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Utilization of graphene-based materials for selective carbon dioxide capture has been demonstrated
recently as a promising technological approach. In this study we report results from density functional
theory calculations and molecular dynamics simulations on the adsorption of CO,, N, and CH4 gases
on a graphene sheet. We calculate adsorption isotherms of ternary and binary mixtures of these gases
and reproduce the larger selectivity of CO, to graphene relative to the other two gases. Furthermore it
is shown that the confinement to two-dimensions, associated with adsorbing the CO, gas molecules on
the plane of graphene, increases their propensity to form clusters on the surface. Above a critical
surface coverage (or partial pressure) of the gas, these CO,-CO; interactions augment the effective
adsorption energy to graphene, and, in part, contribute to the high selectivity of carbon dioxide with
respect to nitrogen and methane. The origin of the attractive interaction between the CO, molecules
adsorbed on the surface is of electric quadrupole—quadrupole nature, in which the positively-charged
carbon of one molecule interacts with the negatively-charged oxygen of another molecule. The energy
of attraction of forming a CO, dimer is predicted to be around 5-6 kJ mol™%, much higher than the
corresponding values calculated for N, and CH,4. We also evaluated the adsorption energies of these
gases to a graphene sheet and found that the attractions obtained using the classical force-fields might
be over-exaggerated. Nevertheless, even when the magnitudes of these (classical force-field) graphene—
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gas interactions are scaled-down sufficiently, the tendency of CO, molecules to cluster on the surface
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Introduction

The extensive use of carbon-based fossil fuels has caused a
sharp increase in the concentration of CO, gas in the atmo-
sphere, and it might be the major reason why the surface
temperature of the earth increased by 1.0 °C over the last sixty
years." Therefore searching for alternative, and hopefully renew-
able, energy sources is one of the main goals for environmental
protection. Nonetheless, at the current state of development of
clean energy, carbon capture and storage (CCS) is considered a
vital approach for reducing the CO, level in the atmosphere.
This application incorporates several technologies to capture
CO, from power plants, followed by compression, transport and
permanent storage. There are different approaches to separate
carbon dioxide from the flue gas stream: solvent absorption,
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membrane separation and physical adsorption. Currently, sol-
vent absorption using aqueous solutions containing amines or
ionic liquids is the most common method employed. Their
down-side, however, is that these sorbents are expensive and
their regeneration is energy-consuming.”> Conversely, physical
adsorption to porous media has been shown to be a promising
alternative due to the high accessible surface area and the ease
by which the material can be regenerated in cycle operation,
such as by Pressure Swing Adsorption (PSA), or Temperature
Swing Asorption (TSA).>®

Many efforts have been made to synthesize porous materials
that can efficiently adsorb CO, gas. These include zeolites,
activated-carbons, silica, polymers, metal-organic frameworks
(MOFs) and covalent organic frameworks (COFs).” Graphene, a
two dimensional material composed of a single layer sp”
hybridized carbon atom network, has aroused great interest
in many fields due to its unusual mechanical, electrical,
thermal, and optical properties.> ! Graphene is also a powerful
adsorbent. This is primarily due to its large electron density
above and below the graphene plane, which is able to attract
external molecules by London dispersion forces.">" In parti-
cular, the capacity of graphene to adsorb CO, is quite large,
much larger than the potentially competing gases N, and
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CH,."*" As a consequence, graphene has a wide range of applic-
abilities as an adsorbent to capture gaseous pollutants.'® 2>

Obviously, understanding the factors that determine the
adsorption capacity of different gases to graphene is of key
importance when designing new graphene-based adsorbents.
All reports in the literature indicate that at normal operating
pressures, the adsorption of CO, to graphene is of a physical
nature (physisorption).”* Besides adsorption to bare graphene,'
many quantum mechanical calculations focused on the effect
of different functionalization of the graphene sheet on CO,
adsorption. For example, oxidized (carboxyl, hydroxyl and
epoxy groups)*® and fluorinated®* graphene, as well as edge-
functionalized graphene,25 were considered. In addition, the
effects of the moisture content (adsorbed water) in coal on the
CO, adsorption capacity®® and the chemisorption of CO, on
graphene, via the formation of lactone groups at high
pressures,”” were also investigated. These ab initio studies
normally employ only a small number of adsorbed molecules,
and therefore they are often complemented by classical Monte-
Carlo®*! or molecular dynamics®**’ simulations able to con-
sider many more gas molecules and to establish equilibrium
conditions between the gas and the adsorbed molecules.

In our previous work®® we performed molecular dynamics
simulations to investigate the adsorption of CO, gas by several
three-dimensional porous graphene-polymer composite sys-
tems and to characterize the discrimination with respect to
the capture of N, and CH, gases. We found that bare-graphene
displayed the largest capacity to adsorb CO,, slightly larger even
than a polymer containing three amine/amide groups per
monomer. In all cases, CO, is preferentially bound relative to
nitrogen or methane. Visual inspections of the trajectories
revealed that above a critical pressure of CO, gas, the adsorbed
molecules can form clusters of different sizes, a behavior not
observed when N, and CH, are adsorbed at comparable gas
pressures. In the current manuscript, we further investigate
and characterize the clustering of the adsorbed carbon dioxide
molecules using molecular dynamics simulations and density
functional theory calculations.

Methods

Molecular dynamics simulations

We performed molecular dynamics (MD) simulations to inves-
tigate the extent of clustering between CO, molecules adsorbed
on a planar graphene sheet. In order to assess the interaction
energies between CO, and graphene, as well as between the
CO, molecules themselves, we performed also quantum
mechanical calculations. The results were then compared to
those exhibited by N, and CH, gases.

The preparation of the systems for the MD simulations
followed similar protocols to those described in our previous
work.?® A rectangular-shape box with dimensions of 24.065 nm,
24.668 nm, and 64.000 nm along the x-, y-, and z-axes was
used for the simulations. Two graphene sheets (that do not
interact with each other), periodic in the xy-plane, were placed
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at z; = 2.0 nm and z, = 62.0 nm. Harmonic potentials with a
force constant of 1000 kJ mol ™" nm™> were applied to restrain
the position of the carbon atoms of the graphene sheets to
prevent their translation. Periodic boundary conditions were
applied in all three directions; however, they effectively acted
only along the x-, and y-axes because the z-coordinates of all gas
molecules were confined between z; and z,, ie. within the
60 nm ’inner-region’ of the two graphene slabs. We conducted
simulations with ternary (CO, + N, + CH,) as well as with binary
(CO, + N, or CO, + CH,) gas mixtures. The gas mixtures
contained equal numbers of molecules of each gas in the

system. The composition of the ternary mixture is N¢g, =

1
NR, = N¢p, = 7Ng,s = 7000, and that for the binary gas mix-

- 3 gas
1
=5 gas = 7000.

The molecular dynamics package GROMACS version 4.6.5>°
was employed to perform all computer simulations in the
canonical ensemble (NVT) with a time step of 2 fs. The simulation
box was fixed during the simulations and a constant temperature
of 300 K was maintained by the velocity rescaling thermostat*®
with a coupling time of 0.1 ps. Bond stretching and angle
bending were modeled by harmonic potentials. The Lennard-
Jones (L]) interactions between unlike atoms were computed
using the geometric combination rules of the OPLSAA force-
field. All systems were subjected to a relaxation time of 40 ns
and an additional 10 ns were used for the data collection.

The TraPPE model*' was used to represent the carbon
dioxide molecule and the three-site model of Murthy et al.*?
was utilized to describe the nitrogen molecule. The latter
consists of a massless positively-charged virtual-site (MW),
symmetrically situated between the two nitrogen atoms. The
non-bonded parameters for the CO, and N, molecules are
specified in Table 1 and the bonded parameters in Table 2.
Because in the original simulations of the TraPPE model*' the
Lorentz-Berthelot combination rules were used to mix the
Lennard Jones parameters, we also utilized these combination
rules when calculating the interactions between the CO, mole-
cules. A methane molecule was represented by the OPLSAA
force-field.*® The validation of the force-fields of these three
gases in molecular dynamics simulations is reported in our
previous study.>® Nevertheless, the introduction of a positively-
charged virtual-site (MW) at the center of the N, molecule
resulted in an unexpected energy-minimized (steepest descent
algorithm) structure for the dimer configuration in which one
molecule is perpendicular to the other instead of parallel as

: o _ o
ture is NCOZ = NNz /CH,

Table 1 The non-bonded parameters for the models of carbon dioxide
and nitrogen gas molecules

q [e] o [nm] & [kJ mol ]
C (COy) +0.70 0.280 0.224
0 (CO,) —0.35 0.305 0.657
N (Ny) —0.482 0.3318 0.303
MW (N,) +0.964 0.0000 0.000
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Table 2 The bonded parameters (bond length (b), angle (), and the
corresponding force constants) for the models of carbon dioxide and
nitrogen gas molecules

b [nm)] Ky [k mol™* nm™?] 0[] Ko [kJ (mol " rad ?)]
C-0 0.1162®  476976* 180** 1236
N-N 0.1098* 138570* — —

obtained by density functional theory (DFT) calculations.
Accordingly, the dimerization energy was also unrealistically
large. To circumvent this problem, the two-site model for the
nitrogen molecule proposed by Chae and Violi*” was used (see
Table S1 for details, ESIf) when we energy-minimized the
classical force-field. We chose to represent graphene as a
flexible sheet because the inclusion of thermal motions of the
carbon atoms better reproduced its experimental realization.
This has been demonstrated recently by comparing the amount
of gas adsorbed on rigid and flexible graphene sheets against
experimental data.”® Details of the parameters used to model
the flexible graphene sheets (thus including bond stretching
and angle bending) are described in a previous simulation
study.*® In this case, the L] parameters of the carbon atoms,
occ = 0.3851 nm and &cc = 0.4396 k] mol ', were parameterized
to mimic single-walled carbon nanotubes.>

A gas molecule is considered adsorbed to the graphene sheet if
the distance from its center-of-mass to the graphene center-of-mass,
along the z-dimension, is smaller than 0.55 nm. This cutoff value
captures almost entirely the unimodal distribution of the adsorbed
gas next to graphene as indicated by the density profiles along the
perpendicular axis (see for example Fig. 6b in our previous study®®).
More specifically this is computed by the condition,

Ne

1
Zc — — Zg,'
W

< 0.55 nm, 1)

where z¢ and z,; are the components along the z-axis of the position
of the carbon of CO, and the carbon atoms of graphene, respec-
tively, and N, = 22736 is the number of carbon atoms of one
graphene sheet. We choose to present the adsorbed gas molecules
by the two dimensional mass density, p,p = m/A, where m is the
mass of the adsorbed gas and A is the area of the two graphene
sheets. Correspondingly, the bulk mass density is calculated by
p3p = m/V, where m and V are the mass and volume of the gas in the
bulk phase. Moreover, two adsorbed gas molecules are considered
to be bound to each other if their intermolecular distance is smaller
than 0.62 nm. Also here, the position of the molecule is determined
by its center-of-mass, and thus by the position of the carbon atom
for CO, and CH, and the dummy atom for N,. The cut-off value of
0.62 nm roughly corresponds to the first minimum of the radial
distribution function between the (CO,:---CO,, N, --N,, and
CH,- - -CH,) adsorbed gas molecules.

Quantum chemical calculations

All quantum calculations were carried out using the program
Gaussian 16.°" The optimization of the system geometries was

This journal is © the Owner Societies 2020

View Article Online

Paper

performed at the B3LYP>> DFT level with long-range dispersion
corrections DFT-D3 using the Becke-Johnson damping
function.>® We employed the polarized®* and diffuse® function
basis set 6-31+G* of George Petersson and coworkers.’®>” To
model a graphene sheet we used either a coronene (C,,H;,) or a
circumcircumcoronene (CosH,,) molecule. Note that in these
cases, the carbon atoms at the edge of the molecule are capped
by hydrogen atoms. Therefore, in order to minimize the effect
of this edge, the centers-of-mass of the adsorbates, CO,, N,, and
CH,, were positioned at the center of the polycyclic aromatic
hydrocarbon (PAH) surface.

The adsorption energy of a gas molecule, X, on the polycyclic
aromatic hydrocarbon molecule was calculated by,

Eagas = Epan+x — Epan — Ex, (2)
the dimerization energy in the gas phase by,

Edimer(gas) = Egimer — 2Emonomer; (3)

and the dimerization (n = 2) or trimerization (n = 3) energy of
the adsorbed gas molecules by,

En-mer(adsorbed) = EPAH+n-mer+ (}’l - 1)EPAH - nEPAH+monomer-

4)

Results and discussion

When a molecule in the gas phase is adsorbed on a two-
dimensional surface, it loses one degree of freedom of the
center-of-mass translation and one (if linear) or two (if not
linear) degrees of freedom of rotations around axes parallel to
the surface. Consider the process in which the adsorbed
molecule subsequently associates with another molecule on
the surface. In this case, the resulting dimer translates and
rotates as a rigid body and loses the degrees of freedom of the
two independent particles. However, because the free particles
were confined to two-dimensions, the entropy loss is signifi-
cantly smaller compared to that if the association process took
place in unconfined three dimensional space. This means that
when the molecules are adsorbed on a surface, a certain degree
of clustering might occur even though in the bulk gas phase the
association process is not observed at all.

Although the adsorption strength does not directly influ-
ence the propensity to cluster on the surface, it nonetheless
indirectly affects clustering because a larger energy of adsorp-
tion would normally result in a larger coverage area of the
molecules on the surface. When the projected area of the
molecules on the surface can not be ignored anymore, an
increase in adsorption will lead to a smaller available area on
which the molecules can translate, and, therefore, further
reduces the entropy loss and promotes clustering. Thus we
first start with assessing the adsorption strengths of the gases
we consider in this study to graphene by DFT calculations and
compare them to those obtained by energy minimization of the
classical force-fields.
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Adsorption energy of CO,, N,, and CH, on a graphene sheet
model

We calculate the energy of adsorption, E.q4s (eqn (2)), of a single
gas molecule on a graphene sheet model by DFT (B3LYP-D/6-
31+G*). As a model for graphene we consider coronene (Cp4Hy,)
and circumcircumcoronene (CosH,,). The gas molecule was
initially placed at the center of the surfaces of these aromatic
hydrocarbon molecules. The optimized geometries are shown
in Fig. 1. It is evident that the linear gas molecules, CO, and N,,
are oriented parallel to the plane of the surface. The carbon
atom of CO, is situated half-way above two covalently-bonded
carbon atoms of the surface, and the two oxygen atoms are
placed above the centers of two adjacent aromatic rings. The N,
molecule is also situated approximately above the center of an
aromatic ring. For methane, the plane formed by three hydro-
gen atoms is parallel to, and in contact with, the surface,
whereas the fourth hydrogen is perpendicular to, and pointing
away from, the surface. Nevertheless, the two graphene models
yield slightly different adsorption positionings of CH, relative
to the PAH surfaces.

In Table 3 we present the adsorption energies of the three
gases in the C,4H;, and CoeH,4 graphene models, together with
the corresponding values of adsorption on a periodic graphene
surface obtained from energy minimization of the classical
force-field. To evaluate the performance we also provide experi-
mental estimations that used graphite as the adsorbent.

As expected, the larger surface, CosH,g, results in stronger
adsorption energies than the smaller surface, C,,H;,, because
there are more adsorbent-adsorbate dispersion attractions.
The same trend is also observed for the adsorption energies
of CO, reported in the literature compiled in Table 4. The
values obtained from these previous studies are similar to those
reported in the current study, albeit utilizing different sizes of
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Table 3 Adsorption energy of a single molecule of CO,, N,, and CH4 on
the surface of Co4H1, and CogHog (egn (2)) using the B3LYP-D/6-31+G*
level of calculation. We also show results from steepest-descent energy
minimization of the classical force-fields (CFF) utilizing a periodic surface
to model the graphene sheet. Experimental estimations of the adsorption
energies on graphite are provided in the last column (Exp.). All values are
given in kJ mol~?

B3LYP-D B3LYP-D CFF Exp
(C24H1y) (CogHa4) (graphene) (graphite)®®
CO, —18.4 —21.5 —25.1 —17.2
N, —13.8 —15.8 —13.3 —10.0
CH,4 —13.5 —14.9 —16.5 —12.2

PAHs. Nevertheless, the extrapolation to graphene is not so
clear because the two values (—18.4 and —23.1 k] mol ") shown
in Table 4 differ by 4.7 k] mol . Experimentally, the adsorption
energy of CO, on graphite (instead of graphene) is estimated to
be —17.2 k] mol ', a value with smaller magnitude than that
obtained by the classical force-field. A similar trend is also
observed for N, and CH,, that is, the adsorption energies
calculated in this work quantum mechanically and empirically
(B3LYP-D and CFF in Table 3) as well as those of other DFT
methods in the literature (Table 4) are stronger than the
experimental estimations of Vidali et al.>® This suggests that
the classical force-field for the graphene-gas interactions used
in the MD simulations might be slightly exaggerated and
scaling by a factor of approximately 0.7 is necessary.

We also repeated the calculations of the adsorption energy per
gas molecule at the B3LYP-D/6-31+G* level on the two PAHs, but
instead of adsorbing a single molecule we adsorbed a dimer of
the gas molecules. The results are shown in Table S2 (ESIf) and
indicate that for the larger PAH, CocH,,4, there is hardly any
change in the adsorption energy (0.2-0.3 k] mol " discrepancies).

N, CH,4

Fig.1 Top-view of the optimized geometries, obtained at the B3LYP-D/6-31+G* level of theory, of adsorbed CO,, N,, and CH4 on Cp4Hj, (top-panel)
and CgeHo4 (lower-panel). All bonds are represented by a stick model. The graphene models are colored in black (carbons) and white (hydrogens), carbon
dioxide atoms in white (carbon) and red (oxygen), nitrogen molecules in violet, and methane atoms in blue (carbon) and white (hydrogens).
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Table 4 Adsorption energies of CO,, N,, and CH,4 on a graphene sheet or
related polycyclic aromatic hydrocarbons (PAH) reported in the literature.
The calculations were performed using different DFT methods and the
graphene sheet was modeled by either periodic boundary conditions
(PBCs) or by semiPBCs

Adsorbate  Graphene/PAH model = Method Eads [KJ mol™]

CO, Ci6Hio DFT-D3 —15.6%°
CygHig DFT-D3 —17.9%¢
CsHyg wB97X-D —18.8"2
Graphene: PBCs GGA PBE-D3  —18.4**
Graphene: semiPBCs ~ DFT+LAP —23.1%

N, Cs Hig wB97X-D —13.4"

CH, Graphene: PBCs GGA PBE-D3  —13.51**
Graphene: semiPBCs ~ DFT+LAP -11.1%
Cs Hig wB97X-D —17.2"

However, for the smaller PAH, C,,H;,, the values are system-
atically smaller by 1.2-1.4 kJ mol ?*, very likely due to unac-
counted for dispersion interactions of the dimer when adsorbed
on the small surface of C,,H;5,.

Scaling the graphene-gas interactions

Given the results above, we conducted simulations of the
adsorption of CO,, N,, and CH, on graphene in which the
graphene-gas interactions are scaled down by a factor y, o
ranging from 1.0 to 0.3 in steps of 0.1 (thus, y,, = 1.0
corresponds to the unmodified force-field). Because the gra-
phene carbon atoms do not carry any partial charge, this
scaling affects only the depth of the L] potential well. In
Table S3 (ESIt) we specify the value of epsilon between the
carbon atom of graphene and any atom of the gases for all
values of the scaling factor, y,4, considered.

In Fig. 2 we display the adsorption isotherm of each gas
(represented by the 2D mass density) as a function of y,_,. The
results were taken from the ternary gas mixture simulations.
Nevertheless, the two-end points, y,, = 0.3 and 1.0, were
simulated also when only two gases were present in the system
(binary gas mixtures) and are shown for comparison. Obviously,
the amount of gas adsorbed increases for stronger graphene-
gas interaction energies. At y,, = 0.3 there is negligible
adsorption for all gases, whereas at y,_ o, = 1.0 CO, is adsorbed
much stronger than N, and CH,. Correspondingly, the partial
pressures of CO,, N, and CH, in the bulk phase at y,_, = 1.0 are
3.1, 6.2, and 9.7 bar, respectively. Note that the curve for CO,
would have changed to a saturation curve had we chosen to plot
the adsorption against the pressure instead of the graphene-
gas interaction energy (see Fig. 5a in our previous study*®). The
equilibrium constants of adsorption, K(x) = papad/Psp,puik Of
the three gases for all graphene-gas interaction strengths are
given in Table S4 (ESIY). It is interesting that CO, (and to some
extent N,) adsorbs more strongly in the binary mixtures
whereas CH, adsorbs more strongly in the ternary mixture. As
it will be shown below, this can be explained by the fact that
adsorbed CO, can form stronger attractive interactions with
other CO, molecules in the binary mixture compared to the
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Fig. 2 Adsorption isotherms of CO,, N,, and CH,4 gases on graphene at
300 K. The two-dimensional density of the adsorbed gas (averaged over
the two graphene surfaces), p,p, is plotted as a function of the scaling-
factor, yq-4. Of the graphene—gas interaction energy. This factor modifies
the strength of the interaction by scaling the LJ parameters &q_4 for
all graphene—gas interaction sites. The plot shows data from the ternary,
T (solid lines), as well as from the binary, B (dashed or dotted lines), gas
mixture systems.

ternary mixture. Although CO, is observed to have the largest
mass density for all values of y,_,, it is not preferentially bound
to graphene for all these scaling factors. To address this point,
we evaluate also the preferential adsorption® of the gases to
graphene.

The preferential adsorption of CO, relative to gas X, v, (¥),
can be defined by,

0co, Nx
Veo, (X) = m> (5)

where 0; is the number of molecules of gas i adsorbed on
graphene and N; is the corresponding number of molecules in
the bulk. This expression then yields a measure of the excess,
Vo, (¥) > 1, or depleted, v, (x) < 1, number of adsorbed CO,
molecules relative to what would be expected if there was no
preference for adsorbing the two gases, i.e. a random distribu-
tion, v, (x) = 1. The procedure of weakening the graphene-
gas interaction energy can be exploited when measuring the
preferential adsorption of CO,. It has been shown® that if the
interaction energy between graphene and gas i (per gas mole-
cule) is u,_; and the standard chemical potential of gas i is
ui°, then

Z&O d
In Ve, (¥) = (1o, — 1) In =222
x,ads
+ ﬂ(”g—COz - ug,x), (6)

where Z/
summed over internal energies, of adsorbate i. Thus, a plot of

Inv, (x) as a function of the difference in the adsorption

is the single-site molecular partition function,

energies of the two gases yields a straight line with a slope of ff =
1/kgT. These plots of the preferential adsorption of CO, with
respect to N, and CH, are shown in Fig. 3a. Linear regression of
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Fig. 3 The preferential adsorption, v/, of CO, relative to N, and CH,4 gases.
In (a) only the difference in the adsorption energies of the gases to graphene
is taken into account, whereas in (b) also the difference in the energies of the
clustering of the adsorbed CO, molecules and that of N, or CH4 are
considered. The green line (passing through the origin) corresponds to the
theoretical prediction, i.e., it has a slope of —f = —0.4009 mol kJ~1.

the curves of Invg,(N2) and Inve,, (CHs) gives slopes of
—0.51 and —0.88 mol kJ ', which are quite different from
—0.4009 mol k], the value of § at 300 K. In our previous
publication®® we commented that above a critical partial
pressure of CO,, the adsorbed CO, molecules on graphene
exhibit a certain degree of clustering. This formation of clusters
between the CO, molecules increases their effective adsorption
energy. Therefore, we calculated these gas-gas interactions of
all adsorbed gases (the same calculation but for CO, in the bulk
gas phase yields negligible values) per molecule, and added
their contributions to the difference in the adsorption energies,

Z0yad
In V’C02 (x) = [f(,u(%oz — ,uﬂ) an/—z'as

x,ads

+ B[ (ug—co, + uco,—co,) — (tg—x + tx—x)]. (7)

The results are shown in Fig. 3b. Now the linear regression
slopes, —0.34 and —0.38 mol kJ™' for In Vco,(N2) and
Invc,(CHa), respectively, are much closer to that predicted
by eqn (6). Nonetheless, in both cases the actual slopes are
smaller than the prediction. This is to be expected because
agreement with high accuracy is impeded due to the depen-
dency (even if weak) of the internal partition function of the
gases on the degree of clustering. The energies between the
adsorbed molecules, u,_, for y,_, = 0.3 and 1.0 are specified in
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Table 5 The interaction energy (per molecule) between the adsorbate i gas
molecules, u;_;, taken from the simulations with the ternary (T) and the binary
(B) gas mixtures for yg_g = 0.3, and 1.0. All values are given in kJ mol™*

T: CO, + N, + CH; B: CO, + N, B: CO, + CH,

Yg-g=03 Jgg=10 Yg =03 ygg=1.0 ygg=0.3 yges=1.0

Uco,-co, —0.2 —2.8 —0.2 -31 —0.2 -3.0
Un,n, —0.3 —1.4 0.3 -1.8 — —
Ucn,-on, —0.1 —0.4 — — —0.02  —01

Table 5. The values obtained from the ternary and binary gas
mixtures are very similar. Nevertheless, the slightly stronger
interaction of uco, co, and uy, n, in the binary gas mixtures
and of Ucp,cw, in the ternary gas mixture can explain the slightly
stronger adsorption observed for these systems in Fig. 2.

Formation of CO, clusters on graphene

The improved agreement of the behavior of the preferential
adsorption with the theoretical prediction shown in Fig. 3b,
relative to that in Fig. 3a, points to the importance of cluster
formation of CO, molecules to the adsorption thermody-
namics. In Table 5 we calculate the number of clusters with
size n (n = 1 corresponds to monomers, n = 2 to dimers, and so
on) and show their percentage relative to other clusters with
different sizes. In the bulk, the CO, molecules are almost

a
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Fig. 4 Normalized distributions of the probability to find a gas molecule in

a cluster as a function of the cluster size for (a) CO,, (b) N, and (c) CH4 for

three different scalings of the graphene-gas interaction energy, xq-g.

When available, i.e. for yg_g = 0.3 and 1.0, the results were averaged over

the binary and ternary gas mixtures.
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Table 6 Percentage of clusters of CO, molecules with size n observed in
the bulk gas phase as well as adsorbed on graphene, for three different
scalings, xq-g. Of the graphene-gas interaction strength. The results are
calculated from the simulations of the ternary gas mixture

Bulk CO, Adsorbed CO,

n=1 n=2 n=3 n>4 n=1 n=2 n=3 nx>4

JLg-¢=1.0 99.0 0.5 0.5 0.0 61.7 11.6 8.1 18.6
Jg¢=0.7 981 1.0 0.9 0.0 73.8 146 7.2 4.4
Jgg=03 978 1.2 1.0 0.0 96.6 1.3 1.3 0.8

entirely in a monomeric form. The very small percentages of
dimers and trimers are not significant; nonetheless, the small
increase in their values with decreasing ., is due to larger
pressures in the bulk (because fewer CO, molecules are adsorbed
on the surface). Similar behavior is observed for CO, adsorbed on
graphene at y, o = 0.3. However, for y,, > 0.7, there is a
substantial tendency to form clusters, where dimers and trimers
are the most probable cluster sizes. This tendency increases with
1g-¢ Decause of larger surface coverages (2D density). In Fig. 4 we
provide detailed information about the distribution of clusters
with larger sizes. The figure displays the probability to find a gas
molecule inside a cluster (composed of molecules of the same
gas) as a function of the cluster size, for CO,, N,, and CH,
adsorbed on graphene. Again for the lowest graphene-gas inter-
actions, 74, = 0.3, all gases do not cluster substantially. With an
increase of y,_,, the propensity to cluster increases; however, the
increase in the association of CO, is much larger than that for N,
or CH,. For all gases, clusters of sizes three and two are the most
probable (the points of the monomers, n = 1, are not shown
because the magnitudes of their peaks significantly exceed the
y-axis scale). At the strongest graphene-gas interaction, y,_, = 1.0,
CO, molecules display an appreciable degree of clustering. How-
ever as discussed above, this strength of the graphene-CO,
interaction might be slightly too strong. Nevertheless, even when
considering interactions that are weaker by 30% (4 = 0.7) there
is still a significant degree of clustering. Note that the quantity
calculated in Table 6 to represent the magnitude of clustering is

x=0.3 x=0.7
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Table 7 Dimerization and trimerization energies of CO,, N,, and CHy4
adsorbed on graphene, E,\-mer(adsorbed) (€0N (4)), calculated at the B3LYP-D/
6-31+G* density functional theory level and by energy minimization
(steepest descent) using the classical force-field (CFF). For the dimer we
also calculated the dimerization energies in the gas phase, Egimer(gas)
(egn (3)). The model for the graphene sheet in the DFT calculations is
CogH24 and for the classical energy minimization is the same as that used
for the MD simulations. All values are given in kJ mol™

Etrimer(adsorbed)

B3LYP-D CFF

Edimer(adsorbed)

B3LYP-D CFF

Edimer(gas)
B3LYP-D CFF

CO, —-7.1 -5.0 —6.6 —=5.0 —12.4 -9.9
N, —2.2 —2.1 -1.1 -0.9 —1.6 —-2.3
CH,4 -1.8 —-1.2 —2.7 —2.0 -5.3 —-5.3

different from that calculated in Fig. 4. Whereas the former only
considers the number of clusters of each size, the latter weights
this number by the size of the cluster. For this reason, the
maximum of the distribution of the two quantities can appear
at different n. The larger tendency of adsorbed CO, molecules to
cluster can also be seen in the snapshots displayed in Fig. 5,
relative to the weaker tendencies exhibited by N, and CH, gases
shown in Fig. S1 and S2 (ESIY), respectively. It is worth mention-
ing that the positions of the adsorbed gas molecules obtained
from the MD simulations hardly display any commensuration
with the graphene structure. This is evidenced by the in-plane
radial distribution function between the carbons of adsorbed
CO, molecules and the carbons of the graphene sheet exhibiting
fluctuations with insignificant magnitudes around the value of
one (random distribution) as shown in Fig. S3 (ESIt). This is
likely due to the large thermal fluctuations at 300 K relative to the
interaction energy between the gas atoms and nearest-neighbor
carbons of graphene.

In order to assess the cluster formation energy of the
classical force-field (CFF) used in the MD simulations, we turn
again to DFT calculations. To this end, we calculate the
dimerization energy of CO,, N,, and CH, molecules in a
vacuum (eqn (3)) and when adsorbed on graphene (eqn (4)).
The results are shown in Table 7. In the gas phase, the

Fig. 5 A top-view projection onto one of the graphene sheets of the adsorbed carbon dioxide molecules for the ternary gas mixture system with
graphene-gas interaction strengths of y4_g = 0.3, 0.7, and 1.0. For clarity, nitrogen and methane molecules are not shown (see Fig. S1 and S2 in the ESI¥).
Graphene is shown as black sticks and CO, molecules as white and red spheres.
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Fig. 6 Structures of the gas dimers obtained from optimization at the B3LYP-D/6-31+G* level adsorbed on CgeH>4 (lower panel), as well as snapshots
from the MD simulations adsorbed on graphene (upper panel). Left, middle, and right correspond to CO,, N, and CHy, respectively.

dimerization energy of the CFF is reproduced quite well for N,
and CH,. The largest discrepancy is for CO,. DFT at the B3LYP-
D/6-31+G* level yields a dimerization energy of —7.1 kJ mol ",
whereas energy minimization of the CFF gives —5.0 k] mol .
A similar trend is observed for the dimer formation on gra-
phene; the largest discrepancy, 1.6 k] mol ™", is for CO, in which
the classical CFF yields a smaller energy of attraction. Thus, if
anything, the CFF underestimates the energy to form CO,
dimers. Furthermore, we would like to stress again that
although the dimerization energy is found to be the same in
a vacuum and on graphene using the classical force-field, the
tendency (i.e. change in free energy) to form the dimer is
different. This is because the change in the entropy of the
dimerization process is different in a 3D vacuum and on the 2D
graphene (see Table 6 for the observed clustering propensities
in the bulk gas phase and on the graphene surface).

Note that the starting configurations for the energy mini-
mization with the CFF were taken from the optimized struc-
tures of the DFT calculations. In all cases, the structures of the
dimer (as well as for the trimers desribed below) gas molecules
were very similar to the optimized DFT structures. We therefore
do not show the energy-minimized structures of the CFF but
instead provide snapshots of dimers from the MD simulations
and compare them to the DFT optimized structures in Fig. 6.
For a CO, dimer the DFT-optimized and the MD snapshot
configurations are very similar. These structures indicate that
the interaction between the two molecules is of a quadrupole-
quadrupole nature. The negatively-charged oxygen interacts
with the positively-charged carbon and that is why there is an
off-set of one atom when two CO, molecules approach each
other along the axis perpendicular to their principal molecular
axes. This interaction is reminiscent of the like-charge attrac-
tions between guanidinium cations.®'~®® Taking into account
that the experimentally determined® electric quadrupole

21038 | Phys. Chem. Chem. Phys., 2020, 22, 21031-21041

Fig. 7 Left panels: Optimized structures of trimer gas molecules
adsorbed on CggH,4 taken from B3LYP-D/6-31+G* level calculations.
Right panels: Snapshots of trimers adsorbed on graphene observed in
the MD simulations. Top, middle, and lower panels correspond to CO,, No,
and CHy, respectively.
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moment of CO, (—13.4 x 10~*° C m?) is about three times that of
N, (—4.72 x 10~*° C m?), similar interactions may also operate in
the N,-N, dimer but with a much smaller magnitude.

We also calculated the energy of forming a trimer on gra-
phene (Table 7). As before the only significant difference is for
CO,, in which the B3LYP-D calculation gives a stronger attractive
energy (by 2.5 k] mol ') than the CFF upon trimer formation.
The corresponding comparisons between the DFT-optimized
structure and snapshots from the MD simulations are shown
in Fig. 7. The quadrupole-quadrupole interaction noted in the
CO, dimer is clearly present also in the trimer. Note that in the
DFT-optimized structure, the third CO, is positioned the same as
the first molecule, likely to avoid the edge of the surface. In the
MD simulations we found this same configuration (as shown in
Fig. 7) as well as that in which the third molecule is positioned
away from the first molecule, thus forming a diagonal of CO,
molecules off-set by one atom (not shown).

Conclusions

In this paper we performed computational studies reporting
that above a critical value of surface coverage (or gas partial
pressure), adsorbed carbon dioxide molecules can form clus-
ters of various sizes on the surface, in which trimers and dimers
are the most probable. A similar behavior is not observed for
nitrogen and methane gases, nor is it observed for CO, in the
bulk gas phase, at the temperature and pressures investigated.
The molecular origin for the attraction between the CO,
molecules is quadrupole-quadrupole interactions; the mole-
cules in the clusters are arranged such that atoms on different
molecules and with opposite partial charges interact favorably
with one another. The magnitude of the attraction in forming a
CO, dimer, calculated at the B3LYP-D/6-31+G* density func-
tional theory level and by energy minimization of a classical
force-field, is on the order of 2kgT at room temperature. This
energy of attraction is substantially stronger than the corres-
ponding dimerization energies calculated for nitrogen and
methane molecules. Accordingly, the cluster formation of CO,
molecules was shown to be important to the adsorption ther-
modynamics, and, in particular, in describing the selectivity of
CO,, with respect to the N, and CH, gases. It is also likely that
the propensity to cluster will influence the mass transport
properties of nano-confined fluids.®® In fact, Sun and Bai®®
found diffusion coefficients of adsorbed CO, molecules on
graphene, at various pressures, significantly smaller than pre-
dicted, whereas the same comparison for CH, molecules
resulted in a much smaller discrepancy. This can be attributed
to an increase in the effective mass of the moving particles due
to CO, clustering. In addition we calculated by DFT the
strength of the adsorption energy between each of the gases
and two polyaromatic hydrocarbon molecules as models for a
graphene sheet and compared it to that obtained from energy
minimization of the classical force-field. The results obtained,
as well as the comparison to estimations from experiments,
suggest that the classical force-field utilized in this work might
overestimate the adsorption energies.
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Table S1: Force-field parameters of the two-site model for nitrogen gas molecule proposed by Chae

and Violi [J. Chem. Phys. 134, 044537 (2011)].

q [e]

o [nm]

€ [kd/mol]

bond [nm]

Kp [kJ/mol-nm?]

N>

0.0

0.32973

0.30198

0.1085

1354950.0
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Table S2: Adsorption energy, per molecule, of a dimer of CO,, N5, and CH, on the surface of Cy4Hj»

and CggHo4 using the B3LYP-D/6-31+G* level of calculation. More specifically, we calculate the

adsorption energy by E.4s = (Epanix, — Epan — Ex,) /2, where X, is the dimer of X. All values are

given in kJ/mol.

CoaH12  CoeHog
COy | -17.2 -21.3
N> -12.6 -15.5
CHy | -121 -15.1
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Table S3: The value of the LJ-parameter €(Cga—igas) between the carbon atoms of graphene and
any atom of the three gases, for the different scalings, xy_g, of the interaction energy between the
graphene and the gases. Thus, g_g=1.0 corresponds to the unmodified force-field. All values are

reported in kJ/mol.

Xeg—¢g 6(Cgra_ccoz) 6(Cgra_OCoz) 6(Cgra_NNz) 6(Cgra_CCH4) 6(Cglra_HCH4)
1.0 0.31414 0.53735 0.36475 0.34841 0.23490
0.9 0.28273 0.48362 0.32828 0.31357 0.21141
0.8 0.25131 0.42988 0.29180 0.27873 0.18792
0.7 0.21990 0.37615 0.25533 0.24389 0.16443
0.6 0.18849 0.32241 0.21885 0.20905 0.14094
0.5 0.15707 0.26868 0.18238 0.17421 0.11745
0.4 0.12566 0.21494 0.14590 0.13937 0.09396
0.3 0.09424 0.16121 0.10943 0.10452 0.07047
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Table S4: Equilibrium constant for adsorption, K(x)=pap ad/p3D, bulk, for x=CO,, N,, and CH,.
The results are taken from both the ternary (T) and binary (B) gas-mixture simulations for different

scalings, Xg_g, Of the graphene—gases interaction energies. The values of K are given in nm.

T: CO+Ny+CH,4 B: CO>+N, B: CO,+CH,

Xg—g || K(CO2) | K(N2) | K(CHa) || K(CO2) | K(N2) || K(CO2) | K(CH2)

1.0 20.86 2.67 3.29 27.13 3.83 24.16 1.23
0.9 15.88 2.51 3.11 — — — —

0.8 11.18 2.24 2.81 — —_ — —

0.7 7.19 1.83 2.34 — — — —

0.6 4.20 1.35 1.76 — — — —

0.5 2.30 0.93 1.23 — — — —

0.4 1.25 0.63 0.82 — — — —

0.3 0.70 0.44 0.54 0.73 0.46 0.70 0.18
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Table S5: The interaction energy between the same-type gas molecules, u,,, adsorbed on graphene

for the ternary gas mixture simulations at different scalings of the graphene-gas interaction strength,

Xg—g- All energies are given in kJ/mol.

Xg—g | UCO,—COy | UNp—N, | UCH4—CH,4
1.0 -2.8 -1.4 -0.4
0.9 -2.4 -1.3 -0.3
0.8 -1.9 -1.2 -0.3
0.7 -1.4 -1.1 -0.2
0.6 -0.9 -0.8 -0.2
0.5 -0.6 -0.6 -0.1
0.4 -0.3 -0.4 -0.1
0.3 -0.2 -0.3 -0.1
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%x=0.3 %x=0.7 x=1.0

Figure S1: A top-view projection onto one of the graphene sheets of the adsorbed nitrogen molecules
for the ternary gas mixture system with graphene-gas interaction strength of y,_=0.3, 0.7, and
1.0. For clarity, carbon dioxide and methane molecules are not shown here (see Fig. 5 and Fig. S2).

Graphene is shown as black sticks and N, molecules as purple spheres.
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%=0.3 x=0.7 x=1.0

Figure S2: Same as Fig. 5 and Fig. S1 but for the methane molecules.
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Figure S3: Two-dimensional radial distribution functions, projected on the xy-plane, between the
carbon atoms of adsorbed CO, molecules and the carbons of the graphene sheet on which the CO,

molecules are adsorbed, for three different scalings of the graphene-gas interaction energy.
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