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S1. Simulation details 72 

S1.1 Simulation Models 73 

Illite and montmorillonite minerals are the most abundant clay minerals in the hydrate-bearing sediments in the 74 

Shenhu area of the South China Sea.1 The illite and montmorillonite unit cell was obtained by modifying the 75 

pyrophyllite unit cell taken from the United States Mineral Crystal Structure Database.2 The molecular formulas 76 

of the montmorillonite and illite are Na0.75(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4 and K(Si7Al)Al4O20(OH)4, 77 

respectively. These models of illite and montmorillonite are widely used in prior MD studies.3, 4 The negative 78 

charge of the illite surface is larger than that of the montmorillonite surface. The initial crystal model contains 79 

substitutions, replacing Al3+ with Mg2+ in the octahedral sheets and Si4+ with Al3+ in the tetrahedral sheets, 80 

conforming to Loewenstein's rule.5 We used 285 Na+ and Cl- resulting in a salinity of 3.5 wt%, which is close to 81 

real seawater.3 A homogeneous solution containing 4424 gas molecules and 25440 water molecules was placed in 82 

montmorillonite-illite mixed clay sediments. 142 Na+ and 512 K+ ions were placed in the homogeneous solution 83 

to compensate for the negative charge of montmorillonite and illite, respectively. This gas-water ratio is in line 84 

with the standard SI-type hydrate, enabling the potential formation of CH4 or CH4/CO2 hydrates involving all H2O 85 

and gas molecules. To maintain charge neutrality of the edge local structures and the nanoparticles, the charge 86 

distribution of atoms on the edge surface was adjusted (see Fig. S1). In natural clay systems, particularly at the 87 

edges of clay particles, the atomic structure is often altered due to interactions with water, ions, and other 88 

molecules. This hydroxylation is used to balance the charge of the edge atoms, which could otherwise lead to 89 

unrealistic interactions with surrounding molecules. These adjustments are not expected to significantly alter the 90 

intrinsic chemical reactivity of the montmorillonite nanoparticle. Instead, they ensure that the nanoparticle 91 

behaves similarly to natural montmorillonite in hydrate-bearing sediments, where edge hydroxylation and ion 92 

adsorption are common. Two systems containing different gases (pure CH4 or a mixture of CH4 and CO2) in 93 

montmorillonite-illite mixed clay sediments were tested. We refer to these two systems hereafter as MixedCH4 and 94 

MixedCH4+CO2. The MixedCH4 and MixedCH4+CO2 systems contained ca 13,600 and 14,500 atoms, respectively. The 95 

size of the simulation box for MixedCH4 system was 82.56 Å × 125.49 Å × 127.35 Å, while the size of the 96 

simulation box for MixedCH4+CO2 system was 82.56 Å × 125.49 Å × 126.69 Å. The size of the simulation box is 97 

small, which limits the large movement of the montmorillonite nanoparticles. 98 

 99 

S1.2 Simulation Methods 100 

Periodic boundary conditions were assigned in all directions, and the rigidity of water molecules was preserved 101 

via the SHAKE algorithm. The Lorentz-Berthelot mixing rules6 were used for describing the unlike interactions. 102 

For integrating the equations, the leap-frog integrator algorithm with a time step of 2.0 fs was used. All force field 103 

parameters for H2O, CH4, CO2, ions, montmorillonite, and illite in the system are shown in Table S2 and Table S3. 104 

The well depth εO(CO2)-O(H2O) between the oxygen in CO2 and the oxygen in H2O was scaled by a factor of 1.08. It 105 
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has been demonstrated that with such scaling, the solubility of CO2 in water and the three-phase coexistence 106 

temperature of CO2 hydrate can be accurately predicted.7 Initially, the initial configurations were energy 107 

minimized by using the steepest descent algorithm. A 2-ns pre-equilibration was performed in the 108 

isothermal-isobaric (NPT) ensemble, with the temperature (260 K) and pressure (100 bar) controlled by 109 

velocity-rescaling thermostat8 (time constants of 0.1 ps) and Berendsen barostat9 (time constants of 1.0 ps), 110 

respectively. The condition of low temperature and high pressure accelerates hydrate formation and reduces 111 

computational cost.3 Finally, a 3.0 μs production run was carried out at the NPT ensemble, with temperature and 112 

pressure controlled by the Nosé-Hoover thermostat10 (time constants of 2.0 ps) and Parrinello-Rahman barostat11 113 

(time constants of 4.0 ps), respectively. The xy-plane of the illite layer, being infinite and rigid, would not 114 

compress significantly even under varying pressure conditions. The pressure coupling was semi-isotropic, 115 

allowing independent fluctuations along the normal (z-dimension) and lateral (xy-dimensions) directions. The F4 116 

order parameter12 serves as an effective discriminator for distinguishing the water phase, with average values of 117 

-0.04, -0.4, and 0.7 for liquid water, ice, and hydrate, respectively. To monitor the formation of CH4 and CH4/CO2 118 

hydrates in montmorillonite-illite mixed clay sediments, the cage analysis algorithm proposed by Jacobson et al.13 119 

was used to display the seven cage types (512, 51262, 51263, 51264, 4151062, 4151063, and 4151064). We apply a constant 120 

force to the atoms on the pseudo-hexagonal montmorillonite nanoparticles for the tensile, compressive, and sheer 121 

simulations. The constant pull rate is 2 Å/ns. The simulation time is 1 ns, with the trajectory is saved every 1 ps. The 122 

positions of the atoms on the left edge of the pseudohexagonal montmorillonite nanoparticles were fixed during tension, 123 

compression, and shear deformation. 124 

 125 

FIG. S1. Schematic illustration of the edge structure for the pseudo-hexagonal montmorillonite nanoparticles. The 126 

final charges of edge atoms for pseudo-hexagonal montmorillonite nanoparticle within our model are shown. 127 
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 128 

 129 

TABLE S1. Number of molecules of each species for the two different simulations. 130 

  montmorillonite-illite mixed clay sediments 

System NCO2 NCH4 NK+ NNa+ NCl- NH2O 

MixedCH4 0 4424 512 427 285 25440 

MixedCH4+CO2 2212 2212 512 427 285 25440 

 131 

 132 

TABLE S2. Parameters for the TIP4P/ice water model,14 OPLS-UA CH4,15 and the TraPPE CO2.16 σ and ε are the 133 

Lennard-Jones parameters, in units of nm and kJ/mol, respectively; q is the partial charge of an atom in units of 134 

elementary charge (e); m is the atomic mass in units of g/mol. 135 

atom ε / [kJ/mol] σ / [nm] q / [e] m / [g/mol] 

H2O     

O (MW) 0 0 -1.1794 0 

O 0.8822 0.31668 0 16 

H 0 0 0.5897 1.008 

CH4 1.23 0.373 0 16 

CO2     

C 0.224478 0.28 0.70 12.011 

O 0.656806 0.305 -0.35 15.9994 

O (OM) 0 0 0 0 

Ion         

Cl 0.418998 0.439997 -1.0 35.453 

Na 0.544572 0.235002 1.0 22.989 

K 0.41858 0.333401 1.0 39.0983 

 136 

  137 
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TABLE S3. Parameters for the CLAYFF force field.17 σ and ε are the Lennard-Jones parameters, in units of nm 138 

and kJ/mol, respectively; q is the partial charge of an atom in units of elementary charge (e); m is the atomic mass 139 

in units of g/mol. 140 

atom ε / [kJ/mol] σ / [nm] q / [e] m / [g/mol] 

Clay         

Si (st) 7.70065◊10-6 0.3302 2.1 28.09 

Si (so) 7.70065◊10-6 0.3302 2.1 28.09 

Mg (mgo) 3.77807◊10-6 0.5264 1.3598 24.31 

Mg (mge) 3.77807◊10-6 0.5264 1.4667 24.31 

Al (ao) 5.56388◊10-6 0.4271 1.575 26.98 

Al (at) 7.70065◊10-6 0.3302 1.5752 26.98 

Al (ae) 5.56388◊10-6 0.4271 1.8125 26.98 

O (ob) 0.65017 0.316556 -1.05 16 

O (obts) 0.65017 0.316556 -1.1688 16 

O (obos) 0.65017 0.316556 -1.1808 16 

O (oc) 0.65017 0.316556 -1.2875 16 

O (oa) 0.65017 0.316556 -1.3185 16 

O (od) 0.65017 0.316556 -1.1875 16 

O (og) 0.65017 0.316556 -1.4185 16 

O (om) 0.65017 0.316556 -1.0688 16 

O (on) 0.65017 0.316556 -1.1282 16 

O (oh) 0.65017 0.316556 -0.95 16 

O (ohs) 0.65017 0.316556 -1.0808 16 

H (ho) 0 0 0.425 1.008 

 141 

 142 
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 143 

FIG. S2. Schematic illustration of mechanical (a) tensile, (b) compressive, and (c) sheer processes of 144 

pseudo-hexagonal montmorillonite nanoparticles. 145 

 146 

 147 

S2. Calculation of properties 148 

Gas mole fraction 149 

We use the VMD software18 to determine the state of gas molecules (CH4 and CO2 molecules) or water 150 

molecules. At each frame, we check each gas molecule to find the number of water molecules and other gas 151 

molecules surrounding it. This method is used to determine whether each gas molecule belongs to the water phase 152 

or nanobubbles. The gas mole fraction in the aqueous phase is defined as the number of gas molecules in the 153 

aqueous phase divided by the number of water and gas molecules in the aqueous phase, as follows: 154 

                   
gas mole fraction = Ngas

Ngas + Nwater                (1)
 155 

Where 𝑁𝑁𝑔𝑔𝑔𝑔𝑔𝑔 is the number of gas molecules (CH4 and CO2 molecules) in the aqueous phase. 𝑁𝑁𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is the 156 

number of water molecules. 157 

 158 

 159 

F4 order parameter 160 

The 𝐹𝐹4 order parameter serves as an effective discriminator for distinguishing the water phase, with average 161 

values of -0.04, -0.4, and 0.7 for liquid water, ice, and hydrate, respectively12. The 𝐹𝐹4 order parameter is defined 162 

by 163 

                       
 𝐹𝐹4 = 〈𝑐𝑐𝑐𝑐𝑐𝑐(3∅)〉

                          (2)
 164 

The value of 𝐹𝐹4 is computed by the water-water pair as a function of the torsional angle ∅ between oxygen 165 
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atoms within 3.5 Å and the outermost hydrogen atoms in the water-water pairs. 166 

 167 

 168 

S3. Supporting Figures 169 

 170 

 171 

 172 

FIG. R3. Evolution of the box in the z-axis for the MixedCH4 system. 173 

 174 
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 175 

FIG. S4. (a-f) Formation processes of CH4 hydrate in montmorillonite-illite mixed clay sediments for the 176 

MixedCH4 system. Pseudo-hexagonal montmorillonite nanoparticle and illite layers are displayed as yellow (Si 177 

atom), pink (Al atom), red (O atom), and white (H atom). Green balls, blue balls, magenta balls, and silver lines 178 

represent CH4, Na+, Cl-, and H2O molecules, respectively. Hydrate cages are shown as sticks in various colors 179 

(green for 512, blue for 51262, red for 51263, orange for 51264, cyan for 4151062, purple for 4151063, and pink for 180 

4151064). 181 

 182 

 183 
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FIG. S5. Number density distribution of H2O, CH4, and ions along the surface normal direction (z-axis) (a) for 185 

0.05 - 0.1 μs and (b) 2.95 - 3.0 μs in the MixedCH4 system. 186 

 187 

 188 

 189 

FIG. S6. Number density distributions of CH4 molecules (a) for 0.95 - 1.0 μs, (b) 1.95 - 2.0 μs, and (c) 2.95 - 3.0 190 

μs in the MixedCH4 system. 191 

 192 

 193 
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 194 

FIG. S7. Number density distributions of H2O molecules (a) for 0.95 - 1.0 μs, (b) 1.95 - 2.0 μs, and (c) 2.95 - 3.0 195 

μs in the MixedCH4 system. 196 

 197 

 198 

 199 

FIG. S8. Number density distributions of ions (a) for 0.95 - 1.0 μs, (b) 1.95 - 2.0 μs, and (c) 2.95 - 3.0 μs in the 200 

MixedCH4 system. 201 

 202 

 203 
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FIG. S9. Evolution of the number of CH4 molecules (a) in the water and (b) in the nanobubbles inside and outside 205 

clay defect for the MixedCH4 system. 206 
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FIG. S10. Evolution of the number of (a) seven hydrate cages in the MixedCH4 system and (c) total cages in the 210 

MixedCH4 and MixedCH4+CO2 systems. The (b) average proportion of seven types of hydrate cages in the two 211 

systems for 2.95 - 3.0 μs. 212 

 213 
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 215 
FIG. S11. (a-f) Formation processes of CH4/CO2 mixed hydrates in montmorillonite-illite mixed clay sediments 216 

for the MixedCH4+CO2 system. Pseudo-hexagonal montmorillonite nanoparticle and illite layers are displayed as 217 

yellow (Si atom), pink (Al atom), red (O atom), and white (H atom). Green balls, orange balls, blue balls, magenta 218 

balls, and silver lines represent CH4, CO2, Na+, Cl-, and H2O molecules, respectively. Hydrate cages are shown as 219 

sticks in various colors (green for 512, blue for 51262, red for 51263, orange for 51264, cyan for 4151062, purple for 220 

4151063, and pink for 4151064). 221 

 222 

 223 

 224 
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Fig. S12. Number density distribution of H2O, CO2, CH4, and ions along the surface normal direction (z-axis) (a) 226 

for 0.05 - 0.1 μs and (b) 2.95 - 3.0 μs in the MixedCH4+CO2 system. 227 

 228 

 229 

 230 

FIG. S13. Number density distributions of CO2 molecules (a) for 0.95 - 1.0 μs, (b) 1.95 - 2.0 μs, and (c) 2.95 - 3.0 231 

μs in the MixedCH4+CO2 system. 232 

 233 

 234 
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 235 

FIG. S14. Number density distributions of CH4 molecules (a) for 0.95 - 1.0 μs, (b) 1.95 - 2.0 μs, and (c) 2.95 - 3.0 236 

μs in the MixedCH4+CO2 system. 237 

 238 

 239 

 240 

FIG. S15. Number density distributions of H2O molecules (a) for 0.95 - 1.0 μs, (b) 1.95 - 2.0 μs, and (c) 2.95 - 3.0 241 

μs in the MixedCH4+CO2 system. 242 

 243 

 244 
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 245 

FIG. S16. Number density distributions of ions (a) for 0.95 - 1.0 μs, (b) 1.95 - 2.0 μs, and (c) 2.95 - 3.0 μs in the 246 

MixedCH4+CO2 system. 247 

 248 
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FIG. S17. Evolution of the number of CH4/CO2 molecules (a) in the water and (b) in the nanobubbles inside and 251 

outside the clay defect for the MixedCH4+CO2 system. 252 

 253 
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FIG. S18. Evolution of the number of hydrate cages in the MixedCH4+CO2 system. 256 

 257 

 258 

S4. Supporting Videos 259 

VIDEO S1. Formation process of CH4 hydrates in the montmorillonite-illite mixed clay sediments for the 260 

MixedCH4 system. Pseudo-hexagonal montmorillonite nanoparticle and illite layers are displayed as yellow (Si 261 

atom), pink (Al atom), red (O atom), and white (H atom). Green balls represent CH4 molecules. Hydrate cages are 262 

shown as sticks in various colors (green for 512, blue for 51262, red for 51263, orange for 51264, cyan for 4151062, 263 

purple for 4151063, and pink for 4151064). 264 

 265 

VIDEO S2. Formation process of CH4/CO2 mixed hydrates in the montmorillonite-illite mixed clay sediments for 266 

the MixedCH4+CO2 system. Pseudo-hexagonal montmorillonite nanoparticle and illite layers are displayed as yellow 267 

(Si atom), pink (Al atom), red (O atom), and white (H atom). Green balls, orange balls, and silver lines represent 268 

CH4, CO2, and H2O molecules, respectively. Hydrate cages are shown as sticks in various colors (green for 512, 269 

blue for 51262, red for 51263, orange for 51264, cyan for 4151062, purple for 4151063, and pink for 4151064). 270 

 271 

 272 

S5. Supporting files 273 

FILE S1. Initial configuration for the MixedCH4 system. 274 

 275 

FILE S2. Initial configuration for the MixedCH4+CO2 system. 276 

 277 

 278 

 279 
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