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L-Methionine modified active ice enables ultra-rapid methane
hydrate kinetics for solidified natural gas storage

Hydrate-based natural gas storage represents a novel energy carrier
solution distinguished by its inherent safety and environmental
sustainability. Diverging from traditional use of promoters in the
agueous phase, we introduce a hydrophobic amino acid
-methionine to engineer “active ice”, that enables ultra-rapid CH4
hydrate kinetics at the solid-gas interface within few minutes. We
reveal that active ice possesses a unique porous structure with a
partially ordered hydrogen-bonding network, providing a critical
kinetics enhancement pathway to facilitate large-scale commercial
adoption.
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Hydrate-based solidified natural gas (SNG) technology offers significant potential due to its high volu-
metric density and inherent safety. However, the slow kinetics of CH,4 hydrate formation from convention-
al gas—-liquid systems has long limited its large-scale application. Herein, we report a green approach by
introducing an environmentally benign amino acid, L-methionine (L-Met), to synthesize active ice for
ultra-rapid CH4 hydrate kinetics. Active ice modified by optimal 0.3 wt% L-Met enabled a high CH4 uptake
of 156.05 Vy/V,, and a record-high growth rate with a tgo of 3.33 min, representing one of the fastest CH,4
hydrate formation rates to date. Cryogenic scanning electron microscopy revealed that 0.3 wt% L-Met
modified active ice exhibited a well-connected porous structure with open pore size ranging from 7 to
17 pm, whereas both pure ice and high-dose L-Met modified active ice both exhibited a compact mor-
phology with closed pores. We employ both in situ Raman and Fourier transform infrared spectroscopy to
examine the micro-kinetics and reveal for the first time the strong correlation between ultra-rapid CH,4
hydrate kinetics and the partially ordered hydrogen bond network in active ice. High-dose L-Met modified
active ice reduced the hydrogen bond ordering, while pure ice increased the rigidity of the ordered
hydrogen bond. The combination of the designed partially ordered hydrogen bond network and the
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observed porous structure of the active ice collectively promoted the ultra-rapid formation of CHy
hydrate for effective natural gas storage. Our study provides molecular-level insights into the mechanism
of L-Met modified active ice in promoting CH,4 hydrate formation and develops an energy-efficient route

rsc.li/greenchem for SNG technology.

Green foundation

1. We introduce an environmentally benign amino acid, t-methionine, to synthesize active ice that significantly enhances CH, hydrate kinetics and final CH,
uptake. Using only water as the hydrate-former and low dose L-Met as the green promoter achieves effective and record-high CH, storage. The method avoids
the environmental concerns associated with traditional surfactant-based promoters.

2. The optimal active ice enabled ultra-rapid CH, hydrate formation kinetics with a final CH, uptake of 156.05 + 3.28 V,/V,, and a tq, of 3.33 + 0.43 min. This
corresponds to a nearly 90-fold enhancement in gas uptake rate over conventional solution-based systems.

3. Future work will develop a series of hydrophobic amino acids for active ice synthesis based on the elucidated micro kinetics and mechanisms. A continu-
ous production process will be developed for large-scale solidified natural gas storage application using the active ice method.

become a central challenge in the sustainable energy

landscape.®* Natural gas (NG, predominantly CH,) serves as a

1. Introduction

The urgent need to mitigate carbon emissions and ensure
energy security has accelerated the transition toward cleaner
fuels."”” As nations pursue carbon neutrality under the Paris
Agreement, identifying efficient low-carbon energy carriers has
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key transitional fuel due to its high energy efficiency and lower
carbon emissions than other fossil fuels.” Realizing its poten-
tial, however, requires safe and efficient large-scale storage and
transport technologies. Conventional approaches, such as
liquefied natural gas (LNG), compressed natural gas (CNG),
and adsorbed natural gas (ANG), face inherent limits. LNG
offers high energy density but requires cryogenic temperatures
(=162 °C), which increases energy and infrastructure costs.®’
CNG works at ambient temperature but requires high press-
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ures (20-25 MPa), posing safety concerns.>® ANG, using
porous adsorbents such as activated carbon (AC)'® or metal-
organic frameworks (MOFs),"" improves safety but involves
high costs for material synthesis and shows poor recycling
stability.

Hydrate-based solidified natural gas storage (SNG) techno-
logy offers a promising alternative.">"® Gas hydrates are crys-
talline compounds, typically formed under relatively high
pressures (2-6 MPa) and low temperatures (0-10 °C). The guest
gas molecules are encapsulated within hydrogen-bonded water
cages. This structure enables a high volumetric storage density
of approximately 170 m*® of CH, gas in 1 m® of CH, hydrate
under standard conditions."* Using water as the primary
medium, SNG combines intrinsic safety, low cost, and environ-
mental compatibility, while avoiding the high pressures and
cryogenic requirements of conventional methods.'>"®
Moreover, gas hydrate formation and dissociation are fully
reversible, allowing cyclic storage and release of gas with
minimal energy penalty.'”” With these advantages, SNG is
regarded as a sustainable pathway for medium-scale gas
storage in rural areas without gas pipelines, offshore platforms
and boil-off gas management. It bridges the gap between
energy efficiency and environmental sustainability, positioning
itself as a key technology for next-generation natural gas
storage and transportation.

However, the large-scale application of SNG technology
remains limited by the slow growth rate of CH, hydrate under
practical conditions. To accelerate the formation kinetics,
various strategies have been developed, including reactor
design optimization,'® incorporation of porous media,'® and
the use of kinetic promoters such as surfactants and amino
acids.”® Among these approaches, the addition of kinetic
hydrate promoters is the simplest and most effective method
to enhance CH, hydrate formation.>*> Among them, environ-
mentally friendly amino acids such as ir-methionine (1-Met)
have been widely employed to enhance CH, hydrate formation
kinetics. However, these solution-based systems typically suffer
from both long induction times of tens of minutes**** and
prolonged growth periods extending to several hours, posing
significant challenges for industrial scale-up.**>°

To overcome the kinetic barriers, the method of active ice
modified by kinetic promoters was proposed. Xiao et al. first
demonstrated the use of sodium dodecyl sulfate (SDS) to
modify active ice, which achieves a high CH, uptake of 185.0
Vy/ Vi With a too of 5.0 min.”” However, SDS possesses environ-
mental toxicity and is prone to generating foam during CH,
hydrate dissociation, which is not ideal for large-scale appli-
cations.”® Alternatively, amino acid i-tryptophan modified
active ice has recently been employed to achieve a slightly
lower CH, gas uptake of 146.6 V,/V,, and rapid kinetics with a
too of 2.4 min. However, the synthesis of active ice involves
complex energy-intensive procedures, including stringent low-
temperature freezing to 243.2 K and mechanical grinding.?®
Additionally, both studies only focused on the macroscopic
rapid kinetics achieved by using the active ice method but did
not fully examine the micro-kinetics of the process and eluci-
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date the underlying promotion mechanism at the molecular
level.

Herein, we introduce an environmentally benign hydro-
phobic amino acid, .-Met, as a new kinetic promoter to syn-
thesize active ice by dissociating preformed CH, hydrate at a
temperature close to the ice point (272.7 K). The .-Met modi-
fied active ice (hereafter referred as “active ice”) exhibited out-
standing performance in promoting CH, hydrate formation
kinetics, achieving both an ultra-rapid formation rate and high
CH, storage capacity. Furthermore, we elucidated how L-Met
concentration regulated the pore structure of the active ice and
the spatial distribution of 1-Met on the ice surface using cryo-
scanning electron microscopy (Cryo-SEM) with energy disper-
sive spectroscopy (EDS), as well as the hydrogen bond ordering
in the active ice using both in situ Raman spectroscopy and
Fourier transform infrared (FT-IR) spectroscopy. Experimental
results pinpoint that both the partially ordered hydrogen
network and the porous structure in active ice facilitate the
ultra-rapid CH, hydrate formation kinetics. Our findings
provide a sustainable and scalable solution for advancing
green and effective SNG technology.

2. Experimental section

2.1. Materials

High-purity methane (CH,, 99.9%) was supplied by Shenzhen
Huatepeng Special Gas Co., Ltd. r-Methionine (t-Met, 99.9%)
was sourced from Shanghai Aladdin Bio-Chem Technology
Co., Ltd. Ultra-pure water, produced in-house, was used in all
experiments.

2.2. Experimental apparatus

A schematic diagram of the experimental setup is shown in
Fig. 1a. Briefly, it consists of a CH, gas cylinder (GC), a gas
storage tank (GST), a circulating chiller (CC), a water bath (WB)
with a magnetic stirrer (MS) at the bottom, a fully visualized
reactor, a Charge-Coupled Device (CCD) camera, a data acqui-
sition device, and a computer. The fully visualized reactor,
constructed using 316 stainless steel and a sapphire column
(see Fig. 1b), was employed for kinetic and morphological
experiments. The height of the reactor was 150 mm with an
internal diameter of 51 mm, providing an effective volume of
254.6 mL, with a maximum design pressure of 20.0 MPa.

A high-precision CCD camera (MAGELLAN, DJ630) recorded
the side-view images of CH, hydrate morphology during the
formation and dissociation processes. The gas storage tank
(GST) served as a high-pressure reservoir for the CH, gas
supply during the CH,; hydrate formation experiment.
Constructed using 316 stainless steel, this cylindrical vessel
features a height of 600 mm and an outer diameter of
200 mm, with a wall thickness of 10 mm ensuring structural
integrity under high-pressure conditions. The GST operates at
a maximum working pressure of 20 MPa, regulated through
precision needle valves (NVs) and monitored using an inte-
grated pressure sensor (PS). To promote rapid CH, hydrate for-
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Fig. 1 (a) Schematic diagram of the experimental setup for the synthesis of L.-Met modified active ice and CH,4 hydrate formation kinetic experi-

ments, (b) the full-visualized reactor used for CH,4 hydrate kinetic and morphological observation, and (c) the non-visualized reactor integrated with

the in situ Raman characterization.

mation from the r-Met solution, a magnetic stirrer was
installed at the bottom of the transparent water bath. This
arrangement ensured effective agitation of the liquid phase,
promoting efficient gas-liquid interaction and enhancing CH,
hydrate formation. A pressure sensor (Senex, DG2113-C-20,
0-20.0 MPa, accuracy + 20 kPa) and a temperature sensor
(Westzh, WZP-191, accuracy + 0.1 K) were used for real-time
monitoring of pressure and temperature, with data recorded
every 5 s via a DAQ system. Cryogenic scanning electron
microscopy (Cryo-SEM) with energy-dispersive X-ray spec-
troscopy (EDS) was first employed to examine the microstruc-
ture and surface elemental distribution of the synthesized
active ice. The field emission SEM, equipped with an in situ
cryogenic stage, provided high-resolution secondary electron
(0.9 nm at 15 kV) and backscattered electron imaging (2.0 nm
at 30 kV). The 100 mm® EDS detector allowed mapping of the
presence of amino acid in active ice.

Additionally, a non-visualised reactor with an internal dia-
meter of 50 mm and a height of 100 mm was employed, pro-
viding an effective volume of approximately 196.3 mL and
capable of withstanding pressures up to 30.0 MPa. This reactor
was primarily designed for in situ Raman measurement. A
Raman probe (RP) was positioned at the side of this reactor.
The exact locations are illustrated in Fig. S1. It was coupled
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with a Raman spectrometer (W2 Innovations) to enable in situ
and time-dependent analysis of the formation and dissociation
of CH, hydrate (see Fig. 1c). A high-pressure Raman probe
with a diameter of 9.5 mm was mounted at the side of this
reactor. The Raman probe was linked to the spectrometer via
two optical fibres: one fibre transmitted the laser (532 nm,
100.0 mW) into the reactor, while the other transmitted the
collected Raman signal. Raman spectroscopy was recorded
over the 150-4490 cm™" range with an integration time of 1.0 s
during the experiment. The spectroscopy resolution was
2.8 em™" per pixel at 2000 em ™', achieved using a grating with
1800 grooves. Fourier transform infrared (FT-IR) spectroscopy
(Nicolet, 1S50) was used to characterize the hydrogen bond net-
works in the 1-Met solution and active ice. The spectra were
recorded in the range of 400-4000 cm™' at a resolution of
1.2 em™'. For each spectrum, 32 scans were co-added to
improve the signal-to-noise ratio.

2.3. Experimental procedure

The experimental procedure comprised three distinct stages:
(I) Initial CH, hydrate formation from r-Met solution (see
Fig. 2a-e): the reactor was cleaned with deionized water and
dried with air. Next, 40 mL of the prepared solution was
injected into the reactor, which was then sealed and placed in

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Schematic diagram of the experimental procedure for (a)—(f) synthesizing L-Met modified active ice, and (g) subsequent CH,4 hydrate

formation.

a thermostatic water bath for precooling. A CH, gas storage
tank (precooled to 271.2 K) was used to inject CH, into the
reactor at an initial pressure of 0.3 MPa to remove residual gas
three times. Upon stabilization of the reactor temperature at
277.2 K, CH, gas was introduced until the pressure reached 6.0
MPa. Then, magnetic stirring was initiated at 600 rpm and
kept stable for 3 h. Next, the water bath temperature was
reduced to 272.7 K at a controlled rate of 0.1 K min~" and held
constant for an additional 3 h to ensure complete CH, hydrate
formation and stabilization.

(I1) CH, hydrate dissociation to form r-Met modified active
ice: following CH,4 hydrate formation and temperature stabiliz-
ation at 272.7 K, the stirring was terminated and the reactor
was depressurized at a constant rate of 0.01 MPa s™' (see
Fig. 2f). Upon reaching 0.1 MPa, the outlet valve remained
open for 5 h to ensure complete CH, hydrate dissociation. The
solid residue remaining in the reactor was the .-Met modified
active ice.

(III) CH, hydrate formation from r-Met modified active ice:
after 5 h of stabilization, the reactor was repressurized with
CH, gas at a controlled rate of 0.1 MPa s ' using the pre-
cooled CH, storage tank (maintained at 272.7 K) until the
pressure reached 6.0 MPa in the reactor, thereby inducing
rapid CH, hydrate reformation (see Fig. 2g). The experiment
was concluded once the pressure drop in the reactor had
stabilized to below 0.01 MPa h™".

2.4. Calculation method

This study presents distinct methodological approaches for
quantifying CH, uptake in r-Met solution and 1-Met modified
active ice systems. In conventional L-Met solution systems, CH,
uptake is calculated using standard procedures as described in
our previous work considering CH, dissolution.>® In contrast,

This journal is © The Royal Society of Chemistry 2026

the active ice system demonstrates immediate nucleation
characteristics during the CH, gas injection process, necessi-
tating the development of a dynamic computational model
based on molar balance principles.”” The baseline time ¢ = 0
was defined as the moment of CH, hydrate nucleation, identi-
fied by a deflection point on the P-T trajectory in relation to
CH, hydrate phase equilibria (see Fig. S16). At time ¢, the
molar balance can be expressed as:

Nint = ngas.t + nhydrate,t (1)

where Npydrace,e epresents the molar quantity of CH, gas con-
sumed in CH,4 hydrate formation at time ¢, which is calculated
as follows:

mWCW
My, Ny

NMhydratet = (2)
where m,, and M,, represent the initial mass of water (ice) in g
and the molar mass of water in g mol™. C,, is the ratio of
water converted to CH, hydrate. Ny, represents the hydration
number, taken as 6.0 in this work.?”

nin, is the molar quantity of gas injected into the reactor,
which is calculated as follows:

Ps.,tVs‘gas

- (3)

ZsRTs

Ps,O Vs‘gas
Ning =
ZS,ORTS,O

where Py, Ts, and Z; represent the pressure in Pa, the tempera-
ture in K, and the compressibility factor in the gas storage
tank, respectively. 0 and ¢ represent the initial time and time ¢
during each experimental run; the unit is min. The compressi-
bility factor (Z) was calculated using the Peng-Robinson EOS
accounting for the non-ideal gas behaviour at high pressure.*®
Vs gas TEpresents the volume of the gas storage tank, and the
unit is m®. R is the universal gas constant, taken as 8.314 ]

Green Chem., 2026, 28, 5226-5239 | 5229
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(mol K)™". ng,s, represents the molar quantity of the remaining
CH, gas in the reactor at time ¢, which is calculated as follows:

Pr,tVr,gas
Zr RT:

ngasAt = (4)
where P.,, T; ., and Z,, represent the pressure, the temperature,
and the compressibility factor in the reactor at time ¢, respect-
ively. Vi gas represents the volume of the gas phase of the
reactor, and the unit is m®. It is calculated as follows:

Vigas = Vi — Vstirrer — 1.25VyCyy — 1.087Vy(1 —Cyw) (5)

where V., Virrer, and V, represent the volumes of the reactor,
stirrer and initial water in m?, respectively. 1.25 and 1.09 are
the volume expansion factors of CH, hydrate and active ice
with reference to water. C,, represents the conversion rate of
active ice to CH, hydrate after the experiment.?” Then, the CH,
gas uptake (1) in V,/V,, is calculated as follows:

0.0224nhyarat8,l
ng=——/—"=
Vi

(6)

The growth rate is characterized by ¢y, (time required to
achieve 90% final CH, uptake). All experiments were indepen-
dently repeated at least twice to ensure data reliability and
reproducibility.

3. Results and discussion

3.1. Kinetics of .-Met modified active ice synthesis and ultra-
rapid CH, hydrate formation

The 1-Met modified active ice was synthesized based on pre-
viously established procedures.’” It is worth mentioning that
L-Met, a green and environmentally friendly amino acid, was
employed as the kinetic hydrate promoter instead of sodium
dodecyl sulfate (SDS).>' Fig. 3 illustrates the morphological
evolution of active ice synthesis and its application in promot-
ing CH, hydrate formation. The process was divided into three
distinct stages. During stage I, CH, hydrate formation primar-
ily occurred at the 1st formation stage, with the CH, uptake
reaching 114.21 V,/V,, (see Fig. 3a). Morphological obser-
vations showed that the CH, hydrate nucleated in the bulk
solution, gradually forming a slurry-like CH, hydrate that
extended toward the gas phase and adhered to the reactor walls
(see Fig. 3b and Video SV1). Upon cooling to 272.7 K, the total
CH, uptake increased to 151.39 V,/V,, until the end of the 2nd
formation stage. The 1-Met induced loose and porous structure
facilitated capillary-driven transport to the gas-hydrate interface.
This transport resulted in alternating bright and dark patterns
on the CH, hydrate surface during the process. The detailed pro-
motion mechanism of amino acid solution on CH, hydrate for-
mation has been reported in our previous work.*> However,
overall CH, hydrate growth remained relatively slow (too =
242.81 min), primarily due to intrinsic limitations in heat and
mass transfers within the system.

In stage II, the rapid pressure drop caused a sharp decrease
in temperature, which then gradually increased as the pressure

5230 | Green Chem., 2026, 28, 5226-5239
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reached atmospheric level (see Fig. 3c). Depressurization below
the phase equilibrium (2.52 MPa at 272.7 K for CH, hydrate)*?
triggered CH, hydrate dissociation on the surface.
Subsequently, it was observed that the dissociated water did
not liquefy but refroze rapidly, generating the “t-Met modified
active ice”. This newly formed active ice preserved the original
CH, hydrate morphology and porous structure (see Fig. 3d and
Video SV2). The CH, hydrate formation in the next stage began
only after both temperature and pressure were fully stabilized.
This ensured that the CH, gas had been completely released
from the dissociated hydrate.

During stage III, CH, hydrate nucleated at the active ice
surface once the pressure reached about 3.1 MPa. This nuclea-
tion occurred immediately after the pressure slightly surpassed
the phase equilibrium by approximately 0.6 MPa, demonstrat-
ing the activity of active ice in promoting nucleation. The vari-
ations in temperature and pressure, along with the corres-
ponding phase equilibrium curves, are shown in Fig. S16. In
conventional L-Met solution systems, CH, hydrate formation
typically requires a finite induction time even after reaching
the target pressure. Another key observation is that the for-
mation proceeds at an ultra-rapid rate (too = 2.84 min) while
maintaining a high CH, uptake of 158.96 V,/V,, (see Fig. 3e).
The accuracy of the CH, uptake calculation based on the mole
balance and volume balance method was independently vali-
dated by performing complete CH, hydrate dissociation experi-
ments (see Fig. S18). Previous studies revealed that the active
ice developed a porous structure with interconnected chan-
nels. This unique architecture allowed CH, molecules to
adsorb onto newly formed gas-liquid-solid interfaces, thereby
accelerating CH, hydrate formation.>”**

Morphological observations indicated that CH, hydrate
initially nucleated on the ice surface. It then grew inward into
the ice interior, with ice melting and CH, hydrate formation
occurring simultaneously. At the end of the growth process,
CH, hydrate growth remained confined within the ice layer
without significant outward expansion (see Fig. 3f and Video
SV3). Importantly, .-Met modified active ice accelerates CH,
hydrate formation without compromising overall gas storage
capacity. Moreover, the use of environmentally benign r-Met
underscores its potential for sustainable and efficient SNG
technologies.

3.2. Micro-kinetics of ultra-rapid CH, hydrate formation
from -Met modified active ice using in situ Raman
spectroscopy

To elucidate the molecular-level mechanisms underlying .-Met
modified active ice synthesis and its role in promoting sub-
sequent CH, hydrate formation, in situ Raman spectroscopy
was carried out throughout the three stages.*> The different
states of CH, molecules including gaseous CH,, dissolved
CH,, and CH, hydrate were first measured independently (see
Fig. S2). This enabled an analysis of how CH, was distributed
among the phases. Importantly, this study simultaneously
monitors CH, cage occupancy and the evolution of water
vibrational modes. Gaussian fitting of the Raman spectra

This journal is © The Royal Society of Chemistry 2026
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(a) CH4 uptake profile and (b) CH4 hydrate morphology evolution in stage |: CH4 hydrate formation from 0.3 wt% L-Met solution at initial P =

6.0 MPa and T = 277.2 K (1st formation stage) and subsequent T = 272.7 K (2nd formation stage). (c) P-T and (d) morphology evolution for stage Il:
CH, hydrate dissociation to form L-Met modified active ice (P = 0.1 MPa, T = 272.7 K). (e) CH,4 uptake profile and (f) CH,4 hydrate morphology evol-
ution for stage Ill: CH4 hydrate formation from the L-Met modified active ice (P = 6.0 MPa, T = 272.7 K).

enables quantitative tracking of real-time changes in the
hydrogen bond network.>**” This method provides a detailed
description of the structural transition from active ice to CH,
hydrate and offers mechanistic insights into the ultra-rapid
formation process.

Fig. 4a and b show the time-dependent in situ Raman spec-
troscopy during CH, hydrate formation from 0.3 wt% r-Met
solution, with the corresponding temperature-pressure pro-
files shown in Fig. S3. Dissolved CH,, identified by the Raman
peak at 2910.1 cm™', was first detected at 60 min,
accompanied by a gradual increase in water peak intensity.
Minimal changes were observed until 180 min. As the tempera-
ture decreased to 272.7 K, CH, hydrate nucleation commenced
around 300 min. This was indicated by the appearance of
peaks at 2905.2 and 2917.2 em™', which correspond to CH,4
molecules occupying the 526> large and 5'> small cages,
respectively.’® The intensity ratio (3:1) closely matched the
theoretical occupancy ratio of CH, hydrate.

This journal is © The Royal Society of Chemistry 2026

Between 360 and 420 min, the measured Raman peak
intensities at 2905.2 and 2917.2 cm ' deviated from the
theoretical values. Additionally, new peaks emerged near the
water region at 3019.6 and 3069.1 cm™ ", which correspond to
the C-H asymmetric stretch (v;) of gaseous CH, and the C-H
overtone of the asymmetric bend (2v,), respectively.’® Detailed
evidence and analysis are shown in Fig. S4 and the SI
Simultaneously, the persistence of the 2905.2 em™" shoulder
Raman peak confirmed the presence of CH, hydrate.
Meanwhile, the Raman peak at 2917.2 cm™" indicated the
coexistence of CH, molecules in 5'> small cages and the gas
phase. These features suggest that the formed CH, hydrate
may possess a relatively porous structure, containing both
encapsulated and free CH, molecules.

To further investigate the evolution of the hydrogen bond
network of water molecules, we performed Gaussian fitting of
the O-H stretching band (2800-3700 cm ™). The analysis was
applied to CH, hydrate formed in 1-Met solution, .-Met modi-
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Fig. 4 Time-dependent in situ Raman spectroscopy during different stages of CH,4 hydrate formation and dissociation: CH,4 hydrate formation from

0.3 wt% L-Met solution (stage 1) showing (a) CH; Raman peak evolution over 2880-2940 cm

1 (b) water Raman peak evolution over

2940-3700 cm™, (c) Gaussian fitting of O—H stretching peaks in CH,4 hydrate formed by 0.3 wt% L-Met solution, and (d) water network vibrational
intensity evolution of double donor—double acceptor hydrogen bonds (DDAA), single donor—single acceptor hydrogen bonds (DA) and their ratio
(Iopaa/pa). CH4 hydrate dissociation to form active ice (stage 1l) showing (e) CH, Raman peak evolution, (f) water Raman peak evolution, (g) Gaussian
fitting of O—H stretching peaks in active ice, and (h) evolution of DDAA, DA and Ippaa/pa- CH4 hydrate formation from the active ice (stage IlI): (i) CH4
Raman peak evolution, (j) water Raman peak evolution, (k) Gaussian fitting of O—H stretching peaks in CH,4 hydrate formed by active ice, and (l) evol-

ution of DDAA, DA, and IDDAA/DA-

fied active ice, and CH, hydrate formed from the active ice.
Moreover, the Gaussian fitting results for the r-Met solution
are also provided in Fig. S12. The ratio of double donor-
double acceptor (DDAA) to single donor-single acceptor (DA)
hydrogen bonds (Ippaampa) served as a metric for hydrogen
bond ordering. During stage I, Ippaa/pa €xhibited only a minor
increase from 0.80 to 0.83 (Fig. 2d), indicating that the hydro-
gen bond network of the formed CH, hydrate remains largely
comparable to that of the initial .-Met solution.

In situ Raman spectroscopy was also acquired during the
dissociation of CH, hydrate into r-Met modified active ice.
This was done to monitor changes in both the CH, molecules
and the hydrogen bond network of water molecules (see
Fig. 4e and f).

The corresponding temperature and pressure results are
shown in Fig. S5. The Raman peak at 2917.2 cm™", which rep-

5232 | Green Chem., 2026, 28, 5226-5239

resents CH, in 5" small cages and the gas phase, rapidly
decreased within 9 min of depressurization. This occurred
alongside the disappearance of the v; and 2v, CH, bands. The
Raman peak at 2917.2 cm™" persisted throughout the experi-
ment. Its relatively weak intensity indicates the presence of
only a small amount of gaseous CH,. This interpretation is
supported by our previous confirmation that gaseous CH, is
detectable even at 0.1 MPa (see Fig. S4). Interestingly, the water
Raman peak at lower shifts (3100-3300 cm™") gradually inten-
sified during the formation of active ice (see Fig. 4f). In the
first 60 min, both DDAA and DA decreased, indicating the
onset of CH, hydrate dissociation, while their ratio slightly
increased. Between 60 and 240 min, DA continued to decrease,
and DDAA increased, resulting in an increase of the ratio from
0.83 to 1.10 (see Fig. 4h). Thereafter, no significant changes
were observed, suggesting that the hydrogen bond network in

This journal is © The Royal Society of Chemistry 2026
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active ice became well-organized. It is worth noting that all
subsequent kinetic experiments were conducted after at least
300 min to ensure that the hydrogen bond network of active
ice was fully established.

Fig. 4i and j illustrate the evolution of CH, vibrational fea-
tures and water O-H stretching bands during CH, hydrate for-
mation from 0.3 wt% r-Met modified active ice. The corres-
ponding temperature-pressure evolution is shown in Fig. S6.
Within 2 min, a Raman peak at 2917.2 cm™" appeared, while
the characteristic hydrate peak at 2905.2 cm™" was absent. The
concurrent emergence of the 2v, and v; CH, modes at 3017.3
and 3070.1 cm™" indicated that the 2917.2 cm™" peak at this
stage originated from gaseous CH,. At 2.5 min, the character-
istic Raman peak of CH, hydrate at 2905.2 cm™' became
evident, coexisting with Raman peak of gaseous CH,. Gaussian
fitting of the CH, Raman peaks was then performed to deter-
mine the relative contributions of gaseous CH, and CH,
hydrate (see Fig. S11). We also calculated both the cage occu-
pancies and hydration numbers by analysing the deconvoluted
Raman spectra and adopting the van der Waals-Platteeuw
(vdW-P) statistical thermodynamic model.** For the solution
system, the average occupancies of small and large cages are
87.86% and 98.12%, respectively, whereas in the r-Met active
ice system, the corresponding values increase to 92.05% and
97.78%. These results indicate that the active ice system
enhances the small cage occupancy (see Fig. S13). Moreover,
the observed cage occupancy is similar to those reported for
the r-tryptophan modified active ice system.”® The average
hydration numbers for CH, hydrate formed from r-Met solu-
tion and 1-Met active ice are 6.10 and 6.04, respectively.
Although the hydration numbers derived from Raman spectra
deviate slightly from the theoretical values, sensitivity analysis
indicates that this deviation has a negligible impact on the cal-
culated CH, uptake (Fig. S14).

The in situ Raman study first detected gaseous CH,, fol-
lowed by the coexistence of CH, hydrate and gaseous CH,
peaks. Based on this sequence, we speculated on the possible
probe positions relative to the r-Met modified active ice and
CH, hydrate during this process (see Fig. S15). As CH, hydrate
began to form, the probe was gradually encapsulated by the
CH, hydrate crystals. Subsequently, the formation of active ice
nearly preserved the original morphology of CH, hydrate, so
the Raman probe remained almost entirely enclosed within
the active ice.

Upon reinjection of CH, gas, the increased gas temperature
caused rapid melting of the active ice surface, and CH, quickly
nucleated on the active ice surface to form CH, hydrate.
However, the ice near the probe only partially melted and had
not yet transformed into CH, hydrate. Therefore, the Raman
signal first detected a distinct gaseous CH, Raman peak. As
the melting region expanded, more CH, gas accumulated near
the probe, and the gas-phase peak intensity gradually
increased.

After approximately 2.5 min, the :-Met modified active ice
within the laser spot region transformed into CH, hydrate.
This transformation was marked by the appearance of a

This journal is © The Royal Society of Chemistry 2026
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characteristic peak at 2905.2 ecm ™', which corresponds to CH,4
molecules occupying the 5'?6* large cages of CH, hydrate.
Subsequently, as the laser spot likely illuminated both the
porous hydrate and adjacent gas regions, the Raman spectra
still exhibited the coexistence of gaseous CH, and CH,
hydrate. No Raman signals of dissolved CH, were observed
during stage III, suggesting that CH, dissolution did not occur
at this stage. The evolution of water hydrogen bond ordering is
shown in Fig. 41, decreasing slightly from 1.10 to 1.03, which
suggests that CH, hydrate formation from active ice modestly
perturbed the local hydrogen bond network.

3.3. Optimizing .-Met concentration for effective active ice
synthesis and superior CH, hydrate kinetics

The influence of 1-Met concentration on CH,; hydrate for-
mation was systematically examined in both solution and
1-Met modified active ice systems to elucidate its tuning effect
on CH, hydrate formation kinetics and morphology. In the
t-Met solution system, CH, hydrate formation proceeded
slowly despite increasing L-Met concentration (see Fig. 5a and
b). This suggests that the process remained constrained by
heat and mass transfer limitations in the bulk solution. At the
optimal 0.3 wt% 1-Met, CH, uptake reached 154.48 + 3.63 V,/
Vw With a tgy of 242.84 + 0.47 min, representing only a modest
improvement over pure water (see Table S5).

In contrast, the active ice system exhibited ultra-rapid CH,
hydrate formation and strong sensitivity to r-Met concen-
tration (see Fig. 5¢ and d). In the absence of .-Met, CH, uptake
was limited to 12.29 + 0.57 V,/V,,, and 0.03 wt% 1-Met induced
only partial acceleration (¢go = 10.54 + 1.53 min). Strikingly,
0.3 wt% r-Met yielded the fastest kinetics, reaching a ty, of
only 3.33 + 0.43 min, the highest uptake (156.05 = 3.28 V,/V,,),
and a water conversion of 72.24%. At a higher concentration of
3.0 wt%, both CH, uptake and growth rate declined. This
demonstrates that CH, hydrate formation in the active ice
system is highly tunable through r-Met concentration, with the
optimal level for maximal growth kinetics being around
0.3 wt%. Based on the real-time temperature and pressure
measurements, the :-Met modified active ice system shows no
significant temperature increase during rapid CH, hydrate for-
mation, whereas the r-Met solution exhibits multiple pro-
nounced temperature increases (see Fig. S20). One plausible
reason is that the heat released from CH, hydrate formation
(55.44 kJ mol™' CH, hydrate) can be partially neutralized by
the melting of active ice (35.94 kJ for Ny, mol of H,0), which
creates a sustained feedback loop for CH, hydrate growth.?”

The kinetic results are comparable to those reported for the
L-tryptophan modified active ice system (tgp = 2.42 + 0.64 min,
CH, uptake = 146.56 + 5.72 V,/V,,),® confirming the excellent
promotion performance of the r-Met modified active ice.
Additionally, we further validated the ultra-rapid CH, hydrate
kinetics across scales in a series of reactors of different
volumes (i.e., 125.0 mL, 256.4 mL and 626.8 mL). The kinetic
results suggest that ultra-rapid CH, hydrate formation was
achieved across scales with an average ¢y, of 3.3 min and a
final average gas uptake of 156.9 V,/V,,. Thus, the conventional
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Fig. 5 (a) CH,4 uptake profiles and (b) tgo (time required to achieve 90% final CH,4 uptake), and C,, (final conversion rate of water to CH4 hydrate)

during CH,4 hydrate formation with different concentrations of L-Met (0—3.0 wt%) at initial P = 6.0 MPa, T = 277.2 K (1st stage) and T = 272.7 K (2nd
stage). (c) CH4 uptake profiles and (d) tyo and C,, during CH,4 hydrate formation at P = 6.0 MPa and T = 272.7 K.

mass transfer resistance due to CH, diffusion across the gas—
liquid interface was not observed and is not the limiting factor
for the proposed active ice method (see Fig. S21).
Morphological evolution across the three stages further
reveals that an intermediate .-Met concentration optimally bal-
ances the active ice microstructure and defect density. This
balance critically governs CH, hydrate nucleation, growth, and
the observed ultrarapid CH, uptake (see Fig. S23-S25). In the
1-Met solution system, CH, hydrate forms sparse, stratified
films at a low concentration (0.03 wt%) and dense, block-like
aggregates at a high concentration (3.0 wt%). These distinct
morphologies reflect limited control over nucleation and gas—
liquid contact in the solution system. In contrast, the active ice
system exhibited a pronounced dependence on amino acid
concentration. At the optimal 0.3 wt% 1-Met, the active ice
maintained continuous surface coverage and structural integ-
rity, maximizing gas-liquid contact and enabling ultra-rapid
nucleation and inward propagation of CH, hydrate growth.

3.4. Microscopic morphology and hydrogen bond network
characterization in r-Met modified active ice

To gain a deeper understanding of the modifying effect of
t-Met on the microscopic morphology of active ice, we con-
ducted cryogenic scanning electron microscopy (Cryo-SEM).
The results show that pure ice exhibits a smooth, dense
surface with negligible porosity. This compact structure
severely restricts the gas-ice contact, limiting CH, hydrate for-
mation. Interestingly, the 0.3 wt% r-Met modified active ice
exhibits an overall well-connected porous structure, with its

5234 | Green Chem., 2026, 28, 5226-5239

surface showing open and larger pores ranging from 7 to
17 pm, as shown in Fig. 6b. This topology significantly
enhances the CH, diffusion. However, at the higher concen-
tration of 3.0 wt% (see Fig. 6¢), the ice structure became
notably more compact; the pores transformed into closed and
smaller structures (about 4 pm). Quantitative analysis of the
SEM images indicates that the pore area fractions of the
0.3 wt% and 3.0 wt% L-Met modified active ice are 22.1% and
16.1%, respectively (see Fig. S32).

The spatial distribution of L-Met molecules on the surface
of modified active ice was further examined using surface
elemental mapping based on cryogenic scanning electron
microscopy (Cryo-SEM) and energy-dispersive X-ray spec-
troscopy (EDS). The results show that the oxygen (O) signal
represents the distribution of water molecules forming the ice
lattice, while the nitrogen (N) and sulfur (S) signals serve as
elemental markers for 1-Met molecules. The O maps in pure
ice confirm the uniform distribution of water molecules
forming the ice lattice (see Fig. 6d). The 0.3 wt% 1-Met modi-
fied active ice exhibits larger and more open pores, whereas
the 3.0 wt% r-Met modified active ice shows closed and
smaller pores (see Fig. 6e and f). Meanwhile, the N and S dis-
tributions indicate that 1-Met molecules are homogeneously
distributed on the ice surface at both concentrations.

To gain molecular-level insight into the modification of
active ice by r-Met, the effect of .-Met concentration on the
hydrogen bond network was examined using in situ Raman
spectroscopy by analyzing the O-H stretching region
(2800-3700 cm™"), as shown in Fig. 6g and h. It is worth

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Cryogenic scanning electron microscopy (Cryo-SEM) image for (a) pure ice, (b) 0.3 wt% L-Met modified active ice, and (c) 3.0 wt% L-Met
modified active ice. Energy dispersive spectroscopy (EDS) elemental mapping for (d) pure ice, (e) 0.3 wt% L-Met modified active ice, and (f) 3.0 wt%
L-Met modified active ice. Acquired Raman spectroscopy and corresponding Gaussian fitting of water O—H stretching region (2800-3700 cm™) for
different concentrations of (g) L-Met solution and (h) L.-Met modified active ice. (i) Acquired Fourier transform infrared (FT-IR) spectroscopy and
corresponding Gaussian fitting of water O—H stretching region (2800-3900 cm™) for pure ice, 0.3 wt% L-Met modified active ice, and 0.3 wt%
L-Met solution. Comparison of the Ippaa/pa ratios derived from the fitted results for different concentrations of (j) L-Met solution and (k) L-Met
modified active ice. () Comparison of the intensity ratio of the strong hydrogen bond peak to the weak hydrogen bond peak (/s,\) derived from the
fitted results for pure ice, 0.3 wt% L-Met modified active ice, and 0.3 wt% L-Met solution.

emphasizing that the spectral deconvolution strategy employed
in this study, relying on rigorous baseline subtraction and
multi-peak Gaussian fitting, aligns with standard analytical
protocols widely reported in the literature.>® Detailed fitting
methodology and sensitivity analysis are included in the SI.
Compared with pure water, all 1-Met solutions exhibited a
slight reduction in the DDAA component and a relative

This journal is © The Royal Society of Chemistry 2026

increase in the DA fractions, indicating a mild disordering of
the hydrogen bond network. At a higher concentration
(3.0 Wt%), an additional Raman feature at 2931.1 cm™'
emerged, attributed to the C-H stretching of 1-Met.>”

However, the hydrogen bond network in the r-Met modified
active ice system exhibits a distinctly different behaviour. As
shown in Fig. 6h, pure ice possesses a highly ordered hydrogen
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bond network, as reflected by a strong and well-defined O-H
stretching band dominated by tetrahedral hydrogen-bond con-
figurations. Interestingly, the O-H stretching band progress-
ively weakened and broadened with increasing r-Met concen-
trations, reflecting gradual disruption of the ordered hydrogen
bond network in active ice. At higher concentrations, a weak
gaseous CH, band appeared at 0.3 wt%. Additionally, the
characteristic C-H stretching of .-Met was detected in both the
solution and active ice systems at 3.0 wt%. To further enhance
the reliability of our interpretation regarding the structural
evolution of the hydrogen bond network, Fourier transform
infrared (FT-IR) spectroscopy analysis was conducted. As
shown in Fig. 6i, the O-H stretching vibration bands of the
L-Met modified active ice and pure ice exhibit a distinct red-
shift towards lower wavenumbers compared to the L-Met solu-
tion, indicating a strengthening of hydrogen bond interactions
upon freezing.

Quantitative analysis reveals that the effect of L.-Met on the
hydrogen-bond network differs markedly between the solution
and active ice systems. In the 1-Met solution, the overall
Ippaa/pa ratio remains between 0.80 and 0.89 (Fig. 5j), indicat-
ing that r-Met induces only a slight disruption of the water
hydrogen bond network. In contrast, the .-Met modified active
ice system exhibits a much higher degree of hydrogen bond
ordering, with Ippaapa decreasing systematically from 1.35 +
0.05 for pure ice to 1.25 + 0.02, 1.05 + 0.08, and 0.83 + 0.01 as
the 1-Met concentration increases from 0.03 to 3.0 wt%
(Fig. 5h and Table S4), reflecting progressive disruption of the
ordered hydrogen bond network in the solid state. Notably, at
the optimal 0.3 wt% 1-Met modified active ice maintains a par-
tially ordered hydrogen bond network, which correlates with
its superior CH, hydrate formation kinetics. Complementary
FT-IR measurements also confirm these observations. The
intensity ratio of strong to weak hydrogen bonds (I, Fig. 61)
shows that pure ice exhibits the highest hydrogen bond order-
ing (1.15 + 0.03) and the 0.3 wt% L-Met solution displays a
more disordered hydrogen bonding network (0.87 + 0.01).
Notably, the 0.3 wt% 1-Met modified active ice exhibits an
intermediate value (1.10 + 0.01), reflecting a partially ordered
hydrogen bond network, as also evidenced in the Raman
spectra analysis (see Fig. 61).

The multi-scale characterization results suggest that the
superior kinetic performance of the 0.3 wt% r-Met modified
active ice system stems from a synergistic interplay between
physical and chemical factors. Specifically, the loose and
porous structure of modified active ice, together with the
uniform distribution of 1-Met, ensures efficient gas-solid
contact and CH, diffusion. We further designed experiments
to identify the key process factor that yields the superior
kinetic performance. Hydrophilic amino acid r-arginine modi-
fied active ice does not exhibit a promotion effect, with final
CH, uptake achieved only 13% of that for L-Met active ice (see
Fig. S26). Additionally, the CH, hydrate formation rate is rela-
tively slow in the 1-Met solution system compared with that in
the active ice system, as evidenced by the significantly longer
too of 26.3 min (see Fig. S27). It is also verified that the active
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ice method is sensitive to temperature, since a temperature
increment of only 0.5 K close to the ice melting point yielded a
23.7% lower final CH, uptake (see Fig. S28). At higher L-Met
concentrations, this synergy is disrupted, leading to a collapse
of the porous structure and excessive disruption of the hydro-
gen bond network, resulting in inferior CH, hydrate formation
kinetics. Based on the above experimental evidence, the par-
tially ordered hydrogen bond network modified by the optimal
L-Met concentration provides a favourable environment for fast
CH, diffusion and enclathration, which is also corroborated by
the spectral analysis discussed above.

3.5. Proposed mechanism of ultra-rapid CH, hydrate for-
mation kinetics from -Met modified active ice

Fig. 7 illustrates the proposed promotion mechanism for CH,
hydrate formation from L-Met modified active ice. For pure ice,
the rigid and highly ordered hydrogen bond network (see
Fig. 7a) restricts the rearrangement of water molecules
required for CH, hydrate formation. Upon the introduction of
t-Met, which is uniformly distributed across the ice surface,
the hydrogen bond network of ice is modified. Specifically, the
amine group of ;-Met acts as a hydrogen bond donor to water
oxygen atoms, whereas the carboxyl group serves as a hydrogen
bond acceptor from water hydrogen atoms, thereby forming
additional hydrogen bonds independently with water mole-
cules.’” These interactions thus reduce the overall hydrogen
bond ordering. At an optimal concentration (0.3 wt%), L-Met
modified active ice exhibits a partially ordered hydrogen bond
network, which is favourable for the rapid rearrangement of
water molecules into CH, hydrate cages (see Fig. 7b).%®
However, at a lower concentration (0.03 wt%), L-Met fails to
sufficiently modify the rigid hydrogen bond network of ice. In
contrast, a higher concentration (3.0 wt%) causes excessive
modification, leading to a disordered hydrogen bond network.
This structural degradation results in hydrogen bond ordering
as low as that in the r-Met solution system, ultimately hinder-
ing the incorporation of CH, molecules (see Fig. 7c).

An additional advantage of the active ice method in pro-
moting CH, hydrate kinetics is the plausible energy feedback
loop, which involves sustained CH, hydrate formation fuelling
active ice melting (see Fig. 7d).”” Specifically, heat released
during CH, hydrate formation is absorbed by adjacent active
ice, causing the ice layer to melt. The melt-water, in turn,
serves as the source for forming new CH, hydrate. This
dynamic cycle drives the outward-to-inward progression of
CH, hydrate formation, progressively converting the active ice
into loose and porous CH, hydrate within minutes (see
Fig. 7e). The mitigation of fast heat release due to rapid CH,
hydrate formation is fundamentally resolved in the active ice
method and is significantly different from that in the conven-
tional gas-liquid system. Furthermore, based on Raman
spectra and cage occupancy analysis, CH, hydrate formed
from active ice exhibits a high occupancy of 5'* small cages
compared with that formed from r-Met solution, reflecting the
favourable encapsulation of guest molecules under these con-
ditions (see Fig. 7f). Overall, .--Met modified active ice enables

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Schematic showing the proposed mechanism of CH4 hydrate formation from L-Met modified active ice: hydrogen bond network of (a) pure
ice, (b) 0.3 wt% L-Met modified active ice, and (c) L-Met solution, showing the decreasing hydrogen bond ordering with increasing L-Met concen-
trations. (d) Simultaneous active ice melting and CH4 hydrate formation; CH,4 hydrate formed from active ice exhibits (e) a porous structure and (f)

high occupancy of 52 small cages of CH,4 hydrate.

rapid CH, hydrate formation and high CH, storage capacity.
This is achieved by modifying the hydrogen bond network and
microstructure of active ice. This approach provides an
effective strategy for designing green and sustainable SNG
technology.

We further evaluated the chemical cost of L-Met used as the
promoter to modify active ice for CH, hydrate storage by using
the optimal 0.3 wt% concentration. The cost of 1-Met for
storing 100 kg CH, hydrate is $9.37, which is around 33.36%
lower than that using 1-Trp (see Table S6). In addition, its
intrinsically environmentally friendly nature further strength-
ens its sustainability for large-scale application compared with
conventional SDS.

4. Conclusion

This study proposes an environmentally benign approach for
effective and ultra-rapid solidified natural gas storage by intro-
ducing 1-Met modified active ice. The optimal 0.3 wt% r-Met
modified active ice achieved a record-high growth rate with a
too of only 3.33 min and a high CH, uptake of 156.05 V,/V,,.
Cryogenic scanning electron microscopy (Cryo-SEM) first con-
firms the loose and interconnected porous structure of active
ice with open pore size ranging from 7 to 17 pm, facilitating
CH, diffusion. In situ Raman spectra were used to examine the

This journal is © The Royal Society of Chemistry 2026

micro-kinetics of the ultra-rapid CH, hydrate formation
process and reveal that the ultra-rapid CH, hydrate formation
kinetics achieved is closely associated with the partially
ordered hydrogen bond network induced by the 0.3 wt% L-Met
modified active ice. The enhanced CH, hydrate formation
kinetics achieved through tuning hydrogen bond ordering in
active ice points to a promising direction for future SNG
technology development. Furthermore, this approach estab-
lishes a green and energy-efficient pathway that avoids the
environmental concerns of conventional surfactant-based CH,
hydrate promoters. Future work will expand the active ice
method through examining a series of hydrophobic amino
acids with a focus on their ability to tune the favourable hydro-
gen bond ordering for subsequent CH, hydrate formation
kinetics enhancement. Additionally, a continuous production
process shall be developed to evaluate the economic viability
and potential for large-scale SNG applications using this green
and effective active ice method.
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C,Met L-Methionine dosage concentration (wt%)

Cryo- Cryogenic scanning electron microscopy

SEM

DA Single donor-single acceptor hydrogen bonds

DDAA Double donor-double acceptor hydrogen bonds

EDS Energy dispersive spectroscopy

FT-IR Fourier transform infrared

Ippaapa Raman intensity of double donor-double acceptor
hydrogen bonds to single donor-single acceptor
hydrogen bonds

Ispw Infrared spectroscopy intensity of strong hydrogen
bond peak to the weak hydrogen bond peak

L-Met L-Methionine

Tg Normalized CH, uptake (V4/Vy)

Ny Hydration number

P Pressure (MPa)

SNG Solidified natural gas

T Temperature (K)

tind Induction time (min)

too Time required to achieve 90% final CH, uptake
(min)

oL Cage occupancy of CH, in 5'°6> large cages

0s Cage occupancy of CH, in 5> small cages

Cy Final conversion rate of water to CH, hydrate
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