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Electrical Supplementary Information
1. Metadynamics molecular simulations

In Fig. 1A, we provide a representative simulation snapshot used to calculate the PMF of a 
H2 molecule moving along the z direction from vacuum into bulk water. The reaction coordinate 
of the PMF is the z position of the H2 molecule. The PMF calculation is performed using well-
tempered metadynamics.1 In a standard metadynamics calculation2  a Gaussian potential  

(r is the reaction coordinate, t is the time,  and σ are the Gaussian height 𝑉 (𝑟,𝑡) = 𝜔 𝑒
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and width) is deposited at every time interval  to the potential energy landscape to allow the 𝜏
system to explore the full energy landscape. When the modified free energy (potential energy plus 
the Gaussian potential) becomes constant along the reaction coordinate, the PMF is the negative 
of the sum of all Gaussians deposited. In a standard metadynamics simulation, it is difficult to 
decide when to stop the simulation because the free energy does not converge but fluctuates around 
the correct result. In addition, continuing a simulation run might force the system to a configuration 
that is not physically relevant.1 To tackle these problems, well-tempered metadynamics were 
developed.1 In a well-tempered metadynamics calculation, a Gaussian potential has the form of 
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how quickly the Gaussian height, , reduces as the Gaussian is being deposited, kB is the 𝜔𝑒
‒
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Boltzmann constant.  The height of a Gaussian   decreases with simulation time, which 𝜔𝑒
‒

𝑉(𝑟,𝑡)
𝑘𝐵∆𝑇

allows a PMF to converge more smoothly. For a well-tempered metadynamics simulation, the 
choice of , σ, , and  decides the efficiency and convergence of a calculation. We report in 𝜔 𝜏 ∆𝑇
Fig. S1 the PMF as a function of time to demonstrate the convergence of the PMF calculation and 

, σ, , and  parameters.𝜔 𝜏 ∆𝑇
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Fig. S1. Left: The potential of mean force for H2 dissolution in bulk water as a function of 
simulation time. The results indicate the convergence of the PMF calculation. The temperature is 
323 K. The PMF is calculated with Gaussian = 1 kcal/mol, σ = 2 Å,  =3000 K, and  = 1000 𝜔 ∆𝑇 𝜏
timesteps. Right: Comparison of the PMF profiles at 300K when there are 2025 and 5175 water 
molecules in the simulation box.

There are 2025 water molecules and 1 H2 molecule in a 50×50×70 Å3 simulation box in Fig. 
1A. We implemented a SPC water model model3  and 3-site H2 model4 which reproduces very 
well the solubility of H2 in water. The Lennard-Jones (LJ) potential is expressed as: 

where r is the distance between two atoms, ε and σ are the depth of the 
𝑉𝐿𝐽 = 4𝜀[(𝜎

𝑟)12 ‒ (𝜎
𝑟)6], 

potential energy well and the distance at which the LJ potential is zero, respectively. LJ interactions 

among atoms are calculated using the Lorentz-Berthelot mixing rules  and 𝜀𝑖𝑗 = 𝜀𝑖𝑖𝜀𝑗𝑗

. Short range interactions are calculated using a cut-off distance of 10 Å. Long  𝜎𝑖𝑗 = (𝜎𝑖𝑖 + 𝜎𝑗𝑗) 2

range electrostatic interactions are calculated using the PPPM (particle-particle-particle-mesh) 
solver.5 All simulations are performed at 300 or 323 K using the Nose-Hoover thermostat,6 and 
the timestep is 1 fs. 
2. H2 model selection

Since the H2 interaction with water is very important in this study, we aim to reproduce the 
solubility of H2 in water. We calculate the H2 solubility as a function of gas pressure using the 
model in Fig. S2 (left).  There are 2025 water molecules and a certain number of H2 molecules in 
a simulation box of 50×50×70 Å3. We implement a SPC water model model.3 The Lennard-Jones 

(LJ) potential is expressed as: where r is the distance between two atoms, 
𝑉𝐿𝐽 = 4𝜀[(𝜎

𝑟)12 ‒ (𝜎
𝑟)6], 

ε and σ are the depth of the potential energy well and the distance at which the LJ potential is zero, 
respectively. LJ interactions among atoms are calculated using the Lorentz-Berthelot mixing rules 

 and . The system in Fig. S2 is simulated in an NVT simulation with 𝜀𝑖𝑗 = 𝜀𝑖𝑖𝜀𝑗𝑗  𝜎𝑖𝑗 = (𝜎𝑖𝑖 + 𝜎𝑗𝑗) 2

tempearture of 323K. The simulation is conducted for about 100 ns. We calculate the density of 



S3

H2 in the gas phase to determine the pressure using ideal gas law. The amount of H2 in the water 
phase is used to determine the solublity. 

Fig S2. Simulation system (left) including water (red) and hydrogen (green) molecules used to 
determine the solubility of H2 in bulk water (right) at 323 K. The experimental value is from ref.7

Two hydrogen models (2-sites8 and 3-sites4) are considered in this work. In the two LJ sites 
model, each H atom is a LJ sphere ( = 0.259 nm and  = 0.02484 kcal/mol) and H-H distance is 
0.074 nm.8 This model were used to study H2 adsorption onto graphitic materials, MOFs, and 
zeolite.8 9, 10 This model does not include electrostatic interactions leading to underestimation of 
the strength of H2 interaction with open metal site in MOFs. The 3-site model contains the center-
of-mass (COM) LJ site and has partial charges located on the COM site and the positions of the H 
atoms.4 Because the 3-sites model has partial charge sites along with a LJ site (overall they are 
neutral) it has the ability to capture the polarization. The simulation results in Fig. S2 (right) 
indicate that the 3-sites model is better than the 2-sites model at predicting the solubility of H2 in 
water.4 The 3-sites model will be used to investigate the H2 intercalation into the clay interlayers.

3. Clay layer construction, force fields, and PMF calculation details
3.1 Clay layer construction 

The system in Fig. 2A and Fig. S3 includes a clay layer with patch-wise charge distribution. When 
applying periodic boundary condition in the z direction, water (red) is confined between two 
identical clay layers.
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Fig. S3. Water confined in two identical clay layers through applied periodic boundary condition. 
The simulation box size is 200×31.06×15 Å3. The 104 Å long ribbon clay layer has 2916 atoms. 
There are 715 water molecules, including those at the clay edge, 1 H2 molecule, and 52 Na+ ions .

The method to build the clay layer in Fig. 2A can be found in our previous work.11 Briefly, 
a pyrophyllite layer was cleaved on the (0 1 0) face.12, 13 The resultant broken bonds were fixed by 
adding –OH groups or –H atoms so that (i) each Si atom at the edge coordinates with 4 oxygen 
atoms and (ii) each edge Al atom coordinates with 5 oxygen atoms. In a solution, a 5-coordinated 
edge Al atom usually coordinates with a water molecule to complete its 6-coordinated 
configuration.14, 15 After constructing the pyrophyllite layer with edges, we substituted some Al 
atoms in the octahedral sheet with Mg atoms to obtain the montmorillonite (MMT) layer with 
Mg:Al ratio of 0.75: 3.25. This substitution is subjected to two constraints. First, no substitution 
site is adjacent to another in the octahedral sheet.16 Second, the Mg:Al ratio is smaller than 0.2  at 
the edge.17 The distribution of Mg atoms in the Al octahedral sheet, which determines the charge 
distribution, is either patch-wise or random in our simulations (Fig. S4). The negative charge due 
to the substitution is balanced by Na+ ions in the interlayers. Enough water molecules are added 
into the interlayers to obtain the 1W or 2W hydration state. 

Macroscopically, MMT is a hydrophilic material (i.e., water wets MMT surfaces).18 
Microscopically (e.g., at the molecular level), an MMT surface can have both hydrophobic sites 
(e.g., siloxane rings underlain by octahedral Al atoms) and hydrophilic sites (e.g., siloxane rings 
underlain by Mg atoms that substitute for Al atoms, and occupied by counter ions in the 
interlayers).19, 20 Simulation work also concluded that bare smectite surfaces (e.g., without the 
counter ions) are either hydrophobic or moderately hydrophilic. The macroscopically hydrophilic 
character of smectite surface is almost entirely due to charge balancing cations.21
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Fig. S4 Patch-wise (A) and random (B) charge distributions in the octahedral sheet of a clay layer. 
Pink spheres are Al atoms, cyan spheres are the Mg atoms that substitute for Al atoms. The PMF 
in Fig. 2 is calculated within the shaded region in Fig. S4A. 

3.2 Force fields
The Na-MMT layer/particle is simulated by the ClayFF force field,22 with additional Si-O-

H and Al-O-H angle terms describing the edges.23, 24 The interactions of Na+ ions with bridging 
oxygen of surface (ob type in ClayFF force field) are also modified according to our previous 
work.25 Water molecules are simulated using a flexible SPC water model,3 and Na+ ion is modeled 
by the force field proposed by Dang and Smith.26

After selecting the 3-sites H2 model, SPC water, and ClayFF force field, we need to ensure 
that the interaction between H2 and clay layer is appropriate. We first perform the molecular 
dynamics simulation for the system including hydrogen molecules confined in the pyrophyllite 

nanopore (Fig. S5, top left) using the using the Lorentz-Berthelot mixing rules  and 𝜀𝑖𝑗 = 𝜀𝑖𝑖𝜀𝑗𝑗

 for pair-wise interactions. We select pyrophyllite instead of MMT in this  𝜎𝑖𝑗 = (𝜎𝑖𝑖 + 𝜎𝑗𝑗) 2

calculation because MMT is built from pyrophyllite structure with octahedral substitution. In an 
idea case we need to consider the interaction of H2 with counterions (e.g., Na+) and the Mg sites. 
However, with water molecules closely coordinate with Na+ ions and accumulate near charge sites 
(Mg), H2 will not interact directly with those sites. The simulation is performed in the NVT 
ensample with T= 300 K. Density profile (green line) of hydrogen in pyrophyllite nanopore is 
reported in Fig. S5, bottom. We compare this density profile with that obtained from ab initio MD 
(AIMD) calculation using the model in Fig. S5, top right. The AIMD calculation is performed 
using VASP.27 The exchange-correlation energy was calculated using GGA with the PBE 
parameterization.28 The interaction between valence electrons and ionic cores was described by 
the projector augmented wave (PAW) method.29 The plane-wave cutoff energy for the electronic 
wavefunctions was set to 400 eV. Temperature is set at 300 K. The comparison of the density 
profile obtained from MD and AIMD indicates that the original interaction between H2 and 
pyrophyllite does not reproduce the structure of H2 in the pyrophyllite nanopore. 

To better reproduce the H2 density profile using MD simulation, we decide to modify the 
interaction parameter between H2 and bridging oxygen atom of the pyrophyllite surface, i.e., the 
ob atom type in the CLAYFF force field.1 According to the Lorentz-Berthelot mixing rule the  𝜀𝑖𝑗

and for H atom and ob are 0.106464 kcal/mol and 0.306276 nm. We modify them to become  𝜎𝑖𝑗 

0.08 kcal/mol and 0.325 nm. The density profile obtained for the modified MD model (blue line, 
Fig S5, bottom) is comparable with the density profile obtained from AIMD simulation.
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Fig. S5. The MD (top left) and DFT (top right) models used to benchmark the interaction of H2 
with pyrophyllite. The simulation box size for DFT model is 5.16×8.96×15 Å3, including a 
pyrophyllite layer and 10 hydrogen molecules. The MD model is 36 times larger than the DFT 
model. Density profile of H2 in the pyrophyllite nanopore (bottom).
3.3 PMF calculation details for Fig 2.
During the PMF calculation, the H2 molecule moves along the x direction (Fig. 2A and Fig. S3), 
i.e., the reaction coordinate of the PMF is the x position of the H2 molecule. The H2 molecule is 
also restricted to move inside the blue region of the xy plane highlighted in Fig. 2B using a 
harmonic constraint E=k (y - yo)2 with spring constant of k = 0.1 kcal/mol in the y direction (yo is 
the y coordinate of H2 molecule at the center of the blue region). The position of the H2 molecule 
in the xy plane during the PMF calculation is reported in Fig. S6. Note that the system in Fig. 2A 
is just a part of the system in Fig. S3; i.e., we did not conduct the PMF for H2 intercalation into a 
full length of the system in Fig. S3. The H2 molecule is limited to move inside the blue region in 
Fig. 2B and Fig. S4A. The clay layer and water molecules are equilibrated before introducing the 
H2 molecule to the vacuum space for the PMF calculation using well-tempered metadynamics.1 
We report in Fig. S7 the PMF as a function of time to demonstrate the convergence of the PMF 
calculation for Fig. 2C and , σ, , and  parameters.𝜔 𝜏 ∆𝑇
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Fig. S6. Positions of the H2 molecule on the xy plane during the PMF calculation for Fig. 2 for 
2W (top) and 1W (bottom) systems. 

Fig. S7. The PMF of H2 intercalation into 2W (left) and 1W (right) systems presented in Fig. 2 as 
a function of simulation time. These results demonstrate the convergence of the PMF calculation. 
The temperature is 323 K. The PMF is calculated with Gaussian = 1.5 kcal/mol, σ = 2 Å,  𝜔 ∆𝑇

=1000 K, and  = 1000 timesteps.𝜏

4. PMF calculation details for Fig. 3.
The PMF calculation is carried out while the H2 molecule can only enter the bottom pore by 
constraining the H2 z coordinate at the bottom pore center with a harmonic spring constant of 1 
kcal/mol. The H2 molecule is also restricted to move in the blue region on the xy plane with a 
harmonic spring constant of 0.2 kcal/mol in the y direction.
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Fig. S8. The PMF of H2 intercalation into 2W (left) and 1W (right) systems presented in Fig. 3 as 
a function of simulation time. These results demonstrate the convergence of the PMF calculation. 
The temperature is 323 K. The PMF is calculated with Gaussian = 1.5 kcal/mol, σ = 2 Å,  𝜔 ∆𝑇

=1000 K, and  = 1000 timesteps.𝜏

Fig. S9. Comparison of the PMF profiles at 300K when inserting a hydrogen molecule into bulk 
water at different pressure (vacuum vs. 110 atm H2 pressure). 5175 water molecules is used in this 
simulation.
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Fig. S10. Comparison of CO2/H2O ratio in bulk water (red) with that in confined water for 2W 
(green) and 1W hydrated (blue) clay interlayers for patch-wise (A) and random charge distribution 
(B). These results are from our previous work.30
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