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A B S T R A C T   

Biomethane is a renewable natural gas substitute produced from biogas. Storage of this sus
tainable energy vector in confined clathrate hydrates, encapsulated in the pores of a host mate
rial, is a highly promising avenue to improve storage capacity and energy efficiency. Herein, a 
new type of periodic mesoporous organosilica (PMO) nanotubes, referred to as hollow ring PMO 
(HR-PMO), capable of promoting methane clathrate hydrate formation under mild working 
conditions (273 K, 3.5 MPa) and at high water loading (5.1 g water/g HR-PMO) is reported. 
Gravimetric uptake measurements reveal a steep single-stepped isotherm and a noticeably high 
methane storage capacity (0.55 g methane/g HR-PMO; 0.11 g methane/g water at 3.5 MPa). The 
large working capacity throughout consecutive pressure-induced clathrate hydrate formation- 
dissociation cycles demonstrates the material’s excellent recyclability (97% preservation of ca
pacity). Supported by ex situ cryo-electron tomography and x-ray diffraction, HR-PMO nanotubes 
are hypothesized to promote clathrate hydrate nucleation and growth by distribution and 
confinement of water in the mesopores of their outer wall, along the central channels of the 
nanotubes and on the external nanotube surface. These findings showcase the potential for 
application of organosilica materials with hierarchical and interconnected pore systems for 
pressure-based storage of biomethane in confined clathrate hydrates.   

1. Introduction 

A key factor in decarbonizing the energy and transportation sectors is the availability of renewable energy sources such as biogas, a 
product of anaerobically digested (waste) biomass primarily consisting of 50–70% methane (CH4) and 30–50% carbon dioxide (CO2) 
[1]. Physicochemical upgrading of biogas through pressure swing adsorption, membrane separation, and physical and chemical ab
sorption can increase the CH4 content above 97%, thus effectively improving the Lower Caloric Value from 20 to 25 MJ m− 3 to 36 MJ 
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m− 3 CH4 (at 273 K, 100 kPa) [1]. High-caloric purified biogas is referred to as biomethane, a non-intermittent, non-fossil-based natural 
gas (NG) substitute. 

Current natural gas storage technologies are predominantly based on compression to 25 MPa at 298 K (CNG) or cryogenic liqui
fication at 111 K and 0.1 MPa (LNG), rendering safe and energy-efficient storage of methane a major technological bottleneck. In 
recent years, there has been an increasing interest in solidified natural gas storage (SNG), storing methane in methane clathrate hy
drates [2]. Methane clathrate hydrates, also referred to as methane hydrates, are ice-like inclusion compounds with a host lattice 
composed of different cages formed exclusively by hydrogen-bonded water molecules. These cages are large enough to occlude 
non-polar guest molecules, including methane, through van der Waals interactions with the host structure [3]. In nature, vast amounts 
of methane hydrate are found in permafrost regions and in ocean sediments at continental borders. It is estimated that between 2.13 
1015 kg and 2.40 1015 kg of methane is trapped within these natural hydrate deposits [4–7]. Apart from naturally occurring methane 
hydrate, which could potentially serve as a major energy source, synthetic methane hydrates, formed by contacting water and methane 
under strictly controlled (high) pressure and (low) temperature conditions (up to 10 MPa at 274.2 K), bear great promise as storage 
technology [2]. 

Methane hydrates typically adopt a structure I hydrate crystal structure, comprising a cubic unit cell assembly of 2 small and 6 large 
cages. The structure of each cage is denoted by two digits, i.e. Xn, X being a polygonal face lining the cage wall and n the number of X 
faces lining the cage wall. The small cage in a structure I clathrate hydrate is composed of 12 pentagonal faces (512) and has a radius of 
0.395 nm. The large cages consist of 12 pentagonal faces and 2 hexagonal faces (51262) and have a radius of 0.433 nm. In theory, each 
cage can accommodate one methane molecule, leading to a unit cell stoichiometry of 8 CH4 ⋅ 46H2O and a maximum gravimetric 
storage capacity of 15.5 wt% methane [3,8]. Hydrate formation, however, is a slow process, especially when starting from bulk water 
systems. Initial hydrate films at the liquid-gas interface can be formed relatively fast, but as the film reaches a thickness of 0.1 mm, 
methane diffusion through the film slows down and becomes rate limiting, decreasing the hydrate growth rate by up to two orders of 
magnitude [9]. This drawback can be overcome by adding kinetic and/or thermodynamic promoters to the aqueous phase to promote 
hydrate nucleation and growth. Kinetic promoters are often surface-active compounds which migrate to the liquid-gas interface and 
alter the surface properties of the liquid, enhancing the solubility and diffusion rate of otherwise poorly soluble molecules [10]. 
Addition of 300 ppm of sodium dodecyl sulphate (SDS) for instance was shown to increase methane uptake rates by a factor of 6 
compared to pure water at 273.15 K and 7.0 MPa methane pressure [11]. Thermodynamic promoters are known to lower the 
nucleation pressure and/or to increase the required temperature. This type of promoter includes cyclic organic compounds such as 
cyclopentane (CP) and tetrahydrofuran (THF) [2]. Lee et al. observed that addition of 5.6 mol% of CP raised the equilibrium tem
perature for nucleation at 5 MPa to 300 K, which is 20 K higher than an unpromoted methane hydrate [12]. Similarly, addition of 5.6 
mol% of THF was shown to promote methane hydrate formation in less than 4 min at 283 K and 7.2 MPa, whereas only a thin film of 
hydrate was observed at 274 K and 9.5 MPa in the absence of THF [13]. Despite their obvious advantages, the use of promoters comes 
at the expense of the overall storage capacity as the promoter molecules typically occupy the large hydrate cages. 

Promotion of hydrate nucleation and growth in absence of secondary guests has been achieved by confining the water phase to 
pores and interparticle voids of nanoporous host materials. Activated carbons [14–24], metal-organic frameworks [25–29], zeolites 
[30–33], polymers [34,35], and silica-based materials [36–54] have been shown to positively impact hydrate formation kinetics. Pore 
size and surface chemistry/hydrophobicity have been put forward as key properties determining the solid host’s promoting role on 
hydrate nucleation conditions, stability, and growth/dissociation rates [55–57]. A systematic study by Borchardt et al. on 
high-pressure methane uptake on wetted micro-, meso- and macroporous carbons, has shown mesopores with a pore size of 25 nm to be 
superior in both storage capacity and nucleation and growth rate at 264 K and 8.5 MPa CH4 [22]. Generally, micropores (<2 nm) are 
too small to host structure I hydrates (unit cell lattice: 1.2 nm), leading to slow hydrate formation from microdroplets on the external 
surface of the adsorbent [22,25], while macropores are inferred to insufficiently disperse the water phase to benefit from the improved 
contact surface [22]. The promoting role of moderate hydrophobic surfaces on hydrate formation [14,46,53,54,58,59] has been linked 
to higher gas densities and less distorted tetrahedral water orientations near the surface [56,57,59]. 

In this respect, Periodic Mesoporous Organosilicas (PMOs) form an interesting, yet peculiar class of mesoporous materials which 
can exhibit high surface areas and pore volumes, upwards of 2300 m2 g− 1 and 1.9 cm3 g− 1, respectively [60,61]. Unlike their pure 
silica counterparts such as SBA-15, PMOs are formed through the condensation of bis-silylated organosilicon monomers, resulting in 
the incorporation of organic moieties throughout the framework. This organic nature results in dramatically increased hydrothermal 
and chemical stabilities [62]. Additionally, the presence of organic moieties opens up unique windows of opportunities to further fine 
tune the surface chemistry through choice of monomers and post functionalization methods. The porosity of the final PMO material 
can easily be adjusted by changing the synthesis conditions. Common methods include the variation of structure directing agents (SDA) 
and addition of pore swelling agents to alter the pore connectivity and increase pore size, respectively [63,64]. 

To the best of our knowledge, this study is the first to report a detailed and quantitative study of the equilibrium and kinetics of 
methane hydrate formation as promoted by the presence of ring PMO structured in a hollow nanotube morphology, hereafter called 
hollow ring PMO (HR-PMO). The material’s promoting capacity on methane hydrate formation is studied at multiple water loadings 
and temperatures by dynamic high-pressure gravimetric measurements. The applicability of wetted HR-PMO as storage medium is 
evaluated through multiple pressure-induced formation-dissociation cycles. The presence and distribution of structure I methane 
hydrate throughout the samples is confirmed by PXRD and further supported by cryo-scanning transmission electron tomography 
measurements. 
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2. Materials and methods 

2.1. HR-PMO synthesis 

Cetylammoniumbromide (CTAB), NH3(aq) (25%), ethanol (EtOH), acetone, HCl(aq) (37%) and tetraethyl orthosilicate (TEOS) were 
purchased from ChemLab. Pluronic F-127 was purchased from Merck Life Science. The organosilane 1,1,3,3,5,5–hexaethoxy-1,3,5- 
trisilacyclohexane (HETSCH) was purchased from Gelest. All chemicals were used without any additional purification. A flask was 
charged with H2O (145 ml) and NH3(aq) (5 ml), to which CTAB (1.5 g), Pluronic F-127 (0.615 g) were added as SDAs. The whole was 
mixed at room temperature until a clear solution was observed. A silica core is grown around the SDA template upon the addition of 
TEOS (1.5 ml, 7.7 mmol), after which the mixture was left to stir for 1 h at room temperature. The organosilica shell is grown around 
the previously formed silica core through the addition of HETSCH (1.5 ml, 3.7 mmol) after which the whole was left to stir for two more 
hours. Finally, the flask was placed in an oven for 48 h at 373 K to complete the organo-silica network condensation, after which a 
white solid was collected through filtration. Unreacted silanes and surfactants were removed by dispersing the solid in a solution 
containing EtOH (300 ml) and HCl(aq) (3.5 ml), left to reflux for 24 h. The final material, denoted as HR-PMO, was obtained through a 
second filtration step during which the solid was washed extensively with EtOH until neutral pH. Residual solvent was removed 
through heating at 393 K at reduced pressure (5 mbar) for 12 h. A synthesis procedure diagram can be found on Fig. S1. 

2.2. HR-PMO characterization 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) measurements were recorded on a Nicolet 6700 spec
trometer (Thermo Scientific) in a KBr matrix. Two-dimensional transmission electron microscopy (2D TEM) pictures were taken using 
a JEOL JEM-1010 TEM instrument without spherical aberration (cs) correction operated at 100 kV. High-Angle Annular Dark-Field 
Scanning Transmission Electron Microscopy (HAADF-STEM) images and both room temperature (RT) and cryo-electron tomogra
phy has been performed on an aberration-corrected cubed Thermo Fisher Titan microscope operating at 300 kV. 3D reconstructions 
were obtained using the Expectation Maximization (EM) algorithm implemented in Astra Toolbox [65,66]. Further details on the 
tomography procedure and 3D reconstruction are provided in Supporting Information Section S2. The powder X-ray diffraction 
(PXRD) pattern was measured on a Bruker D8 Advance with autochanger using Cu K-alpha irradiation with a wavelength (λ) of 0.154 
nm in a Bragg-Brentano geometry. Micro- and mesoporosity were assessed volumetrically by argon (Ar) physisorption at 87 K recorded 
on a 3P Micro 200 instrument. The Brunauer Emmett Teller (BET) specific surface area was calculated adopting the guidelines laid out 
by Rouquerol et al. [67–69]. The pore size distribution and total pore volume were derived from the Ar adsorption branch by non-local 
density functional theory (NLDFT), assuming cylindrical pores and a silica/zeolite matrix (fitting error: 0.349%). Macroporosity was 
measured by two mercury intrusion/extrusion cycles measured on a Fisons Instruments Porosimeter 2000 (0.1–200.0 MPa) equipped 
with a Pascal 140 unit (0.01–0.20 MPa), adopting a mercury wetting angle of 141.3◦ and surface tension of 480 mN/m. The skeletal 
volume of the sample was determined by 10 He displacement experiments on a Micromeritics AccuPyc 1330 pycnometer. Prior to 
adsorption, intrusion or gas displacement, samples were outgassed under vacuum at 393 K for 12 h. Thermogravimetric analysis (TGA) 
in a nitrogen (N2) atmosphere was performed using a Stanton Redcroft 1500 device and showed 393 K to be sufficient to remove 
adsorbed water, while not deteriorating the material (Fig. S2). A water vapor adsorption isotherm was measured at 303 K by the 
gravimetric principle on a VTI Corporation SGA-100H instrument using N2 as carrier gas. Prior to the isotherm measurement, the 
sample was degassed under 200 Nml min− 1 N2 while heating at 2 K min− 1 to 373 K, maintaining this temperature for 4 h. The silanol 
content was determined using quantitative 1H MAS NMR spectroscopy in combination with standard addition of water, explained in 
detail in Section S4 of Supporting Information [70]. 

2.3. High-pressure methane storage: equilibrium and kinetics 

High-pressure methane uptake measurements were performed using an in-house developed gravimetric device, based on a 
Rubotherm magnetic suspension balance connected to an in-house developed gas dosage system operated by LabVIEW software. The 
instrument is equipped with Keller pressure transducers ensuring quantification between vacuum and 15 MPa with an accuracy of 
0.05%. The measurement temperature is controlled between 243 K and 343 K within 0.01 K by use of a Julabo Dyneo DD-1000F 
circulation thermostat. The unique feature of this device is that it allows to simultaneously determine the kinetics of methane hy
drate formation and the equilibrium isotherm in a quantitative and accurate way. 

Methane uptake measurements were performed on dry and wet samples at 273, 267 and 248 K. Dry samples were degassed in situ 
under vacuum at 373 K for 12 h. Wet samples were prepared by activating 0.1 g of HR-PMO ex situ under vacuum at 373 K for 12 h in 
10 mL glass vials, before adding MilliQ water dropwise until the desired fractional water loading (Rw = massH2O/massPMO) was reached 
and transferring the sample to the stainless-steel sample container of the balance. A buoyancy experiment, to correct mass readings for 
the buoyancy force acting on the sample and its container, was performed each time a new sample was loaded. A more detailed 
description of the buoyancy measurement procedure is provided in Supporting Information Section S5. Isotherm measurements on dry 
and wet samples were performed by incrementally dosing methane to the sample cell and measuring the mass change, while con
trolling the temperature. Methane uptake is expressed on a gravimetric basis normalized to the sample’s water content or mass of 
activated adsorbent. 
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Fig. 1. Electron microscopy-based characterization of HR-PMO nanotubes: a, b) 2D TEM images, c) 3D rendering of the outcome of the HAADF- 
STEM tomography, d) respective orthoslices acquired along perpendicular directions of the 3D reconstruction and e) illustration of the 
segmented 3D volume and an orthoslice through the dataset, showing the internal cavity, wall pores and ring PMO in pink, blue and orange, 
respectively. Chemical and textural characterization of HR-PMO: f) DRIFTS spectrum, g) XRD spectrum with a TEM picture inset showing the 
ordering of mesopores in the particle wall, h) argon adsorption/desorption isotherm at 87 K with NLDFT-based pore size distribution as inset, i) 
water vapor adsorption/desorption isotherm at 303 K. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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qW
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mCH4
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CH4

=
mCH4

mPMO
∗ 100 (2)  

With qW
CH4 

the methane capacity relative to the sample’s water content, hereafter called the gravimetric hydrate storage capacity (wt 
%), mCH4 the surface excess methane uptake (g), mH2O the sample’s mass of water (g), qA

CH4 
the methane capacity relative to the dry 

adsorbent mass, hereafter called the dry weight storage capacity (wt%) and mPMO the sample’s mass of activated adsorbent (g). The 
derivations of equations (1) and (2) are given in Supporting Information section S5, along with the calculations for hydrate and total 
storage capacity expressed on a volumetric basis. 

2.4. X-ray diffraction of confined methane hydrate 

The crystal structure of the clathrate hydrate formed in the presence of HR-PMO was characterized by X-ray diffraction. To ensure 
stability of the hydrate phase at atmospheric pressure, an existing XRD sample holder was modified with Kapton® to enable operation 
at liquid nitrogen (LN2) temperature, i.e. 77 K. Methane hydrate containing samples formed at 273 K and 7.0 MPa were first ground in 
a mortar filled with LN2 and then transferred to the sample holder which had been submerged in LN2 up until the transfer. PXRD data 
were recorded using a B STOE STADI P Combi diffractometer with focusing Ge(111) monochromator (CuKα1 radiation, λ = 0.154 nm) 
in a high throughput set-up in transmission geometry. Data was collected using a 140◦-curved image plate position sensitive detector 
(IP PSD) from 0 to 62.5◦ 2Ɵ. 

2.5. Room temperature and cryo-electron tomography 

HAADF-STEM images and tilt series for electron tomography are recorded under different conditions for empty and clathrate 
bearing samples. The empty samples were dispersed in ethanol at room temperature and drop cast on an amorphous carbon coated Cu 
TEM grid. On the other hand, for the sample containing the clathrate the synthesis reactor was opened in liquid nitrogen and the 
sample was loaded onto a Cu TEM grid by immersing it in the liquid nitrogen dispersion. The sample was introduced into the mi
croscope at liquid nitrogen temperature and kept at this low temperature during the TEM experiment. 

Also, the acquisition of the tilt series was performed in a different manner for empty and clathrate loaded samples, due to the 
sensitivity of the latter to the electron beam. For the empty sample, a conventional electron tomography tilt series was acquired. 
However, for the sample loaded with the clathrate, imaged at liquid nitrogen, an incremental fast acquisition method was employed 
[71]. More technical details on the difference between conventional and fast tomography are provided in Supporting Information 
Section S2. For the sample with the clathrate, a dedicated cryo-tomography holder was used to reduce beam damage and protect the 
clathrate hydrate from melting while observing. 

3. Results and discussion 

3.1. HR-PMO characterization 

The combined growth-etching synthesis procedure resulted in a fine white powder of HR-PMO with a low apparent density, as 
shown in Fig. S5. Infrared spectroscopy (DRIFTS) shows well-defined archetypal peaks and bands of an organosilicon compound (both 
C–H and Si–OH, Si–O stretching) (Fig. 1f) (Detailed discussion can be found in Supporting Information Section S7). 2D transmission 
electron microscopy (TEM) images reveal a complex, tubular/rod-shaped morphology of HR-PMO particles closed at both ends 
(Fig. 1a). The internal tube diameter ranges from 72 to 245 nm, with an average diameter of 151 nm. Closer inspection of the particle 
walls illustrates the porous nature of the PMO material, i.e. cylindrical mesopores, showing up as lighter dots, oriented perpendicular 
to the central channel of the nanotubes (Fig. 1b). Structurally similar nanotubes of ethane and methane PMO, applied as adsorbent and 
particle emulsifier, have been reported by Zou et al. [72]. Moreover, powder X-ray diffraction shows a broad band at 2θ = 1.75, 
inferring a d-spacing of 5.0 nm, indicative of a degree of regularity, i.e., mesopore ordering, in the amorphous PMO framework 
(Fig. 1g) [73]. To confirm the apparent hollow nature of the tubes, 2D TEM analysis was extended with HAADF-STEM electron to
mography (Fig. 1c) to construct a 3D visualization of the hierarchical porous network. The tomographic orthoslices (Fig. 1d) and 
corresponding pore volume segmentation (Fig. 1e) clearly demonstrate the hierarchical porosity of mesopores, spanning through the 
particle wall and culminating in a hollow central macroporous tube. Further evidence of the hollow interior of the particles is provided 
by Video S1, showing tomographic orthoslices and the corresponding 3D reconstruction at one end of a nanotube. 

Complementary to TEM based analysis, the micro- and mesoporosity of the nanotube walls was quantified by Ar adsorption/ 
desorption at 87 K (Fig. 1h). A fully reproducible type IV(b) isotherm (IUPAC classification) is measured, characterized by capillary 
condensation (p/p0 = 0.3–0.6) in small mesopores and no hysteresis of the desorption branch [74,75]. The NLDFT-based pore size 
distribution and cumulative pore volume reveal the material to be largely mesoporous (Vmeso/Vmicro = 11.3), with a narrow mesopore 
distribution centered around 4.3 nm. A total micro- and mesopore volume and BET surface area of 0.30 cm3 g− 1 and 331 m2 g− 1 were 
calculated, respectively. Due to the presence of organic moieties in the silica framework, the material possesses a skeletal density of 
1.88 ± 0.04 g cm− 3 compared to the typical 2.2 g cm− 3 of pure amorphous silica. Interestingly, mercury intrusion shows two perfectly 
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reproducible consecutive intrusion-extrusion cycles demonstrating the exceptionally high mechanical stability of the porous nano
tubes up to 120 MPa (Fig. S6). Furthermore, the mercury intrusion-based pore size distribution shows no significant presence of pores 
around 150 nm in size, demonstrating that the vast majority of tubes are intact, i.e., closed at both ends. A more extended discussion of 
mercury porosimetry is provided in Supporting Information Section S8. Combining TEM analysis, skeletal density and micro- and 
mesopore volume, the volume of the hollow nanotube cavities and total pore volume were estimated to be 0.87 cm3 g− 1 and 1.2 cm3 

g− 1, respectively. 
Apart from porosity, surface chemistry, i.e., wettability, is regarded as a second key property in the promotive nature of a solid 

hydrate promoter [55–57]. Hence, a water vapor adsorption isotherm was measured at 303 K (Fig. 1i). The adsorption branch shows a 
slight water uptake (0.05 g g− 1) until p/p0 = 0.60, which can potentially be explained by the limited presence of hydroxyl groups (1.75 
OH nm− 2) along the predominantly hydrophobic pore surface of the HR-PMO material. The silanol content was estimated based on the 
methodology developed by Houlleberghs et al. (Section S4) and allows to classify the HR-PMO material as hydrophobic (OH nm− 2 < 2) 
[70,76]. Unprecedently, the sigmoidal curve at p/p0 = 0.60–0.80, characteristic for capillary condensation in hydrophobic mesopores 
[74], is followed by an additional increase to 0.67 g g− 1 at p/p0 = 0.95, indicating partial condensation in interparticle voids or the 
hollow interiors of the nanotubes. In fact, the water vapor adsorption capacity at the end of capillary condensation (0.30 cm3 g− 1 at 
p/psat = 0.80, water density = 1 cm3 g− 1) perfectly matches the Ar isotherm derived total micro- and mesopore volume of 0.30 cm3 

g− 1, indicating a total wetting of mesopores at high water vapor pressure. Furthermore, the double-stepped hysteresis loop highlights 
the metastability of the adsorption branch and the evaporation of condensed water from two distinct pore size ranges. 

3.2. High-pressure methane hydrate isotherms 

Before discussing results, it is worth emphasizing the different masses to which gravimetric methane storage of solid promoted 
hydrates can be normalized to: relative to the adsorbent mass (dry weight storage capacity qA

CH4
), to the water mass (hydrate storage 

capacity qW
CH4

), or to the total sample mass (total storage capacity qT
CH4

). As the main focus of this manuscript is on the promoting role of 
HR-PMO on water to hydrate conversion, both hydrate and dry weight gravimetric storage capacity, more frequently reported in 
literature, are discussed in more depth [14–17,22,25,28,46,77]. Nevertheless, both are based on the total gravimetric storage capacity 
directly obtained from balance readings (Equation (S9), (S10) and (S11)). 

As an initial screening of the hydrate promoting capabilities of HR-PMO, the optimal water loading, that is, the water loading 
governing a maximum absolute amount of methane uptake, was determined by uptake experiments on the gravimetric device at 248 K, 
imposing a pressure increase from 0.5 to 6.0 MPa at multiple fractional water loadings (Rw = massH2O/massPMO) (Figs. 2a and S7). A 

Fig. 2. High-pressure gravimetric methane uptake on HR-PMO. a) Dry weight storage capacity at 248 K, 6.0 MPa after 10 h equilibration as a 
function of water loading, with indication of the optimal water loading (Ropt). b) Methane hydrate isotherms measured for different water loadings 
at 273 K, expressed in hydrate and dry weight (inset) storage capacity. c) Methane uptake curves of bulk water and HR-PMO Rw = 5.1 for a pressure 
step of 3.0–3.5 MPa at 273 K. d) Methane hydrate isotherms on HR-PMO Rw = 5.1 at 273 K and 267 K, expressed in hydrate and dry weight (inset) 
storage capacity. 
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low temperature was adopted to conceive a large driving force for hydrate nucleation and growth, as the natural CH4 hydrate phase 
boundary at 248 K is crossed at 1.1 MPa (Fig. S8), while both minimizing bulk hydrate formation, by the extremely slow hydrate 
nucleation and growth kinetics of unconfined water at 248 K. As shown in Fig. 2a, dry weight storage capacity increases with Rw until a 
noticeably high optimal value (Ropt) of 5.1. Interestingly, this water loading exceeds the micro- and mesopore volume by a factor of 17 
and the total pore volume by a factor of 4.2 (assuming ρH2O = 1 g cm− 3). This indicates that not only the micro- and mesopores, but 
interparticle spaces, and potentially the hollow nanotube interiors, are suitable hydrate nucleation and growth environments as well. It 
must be emphasized that a high Ropt will be critical to the industrial applicability of methane hydrate as a storage technology. Beyond 
Ropt, capacity drops drastically, most likely due to a more limited gas exchange area. Indeed, at very high water loading, slow hydrate 
nucleation and growth rates are expected as a bulk water system is approached [15,16,18,20]. 

To further elucidate the promoting effect of HR-PMO on methane hydrate formation, high-pressure methane hydrate isotherms 
were measured at Rw = 2.9, 4.0 and 5.1 up to 7.0 MPa at 273 K. As a reference, methane adsorption was measured on the dry material 
(Rw = 0.0), showing a type I shaped (IUPAC classification) isotherm with a dry weight storage capacity of 6.3 wt% at 7.0 MPa (Fig. 2b 
(inset) and S9) [74]. Completely different isotherm shapes are observed on humidified samples, independent of water loading 
(Fig. 2b). In the initial part of the isotherms, that is, before a critical clathrate formation pressure (Pf), almost no methane is taken up. 
For example, the dry weight storage capacity of HR-PMO Rw = 5.1 at 3.0 MPa, 273 K is merely 0.25 wt% compared to 3.69 wt% of the 
dry material, indicating negligible adsorption on residual porosity of the material. From a certain external methane pressure, a steep 
increase in methane uptake is observed, pointing at methane hydrate nucleation and growth. Beyond this critical formation pressure, 
methane storage only increases slightly. Similar single stepped isotherms have been reported for methane uptake on other humidified 
mesoporous silicas [45,47,78], however, at significantly lower water loadings (Rw = 1.2–2.9). 

A comparison of the isotherms at different water loadings reveals a higher critical clathrate formation pressure Pf at Rw = 2.9 (4.5 
MPa) relative to Rw = 4.0 (3.5 MPa) and 5.1 (3.5 MPa). Furthermore, the smaller increase in gravimetric hydrate storage capacity 
demonstrates a reduced promoting effect at this lower water loading. Interestingly, HR-PMO loaded at Rw = 4.0 and 5.1 show almost 
coincidental isotherms over the complete formation and dissociation branches. However, the difference in absolute amount of water 
converted into methane hydrate, and hence methane uptake, is well visualized by expressing capacity on a dry weight basis. (Fig. 2b 
(inset)). At 3.5 MPa, the dry weight storage capacities are 41 wt% and 54 wt% for Rw = 4.0 and Rw = 5.1, respectively. Interestingly, 
this pressure is only slightly higher than the formation pressure of natural methane hydrates (2.7 MPa at 273K [79]). Moreover, at 
higher pressures, capacities only increase slightly, i.e. 45 wt% and 58 wt% for Rw = 4.0 and Rw = 5.1 at 7.0 MPa. Overall, although the 
material’s storage capacity as such is not the highest reported until now, e.g. activated carbon PP-AC shows a qA

CH4 
value of 63 wt% at 

10 MPa and 275 K [15], the capacity of HR-PMO is noticeably high (qA
CH4 

= 54 wt%) for the mild operating conditions of 273 K and 3.5 
MPa (further substantiated later in the discussion). This capability to efficiently enclathrate methane at low-pressure is manifested by 
the steep shape of the isotherm, leading to a remarkably high working capacity within a small pressure window. Based on the hydrate 
isotherm measurement of HR-PMO Rw = 5.1 at 273 K, a pressure swing of merely 1.0 MPa, between 3.5 MPa and 2.5 MPa, is sufficient 
to load and unload methane at qA

CH4 
= 53.9 wt% and 1.0 wt%, respectively. 

Looking at the desorption branches of all three methane hydrate isotherms (Fig. 2b), significant hysteresis can be appreciated. In all 
cases, the storage capacity remains nearly constant between 7.0 and 3.0 MPa. Remarkably, for the 3 different water loadings, storage 
capacity drops drastically at the same dissociation pressure of 2.5 MPa, that is when the phase boundary of natural methane hydrate is 
crossed (2.7 MPa). It thus appears that, at least for these oversaturated samples, the stability of the hydrate phase is not compromised 
by the confining host material. 

So far, the discussion has focused on equilibrium capacities, however, another very important observation is the drastically 
enhanced hydrate nucleation and growth rate in the presence of HR-PMO. This is demonstrated in Fig. 2c, showing a significantly 
faster methane uptake for HR-PMO Rw = 5.1 as compared to a bulk water system at 273 K and 3.5 MPa, the pressure at which the steep 
increase in the isotherm occurs. For the HR-PMO promoted system, 1.6 h is required to reach 95% of the equilibrium capacity (t95) 
while for the bulk water system the hydrate capacity merely increases 0.2 wt% in 3 h, and hence is extremely slow. Similar equili
bration times of around 1 h have been reported by Casco et al. for hydrate formation under comparable conditions (275 K and 4 MPa) 
and aided by petroleum-pitch derived activated carbon Rw = 4.1, another promising solid hydrate promoter [15,16]. Nevertheless, it is 
worth noting that the equilibrium dry weight storage capacity of HR-PMO is 2.7 times higher at this pressure. More details on the 
kinetics of methane hydrate formation in bulk water is provided in Supporting Information Section S12. 

Furthermore, what is striking in the sigmoidal uptake curve of HR-PMO Rw = 5.1 is the absence of an initial induction/nucleation 
phase, as is commonly observed for solid promoted methane hydrate formation [15,16,25,26,45,46,80]. During this period, it is 
hypothesized that water molecules arrange around methane molecules to form the first hydrate cages, serving as initial growth centers. 
Overall, the immediate increase in methane storage combined with the relatively short t95 suggests that confinement and/or distri
bution of water by HR-PMO is highly promoting for hydrate formation. 

Given the exothermic nature of methane hydrate formation and its strong dependence on pressure and temperature, the effect of 
temperature on storage capacity was evaluated by an additional methane hydrate isotherm measurement on HR-PMO Rw = 5.1 at 267 
K (Fig. 2d). The overall shape of the isotherm uptake and release branches are preserved at the lower temperature, nevertheless a slight 
increase in methane capacity is observed at high pressures (qA

CH4 
= 62 wt%; qW

CH4 
= 12 wt%; qWv

CH4 
= 139 v v− 1 at 7.0 MPa, 267 K). 

However, what is more interesting is the shift of Pf by 0.1 MPa, thereby making hydrate formation and dissociation occur within the 
same 0.5 MPa pressure window. The system thus obeys the bulk hydrate phase diagram (2.1 MPa at 267 K [79]), leading to a 
considerable decrease in hysteresis. From an industrial point of view this is extremely interesting, since large amounts of methane can 
be stored and released within a pressure-swing of 0.5 MPa. Unfortunately, formation kinetics have drastically decreased at the lower 
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temperature: at their respective Pf’s, t95 has increased from 1.7 h to 12.4 h at 273 K compared to at 267 K, respectively. An overview of 
methane capacities and water to hydrate conversions at the different T and P conditions discussed, is provided by Table 1. Further
more, a complete overview of both gravimetric and volumetric capacities for all isotherm data points is shown in Table S1. 

Having discussed the promoting role of HR-PMO on both storage capacity and kinetics, it is worth comparing its performance to 
other solid methane hydrate promoters. Fig. 3 shows scatter plots comparing the gravimetric dry weight, hydrate, and total storage 
capacity of HR-PMO to 36 solid promoters from literature and to the theoretical storage capacity of pure structure I methane hydrate. 
Each promoter is represented by (i) a capacity at its initial hydrate formation pressure (Pf) and (ii) at the pressure governing a maximal 
qA

CH4 
(Pmax), as in most cases, this allows to study capacities in both the low- and high-pressure region. Furthermore, as a third and 

fourth parameter, Rw and temperature were chosen, respectively. Further details on the data collection as well as exact values shown in 
Fig. 3, can be found in Supporting Information Section S13. 

Starting the discussion with dry weight storage capacity (Fig. 3a), it may be seen that the capacity of HR-PMO (cubic markers in 
Fig. 3) is among the highest reported in general and is clearly superior to the other materials in the low-pressure region. Even more so, 
to the best of our knowledge, 54 wt% at 3.5 MPa and 273 K constitutes the highest qA

CH4 
value reported to date under such mild 

conditions. This is highly promising, as being able to operate a hydrate-based storage technology with a high capacity at low pressure, 
i.e., near the phase transition of bulk hydrate, is not only interesting from an energy point of view, but also allows to benefit from the 
superior formation kinetics around the Pf of a material. Indeed, several authors have recognized faster methane uptake kinetics at the 
initial formation point (1–2 h), compared to the kinetics at higher pressures (>10 h) [15,16,18,19,46,81]. 

Moving on to hydrate capacity (Fig. 3b), one can initially see that quite some materials, especially in the high-pressure, low Rw 
region, exhibit values above the theoretical capacity of structure I methane hydrate, i.e., physically infeasible results for pure hydrate 
formation. However, some of these data may be explained by combined uptake through physisorption and hydrate formation. The 
gravimetric hydrate capacities of HR-PMO show a value slightly inferior to the theoretical maximum value of 15.5 wt%, a consequence 
of part of the water (26%) not being able to convert to hydrate under these conditions. 

More interesting, however, is the comparison of the total gravimetric storage capacities (Fig. 3c). Among what could be called 
“true” solid hydrate promoters, i.e., materials showing no clear signs of physisorption, HR-PMO shows a high capacity compared to 
other materials, especially in the low-pressure region again. Moreover, what has been missing from the discussion until now, but is 
certainly relevant, is the industrial importance of the water loading. For solid promoted hydrate-based methane storage, it is 
reasonable to assume that the cost of the solid promoter will be of paramount importance in the economic feasibility of the technology. 
In this regard, a material such as HR-PMO, able of promoting hydrate formation in a mass of water 5.1 times its own weight, could 
imply huge cost reductions. This renders the material interesting as opposed to materials that are used at low water loadings, exhibiting 
higher total storage capacities. 

3.3. Pressure swing regeneration of HR-PMO supported hydrates 

As with adsorption-based methane storage, reusability is of paramount importance in the industrial application of a solid as 
methane hydrate promoter. The high working capacity within a narrow pressure window (steep isotherm shape) and strongly 
improved nucleation and growth kinetics at 273 K of HR-PMO Rw = 5.1 are most promising in the design of a pressure-swing storage 
system (Fig. S11). Therefore, cyclic pressure-based regeneration of the materials was investigated at 273 K (Fig. 4). A single gravi
metric methane uptake-release experiment shows that, upon increasing the methane pressure from 2.0 MPa to 4.0 MPa, 82 min are 
required to achieve 95% of the equilibrium capacity (t95) (Fig. 4a). Lowering the pressure to 2.0 MPa leads to a rapid decrease of 
methane storage during the first 90 min, after which no significant mass change was measured anymore (equilibrium criterion: ΔmCH4 

< 0.0001 g for 10 min). 
10 formation-dissociation cycles were performed at 273 K, composed of hydrate formation and dissociation at 4.0 and 2.0 MPa, to 

study the effect of repeated pressure-based regeneration on storage-release kinetics (Fig. 4c) and capacity (Fig. 4b). These cyclic 
experiments clearly prove the promoting effect on hydrate formation lasting over subsequent cycles. Although a slightly larger for
mation t95 may be observed for cycles 2 to 10, the capacity after 2 h of pressurization is in no case less than 97% of the capacity of the 
first cycle. Moreover, the dissociation t95 does not show significant differences throughout 10 cycles. These results serve as first proof of 
the excellent cyclic stability of the material over 10 cycles. However, to pave the way towards a future pressure-based solidified 
biomethane storage system, future research should be devoted to longer term cyclic experiments. 

Table 1 
Methane storage capacity and water to structure I hydrate (sI) conversion of HR-PMO at different T and P conditions.  

Rw [g g− 1] T [K] Pf [MPa] Pmax [MPa] qA
CH4 

[wt%] qW
CH4 

[wt%] qT
CH4 

[wt%] sI [%]a) qWv
CH4 

[v v− 1] 

Pf Pmax Pf Pmax Pf Pmax Pf Pmax Pf Pmax 

0.0 273 n.a. 7.0 n.a. 6.3 n.a. n.a. n.a. 6.3 n.a. n.a. n.a. n.a. 
2.9 273 4.5 7.0 26.9 28.9 9.3 10.0 6.9 7.4 60 64 109 116 
4.0 273 3.5 7.0 41.4 44.5 10.5 11.3 8.3 8.9 68 73 121 130 
5.1 273 3.5 7.0 53.9 57.7 10.7 11.5 8.9 9.5 69 74 124 132 
5.1 267 2.5 7.0 52.6 61.4 10.3 12.2 8.6 10.0 66 79 119 139  

a) Based on structure I methane hydrate stoichiometry of 1 CH4. 5.75H2O or gravimetric storage capacity of 15.5 g CH4/100 g H2O. 
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3.4. Visualization of methane storage in hydrate 

To confirm storage of methane in a clathrate hydrate structure, the gravimetric methane uptake results are complemented with 
PXRD measurements. The reference X-ray diffraction spectrum of HR-PMO Rw = 0.0 inside the Kapton® reinforced XRD sample holder 
reveals no identifiable reflections (Fig. S12). PXRD of HR-PMO Rw = 5.1 subjected to 7.0 MPa methane pressure at 273 K, however, 
shows main reflections attributable to hexagonal ice (Ih) and a second crystalline phase that can be indexed using a cubic unit cell 
(Pm3n) with lattice constant a = 11.97 Å, i.e., the crystal structure of a structure I (sI) clathrate hydrate (Fig. 5a). The presence of 
hexagonal ice may come as no surprise, since the high-pressure methane hydrate isotherms had already shown a 74% conversion of 
water to hydrate under these conditions. 

To achieve a better understanding of the confining spaces promoting methane hydrate formation and of the distribution of water 
throughout the hierarchical pore structure, cryogenic 2D-TEM and tomography of HR-PMO Rw = 5.1 subjected to 7.0 MPa methane at 
273 K, were performed, to our knowledge for the first time in gas hydrate science literature. Comparing TEM images of HR-PMO in the 
presence and absence of hydrate, Fig. 1a and b and 5b,c, respectively, shows filling of some of the nanotubes, presumably by structure I 
methane hydrate or hexagonal ice, as was evidenced by the PXRD results (Fig. 5a). The presence is further appreciated by inspection of 
the contrast of the nanotubes indicated by yellow arrows in Fig. 5b. In addition, beam sensitive protrusions may as well be observed on 
the external surface of the nanotubes (Fig. 5c). Tomography-based sample reconstruction further confirms the integral dispersion of 
the filling through the nanotube structures (Fig. 5d and Video S2). For two nanotubes, the hollow cavity is filled, while for the third 
one, only protrusion can be observed on the internal and external surface of the particles. Interestingly, both the STEM and tomography 
images do not show any bulk crystallinity present other than in/on the nanotubes. It thus appears that at a water loading exceeding the 
total pore volume 4.2 times, water is well distributed throughout the porous nanotubes, i.e., confined inside the hollow nanotube 
cavities and wall porosity as well as dispersed on the large external surface of the nanotubes. Hence, these observations directly explain 
the apparent dry state (Fig. S5) and promoting effect of HR-PMO on methane hydrate nucleation and growth kinetics, even at high 
water loading. 

Overall, considering most of the water is converted to hydrate, and taking into account the X-ray spectroscopic evidence of its 
structure I crystallinity, one can conclude the majority of crystallinity observed on 2D-STEM and tomography figures must be methane 
hydrate dispersed throughout the nanotubes. 

Fig. 3. Comparison of HR-PMO to 36 literature reported solid promoters in terms of a) dry weight, b) hydrate and c) total storage capacity. Values 
of HR-PMO are represented by cubic markers and dashed red drop lines. The theoretical storage capacity of structure I methane hydrate is shown by 
a light blue surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. a, c) Gravimetric uptake-release experiments on HR-PMO Rw = 5.1 at 273 K by an increase in methane pressure from 2.0 MPa to 4.0 MPa 
(uptake) and pressure decrease back to 2.0 MPa (release). The methane pressure was kept at 4.0 MPa and 2.0 MPa for 5 h each in experiment a) and 
for 2 h each in all cycles of experiment c). b) The gravimetric methane storage capacity of each cycle shown in a) and c). 
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4. Conclusion 

The promoting impact of ring PMO nanotubes on methane hydrate nucleation and growth was investigated. High-pressure 
gravimetric methane uptake measurements on HR-PMO, humidified in different water-to-adsorbent mass ratio’s Rw, indicated a 
ratio of 5.1 to be optimal for methane uptake. Further investigation of the pressure dependency of hydrate formation at 273 K showed 
single-stepped isotherm shapes, with steep increases at 3.5 MPa (samples Rw = 4.0 and 5.1), close to the formation pressure of bulk 
hydrate. By comparing the gravimetric dry weight, hydrate and total storage capacity of HR-PMO Rw = 5.1 to literature-reported 
promoters, it was shown that the material is highly promising in terms of equilibrium capacity, especially in the low-pressure re
gion (qA

CH4 
= 53.9 wt%, qW

CH4 
= 10.7 wt%, qT

CH4 
= 8.9 wt% at 3.5 MPa, 273 K). Moreover, dynamic high-pressure gravimetric mea

surements further demonstrated the strongly enhanced formation kinetics, without any detectable nucleation period, in presence of 
HR-PMO. The single-stepped shape of the isotherm towards a high methane storage capacity at mild working conditions, the nar
row hysteresis loop and the material’s potential to drastically improve hydrate formations rates are highly encouraging in the 
development of solid aided hydrate-based methane storage. Hence, the applicability of wetted HR-PMO as storage medium was proven 
through multiple pressure-induced formation-dissociation cycles, showing only minor losses in storage capacity (97% preservation of 
original capacity). Lastly, high-pressure uptake measurements were complemented with PXRD, confirming the presence of structure I 
methane hydrate, and cryo-tomography, showing the distribution and confinement of water in mesopores of the outer wall, along the 
central channels of the nanotubes and on the external nanotube surface. 
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refrigerant, promoting water condensation and subsequent ice formation from water vapor in the air. b) HAADF-STEM image where filled nanotubes 
can be distinguished from the empty ones due to their homogeneous contrast. c) HAADF-STEM image of protrusions on the nanotube walls. d) 3D 
rendering of the outcome of the volume reconstructed by HAADF-STEM tomography and perpendicular orthoslices of the segmented 3D volume 
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T. Altantzis, S. Bals, K.J. Batenburg, J. Sijbers, T. Astra, A. Sheppard, S. Latham, J. Middleton, A. Kingston, G. Myers, T. Varslot, A. Fogden, T. Sawkins, 
R. Cruikshank, M. Saadatfar, N. Francois, C. Arns, T. Senden, A. Mirone, E. Brun, E. Gouillart, P. Tafforeau, J. Kieffer, D.M. Pelt, D. Gürsoy, F. De Carlo, C. 
B. Reid, M.M. Betcke, D. Chana, R.D. Speller, Fast and flexible X-ray tomography using the ASTRA toolbox, Opt Express 24 (22) (2016) 25129–25147, https:// 
doi.org/10.1364/OE.24.025129. 

[67] F. Rouquerol, J. Rouquerol, K.S.W. Sing, P. Llewellyn, G. Maurin, Adsorption by Powders and Porous Solids, second ed., Academic Press, London, 2013 https:// 
doi.org/10.1016/b978-0-12-598920-6.x5000-3. 

[68] J. Rouquerol, P. Llewellyn, F. Rouquerol, Is the BET Equation Applicable to Microporous Adsorbents? Elsevier B.V., 2007 https://doi.org/10.1016/s0167-2991 
(07)80008-5. 

[69] S. Brunauer, P.H. Emmett, E. Teller, Adsorption of gases in multimolecular layers, J. Am. Chem. Soc. 60 (1938) 309–319, https://doi.org/10.1021/ 
ja01269a023. 

[70] M. Houlleberghs, A. Hoffmann, D. Dom, C.E.A. Kirschhock, F. Taulelle, J.A. Martens, E. Breynaert, Absolute quantification of water in microporous solids with 1 
H magic angle spinning NMR and standard addition, Anal. Chem. 89 (2017) 14, https://doi.org/10.1021/acs.analchem.7b01653. 
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