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1. Simulation setups and details for systems in Figure 1 and Figure 2 in the main text

The bulk-water system in Figure 1a of main manuscript has the dimension of 
, that contains 1690 water molecules. For pyrophyllite systems in Figure 42.0 Å × 42.0 Å × 42.0Å

1b and c in the main text and in Figure S1a, the sizes of the simulation box along x and z directions 
are 41.28 Å and 35.864 Å, respectively. While the sizes of box along y-axis, perpendicular to the 
surface, is 16.26 Å, and 13.26 Å for 2W and 1W, respectively. There are 320 water molecules in 
2W system and 180 water molecules in 1W system. For gibbsite (Figure 2a, 2b and Figure S1b), 
the sizes of box along x and z directions are 43.86 Å and 36.02 Å, respectively. While the sizes of 
box along y-axis are 15.69 Å and 12.48 Å for 2W and 1W, respectively. There are 320 water 
molecules in 2W system and 180 water molecules in 1W system. In each of the mentioned systems, 
there are two CO2 or two H2 molecules. 

Figure S1. Top and side views of (a) pyrophyllite and (b) gibbsite interlayers. Water molecules 
are not shown in the snapshots.  
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Molecular dynamics (MD) simulations are performed with timestep of 1 fs at 300K and 1 
atm, which is controlled through Nosé–Hoover thermostat and barostat.1, 2 The description of force 
field parameters is provided in main manuscript. During the course of simulations, both CO2 and 
H2 are molecules are considered as a rigid body (using “fix rigid” command in LAMMPS). The 
Lennard-Jones (LJ) potential is defined using the following function:

𝑉𝐿𝐽 = 4𝜀[(𝜎
𝑟)12 ‒ (𝜎

𝑟)6] (1)

where,  is the depth of the potential well,  is the distance at which  is zero, and r is the distance 𝜀 𝜎 𝑉𝐿𝐽

between two atoms. The LJ parameters for different type of atoms are computed using arithmetic 

mixing rule ( ; ). The cutoff for long range electrostatic interaction 𝜀𝑖𝑗 = 𝜀𝑖𝜀𝑗 𝜎𝑖𝑗 = 0.5 × (𝜎𝑖 + 𝜎𝑗)

is set to 10 Å. Beyond this cutoff, electrostatic interaction is resolved in reciprocal space using 
particle–particle particle-mesh (PPPM) method with an accuracy of 99.99%. Initial system is 
equilibrated using an NVT ensemble (constant number of atoms, volume, and temperature) 
followed by an NPT ensemble (constant number of atoms, pressure, and temperature) until the 
fluctuation in the simulation box size becomes insignificant. The system is then equilibrated under 
NVT ensemble for over 3 ns.  

After that, potential of mean force (PMF) or free energy are calculated using well-tempered 
metadynamics (WTM) method3 as implemented in Colvars module.4 In the WTM method, history-
dependent Gaussian potentials are deposited to allow a system to explore a complete energy 
landscape:

𝑉𝑊𝑇𝑀(𝑟,𝑡) =  𝜔𝑒
‒ 𝑉(𝑟,𝑡)/𝑘𝐵∆𝑇

𝑒 ‒ [𝑟 ‒ 𝑟(𝑡)]2/2𝜎2 (2)

𝑉(𝑟,𝑡) =  𝜔𝑒 ‒ [𝑟 ‒ 𝑟(𝑡)]2/2𝜎2 (3)

where  is the Gaussian potential in the standard metadynamics method with  and  are the 𝑉(𝑟,𝑡) 𝜔 𝜎
height and width, respectively. The Gaussian potential is deposited at a fixed time interval ( ). The 𝜏
mean value of collective variable is , while the instantaneous value of collective variable at time 𝑟

 is . Contrast to standard method, WTM has the Gaussian height of , which 𝑡 𝑟(𝑡) 𝜔𝑒
‒ 𝑉(𝑟,𝑡)/𝑘𝐵∆𝑇

provides  as a controllable parameter that decreases the height with simulation time. Inclusion ∆𝑇
of this parameter improves the convergence. For all the systems, the value of , , , and  are 𝜔 𝜎 𝜏 ∆𝑇
1.0 kcal/mol, 0.2 Å, 100 fs, and 500 K, respectively. The convergence of free energy profiles 
(Figure 1 and Figure 2) for pyrophyllite and gibbsite systems are given in Figure S2 and Figure 
S3, respectively. In addition, we also perform PMF calculation for two CO2 or two H2 molecules 
in vacuum, and the result is reported in Figure S4. 



Figure S2. The free energy profiles, at different simulation times, as a function of distance between 
two CO2 molecules in (a) 2W pyrophyllite, (b) 1W pyrophyllite, and two H2 molecules in (c) 2W 
pyrophyllite, (d) 1W pyrophyllite interlayers.



Figure S3. The free energy profiles, at different simulation times, as a function of distance between 
two CO2 molecules in (a) 2W gibbsite, (b) 1W gibbsite, and two H2 molecules in (c) 2W gibbsite, 
(d) 1W gibbsite interlayers.



Figure S4. The free energy as a function of distance between two CO2 and H2 molecules in 
vacuum.  

2. System setups and details for the results in Figure 3 in the main text. 

In order to quantify the probability of finding a gas molecule in a given cluster, we simulate 
pyrophyllite (Figure S5) and gibbsite hydrated interlayers with 10 CO2/H2 gas molecules. The 
simulation systems are anolog to those used in Figure 1 and Figure 2.  However, in Figure 1 and 
2, there are just two gas molecules. Here, we have added 8 extra gas molecules solvated in 8 fewer 
water molecules. The box sizes in all the dimensions are kept the same as in Figure 1 and 2. All 
simulations are run at 300 K and 1 atm with timestep of 1 fs. Systems are equilibrated in an NVT 
ensemble for at least 3 ns followed by production runs of over 16 ns.    

Figure S5. (a) Top and (b) side views of 1W pyrophyllite interlayer with 10 CO2 molecules. The 
grey color denotes pyrophyllite, cyan color indicates water, and CO2 molecules are represented by 
purple and pink spheres. 



3. Simulation setups and details for the results in Figure 4. 

The simulation models reported in Figure 4 a, b have edges which are different from the models 
used in Figures 1, 2, and 3. A detailed procedure for constructing the pyrophyllite layers with edges 
(Figure S6) is provided elsewhere.5 Briefly, we began by cleaving a pyrophyllite layer on its (0 1 
0) face,6 addressing the resulting broken bonds by introducing -OH groups or -H atoms. This was 
done to ensure that every silicon atom at the edge forms coordinates with four oxygen atoms and 
each edge aluminum atom coordinates five oxygen atoms. In an aqueous solution, a five-
coordinated aluminum atom at the edge forms an additional bond with a water molecule to achieve 
its six-coordinated state.7 For gibbsite, we create a gibbsite layer with edge by cleaving along the 
(1 0 0) face, similar to the approach we used to create gibbsite particle in previous work.8 The 
resultant structure has edges with 5-coordinated aluminum. A water molecule will coordinate with 
an edge aluminum atom to form six-coordinated configuration.

Figure S6. Simulation snapshots showing different stages of intercalation process. Location of 
CO2 dimer (a) at the air/water interface, (b) at the pore opening of pyrophyllite, and (c) inside the 
2W interlayer of pyrophyllite. 



The formed pyrophyllite/gibbsite layers with edges then immersed in water as shown in Figure S6. 
Note, the empty space in the simulation box denotes the vacuum. For pyrophyllite, the size of the 
box along x, y, and z directions are 31.0602 Å, 34 Å, and 100 Å, respectively. Whereas for gibbsite, 
the size of the box along x, y, and z directions are 20.312 Å, 34.9818 Å, and 110 Å, respectively. 
The pyrophyllite is 36 Å long in z direction, and the gibbsite is 35.5 long in z direction. When 
applying periodic boundary conditions in all directions, the pyrophyllite and gibbsite structures are 
infinitely long in x direction. The number of water molecules in pyrophyllite and gibbsite systems 
are 1458 and 1260, respectively. These systems are equilibrated using NVT simulations for over 
3ns. Following equilibration, well-tempered metadynamic (WTM) simulations are conducted to 
compute the free energy corresponding to the intercalation of CO2 and H2 gas from vacuum to 
hydrated interlayers (Figure 4c-4f). The snapshots corresponding to location ‘1’, ‘2’, and ‘3’ 
labelled in Figure 4a are provided in Figure S6a-S6c. The value of WTM parameters, namely, , 𝜔

, , and  are 1.0 kcal/mol, 0.2 Å, 100 fs, and 500 K, respectively, for pyrophyllite. The value 𝜎 𝜏 ∆𝑇
of , , , and  are 1.0 kcal/mol, 0.2 Å, 100 fs, and 1000 K, respectively, for gibbsite. The 𝜔 𝜎 𝜏 ∆𝑇
convergence of PMF profiles are given in Figure S7 and Figure S8.

Figure S7. The free energy profiles, at different simulation times, of the intercalation of (a) CO2 
dimer, (b) CO2 single molecule, (c) H2 dimer, and (d) H2 single molecule into 2W hydrated 
pyrophyllite interlayer. The distance in these plots is the distance of the center-of-mass of 
individual molecule or dimer from the vacuum phase along z-direction, where r=0 corresponds to 
single/dimer molecules in vacuum phase. 



Figure S8. The free energy profiles, at different simulation times, of the intercalation of (a) CO2 
dimer, (b) CO2 single molecule, (c) H2 dimer, and (d) H2 single molecule into 2W hydrated gibbsite 
interlayer. The distance in these plots is the distance of the center-of-mass of individual molecule 
or dimer from the vacuum phase along z-direction, where r=0 corresponds to single/dimer 
molecules in vacuum phase.
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