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Reversible CO, storage and efficient separation
using Ca decorated porphyrin-like porous C,4N>4
fullerene: a DFT study+

Mehdi D. Esrafili @ *2 and Sharieh Hosseini®

The search for novel materials for effective storage and separation of CO, molecules is a critical issue for
eliminating or lowering this harmful greenhouse gas. In this paper, we investigate the potential
application of a porphyrin-like porous fullerene (C,4N24) as a promising material for CO, storage and
separation using thorough density functional theory calculations. The results show that CO, is
physisorbed on bare Cy4N,4, implying that this material cannot be used for efficient CO, storage.
Coating Cy4N,4 with Ca atoms, on the other hand, can greatly improve the adsorption strength of CO,
molecules due to polarization and charge-transfer effects. Furthermore, the average adsorption energy
for each of the maximum 24 absorbed CO, molecules on the fully decorated CagC,4N»4 fullerene is
—0.40 eV, which fulfills the requirement needed for efficient CO, storage (—0.40 to —0.80 eV). The Ca
coated Cy4Np4 fullerene also have a strong potential for CO, separation from CO,/H,, CO,/CH,4, and

rsc.li/rsc-advances CO,/N5 mixtures.

1. Introduction

The discovery of fullerene Cg, in 1985 (ref. 1) and subsequently
of related materials like carbon nanotubes (CNTs)>* and gra-
phene*® marked the beginning of a new era in carbon chem-
istry. Numerous potential applications of these nanosized
carbon structures have been proposed, including hydrogen
storage,®® microelectronics,”® and smart and novel compos-
ites.">*?> These structures are also well suited for use as a support
in heterogeneous catalysis due to their huge specific area."***
The ability to tune the electronic and surface properties of
carbon-based nanomaterials by introducing defects or hetero-
atoms has shed light on their potential use in sensors and
energy technologies.’®"® Theoretical calculations®*** and
experimental investigations,**** for example, have demon-
strated that N atoms may be effectively incorporated in different
carbon materials, tailoring their chemical and electronic char-
acteristics. Although the loading of metal atoms on pure carbon
nanomaterials usually results in aggregation due to weak
metal-surface interactions, previous studies have demonstrated
that the doping of N atoms can substantially enhance metal
atom dispersion on these systems due to polarized C-N
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bonds.*?***?¢ Furthermore, a variety of porous N-rich carbon
nanomaterials including graphitic carbon nitride (g-C3N,)***
and porphyrin like graphene*=' or CNTs**** have been
prepared using different experimental methods. There is also
evidence that N-rich porous carbon fullerenes can provide as
active sites for metal atoms by forming strong metal-N covalent
bonds.*** C,4N,4, a truncated N-doped Cg, fullerene, is the best
example of such systems. This fullerene comprises six
porphyrin-like N, cavities, each of which is made up of eight s-
triazine rings linked together by C-C bonds.?* Metal atoms may
be efficiently trapped by these N, cavities, and the clustering
problem of metal atoms is therefore avoided due to the strong
metal-N interactions. In fact, the potential of such single atom
catalysts (SACs) based on porous C,4N,,; has been found in
a variety of chemical processes, including N,O% or O, reduc-
tion,*® and CO oxidation.*®

Growing energy demands, along with the ongoing use of
fossil fuels in vehicles and power plants, has resulted in serious
environmental issues such as emission of greenhouse gases and
air pollution. CO, is the most dangerous and prevalent green-
house gas that has the potential to contribute to global warming
and climate change.*’ Given these facts, several strategies have
been explored in order to lower the level of CO, in the atmo-
sphere. The most essential and straightforward method is to
switch from fossil fuels to cleaner ones, such as natural gas.**
Natural gas emits less CO, than other fossil fuels and is inex-
pensive and widely available. Landfills are a source of natural
gas, but they can also contain significant amounts of CO,. As
a result, separating CO, from methane is a critical issue.*?
Hydrogen is a clean fuel that emits no CO, when burned,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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therefore the separation of CO, from H, is also important for
practical purposes.*® Another alternative is to look into potential
CO, storage, capture, or transformation technologies.***
Recently, there has been a lot of interest in the capture and
storage of CO, on porous materials with high selectivity and
capacity, such as zeolites*®* and covalent organic frame-
works.**** However, for efficient CO, storage, these materials
generally require either low temperature or high pressure. As
a result, it is critical to investigate novel materials capable of
capturing CO, under normal conditions.

CO, mostly acts as a Lewis acid in supramolecular chemistry
by accepting electrons from the host material, but there is
evidence that it may also serve as a Lewis base due to the exis-
tence of O lone-pair electrons.*> Because N-doped carbon
nanostructures such as graphene, fullerenes, and CNTs are
electron-rich materials, they may initially be assumed to be
effective CO, adsorbents. However, previous DFT calcula-
tions®*** have shown that CO, is generally weakly physisorbed
on these surfaces due to lack of a permanent dipole moment.
Some effective ways for solving the problem have been
proposed, such as coating these substrates with atoms such as
Ca,*"° using an external electric field*** and charge regulation
of the substrate.* For instance, prior studies have shown that
coating carbon fullerenes or their analogues®*®* with Ca atoms
can significantly increase the CO, storage capacity of these
systems. The current work aims to investigate CO, adsorption
and storage on bare and Ca coated C,,N,, fullerenes using
density functional theory (DFT) calculations. It appears that the
existence of N, cavities in C,4N,4 not only provides active sites
for Ca atoms to be located, but also induces a significant posi-
tive charge on the Ca, which improves adsorption abilities
towards CO, molecules. Surprisingly, the addition of Ca atoms
causes C,4N,, to behave as a Lewis acid when it interacts with
CO,. Furthermore, the capability of Ca coated C,4N,, fullerenes
to separate CO, from various gas mixtures (CO,/N,, CO,/CH,,
CO,/H,) is investigated.

2. Computational details

The Perdew-Burke-Ernzerhof (PBE)®* formalism within the
DMol® (ref. 63 and 64) was used to execute spin polarized DFT
computations. To get reliable results, an all-electron double-
numeric atomic orbital basis set (DNP) was used, which was
augmented by d-polarization functions. Fully optimized struc-
tures were obtained without the application of symmetry
constraints. In this study, the Hirshfeld analysis was used to
provide atomic charges and charge-transfer values. The
Grimme's PBE + D2 (ref. 65) method was used to account for
weak van der Waals interactions. A convergence tolerance of 1 x
10~° Ha, 0.001 Ha A=, and 0.005 A was used for energy change,
maximum force, and maximum displacement, respectively. The
porous C,4N,, was produced as follows. First, two carbon atoms
of Cgo fullerene linking the two five-membered rings were
deleted, and then four carbon atoms in the closest nearby pla-
ces were replaced with N atoms. For the computations, a peri-
odic cubic box with dimensions a = b = ¢ = 30 A was used, the
Brillouin zone sampling by the I" point.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The following equation was used to calculate the adsorption
energy per adsorbed CO, molecule E,45(CO,), on Ca coated
C,4N,, clusters:

Eads(COZ) = l/n[Ecomplex - Ecluster - ”ECOZ] (1)
where n is the number of adsorbed CO, molecules, Ecomplex
represents the energy of CO, adsorbed on the Ca coated C,4N,,
structure, E.jyseer Fepresents the energy of Ca coated C,4N,,4, and
Eco, is the energy of a free CO, molecule.

The adsorption of CO, is supposed to cause a mutual
redistribution of electron density on C,4N,4 as well as on CO,.
To demonstrate this, we used the following equation to obtain

electron density difference (EDD) maps:
EDD = p(CO,@C14N24) — p(CO2) — p(C24N2g) (2)

in which p(CO,@C,4Ns4), p(CO,) and p(C,4N,,) are the electron
densities of CO, adsorbed on C,;N,,, free CO, and C,4N,,,
respectively.

The Bader's atoms in molecules (AIM)*® theory was utilized
to investigate the nature of the interaction between CO, mole-
cules and Ca coated C,,N,, fullerenes. In summary, the AIM
theory is based on the topology of the electron density. In the
AIM theory, the nature of the interaction between two inter-
acting atoms is characterized by analyzing electron density
(pscp) and its Laplacian (V?pgcp) at a specific point called the
bond critical point (BCP), where the gradient of the electron
density is zero.®® For a closed-shell or noncovalent interaction,
such as most weak and moderate hydrogen bonds, the electron
density at the BCPs is low and the Laplacian is positive. For
a chemical bonding, on the other hand, the pgcp is big and its
V’ppcp is negative at the corresponding BCP. In the AIM,
another useful indicator for analyzing the nature of the inter-
action is the total electron energy density (Hpcp), whose sign,
together with the sign of V2prcp, may indicate whether the
interaction is electrostatic or covalent. That is, Vpgcp < 0 and
Hgcp < 0 for strong covalent bonds; V?pgcp > 0 and Hpcp > 0 for
electrostatic interactions; and VZpgcp > 0 and Hgcp < 0 for
partially covalent interactions.®” To perform the AIM analysis,
wavefunctions were first generated at the PBEPBE/6-31G* level
using the PBE/DNP optimized geometries by means of Gaussian
09 suite of program.®® The AIM2000 (ref. 69) was then used for
topology analysis of the electron densities.

3. Results and discussion

3.1. Bare C,4N,,

Fig. 1a depicts the optimized structure of bare C,,4N,, cluster. It
was prepared via truncated N-doping of Cg, fullerene in accor-
dance with ref. 37. As can be seen, C,,N,, is made up of six
porphyrine-like N, cavities, each of which is composed of eight
s-triazine rings connected by C-C bonds. The optimized C-N
and C-C bond lengths in C,;N,, are 1.34 and 1.55 A, respec-
tively, which are consistent with other DFT studies.****”® The
Hirshfeld charges on the N and C atoms are determined to be
—0.12 and +0.12|e|, respectively, suggesting that C,4N,, has

RSC Adv, 2021, 11, 34402-34409 | 34403
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Fig. 1

(a) The optimized structure of C,4N>4, (b) physisorbed structure of CO, on C,4N54, (c) chemisorbed structure of CO, on C,4N54 and (d) the

energy map for the physisorbed-to-chemisorbed transformation of CO, on of C,4N54. The color code of the atoms: O (red); C (gray); N (blue).

The values on the optimized structures are bond distances (in A).

a partially polarized C-N bonds. The formation energy (Esorm) of
C,4N,, is determined to be about —6.0 eV, which is defined as
Etorm = 1/48[Ec, n,, — 24Ec — 24Ey], where E¢_ x , is the energy of
C,4N,, and E¢ and Ey are the energies of a single C and N atom,
respectively. This negative number, which agrees satisfactory
with that reported by Srinivasu and Ghosh,*® suggests that the
formation of C,4N,, is a thermodynamically favorable process.

To assess the CO, storage capability of bare C,4N,,4, we first
study the adsorption properties of a single CO, molecule on this
system. Fig. 1b and c depict the most stable geometries of a CO,
molecule adsorbed on C,;N,,. Consistent with other DFT
studies,””” two stable configurations were located for CO,,
namely the physisorbed and chemisorbed. In the physisorbed
configuration, CO, is nearly parallel to the C-C bond of
fullerene, and the minimum binding distance between CO, and
C,4N,, is 3.16 A. The adsorption energy (Ea.qs) is —0.14 eV, which
is much smaller than the minimum target for an efficient
storage of CO, molecule (—0.40 eV).”” Meanwhile, this low
adsorption energy and negligible charge transfer (0.02|e|) owing
to CO, adsorption suggest that bare C,4N,, cannot efficiently
adsorb CO,. Our DFT results, on the other hand, show that CO,
may be strongly chemisorbed on the C,,N,,, with an adsorption
energy of —1.42 eV. This E,qs value is much larger than that of
on the Bg (ref. 71) and By, (ref. 72) clusters, suggesting that CO,

34404 | RSC Adv, 2021, N, 34402-34409

is strongly bound to the C,4;N,,. However, unlike the phys-
isorbed structure, the formation of the chemisorbed structure
on CyN,, requires the passing of an activation barrier. To
investigate the mechanism of CO, chemisorption, the potential
energy profile for the physisorption-to-chemisorption conver-
sion of CO, molecule is investigated (Fig. 1d). Our results
demonstrate that, while the conversion of physisorbed-to-
chemisorbed configuration on C,4N,, is exothermic, a signifi-
cant activation barrier must be overcome for this process to
occur. As a result, C,4N,, cannot be used as an efficient CO,
storage material at room temperature.

3.2. Ca coated C,4N,,

The interaction of a Ca atom with C,4,N,, is then considered.
The most stable atomic configuration for a Ca atom adsorbed
on the C,4N,, is shown in Fig. 2a. The Ca atom, like transition
metals,*®”*7¢ prefers to reside in the N, cavity, with an E,4, value
of —6.85 eV. The distance between the Ca atom and the
adjacent N atoms is 2.33 A. Furthermore, the presence of the Ca
atom alters slightly the geometry of C,4N,4, as evidenced by the
elongation of adjacent C-N bond lengths from 1.34 A in bare
C,4N,, to 1.38 A in CaC,,N,,. The decorated Ca atom is posi-
tively charged by 0.74|e|, whereas the nitrogen atoms around it
are negatively charged by 0.17|e|, according to the Hirshfeld

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05888f

Open Access Article. Published on 25 October 2021. Downloaded on 4/10/2026 4:33:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(b

(a)

PDOS (states/eV)
S - N WA W D
PDOS (states/eV)
_— (]
< <

-
o

-8 -4 0 4 8 )
Encrgy (cV)

30 Ny = Ca =

-4 0
Energy (cV)

View Article Online

RSC Advances

CO, — Ca —

ac

CO,-HOMO

CO,-LUMO

PDOS (states/eV)

4 8 8 -

4 0 4
Energy (cV)

Fig.2 The optimized structure (above), corresponding EDD (middle, isovalue = 0.002 au) and the PDOS plots of (a) CaC,4N54, (b) CagC24N24and
(c) CO,@CaCu4N24. Inthe EDD plots, the electron gain and loss regions are denoted by pink and yellow colors, respectively. The Fermi levelin the
PDOS plots is set to zero. The color code of the atoms: Ca (green); O (red); C (gray); N (blue).

analysis. Due to Coulomb interactions, such a large charge
transfer might be helpful to the stability of Ca atoms coated on
C,4N,4. Furthermore, the significant localization of positive
charge on the Ca atom may generate an electric field that
polarizes the adsorbed CO, molecules, fascinating their
adsorption. Fig. 2a also shows the associated EDD map, which
is used to evaluate the degree of electron density redistribution
induced by Ca adsorption. A significant electron density loss
region emerges on the Ca atom as a result of the formation of
the CaC,4N,, complex, demonstrating the ability of this site to
interact with the electron donating species. Meanwhile, elec-
tron density gain regions exist between the Ca and N atoms,
confirming the formation of Ca-N covalent bonds in CaC,4N,,.
The PDOS analysis in Fig. 2a, on the other hand, clearly shows
that the electronic states of the Ca and its surrounding N atoms
are substantially mixed above and below the Fermi level (E = 0).
As a consequence, it is reasonable to conclude that charge-
transfer effects, in addition to electrostatic and polarization
interactions between Ca and N atoms, are driving forces in the
formation of Ca-N bonds.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. 1b shows the optimized structure of CasC,4N,, cluster,
in which one Ca atom is placed on each N, cavity of C,4N,,.
According to the calculations, the E,q4s value per Ca atom in this
system is —6.31 eV, which is less negative than that of CaC,4N,4,
partly due to repulsion between the decorated Ca atoms. To
clarify this, we removed C,4N,, from CasC,4N,, and calculated
the single-point energy of the remaining 6 Ca atoms. The
average energy of the leftover 6 Ca atoms was determined to be
0.17 eV higher than the energy of a single Ca atom. On the other
hand, as the number of the incorporated Ca atoms increases, it
is natural to expect that the tendency of the cluster to accept
electrons from the Ca atoms decreases. Hence, we believe that
the lower average E,qs value of Ca atom compared to the E,qq
value of CaC,,N,, can be attributed to the latter two effects. This
is supported by the Hirshfeld analysis, which shows that the
average positive charge (0.64/e|) on the Ca atoms in CagC,4Ny, is
likewise less than the positive charge on the Ca atom in
CaC,4N,, (0.74]e]). Furthermore, the significant electron density
shifts caused by Ca atoms adsorption on C,4N,4, as well as the
strong coupling between the electronic states in Fig. 2b,

RSC Adv, 2021, 11, 34402-34409 | 34405


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05888f

Open Access Article. Published on 25 October 2021. Downloaded on 4/10/2026 4:33:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

demonstrate that the Ca atoms are firmly bonded to the N
atoms. As previously stated, the aggregation of coated Ca atoms
may have a detrimental influence on CO, storage. To address
this issue, we compared the average E,qs value of Ca atoms in
CagC,4N,, to the cohesive energy of bulk Ca (—1.82 eV per Ca
atom). It is revealed that, due to higher average E,q45, Ca atoms
are firmly adsorbed on the N, cavities of C,4N,,, avoiding the
formation of Ca clusters on this cluster. This is also seen in
Fig. 3, where the formation of a Cas cluster on C,4N,4 from
CaeC,4N,, is highly endothermic by 23.01 eV. Such a result can
be validated further by ab initio molecular dynamic (MD)
simulations. The final structure of CasC,4N,, following MD
simulation at 500 K and for 2ps is depicted in Fig. S1 of the ESL.{
The Ca atoms are clearly shown to be still located on the hollow
sites of C,4N,,, and therefore the CasC,4N,, stays stable after
the MD simulations. As a result, CasC,4N,, is stable enough to
be employed as a CO, storage material at ambient or even high
temperatures.

We investigated the adsorption of CO, molecules on Ca
coated clusters to examine if the Ca coating improves CO,
adsorption energy and storage on C,4N,,4. First, consider CO,
molecule adsorption on the single Ca atom coated C,4N,,.
Fig. 2c depicts the most stable geometry for CO, adsorption on
CaC,yN,,. Table 1 shows the associated adsorption energy
(Eags), net charge transfer (Qcr) and Hirshfeld charge on the Ca
atom (Qc,). The CO, molecule is end-on on CaC,4N,,, with one
of its O facing the Ca atom. The binding distance between the O
atom of CO, and Ca is 2.56 A, and the associated adsorption
energy is —0.48 eV. This low adsorption energy implies that the
formed CO,@CaC,4N,, complex is stable and that CO,
adsorption on CaC,4N,, would be reversible. The adsorbed CO,
molecule, according to the Hirshfeld analysis, serves as a Lewis
base since it supplies 0.17|e| to the nanocage. This is followed by
a reduction in the atomic charge of the Ca from 0.74]e| in the
bare CaC,4N,, to 0.61|e| in the CO,@CaC,,4N,,. This means that
the transferred charge from CO, is primarily concentrated on
the Ca atom. Despite this, the EDD map in Fig. 2c indicates that
the positively charged Ca atom polarizes the electron density on

(b)

RE=0.00 RE=+23.01

Fig. 3 Two stable isomers and correspond relative energy (RE, in eV)
of CagCo4N24: (@) Ca atoms are disperse on N4 cavities of Co4Nz4 and
(b) Ca atoms form a Cag cluster on C,4Nz4.
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Table 1 Calculated average adsorption energy (E,qs, €V), binding
distance (Rca_o, A), net charge-transfer (Qcr, electrons), Hirshfeld
atomic charge on the Ca atom (Qc,, |e|) of CO, adsorbed configura-
tions and the electron density (pgcp, a.u.), its Laplacian (Vngcp, a.u.)
and total electronic energy density (Hgcp, a.U.) at the Ca---OCO BCPs

VZPBCP Hgcp

Complex Eaas Rca-o Qct® Qca Poce

1CO,@CaCy4N,, —0.48 2.56 0.17 0.61 0.020 0.095 0.003
2CO,@CaCyyNyy —0.47 2.58 0.15 0.51 0.019 0.093 0.003
3CO,@CaCyyNyy —0.45 2.59 0.13 0.40 0.018 0.088 0.003
4CO,@CaCyyNyy —-0.42 2.65 0.12 0.37 0.015 0.072 0.003
5CO,@CaCy,N,, —0.40 2.76 0.10 0.36 0.013 0.060 0.002
24C0O,@CagCyyN,4, —0.40 2.73 0.02 0.39 0.014 0.063 0.002

“ The Qcr > 0 values show charge transfer from the CO, to nanocage.

the interacting O atom of CO,, as indicated by a significant
electron density gain region (pink color). According to the PDOS
analysis, the highest occupied molecular orbital (HOMO) of CO,
is substantially coupled with the electronic states of Ca atom
below the Fermi level, confirming our claim that CO, acts as
a Lewis base on CaC,4N,,.

To determine the maximum adsorption capacity of
CaC,,N,,, more CO, molecules are introduced to this cluster
until saturation is reached. The relaxed structures of two, three,
four and five CO, molecules attached on the Ca atom of
CaC,4N,, are shown in Fig. 4. It is seen that all the newly added
CO, molecules adopt an end-on configuration on the Ca atom,
but the corresponding average binding distance between the
CO, molecules and Ca atom becomes larger and larger as the
number of the CO, molecules increases (Table 1). Accordingly,
the adsorption energy per CO, molecule in 2CO,@CaC,4N,y4,
3C0,@CaCyN,,,  4C0,@CaCyN,, and  5C0,@CaCy4Nyy
complexes is —0.47, —0.45, —0.42 and —0.40 eV, respectively. It
is worth noting that the amount of change in adsorption ener-
gies caused by successive addition of CO, molecules on
CaC,,N,, is less than that seen on CaCg,.*° The reasons for the
latter observation will be addressed latter. The average charge-
transfer value and atomic charge on the Ca atoms also
become smaller as the number of the CO, molecules increases
on the CaC,yN,, cluster. Since CO, molecules are positively
charged as a result of donating electrons to the cluster, they
repel each other, resulting in decreasing E,qs and Qcr values as
the number of CO, molecules increases. Furthermore, the
average Hirshfeld charge on the Ca atom decreases progres-
sively due to CO, molecules addition. When the sixth CO,
molecule is added, we found that the average E,q4s value of CO,
molecule decreased to —0.33 eV, indicating that the maximum
capacity for the adsorption of CO, molecule on CaC,4N,, is five.

Based on these findings, we allowed five CO, molecules to
adsorb on each Ca atom of CagC,4N,,. Following the geometry
optimizations, we found that each Ca atom of CagC,4N,, can
adsorb up to four CO, molecules. According to Table 1, the E,qq
value per CO, molecule in the resulting 24@CagC,4N,y
complexes is —0.40 eV, which is 17% less than the E,q4 value of
a CO, value on Ca@C,4N,4. The average charge-transfer value
from CagC,4N,,4 to CO, molecules is 0.08|e|, indicating that CO,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(e)

Fig. 4 The optimized structure of the most stable configuration of (a) 2CO,@CaC,4N54, (b) 3CO,@CaC,4N24, (c) 4CO,@CaC4N,4, (d)
5C0O,@CaC,4N24 and (e) 24C0O,@CagC24N24 complexes. The color code of the atoms: Ca (green); O (red); C (gray); N (blue).

molecules are activated on this cluster. Furthermore, the
average E,qs value of a CO, molecule in the obtained
24@Ca6bC,,N,, (—0.40 eV) is within the range suggested for an
ideal CO, adsorbent (from —0.40 to —0.80 eV).”

3.3. Nature of Ca---CO, interactions

Further information on the nature of the Ca---CO, interactions
may be gained by topological analysis of the electron density.
The calculated ppcp, VZppcp and Hpcp values at the Ca:--CO,
BCPs of different CO, adsorbed complexes are listed in Table 1.
Fig. S27 depicts the corresponding molecular graphs. The pgcp
values for all examined systems are small, indicating that the
Ca---CO, interactions in these systems are moderate. For the
CaC,yN,, fullerene, the tendency of electrons to localize at the
Ca---CO, BCPs decreases as the number of CO, molecules on
the Ca atom increases. For example, the average ppcp value at
the Ca---CO, BCPs of 5CO,@CaC,4N,, is 0.013 a.u., which is
about 30% less than the value at 1CO,@CaC,,N,,. Given the
linear relationship between bond strengths and pgcp values at
respective BCP,”” the Ca---CO, interactions weaken as the
number of CO, molecules on the Ca atom increases. Remark-
ably, the molecular graphs of the complexes 4CO,@CaC,4N,,
and 5CO,@CaC,,N,, exhibit BCPs between the C atoms of CO,
molecules and the C atoms of the fullerene, implying the

© 2021 The Author(s). Published by the Royal Society of Chemistry

formation of side interactions in these systems (Fig. S2t). This
explains why the average adsorption energy of these systems
decreases slowly as the number of CO, molecules increases.

The V?pgcp and Hycp values at the Ca---CO, BCPs are positive
in all complexes studied, indicating that CO, adsorption is
mainly mediated by electrostatic effects. This finding is
explained by the coulombic interaction of positively charged Ca
atoms and negative O atom in CO,. However, when the number
of CO, molecules increases over the Ca atom, the V?ppcp and
Hpcp values decrease, suggesting that the contribution of elec-
trostatic interactions in these systems are decreasing.

3.4. Selectivity

In addition to high capacity, a CO, storage material should have
high selectivity in order to separate CO, molecules from other
gases such as CHy, H, and N, present in natural gas or flue gas
mixtures. So, in order to assess the selectivity of the Ca coated
C,4N,,4 cluster, we investigated the adsorption properties of
CH,4, H,, and N, molecules. Fig. 5 depicts the most stable
geometries of these molecules on CaC,4N,,4, as well as their
associated binding distances. Table 2 also summarizes the E,qgs
and Q¢r values of these molecules. According to the results, all
of the CH,, H,, and N, molecules are weakly bound to the
CaC,4N,,4, as shown by their low E,qs and Qcr values. This
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Fig. 5 The optimized structure and relevant bond distances (in A) of the most stable configuration of (a) H,, (b) CH4 and (c) N, adsorbed on

CaC24N24.

Table 2 Calculated adsorption energy (E,qs, €V), net charge-transfer
(Qcr. electrons) and Hirshfeld atomic charge on the Ca atom (Qc.. |e])
of H,, CH4 and N> molecules adsorbed on CaCy4No4

Complex Eads QCTa QCa
H,@CaC,4Ny, —0.14 0.08 0.67
CH,@CaCy,N,, —0.34 0.17 0.60
N,@CaC,,Ny,4 —0.07 0.09 0.62

% The Qcr > 0 values show charge transfer from the CO, to nanocage.

means that when the Ca coated C,4N,, is exposed to CO,/H,,
CO,/CH, and CO,/N, mixtures, the CO, molecules are prefer-
entially adsorbed on the Ca atoms. As a result, Ca coated C,4N,,4
can be considered as a selective adsorbent for CO, separation
from the aforementioned gas mixtures.

4. Conclusions

To summarize, the effect of Ca coating on the CO, adsorption
behaviors of porphyrin-like porous fullerene (C,4N,4) was
thoroughly studied using the DFT calculations. A CO, molecule
may be reversibly adsorbed on Ca coated C,4N,, with an
adsorption energy of —0.48 eV, as opposed to bare C,4N,,. The
Ca atoms are located on the center of the N, cavity of C,4N,, due
to strong electrostatic interactions as well as charge transfer
from the Ca atoms to the fullerene. Ca atoms do not aggregate
and cluster on C,4N,, because to the strong Ca-N interactions.
Each Ca atom in the fully coated Ca¢C,4N,, fullerene may
adsorb up to four CO, molecules with an E,qs value of —0.40 eV
per CO,. This is within the recommended range for an ideal CO,
storage material. Furthermore, Ca coated C,4N,, has a high
potential for separating CO, gas from flue gas or natural gas
mixtures. These findings might inspire intensive experimental
attempts to develop high-efficiency CO, storage media.
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