
CO2 and CO Capture on the ZnO Surface: A GCMC and Electronic
Structure Study
Julia Silva Gordijo, Nailton Martins Rodrigues, and Joaõ B. L. Martins*
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ABSTRACT: The amount of polluting gases released into the atmosphere has grown drastically. Among them, it is possible to cite
the release of CO2 and CO gases on a large scale as one of the products of the complete and incomplete combustion of petroleum-
derived fuels. It is worth noting that the production of energy by burning fossil fuels supplies the energy demand but causes
environmental damage, and several studies have addressed the reduction. One of them is using materials with the potential to
capture these gases. The experimental and theoretical studies have significant contributions that promote advances in this area.
Among the materials investigated, ZnO has emerged, demonstrating the considerable potential for capturing various gases, including
CO2 and CO. This work used density functional theory (DFT) and Grand Canonical Monte Carlo Method (GCMC) to investigate
the adsorption of CO2 and CO on the surface of Zinc oxide (ZnO) to obtain adsorption isotherms and interaction energy and the
interaction nature. The results suggest that CO2 adsorption slightly changed the angle of the O−C−O to values less than 180°. For
the CO, its carbon atom interacts simultaneously with Zn and O of the ZnO surface. However, CO interactions have an ionic
character with a lower binding energy value than the CO2 interaction. The energies calculated using the PM6 and DFT methods
generated results compatible with the experimental values. In applications involving a mixture of these two gases, the adsorption of
CO2 should be favored, and there may be inhibition of the adsorption of CO for high CO2 concentrations.

1. INTRODUCTION
In the last decades, one can follow the growth of computational
chemistry as a powerful technique in developing materials.1,2 It
can be used, for instance, in metal oxide adsorption
investigations, which have been extensively researched due to
their characteristics and potential for various applications. Zinc
oxide (ZnO) is a semiconductor material with the most
common hexagonal wurtzite structure.3 The ZnO, which is a
member of the VI family and has a variety of polar and nonpolar
surfaces, has a widespread application in material science, one of
which is derived from the high value of its bandgap (3.37 eV)
and large exciton binding energy (60 meV).4−6 Also, for use in
medicinal and environmental applications, ZnO is biodegrad-
able, biocompatible, and safe.7 The ZnO usage is not limited but
includes gas detection (due to its high sensitivity to various
oxidizing gases and reducers),8 electronic materials (such as
photovoltaic cells and varistors),9−11 and also catalysis (for the

production of hydrogen from water, methanol synthesis, and
hydrogenation of olefins, for example).12 These and other ZnO
applications have increased theoretical and experimental
research on ZnO surfaces.13−24

Carbon dioxide is one of the leading greenhouse gases, and
considering the growing concern with global climate changes,
efforts to lower the atmospheric levels of this compound and
transform it into less harmful molecules are of interest. In
particular, for biofuel production as an alternative to fossil fuels,
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great attention has emerged in studying CO2 adsorption and
interaction in various substrates, including ZnO. Kinetic testing
and Ambient Pressure Photoelectron Spectroscopy (AP-XPS)
results show the critical role a ZnO-cover interface plays in
synthesizing methanol from CO2 hydrogenation.

25 Lately, the
photochemical synthesis of methanol from CO2 and H2O
molecules were demonstrated to be feasible on a ZnO surface
using visible light, with ZnO proving to be a more efficient
photocatalyst than SrTiO3, TiO2, and WO3.

26 Furthermore, a
recent study under density functional theory (DFT)-based
simulations showed that using ZnOmonolayers for CO2 capture
is viable. ZnO-ML presents a clear advantage compared to
carbon nanotubes, graphene, and g-BN leaves.27 This
application is particularly promising for ZnO because as rising
levels of CO2 in the atmosphere are a severe concern for the
health and future of the planet, there are strong economic and
environmental incentives to look for ways to capture and turn
CO2 into raw materials for use in the chemical industry.
CO2 capture/storage is a challenge for global warming, where

several studies have been addressed for the adsorption of
CO2.

28−38 Studies of CO2 capture show a maximum amount of
CO2 adsorbed ranging from approximately 25−176.66 mg/g at
higher pressure.35,39

Carbon monoxide is a colorless, odorless, and toxic gas that is
toxic for humans and animals. It has a high affinity for
hemoglobin (long-term exposure should not exceed 25 ppm
in 8 h or 50 ppm within 4 h).40 This gas is not very soluble in
water, which limits its removal from the air by water treatment.
For this reason, CO2 oxidation is a solution for reducing CO in
air pollution treatments. However, to eliminate the CO, it is
necessary to catalyze its oxidation. Upon adsorption, the catalyst
concentrates the pollutant on its surface, which allows the
oxidative reaction to proceed at a sufficient rate.41 Catalytic
oxidation of CO on ZnO surfaces has been extensively studied
due to its importance in air pollution control and automotive
exhaust treatment. Chen et al. studied CO oxidation over Au/
ZnO and reported high catalytic activity for low-temperature
CO oxidation below room temperature.42 Adsorption and
diffusion of CO on the polar surface of ZnO suggests that the
presence of CO2 enhances the binding of CO molecules.43

Additionally, recent studies have dealt with density functional
theory (DFT) investigation of the gas−surface reactions.44,45 In
this context, it has been demonstrated in previous studies that
zinc oxide can be effectively used as a sensor for various types of
gases.46−48 However, to control the selectivity of ZnO, it is vital
to understand the interaction of the ZnO surface with the
molecules of the gas adsorbed at the atomic level, which is still a
considerable concern.
As stated, the adsorption of CO and CO2 molecules on the

ZnO surface is significant for many applications. It is also
necessary before many catalytic operations, such as forming
methanol from gas synthesis.49−52 On metallic surfaces, the
adsorption of gases like CO and CO2 has been extensively
studied.53−56 In contrast, oxide surfaces have received much less
attention.Moreover, there is a gap in the literature regarding CO
and CO2 adsorption isotherms on ZnO, especially for higher
pressures. Theoretical investigations of zinc oxide surfaces are
pertinent to achieving this requirement given the significance
and variety of applications of zinc oxide. In this study, the
adsorption isotherms for these gases on ZnO were obtained
using the Grand Canonical Monte Carlo Method (GCMC). A
rigorous model of adhesion at the molecular level is resolved
using this GCMC statistical-mechanical method.57 In order to

comprehend the adsorbent−adsorbate interaction and the
interaction between molecules of the adsorbent, adsorption
energies were obtained using semiempirical methods and
functional density theory (DFT), and the radial distribution
function was analyzed with GCMC. This work investigates the
interaction between the adsorbent and adsorbed molecules and
the CO2 and CO adsorption on a ZnO surface.

2. RESULTS AND DISCUSSION
2.1. CO2 and COAdsorption upon ZnO, Single Surface.

The adsorption of CO2 and CO molecules on the ZnO surface
was investigated, and adsorption isotherms were obtained on a
single ZnO surface (4 layers). In order to compare the results,
the simulations used different force fields to describe the gas
molecule and the metal oxide surface. Adsorption was also
assessed at 273.15, 298.15, and 323.15 K.

2.1.1. Carbon Dioxide. The isotherms obtained for CO2
using the 4-layer model are shown in Figure 1. It can be noted

that the adsorption capacity increases with the pressure increase
and the adsorption capability begins saturation around 50 bar.
The values obtained for the adsorbed quantity vary according to
the force field used. The best force field can be chosen by
comparing it to experimental data. Data are only available for
lower pressures, which opens up space for future experimental
work in this field. The results obtained with the force fields
CrystalGenerator (for ZnO) and Sanchez (gas) indicate a
maximumCO2 adsorption capacity of approximately 35mg/g of
adsorbent. Results obtained with the force fields UFF (for ZnO)
and DREIDING (gas) estimate a higher maximum CO2
adsorption capacity, approximately 60 mg/g of adsorbent.
Simulations were made with the flexible and rigid CO2

molecule (Figure 1), and the analysis of the isotherms shows
that the variation of the bonding angle does not influence the
amount adsorbed. However, it can be seen that the isotherms
obtained using the flexible molecules have a better trend near the
saturation pressure. Figure 2 shows the adsorption isotherms for
273.15 298.15, and 323.15 K. These data allowed us to assess the
temperature influence on adsorption.

Figure 1. Excess adsorption isotherm of CO2, flexible and rigid, on the
ZnO surface at a temperature of 298 K achieved using different force
fields. Sanchez and DREIDING for the gas and (CG) CrystalGenerator
and (UFF) Universal force field for the ZnO atoms.
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As expected, the temperature heavily influences gas
adsorption on the surface of ZnO. The literature reported an
increase in the adsorption amount of CO2 on ZnO with the
decrease in temperature.33,58 The adsorption at 25 bar reported
a maximum value of about 133 mg/g ZnO at 373.15 K.31 At low
temperatures, the internal energy of the system is reduced; i.e.,
the gas molecules have less kinetic energy, enabling them to
interact with available sites on the ZnO surface and increasing
the adsorption capacity of the gas. At high temperatures, gas
molecules have more kinetic energy. Therefore, the less likely
interaction with the material surface reduces the adsorption
capacity. Thus, using lower temperatures can boost the capacity
of CO2 adsorption into ZnO, with pressures above 30 bar not
required, as the adsorption capacity with the pressure increases
very little from this point.
Figure 3 shows the lateral interaction between CO2···CO2

molecules radial distribution functions (RDFs), considering a
temperature of 278 K and pressures from 1 to 50 bar.

The radial distribution shows that the minimum interaction
distance between the CO2 molecules is about 2.5 Å, and the
interaction is more recurrent to the radial distance of
approximately 4.18 Å, which can be observed by the peak in
Figure 3 (first shell). Furthermore, it can be observed that the
pressure significantly influences the shape of the radial
distribution curve; i.e., only pressure above 15 bar has the
peak distribution with distances of approximately 4.18 Å.
Regarding the peak, it was possible to note that the higher the
pressure, the greater the value of g(r), with interactions
occurring more frequently for the pressure of 50 bar.
It was also analyzed the interaction between gas and ZnO

atoms during adsorption using the RDF, and the results can be
observed in Figure 4, which were obtained for a temperature of
278 K and pressures from 5 to 50 bar. The minimum interaction
distance between CO2 and ZnO is approximately 2.32 Å (Figure
4), slightly smaller than the one observed between the CO2
molecule interaction.
Comparing the RDF data (Figure 4(a),(b)), a smaller

interaction shell of Zn···O_CO2 and O_ZnO···C_CO2 was
found at approximately 3.0 Å. It is understood that the
interaction between O and C (of the CO2 molecule) with the
ZnO surface has quite a similar shape, suggesting no preference
for the carbon or oxygen of CO2 interacting with ZnO. This
result is in line with a previous study indicating that both C and
O of CO2 may interact with the nonpolar surface of zinc oxide.59

The peaks observed in Figure 4 show that the interaction
between adsorbent and adsorbates has a maximum at a radial
distance of around 7 Å (7.1 Å for the Zn−O_CO2 interaction
and about 7.26 Å for O_ZnO−C_CO2). However, for the
interaction among gas molecules (Figure 3), the most intense
peak occurs at a shorter radial distance, indicating that multilayer
adsorption is significant. In the interaction between adsorbent
and adsorbates, it is realized that pressure significantly influences
the shape of the radial distribution curve, and the interactions
are more common for higher pressure (50 bar).
As expected, from the distribution density of the gas (Figure

5), the density map of adsorbed CO2 is enhanced near the
surface. There is an increase in the number of molecules
adsorbed on the surface and in the region between layers from 5

Figure 2. Excess adsorption isotherm of flexible CO2 on the ZnO surface at temperatures of 273, 298, and 323 K using different force fields. (a)
CrystalGenerator/Sanchez and (b) UFF/DREIDING.

Figure 3. RDFs for the interaction between C_ CO2 and O_CO2 at a
temperature of 298 K and 1, 10, 15, 35, and 50 bar pressures. O_CO2
and C_CO2 represent the oxygen and carbon of the CO2 molecules,
respectively.
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to 50 bar (indicated by the change from blue to green, where
blue = lower density and green = higher density).
The analysis of the average interaction energies between all

molecules shows that although van der Waals-type interactions
prevail, the Coulombic (stronger) interactions between CO2
and the ZnO surface gain greater significance with increased

pressure (Figure 6a). The energy of interaction between gas
molecules follows a similar trend, but Coulomb-type inter-
actions are less common and decrease considerably close to the
saturation pressure (Figure 6b).

2.1.2. Carbon Monoxide (CO). For the CO molecule, the
excess adsorption isotherm obtained at a temperature of 298 K is

Figure 4. RDF for the interaction between (a) Zn and O_CO2 and (b) O_ZnO and C_CO2 at a temperature of 298 K and 1, 10, 15, 35, and 50 bar
pressures. O_CO2 andC_CO2 represent the oxygen and the carbon of the CO2molecules, respectively, andO_ZnO represents the oxygen of the ZnO
supercell.

Figure 5. CO2 distribution density map upon ZnO surfaces to (a) 5, (b) 25, and (c) 50 bar. For enhanced clarity, only one surface of ZnO is shown.

Figure 6. Variation of the interaction energies with pressure for adsorption of CO2 upon ZnO: (a) host-adsorbate and (b) adsorbate−adsorbate at a
temperature of 298 K.
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shown in Figure 7. The saturation pressure for carbonmonoxide
adsorption on the surface of ZnO is approximately 190 bar,

which is considerably higher than the saturation pressure
obtained for the CO2 molecules. The increase in the amount
adsorbed with pressure becomes negligible at about 130 bar, so
it should be assessed whether such high pressures are
worthwhile.
The calculated maximum CO adsorption capacity was

approximately 190 mg/g of adsorbent obtained using the force
fields of CrystalGenerator (for ZnO) and Sanchez (gas) and 140
mg/g of adsorbent using the force fields of UFF (for ZnO) and
DREIDING (gas).
Figure 8 shows the adsorption isotherm for different

temperatures of CO. The analysis of the adsorption of CO on
the surface of ZnO at various temperatures reveals that lower
temperatures favor adsorption, the same trend found for CO2.

As illustrated in Figure 8, using temperatures near 273 K
significantly increases the CO adsorption capability compared to
room temperature. The saturation pressure is lower at this
temperature, around 120 bar. Furthermore, a pressure of about
100 bar is recommended for low temperatures because the
adsorption capacity is already virtually maximal at this pressure.
In terms of the RDF (Figure 9) at an optimum pressure of 130

bar, it was observed that the interaction of the COmolecule with

the ZnO surface (Figure 9) appears to be more favored at long
distances (7−10 Å). Moreover, there is evidence that the gas
preferentially interacts with the Zn atom on the surface. Between
the oxygen of the CO and the zinc of the ZnO surface, a
minimum contact distance of around 2.0 Å was obtained. This
distance is roughly 2.5 Å (significantly larger) for the interaction
of gas with surface oxygen. There were no pronounced peaks in
the RDF.
Similarly to that of CO2, the distribution density of the CO gas

(Figure 10) shows that, as expected, the density map of the

Figure 7. Excess adsorption isotherm of CO on the ZnO surface at a
temperature of 298 K using different force fields. For the gas: Sanchez
(GMOF) and DREIDING and for the ZnO atoms: (CG)
CrystalGenerator and (UFF) Universal force field.

Figure 8. Excess adsorption isotherm of CO on the ZnO surface at temperatures of 273, 298, and 323 K using different force fields. (a)
CrystalGenerator/Sanchez and (b) UFF/DREIDING.

Figure 9. RDFs for the interaction between the ZnO surface and the
CO gas and between the gas molecules at a temperature of 298 K and
pressure of 130 bar.
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adsorbed CO is more intense near the surface and that

increasing pressure increases the number of absorbedmolecules,

both on the surface and in the layer-to-layer region (indicated by

the change from blue to green, where blue = lower density and
green = higher density).
The average interaction energies between all the molecules

(Figure 11) show that at 10 bar, the interaction between CO and

Figure 10.CO distribution density map upon ZnO surfaces to (a) 10, (b) 90, and (c) 180 bar. For enhanced clarity, only one surface of ZnO is shown.

Figure 11. Variation of the interaction energies with pressure for adsorption of CO adsorption upon ZnO: (a) host−adsorbate and (b) adsorbate−
adsorbate at a temperature of 298 K.

Figure 12. Comparison of the adsorption isotherms of (a) CO2 and (b) CO for a mixture of 50% CO2 and 50% CO at temperatures of 298, 273, and
323 K and different pressures.
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the surface is purely van der Waals type (Figure 11a). In
contrast, the interactions between gas molecules are purely
Coulombic. However, the Coulombic interactions between CO
molecules become less frequent as the pressure increases,
decaying rapidly at first and then more slowly. At higher
pressures, van der Waals interactions between the host and
adsorbent remain dominant, but Coulombic interactions
between CO and the ZnO surface become significant (Figure
11a).
2.1.3. Adsorption of a 50% CO2 and 50% CO Mixture. In

order to improve the quantitative study of the CO and CO2
adsorption upon ZnO, adsorption at 50% CO2 and 50% CO
mixture were done. Simulations were made to quantify the
adsorption of an equimolar mixture of both gases and analyze
which gas prefers to adsorb on the surface. The combination of
the Sanchez and CrystalGenerator force fields has been used, as
they are more specific force fields for studies involving gas
adsorption.
The isotherms obtained for temperatures of 273.15, 298.15,

and 323.15 K are shown in Figure 12. The temperature shows no
influence on the adsorption preference. Thus, in applications
involving a CO2/CO mixture, CO2 adsorbs preferably over CO
at all temperatures. However, it should be considered that CO2
saturates before CO, so the use of pressures above 80 bar can
allow extra adsorption of CO. This is also an indication that CO
and CO2 interact in different sites on the surface of ZnO since
when there is surface saturation by CO2, there is still increasing
adsorption of CO.
Another point to consider is that the amount of CO2 adsorbed

increases considerably in the presence of CO, comparing the
isotherm for the equimolar mixture of CO and CO2 at 298 K
(Figure 12) with the adsorption isotherm for pure CO2 at the
same temperature obtained using the same force fields (Figure
1). The presence of CO significantly increases the maximum
amount of CO2 adsorption from 35 mg/g at a saturation
pressure of 50 bar to about 110 mg/g and a saturation pressure
of 80 bar. Results in the literature are for the very low-pressure
regime, showing an increase in the CO strength with coadsorbed
CO2.

43,60 These findings are correlated to the structures
observed in the electronic calculations of the next section.
2.2. CO2 andCOAdsorption Energies on the Surface of

ZnO and Related Properties. The PM6, PM6-D3, PM7,
semiempirical methods, and DFT using B3LYP functional
calculations with counterpoise correction have been used to
study the interaction of CO and CO2 molecules with the ZnO
surface and evaluate the reliability of semiempirical methods.
Two modes were studied for CO and CO2 (Figure 13). Mode I
is monodentated, and mode II is bidentated. CO2 equilibrium
reaction over ZnO forming carbonate Mode II (Figure 13) was
experimentally reported.11

The configurations found for the interaction of CO2 and CO
with the surface are shown in Figure 13. The results of DFT
optimization, in which the molecules would be free to interact in
mode I or II, indicate a unique preferential mode of interaction
between gases and ZnO. For the CO interacting linearly with
zinc by the end of the carbon, Mode I is preferential for the
ZnO−CO interaction. For CO2 making a bridge between two
Zn atoms (bidentate), Mode II is the preferential interaction for
ZnO−CO2. The semiempirical results under these conditions
also confirm this trend, and the adsorption energies for these
modes of interaction obtained with PM6 are in accordance with
the values found in the literature and obtained experimentally.
Thus, CO is absorbed linearly through the end of the carbon. At

the same time, CO2 adsorbs on the surface with both carbon and
oxygen atoms interacting with ZnO, and in this interaction, the
O−C−O angle of the molecule becomes 132.45°. The mode of
interaction with linear CO2 is energetically less favored. The
bidentate configuration for CO (Mode II) generates a higher
adsorption energy.
The adsorption energy values are shown in Table 1. The

calculated energies using the PM6 and DFT methods generated

results compatible with the experimental value of −12 kcal/
mol61,62 for CO, mode I. Mode II of CO is related to the
chemisorption of CO coming from CO2 formation and is
expected with a higher interaction energy due to the bonding
formation.59,63 The result obtained by the PM6method for CO2
is consistent with the experimental value of −33.5 kcal/mol.63

However, the PM6-D3 and PM7 semiempirical methods, and
even the DFT method, tend to overestimate these values for
both molecules. The CO2 adsorption energy is considerably
more significant than the CO on the ZnO surface, about three
times according to the semiempirical methods and six times by
the DFT results (between 3 and 4 times greater experimentally).
This result is evidence that CO2 adsorption is more favored and
explains why the surface of ZnO saturates at lower pressures
when compared with the CO isotherms. Therefore, in
applications involving a mixture of these two gases, the
adsorption of CO2 should be favored, and there may be
inhibition of CO adsorption for high CO2 concentrations. The
result is consistent with the isotherm analysis for a mixture of
both gases (Figure 12).
DFT of the most favorable interaction was used for the NCI

calculations. For CO2, two interactions are made with the ZnO
surface and have distinct characteristics. The interaction

Figure 13. (a) Interaction between CO2 and the ZnO surface. (b)
Interaction between CO and the surface of ZnO. Gray, zinc; red,
oxygen; and brown, carbon. Results of PM6 (semiempirical)
calculations.

Table 1. Adsorption Energies (kcal/mol) for CO and CO2 on
the ZnO Surface Calculated by Using Different Methodsa

adsorption energy (kcal/mol)

method CO2 (mode I) CO2 (mode II) CO (mode I) CO (mode II)

PM6 −5.712 −36.901 −11.558 −71.849
PM6-D3 −11.530 −40.689 −16.016 −77.273
PM7 −5.877 −61.515 −21.153 −66.484
DFT −71.610 −10.380

aCO2 and CO have only shown Mode II and I of interaction using the
B3LYP functional, respectively.
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between the carbon of CO2 and the oxygen from the surface

forms one covalent bond. The other has a strong electrostatic

character (tone of blue in the region between atoms) and is

generated by the interaction between an oxygen atom and a zinc
atom on the surface (Figure 14a,14b).
The NCI results for CO (Figure 14c,14d) demonstrated that

the carbon atom of the molecule interacts simultaneously with

Figure 14.NCI for the interaction of CO and CO2molecules with the ZnO surface and theminimum energy point obtained with DFT. (a) CO2−ZnO
side view, (b) CO2−ZnO upper view, (c) CO−ZnO side view, and (d) CO−ZnO upper view.

Figure 15. Simulation box used for obtaining the adsorption isotherms. (a) Box dimensions. (b) box with the ZnO surface, bulk structure with 4 layers.
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zinc and oxygen atoms on the surface and that the interaction
with zinc has a mild electrostatic character (light blue). In
contrast, the interaction with oxygen has a weaker van der Waals
character (the green region between these atoms).

3. CONCLUSIONS
Grand Canonical Monte Carlo, semiempirical (PM6, PM6-D3,
and PM7), and DFT (B3LYP/6-31++G**) methods were used
to study the adsorption and capture of CO2 and CO on the ZnO
nonpolar surface. Simulations of the isotherms of CO2 show a
maximum adsorption capacity of approximately 60 mg/g.
Simulations weremade with the rigid and flexible CO2molecule,
and the analysis of the isotherms showed that the variation of the
bonding angle does not influence the amount adsorbed. Lower
temperatures can boost the capacity of adsorption of CO2 into
ZnO, with pressures above 30 bar not required, as the adsorption
capacity with the pressure increases very little from this point.
The radial distribution shows that the minimum interaction
distance between the CO2 molecules is about 2.5 Å and the
interaction is more recurrent to the radial distance of
approximately 4.18 Å. Although van der Waals-type interactions
prevail, the Coulombic interactions (stronger) between CO2
and the ZnO surface gain greater significance with increased
pressure. The saturation pressure for carbon monoxide
adsorption on the surface of ZnO is approximately 190 bar,
considerably higher than the saturation pressure obtained for
CO2 molecules. At higher pressures, van der Waals interactions
between the host and adsorbent remain dominant, but
Coulombic interactions between the CO and the ZnO surface
become significant. In an equimolar mixture of both gases, CO2
adsorbs preferably over CO at all temperatures, and the presence
of CO significantly increases the maximum amount of CO2
adsorption. The energies calculated using the PM6 and DFT
methods generated results compatible with the experimental
values. In applications involving a mixture of these two gases, the
adsorption of CO2 should be favored, and there may be
inhibition of CO adsorption for high CO2 concentrations.

4. METHODOLOGY
This study used ZnO as a two-dimensional supercell for the
adsorption on a four-layer ZnO surface with lattice parameters: a
= 45.00, b = 19.74, and c = 21.23 Å (Figure 15). Cell parameter a
was defined as 45.00 Å to prevent interactions between surfaces
of the simulation box. The surface used for the study was the
nonpolar ZnO surface (101̅0), the most stable face.64−68 The
gases were modeled using the Molden5.7 program,69 and the
equilibrium geometries were obtained from DFT calculations
using the B3LYP functional and the 6-311++G** basis set
through the Gaussian09 program package.70

Adsorption isotherms on the ZnO surface were obtained at a
temperature of 278 K and different pressures using 50,000
simulation cycles for each studied pressure. For this process,
GCMC simulations were made using the RASPA program.71

From the GCMC simulation, the radial distribution functions
(RDF) for the interaction between the gas molecules (lateral
interactions) and interactions among the gases and ZnO surface,
and the distribution density of the gas molecules along the entire
simulation were obtained. The simulation box is depicted in
Figure 15. The structure of ZnO was kept fixed during the
simulation, and the gas geometry possessed total freedom in its
translational and rotational modes. For CO2, simulations with

the flexible gas molecule were also carried out to assess whether
changes in the OCO bonding angle influence adsorption.
ZnO partial charges were calculated by the Wilmer and Snurr

method72 in the RASPA program. For the gases, the charge for
each atom had previously been obtained by ChelpG calculations
in the Gaussian09 program. Because atoms were kept fixed
during the simulation, it was possible to consider only
nonbonded interactions. Then, only Lennard-Jones parameters
(σ and ε/kB, with kB being the Boltzmann constant) were used
for each atom. The Lorentz−Berthelot method described in eqs
1 and 2 was used to study the interactions with different atoms.
The Coulomb potential resulting from charge interactions was
calculated using the Ewald method.73

=
+
2ab

a b
(1)

=ab a b (2)

In order to compare the results, the atoms of CO2, CO, and
ZnO were treated with different force fields. Sanchez and
DREIDING force fields were used for the gas. The ZnO atoms
were described through the CrystalGenerator and UFF force
fields contained in the RASPA program. Tables 2 and 3 list the
force field parameters used in the simulation and their
corresponding atoms.

The adsorption energies calculations were performed in the
MOPAC2016 program74 using the semiempirical methods
PM6, PM6-D3, and PM7, and the large supercell comprising
(ZnO)50, while the Gaussian09 program70 was used for DFT
with B3LYP functional and 6-31++G** basis function for the
small supercell of (ZnO)20.
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Table 2. Lennard-Jones Parameters (Nonbond Parameters)
for the Atoms used in the GCMC Simulation for Different
Force Fields: CrystalGenerator (CG), Universal force field
(UFF), Sanchez and DREIDING

ZnO CG ZnO UFF

atom σ (Å) ξ/kb (K) σ (Å) ξ/kb (K)
Zn 2.46155 62.3992 2.763 62.40
O 3.03315 48.1581 3.50 30.193

CO2 Sanchez CO2 DREIDING

atom σ (Å) ξ/kb (K) σ (Å) ξ/kb (K)
C 2.80 27.0 3.47 47.86
O 3.05 79.0 3.03 48.19

CO Sanchez CO DREIDING

atom σ (Å) ξ/kb (K) σ (Å) ξ/kb (K)
C 3.296 60.39 3.47 47.86
O 2.85 100.65 3.03 48.19

Table 3. Force Field Parameters CO2 flexible (Bond
Parameters)

C−O bond O−C−O angle

kCO (K/Å2) r0 CO (Å) kOCO (K/rad2) θ0 OCO (deg)
1,015,500.0 1.162 54,351.4 180.0
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