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In order to investigate the viability of carbon dioxide (CO2) storage in seawater,

molecular dynamics techniques were employed to study the dynamic evolution

of CO2 hydrate in saline water. The simulation was conducted under specific

conditions: a temperature of 275 K, a pressure of 10 MPa and a simulated

marine environment achieved using a 3.4 wt% sodium chloride (NaCl) solution.

The total simulation time was 1000 ns. The results of the simulation indicate that

the pre-existence of CO2 hydrate crystals as seeds leads to rapid growth of CO2

hydrate. However, analysis of the F3 and F4 order parameters reveals that the

hydrate does not meet the standard values of the perfect structure I (sI) type,

confirming the existence of an imperfect structure during the simulation.

Additionally, the changes in the number of different phase states of water

molecules during the hydrate growth process shows that there are always some

liquid water molecules, which means some water molecules fail to form solid

water cages. Further investigation suggests that the presence of Na+ and Cl�

hampers the hydrogen bonds between water molecules, resulting in incomplete

cage structures. By analyzing the density variations in the system, it is observed

that CO2 hydrate, with a density of around 1.133 g cm� 3, forms rapidly,

surpassing the average density of seawater. This density increase facilitates the

efficient and swift containment of CO2 on the seabed, thereby supporting the

feasibility of the CO2 storage theory.

1. Introduction

Greenhouse gases, primarily generated by human activities

and the burning of fossil fuels, contribute significantly to

climate change. The most common way people perceive

climate change is through extreme weather events, and we are

now witnessing the emergence of high-temperature conditions

that surpass what humans can tolerate (Raymond et al., 2020).

Since 1950, there has been a notable increase in the frequency

and intensity of extreme high temperatures, including heat-

waves, in many parts of the world. Studies have shown that the

severity of heatwaves, including temperature, duration and

extent of impact, is steadily rising in correlation with global

warming (Wang & Yan, 2021). The sixth Intergovernmental

Panel on Climate Change (IPCC) report (Arias et al., 2021)

confirms that human activities have significantly contributed

to rising temperatures in the atmosphere, oceans and land

surfaces, resulting in an unprecedented rate of warming over

the past two millennia. The primary cause of global warming is

the release of greenhouse gases, such as CO2, and existing

models predict that global greenhouse gas emissions must

peak between 2020 and 2025 (at the latest) if we want to limit

the warming of the Earth to within 2 �C (Rogelj et al., 2016;

McGlade & Ekins, 2015).
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The consequences of climate change are already evident in

the accelerated melting of glaciers (Hugonnet et al., 2021),

recurring mountain fires (Canadell et al., 2021) and rising sea

levels (Dangendorf et al., 2023). It is crucial to recognize the

urgent and imperative need to address these climate chal-

lenges. As a response, the European Union and the G8 have

set a target to reduce greenhouse gas emissions by at least

80% from the 1990 levels by 2050 (Viebahn et al., 2015; Faure-

Schuyer et al., 2017). Scientists are actively exploring new

technologies to help achieve the goal of carbon neutrality, and

Carbon Capture and Storage (CCS) is considered a crucial

strategy for decarbonizing the power and industrial sectors

(Turgut et al., 2021). The final step in the CCS process is the

permanent sequestration of CO2, which can be accomplished

through various approaches, such as mineral carbonation,

oceanic storage and underground geological storage (Aminu

et al., 2017). Storing CO2 in the form of hydrate on the seabed

is particularly promising and an area of active research. CO2

hydrate is a crystal-like structure that has a nonstoichiometric

composition, consisting of cages that resemble a three-

dimensional lattice (Aya et al., 1997). At a microscopic level,

these cages are formed by water molecules bonded together

through hydrogen bonds, and they can trap guest molecules

such as methane (CH4) and CO2. The water cages are

composed of interconnected rings of hydrogen-bonded water

molecules, with five- and six-membered rings being common.

Different types of crystalline structures can be formed through

these interconnected rings (Jing et al., 2022; Walsh et al., 2009).

CO2 hydrate and CH4 hydrate have typically the sI-type

structure, which includes two types of cages: 512 and 51262

(Koh, 2002; Kirchner et al., 2004). CO2 hydrate has a higher

density than seawater, making it stable on the surface of the

seabed and near seabed sediments. They can store large

amounts of CO2 with high gas storage density and exhibit

good mechanical stability. As a result, CO2 hydrate is con-

sidered to have significant potential for safe, long-term and

stable storage of CO2, offering broad applications (Zheng et

al., 2020). Therefore, it is crucial to understand the growth of

CO2 hydrate in seawater. Molecular dynamics simulation is a

valuable technique for investigating CO2 hydrate, offering a

systematic understanding of the microscopic evolution at the

molecular/atomic scale. This approach enhances the efficiency

and predictability of our research. In a study by He et al.

(2017), comprehensive microsecond simulations were con-

ducted to explore the nucleation of CO2 hydrate. The findings

indicate a close relationship between nucleation and the

hydration shells of CO2 in water. The adsorption of CO2

molecules around the hydration shell significantly stabilizes

the hydrogen bonds within it and facilitates the transformation

of the hydration shell into a cage structure. Zhang et al. (2019)

utilized molecular dynamics simulation to establish a model

for CO2 hydrate formation. This model enabled the observa-

tion of water and CO2 molecule movements in various systems

with different initial conditions. Their research primarily

focused on assessing the impact of temperature on CO2

generation (Zhang et al., 2019). The results of Nakate et al.

(2019) revealed that the concentration of CO2 molecules in

water plays a crucial role in growth kinetics. Maximizing the

CO2 concentration in the aqueous phase does not necessarily

lead to faster growth of CO2 hydrate. Interestingly, most

studies focus on the nucleation process or the influence of

external substances. When we talk about CO2 storage, we

more pay attention to the influence of major ions in seawater

on the structure of hydrate and whether the structure of

hydrate is perfect, in order to facilitate stable storage on the

seabed.

In this article, we employed molecular dynamics methods to

simulate the growth process of CO2 hydrate in the marine
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Figure 1
Simulation process of CO2 hydrate growth, showing (A) the initial state, 0 ns, and (B) the final state, 1000 ns. The green balls represent Cl� and the
purple balls represent Na+.



environment. Specifically, it analyzes the influence of NaCl on

the cage structure of CO2 hydrate and discusses variations in

relevant parameters. The potential for storing CO2 in seawater

has also been discussed.

2. Computational details

Simulations were performed using GROMACS software

(Version 2019.6; Abraham et al., 2015; Van Der Spoel et al.,

2005). The growth process of CO2 hydrate was studied from an

sI-type CO2 hydrate crystal seed. The results of the calcula-

tions were visualized using the software VMD (Visual Mol-

ecular Dynamics) (Version 1.9.3; Humphrey et al., 1996). To

examine the growth process of CO2 hydrate, a 2 � 2 � 2

supercell was constructed based on the structure described in

a previous report (Izquierdo-Ruiz et al., 2016) using Multiwfn

software (Lu & Chen, 2012), with the lattice parameters

2.406 � 2.406 � 2.406 nm. This supercell was then used as a

seed to establish an initial box measuring 15� 2.5� 2.5 nm, as

shown in Fig. 1. The box contained two CO2 hydrate seeds on

both sides and CO2 aqueous solution in the middle. 736 water

molecules, 128 CO2 molecules, 8 Na+ cations and 8 Cl� anions

were placed within the middle aqueous solution, and the

concentration of NaCl was about 3.4%, which is close to the

concentration of NaCl in seawater. In this simulation, the

TIP4P/Ice four-point water model (Abascal et al., 2005) was

adopted for the water molecule as it provides a more accurate

representation of water near the freezing point. The EPM2

force field model was used for CO2 (Harris & Yung, 1995), as it

is widely employed in simulating CO2 hydrate systems. The

leap-frog integration algorithm with a time step of 2 fs was

employed. The short-range nonbonded interactions between

molecules were computed using the Lennard–Jones potential

energy function, with a truncation distance of 1 nm. The long-

range electrostatic interactions were computed using the

Particle Mesh Ewald (PME) algorithm (Darden et al., 1993).

Periodic boundary conditions were applied in all directions,

with only constraints applied to hydrogen bonds. The simu-

lation was conducted under NPT (constant temperature and

pressure) conditions, with the V-rescale algorithm (Bussi et al.,

2007) used for temperature control and the Parrinello–

Rahman algorithm (Carretero-González et al., 2005) used for

pressure control. An anisotropic pressure coupling algorithm

was employed and the total simulation time was 1000 ns. To

mimic the simulation conditions as closely as possible, a 3.4%

sodium chloride solution was utilized to represent a seawater

environment with a temperature of 275 K and a pressure of

100 bar (1 bar = 105 Pa).

3. Results and discussion

3.1. CO2 hydrate growth process

The formation of hydrate occurs when water molecules

create cage-like structures by bonding with each other through

hydrogen bonds, capturing gas molecules in the process. As
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Figure 2
Water molecules belonging to different phase states, showing (A) water molecules at the interface between hydrate and liquid water, (B) water molecules
belonging to liquid water and (C) water molecules belonging to hydrate.



the hydrate continues to develop, the number of cages

increases and they stack together, leading to the consumption

of free liquid water as it transforms into solid hydrate. In

Fig. 1, the simulation depicting the growth of the hydrate

system is clearly shown [part (A) represents the initial state at

0ns, while part (B) shows the end state at 1000 ns]. The

visualization demonstrates how water molecules transition

from a disordered arrangement to an ordered one, forming

cage structures in which CO2 gas is trapped.

However, the presence of Na+ and Cl� in the solution has a

significant impact on the formation of CO2 hydrate, resulting

in substantial damage to the cage structure and the potential

formation of imperfect hydrate. Thus, molecular dynamics

simulations indicate that the growth of CO2 hydrate in NaCl

solution is inhibited, with NaCl actively impairing the cage

structure and generating flawed hydrate.

Additionally, we conducted an analysis of defective areas

and employed the CHILL+ algorithm (Nguyen & Molinero,

2015) to differentiate water molecules based on their respec-

tive phase states. Fig. 2 provides a characterization of water

molecules in various phase states subsequent to hydrate

formation. In Fig. 2(A), the water molecules are positioned

between the liquid and solid states. In Fig. 2(B), liquid water

molecules are illustrated, while Fig. 2(C) showcases water

molecules in the hydrate state, forming ‘cages’ through

hydrogen bonding. By examining the placement of Na+ and

Cl� ions in Fig. 1, it is evident that an amorphous phase may

occur as an interim stage before the transition to the crystal-

line phase. Within this region, both liquid water molecules and

certain water molecules reside between the two phases. Fig. 2

demonstrates the perpetual existence of liquid water in the

system, indicating that not all water molecules participate in

the growth of hydrate cages, thereby resulting in defective

hydrate.

3.2. Order parameters

Order parameters, also referred to as the three-body order

parameter (F3) and the four-body order parameter (F4), are

widely used parameters that describe the arrangement of

water molecules (Jing et al., 2022; Walsh et al., 2009; Kirchner

et al., 2004).

For water molecules in different phase states, the F3 and F4

sequence parameters are different. F3 measures the extent to

which the tetrahedron formed by the central O atom differs

from a regular tetrahedron when considering other O atoms

within a distance of 3.5 Å. The calculation formula for F3 is

depicted in Equation (1). According to this definition, the F3

value for solid water (e.g. ice) and hydrate (both CH4 hydrate

and CO2 hydrate) is 0.01, whereas the F3 value for liquid water

is 0.1.

F3 ¼
1

ni ni � 1ð Þ

Xni � 1

j¼1

Xn1

k¼jþ1

cos �jik j cos �jik j þ cos2 109:47oð Þ
� �2

ð1Þ

In this context, � symbolizes the angle formed by the O

atom i in the central water molecule and the O atoms j and k in

any two neighbouring water molecules within a 3.5 Å radius.

The value of 109.47� corresponds to the angle between the

central vertex line of a regular tetrahedron and represents the

maximum value of the minimum angle among four vectors in

three-dimensional space.

The value of F4 can be determined by computing the angle

between the outermost H atom of two adjacent water mol-

ecules and the O atom within each water molecule. Equation

(2) illustrates the specific formula for this calculation. The F4

parameter encompasses H-atom data and therefore provides

an enhanced capability for discerning the structural char-

acteristics of different solid forms of water. For instance, ice

has an F4 value of � 0.4, liquid water has an F4 value of � 0.04

and the sI-type hydrate structure has an F4 value of 0.7.

F4 ¼
1

ni

Xni

i¼1

cos 3�i ð2Þ

Fig. 3 illustrates the temporal variations of the F3 and F4

parameters. By examining the changes in the F3 order para-

meter, it is evident that they decrease during the simulation,

implying a process of water molecule organization. The F3

order parameter values tend to approach 0.02, while the F4

parameter values tend to approach 0.7, deviating somewhat

from the order parameter values reported in most literature

for ideal CO2 hydrate. The F4 order parameter exhibits a

gradual increase until reaching its peak and then remains

stable, indicating a rapid growth process for the CO2 hydrate.

However, it fails to meet the standard values of hydrate order

parameters. For instance, Jing’s study reported F4 parameter

values of 0.74 and F3 parameter values of 0.01 for perfect CO2

hydrate (Walsh et al., 2009). This inconsistency could be

attributed to interactions among Na+, Cl� and H2O, which

might hinder the participation of certain water molecules in

the formation of complete cages or prevent the formation of

specific cage types. Consequently, these factors affect the F3

and F4 parameters.
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Figure 3
Changes of the F3 and F4 order parameters with simulation time.



3.3. Number of different types of water molecules and

density

To deeply analyze the growth and structural evolution of

CO2 hydrate in brine, we employed the CHILL+ algorithm

(Nguyen & Molinero, 2015) to determine the quantities of

water molecules associated with the hydrate, water molecules

situated at the interface between the hydrate and the liquid

phase, as well as liquid water molecules throughout the

simulation. Fig. 4 illustrates the number of water molecules

observed during the entire simulation. Within the time span of

0–500 ns, the number of water molecules attributed to hydrate

increased rapidly from 600 to over 1200, indicating a signifi-

cant generation of hydrate within the simulated system.

Conversely, the count of water molecules in the liquid state

experienced a sharp decline within the same time range,

dropping from 700 to around 105. This decline further sup-

ports our previous analysis and highlights the substantial

generation of hydrate during this time period. During the

initial 0–500 ns, we observed a period of rapid growth in CO2

hydrate, followed by a gradual slowdown leading to a stable

state. Concurrently, the number of liquid water molecules

decreased to approximately 100. This observation signifies the

presence of free liquid water molecules in the simulated

system, corroborating our earlier analysis. In the seawater

system simulated with NaCl solution, the presence of Na+ and

Cl� disrupted the cage structure, resulting in the formation of

imperfect hydrate. Some liquid water molecules and water

molecules between the two phases were found in regions

enriched with Na+ and Cl� . Throughout the simulation, the

quantity of water molecules between the two phases remained

approximately 200, indicating a mixed solid–liquid system

where the formed hydrate was incomplete and always pre-

sented liquid water.
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Figure 4
The number of different types of water molecules during the simulation
process. ‘Hyd’ stands for water molecules belonging to the hydrate state,
‘IntHyd’ stands for water molecules at the interface between hydrate and
liquid water, ‘CubIce’ stands for square ice molecules, ‘HexIce’ stands for
hexagonal ice molecules, ‘InterIce’ stands for interface ice molecules and
‘Liquid’ stands for water molecules belonging to liquid water.

Figure 5
Density changes during the simulation process.

Figure 6
Single hydrate cage analysis, showing (A) an incomplete hydrate cage, (B) a perfect 51262 hydrate cage and (C) a perfect 512 hydrate cage.



The density changes in the simulation system allow us to

determine the growth of CO2 hydrate (Fig. 5). It can be

observed that the density underwent a significant rise from 0

to 400 ns and then approached a state of equilibrium. This

indicates the formation of CO2 hydrate. Once the CO2 hydrate

was formed, the density of the simulated system stabilized at

approximately 1.133 g cm� 3. Considering that seawater typi-

cally has a density ranging from 1.02 to 1.07 g cm� 3, the

generated CO2 hydrate possessed a greater density than

seawater, causing them to naturally settle downwards. These

CO2 hydrates can be safely stored in suitable locations on the

seabed, such as deep saltwater layers, without being affected

by ocean currents or other factors. This method effectively

prevents secondary pollution resulting from CO2 leakage.

3.4. Single hydrate cage analysis

In the above discussions, since the water molecules around

Na+ and Cl� remain liquid, some of the water molecules

cannot participate in the formation of a complete closed solid

cage. In Fig. 6, specific hydrate cages are chosen for analysis. In

Fig. 6(A), the pentagon forming the cage is disrupted due to

the presence of Na+ and Cl� . The positively charged H atom in

water is closer to the Cl� , with the O atom and Cl� being less

than 3.5 Å apart, and the supplementary O—H� � �Cl angle

being less than 35�, indicating the presence of a hydrogen

bond, as shown in Fig. 7. Thus, it is believed that Cl� contri-

butes to the formation of the hydrate cage. However, the

negatively charged O atoms in water are closer to Na+, which

being monatomic, does not form any bonds with the water

molecules, preventing them from participating in closed cage

formation; this is different to the report of Xu et al. (2021). In

the region where there is no Na+ and Cl� , perfect cages can be

seen. Fig. 6(B) depicts a complete 51262 hydrate cage consis-

ting of two opposing hexagons and 12 pentagons arranged to

form a cage, and Fig. 6(C) depicts a complete 512 hydrate cage,

consisting of 12 pentagons arranged to form a cage. This cage

effectively traps CO2 and forms CO2 hydrate.

4. Conclusions

Here are the main conclusions:

(1) During the simulation process, the presence of Na+ and

Cl� was observed in the area where CO2 defect hydrate forms.

Analysis of a single cage revealed that the presence of Na+ and

Cl� disrupted the pentagonal structure of the cage, resulting in

an imperfect hydrate formation.

(2) In the growth process of CO2 hydrate in brine, not all

liquid water molecules participated in hydrate formation and

there were always some liquid water molecules in the simu-

lation box. The F3 and F4 order parameters indicated defects

in the CO2 hydrate within this system. Consequently, when

carrying out carbon capture and storage in marine environ-

ments, the influence of salt ions should be taken into consid-

eration.

(3) The density of the simulated system exhibited a signif-

icant increase within the 0–400 ns range and eventually

reached equilibrium, indicating CO2 hydrate generation.

After a substantial number of hydrates were formed, the

density of the simulated system stabilized at approximately

1.133 g cm� 3, which surpasses the average density of seawater.

Consequently, the hydrate would naturally settle down.

Suitable locations on the seabed, such as deep saltwater layers,

can serve as stable storage sites for CO2 hydrate.
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