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Carbon nanostructures are promising materials to improve the performance of current gas separation membrane
technologies. From the molecular modeling perspective, an accurate description of the interfacial interactions is
mandatory to understand the gas selectivity in the context of greenhouse gases applications. Most of the mo-
lecular dynamics simulations studies considered available force fields with the standard Lorentz-Berthelot (LB)
mixing rules to describe the interaction among carbon dioxide (CO3), methane (CHy4) and carbon structures. We
performed a systematic study in which we showed the LB underestimates the interaction energies compared to
the density functional theory (DFT) results. To improve the classical description, we propose a new parametri-
zation for the cross-terms of the Lenard-Jones potential by fitting DFT forces and energies. The effects of the new
parametrization on the gases adsorption within single-walled carbon nanotubes (SWCNTs), are investigated with
Grand Canonical Monte Carlo simulations. We observed considerable differences in the CO2 and CH4 density
within SWCNTs compared to those obtained with the standard approach. Our study highlights the importance of
going beyond the traditional LB mixing rules in studies involving solid/fluid interfaces of confined systems. The
revised mixing terms enhanced fluid/carbon interface description with excellent transferability ranging from

SWCNTs to graphene.

1. Introduction

The increasing interest in developing innovative technologies and
processes for carbon capture and storage has driven several studies to-
ward breakthroughs involving methane (CH4) and carbon dioxide (CO3)
confined within carbon nanotubes (CNTs) [1]. CNTs emerged as a
promising material for developing of new gas separation devices [2] due
to their adsorption capability [3], fast mass transport [4], and me-
chanical strength [5,6].

Single-walled carbon nanotubes (SWCNTs) have been used as a host
of a large variety of guest fillers, such as water [7], CO5 [8], CH4 [9], and
hydrogen [10]. Computational molecular modeling is thus an essential
tool for understanding underlying molecular mechanisms in chemical
and physical processes of confined systems, providing atomic-level in-
formation that is often not accessible through experiments. However,
the prediction success of these studies relies on using suitable force fields
that provide an accurate description of the nanoscopic materials.

Previous studies also addressed the issue of CO5 and CH4 adsorption
in graphene [11-13] and SWCNTs [14-16] within the density functional
(DFT) approach. Other studies discussed how the available DFT ex-
change and correlation functionals describe these systems [12,13].
Using molecular dynamics (MD) and grand canonical Monte Carlo
(GCMC) simulations, the adsorption of CO2 and CH4 molecules in carbon
structures have been widely studied with a variety of force fields for both
nanotube and gas molecules [8,9,17-20].

For molecular simulations, many complex and accurate force fields
may be used, usually with complexity bringing extra computational cost,
which may limit the simulation length and system sizes. Here, we stick
to models based on Lennard-Jones interactions. In such cases, previous
MD and GCMC studies considered the Lorentz-Berthelot (LB) mixing
rules for the cross parameters. For COo, it has been shown that different
three-site models provide similar densities inside the CNT when the
same potential is used for the SWCNTs [8]. The reason is that the
Lennard-Jones parameters of these molecular models are usually
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similar. However, the available Lennard-Jones parameters for the
SWCNTs may differ considerably, with energy potential well depths
varying by almost 100 %.

Employing the Steele potential [21] with LB mixing rules is a com-
mon approach in describing fluid/graphene-like interfaces [9,22-30].
Other studies [18,20,31] employed the same mixing rules but consid-
ered different CNT potentials, such as the AMBER96 [8,19]. These
studies have not provided strong arguments towards the preference for a
specific force field, nor have they compared the potentials with first-
principles data or discussed their influence on the adsorption proper-
ties and fluid density, for instance.

The current work systematically compares several of the most pop-
ular existing force fields and provides optimized nonbonded cross pa-
rameters to describe COo-SWCNTs and CH4—SWCNTs interfaces. These
parameters were obtained by fitting interaction energies and forces from
DFT calculations. The parameterization was tested in configurations out
of the fitting set, displaying results very similar to the ones obtained with
the DFT approach. Using GCMC simulations, we showed that the stan-
dard approach using the LB mixing rules underestimates the gas density
inside the SWCNT, while our potential overcomes this limitation. Thus
showing the importance of going beyond the traditional LB mixing rules
for confined systems in the context of greenhouse gases adsorption in
carbon nanostructures.

2. Methodology
2.1. DFT

Density functional theory (DFT) calculations were performed with
the Siesta [32] package considering norm-conserving pseudopotentials,
localized atomic orbitals with a double-zeta polarized (DZP) basis set,
and 400 Ry mesh cutoff. Structure relaxations were performed consid-
ering the convergence criteria for the forces smaller than 10* eV/A.
Besides the standard local density functional (LDA) [33], three of the
most popular exchange and correlation functionals that include van der
Waals corrections (vdW-DFs) were employed in our calculations,
namely, the functional by Klimes, Bowler, and Michaelides (KBM or
optB86b-vdW) [34], the exchange—correlation potential parameterized
by Cooper, known as C09 functional [35], and the BH exchange func-
tional by Kristian Berland and Per Hyldgaard [36] (access the Sup-
porting Information (SI) section S1 to see a brief description of these
functionals).

The graphene sheet was modeled with a 2 x 2 x 1 supercell with 30
A vacuum to allow a similar molecular coverage compared to the
experimental reference data [12]. We also considered a 5 x 5 x 1
supercell configuration to exclude the interactions between neighboring
molecules. For these calculations, we used a mesh equivalently to 16 x
16 x 1 k-points per unit cell within the Monkhorst-pack scheme to
sample the Brillouin zone. Besides the graphene sheets, we performed a
similar study on (8,8), (10,10) and (0,17) SWCNTs with 20 A length to
explore chirality and diameter effects.

2.2. Force fields

Interaction energies were evaluated with the LAMMPS package [37]
considering the implementation of non-bonded contribution within the
classical force field given by:

12 6
o = (%) — (% %9
Unier = 214 {(m) (rij> ] 2 ry’ @

where €, o;; are the Lennard-Jones parameters, g;; the atomic charge,
and ry is the separation distance. The molecules and carbon structures
were kept rigid during the simulations.

We considered six different sets of Lennard-Jones parameters for the
graphene/CNT system, taken from AIREBO [38], Mao [39], Huang [18],
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AMBER96 [40], Walther [41], and Steele [21] force fields, all previously
employed in adsorption studies. For CH4, we considered the OPLS-AA
[42] potential, while CO, was modeled using the EPM2 [43] model,
these being among the most popular and accurate force fields found in
the literature. All the parameters are given in Table S1 in SI. For these
force fields, cross terms describing the interaction between atomic
species were obtained with the Lorentz-Berthelot mixing rules, i.e., €; =
VEiSj and o = (05 + 03)/2, as it was used in several works found in the
literature [9,22-30].

Graphene-like structures potentially have three adsorption sites, i.e.,
top (T), bridge (B), and hollow (H), as depicted in Fig. 1a. Among the
possibilities, some typical and stable molecular orientations besides
these sites (see Fig. 1a—g) were considered in our calculations to evaluate
the interaction energy curves and forces with both DFT and classical FFs.
Within these approaches, the interaction energy, Eiy, is given by

Eint = Etor — [ECar + EMOl]v 2)

where E is the system’s total energy; Ec,r and Eyo) are the energies of
the isolated carbon material (CNT or graphene) and the adsorbed
molecule, respectively.

2.3. Parametrization process

We obtained a new set of Lennard-Jones cross parameters optimized
for the CO2-SWCNT and CH4-SWCNT interfaces using the DFT interac-
tion energies and atomic forces. We considered only the mixing terms
between the gas and carbon nanostructure, keeping all other parameters
intact. The data was fitted with the GULP package [44]. To obtain a
better fit around the minimum of the energy curve, and provide a better
description of the equilibrium distances, we weighted (w) the configu-
rations according to the equation:

w = exp|(Eine — E™") /KT, 3

int

where ETiiM is the minimum energy point among the curves used in the
fitting process and temperature T was defined as 200 K and 300 K for
CH4 and COs, respectively. These values were selected to obtain a good
balance between the description of the interaction energy minimum and
over the entire curve. The weight for the interaction energy was multi-
plied by 10° to get similar contributions as for the forces. This procedure
is necessary because there are 3N (with N =~ 350 being the number of
atoms in each calculation) force components for each interaction energy
point; therefore, the 10° factor evens the contribution between the
forces and energy during the fitting.

2.4. GCMC

To evaluate the impact of the force fields on the adsorption of the
gases within SWCNTs, we performed GCMC simulations using the Cas-
sandra package [45]. With this approach, first the chemical potentials of
both CO; and CHy4 at 300 K and 1 atm were obtained using the Widom
insertion method [46]. These simulations were performed in the NPT
ensemble with 1 x 10° followed by 3 x 10° steps in thermalization and
production phases, respectively.

Subsequently, the SWCNTs with 200 A lengths were loaded with up
to 200 gas molecules, depending on their diameter. An NVT simulation
was run for 5 x 10* steps to generate the initial configuration. This
process was followed by the GCMC using insertions restricted by the
SWCNTs cylinder geometry. These simulations were performed for 5 x
10° steps, using configurational-biased insertions (with 16 trial in-
sertions) and considering probabilities of 25 % for each of the trans-
lation, rotation, insertion, and deletion moves. The simulations were
long enough to reach the convergence of both internal energy and the
number of adsorbed molecules.
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Fig. 1. Some common and stable molecular configurations on the carbon structures’s adsorption sites for both CO; a-d and CH,4 e-g considered in our calculations.
Colors: Gray (carbon), red (oxygen), white (hydrogen). Fig. 1a also exhibits the typical adsorption sites — hollow (H), top (T), bridge (B) — in graphene-like lattices.

3. Results and discussions
3.1. DFT functional

We benchmarked the DFT functionals against experimental data to
establish the most appropriate functional to describe the interaction
between CO; and CH4 molecules and the graphene monolayer. The
interaction energy curves obtained by applying Equation 2 as a function
of distance r from the 2 x 2 x 1 graphene sheet are shown in Fig. 2a
(CO2) and Fig. 2b (CHy). Comparing these curves for CO2, BH gives a
slight deviation from C09 and KBM functional. The equilibrium distance
and energy predicted by BH are 3.20 A and —5.83 kcal/mol, respec-
tively. These values for the CO9 are 3.11 A and —6.44 kcal/mol; while
the KBM gave 3.12 A and —6.44 keal/mol. Our results for the C09 and
KBM are in good agreement with the experimental results reported in
the literature (-6.26 kcal/mol) under similar conditions [12]. LDA dis-
played a significant deviation despite the equilibrium distance being in
good agreement with C09 and KBM, showing the importance of
considering the long-range contributions in the DFT calculations.

Osouleddini et al. [11], using the hybrid X3LYP functional, reported
the CO,-graphene adsorption energy and equilibrium distance as being
—0.69 keal/mol and 3.12 A, respectively. In turn, Takeuchi et al. [12]
using vdW-DF1, optB86b-vdW (KBM), and rev-vdW-DF2, found Ejy
equal to —5.80, —5.90 and —4.08 kcal/mol, respectively. They also re-
ported the equilibrium distance for the vdW-DF1 and optB86b-vdW as
being 3.4 A and 3.2 A, respectively. The minor differences observed in
their KBM result in comparison to ours may be attributed to the use of
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different geometries, software, and a distinct basis set. Other Ejy; values
reported in the literature range from —4.11 to —5.99 kcal/mol [47].

The CHgs-graphene interaction energy curves display a similar
pattern observed for the CO case, (see Fig. 2b). For the BH functional,
the obtained equilibrium distance and minimum interaction energy
were 3.39 A and —4.55 kcal/mol, respectively. For C09, these values are
3.26 A and —5.09 kcal/mol, and for KBM, 3.28 A and —5.15 kecal/mol.
For the same configuration, Thierfelder et al. [13] found the equilibrium
distance ranging from 3.05 to 3.99 A and minimum interaction energy
varying from —0.23 to —7.38 kcal/mol, using several DFT functional
flavors and second order Mgller—Plesset perturbation theory. In contrast,
Osouleddini et al. [11] found a similar equilibrium distance of 3.35 ;\,
but lower adsorption energy of —1.15 kcal/mol.

Most of the experimental results are available for the methane-
graphite whereby the equilibrium distance and desorption energy
ranges from 3.21 to 4.27 A and 2.73 to 4.6 keal/mol, respectively [48].
In the absence of accurate experimental results for similar coverage of
the CHy4-graphene system, such as the ones available for CO5 [12], we
argue that any of the studied van der Waals functionals can describe the
interfaces accurately enough for the fitting with Lennard-Jones param-
eters, since our results are in the same range as the values reported in the
literature for the methane-graphite interface.

There are no strong arguments towards selecting either C09 or KBM,
as both give very similar results, compatible with the experimental
desorption energies for CO,. As an advantage, the KBM functional has
been implemented so far in more ab initio software than C09. Comparing
C09 and KBM implementations in Siesta, the KBM performed more
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Fig. 2. The interaction energy curves of CO,-graphene (a) and CH,-graphene (b) (2x2x1 supercell) interface using the LDA, BH, KBM, and C09 functionals. For this
study, we considered the most energetically favored adsorption configuration represented in Fig. 1a and Fig. le, for CO, and CHy,, respectively.
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efficiently than C09 for our systems. For these reasons, we chose the
KBM functional to extract the new set of Lennard-Jones cross parameters
optimized for the CO2-SWCNT and CH4-SWCNT description for
consistency.

3.2. FF parametrization

We evaluated the performance of the selected classical FFs using the
Lorentz-Berthelot mixing rules in describing the CO2-SWCNT and CHjy-
SWCNT interfaces, by comparing the corresponding interaction energy
curves with the DFT results (see section S3 for more details). For the
investigated adsorption configurations, all FFs curves exhibited a
smaller depth than the DFT-KBM functional (see Fig. 3 a,b). Also, the
equilibrium distance is slightly smaller, with the Walther potential dis-
playing the greatest discrepancy. These differences can lead to an
inadequate description of the gas adsorption on the carbon structures.

The inconsistency observed between classical FFs and DFT calcula-
tions suggests the need for a more refined parametrization. By using our
approach to fit the Lennard-Jones cross parameters, €; and oy, to the
DFT-KBM dataset, we obtained the optimized parameters shown in
Table 1. These parameters were obtained considering different adsorp-
tion sites and carbon nanostructures, aiming at the transferability and
accurate description of energy and forces during simulations. More de-
tails about the dataset are given in section S3.

The energy curve with the optimized parameters agrees with the DFT
results and improves the forces, potential well depth, and equilibrium
distances concerning the standard approach. The quality of our fit can be
illustrated by the correlation between the classical and DFT-KBM
interaction energies. We obtained a Pearson correlation coefficient for
the fitted and DFT interaction energies of 0.953 and 0.974 for CO5 and
CHy4, respectively. The forces’ correlations are smaller, having co-
efficients of up to 0.699 and 0.659 for CO, and CH,4, respectively.
Figures showing the correlations and further discussion are presented in
section S4.

Fig. 3 a,b) illustrates the comparison between the interaction en-
ergies computed with the FFs, our parameterized cross terms, and the
DFT-KBM models. We highlight that one of the most used FFs for
describing adsorption in such systems, Steele’s FF, shows the smallest
Eint, in disagreement with the DFT data. Our fitted parameters also
improve the energy difference at the center of the nanotube and the
minimum. This value is important for adsorption studies as it is what is
effectively seen by the Monte Carlo simulations.

We tested the obtained parameterization in different configurations
not present in the fitting set (see Fig. 4a-d and section S3 of SI). By
considering distinguished systems, we evaluated the transferability of
the LJ parameters to other chemical environments. In these new sys-
tems, the fitted curve showed a remarkable agreement with KBM results,
even though these configurations were not considered in the fitting
process.

In all the cases, our fitted model improved the adsorption energy
description with respect to the existing FFs combined with the

Interaction energy (kcal/mol)

r(A) '
a) COq - adsorption site Fig. 1la
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Table 1
Crossing terms for the LJ potential optimized by the fitting process.
€;(K) 0;j(\AA)
Cent-Ceo2 74.466 3.09
Cent-Oco2 85.189 3.09
Cent-Cena 66.540 3.38
Cent-Hena 49.609 2.57

traditional Lorentz-Berthelot mixing rules, confirming the parametri-
zation accuracy in describing fluid-carbon interfaces. Also, the fitted and
KBM curves agreed well with the energy depth and equilibrium distance
for both a smaller radius SWCNT and the infinite limit (graphene),
showing their remarkable transferability capability.

3.3. Gas adsorption in the SWCNTs

The discrepancy observed between classical FFs employing Lorentz-
Berthelot mixing rules and the DFT calculations indicates that the
structuring and distribution of gas molecules inside the SWCNTs may
also differ. In this context, we compared the densities obtained with
existing classical FFs with the ones using the optimized LJ cross pa-
rameters as a function of the tube diameter. Fig. 5a,b show the gas
densities obtained with GCMC for the (6,6), (12,12) and (16,16)
SWCNTs.

The fluid density within the CNTs strongly depends on the adopted
force field and tube diameter. For the CO, case, we observed the AIREBO
and Steele curves give a consistent decrease in fluid density as the
nanotube diameter increases (see Fig. 5a). Regarding the other FFs, the
density increases as the nanotube increases from 8.1 A (6,6) to 16.3 A
(12,12), and decreases as the nanotube increases from 16.3 A (12,12) to
21.7 A (16,16). A similar trend was observed by Alexiadis and Kassinos
[8] using MD. Also, the amount of CO5 in the nanotubes predicted by the
traditional classical FFs is much lower than that obtained with our fitted
model. The densities obtained within the Steele potential and LB mixing
rules can be up to seven times smaller than the ones predicted by our
fitted potential for the (16,16) SWCNT.

For the CH4 case (Fig. 5b), density curves obtained with AIREBO,
Mao, Huang, AMBER, and Steele curves display a similar trend, with the
densities decreasing as the nanotube diameter increases from 8.1 A (6,6)
to 16.3 A (12,12) and remains practically unchanged from 16.3 A to
21.7 A (16,16). These results differ from those obtained with the
Walther potential and our fitted parameters, since the CH4 density
slightly increases as the nanotube increases from 8.1 A to 16.3 A and
then decreases as the nanotube increases from 16.3 A to 21.7 A. How-
ever, the densities in the (12,12) and (16,16) are almost 50 % greater
than Walther’s using the fitted parameters. We reach the same conclu-
sion as for the CO; case, i.e., the number of adsorbed molecules is
underestimated by all the tested force fields. These results revealed the
importance of revisiting the adsorption of greenhouse gases in carbon
structures to approach the DFT achievements.

= -+ AIREBO
—--=- AMBER
=== Huang
—-= Mao
""" Steele
=== Walther

KBM
— Fit

r (A)
b) CHy - adsorption site Fig. le

Fig. 3. The interaction energy curves of a) CO, and b) CH4 adsorbed on the (10,10) SWCNT. Here we compare the classical FFs performance against the DFT (KBM),

and the parameterized potential (Fit).
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¢) COy / (8,8) SWCNT
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d) CHy / (8,8) SWCNT

Fig. 4. The interaction energy curves of a) CO, and b) CH4 above the graphene sheet and ¢) CO, and d) CH4 adsorbed in an (8,8) SWCNT. These systems were apart
from the fitting set configurations, therefore, showing how the fitted parameters perform for interactions beyond the fitted situations.
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Fig. 5. Comparison of the density of a) CO, and b) CH, in (6,6), (12,12) and (16,16) CNTs.

4. Conclusions

The differences observed in the performance of DFT functionals and
classical FFs in describing the adsorption of CH4 and CO2 in carbon
structures have been addressed in our investigation. We proposed a new
set of LJ cross parameters obtained by fitting DFT energies and forces.
The accuracy in estimating the adsorption properties has been estab-
lished by a systematic comparison with DFT results.

Among the DFT functionals considered in our study, the KBM flavor
could properly describe the adsorption of COy and CHy4 in carbon
structures in accordance with previous experimental studies. Consid-
ering different adsorption sites and nanotube chirality, we have fitted a
new set of Lennard-Jones cross parameters €; and o;;. These parameters
enhanced the fluid/solid interface description considerably with respect
to the existing FFs, which use the standard Lorentz-Berthelot mixing
rules. Most FFs underestimate the adsorption energy and equilibrium
distances. Regarding the adsorption energies, the Walther potential has
a deeper well if compared with the other FFs, but it is closer to the
reference DFT calculations, being about 20 % shallower. These differ-
ences with respect to the DFT results can be up to 100 % for the other
FFs, including the popular Steele and AMBER potentials.

The fitted model was employed beyond the fitting set, and it showed
great transferability capability. Furthermore, using GCMC, we investi-
gated the adsorption features of CO5 and CH4 in SWCNTs of different
sizes. Our GCMC simulations showed that the standard approach using

the Lorentz-Berthelot mixing rules underestimates the gas density inside
the SWCNT. Our parameters are only for the interface mixing in-
teractions, and can be used with any set of LJ-based force fields for the
gases and carbon nanostructures.

These results highlight the importance of going beyond the Lorentz-
Berthelot mixing rules involving fluid/carbon interfaces. The procedure
employed in this work may be used for the parametrization of functional
groups such as carboxyl or hydroxyl, often present in carbon nano-
structure defects. We highlight that our findings may improve the mo-
lecular modeling studies involving challenging problems within the
carbon dioxide capture, utilization and storage context.
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