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I. INTRODUCTION

The interfacial structure of water near extended surfaces is an
important problem as it can influence the physical and chemical
phenomena in solutions. The presence of depletion layers and
nanobubbles of water near extended hydrophobic surfaces has
been studied for a long time.1�4 Anomalous water structures near
the surface can affect the hydrophobic interaction of apolar
objects in solutions5 and the slip behavior of water transport in
hydrophobic channels.6 Since solvation of gases in water at
atmospheric pressure is a common phenomenon, it is important
to consider the effects of the gases dissolved in water. For
example, significant differences have been obtained between
the presence and absence of dissolved gases in the strength
and range of hydrophobic interaction.7�10 Similarly, gas mol-
ecules forming droplets in (20,20) CNTs reduce the slip length
of water transport.11 On the other hand, in narrower tubes, such
as in a (10,0) CNT, selectively adsorbed gas molecules from
gas�water mixtures block water transport through the tube.12,13

Even though gases dissolved in water can significantly influence
the nanoscale behavior, gas distribution near an extended surface
in the presence of gas�water mixtures has not been understood
in great detail.

Gas enrichment (high gas concentration) has been observed
in various simulations near the hydrophobic surface.14�17 Dammer
and Lohse15 performed molecular dynamics simulations to
understand gas concentration near the wall for gas�water
mixtures. They used Lennard-Jones (L-J) particles to mimic
water and gas molecules. The hydrophobicity of the surface was
controlled by changing the L-J parameter, ε, between water and
wall. They showed that the gas concentration near the wall
depended on the hydrophobicity of the wall. Luzar and Bratko17

reported that when they used the more accurate models for
water and gas instead of L-J particles the dependency of the
gas concentration on the hydrophobicity of the walls was
not significant. Moreover, the physical origin and quantitative
understanding of gas enrichment near a solid surface is not

well�understood. To investigate these issues in great detail, we
perform molecular dynamics simulations for different surfaces
and develop a mechanistic understanding of gas enrichment by
calculating the potential of mean force (PMF) and performing
thermodynamic analysis.

The remainder of the paper is organized as follows. In section
II, we introduce the methods used in the paper and calculate the
excess free energy of the gases to estimate the solubility of each
gas. These results are used for thermodynamic analysis of gases
near surfaces. In section III, we calculate the free energy using the
potential of mean force and develop a quantitative and physical
understanding of gas enrichment. Finally, conclusions are pre-
sented in section IV.

II. METHODS

We performed molecular dynamics simulations of gas�water
mixtures near the surfaces with different interaction parameters
to understand the enrichment of gas concentration near different
surfaces. We consider different gas�water mixtures in order to
understand the relative importance of various driving forces on
gas enrichment. The simulations for CO2�water and H2�water
mixtures are performed separately. The number ratio of water
and gas molecules is 100:1 for all mixtures and surfaces con-
sidered. The number of the water molecules is Nwt = 3000, and
the number of the gas molecules is Ngas = 30. We excluded the
chemical reaction between CO2 and water as a very small amount
of the dissolvedCO2 reacts with water, and thus, this effect can be
negligible.16,18 For water, SPC/E water model is used.19 The L-J
parameters and electrostatic partial charges for the gas molecules
(CO2 and H2) were taken from refs 17 and 20. We estimated the
solubility of CO2 and H2 models17,20�22 by the method dis-
cussed in ref 23, where a slab of liquid water (using SPC/E water
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model) is separated by vapor regions at 300 K. The solubility of
CO2 and H2 in water using the models presented in this paper
and their comparison to experimental data at 300 K is shown in
Table 1. The graphene surface is positioned in the middle of the
system, and the force-field parameters of the carbon atom are
taken from ref 24. These parameters are listed in Table 2. Because
the graphene structure is a smooth hexagonal plane without
molecular level roughness, we can exclude the effects of wall
properties caused by the configuration or roughness of the wall. A
snapshot of the CO2�water mixture near the graphene surface is
shown in Figure 1. Two other surfaces are also considered for
which the L-J parameter ε is taken to be 0.1 and 10 times of the
graphene ε and the structure is the same as that of the graphene.
The L-J parameters between different molecules were obtained
by applying the Lorentz�Berthelot mixing rules, σij = (σii + σjj)/
2 and εij = (εiiεjj)

1/2. A cutoff distance of 1.2 nm is used for the L-J
potential. Electrostatic interactions were computed by using the
particle mesh Ewald method with a grid spacing of 0.15 nm.
Periodic boundary conditions are applied in all three directions.
Time integration was performed by using the leapfrog algorithm
with a time step of 1.0 fs. The temperature of the system is
controlled by Nos�e-Hoover thermostat with the characteristic
time of 0.1 ps.25 The hydrostatic pressure of the system is
maintained at 0.1 MPa for each case by using the Parrinello�
Rahman scheme applied to the z direction with a time constant

of 0.1 ps and compressibility of 4.5� 10�5 bar�1.26 In order to
obtain enough statistics, we performed simulation for about 50 ns
in each case. The average volume of the system is slightly
different for each gas�water mixture. Both H2�water and
CO2�water systems are supersaturated with gas at 0.1 MPa
pressure and 300 K. Since the supersaturated condition has
considerable stability,27 the system is maintained in a single
phase. Simulations were performed using GROMACS 3.3.1.28

It is important to note that, among the many properties of the
surfaces, hydrophobicity has been regarded as an important
property for gas enrichment near the surface. However, control-
ling the hydrophobicity of surfaces is not trivial as it is usually a
combined effect of the surface roughness, the charge distribution
on the surface, etc. In this paper, we tried to exclude the diverse
properties of the surface and focus on how the gas enrichment
changes as the wall property changes. To consider realistic
systems, we used the graphene surface and changed the property
of the wall by varying the van der Waals parameters. Graphene is
a monolayer of graphite, and we assumed that it is flat without
corrugations.29 Varying the van derWaals interaction parameters
of the wall influences the gas�wall interaction and the water�
wall interaction. By considering both effects, we analyze the effect
of the change in the wall property on the gas concentration near
the surface.

Before investigating the enrichment of gases near the surface
via thermodynamic analysis, we need to evaluate the excess free
energy of the gases, CO2 and H2, in bulk water at 300 K to check
solvation free energy in bulk water. These bulk values will be used
to compare the values near the surface. We performed simula-
tions of 895 water molecules at 285, 300, and 315 Kwith pressure
of 0.1 MPa and used each configuration to calculate the excess
potential by the Widom insertion method.30,31 In the Widom
insertion method, after generating the random position of a
virtual gas molecule in each configuration of water box, we
compute exp(�βΔU), where ΔU is the potential energy differ-
ence between the systems before and after adding a virtual
gas molecule, ΔU = U(Nwt + Ngas) � U(Nwt), when Ngas = 1.

Table 1. Solubility of Gas Models

molar ratio (gas/water)

gas vapor pressure (MPa) simulation experiment

CO2 0.25 1.6� 10�3 1.5� 10�3

H2 0.58 10 � 10�5 8� 10�5

Table 2. Parameters for the LJ Potential and Charges

site ε (kJ/mol) σ (nm) q/e

C (CO2) 0.4058 0.3358 0.6172

O (CO2) 0.7766 0.2836 �0.3086

H (H2) 0.4932

center (H2) 0.2852 0.3038 �0.9864

C (graphene) 0.2897 0.3390

O (H2O) 0.6302 0.3169 �0.8476

H (H2O) 0.4238

Figure 1. (a) Snapshot of the system (graphene and CO2�water mixture).

Table 3. Excess Chemical Potentials of Gas Species at 300 K
in Bulk Water

kJ/mol CO2 H2

Δμex �0.50 8.82

Δμex,entropy 20.97 8.24

Δμex,enthalpy �21.47 0.58
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The excess chemical potential is an average over configurations
defined as

Δμex ¼ � kT ln
ÆV

Z
dsNþ1 expð�βΔUÞæ

ÆV æ
ð1Þ

where k is the Boltzmann constant, T is the temperature of
system, β = 1/kT, V is the volume of the system, and the brackets
Æ...æ indicate isothermal�isobaric averaging over the configura-
tions. To thermodynamically quantify this potential energy, we
evaluated the entropic, � TΔsex, and enthalpic, Δhex = Δμex +
TΔsex, components by using the finite difference method

�Δsex ≈
ΔμexðT þ ΔTÞ �ΔμexðT �ΔTÞ

2ΔT
ð2Þ

based on the relationship (∂μ/∂T)P = �Δs and the chemical
potentials at 285, 300, and 315 K. Table 3 shows that the excess
free energy of CO2 is negative and the excess free energy of H2 is
positive (CO2 is more soluble than H2). These values are
reasonable when compared to the data in refs 23 and 32. The
calculation reveals that the entropic component of the excess
potential is unfavorable to gas solvation in water.32 The positive
entropic component represents the reduction of entropy of water
at 300 K because an inserted gas molecule occupies a certain
volume in water.5 The enthalpic component of the excess
chemical potential of CO2 is negative. The negative enthalpic
component of the free energy can be regarded as the attraction
between a gas molecule and water molecules, which acts as the

favorable factor for gas solvation. On the other hand, the
enthalpic component of H2 is positive but, it is small enough
to be not too unfavorable. Based on these characteristics, we
analyze the difference of thermodynamic components near the
surface.

III. RESULTS AND DISCUSSION

The gas and water concentrations as a function of distance
from the graphene surface for CO2�water and H2�water
mixtures are shown in Figure 2, panels a and b. In both cases,
gas enrichment near the graphene surface is observed. The peak
CO2 concentration near the graphene is much bigger than that of
H2 concentration (see Figure 2a) and the position of the peak of
H2 concentration (z = 0.31 nm) is slightly closer to the wall than
that of the CO2 concentration (z = 0.33 nm). The magnitude of
the first peak of water concentration in the CO2�water mixture
case is slightly smaller than that in the H2�water mixture case
(see Figure 2b). This reduction of the first peak of the water
concentration in CO2�water case is caused by the high con-
centration of CO2 near the graphene surface. Since the number
of gas molecules is 1/100 of the number of water molecules, the
overall distribution of water is not significantly altered by the
distribution of the gas.

Both water and gas have a high concentration peak near the
graphene surface. However, the magnitude of the gas concentra-
tion near the graphene surface normalized by its bulk concentra-
tion is higher than that of water in both CO2�water and
H2�water mixtures. This can be estimated by the free energy
difference of the gas and water as a function of the distance from

Figure 2. (a) Gas concentrations of CO2�water and H2�water mixtures near the graphene as a function of distance from the wall. (b) Water
concentrations of CO2�water and H2�water mixtures near the graphene surface. (c) Total PMF of CO2 and water of the CO2�water mixture near the
graphene as a function of distance from the wall. (d) Total PMF of H2 and water of the H2�water mixture near the graphene surface.
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the graphene surface. Potential of mean force ΔPMFtotal(z) is
calculated by integrating the mean force profiles along the z axis
and the ends of both sides of the system are set as the reference
position where the ΔPMFtotal(z) is zero (see Figure 2, panels c
and d). The force profile is obtained by averaging the force on
the molecules at various z positions along the direction ortho-
gonal to the wall.33 Corresponding to the density distributions
of water and gases, ΔPMFtotal(z) shows the lower free energy
of CO2 over water near the graphene surface. In the case of
H2�water, ΔPMFtotal(z) of H2 is slightly lower than that of
water at their minimum positions, even though ΔPMFtotal(z)
of H2 is higher than that of water in the region from z = 0.4 nm
to 0.8 nm as shown in Figure 2d. Considering the competition
between water and gas near the surface, the free energy of gases
at the first peak near the surface is lower than the free energy
of water.

The contribution of water to the free energy change of gases,
which we denote as the solvent-induced potential Δw(z),34�36

is obtained by subtracting the gas�gas PMF and the gas�wall
PMF from the total PMF of gas as Δw(z) = ΔPMFtotal(z) �
ΔPMFgas�wall(z) � ΔPMFgas�gas(z) (see Figure 3, panels
a�d). The various components at the minimum positions of
the total PMF profile (the most stable position of the gas from
the surface, z = 0.33 nm for CO2 and z = 0.31 nm for H2) are
shown in Table 4. The gas�wall interaction energy of CO2 is
about four times stronger than that of H2. Compared to the
difference between the gas�wall potentials for CO2 and H2,
the difference in the solvent-induced potentials on gas for CO2

and H2 cases is small. In the case of CO2, the strong gas�
wall interaction contributed primarily to the stabilization of
the contact configuration compared to the solvent-induced

Table 4. Free Energies of Gas Species at the Minima of the
Total PMF

graphene wall with 0.1εgrap

kJ/mol CO2 H2 CO2 H2

ΔPMFtotal �11.3 �4.4 �8.5 �9.0

ΔPMFgas�wall �13.4 �3.8 �3.9 �1.0

ΔPMFgas�gas 3.9 0.4 1.0 1.1

Δw �1.8 �1.0 �5.6 �9.1

Δwentropy �9.9 �13.0 �10.7 �8.7

Δwenthalpy 8.1 12.0 5.1 �0.4

Figure 4. (a) Solvent-induced potentials on the gas for CO2�water and
H2�water mixtures and water concentration as a function of distance
from the surface. (b) Solvent-induced potential, its entropic component
and enthalpic component as a function of distance from the surface for
H2�water mixture at 300 K.

Figure 3. (a) Total PMF of gases for CO2�water and H2�water
mixtures near the graphene as a function of distance from the wall. (b)
Gas�wall potentials for CO2�water and H2�water mixtures near the
graphene. (c) Gas�gas interactions for CO2�water and H2�water
mixtures near the graphene. (d) Solvent-induced potentials on gases for
CO2�water and H2�water mixtures near the graphene.



17499 dx.doi.org/10.1021/jp205260j |J. Phys. Chem. C 2011, 115, 17495–17502

The Journal of Physical Chemistry C ARTICLE

component. In the case of H2, the gas�wall interaction of H2 is
smaller compared to that of CO2. Therefore, the solvent-
induced potential becomes comparable to the gas�wall inter-
action and makes the total PMF of H2 lower than the total PMF
of water near the graphene.

To understand the Δw(z) profiles further, we analyzed
Δw(z), as shown in Figure 4a, by dividing the region near the
surface into regions 1 and 2. Region 1 is within the water
monolayer distance from the graphene surface, and the rest of
the region is identified as region 2. The solvent-induced

potential decreases rapidly as the gas molecule approaches
the wall in region 1 and the unfavorable barriers to gas
enrichment are found in region 2. We decomposed the solvent-
induced potential at 300 K to entropic� TΔS(z) and enthalpic
ΔH(z) components and estimated them in both regions. The
entropic and enthalpic components are computed, analogous to
the excess chemical potential, by using the finite difference
method and Δw(z) profiles at 285, 300, and 315 K. Figure 4b
shows the entropic and enthalpic components of the solvent-
induced potential on H2 for the H2�water mixture. Since the
solvent-induced potential Δw(z) follows the change of the
enthalpic component of Δw(z) in region 2, the enthalpic
component is dominant over the entropic component in this
region. The enthalpic component of the solvent-induced po-
tential is primarily due to the direct interaction with water.5 The
strong layering of water near the graphene surface causes the
enthalpic component to increase, and this forms the unfavor-
able potential barrier for gas enrichment near the surface. As the
gas approaches closer to the graphene surface and is within
region 1, the entropic component becomes dominant and this
makes Δw(z) negative. The enthalpic and entropic contribu-
tion ofΔw(z) at the minima of the total PMF indicates that the
entropic component of Δw(z) contributes to high concentra-
tion of gas near the wall in region 1 (see Table 4). This
explanation for enrichment of H2 near the graphene surface
is also applicable to the enrichment of CO2 in the CO2�
water case.

Since the dissolved gas and its enrichment near the surface can
affect the water structure near the surface (e.g., formation of
depletion layer, bubbles, etc.4,9), we also investigated the effect of

Figure 6. (a) Gas concentration of CO2�water and H2�water mixtures near the fictitious wall as a function of distance from the wall. (b) Water
concentration of CO2�water and H2�water mixtures near the fictitious wall. (c) Total PMF of CO2 and water for CO2�water mixture near the
fictitious wall as a function of distance from the wall. (d) Total PMF of H2 and water for H2�water mixture near the fictitious wall.

Figure 5. Gas contribution to water PMF for CO2�water and
H2�water mixtures as a function of distance from the graphene surface.
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gas on the water distribution near the surface. To investigate the
free energy change of water by gas enrichment near the graphene
surface, we calculate the contribution of gas to the PMF of water
as shown in Figure 5. Since the number of gas molecules is small
(1/100 of that of water molecules), the effect of gas on the PMF
of water is small compared to the total PMF of water. The PMF
calculation shows that the free energy change of water is affected
(even though it is small) by gas concentration near the graphene
surface. The contribution of gas to water PMF increases with the
concentration of gas near the surface.

To understand how the gas enrichment changes with the
property of the surface, we next considered a fictitious wall
with the L-J parameter, εfict, to be 0.1 times of that of graphene,
εgrap (εfict = 0.1εgrap) and the structure is the same as that of the
graphene. Since the L-J interactions between different mol-
ecules are based on the Lorentz�Berthelot mixing rules in this
paper, decreasing the value of ε of the wall parameter makes
the water�wall and the gas�wall interactions weaker at the
same time. The simulations were performed using these
modified parameters, and all other simulation details are

identical as described above for the graphene case. Gas
enrichment is observed near the fictitious wall as shown in
Figure 6a. Although the concentration of CO2 near the
graphene is higher than that of H2 near the graphene, the
concentration of H2 is higher than that of CO2 near the
fictitious wall with concentration peaks located at z = 0.34 nm
for CO2 and z = 0.30 nm for H2 (compare Figures 2a and 6a).
The difference between CO2 and H2 concentration near the
fictitious wall is much smaller than that of the graphene case.
Consistent with the gas concentrations, the PMF profiles of
gases (Figure 6, panels c and d) are similar and the difference
in the minimum values of the PMF (at the minima) is 0.5 kJ/mol.
This difference is much smaller than that of the graphene
case (�6.9 kJ/mol). In addition, the fluctuation in the total
PMF of gas near the fictitious wall is not significant compared
to the graphene case. For water concentration, the strong
water layering near the graphene surface disappears near the
fictitious wall because of the decreasing interaction between
water and wall (see Figure 6b). The concentration of the
first layer of water is reduced and almost equal to the bulk
concentration.

We decomposed the ΔPMFtotal(z) of the gas in the fictitious
wall case, using the same approach as described for the graphene
case, and the results are shown in Figure 7 and Table 4.
Compared to the graphene case, the gas�wall interactions of
both gas species are less negative (smaller in magnitude) at the
minima of total PMF and their solvent-induced potential are
more negative (larger in magnitude) as shown in Figure 7, panels
a and b. So, the solvent-induced potential becomes the dominant
component for gas enrichment near the fictitious wall. Further-
more, in terms of the entropic and enthalpic components of
Δw(z) at the minima of the total PMF, the entropic components
of Δw(z) are changed by �0.8 kJ/mol for CO2 and 4.3 kJ/mol
for H2 from the values of the graphene case (see Table 4).
The enthalpic components decreased by 3.0 kJ/mol for CO2 and
12.4 kJ/mol for H2 from the values of the graphene case. The
reduction of the unfavorable enthalpic component makes the
solvent-induced potential,Δw(z), more favorable for gas enrich-
ment and this reduction is attributed to the suppression of water
layers near the surface.

Finally, we also investigate gas enrichment in the case where
the ε of the wall is increased to 10 times that of graphene,
10εgrap. Increasing ε of the wall strengthens the gas�wall and
the water�wall interactions. In this case, we observed that the
concentration of CO2 near the wall has increased while that of
theH2 has decreased compared to the graphene wall case. In the
case of the graphene wall and the fictitious wall with 0.1εgrap, the
solvent-induced potential helps gas enrichment near the wall.
However, as the interaction between water and the wall
becomes much stronger, more stable layering of water is
established and the solvent-induced potential prevents gas
enrichment near the wall. Since CO2 has stronger interaction
with the wall compared to water, te CO2�wall interaction is
able to overcome the unfavorable solvent-induced potential and
causes higher concentration of CO2 near the wall than the
graphene case. On the contrary, the H2�wall interaction is
weaker compared to the water�wall interaction, hence, the
unfavorable solvent-induced potential is dominant near the wall
and the H2 concentration near the wall is reduced compared to
the graphene case. This relation between gas concentration and
ε of the wall is consistent with the previous cases as shown in
Figure 8.

Figure 7. (a) Gas�wall potentials for CO2�water and H2�water
mixtures near the fictitious wall. (b) Solvent-induced potential on the
gas for CO2�water andH2�water mixtures and water concentration for
H2�watermixture near the fictitious wall. (c) Solvent-induced potential,
its entropic component and enthalpic component for H2�watermixture
near the fictitious wall at 300 K.
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IV. CONCLUSIONS

Gas enrichment of gas�water mixtures near extended surfaces
depends on the type of the gas species and the nature of the wall
(hydrophobic, hydrophilic, etc.). Although the gas�wall inter-
action is considered to be an important force giving rise to gas
enrichment near surfaces, we show that the force exerted by
water on the gas molecules, referred to as the solvent-induced
potential, can be quite significant in some cases giving rise to gas
enrichment. The decomposition of the solvent-induced potential
into its entropic and enthalpic components reveals that the
entropic component near the surface favors gas enrichment,
whereas the enthalpic component is unfavorable. The signifi-
cance of the solvent-induced potential on gas enrichment can
depend on the type of the gas�water mixture and the extended
surface.
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