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A B S T R A C T

Clathrate hydrate is regarded as a quite promising functional material for energy storage. Here, we reported a 
conceptually innovative approach by constructing a hydrate solid solution through synergistic integration of 
sulfur hexafluoride (SF6) and tetrabutylammonium bromide (TBAB). The lattice distortion of the new hydrogen- 
bonded framework was validated by PXRD and Raman spectroscopy. And DSC indicated TBAB/SF6 hydrate solid 
solution exhibited excellent thermodynamic stability. The lattice distortion fundamentally alters cage dynamics, 
enabling unprecedented H2 diffusion kinetics with the characteristic of two-step hydrate formation: A rapid 
storage stage achieved 0.453 wt% within 30 min, followed by a slow, constant-rate diffusion stage reaching 
0.527 wt% over 8 h. The lattice distortion of TBAB/SF6 hydrate solid solution facilitated hydrogen diffusion into 
the hydrate phase, while Raman analysis verified double H2 occupancy in the small cages. The TBAB/SF6 hydrate 
solid solution represents a tunable platform for efficient hydrogen storage. This work establishes that controlled 
lattice defects can be harnessed to optimize cage functionality.

1. Introduction

With the increasing global environmental challenges caused by the 
use of fossil fuels, hydrogen energy, as a clean energy carrier, is 
becoming more prominent [1]. The hydrogen energy industry chain 
mainly includes hydrogen production, storage, and utilization, among 
which hydrogen storage is currently the key factor for the commercial 
application of hydrogen energy. Conventional methods such as 
compression, liquefaction, adsorption, etc. partially face the problems of 
high energy consumption, difficulty of storage and transportation, and 
poor reversibility [2–4]. Hydrate-based hydrogen storage, as a newly 
developed technology, has attracted much attention as the characteris
tics of mild storage and transportation conditions, no pollution, and 
simple release process [5], and is regarded as the next generation 
hydrogen storage materials [6].

Clathrate hydrates are crystalline compounds with water molecules 
as the host, which generally exhibit different crystal structures (sI, sII, 
sH, and semi-clathrate), usually dictated by the size of the guest 

molecules [7]. And hydrate-based hydrogen storage can be achieved just 
by occupying the hydrate cages as guest molecules. Mao et al. [8,9] 
synthesized pure hydrogen hydrates at 2300 MPa and 300 K with the 
storage capacity of 11.2 wt%. Although the storage capacity was 
considerable, the formation conditions required were too harsh for in
dustrial production. Florusse et al. [10] first suggested that thermody
namic additive (THF) could occupy the large cages to achieve stable 
storage of hydrogen molecules in the small cages at 279.6 K and 5 MPa. 
This discovery provided theoretical support for the commercial appli
cation of hydrate-based hydrogen storage technology, but the additives 
would occupy the large cages and fundamentally reduce the theoretical 
hydrogen storage capacity of hydrates (1.06 wt%) [11]. Even so, the 
experiment results have not achieved high hydrogen storage capacity 
under practical conditions, usually 0.2–0.6 wt% [12–14], only about 
half of the theoretical storage capacity. Fundamentally, the obstacle to 
achieve the theoretical hydrogen storage capacity is that the limited 
effective hydrate cages and mostly concentrated at the gas-solid inter
face, it is difficult for hydrogen molecules to enter the inner hydrate 
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layer.
The formation of hydrogen hydrates is a complex process of heat 

transfer, mass transfer, and phase change. The key issue to improve the 
hydrogen storage capacity is to increase the number of “effective 
hydrogen cages” of hydrates, namely the hydrate cages that hydrogen 
molecules can enter. While the diffusion of hydrogen molecules into the 
hydrate cages is the key factor [15]. Wang et al. [16,17] indicated that 
hydrogen molecules can rapidly enter the cages of the outer hydrate 
layer with molecular dynamics simulations, but the occupied 512 cages 
on the boundary layer would hinder further diffusion of hydrogen 
molecules into the inner hydrate layer; Hasegawa et al. [18] and Gor
man et al. [19] also used molecular dynamics simulations to demon
strate that hydrogen molecules mainly diffused by the six-membered 
ring in the hydrate phase, and rather difficult to diffuse by the 
five-membered ring. However, thermodynamic additives would occupy 
the large cages, thereby affecting the diffusion of hydrogen molecules 
along the large cages in the hydrate phase and reducing the hydrogen 
storage capacity.

To improve the hydrogen storage capacity, the problem of the 
diffusion of hydrogen molecules into the bulk phase must be solved first. 
And the process of hydrogen diffusion within the hydrate bulk phase is 
related to the structural configuration and lattice defects of hydrates. 
The small cgaes (512 cages) of structure sII hydrate formed a well- 
ordered barrier, while the 51264 cages are occupied by thermodynamic 
additives, so hydrogen molecules cannot penetrate the 512 cages into 
inner hydrate cages easily, hindering the diffusion of hydrogen mole
cules and causing a significant reduction in effective hydrogen cages, 
unless sufficient driving force. However, the 512 cages of the semi- 
clathrate hydrates are not coherent as semi-clathrate hydrates are 
mainly composed of four super large cages [20]. Hydrogen molecules 
can easily penetrate from the large cages into the inner empty cages.

Based on the above ideas, we constructed a hydrate solid solution 
structure composed of sII and semi-clathrate hydrate cages. In this work, 
it was expected that the small cages of sII hydrates would serve as the 
main site for hydrogen storage, and the cages of semi-clathrate hydrate 
could provide the hydrogen diffusion channel for inner hydrate layer. 
Additionally, the combination of these two structures was beneficial for 
reducing the phase equilibrium conditions to increase the driving force. 
The thermodynamics, kinetics, and hydrogen storage performance of the 
hydrate solid solution were systematically studied, and the hydrogen 
occupancy behavior in this structure was analyzed and the corre
sponding mechanism was proposed.

2. Experimental

2.1. Materials

High purity SF6 and H2 were supplied by Foshan Kodi Gas Chemical 
Co., Ltd; Tetrabutylammonium bromide (TBAB) with a purity of 99.0 % 
was purchased from Beijing InnoChem Science & Technology Co., Ltd. 
The deionized water used for all the experiments was prepared in our 
laboratory. All reagents were used as received without further 
purification.

2.2. Apparatus

The schematic diagram of the experimental setup used to prepare 
and hydrogen storage performance of TBAB/SF6 hydrate solid solution is 
shown in Fig. 1. The experimental setup includes a high-pressure 
stainless-steel cell with an internal effective volume of 300 mL, inner 
diameter of 50 mm, sidewall thickness of 8 mm, height of 153 mm. The 
cell is removable, the lid and the body are sealed by thread and fluori
nated rubber O-ring, and a pressure sensor (Senex DG-1300, accuracy of 
±0.25 %) and two platinum resistance thermometers (PT-100, accuracy 
of ±0.1K) are connected to the top of the hydrate formation cell to 
measure the pressure and temperature inside the cell, respectively. And 
the sensors are also connected to the data acquisition system (DAQ, 
Agilent 34970A) to collect and transfer the data to a computer, which 
records data every 10 s. A magnetic stirring device is at the bottom of the 
water bath. Gas chromatography (Kechuang GC 9800, TCD detector) 
was used to analyze the gas composition in the hydrate phase.

2.3. Procedures

In this work, the experimental procedures entailed two parts: Part 1- 
the kinetics and hydrogen storage performance of TBAB/SF6 hydrate 
solid solution, and the hydrogen occupancy behavior in this structure. 
Part 2-the preparation of TBAB/SF6 hydrate solid solution and blank 
hydrate samples (SF6 hydrate and TBAB hydrates), Raman, DSC and 
PXRD were used to characterize the hydrate solid solution and illustrate 
the mechanism.

2.3.1. Kinetic experiments and Raman spectroscopy measurements
The formation kinetics and hydrogen storage performance of TBAB/ 

SF6 hydrate solid solution were carried out by the isochoric pressure 

Fig. 1. Schematic of the experimental apparatus.
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drop approach. The cell was first cleaned with deionized water and the 
required solution was loaded into the cell, and the cell was evacuated 
with a vacuum pump. Then the temperature was regulated to the desired 
value (298.2 K) and SF6 and H2 gas were injected into the cell succes
sively to the required pressure (~21 MPa) with a certain molar ratio of 
10 mol%SF6/90 mol%H2. After the cell was stable, the stirring was 
turned on (800 rpm) and the system was cooled to the formation tem
perature (274.2 K). Hydrate nucleation was identified via simultaneous 
markers in the temperature and pressure curve - a sudden exothermic 
spike of the cell temperature or a sudden pressure drop. And the for
mation process was considered to be completed when the pressure drop 
was less than 0.01 MPa/h. Then the gas phase component was analyzed 
by GC.

Raman spectroscopy (Renishaw inVia Basis with an excitation 
wavelength of 532 nm, a grating of 2400 lines/mm, a laser power of 10 
mW and the exposure-time of 10s) was used to analyze the hydrogen 
molecules occupancy in hydrate cages. A 50X objective allowed for 
focusing of the incident laser beam and collection of the Raman scat
tering. The calibration of the spectrometer was done using the 520.7 
cm− 1 mode of a silicon sample. In the case of hydrate measurements, the 
samples were cooled to 253 K of approximately 7 days to ensure the fully 
converted state. And then the hydrate samples were ground to the 
appropriate size under the liquid nitrogen environment. Then the small 
samples were transferred within 30 s to a temperature-controlled stage 
(Linkam THMS600), which was set to 173 K to maintain the low- 
temperature environment required for the measurement. The range of 
the spectrometer were 4300 cm− 1. For each hydrate sample the spectra 
were confirmed by the results acquired from different locations on the 
sample. Analysis of the spectra acquired was performed using Renishaw 
WiRE 3.4 software.

2.3.2. Preparation and characterization for hydrate samples

1) Preparation of the hydrate samples

The apparatus for the preparation of TBAB/SF6 hydrate solid solu
tion was also shown in Fig. 1. The TBAB solution (~0.30 mol%) was 
added to the reactor, cooled to 274.15 K and stabilized. Vacuum the 
reactor with a vacuum pump to ensure that there was no residual air in 
the cell. Then, the SF6 was injected into the reactor to preset experi
mental pressure (~0.85 MPa). After the temperature and pressure of SF6 
inside the reactor stabilized, the magnetic stirring was set up to 800 rpm 
to accelerate the formation of TBAB/SF6 hydrate solid solution. Then the 
reactor was cooled to enough time of approximately 7 days to obtain a 
sample in a fully converted state. The solid sample was quickly collected 
and immersed in liquid nitrogen for the subsequent characterization. 
The preparation procedures for SF6 hydrates (274.15 K, 0.8 MPa, 600 
rpm) and TBAB hydrates (273.15 K, 600 rpm) are similar to the steps 
described above. 

2) Characterization of the hydrate samples

A series of characterization experiments was then conducted to 
determine the structure properties of the TBAB/SF6 hydrate solid 
solution:

Raman spectroscopy: The Raman was also used to analyze TBAB/ 
SF6 hydrate solid solution, SF6 hydrates and TBAB hydrates. The 
experimental procedure is similar to that described above.

PXRD analysis: The PXRD analysis was carried out using X'Pert Pro 
MPD diffractometer (3Kw, 60 kV,55 mA) which can effectively char
acterize hydrate samples under low-temperature conditions. TBAB/SF6 
hydrate solid solution, 0.30 mol% TBAB hydrate and SF6 hydrate sam
ples were quickly transferred to a square test platform using liquid ni
trogen. This permits quick and easy recovery of the hydrates while 
ensuring their stability when exposed to atmospheric pressure. The 
PXRD patterns were collected with a total 2θ scan time of 1.5 min each, 

using Cu Kα radiation (λ = 1.5406 Å, 2.2 kW). The 2θ range of 10–55◦, 
step size of 0.01◦, and rate of 10◦ min− 1 were kept constant throughout.

Differential scanning calorimetry (DSC): DSC experiments were 
designed to verify the existence of the new structure of TBAB/SF6 hy
drates (TA Instrument, Q20 with the minimum temperature of 93.2 K, a 
sensitivity of 1 μW, a resolution of 0.04 μW and a dynamic range mea
surement of ±350 mW). 0.30 mol% TBAB solution or pure water was 
introduced into the high-pressure crucible (25 μL, ME-30077139) for the 
formation and dissociation of 0.3 mol%TBAB hydrates, TBAB/SF6 hy
drate solid solution. The sample cell was then pressurized with SF6 to 
experimental pressure (~0.85 MPa). The isothermal procedure 
described in the literature was adopted for all experiments. T was 
decreased from 293.2 K to 253.2 K at a rate of 0.1 K/min to facilitate 
0.3mol% TBAB hydrates, TBAB/SF6 hydrate solid solution or SF6 hy
drates formation, and then kept at 253.2 K for 4.0 h to ensure complete 
hydrates formation. Afterward, T was gradually increased to 293.2 K at a 
rate of 0.05 K/min, in order to melt ice and dissociate hydrate samples.

More details about the PXRD and Raman analysis are available in our 
previous work [21].

2.4. Data analysis

In this work, the hydrogen storage capacity is the standard gravim
etry of hydrogen stored in the gas hydrate phase (wt%) [22]. 

hydrogen storage capacity=MH2 ⋅
Δn

mhydrate
× 100% (1) 

where MH2 is the molecule mass of hydrogen (2 g/mol); mhydrate is the 
total mass of the solid hydrate, in this work, it is expressed as the total 
mass of water, TBAB, and SF6 in the hydrate phase; Δn is the molar 
number of hydrogen uptake in hydrates, usually calculated by the 
equation of state, shown as Eq. (2). 

Δn= n0 − nt =
P0V0

Z0RT0
−

PtVt

ZtRTt
(2) 

where Z is the gas compressibility factor, calculated by the R–K equation 
in this work; V is the volume of the gas phase in the cell (m3); R is the 
universal gas constant (8.314 J‧mol− 1‧K− 1); P and T are the instanta
neous pressure (kPa) and temperature (K) in the cell, respectively.

3. Results and discussion

3.1. Tuning TBAB concentration for preparation of TBAB/SF6 hydrate 
solid solution

In the concept of hydrogen storage based on TBAB/SF6 hydrate solid 
solution, the primary role of semi-clathrate hydrate was to provide more 
suitable gas diffusion channels as the significantly low theoretical 
hydrogen storage capacity of TBAB hydrates (0.362 wt%) compared to 
the storage capacity of SF6 hydrates (1.06 wt%). So the concentration of 
TBAB solution is a key factor. Changes in TBAB concentration can cause 
a transformation in the configuration of TBAB hydrate [23,24], and 
TBAB would also compete with SF6 for water molecules to reduce the 
storage capacity. So, it is necessary to control the concentration of TBAB 
to coordinate the balance between diffusion channels and hydrogen 
storage capacity.

Firstly, the influence of TBAB concentration on the hydrogen storage 
performance of TBAB/SF6 mixed hydrate was analyzed. Fig. 2 shows the 
hydrogen storage capacity of the 10 mol% SF6/90 mol% H2 system with 
TBAB solution at the concentration of 0–2.34 mol% under the conditions 
of 274.2 K and 21.0 MPa. Compared with the hydrogen storage capacity 
of the system without TBAB (0.294 wt%), the effect of TBAB concen
tration on hydrogen storage performance showed the promoting effect 
firstly, and then turned to the inhibiting effect when the TBAB concen
tration was around 1.38 mol%. Based on the above results, we can 
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reasonably assume that 0.30 mol%TBAB solution was more likely to 
form the suitable hydrate solid solution structure with SF6 to promote 
hydrogen storage. This was mainly the reason that in our concept, the 
TBAB hydrate structure was mainly used as the hydrogen diffusion 
channels to achieve more hydrogen molecules diffuse into the inner 
hydrate layer, and low-concentration TBAB can do it. However, when 
TBAB concentration was too low (0.15 mol%), from the perspective of 
thermodynamic equilibrium [25–27], the structure of SF6 hydrate 
would dominate the hydrate phase. And the amount of TBAB hydrates 
was not significant. In this case, it was difficult to determine whether the 
low concentration TBAB just transformed into TBAB hydrate or acted 
the diffusion channel of TBAB/SF6 hydrate (Supplementary Fig. 1). 
When TBAB concentrations increased to high concentration, it was 
easier to form TBAB hydrate, so the redundant TBAB which not partic
ipate in the construction of TBAB/SF6 hydrate solid solution would 
further compete for water molecules to reduce the hydrogen storage 
capacity, greatly reduction potential of TBAB/SF6 hydrate solid solution 

for hydrogen storage. Based on the above analysis, we believed that 
low-concentration TBAB (0.30 mol%) would be more conducive to 
forming the new hydrate solid solution structure with SF6.

Based on the above analysis, we believed that low-concentration 
TBAB (0.30 mol%) would be more conducive to forming the new hy
drate solid solution structure with SF6, but had not been confirmed. 
Actually, the formation of hydrate structures was a process of disordered 
water molecules to ordinalization, and the key was the conversion of 
weak hydrogen bonds (~3200 cm− 1) to strong hydrogen bonds (~3400 
cm− 1). Raman spectroscopy can provide related information [28], 
which is an effective method for analyzing the structures. Fig. 3 shows 
the Raman spectra of TBAB/SF6 hydrates formed with different TBAB 
concentrations, with Raman spectra of pure TBAB hydrate and SF6 hy
drate as blank controls. The peak at ~1110 cm− 1 can be used as the 
characteristic peak of TBAB hydrate (Supplementary Fig. 2). As shown 
in Fig. 3, the structure of TBAB hydrates was formed in different TBAB 
concentration systems, and the characteristic peak at 769 cm− 1 attrib
uted to SF6 in the hydrate cages also indicated the formation of SF6 
hydrate. If TBAB hydrate and SF6 hydrate only coexist without a new 
hydrate structure, there would be no new Raman peak. However, a new 
characteristic peak appeared at 471 cm− 1 and its intensity was positively 
correlated with TBAB concentrations. Although it is currently difficult to 
confirm the explicit assignment of this peak through supplementary 
experiments or direct literature evidence. Only the TBAB-SF6 hydrate 
system shows the peak at 471 cm− 1, with a peak position deviation of 
<1 cm− 1 in multiple parallel experiments, excluding interference from 
impurities or instrument noise. The system-specific characteristic of this 
peak is sufficient to support its use as a marker to distinguish the 
TBAB/SF6 hydrate from other systems. And the characteristic peak of 
SF6 hydrate was redshifted by 0.7 cm− 1 [29], suggesting that TBAB and 
SF6 formed a more stable hydrate structure, namely TBAB/SF6 hydrate 
solid solution.

In addition, the intensity of C–H stretching bands in Fig. 3 appeared 
inconsistent with TBAB concentrations. In the TBAB concentration range 
of 0.30–1.38 mol%, the intensity of the C–H stretching peak in the TBAB- 
SF6 hydrate system shows a significant positive correlation with TBAB 
concentration. A significant decrease in the intensity of the C–H 
stretching peak occurs only when the TBAB concentration reaches 2.34 
mol%, which is also consistent with the results of pure TBAB hydrate 
Raman spectrum (Supplementary Fig. 3). Characteristic peak shifts were 
observed for the C–H bending vibration peaks (1134 cm− 1,1445 cm− 1, 
1451 cm− 1) in the low-wavenumber range (Supplementary Fig. 4). This 

Fig. 2. Effect of TBAB concentration on hydrogen storage performance of 
TBAB/SF6 hydrates.

Fig. 3. Raman spectroscopy of TBAB/SF6 hydrates with different TBAB concentrations.
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peak position change is consistent with the literature-reported [30] 
characteristics of TBAB phase transition. Further comparing the in
tensity ratio of C–H bonds to ice/hydrate O–H bonds. At 1.38 mol%, the 
O–H bond signal of TBAB hydrate dominates; while at 2.34 mol%, the 
O–H bond signal of the ice phase increases significantly, which indicated 
incomplete TBAB phase transition at this concentration, with residual 
ice phase structures in some regions—further explaining the rationality 
of the C–H peak intensity decrease.

The intensity ratio of strong hydrogen bonds to weak hydrogen 
bonds (Is/Iw) can effectively reflect the compression/extension of 
hydrogen bonds to further understand the formation process of TBAB/ 
SF6 hydrate solid solution [28]. Fig. 4 shows the Raman shifts of strong 
and weak hydrogen bonds and the corresponding intensity ratios. It can 
be seen that with the addition of TBAB, a significant red shift (~8 cm− 1) 
in strong hydrogen bonds and a slight blue shift (~2 cm− 1) in weak 
hydrogen bonds. This was mainly the reason that TBAB as an ionic ad
ditive, would produce TBA+ and Br− . TBA+ mainly affected strong 
hydrogen bonds, the strong hydrogen bonds extended and resulting in 
the improvement in the thermodynamics and kinetics of hydrates. The 
blue shift of weak hydrogen bonds was influenced by Br− [31]. The 
result of weak hydrogen bond compression was that the hydrates were 
more compact, which was not conducive to providing gas diffusion 
channels. The ratio (Is/Iw) showed a rapid increase followed by a 
decrease as TBAB concentrations changed, and the highest value was 
obtained at 0.30mol% TBAB solution, indicating the highest degree of 
water molecule ordering. And the value can be used to 
semi-quantitatively analyze the hydrogen storage performance of 
TBAB/SF6 hydrates, which was consistent with the above experimental 
results. Based on the comprehensive analysis of the Raman peak shift, 
new Raman peak, and peak intensity ratio, it could indicate that 
low-concentration TBAB were more likely to synergistically interact 
with SF6 to form a more stable TBAB/SF6 hydrate solid solution.

3.2. DSC analysis of TBAB/SF6 hydrate solid solution

The experimental results and Raman analysis both indicated that 
low-concentration 0.30mol% TBAB form a new hydrate structure with 
SF6, exhibiting better hydrogen storage performance. While the new 
structure would exhibit different phase change temperatures. To further 
verify the formation TBAB/SF6 hydrate solid solution, DSC was used to 
characterize the dissociation temperature of 0.30mol% TBAB + SF6 
hydrate and 2.34 mol% TBAB + SF6 hydrate. Fig. 5 shows the DSC 

curves of Ice, 0.30 mol% TBAB hydrate, SF6 hydrate, and 0.30 mol% 
TBAB + SF6 hydrate and 2.34 mol% TBAB + SF6 hydrate in the tem
perature range of 268 K–292 K. And the related information is listed in 
Table 1. It can be seen that the extrapolated onset temperature of the ice 
phase was 273.26 K, which is close to the melting point of ice (273.15 K), 
the corresponding melting enthalpy obtained was 328.4 J/g, and the 

Fig. 4. The Raman position of the peaks corresponding to the strong/weak hydrogen bonds of TBAB/SF6 hydrates with different TBAB concentrations.

Fig. 5. The DSC measurement curves of ice, 0.30 mol%TBAB hydrates, SF6 
hydrates, 0.30 mol%TBAB + SF6 mixture hydrates and 2.34 mol%TBAB +
SF6 hydrates.
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standard melting enthalpy of ice is 335 J/g [32], with a deviation of only 
1.97 %. It can be also found that the peak width of 0.30 mol% TBAB 
hydrate corresponding to the ice phase was extended, and the peak 
shape was also significantly changed. The melting point of the ice phase 
decreased to 273.05 K [33], and a stepped peak appeared near the ice 
peak, similar to the glass transition temperature, It may represent the 
process of amorphous phase growing into the hydrate crystalline phase 
in the solution, which was only observed in low-concentration TBAB 
hydrate systems. For SF6 hydrate, the extrapolated onset temperature of 
ice phase (273.81K) shifted to the right by about 0.6 K, but the peak 
shape of the ice phase did not change significantly and basically over
lapped; The temperature peak appearing at ~278K indicated SF6 
hydrate.

In the DSC curve of 0.30 mol% TBAB + SF6 hydrate, there was no 
significant change of the ice phase, and no peak attributed to SF6 hydrate 
was found near 278 K. However, in the high-temperature range (288 
K–291K), an obvious set of overlapping peaks was discovered, mainly 
including two distinct peaks with temperatures of 287.78 K and 288.84 
K, respectively. Firstly, a second-order polynomial was used to fit the 
phase equilibrium data of SF6 hydrate [34], the corresponding pressure 
was calculated to be 1.63 MPa. And SF6 would already be liquefied 
under this condition, so the possibility of SF6 hydrate was ruled out. 
While in the DSC curve of 2.34 mol% TBAB + SF6 hydrate, two distinct 
peaks disappeared and the characteristic peak of TBAB hydrates only 
appears at the temperature of 284.45 K. At higher TBAB concentrations, 
TBAB hydrates were formed preferentially. After the gas–liquid interface 
was covered with the TBAB hydrate film, the diffusion channel of gas 
guest molecules was hindered, and the formation of SF6 hydrate struc
tures was also prevented. Therefore, compared with the DSC curve of 
0.30 mol% TBAB + SF6 hydrate, SF6 hydrate was unstable with 2.34 mol 
% TBAB solution, but TBAB hydrate could form more completely. Based 
on the above discussion and related study support [35], the peak tem
perature at 288.84 K of 0.30 mol% TBAB + SF6 hydrate system was 
attributed to a new hydrogen bond network, TBAB/SF6 hydrate solid 
solution, formed by the low-concentration 0.30 mol% TBAB hydrate and 
SF6 hydrate by the common building blocks, which exhibited a more 
stable thermodynamic performance. And the peak at 287.78 K was 
attributed to high-concentration TBAB hydrates, because most of the 
host water molecules may be consumed by the formation of TBAB/SF6 
hydrate solid solution, and the residual water for the crystallization of 
TBAB hydrate may face a water shortage in 0.30 mol% TBAB solution, so 
the peak attributed to TBAB hydrates was shifted towards the 
high-temperature area compared to the 0.30 mol% TBAB hydrate.

3.3. PXRD analysis of TBAB/SF6 hydrate solid solution

The structure of TBAB/SF6 hydrate solid solution was further 
confirmed by PXRD (see Fig. 6). * represents the hexagonal ice peaks. 
Characteristic peaks of 0.30 mol% TBAB + SF6 hydrate at 21.08◦, 

29.80◦, and 31.18◦ were observed, corresponding to the Miller indices of 
(4 0 0), (4 4 0), and (5 3 1) of type-sII hydrate structure [36], respec
tively. And it could be seen that the amount of TBAB hydrates was not 
significant, some characteristic peaks attributed to TBAB hydrate have 
disappeared, but the characteristic peaks at 16.4◦ and 33.8◦ that 
different from those of sII hydrates structure were observed, and the 
peaks were assigned to the structure of TBAB hydrate [37], which still 
proving the existence of TBAB hydrate structure. The main composition 
of the TBAB/SF6 hydrate solid solution was sII hydrate structure. The 
low concentrations of TBAB formed a small proportion of TBAB hydrate, 
and TBAB hydrate was just served as the hydrogen diffusion channel 
which connected to the main sII hydrate structure by the common 
building blocks. So the characteristic peaks attributed to TBAB hydrate 
at the boundary of SF6 hydrate and TBAB hydrate lose their response.

The distribution pattern of characteristic peaks in PXRD is deter
mined by the size, shape, and orientation of the unit cell. Compared with 
the patterns of SF6 hydrate and 0.30 mol% TBAB hydrate, the charac
teristic peaks of 0.30 mol% TBAB + SF6 hydrate sample, which belongs 
to SF6 hydrate and TBAB hydrate, showed significant shifts. The char
acteristic peaks of SF6 hydrate were shifted to the left by an average of 
0.3◦, while those belonging to TBAB hydrate were shifted to the right by 
0.1◦. The overall shift of these characteristic peaks reflected the changes 
in unit cell parameters and crystal distortion. The leftward shift of the 
characteristic peak of SF6 hydrate indicated an increase in unit cell pa
rameters and a decrease in interplanar spacing, while the corresponding 
unit cell constant of TBAB hydrate decreased. It should be particularly 
noted that if TBAB hydrate and SF6 hydrate were simply physically 
mixed (without structural interaction), the characteristic peaks of the 
two components would remain at their original positions, with only 
peak intensities superimposed in proportion. However, the systematic 
shift of characteristic peaks in this study (left shift of SF6 peaks and right 
shift of TBAB peaks) proves that the crystal structures of the two hy
drates have undergone reconstruction due to interaction, rather than 
simple coexistence. This is essentially different from the diffraction 
characteristics of “physical mixing” and is a direct signal for the for
mation of a new solid solution structure.

Chen et al. [38] revealed that there were inherent relations in 
different hydrate crystal structures. The host water molecules can 
generate different hydrogen bond network structures through the 
common building blocks. In this study, since the Br–O bond length in 
TBAB is longer than the O–O bond length between water molecules [39], 
TBAB hydrate exerts an outward tensile force on the adjacent SF6 

Table 1 
The temperature and enthalpy of different systems obtained in DSC 
experimentsa.

System Tei/K Tp/K Tef/K

Ice 273.26 275.33 277.39
0.30mol%TBAB hydrate 273.05 

273.19
274.68 277.81

SF6 hydrate 273.81 274.98 
278.08

276.81

0.30mol%TBAB + SF6 hydrate 273.32 
288.21

274.98 
287.78 
288.84

276.81 
290.63

2.34 mol%TBAB + SF6 hydrate 274.08 275.5 
284.45

286.00

a Tei and Tef are the extrapolated onset temperature and extrapolated end 
temperatures, respectively; Tp is the peak temperature.

Fig. 6. PXRD patterns of the 0.30 mol% TBAB + SF6 hydrate, 030 mol% TBAB 
hydrate and SF6 hydrate * represents hexagonal ice peaks.
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hydrate clathrates, leading to the expansion of the SF6 clathrate unit cell 
(peak left shift); at the same time, the reaction force of the SF6 clathrates 
compresses the TBAB clathrates, causing the contraction of the TBAB 
clathrate unit cell (peak right shift). Finally, an “interacting clathrate 
network” (solid solution structure) is formed. The “loose TBAB hydrate 
+ expanded SF6 hydrate” combination formed by this structural 
reconstruction provides an exclusive channel for hydrogen molecule 
transport and storage. H2 molecules can penetrate the loose TBAB 
clathrates, enter the expanded SF6 hydrate cages, and stably occupy 
them. So the hydrogen storage performance highly depended on the 
unique structure of TBAB/SF6 hydrate solid solution.

3.4. Hydrogen storage performance of TBAB/SF6 hydrate solid solution

Raman, DSC, and XRD analysis all indicated that the formation of the 
new structure of TBAB/SF6 hydrate solid solution at the specific 0.30 
mol% TBAB concentration, and the enclathrated amount of SF6 could 
reach 56.25 mmol, which could be converted to 63 vol stored at stan
dard atmospheric pressure per volume of hydrate (Supplementary 
Fig. 5). Meanwhile, the hydrogen storage performance could further 
support the exist of this structure and understand the potential appli
cation in energy storage. In our recent study [40], we have determined 
the hydrate phase equilibrium data of the 10mol% SF6/90mol% H2+0.3 
mol% TBAB solution system, and the results (Supplementary Fig. 6) 
showed the combination of TBAB and SF6 could further mild the for
mation conditions compared to the literature data [25,27]. Further 
analysis showed that hydrogen molecules were not simply occupying the 
small cages of SF6 hydrates and TBAB hydrates, respectively, a more 
stable hydrate structure was formed, which hydrogen molecules can be 
stored stably in this structure under milder conditions. The phase 
equilibrium data to some extent further confirmed the formation of 
TBAB/SF6 hydrate solid solution, and the excellent thermodynamic 
stability of TBAB/SF6 hydrate solid solution was also indicated.

Subsequently, further analysis of the hydrogen storage performance 
of TBAB/SF6 hydrate solid solution was conducted. Fig. 7 shows the 
temperature and pressure evolution corresponding to the hydrogen 
storage process of TBAB/SF6 hydrate solid solution and the control 
group of SF6. The characteristic phenomena of pressure drop and tem
perature rise indicated the formation of hydrates. And the pressure drop 
of TBAB/SF6 hydrate solid solution system was about 1.2 MPa, with a 
relatively high-temperature rise of about 5 K, indicating a more intense 
hydration reaction compared with the control group.

The hydrogen storage capacity was calculated based on temperature 
and pressure changes, and the results were shown in Fig. 8. Compared 

with the pure SF6+H2 or 0.30mol% TBAB + H2 systems, the system of 
TBAB/SF6 hydrate solid solution for hydrogen storage exhibited 
completely different formation kinetics, with the characteristics of a 
two-step growth process. The first stage was the rapid hydrogen storage 
stage, where a high hydrogen storage capacity of 0.590 wt% within 30 
min was achieved, and ultra-rapid hydrate growth in a short time. This 
phenomenon had similar growth kinetics characteristics to our previous 
study of propane as the thermodynamic additive [41], by adjusting the 
propane and hydrogen distribution at the gas-liquid interface to achieve 
the transformation of hydrate nucleation mode, breaking through the 
limitation of the number of hydrate crystal nuclei in the hydrate growth 
process and achieving rapid hydrogen storage. However, compared with 
the hydrogen storage capacity of the propane + H2+water system 
(0.256 wt%) [41] and the SF6+H2+water system (0.294 wt%) in this 
study, the addition of 0.30mol% TBAB to the SF6+H2+water system has 
achieved a significant breakthrough in hydrogen storage capacity, 
mainly due to the milder formation conditions for the greater driving 
force, the conversion of water-to-hydrate was increased. Meanwhile, the 
low-concentration TBAB could avoid low storage capacity caused by the 
high-concentration TBAB, as the overfitting between cations of TBAB 
and the hydrate cages to reduce the storage capacity.

The second stage was the slow hydrogen storage stage, where the 
hydrogen molecules diffusion into the hydrate layer at a relatively 
constant rate for about 8 h, and the hydrogen storage capacity increased 
from 0.453 wt% to 0.527 wt% (Supplementary Fig. 7). The stage was 
quite different from our previous study [41] and the control groups, the 
hydrogen storage capacity of those systems remained almost stable after 
the rapid growth stage. The main reason for the difference was that 
during the subsequent hydrate growth process, the regular 512 cages 
formed a well-ordered barrier to hinder the diffusion of hydrogen mol
ecules into the inner hydrate layer, so the hydrate growth rate was 
severely restricted by the hydrogen diffusion rate, while the main 
structure of TBAB/SF6 hydrate solid solution was sII SF6 hydrates, 
served as the storage site, so no significant changes in the theoretical 
storage capacity of TBAB/SF6 hydrate solid solution. While the rela
tively loose TBAB hydrates were connected to provide hydrogen diffu
sion channels through the common building block (512 cages). So 
compared to sII hydrates, TBAB/SF6 hydrate solid solution had certain 
lattice defects, allowing more hydrogen molecules to diffuse into the 
inner hydrate cages and the number of effective hydrate cages for 
hydrogen was significantly increased. Based on the above characteris
tics, the process of hydrogen storage based on TBAB/SF6 hydrate solid 
solution can be divided into two stages: the first stage was controlled by 

Fig. 7. Evolution of pressure and temperature during H2 in TBAB/SF6 hydrate 
solid solution.

Fig. 8. Effect of TBAB/SF6 hydrate solid solution on hydrogen storage capacity 
(CTBAB = 0.3 mol%, P = 21 MPa, T = 274.2 K).
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the thermodynamic and nucleation mode, the rapid hydrate growth 
process was realized by the milder phase equilibrium conditions and the 
transition of hydrate nucleation mode; The second stage was controlled 
by the hydrogen diffusion, the bulk diffusion of hydrogen into the inner 
hydrate cages was enhanced by the more favorable mass transfer 
channels provided by TBAB hydrates, effectively improving the con
version rate of water-to-hydrate. The concept of TBAB/SF6 hydrate solid 
solutions provides a new approach and solution for hydrate-based 
hydrogen storage technology with better gas storage capacity.

3.5. Hydrogen occupaancy behavior in TBAB/SF6 hydrate solid solution

The above results have shown the excellent performance of TBAB/ 
SF6 hydrate solid solution in hydrogen storage. And the occupancy 
behavior of hydrogen molecules would advance the practical applica
tions and further developments of this structure. Fig. 9 shows the Raman 
spectra in the range of 4000~4300 cm− 1 for H2 in TBAB/SF6 hydrate 
solid solution. The Raman peaks of all samples around 4127 cm− 1 was 
attributed to single hydrogen molecule in the small cages (1H2@512 

cage). A characteristic peak (~4156 cm− 1) indicating the hydrogen 
occupancy behavior was also observed with 0.3 mol% and 0.61 mol% 
TBAB solution. The features of characteristic peaks become more 
obvious and an additional peak (4163 cm− 1) was observed only with 0.3 
mol% TBAB solution, validating that SF6 and TBAB can form TBAB/SF6 
hydrate solid solution only at low TBAB concentration, and this looser 
structure could allow multiple hydrogen molecules to be loaded in the 
cages for higher storage capacity.

The study [42] showed that the vibration peak of H2 gas phase was 
around 4155 cm− 1. And related study has found the Raman shifts cor
responding to hydrogen molecules in the large cages were all lower than 
4155 cm− 1 [43]. Therefore, the two Raman characteristic peaks above 
4155 cm− 1 did not belong to the hydrogen molecules in the large cages. 
So the three Raman characteristic peaks at 4127.6, 4156, and 4163 cm− 1 

were all tentatively assumed to hydrogen molecules in the small cages of 
TBAB/SF6 hydrate solid solution. The Raman peak around 4127 cm− 1 

was attributed to single hydrogen molecule in the small cages 
(1H2@512cage) [44]. The theoretical calculation [45,46] indicated that 
the Raman peaks of double hydrogen molecules in the small cage 
(2H2@512 cage) were expected to be above 4155 cm− 1. So the two 
characteristic peaks at 4156 and 4163 cm− 1 were assigned to 2H2@512 

cage of TBAB/SF6 hydrate solid solution. The blue shift behavior of the 
two peaks to the high-frequency side compared to the gas phase 

indicated 2H2@512 cage in the confined space was unstable [21]. And 
2H2@512 cage of TBAB/SF6 hydrate solid solution also exhibited 
different hydrogen occupancy behaviors. TBAB/SF6 hydrate solid solu
tion was generated via assembly of the common building block (512 

cages) of type-sII SF6 hydrate and TBAB semi-clathrate hydrate, which 
contain the two different 512 cages provided by SF6 hydrate and TBAB 
hydrate. The small cages of SF6 hydrate served as the main site of 
TBAB/SF6 hydrate solid solution for hydrogen storage. And further 
analysis of the integrated area of the two characteristic peaks, so it can 
be concluded that the characteristic peaks at 4156 and 4163 cm− 1 

respectively belong to double H2 occupation in sII 512 cages and 
semi-clathrate 512 cages of TBAB/SF6 hydrate solid solution.

The stability of hydrogen molecules in TBAB/SF6 hydrate solid so
lution was explored further. Fig. 10 showed the cumulative decompo
sition curves (4000~4300 cm− 1) of hydrogen molecules in TBAB/SF6 
hydrate solid solution at different TBAB concentrations. It could be seen 
that from the decomposition curve, it can be observed that the charac
teristic peak of 1H2@512cage (4127.6 cm− 1) is basically stable during 
the decomposition process when the TBAB concentration is 0.30 mol%. 
However, considerable declines in the intensity of the two other Raman 
peaks (4156 and 4163 cm− 1) of 2H2@512 cage were observed after 12 
min, which was caused by the rupture of the hydrate cages. The reason 
for the difference between the decomposition behavior was that the free 
energy of 2H2@512 cage was relatively high and the stability was poor. 
The hydrate structure is more likely to collapse with the escape of 
hydrogen molecules. Meanwhile, the intensity of the peak correspond
ing to 1H2@512cage did not show a paradoxical increase after the 
decomposition of 2H2@512 cage, indicating that the escape of hydrogen 
molecules from cages was complete, which ruled out the possibility of 
hydrogen escaped from 2H2@512 cage to form involve 1H2@512 cgae.

Based on the hidden symmetries contained in clathrate hydrates 
crystals and intrinsic relations among them given by Chen et al. and 
experimental results of Raman, DSC and PXRD in this work, a reasonable 
speculation of the schematic illustration of the mechanisms of TBAB/SF6 
hydrate solid solution was given in Fig. 11. The hydrogen bonding 
network of clathrate hydrate had its intrinsic relations, which different 
hydrate structures could be formed by the assembly of common building 
blocks [38]. So in this work, a new hydrogen bonding network, namely 
TBAB/SF6 hydrate solid solution, was constructed by the common 512 

cages of low-concentration TBAB hydrate and SF6 hydrate. The sys
tematic shift of characteristic peaks in PXRD and Raman spectrum of this 
study proves that the crystal structures of the two hydrates have 

Fig. 9. Raman spectra of the H–H region for H2 in TBAB/SF6 hydrate solid solution.
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undergone reconstruction due to interaction, rather than simple coexistence. TBAB/SF6 hydrate solid solution would cause lattice defects 

Fig. 10. Raman spectroscopy of the decomposition of H2 in TBAB/SF6 hydrate solid solution (a) 0.30mol% TBAB, (b) 0.61 mol% TBAB, (c) 1.38mol% TBAB and(d) 
2.34mol% TBAB.

Fig. 11. Schematic illustration of the mechanisms of TBAB/SF6 hydrate solid solution.
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of type-sII SF6 hydrates, which were regarded as the main sites for 
hydrogen storage. And the relatively loose TBAB hydrate cages provided 
the hydrogen diffusion channels for more effective hydrate cages. The 
cages of TBAB/SF6 hydrate solid solution exhibited greater deformation 
while maintaining its regular cage structure, making it easier for 
hydrogen to diffuse and occupy the hydrate cages. The hydrogen storage 
performance also depends on the unique structure of TBAB/SF6 hydrate 
solid solution, thereby a further increase in the potential of TBAB/SF6 
hydrate solid solution as the hydrogen storage material. However, the 
specific hydrogen bond connection sites of TBAB/SF6 hydrate solid so
lution in Fig. 11 were not clear, which could be further verified by 
simulating the cage assembly path of TBAB and SF6 molecules during 
hydrate formation with MD in future research.

4. Conclusions

We reported a new hydrate crystalline hydrogen bond network, 
TBAB/SF6 hydrate solid solution, which was formed by SF6 hydrate and 
TBAB hydrate through the common building blocks (512 cages). Based 
on TBAB/SF6 hydrate solid solution, we verified the structure and futher 
revealed the intrinsic relationship between the structure and hydrogen 
storage performance, some interesting conclusions can be drawn. 

(1) TBAB showed the promoting effect firstly, and then turned to the 
inhibiting effect when the TBAB concentration was around 1.38 
mol%. And low-concentration 0.30 mol%TBAB was more likely 
to form the suitable hydrate solid solution structure with SF6. The 
characterizations further verified the formation of the new 
structure of TBAB/SF6 hydrate solid solution.

(2) TBAB/SF6 hydrate solid solution showed excellent thermody
namic stability, the peak temperature at 288.84 K of DSC curve 
was attributed to the TBAB/SF6 hydrate solid solution structure, 
and the equilibrium temperature was shifted up to a higher 
temperature region under the same pressure.

(3) The structure also exhibited outstanding hydrogen storage per
formance with the characteristics of two-step hydrate growth. 
The characteristic peaks shift of PXRD indicated the lattice 
distortion, with more loose 512 cages for hydrogen diffusion into 
the inner hydrate layer. So the second slow hydrogen storage 
stage was strengthened, where the storage capacity increased 
from 0.453 wt% to 0.527 wt% at a relatively constant rate for 
about 8 h. And the bulk diffusion of hydrogen into the inner 
hydrate cages was enhanced by the more favorable mass transfer 
channels provided by TBAB hydrates, effectively improving the 
conversion rate of water-to-hydrate. Raman analysis further 
indicated the phenomenon of double hydrogen molecules occu
pancy in the small cages of TBAB/SF6 hydrate solid solution, the 
characteristic peaks at 4156 cm− 1 and 4163 cm− 1 were attributed 
to 2H2@512 cage in sII 512 cages and semi-clathrate 512 cages of 
TBAB/SF6 hydrate solid solution, respectively.

The new TBAB/SF6 hydrate solid solution structure provides more 
effective hydrate cages for hydrogen store, with faster formation rate 
and higher hydrogen storage capacity. This work shows a new idea for 
hydrate-based hydrogen storage technology.
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