrocarbons or metal hydrides have been developed to store hydrogen under their available conditions, the 

investigations on developing more efficient materials and methods for hydrogen storage are still being performed 

intensively.[4–7] The new materials are expected for the large-scale application without environmental hazards effect, 

and further can be recycled after the process. Consequently, clathrate hydrate presents an excellent advantage on 

hydrogen storage. Since 1990s, different structures of hydrogen hydrate have been reported, including clathrate 1 

structure with space group of 3R , and clathrate 2 structure with space group of 3Fd m .[8] Mao et al.[9] also proved that 

molecular hydrogen storage is an attractive alternative method for storing and transiting hydrogen. By this method, 

hydrogen molecules can be encaged into hydrate cavities constituted by water molecules. Moreover, the hydrate 

containing hydrogen could keep stable under certain condition for a long time due to self-protect effect of hydrate itself. 

[10] This type of hydrogen storage in forms of clathrate hydrate belongs to one of hydrate-based technologies. Expect 

for storing hydrogen, hydrate-based technologies can also be widely adopted to purify hydrogen from fuel gas together 

with pre-combustion capture of carbon dioxide, [11–15] and recover hydrogen from hydrogenation plant off-gas etc.[16]  



For the formation of the hydrate containing hydrogen, John et al.[17] formed hydrogen hydrate using  a high-pressure 

separator with SRC-II process (Solvent Refined Coal II Process) and found that hydrogen hydrate failed to be stable 

according to its Kihara parameters. However,  Vos et al.[18] fisrtly formed hydrogen hydrate in the pressure range of 

0.75 GPa to 3.1 GPa. In order to understand occupancy of hydrogen molecules into hydrate cavities, Mao et al.[19] 

adopted Raman spectrometry and x-ray diffraction (XRD) and found that hydrogen molecules were encaged into the 

cavities with hydrogen ploy-molecule clusters, forming sII hydrate. Lu et al.[20] also proved that hydrogen molecules 

were trapped into the cavities in forms of clusters and different molecule clusters occupied into different small and 

medium cavities. Although structures and mechanism of hydrogen hydrate formation were deeply under harsh 

conditions of ultra-high pressure and ultra-low temperature, such conditions are unavailable for large-scale 

industrialization. Thus, thermodynamic hydrate promoter, such as tetrahydrofuran (THF), tetrabutylammonium bromide 

(TBAB) and cyclopentane (CP), etc., is adopted to moderate pressure or enhance temperature of hydrogen hydrate 

formation. Hester et al.[21] investigated THF-hydrogen binary hydrate using high resolution neutron diffraction, and 

found that molecular hydrogen occupancy was affected by pressures with addition of THF as promoter. According to the 

report of Florusse et al.,[22] pressure could be reduced to 5 MPa from ultra-high pressure at 280 K by adding THF. In 

addition, Strobel et al.[23] reported that hydrogen could form sH hydrates with cyclohexanone as promoter. Qin et 

al.[24] ever adopted a new mixed hydrate-the oxygen-hydrogen hydrate to store hydrogen. Veluswamy et al.[25] 

investigated macroscopic kinetics of hydrogen hydrate formed in systems with THF, TBAB and CP, and found that highest 

hydrogen density for sII hydrate with 0.0173 mole of gas/mole of water could be obtained in 3.5 mol% THF solution 

under conditions of 12 MPa and 279.2 K, showing a better hydrogen storage capacity in comparison with semi-clathrate 

hydrate containing TBAB. Veluswamy et al.[26] also adopted propane to form another sII hydrate containing hydrogen, 

and proposed a two-step hydrate crystal growth mechanism based on kinetic experimental results.[27] Besides, 

hydrogen storage capacity of other hydrates with addition of tetrahydrothiophene, furan, tetrabutylammonium fluoride, 

and so on, were performed as well.[28–36] However, THF still shows much better effect on both hydrogen storage 

capacity and hydrate formation rate. Therefore, THF was adopted as hydrate promoter in this work.  

To clear formation mechanism of hydrate containing hydrogen, some calculations and experiments were ever carried 

out from the microscopic point of view. Zhao et al.[37] reported that guest molecules with various size and 

hydrophilicity presented different characteristics when they were participating in the process of hydrate formation in 

microscopic media. Moreover, Raman shift changed involving into guest-host hydrogen bonding, according to the results 

reported by Lim et al.[38] in the system with diazine isomers. Park et al.[39] proposed that small nitrogen molecules  

influenced cage occupancy of hydrogen molecules. However, most of experiments were achieved in ice system instead 

of liquid system. However, it is important to understand hydrate formation mechanism in liquid system. Thus, the 

process of hydrate nucleation and crystal growth in or around gas/liquid interface was investigated in this system with 

THF. To obtain comprehensive information of THF-hydrogen binary hydrate, two groups of experiments were achieved, 

involving into thermodynamics, macroscopic kinetics and microscopic analysis. In particular, thermodynamic 

experiments were carried out using high pressure differential scanning calorimeter (hp-DSC) to understand phase 



behavior during hydrate formation and dissociation, performing thermos-gram and thermal parameters of THF-

hydrogen hydrate. Kinetic data and morphology were recorded in the process of THF-hydrogen binary hydrate formation, 

meanwhile, structure changes of compounds in and around the gas/liquid interface were measured using in-situ Raman 

spectrometer.  

2. Experimental section 

In this work, two different groups of experiments were carried out in THF solution with concentration of 3.0 mol% to 

clear mechanism of hydrate-hydrogen formation. Materials and equipment were detailed in Supporting Information. 

Thermodynamic experiments were performed by using the hp-DSC, as shown in Fig. S1, to understand the phase 

behaviors of hydrate formation and dissociation, and further obtain thermos-gram and thermal parameters of THF-

hydrogen hydrate. Macroscopic experiments were carried out with the equipment shown in Fig. S2. Kinetic data and 

morphologies were recorded in the process of THF-hydrogen binary hydrate formation. In-situ Raman spectrometer 

experiments were carried out in the same equipment adopted for macroscopic experiments to determine structure 

change of compounds in and around gas/liquid interface in the process of hydrate formation. 

For thermodynamic experiments, after desired mass of water and THF solution was added into a sample cell, the 

hydrogen was injected into by a pressure panel, then the thermal cycling performed following the program, as shown in 

Fig. S1 and Fig. S3. For macroscopic experiments, 80 mL solution containing water and water-soluble promoter of THF 

was added into the crystallizer without stirring, as shown in Fig. S3. Then, the jacket temperature was set at the 

temperature of 273.15 K. When the temperature was constant, gas was introduced into crystallizer and pressurized up 

to 14.53 MPa. In the process of hydrate formation, pressures and temperatures were recorded, and morphology of 

hydrate nucleation or crystallization in and around the gas/liquid interface was filmed by a Nikon digital camera. 

Meanwhile, in-situ Raman spectrometer measurements were carried out in the same process. For in-situ Raman 

experiment, Raman spectrometer (Horiba, LabRAM HR) with a single Monochromator of 600 grooves/mm grating and a 

multichannel air-cooled CCD (charge coupled device) detector was employed to characterize the structure changes of 

the compounds in and around the gas/liquid interface before and during the hydrate formation. A 532 nm incident laser 

beam was used. The Ar-ion laser was focused on the sample by a 1× microscope objective. The spectroscopic data were 

detected by a CCD detector with an energy resolution of 100 mW and recorded with a 10 s integration time over 5-30 

scans. The silicon (Si) crystal standard of 520.7 cm-1 was adopted to calibrate the subtractive spectrograph. After adding 

THF solution into the crystallizer, compounds in and around gas/liquid interface were initial measured by using in-situ 

Raman spectrometer to obtain the characteristics of gas/liquid interface without effect of hydrogen molecules. Next, 

when hydrogen was injected into the crystallizer to the desired value of 14.53 MPa, compounds in and around gas/liquid 

interface were measured again before hydrate formation. Moreover, this measurement was recorded as Raman spectra 

at 0 h. In the process of hydrate formation, compounds in and around gas/liquid interface were measured at 48 h, 96 h, 

132 h, and 168 h, respectively. 



3. Results and discussion 

3.1 Thermal properties of THF-hydrogen binary hydrate   

In order to investigate the formation and dissociation behavior of the THF-hydrogen binary hydrate, a hp-DSC was 

adopted to perform thermodynamic experiments in fresh and memory THF solution. The mass of THF solution with 894 

mg was injected into hp-DSC sample cell to form THF-hydrogen binary hydrate. All thermodynamic experiments were 

carried out using hp-DSC in the same memory THF solution with concentration of 3.0 mol% under pressures of 18.00 

MPa, 25.00 MPa and 34.00 MPa, respectively. 

3.1.1 Memory effect 

Fig. 1 shows thermograms of THF-hydrogen binary hydrate at the pressure of 18.00 MPa in fresh and memory THF 

solution. The formation and dissociation behavior of THF-hydrogen binary hydrate formed in fresh and memory THF 

solution are quite similar. For each temperature decreasing process, two major exothermic peaks, corresponding to 

hydrate formation and ice freezing, can be observed. The first exothermic peak is assigned to hydrate formation, it 

occurs at 265.19 K in the fresh solution and 263.82 K in the memory solution. Both of these temperature are lower than 

that of 273.15 K obtained in pure water system,[40] because freezing point of water can be reduced significantly by 

adding soluble organic compound of THF.[41] The temperature relative to hydrate formation in the memory solution is 

1.27 K lower than that obtained in the fresh solution. It involves into the existence of residual relic water framework in 

the memory solution. Moreover, such heat relative to framework construction from the relic water framework towards 

hydrate cavities is too weak to be detected. In addition, tiny exothermic peaks appearing at around 261.91 K before ice 

freezing, could be resulted from the heat releasing, relative to water molecules in this kind of residual relic framework 

freezing towards ice. The exothermic peak is assigned to ice freezing, it shows at 260.33 K and 260.89 K in the fresh 

solution and in the memory solution, respectively. Especially, the ice freezing temperature obtained in the memory 

solution is 0.56 K higher than that obtained in the fresh solution. It also indicates that some residual water framework 

possibly exist in the memory water. This result is consistent with the conclusion that memory effect benefits for 

shortening induction time of hydrate formation.[42] Here, we propose that water molecules in residual relic framework 

are competed between the construction of hydrate cavities and the freezing to ice. Such competitive result leads to the 

memory effect and the tiny exothermic peaks as above mentioned.  For each temperature increasing process, two 

endothermic peaks can be found, as shown in Fig. 1. The first endothermic peak with asterisk at 272.28 K is assigned to 

the ice melting, and the second endothermic peak is related to the dissociation of THF-hydrogen binary hydrate. For the 

ice melting, all endothermic peaks show similarly. Only the area of the endothermic peak obtained in the memory 

solution is a little smaller than that obtained in the fresh solution. It is another evidence for the existence of water 

residual relic framework in the memory solution. Moreover, the addition of THF shows a positive effect on keeping this 

kind of framework structure. In our previous work, the similar water aggregation was ever testified using in-situ Raman 

in the gas/THF solution interface and in the THF solution after hydrate dissociation.[15] For the hydrate dissociation, the 

area of endothermic peak obtained in the memory solution is also smaller than that in the fresh solution, showing the 

amount of the heat releasing from THF-hydrogen binary hydrate formation in the memory solution less than that in the 



fresh solution. Due to the same thermal state after hydrate dissociating completely, this phenomenon involves into the 

decrease of the water molecules which can directly form the binary hydrate from the free situation instead of the 

residual framework structure. On the contrary, it also indirectly illustrates that the residual framework exhausts and 

limits some free water molecules. According to the report, [43] the onset temperature of hydrate dissociation can be 

determined based on the intersection of baseline and the linear part of endothermic peaks. As shown in Fig. 3, THF-

hydrogen binary hydrate is dissociated at 282.18 K and 282.28 K in the fresh solution and in the memory solution, 

respectively. The temperature deviation of 0.1 K is in the range of temperature measuring error. Therefore, no obvious 

influence on equilibrium data is resulted in the memory solution. In sum, the memory effect really exist in the memory 

solution, affecting water aggregation in the process of hydrate formation and dissociation, however, it shows no 

significant influence on thermal state of THF-hydrogen binary hydrate. 

3.1.2 Thermal properties of THF-hydrogen binary hydrate 

Thermograms of these THF-hydrogen binary hydrates are shown in Fig. 2, and two groups of endothermic peaks can 

be observed. One group of endothermic peaks with asterisk are assigned to the process of ice melting, and another 

group of endothermic peaks are assigned to the dissociation process of THF-hydrogen binary hydrate. For the 

endothermic peaks relative to ice melting, it can be found that the ice melting temperature decreases with the increase 

of pressure, moreover, the temperature deviation among these ice melting temperatures under difference pressure are 

changed in the range of around 1.5 K, higher than the temperature accuracy of 0.1 K for hp-DSC equipment. It illustrates 

that the crystallinity of THF-hydrogen binary hydrate can be improved through increasing pressure, weakening the 

degree of cementation among THF molecules and ice due to THF-hydrogen binary hydrate appearance. In detail, there 

are hydrogen bonding among water molecules of ice and THF molecules without hydrate formation, resulting in a higher 

temperature to melt this kind of ice. However, these intermolecular forces can be weaken with the decrease of THF 

molecules due to THF-hydrogen binary hydrate. Specially, THF molecules can be reduced significantly because most of 

them are encaged into hydrate cavities by enhancing the pressure. As a result, the eutectic temperature is lowered by 

increasing pressures. Similar conclusion was ever reported in the hydrate formation system containing water, THF and 

carbon dioxide.[41] For the endothermic peaks corresponding to THF-hydrogen binary hydrate, it can be found that the 

temperature of hydrate dissociation increases with the increase of pressures. It illustrates that thermal state of THF-

hydrogen binary hydrate is different under different conditions of pressure and temperature, meanwhile, the 

equilibrium temperature of THF-hydrogen binary hydrate increases with the increase of pressures. Because higher 

driving force for hydrate formation could be supplied by decreasing the temperature at the certain pressure. Besides, 

amplitudes of the endothermic peaks for THF-hydrogen binary hydrate dissociation are also dependent pressure. The 

higher pressure results in a larger endothermic peak of THF-hydrogen binary hydrate dissociation. In addition, the 

asymmetry of these endothermic peaks is not perfect, showing different tiny shoulder peaks under different pressures, 

as marked with crisscross. For example, the shoulder peak obtained at the pressure of 34.00 MPa occurs prior to those 

obtained under pressures of 18.00 MPa and 25.00 MPa. It may be resulted from the initial escaping of hydrogen 

molecules from hydrate cavities prior to THF molecules releasing in the process of hydrate dissociation at pressure of 



34.00 MPa. Because the cavities without trapping THF molecules may be encaged by hydrogen molecules completely, 

showing a flexible escaping situation for hydrogen molecules in comparison with that for THF molecules on basis of 

different weak intermolecular forces between cavities-hydrogen molecules and cavities-THF molecules. And it may be 

one reason for the decrease of ice melting temperature with the increase of pressure. More experiments need to be 

carried out in the future. Based on the onset point determined methods mentioned in section 3.1.1, the dissociation 

temperature of THF-hydrogen binary hydrate can be obtained. As shown in Fig. 2, the hydrate dissociation temperature 

is 282.41 K, 284.09 K and 285.82 K at the pressure of 18.00 MPa, 25.00 MPa and 34.00 MPa, respectively. Based on 

these data for the thermal state of THF-hydrogen binary hydrate, a elemental P-T curve can be plotted as shown in Fig. 3. 

For the hydrogen formation system, hp-DSC is a good equipment to perform the equilibrium data with extra high 

pressure and understand the hydrate dissociation process. 

3.2. Macroscopic kinetics and morphology during hydrate formation 

    Kinetic experiments of THF-hydrogen hydrate are carried out in the 3.0 mol% THF solution at 273.15 K and 14.53 MPa. 

Morphology of hydrate formation process were filmed by a camera. The hydrate formation rate is evaluated by an 

average rate, calculating with the amount of gas uptake per unit time (mmol/h). Fig. 4 shows morphology of hydrate 

formations at 0, 48, 96, 127, 132 and 168 h, respectively. Fig. 5 show changes of pressure and gas uptake in the process 

of hydrate formation. With hydrate formation, the pressure continuously decreases, and the amount of gas uptake 

increase accordingly. As shown in Fig. 5, the hydrate formation process could be divided into three stages (stage A, stage 

B and stage C) with different hydrate formation rate. The average hydrate formation rate is approximately 0.19 mmol/h, 

1.25 mmol/h and 0.56 mmol/h obtained in stage A, stage B and stage C, respectively. Apparently, the distribution of 

hydrogen molecules is different in three stages. In stage A, the amount of gas uptake is possibly resulted from the 

hydrogen molecules movement from gaseous phase towards THF solution, forming hydrates together with THF 

molecules or wandering in the interspaces among THF hydrates by means of gas bubble. When THF hydrate could be 

formed at 273.15 K, as shown in Fig. 4. At the beginning, no hydrate can be observed in gas/liquid interface. From 48 h 

to 127 h, the obvious hydrate layer could be found, furthermore, this hydrate layer continuously thickens toward the 

bulk solution with time. Especially, some eye-catching gas bubbles can be observed. There are two reasons for the 

limited hydrate formation rate in Stage A. On the one hand, at the beginning, the amount of stable cavities is limited to 

hold hydrogen molecules enough. On the other hand, the mass transfer resistance from THF hydrate layer leads to the 

limited movements of hydrogen molecules from gaseous phase towards solution. However, due to the size of is quite 

small, hydrogen molecules could still move from gaseous phase towards the top of THF hydrate layer, and move among 

THF hydrates due to the small molecular size. From Fig. 4, some gas bubbles can be observed at 48 h, it proves that 

hydrogen molecules wander in the interspaces among THF hydrates in Stage A. Subsequently, with hydrogen molecules 

moving among THF hydrates, some of hydrogen molecules are captured into cavities, forming THF-hydrogen binary 

hydrates. As a result, both of the amount of gas uptake and the hydrate formation rate sharply increase in Stage B. It is 

consistent with the results obtained in the system with hydrogen.[44] As hydrate cavities are encaged by hydrogen 

molecules in the top of THF hydrate layer, the mass transfer between free hydrogen molecules and the empty hydrate 



cavities will be limited. As a result, hydrogen molecules have to wander among THF hydrates again, encage into cavities 

with cluster, or move through tunnels among cavities of THF hydrates. At 127 h and 132 h in Stage B, the hydrate in the 

gas/liquid interface is densifying towards the bulk solution and some hydrates are growing along the crystallizer wall 

upper the gas/liquid interface. In the bulk solution, the transparent hydrate crystals and a clear hydrate layer boundary 

could be observed. It illustrates that hydrogen molecules benefits for the hydrates formation, moreover, they are helpful 

to accelerate the hydrate formation. Consequently, as shown in Stage C, the hydrate formation rate decreases again 

because of mass transfer resistance. But it is higher than that obtained in stage A for hydrogen molecules continuous 

encaging into hydrate cavities. At 168 h, the hydrate crystals grow into the bulk solution, which is consistent with the 

change of gas uptake as shown in the stage C in Fig. 7.  After hydrate forming 192 h, around 0.0722 mol hydrogen is 

consumed and the density of hydrogen of 1.875 g/liter water can be obtained, which is an important parameter to 

estimate storage capacity for hydrate-based hydrogen storage technology. 

    Take the gas uptake into account, it shows that hydrogen molecules maybe also play a inducing role to accelerate the 

formation of the binary hydrate, like THF promoter molecules in this work. The hydrates containing hydrogen firstly 

form in the gas/liquid interface, then continuous nucleate and grow towards bulk solution. This kind of growth model 

just relates to hydrates containing gas molecules instead of the pure hydrates of promoters. As reported by Veluswamy 

et al.[27] and Cai et al.,[15] for the hydrogen formation system, the obvious hydrate crystal and the boundary between 

the hydrates and the solution can be observed in the gas/liquid interface from the pictures. On basis of enough contact 

among gas, hydrate promoter and water molecules, the mixed hydrate also could be formed in the bulk solution for 

carbon dioxide solubility in statics or stirring systems. Especially, such gas/liquid interface present between the gaseous 

phase and the solution by adding the hydrate promoter of THF with hydrophilic and polarity.  However, for the CO2/H2 

hydrate formation system, the hydrate crystal can be initially observed in the gas/liquid interface. This hydrate crystal 

growth models are due to the different solubility of CO2 molecules and hydrogen molecules not just THF molecules. 

Apparently, it could indirectly illustrate that the participation of the gas molecules also show a promoting effect on the 

mixed hydrate formation. 

3.3. Raman spectra for compounds during hydrate formation 

3.3.1 Detail different structures during hydrate formation 

As shown in Fig.4 and Fig.5, morphology and gas uptake for THF-hydrogen hydrate formation have been obtained, and 

it is helpful to understand the hydrate formation process from the macroscopic point of view. However, factors affecting 

hydrate formation rate and distinguishing of THF hydrate and THF-hydrogen hydrate need to be clear from the 

microscopic point of view. Therefore, in-situ Raman spectrometer is employed to focus on microscopic information in 

and around gas/liquid interface and growing hydrate layer in the process of the hydrate formation. 

Take Raman spectra for hydrate formation at 127 h as an example, Fig. 6 shows Raman spectra for compounds from 

gaseous phase towards THF solution at 127 h occurring the special pressure drop, as shown in Fig.5. The structures of 

compounds in gaseous phase, hydrate layer and THF solution are detailed in Fig. 6. Generally, it will involve into three 



significant signs relative to hydrate formation on Raman spectra in the system containing THF molecules and hydrogen 

molecules. For hydrogen molecules, Raman peaks at around 583 cm-1 (as shown in Fig. 7-11), 4126 cm-1, 4144 cm-1, 4155 

cm-1, and 4162 cm-1 are assigned to H-H vibration model in gaseous phase. When hydrogen molecules are trapped into 

hydrate cavities, Raman peaks at around 583 cm-1 (as shown in Fig. 7-11), 4144 cm-1, 4155 cm-1, and 4162 cm-1 disappear, 

and only a broad bands can be detected as hydrogen molecules encaged into hydrate cavities. As shown in Fig.6 (a), the 

peaks at around 4126 cm-1 in gaseous phase blue-shift to around 4129 cm-1 when hydrogen molecules are encaged into 

hydrates. Moreover, the intensity of Raman peaks corresponding to hydrogen molecules inside hydrates significantly 

decrease in comparison with that in gaseous phase.  Such phenomenon is consistent with the results reported in 

literatures.[39,45] As shown in Fig. 6(b), for THF molecules, Raman peaks at around 913 cm-1 are assigned to ring 

breathing model, and Raman peaks at around 2889 cm-1, 1948 cm-1 and 2994 cm-1 are assigned to C-H stretching 

vibration model in solution. When THF molecules are trapped into hydrate cavities, the intensity of Raman peaks 

corresponding to C-H stretching vibration and ring breathing model significant reduce in THF solution and into hydrate 

cavities in comparison with that in pure liquid THF. Especially, Raman peaks at 884 cm-1 is an important sign to 

distinguish the THF molecules encaged into the hydrates or not.[22] The occurring of this peak illustrates that THF 

molecules are surrounded by free water molecules or the unstable water fragments. Oppositely, the disappearing of this 

peak generally shows that THF molecules are encaged into hydrate cavities. Meanwhile, for THF molecules, the peaks at 

around 913 cm-1 in THF solution blue-shift to around 916 cm-1 in THF-hydrogen hydrate, which shows similar blue-shift 

with the results reported by Komatsu et al.[46] In this work, the peaks at around 915 cm-1 is regarded as the sign relative 

to the occurring of THF-hydrogen hydrate intermediate in the process of THF-hydrogen binary hydrates. From Fig. 6(b), 

it also can be found that Raman peaks corresponding to ring breathing of THF molecules blue-shift from 913 cm-1 to 916 

cm-1, when the stable hydrate structures appear with trapping of hydrogen molecules into hydrate cavities, as shown in 

Fig. 6(a). Based on Raman structure changes with time, as shown in Fig. 7-11, we proposed that small hydrogen 

molecules have a promoting effect on binary hydrate stability. In other words, the formation of stable THF-hydrogen 

binary hydrates are formed based on the synergistic effect of THF molecules and hydrogen molecules. Same conclusion 

was ever proven based on phase equilibrium experiments carried out by Trueba et al.[47] For water molecules, Raman 

peaks at around 3400 cm-1 are assigned to O-H stretching vibration in free water molecules (FW), and Raman peaks at 

around 3200 cm-1 are assigned to O-H stretching vibration in water cluster with intermolecular hydrogen bonds (BW). 

The relative intensity (IBW/IFW) of the peaks at 3200 cm-1 and 3400 cm-1 is an important sign to determine hydrates 

formation as well. The increase of IBW/IFW illustrates hydrate formation due to the increase of bonding water molecules 

in systems, like the value of IBW/IFw higher than 1. To illustrate hydrate formation process at different time, Raman peaks 

for compounds in different phase and their intensity changes are determined and compared on basis of three different 

signs in section 3.3.2.  

3.3.2 in-situ Raman spectra for hydrate formation  

Fig. 7 shows Raman spectra for compounds at the beginning of hydrate formation at 273.15 K and 14.53 MPa. Only 

compounds structure in gas/liquid interface are measured. It can be found that numbers of Raman spectra is limited 



because gas/liquid interface is quite thin. In addition, the intensity of peaks are weak. It is consistent with our previous 

report of gas/liquid interface.[15] Three different kinds of peaks corresponding to hydrogen, THF and water molecules 

can be observed from Raman spectra, as detailed in Fig. 6. In Fig. 7, all peaks mentioned above in Section 3.3.1 are weak, 

and even some of them fail to be detected. It proves that gas/liquid interface show the special character on reducing 

and changing the distribution of compounds in the gas/liquid interface. Especially, in the gas/liquid interface, the water 

molecules are rearranged, the distribution of hydrogen molecules are changed, and the polarity of THF molecules are 

influenced. Moreover, the concentration of hydrogen, THF and water molecules in the gas/liquid interface is limited. As 

a result, there is an obvious density deviation for hydrogen, THF and water molecules relative to hydrogen in gaseous 

phase, THF in solution and water in bulk aqueous solution, respectively. Additionally, some relative intensity (IBW/IFW) of 

the peaks at 3200 cm-1 and 3400 cm-1 corresponding to water molecules is marked in Fig. 7. It can be found that most of 

values of IBW/IFW are less than 1 in THF solution, related to free water molecules. However, some values of IBW/IFW are 

more than 1, related to the bonding water molecules. Moreover, such distribution of relative intensities shows 

irregularly, it illustrates that the water molecule aggregate around the gas/liquid interface are changed. Moreover, the 

water molecules in and around the interface mainly shows the similar characteristics of bonding water molecules in 

hydrates. Therefore, it verifies that the gas/liquid interface has a positive effect on constructing water clusters or water 

framework initially in THF solution.  

Fig. 8 shows Raman spectra for compounds in the process of the hydrate formation at 48 h. As shown in Fig. 5 and 

Fig.6, gas uptake and observable hydrate crystals show that hydrates are forming with time. However, it is difficult to 

determine the situation of hydrogen molecules, drifting among THF hydrate or encaging into hydrate cavities. From Fig. 

8, it can be found that only one broad peak for hydrogen molecules could be detected at around 4129 cm−1, 

corresponding to hydrogen molecules encaged into hydrate cavities. As reported in the literature,[48] this peak of 

hydrogen molecules is blue-shifted from Raman peaks at around 4126 cm−1 corresponding to H-H vibration model in 

gaseous phase due to the electron density of hydrogen molecules affected by water molecules. Moreover, the intensity 

of broad peaks at around 4129 cm−1 are significantly decreased in comparison with those in gaseous phase. In addition, 

for THF molecules, the peaks at around 913 cm−1 corresponding to ring breathing vibration in solution blue-shifts to 916 

cm−1, and the peaks at around 884 cm−1 disappear, as shown in part a and part b of Fig. 8. It means that THF molecules 

are always trapped into hydrate cavities. For most of Raman peaks for water molecules, the values of relative intensity 

(IBW/IFW) of the peaks at 3200 cm-1 and 3400 cm-1 corresponding to water molecules are more than 1, it is related to 

bonding water molecules for constructing hydrate cavities. In addition, the broad peak at 4129 cm−1 corresponding to 

hydrogen molecules encaged into hydrates shows a regular trends from the gas/liquid interface towards the lower 

boundary of the hydrate layer, especially as shown in part b in Fig. 8. Moreover, as shown in part a in Fig. 8, water 

molecules shows bonding water molecules, but there is no obvious hydrogen molecules can be found. It illustrates that 

hydrogen molecules continuously move from the interspace among hydrates formed in the gas/liquid interface towards 

THF hydrates. Moreover, this kind of hydrogen molecules movement of among the hydrates has no effect on the 

hydrate structures at 48 h.      



Fig. 9 shows Raman spectra for compounds in the process of the hydrate formation at 96 h. As detailed in part a, for 

THF molecule, the peaks at around 884 cm−1 appears, and no obvious peaks corresponding to hydrogen molecules 

encaged into hydrate cavities can be observed.  Although some peaks corresponding to bonding water are still shown in 

this part, the relative intensity (IBW/IFW) of the peaks at 3200 cm-1 and 3400 cm-1 corresponding to water molecules 

apparently decrease. Especially, most of values of IBW/IFW are less than 1.  It shows that hydrogen molecules is still 

moving from hydrate cavities towards hydrate layer, as illustrated in Fig. 6. Moreover, with this movement of hydrogen 

molecules, the hydrate cavities are destroyed, and THF molecules release from hydrates after a long time due to the 

occurrence of the peaks at around 884 cm−1. In other words, it indirectly proves that hydrogen molecules has a positive 

effect on binary hydrate stability. However, in the middle hydrate layer as shown in part b, the peaks hydrogen 

molecules encaged into hydrate cavities can be observed again, and relative intensity (IBW/IFW) of the peaks at 3200 cm-1 

and 3400 cm-1 corresponding to water molecules increase as well, and the values of IBW/IFW are higher than 1. As shown 

in part b, there are only one peaks at around 916 cm−1 corresponding to THF molecules encaged into hydrate cavities. 

Therefore, we proposed that hydrogen molecules tunnel among hydrate cavities in hydrate layer, which is consistent 

with the results shown in Fig. 8. This is first time to illustrate the tunneling movement of hydrogen molecules in liquid 

systems. Same hydrogen molecules tunneling among water cavities was were reported in solid systems by Belosudov et 

al.[10] Based on the results of lattice dynamic and molecular dynamic, hydrogen molecules could move from the cavities 

of Ih ice towards the hydrate/ice interface, further encaged into hydrate cavities and forming hydrogen hydrates. Due to 

the encaging of hydrogen molecules, THF hydrate become more stable. Because of these intrinsic structures changes, 

the rate of gas uptake is limited in Stage A, as shown in Fig.6. From morphology of hydrate formation at 48 h and 127 h, 

gas bubble surrounded by hydrates disappeared because of THF-hydrogen binary hydrate formation. It also another 

indirect evidence for hydrogen molecules are moving among hydrates and tunneling through hydrate cavities in Stage A. 

    Fig.10 shows Raman spectra for compounds in the process of the hydrate formation at 132 h. From the gas/liquid 

interface toward the lower boundary of hydrate layer, the peaks at around 916 cm−1 corresponding to THF molecules 

encaged into hydrate cavities and the broad peaks at around 4129 cm−1 corresponding to hydrogen molecules encaged 

into hydrate cavities are increase again in comparison with those at 96 h. Moreover, the relative intensity (IBW/IFW) of the 

peaks at 3200 cm-1 and 3400 cm-1 corresponding to water molecules apparently increase. These prove that the stable 

THF-hydrogen binary hydrates are formed at 132 h, and more hydrogen molecules can be encaged into hydrate cavities 

as well. It is consistent with macroscopic results based on gas uptakes change as shown in Fig. 6. The rate of gas uptake 

increases, resulting from the rearrangement of THF molecules and hydrogen molecules in hydrate cavities at 132 h, 

further affecting THF-hydrogen binary hydrate formation. After the rearrangement of THF molecules and hydrogen 

molecules, the regular structure changes at 168 h can be found as shown in Fig. 11. As shown in part a, the broad peaks 

at around 4129 cm−1 corresponding to hydrogen molecules encaged into hydrate cavities show an obvious distribution 

change from the  gas/liquid interface  towards the bulk hydrate layer. As detailed in part a and part b, all relative 

intensity (IBW/IFW) of the peaks at 3200 cm-1 and 3400 cm-1 corresponding to water molecules apparently increase. 

Moreover, all peaks of THF molecules appears at around 916 cm−1, presenting THF molecules encaged into the hydrates 



thanks to hydrogen molecules. It illustrates that table THF-hydrogen binary hydrate are formed in part a. However, in 

part b, only pure THF hydrates cavities need to be encaged by hydrogen molecules, or the amount of hydrogen 

molecules encaged into the hydrates is limited, failing to be detected.  Same trend of Raman spectra at 168 h, as shown 

in Fig. S4, can be found with that at 132 h because there is no special hydrate formation after Stage B. 

4. Conclusion 

To develop new environment-friendly methods of hydrogen storage, hydrate-based hydrogen storage was 

investigated in THF solution. Moreover, in order to understand aggregations of compounds in and around the gas/liquid 

interface, and figure out some factors relative to hydrate nucleation, two different groups of experiments were carried 

out in this work. Thermal properties of binary hydrates was measured by high pressure differential scanning calorimeter 

(hp-DSC). Gas uptake, morphology and structure changes of compounds from gas/liquid interface towards hydrate layer, 

were monitored by camera and in-situ Raman spectrometer in the process of the hydrate formation at 273.15 K and 

14.53 MPa. For thermal experiments, the dissociation temperatures of THF-hydrate binary hydrate are obtained as 

282.41 K, 284.09 K and 285.82 K at the pressures of 18.00 MPa, 25.00 MPa and 34.00 MPa, respectively. During hydrate 

formation, hydrate nucleation initially happens in gas/liquid interface, and the aggregate of water molecules and the 

interaction forces among hydrogen, THF and water are significantly changed around the gas/liquid interface. This water 

molecules aggregate is the original structures related to hydrate nucleation. Moreover, a special pressure drop and 

structure change are observed at 127 h. THF hydrates with unstable structure are found, and hydrogen molecules have 

positive effect on THF hydrates to be stable. The hydrogen molecules encaged into the cavities maybe move in tunnels 

among cavities during binary hydrate formation. For hydrate-based on hydrogen storage, the density of hydrogen with 

1.875 g/liter water is obtained after 168 h, and it shows a great promising competitiveness for hydrogen storage. 
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Tables and Figures 

Fig. 1. Thermograms of THF-hydrogen binary hydrate formation and dissociation at 18.00 MPa in the fresh solution and 

the memory solution. 

Fig. 2. Thermograms of THF- hydrogen binary hydrate dissociation at different pressures. 

Fig. 3. Dissociation equilibrium data of THF- hydrogen binary hydrate. 

 Fig. 4. Morphology at different time in the process of hydrate formation. 

Fig. 5. Changes of pressure and gas uptake in the process of hydrate formation. 

Fig. 6 Raman spectra for compounds from gas/liquid interface towards hydrate layer at 127 h. 

Fig. 7 Raman spectra for compounds in gas/liquid interface at the beginning. 

Fig. 8 Raman spectra for compounds from gas/liquid interface towards hydrate layer at 48 h. 

Fig. 9 Raman spectra for compounds from gas/liquid interface towards hydrate layer at 96 h. 

Fig. 10 Raman spectra for compounds from gas/liquid interface towards hydrate layer at 132 h. 
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Fig. 1. Thermograms of THF-hydrogen binary hydrate formation and dissociation at 18.00 MPa in the fresh solution and 

the memory solution. 
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Fig. 2. Thermograms of THF- hydrogen binary hydrate dissociation at different pressures. 
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Fig. 3. Dissociation equilibrium data of THF- hydrogen binary hydrate. 

 

 

Fig. 4. Morphology at different time in the process of hydrate formation. 

 



 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Changes of pressure and gas uptake in the process of hydrate formation. 
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Fig. 6 Raman spectra for compounds from gas/liquid interface towards hydrate layer at 127 h. 

 



 

Fig. 7 Raman spectra for compounds in gas/liquid interface at the beginning. 

 

 

Fig. 8 Raman spectra for compounds from gas/liquid interface towards hydrate layer at 48 h. 



 

Fig. 9 Raman spectra for compounds from gas/liquid interface towards hydrate layer at 96 h. 

 

 

Fig. 10 Raman spectra for compounds from gas/liquid interface towards hydrate layer at 132 h. 

 


