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Synergic effects between boron and nitrogen
atoms in BN-codoped Cs5_,BN,, fullerenes (n = 1-

3) for metal-free reduction of greenhouse N,O gas+t
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The geometries, electronic structures, and catalytic properties of BN-codoped fullerenes Csg_,BN,, (n = 1—
3) are studied using first-principles computations. The results showed that BN-codoping can significantly
modify the properties of Cgq fullerene by breaking local charge neutrality and creating active sites. The
codoping of B and N enhances the formation energy of fullerenes, indicating that the synergistic effects

of these atoms helps to stabilize the Cs9_,BN,, structures. The stepwise addition of N atoms around the

B atom improves catalytic activities of Csg_,BN, in N,O reduction. The reduction of N,O over CsgBN
and Cs7BN, begins with its chemisorption on the B—C bond of the fullerene, followed by the concerted
interaction of CO with N,O and the release of N,. The resulting OCO intermediate is subsequently

transformed into a CO, molecule, which is weakly adsorbed on the B atom of the fullerene. On the
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contrary, nitrogen-rich Cs¢BN3 fullerene is found to decompose N,O into N, and O* species without the

requirement for activation energy. The CO molecule then removes the O* species with a low activation

DOI: 10.1039/d1ra04046d

rsc.li/rsc-advances than that of noble metals.

1. Introduction

The increase in atmospheric concentration of greenhouse gases
is among the most serious threats to our planet."* These species
are able to trap solar energy and emit it within the thermal
infrared range. Although greenhouse gases are naturally
present in the Earth's atmosphere, human activities like agri-
culture, fuel combustion and industrial processes have led to
a continual build-up of these heat-trapping gases, hence
intensifying the greenhouse effect. Nitrous oxide (N,O) is a long-
lived greenhouse gas which is recognized as a main contributor
to global warming and climate change.®> The other concern
about N,O is that it is unstable in the stratosphere and can be
easily decomposed into nitrogen oxides (NO,). These NO, are
able to interact with the ozone molecule, leading to the ozone
layer depletion.** Therefore, considerable efforts have been
made to find practical solutions to decrease or remove harmful
N,O molecules from the atmosphere.>® For instance, many
theoretical calculations and experimental studies have focused
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barrier. The activation barrier of the N,O reduction on Cs¢BN3 fullerene is just 0.28 eV, which is lower

on the catalytic reduction of N,O by carbon monoxide (CO) as
an efficient and possible solution for removing of N,0.%***
Transition-metal (TM) catalysts including cations,'>** clusters*
and those finely isolated on supports'® have been also
frequently used as durable and efficient materials to accelerate
this process. In addition, some TM-free catalysts like B-,"” Al-
(ref. 18) or Si-doped graphene'* have also attracted increasing
attention to tackle the serious environmental problems caused
by N,O emission.

In recent decades, carbon-based nanoparticles like fuller-
enes, nanocones, nanotubes and graphene have drawn a lot of
attention in various fields of chemistry and materials science
due to their exceptional physicochemical properties, unique
specific area and low cost.>**” Apart from these characteristics,
theoretical studies®®?' have proven that the chemical doping
with heteroatoms can drastically improve the electronic structure
of carbon nanomaterials. For instance, earlier studies®*** have
pointed out that the chemical doping of Ce, fullerene with B atoms
can substantially enhance its catalytic properties in the oxygen
reduction reaction (ORR) due to activation of adsorbed O, mole-
cules. Recently, Chen and coworkers* have identified that the C5oB
fullerene could serve as a superior and robust catalyst for CO
oxidation. Since the boron atom has a lower electronegativity than
carbon (2.0 vs. 2.5 based on Pauling’s scale), the introduction of
a boron atom can provide an active catalytic center in Cg, to
capture O, molecules. Likewise, N-doping has also been suggested
as a useful strategy for tuning the electronic structure and prop-
erties of carbon-based nanomaterials.>** For example, graphene

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra04046d&domain=pdf&date_stamp=2021-06-25
http://orcid.org/0000-0002-9866-1880
http://orcid.org/0000-0003-4226-6918
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04046d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011037

Open Access Article. Published on 28 June 2021. Downloaded on 3/19/2026 12:55:54 PM.

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

(cc)

Paper

layers doped with nitrogen atoms are among the most studied
systems with novel and superior catalytic activity in different
chemical reactions.**** In addition to large electronegativity, which
causes a positive charge over the nearest carbon atoms, the pres-
ence of nitrogen atoms can bring an asymmetric spin density in
carbon nanomaterials. Therefore, N-doped carbon nanomaterials
have been frequently exploited as metal-free catalysts in various
chemical reactions like ORR,** CO oxidation***® and NO
reduction.*

Some experimental investigations and theoretical calcula-
tions have claimed that B and N codoping of carbon-based
nanomaterials can offer further intriguing opportunities to
realize new metal-free catalysts due to the synergistic effects
between B and N atoms.*>** For instance, Wang et al.>* prepared
BN-codoped graphene for the ORR with superior catalytic ability
comparable with those of commercial Pt-based catalysts. In
addition to such high catalytic performance, a combined
experimental and theoretical work has also found the BN
codoping can provide 100% selectivity for the ORR process via
the four-electron pathway.” Density functional theory (DFT)
computations also confirmed that the active graphitic BNj; sites
could improve the O, (ref. 56 and 57) and N,O adsorptions'” in
the BN-codoped graphene. Extensive studies have also proven
that the presence of BN moieties in carbon fullerenes can
provide active sites for sensing toxic gas molecules.’**®
Furthermore, the difference in electronegativity between B, C
and N atoms can polarize the inert carbon- electron density in
these systems, rendering them as excellent substrates for Li-ion
batteries®**° and H, storage.® However, little is yet known about
the mechanism of N,O reduction and the synergic effects
between B and N atoms in the BN-codoped fullerenes.

Ceo fullerene, on the other hand, may trap atoms and small
molecules to form stable endohedral complexes with tremen-
dous potential uses as superconductors, drug delivery systems,
and molecular reactors.®>* For example, noble gases (Ng = He,
Ne, Ar, Kr, Xe) can be introduced into the Cg, by applying high
temperatures and pressure to a mixture of fullerenes and the
target Ng, hitting fullerenes with accelerated ions, or other
techniques.®® DFT computations have demonstrated that
encapsulating a Ng atom in the Cg, fullerene can stabilize the
system due to the coupling the electronic states of the encap-
sulated atom with those of fullerene C atoms.*® Biihl et al.®
found that the negative interaction energies between endohe-
dral He to Xe atoms and Cg, increase with the Ng size (Xe > Kr >
Ar > Ne > He) owing to enhanced dispersion interactions. Sola
and coworkers®® examined the activation energies of the [4+2]
Diels-Alder cycloaddition processes in free and Ng endohedral
Ng@Ce systems (Ng = He-Xe), and found that the Ng atom has
only a little effect on the activation energy of this reaction.
According to Bil et al.,* the addition of an endohedral Ng atom
could influence the ozone ring-opening process in Ng@C,,03,
but has no effect on the relative stability of the C,,0; isomers.
Based on these findings, one might ask whether adding an
endohedral Ng atom to BN-codoped Cg, fullerenes improves the
N,O reduction reaction on these systems.

In the present study, by employing first-principles calcula-
tions, we focus on the mechanisms of N,O reduction over

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Cso_,BN,, fullerenes (n = 1-3). We show that the successive
substitution of N atoms around a pre-doped boron atom can
substantially enhance the tendency of Cg, fullerene to capture
N,O molecule. In particular, because of curvature effects, the
chemisorption of a N,O molecule is found to be stronger than
that of on the BN-codoped graphene. Due to distinct electronic
structure and sizable charge-transfer, the nitrogen-rich C5¢BN;
fullerene exhibits highest activity for the N,O reduction. Our
results propose that Cg, fullerenes with a small content of B
and N atoms provide exceptional catalytic performance for
reduction of N,O at low-temperatures.

2. Theoretical details

To explore N,O reduction on Cso_,BN, fullerenes, we imple-
mented spin-polarized DFT calculations with the Perdew-
Burke-Ernzerhof (PBE)” functional in combination with an all-
electron double-£ numerical basis set involving polarization
functions (DNP). The dispersion interactions were corrected
with the DFT+D2 scheme of Grimme.”* All the simulations were
done in a 25 x 25 x 25 A cubic box, with a gamma point for the
summation in the Brillouin zone. The BN-codoped fullerenes
were obtained via replacement of C atom(s) around the B atom
of CsoB with the N atom(s). The Hirshfeld method was adopted
for the population analysis. To search transition states (TS), the
complete LST/QST method was employed. All the calculations
were done with the DMol>.”>7

The relative stability of BN-codoped fullerenes was evaluated
by formation energy (Eform), defined as

Etorm = Ec,, BN, — Ec, + (n + Duc — (up + nun) 1)

in which n is the number of doped nitrogen atom; while the
Ec,, BN, and Ec, are the energies of doped and undoped Cq,
fullerenes, respectively. The up and uy are the chemical
potential of B and N atoms calculated as the energy of C and N
atoms in Cgo and N, molecules, respectively. In addition, the
durability of Csq_nBNn fullerenes was assessed by binding
energy of the B atom in these systems obtained as

Evina = Ec,, BN, — EB — Edefective (2)

where Ec_ g, is the energy of BN-codoped structure, Ey is the
energy of a single B atom and Egefective iS the energy of single-
vacancy defective Cso_,BN,, fullerenes (Fig. S1 of ESIY).

The adsorption energies (E,q) of N,O and CO were obtained
as the difference between the total energy of the resulting
complex (Ecompiex) and sum of the energy of isolated reactant
(Ex) and fullerene (Efypierene):

E.q= Ecomplex - (EX + Efullerene) (3)

By this equation, a negative E,q value shows that the result-
ing complex would be stable and its formation is a thermody-
namically facile process. To consider the temperature and
entropic effects, the adsorption Gibbs free energy changes
(AG,q) were obtained at T = 298.15 K and P = 1 atm, according
to the following equation:

RSC Adv, 2021, 11, 22598-22610 | 22599
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AGad = (fcomplex + Gcorr,complex) - [(EX + Gcorr,X) + (ffullerene +
Gcorr,X fullerene)] (4)

where ecomplexs €x and éqerene are the zero-point corrected
energies of the species defined in the eqn (3). The G.o, term is
the thermal and entropic correction of the energy defined as:

Gcorr = Hcorr - TStol = (Elol + kBT) - TSlol (5)

here the kg is the Boltzmann constant. The E.; and S are the
internal thermal energy and entropy, respectively. A negative
AG,q value shows the adsorption process is thermodynamically
facile at 7= 298.15 K and P = 1 atm.

We also investigated the nature of the interactions in N,O
and CO adducts of Cso_,BN,,, which seems to be affected by the
composition of fullerene.”*” The quantum theory of atoms in
molecules (QTAIM)’® was used here to investigate the nature of
interactions between fullerenes and adsorbed N,O or CO
molecules. QTAIM is based on topological analysis of electron
density, which determines the nature of a chemical bond by
analyzing electron density at a specific point between inter-
acting atoms, known as the bond critical point (BCP).”®
Although the gradient of electron density at the BCP is nearly
zero, the electron density (pgcp) and its Laplacian (V’pgpcp)
can provide valuable information about the nature of the
interaction. In QTAIM, a covalent interaction is distin-
guished by a large pgcp and a negative V’ppcp, whereas
a closed-shell interaction is identified by a small pgcp and
a positive V’pgcp. In addition, V?pgcp and total electronic
energy density at the BCP (Hgcp) may be used to assess the
degree of covalency of the interaction between two atoms.””
That is, for a covalent interaction, V?pgcp < 0 and Hgcp < 0, for
an electrostatic interaction, V?pgcp > 0 and Hgcp > 0, and for
a partially covalent interaction, V?pgcp > 0 and Hgcp < 0. The
AIM2000 (ref. 78) was used to perform the QTAIM analyses in
this study, using the PBEPBE/6-31++G** wave functions
generated by the Gaussian 09 software package.”

3. Results and discussion

3.1. C;9_,BN, fullerenes

Fig. 1 depicts the relaxed atomic structures of BN-codoped
fullerenes Cs9_,BN,, (n = 1-3), as well as the molecular elec-
trostatic potentials (MEP) and total density of states (TDOS)
plots. The equilibrium geometry and electrical structure of CsoB
heterofullerene and pure Cgq, are also presented to help
understand the effect of B and N doping. A carbon atom of
pure Cgo is substituted with a boron impurity to produce
Cs9B. The BN-codoped CsgBN, Cs5,BN, and C5¢BNj; structures
were then constructed by successively substituting the
carbon atoms around the B atom in CsoB with the N atom.
Though the close cage structure of Cg, is retained in all the
systems, the substitution of C atoms with B and N makes
some distortions in the vicinity of the dopant atoms.
According to Table 1, the formation energy (E¢orm) Of CsoB is
—5.23 eV, which is in agreement with those reported by other
studies.®® This negative Ef,m value suggests that a B atom
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may be simply incorporated within the Cg, structure and the
formation of Cs59B would be thermodynamically feasible at
normal temperatures. The newly formed B-C bonds
distances are calculated to be 1.52 and 1.55 A, which match
reasonably with those previous studies.®*** Table 1 also lists
the Eform values of BN-codoped structures. It is seen that as
the C atoms around the B in Cs¢B is substituted with the N
atoms, the Egypy, of the fullerene increases to —6.13 (C53BN),
—6.66 (C5,BN,) and —6.63 eV (C5¢BN3). This implies that the
substitutional nitrogens increase the durability and stabili-
zation of Cs¢B fullerenes, and the BN codoping of Ce, is more
energetically desirable than the doping of a B atom. The
latter can be explained by the donor-acceptor interaction
between the vacant orbital of B and lone-pair electrons of the
added N atoms. From the E¢,., values, this donor-acceptor
interaction increases as C5;BN, > Cs;¢BN; > Cs3BN. The
average B-N bond distances of C5;sBN, C5,;BN, and C5¢,BN; are
calculated to be 1.50, 1.46 and 1.44 A, respectively, which are
about 6, 3 and 2% longer than the B-C bond of Cs¢B. It is
evident from Table 1 that the binding energy (Epina) of the B
atom at the vacancy site also varies with the number of
nitrogen dopants around it. Interestingly, the Ey;,q values of
B in the BN-codoped fullerenes are smaller than that of C5¢B,
which can be related to the larger bond formation energy of
B-C (= —4.65 eV) than B-N (= —4.04 eV).** Nevertheless, the
large negative Epjnq values indicate that the B atom in
Cs9_,BN,, fullerenes cannot be easily diffused and hence
these systems can remain as a stable catalyst even at high
temperatures.

Since N,O molecule is a polar molecule, it is expected that its
adsorption and subsequent catalytic reduction are directly
related to charge distribution of the catalyst surface. Hence, we
provided the MEP isosurfaces of C5¢B and Cs9_,,BN,, fullerenes
in Fig. 1. For the all systems studied, there is a positive elec-
trostatic potential region developed on the B atom, indicating
the possibility of this site to interact with nucleophilic species.
As the electronegativity of N is greater than that of B, hence,
Cs6BN; indicates the largest electrostatic potential among the
Cs9_,BN,, systems. From Fig. 1, one can see that there is a quite
small potential on the B atom of CsgBN which is because of the
charge transfer from the lone-pair of N atom into unfilled
orbital of B. This builds up a sizable electron density in the
region between the B and N atoms as evidenced from the
corresponding MEP isosurface. However in the case of
C5,BN, and Cs5¢BNj;, the addition of second and third N
atoms withdraws the electron density around the B atom
and hence induces a large positive electrostatic potential
over the B atom. These results are fully consistent with the
Hirshfeld analysis results in Table 1, in which the substi-
tution of first N atom has a negligible influence on the
charge of the B atom. However, the incorporation of second
and third N atoms induces a larger positive charge over the
B atom, a phenomenon which is beneficial for the N,O
adsorption. Accompanied with these charge redistribu-
tions, the electronic structure of Cs9_,BN,, systems is also
regulated as the number of involved nitrogen atoms grows.
From the TDOS maps in Fig. 1, it is seen that the successive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Local atomic structures (left) molecular electrostatic potential isosurfaces (MEP, middle) and TDOS plots (right) of (a) Cep. (b) Cs9B, (c)
CsgBN, (d) C5s7BN, and (e) Cs¢BNs. The dashed line in TDOS plots shows the Fermi level. The color range in the MEP maps is from blue (more

negative = —0.001 a.u.) to red (more positive = 0.078 a.u.).

Table1 The formation energy (Etorm, €V), binding energy of B atom at
the single-vacancy site (Eping, €V), and Hirshfeld charge of the B atom
(gs. |e]) in the bare Csg_,BN,, fullerenes

Fullerene Eform Ebind qs

CsoB —5.23 —8.74 0.09
CsBN —6.13 -7.92 0.10
Cs,BN, —6.66 —8.55 0.16
Cs6BN; —6.63 —8.17 0.21

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

addition of N atoms tends to shift the band gap of Cs4B
above the Fermi level. Compared to others, C5sBN; exhibits
the smallest band gap due to increase in the donor states
around the Fermi level. The latter phenomenon may modify
greatly the surface reactivity of the BN-codoped fullerenes
and facilities the charge-transfer between these systems and
N,O molecule.

The dynamic stability of Cso_,BN, fullerenes is also
studied by the first-principle molecular dynamic simulations
in a period of 2000 fs (2 ps) and at the temperature of 600 K
(Fig. S2 of ESIt). It is seen that the cage structure of BN-

RSC Adv, 2021, 11, 22598-22610 | 22601
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Fig.2 The optimized local atomic structures, key bond lengths (in A), and PDOS plots of N,O adsorbed onto (a) Cs9B, (b) CsgBN, (c) Cs,BN, and
(d) Cs¢BN3 fullerenes. In the PDOS plots, the Fermi level is indicated by the dashed line.

codoped fullerenes are almost preserved after the simula-
tions due to strong chemical bonding between the B, C and N
atoms. In particular, the lack of any geometry buckling

22602 | RSC Adv,, 2021, 1, 22598-22610

around the B atom suggests that these systems are dynami-
cally stable and therefore can be utilized as a durable and
stable catalyst at high temperatures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Adsorption energy (E,q, €V), amount of electron-transfer (Qcr, |e]) and Gibbs free energy change (AG,q, €V) due to the adsorption of

N,O and CO molecules onto Cse_,BN,, fullerenes®

N,O CO
Fullerene E.q Qcr AG.q E.q Qcr AG.q
Cs5oB —0.54 (—0.53) 0.21 (0.21) —0.08 (—0.07) —0.92 (—0.92) 0.24 (0.24) —0.38 (—0.37)
C5sBN —0.62 (—0.60) 0.23 (0.23) —0.10 (—0.09) —0.35 (—0.34) 0.21 (0.20) 0.14 (0.15)
Cs,BN, —0.70 (—0.68) 0.23 (0.22) —0.22 (—0.20) —0.35 (—0.34) 0.22 (0.21) 0.13 (0.14)
C56BN; —1.95 (—1.93) 0.41 (0.40) —1.64 (—1.62) —0.25 (—0.24) 0.20 (0.19) 0.23 (0.23)

“ The values within the parenthesis refers to the adsorption of N,O and

3.2. N,O adsorbed configurations

After screening out the surface reactivity and electronic struc-
ture of Cso_,BN,, fullerenes, we probe the adsorption of N,O
molecule on these systems. Fig. 2 compares the geometry of
N,O molecule adsorbed on the C5,_,BN,, fullerenes, and Table 2
summarizes the adsorption energies (E.q), electron-transfer
values (Qcr) and Gibbs free energy changes (AG,q) due to the
adsorption of N,O. According to earlier studies,>*** N,O can
be adsorbed on catalyst surfaces via three different configura-
tions, namely, linear and [2+2]- or [3+2]-cycloaddition. Our
results indicate that the linear configuration, in which N,O
interacts with the B atom of Cs4_,BN,, fullerenes via its N- or O-
end is metastable, and it is readily converted into a stable
chemisorbed configuration by overcoming a small activation
barrier. In the case of C5B, C53BN and C5,BN,, in which there is
at least one carbon atom around the B, the O and N atoms of
N,O bind with the B-C bond through a [3+2]-cycloaddition.
From Table 2, the adsorption energies (E,q) of N,O are calcu-
lated to be —0.54, —0.62 and —0.70 eV on Cs¢B, C5sBN and
Cs,BN,, respectively, indicating that the tendency of fullerenes
to adsorb N,O molecule is improved with the successive
incorporation of N atoms. The B-O (N-C) bond distances
between N,O and Cso_,BN,, are 1.52 (1.54), 1.49 (1.53) and 1.46
(1.53) A for n = 0, 1 and 2, respectively. This reveals that the
interaction between the fullerene and N,O is enhanced by
increasing the N dopants around the B atom. Moreover, the
Hirshfeld analysis discloses that the adsorbed N,O extracts
about 0.20 electrons from the fullerene, which occupy its empty
3m* orbital, leading to bending of the N-N-O angle. The latter is
verified by the PDOS plots in Fig. 2, in which the successive
addition of N atoms downshifts the 37* orbital of N,O. From
the Hirshfeld population analysis, the oxygen atom of N,O is

CO molecules onto endohedral Kr@Cso_,BN,, systems.

negatively charged by 0.13, 0.15 and 0.16e| on CsoB, C5gBN and
Cs,BN,, respectively. Besides, the N-O bond length in the free
N,O molecule is 1.19 A, which is stretched to 1.37, 1.40 and 1.42
A on CsoB, Cs5gBN and Cs;BN,, respectively. These results show
that increasing N impurities in Csq_,BN,, results in the further
activation of N,O. From Table 2, it is seen that the Gibbs free
energy changes (AG,q) due to the adsorption of N,O on Cs¢B,
CsgBN and Cs,BN, fullerenes are negative, suggesting the
thermodynamic feasibility of this process. Nevertheless, the
differences between the E,q and AG,q values indicate that the
temperature and entropy effects are essential factors, owning to
their 0.31-0.52 eV contribution to the adsorption energy.

On the other hand, it is found that the [3+2]-cycloaddition
configuration is energetically unfavorable for N,O on the
nitrogen-rich C;¢BN; fullerene, since it is spontaneously
dissociated into N, molecule and an O atom (O*) attached to the
B atom (Fig. 2d). It is necessary to state that a similar behavior
has been also reported for other surfaces like Si-doped or BN-
codoped graphene.” As discussed above, the successive introduc-
tion of N impurities can largely reinforce the electron-donating
property of B-doped fullerene. Hence, one can expect that
electron-rich Cs¢BN; pumps a sizeable electron density to 3m*
orbital of N,O, leading to break of its N-O bond. The adsorption
energy of N,O on Cs¢BN; is —1.95 eV, which indicates that the
dissociation of this molecule is energetically favorable. Also, this
implies that the O* atom is tightly attached to B atom. The Hirshfeld
analysis discloses that the O atom adsorbed on the B atom is
negatively charged by about 0.40|e|, which suggests its efficient
electron donating property. Like other BN-codoped fullerenes as
discussed above, the negative AG,q value for the N,O adsorption on
Cs6BN; indicates that it is a thermodynamically facile process at
ambient temperature mainly due to the increase of entropy.
Considering the PDOS plot in Fig. 2d, it is observed that the O-2p

Table 3 Electron density (pgcp, a.U.), its Laplacian (V2pgcp, a.u.) and total electronic energy density (Hgcp, a.U.) at the B—N BCPs of N,O adsorbed

and B—C BCPs of CO adsorbed Csg_,BN, complexes

N,O CO
Fullerene PBCP VZPBCP Hgcp PBCP VZPBCP Hgcp
Cs9B —0.54 (—0.53) 0.21 (0.21) —0.08 (—0.07) —0.92 (—0.92) 0.24 (0.24) —0.38 (—0.37)
CsgBN —0.62 (—0.60) 0.23 (0.23) —0.10 (—0.09) —0.35 (—0.34) 0.21 (0.20) 0.14 (0.15)
Cs5,BN, —0.70 (—0.68) 0.23 (0.22) —0.22 (—0.20) —0.35 (—0.34) 0.22 (0.21) 0.13 (0.14)
C56BN;3 —1.95 (—1.93) 0.41 (0.40) —1.64 (—1.62) —0.25 (—0.24) 0.20 (0.19) 0.23 (0.23)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The optimized local atomic structures, binding distances (in A), and PDOS plots of CO adsorbed onto (a) Cs9B, (b) CsgBN, (c) Cs7BN, and
(d) Cs¢BN3 fullerenes. In the PDOS plots, the Fermi level is indicated by the dashed line.

states are favorably coupled with the B-2p states at the Fermi level. As noted before, one of the key questions that has inspired
This observation agrees well with the calculated E,g and AG,q values, this study is the effect of encapsulating a Ng atom on the
implying that the O* is strongly adsorbed on the B atom. catalytic activities of the Cso_,BN,, fullerenes. To achieve this
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Fig.4 The potential energy diagram and relevant bond distances (in A) for direct decomposition of N,O over (a) CsgBN and (b) Cs;BN; fullerenes.

goal, a Kr atom was put in the center of the fullerenes, and the
N,O adsorption was then studied over the resulting systems
(Fig. S31). The B-O bond lengths between encapsulated fuller-
enes and N,O molecule range from 1.31 to 1.52 A, which is
nearly equal to those reported for empty Cso_,BN,, systems. The
Kr atom is stably inserted within the Csy_,BN,, fullerenes in all
studied systems due to its negative adsorption energy (= —0.54
eV). Meanwhile, following encapsulation, the Kr atom obtains
a positive charge of 0.25|e|, suggesting that the Kr atom redis-
tributes the electron density within the fullerene. As a result, the
N,O adsorption energies on Kr@Css_,BN, fullerenes are
slightly lower than those on empty Cso_,BN,, fullerenes. It is
also worth noting that the Kr encapsulation has no effect on the
order of the N,O adsorption energies on Cso_,BN,, fullerenes.
These findings support previous findings® that adding a noble
gas into Cg, has little effect on its surface reactivity and hence
catalytic properties.

The calculated pgcp, V2prcp and Hyop values associated with
the B-O BCPs of N,0 adsorbed complexes are shown in Table 3.
It is seen that the pgcp value at the B-O BCPs increases as the
number of the N atoms increases, which is consistent with the
adsorption energies discussed above. However, the V’pgcp
values at these BCPs are all positive, but the Hpcp values are all
negative, suggesting that the B-O bonds in these systems are
partly covalent. Importantly, the associated Hycp values vary as

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

C56BN; > C5,BN, > C53BN > Cs9B, showing that the degree of
covalency in the B-O bonds increases with the number of
doped N atoms.

3.3. CO adsorbed configurations

From Fig. 3, it is seen that CO molecule prefers to interact with
the B atom of Cs9_,BN,, fullerenes via its C atom. The E,q of CO
on CsoB is —0.92 eV, which agrees well with those reported by
other DFT studies.”® Meanwhile, this quite large negative value
indicates the chemisorption nature of the adsorption. On the
contrary, our results in Table 2 show that tendency of Cso_,BN,
fullerenes to capture CO molecule decreases with the addition
of N atoms around the B atom. In particular, the E,4 value of CO
on nitrogen rich C5¢BNj; structure is —0.25 eV, which demon-
strates the physisorption of this molecule. Besides, the binding
distances between the fullerenes and C atom of CO are 1.55,
1.63, 1.64 and 1.67 A for CsoB, CsgBN, Cs,BN, and Cs¢BN;,
respectively, indicating that the CO interaction with the B atom
is weakened with the increasing the content of N dopants. Note
that the order of E,q values of CO on Cs¢_,BN,, is not correlated
with the positive charges on the B atom or MEP analysis results.
This may suggest that the electrostatic interaction between the
B atom and CO has a negligible contribution in the resulting
complexes. Moreover, the values of AG,q in Table 2 indicate that
unlike CsoB, the CO adsorption would not be thermodynamically

RSC Adv, 2021, 11, 22598-22610 | 22605
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Fig. 5 The potential energy diagram and relevant bond distances (in A) for removing O* atom by CO over (a) CsgBN, (b) Cs7BN, and (c) Cs6BN3

fullerenes.

possible at room temperature. According to Table 2, the CO
adsorption is associated with a charge-transfer from CO molecule
into fullerene with the values in the range of 0.20-0.24|e|.
Considering the PDOS plots in Fig. 3, one can see that there is
a noticeable interaction between the CO-5¢ and the vacant B-2p
states below the Fermi level especially for the CsoB system. Also,
a weak orbital interaction occurs between CO-27t* and B atom,
which accounts for the lengthening of C-O bond in these systems.

22606 | RSC Adv, 2021, 11, 22598-22610

Table 2 shows that adding a Kr atom to the Cso_,BN,
fullerenes has little or no influence on the E,q, Qct and AG,q
values of CO molecule. That is, with the exception of Kr@Cs¢B,
CO adsorption is still weak and belongs to physisorption.
Furthermore, the calculated ppcp values show that, among the
Cs9_,BN,, fullerenes studied, Cs;¢sBN; forms the weakest
complex with the CO molecule (Table 3). Also, the positive
V2pgcp and negative Hycp values at the B-C BCPs indicate that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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these bonds are partly covalent. The Hpcp values in Table 3 show
that, with the exception of C5oB complexes, the B-N bonds in
the N,O adsorbed complexes are more covalent than the B-C
bonds in the CO adsorbed systems.

The above findings clearly demonstrate that increasing the N
coordination to the B atom of C59B would be beneficial for N,O
capture, which is the starting point for the N,O reduction
process. The surrounding B-N bonds, in particular, make
C5¢BN; an effective catalyst for the spontaneous decomposition
of N,0O. More importantly, BN-codoped fullerenes have a lower
capacity to trap CO molecules than Cs¢B, suggesting that they
should be extremely resistant to CO poisoning. As a result, BN-
codoped fullerenes appear to have excellent catalytic activity in
the reduction of N,O. The N,O reduction on the Csq_,BN,,
systems is compared in detail in the next section.

3.4. N,O reduction

Now we explore the possible reduction mechanisms for reduc-
tion of N,O on BN-codoped fullerenes (CsgBN, Cs;BN, and
Cs6BN3). Based on the earlier investigations,* depending on the
order of adsorption energies of N,O and CO on the catalyst, N,O
reduction can proceed via two main pathways, i.e., the Eley-Rideal
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3.00
2.00
1.00
0.00

-1.00

-2.00

-3.00
-4.00

-5.00

Relative energy (eV)
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(E-R) and Langmuir-Hinshelwood (L-H). In the E-R mechanism,
which is also known as the stepwise pathway, a N,O molecule is
initially adsorbed and decomposed on the catalyst and then a CO
molecule interacts with the remaining O* species to generate CO,
molecule. In contrast, the L-H or concerted mechanism involves
the simultaneous binding of N,O and CO molecules to the catalyst.
Both these mechanisms are investigated here to realize the most
energetically favorable pathway of N,O reduction. The relaxed
atomic structures and energy profiles of these competing pathways
are given in Fig. 4-6.

Let us first discuss the E-R mechanism for the N,O reduction
reaction on the BN-codoped fullerenes. As discussed above, N,O
is adsorbed on the Cs¢BN and Cs;BN, fullerenes via a [3+2]-
cycloaddition, while it is spontaneously decomposed on
C5¢BN;. This suggests that the first step of the N,O reduction is
already completed on the latter system and hence we only focus
on the N,0 decomposition mechanism on CsgBN and Cs;BN,.
Fig. 4a and b indicate the reaction pathways for the N,O — N, +
O* elementary reaction on CsgBN and Cs,BN,, respectively. To
start the reaction, N-O bond of the adsorbed N,O is elongated
and the negative charge on the O* atom is continuously
increased. Passing over the transition states TS-1 and TS-2 with
an activation barrier (Ep,;) of 0.88 and 0.75 eV, respectively, N,O

Reaction coordinate
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Fig. 6 The potential energy diagram and relevant bond distances (in A) for reduction of N,O by CO molecule through the L-H mechanism over

(a) CsgBN and (b) Cs7BN, fullerenes.
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is decomposed on the CsgBN and Cs,BN,. At the final state, the
O atom is attached on the B atom, while N, molecule is sepa-
rated from the fullerene with a binding distance of =3 A. An
interesting finding here is that the Ey,, for the decomposition of
N,O varies with the positive charge on the B atom. That is, the Ep,,
values for the decomposition of N,O on Cs;BN, fullerenes is less
than the corresponding value obtained for the CsgBN, confirming
that the catalytic performance of the fullerene is improved with the
addition of N atoms around the B. Besides, these E,, values are
less than the reported value for the noble-metal based Ag,Aug
catalyst (1.1 eV).*” It should point out that unlike Cs,BN,, the O*
moiety resulting from the N,O decomposition is strongly chem-
isorbed on the B-C bond of CssBN through the formation of an
epoxide-like structure. Note that a similar species has been also
found on the CsoB structure,* suggesting that CsgBN is readily
oxidized during the N,O reduction process.

To complete the catalytic cycle, the remaining O* should be
removed by CO molecule. To examine the energy profile, we
added the CO molecule on the O* to form the corresponding
initial state (Fig. 5). Next, CO approaches the O* and by passing
the corresponding transition state, the CO, molecule is ach-
ieved. Like C59B,** the Ey,, value for the removing O* on C5gBN
is relatively high (1.73 eV), owning to the strong adsorption of
this species on the B-C bond. On the contrary, the energy
barrier for the CO + O* — CO, on C5;BN, and C5¢,BNj; fullerenes
are 0.52 and 0.28 eV, respectively, which are small enough to be
easily overcome at normal temperatures. The CO, is finally
separated from the fullerenes, and this restores the catalyst to
begin a new N,O reduction process.

We further explored the N,O reduction process through the
L-H mechanism, in which N,O and CO molecules are first
coadsorbed on fullerenes. Fig. 6 depicts the obtained geometric
structures for involved species in this mechanism. The shortest
binding distance between N,O and CO in the initial state (IS-6
and IS-8) is about 3 A, hinting at the weak nature of the inter-
action between them. Then, CO moves towards the N,O until
a stable OCO intermediate is obtained on the fullerene. Though this
reaction step is exothermic on both BN-codoped structures, the
energy barriers and the reaction energies are not similar. An inter-
esting finding is that the energy barrier to obtain the OCO species
decreases as the nitrogen content around the B atom increases. Due
to large activation of N,O on the Cs;BN,, a relatively smaller Ey,, is
obtained (0.36 eV), which is comparable to the mentioned value for
the Fe-doped graphene (0.83 €V).* Also, these E,,, values are lower
than that of over CsoB (1.95 €V),*® suggesting that the BN codoping is
able to substantially improve the catalytic properties of the Cgp
fullerene. In the next step, the OCO is converted to CO, molecule as
shown in Fig. 6. This elementary reaction is also exothermic but
requests an activation barrier of 0.73 (CsgBN) and 0.58 eV (Cs5;BNy),
which seems to be easily provided at room temperature. The
resulting CO, molecule has a small E,q4 value, so it can be simply
separated from the active site of the fullerenes.

4. Conclusions

We used dispersion-corrected DFT calculations to explore the
catalytic and electronic structure properties of BN-codoped Cg
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fullerenes. The results showed that by successively doping N
atoms around the B in Cs¢B, the tendency of the fullerene to
interact with N,O molecule increases. The B atom in C5;4,BN;
acts as an efficient catalytic site for the spontaneous decom-
position of N,O because the surrounding B-N bonds hinder the
formation of secondary C-N bond between the fullerene and
N,O. Furthermore, the fact that BN-codoped fullerenes have
a low tendency for capturing CO molecule implies that they are
tolerant to CO poisoning. The adsorption energies of N,O and
CO are not influenced by the introduction of a Kr atom inside
the Cs9_,BN, fullerenes. The activation barriers for N,O
reduction via the L-H mechanism are lower than those for the
E-R mechanism over Cs;BN, and Cs¢BN3, indicating that this
reaction would occur via the former pathway. Even though that
N,O reduction is exothermic over the Csq_,BN,, fullerenes, the
obtained activation barriers vary with number of nitrogen
atoms in these systems. Nitrogen dopants surrounding the B
atom, for example, inhibit the poisoning of Cs;BN, and Cs¢BN;
fullerenes by the O* moiety. The nitrogen-rich Cs¢BN; fullerene
has the highest catalytic activity for N,O reduction due to its
unique electronic structure and charge-transfer. We hope that
this new understanding will inspire the development of highly
efficient metal-free catalysts based on carbon fullerenes, as well
as provide a theoretical basis for future studies into the removal
of hazardous N,0 and CO pollutants from the environment.
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