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ABSTRACT Using state of the art spin-polarized density functional theory it is found that a chemically inert

(BN);¢ cluster can be activated by incorporating magnetic nanoparticles inside it. To illustrate this aspect we have

calculated the geometries and electronic structure of Fe(BN),4 and Fe,(BN) clusters, which showed the

appearance of gap states localized on the impurity atoms. The reaction of 0, molecules with these clusters results

in weak interaction and an elongation of the 0—0 bond. Further interaction of this complex species with an

incoming CO molecule leads to the formation of C0,. The reaction mechanism has been investigated via

Langmuir—Hinshelwood and Elay—Rideal routes, and the minimum energy path calculations are performed

using the elastic band method. These results have implications in designing novel materials based on metal

nanoparticles for potential applications as industrial catalyst.
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unique aspect of nanotechnology

is the vastly increased ratio of sur-

face area to volume in many ma-
terials which opens new possibilities in
surface-based science, such as catalysis."”
Thus, research in nanotechnology and
nanoscience is expected to have a great im-
pact on the development of new catalysts.
A detailed understanding of the chemistry
of nanostructures and the ability to control
materials on the nanometer scale will en-
sure a rational and cost-efficient develop-
ment of new and more capable catalysts for
chemical industry. In recent times, nanoca-
talysis has emerged as one of the most ex-
citing subfields of nanoscience.®™'® A large
amount of experimental and theoretical
work showed the catalytic behavior of gold
clusters, which are in fact noble metals in
the bulk. Therefore, at a smaller size the
electronic properties of the materials could
be widely different from their bulk proper-
ties. Small transition metal clusters have
been projected as the potential candidates
for their applications in catalysis. However,
free metallic particles are susceptible to un-
dergo chemical reactions easily, which
changes their physicochemical characteris-
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tics and, therefore, deters them from practi-
cal applications. To overcome this bottle-
neck, these active particles can be
encapsulated inside an inert material. In
fact, boron nitride is well-known coating
material to prevent iron from its oxidation.
It has been envisaged that if the thickness
of the coating of boron nitride is reduced
then we may expect to see a moderate level
of reactivity of these materials. An empty
cage nanocluster, which is chemically inert
with a large energy gap, will be an ideal
choice to design such material.

Like carbon nanomaterials, boron ni-
tride (BN) forms empty cage nanostruc-
tures in different shapes like fullerenes,
nanotubes, nanohorns, etc.'”’ 3 Although
the BN pair is isoelectronic with a pair of car-
bon atoms, their bulk electronic properties
differ considerably. While C-based nanoma-
terials show metallic or semiconducting
properties, BN-based nanostructures form
wide gap insulators. In fact, boron nitride
systems are more stable than carbon mate-
rials in terms of thermal and chemical stabil-
ity. On the basis of these criteria, it is pro-
posed that a BN nanostructure can be
functionalized to tune its physio-chemical
properties for its potential applications.3°~32
Oku and co-workers have produced a se-
ries of cage-like BN clusters of different
sizes.'” %8 After this, a large amount of ex-
perimental and theoretical studies have
been performed to understand the geom-
etry and energetic of the (BN);4 cage
cluster.>>738 These studies have revealed
that (BN);, cluster forms an isolated single-
shelled BN fullerene with overall dimen-
sions of 8—9 A and proposed octahedron
geometry for this BN cluster.

The presence of impurity metal atoms
or clusters inside the nanocage or nano-
tubes during their synthesis can signifi-
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cantly modify the physicochemical properties. To un-
derstand this effect, many experimental and theoretical
studies have been reported on the metal-encapsulated
BN nanomaterial.**~** In fact it is found that the transi-
tion metals like Fe, Co, and Ni are the most effective
catalysts for the formation of BN nano-
tubes.** Oku and co-workers produced Fe-filled BN
nano-
tubes and investigated them by high-resolution elec-
tron microscopy and energy dispersive X-ray spectros-
copy.*® Recently, boron nitride nanocapsules encaging
Fe and Co nanoparticles have been synthesized, and
their magnetic properties were investigated.*®

The CO oxidation reaction is of practical impor-
tance for the control of the environmental pollution
that results from combustion processes. Late transition
metal surfaces have been the most widely studied ex-
ample for this purpose.*”*® While noble metals (Pd, Pt)
are costly, transition metals like Fe, Co, and Ni are
known for their propensity to oxidation. Now to de-
sign a material for catalysis the basic requirement is that
the host matrix should interact with the reactant mol-
ecules weakly. On the basis of these considerations it
was envisaged that the opposite chemical behavior of
transition metal and BN clusters can be used to design
a novel composite material which will show catalytic
behavior. Indeed, in our work we find that even a small
doping of Fe inside the large gap (BN);, cluster is able
to activate the cage. Consequently, the adsorption of O,
on the Fe(BN);4 cluster leads to stretching of the O—0
bond comparable to the peroxo and superoxo® state,
which facilitates the oxidation of CO molecule.

RESULTS AND DISCUSSION

To start with, the accuracy of the computational
method applied in this work was tested by computing
the structure and binding energy of O,, CO, and CO,
molecules. The results (Table S1 in the Supporting Infor-
mation) showed good agreement between calculated
and experimental values. For the (BN);¢ cluster, the
ground-state geometry shows a hollow cage with 32
hexagonal rings and six squares oriented in an octahe-
dral arrangement (O, symmetry). The average binding
energy of the (BN);4 cluster has been estimated to be
6.76 eV/atom. The higher stability of the BN cage is fur-
ther substantiated by its large energy gap of 4.95 eV.
These results are found to be in excellent agreement
with previously published works.>*™®" To obtain the
lowest energy atomic configurations of the Fe, cluster,
apart from several initial structures, three important
starting configurations viz. planar rhombus, bent rhom-
bus, and tetrahedron with variations in the spin states
were considered. The lowest energy structure of the Fe,
cluster showed distorted tetrahedron with an average
magnetic moment of 3.5 pg/atom (total spin moment
= 14 pg). The next higher energy isomer, with similar
atomic structure but lower spin state (total spin mo-
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Figure 1. Lowest lying isomer of (a) (BN)s, (b) Fe(BN);¢, and (C) Fe,(BN);q

clusters.

ment = 12 pg), is found to be 0.14 eV higher in en-
ergy. These results are in excellent agreement with pre-
viously reported ones.®?

For the Fe(BN);, cluster, the equilibrium geometry
(shown in Figure 1) was obtained by optimizing four ini-
tial guess structures; (i) the Fe atom occupying the cen-
ter position of the cage, (ii) the Fe atom is placed off
center and close to the tetragonal ring, (iii) the Fe atom
is placed off center and close to the hexagonal ring,
and (iv) the Fe atom is connected to the bridge site of
the tetragonal and hexagonal ring. The lowest energy
structure shows that the Fe atom favors a connection at
the hexagonal ring from inside. The total spin moment
of this isomer was found to be 4 pg. From the geometri-
cal point of view, the presence of Fe inside the (BN);¢
cage has a very negligible effect on the cage structure.
For the Fe,(BN),4 cluster, we have optimized the geom-
etry by placing the Fe, inside the cage using all configu-
rations of Fe, that have been considered in its free
state. This way we have also verified any change in the
geometry of the Fe, cluster occurring because of the re-
straints imposed by the confined environment of the
cage. The results show that the geometry of the Fe,
cluster becomes more compact inside the cage and the
total spin moment reduces from 14 to 10 pg. More-
over, we note that the stability of the Fe, cluster inside
the cage is enhanced by 0.42 eV in comparison to its
free state.

To understand the nature of chemical interaction in
these systems we have analyzed the electronic density
of states (EDOS) by broadening the electronic energy
levels with a Gaussian function (shown in Figure 2). It is
found that the incorporation of Fe clusters inside the
(BN)5¢ cage introduces energy states in the large gap
between highest occupied and lowest unoccupied en-
ergy levels of the (BN);4 cage. We have also verified the
frontier orbitals of the Fe(BN);5 and Fe,(BN);4 clusters
(shown in Supporting Information, Figure S1), which
further corroborates the analysis from the EDOS spec-
trum. It should be mentioned that despite coating the
Fe magnetic clusters by the BN nanocage, the open
shell nature of the electronic spectrum shows their in-
trinsic magnetic nature. The appearance of these gap
states in the presence of the Fe clusters results in low-
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Figure 2. The electronic density of state (EDOS) spectrum of Fe,

Fe,, (BN)sq, Fe(BN);¢, and Fe,(BN);¢ clusters. The vertical line rep-

resents the HOMO and LUMO energy level of the (BN);¢ cluster.
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Figure 3. Low lying isomer of (a) FeO,, (b) Fe,0,, (c) Fe(BN);40,,
and (d) Fe,(BN);¢0, clusters. The relevant spin moments (jg) are

mentioned along with the structure. Presented bond distances are

given in angstroms.
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ering the HOMO—LUMO gap of these clusters. This im-
plies an induce reactivity of the BN nanocage by the en-
capsulation of Fe metal clusters.

Here we discuss the interaction of the O, molecule
with Fe, Fe,, (BN)4, Fe(BN);, and Fe,(BN);4 clusters.
The relevant low-lying isomers with corresponding spin
moments are depicted in Figure 3. To start with, we
have calculated the interaction of the O, molecule
with the Fe atom. The lowest energy configuration
shows that the interaction of O, with Fe leads to the dis-
sociation of the O—0 bond and forms an O—Fe—0
complex with an interatomic distance of Fe—0O = 1.60
A and an O—Fe—0 bond angle of 170° as shown in Fig-
ure 3a. The total spin moment of this complex is esti-
mated to be 2 pg. The energy released for this reaction
[E(FeO,) — E(Fe) — E(O,)] is calculated to be 4.32 eV.
The other isomer, where the O—0 bond does not break
but elongates up to 1.48 A, is significantly higher (AE
= 2.25 eV) in energy. For the Fe, cluster, the interac-
tion of O, leads to the dissociation of the O—0 bond
and the total spin moment reduces from 14 to 10 pg
(viz. Figure 3b). The energy released in the reaction is
4.28 eV which is close to Fe + O, reaction. Another iso-
mer, where the O—0 bond does not break but elon-
gates significantly (1.48 A), is found to be 1.46 eV higher
in energy. Thus, it is inferred that the interaction of O,
with Fe leads to the dissociation of the O—0 bond re-
sulting in atomic adsorption of O with Fe.

In the next step we have calculated the interaction
of O, with (BN);,, Fe(BN);,, and Fe,(BN);¢ clusters. The
reaction of O, with the (BN)54 cluster was carried out by
placing it at different locations on the cage (on top of
B and N, tetragonal and hexagonal rings of the cage). In
all cases it is found that the molecular O, does not
bind on the cage, instead, goes away from its surface
(A typical representative illustration is shown in Sup-
porting Information, Figure S2). Subsequent to this veri-
fication, that the O, molecule does not adsorb on the
empty cage (BN);4 cluster, the reaction of O, with
Fe(BN);¢ cluster was carried out. Unlike in the case of
empty cage (BN);, cluster, it is found that the O, mol-
ecule is adsorbed on the Fe(BN);4 cluster. The lowest
energy configuration shows that (Figure 3c) the O—0O
bond is placed parallel to the hexagonal ring (close to
the Fe atom) from outside and the O—0 bond is elon-
gated up to 1.47 A (peroxo type*®). The energy released
in this reaction is calculated to be 2.04 eV. The next iso-
mer, where the O, molecule is adsorbed in an elbow-
shaped orientation is found to be 1.12 eV higher in en-
ergy. Another isomer, where the O, molecules adsorbs
after breaking the O—0 bond (shown in Figure 3c) is
found to be 1.65 eV higher in energy. In this context it
may be recalled that the interaction of O, with an un-
coated Fe atom results in O—0 bond dissociation with
large energy release. However, when Fe is incorporated
inside the (BN)4 cage, the interaction of O, shows inter-
mediate interaction energy. Unlike, the empty cage
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(BN)34 cluster, the HOMO of the Fe(BN),, is found to
be localized on the Fe atom and the B and N atoms of
the nearest Fe (shown in Supporting Information, Fig-
ure S1). Thus it may be argued that the incorporation of
the Fe atom inside the (BN)4 cluster can activate the
nearest hexagon ring, which in turn favors the weak ad-
sorption of the O, molecule. When similar studies were
repeated for the Fe,(BN);¢ cluster, the adsorption be-
havior of the O, molecule was found to be the same.
For the Fe,(BN)s4 cluster, the lowest energy configura-
tion shows that the O, molecule binds on the Fe,(BN)¢
cage in parallel orientation (shown in Figure 3d) by
stretching the O—0O bond up to 1.52 A. The second
and third higher energy isomers corresponds to the
elbow-shaped and O—0 bond scission with the rela-
tive stability (AE) of 0.65 and 0.77 eV, respectively, as
shown in Figure 3. We have summarized the energet-
ics and spin moments of the O, interaction with free
and encapsulated Fe clusters in Table S2 of the Support-
ing Information.

Once it is realized that the adsorption of O, on
the Fe(BN);4 or Fe,(BN);q clusters leads to weaken-
ing of the O—0 bond strength, it is of worth to in-
vestigate the applicability of these clusters for oxida-
tive catalysis. To verify this fact we have carried out
the CO oxidation reaction which has been used
widely as prototype examples."' ™' The oxidation of
the CO molecule occurs via either of the two follow-
ing mechanisms. In most cases it proceeds via the
so-called Langmuir—

Hinshelwood (L—H) mechanism where the reacting
species are coadsorbed before undergoing the reac-
tion. This involves formation of an intermediate
complex and desorption of the CO, molecule. In
the second case which is known as Elay—Rideal
(E—R) mechanism, the O, molecule is first adsorbed
on the catalyst support and the gas phase CO mol-
ecules undergoes an oxidation via the detachment
of the O—0 bond. Irrespective of the mechanisms
followed, the key steps of the CO oxidation are (i) the
weakening or breaking of the O—0 bond in the ad-
sorbed O, molecule and (ii) the formation of the CO,
molecule.

To investigate the reaction of CO with O,, we
have carried out the geometry optimization using
both mechanisms as mentioned above. In the case
of coadsorption (L—H mechanism), we have ex-
plored several possible orientations as shown in Sup-
porting Information, Figures S3 and S4. The opti-
mized geometries showed a complex formation
between CO and O, without leaving CO, as the oxi-
dation product. On the other hand when the O, mol-
ecule is first adsorbed on the Fe(BN);4 cluster, the
subsequent approach of the CO molecule leads to
the oxidation to CO, via the detachment of the O—0
bond (shown in Figure 4). The energy released in
this process {Fe(BN);,0, + CO — Fe(BN);,0 + CO,}
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Figure 4. Step by step illustration of the CO oxidation process on the
Fe(BN);50, and Fe,(BN);40, clusters: (I) Interaction of CO with Fe(BN);,0,
or Fe,(BN);40, cluster; (Il) formation of first CO, molecule, and (Ill) forma-
tion of the second CO, molecule. It may be noted that for Fe(BN);¢0,,

the second CO, formation occurs via an activation barrier of 0.

is calculated to be 2.68 eV. After this, when another
CO molecule is placed on the Fe(BN);,—O complex
(B—0 = 1.25 A), the CO, formation does not occur
spontaneously. However, the total energy calcula-
tion for the reaction of {Fe(BN);,0 + CO — Fe(BN)5¢
+ CO, } indicates that the CO, removal is energeti-
cally favorable as the energy released is estimated to
be 1.82 eV, indicating the existence of an activation
barrier in the process. We have adopted the nudge
elastic band (NEB)®** method to calculate this acti-
vation energy. Total four images between the reac-
tant and product states were used to find out the
minimum energy path (MEP) in this process (shown
in Figure 5). Using this method the energy barrier is
calculated to be 0.51 eV for the formation of a sec-
ond CO, molecule. For the Fe,(BN)4 cluster, we have
performed similar steps, that is, we have optimized
the geometries of the two CO molecule on the
Fe,(BN);,—0O—0 complex sequentially (shown in
Figure 4). The results suggest that unlike in the case
of the Fe(BN); cluster, where the second CO, forma-
tion requires a small activation energy for the forma-
tion of a CO, molecule, in this case, both steps un-
dergoes spontaneously. It should be mentioned here
that the B—O distance in the intermediate
Fe,(BN),,—O species is found to be 1.38 A, which is
significantly larger than what has been found for
Fe(BN);¢—O complex. The weaker bond strength of
the O atom with the B atom of the cage is respon-
sible for the spontaneous removal of oxygen leading
to the formation of a second CO, molecule.

We believe that the primary reason for such cata-
lytic activity of the inert (BN);4 cage is the activa-

13 eV.
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the Fe(BN);4 cage toward oxidation of
CO into CO,. On the basis of these re-
sults it is predicted that if bulk iron is
coated with a very thin layer (monolayer)
of boron nitride then it can be used as
an oxidative catalyst, but a multilayer
coating will provide oxidation resistance
to Fe. We believe that these theoretical
predictions will encourage new experi-
ments to design a novel catalyst based
on easily available and cost-effective iron
particles.

CONCLUSION

!

Figure 5. The reaction path of the second CO, molecule from the Fe(BN);,—O inter-
mediate complex. The nudge elastic band method (NEB) was used to calculate the MEP.

The CO—O0 bond distances shown in the figure are given in angstroms.

tion of the nearest BN hexagonal ring by the encap-
sulated Fe. Once the cage atoms become active, it
adsorbs the O, molecule resulting in weakening of
the O—0 bond. This underlies the catalytic activity of

COMPUTATIONAL DETAILS
The total energy calculation and geometry optimization
were performed under density functional theory formalism
and plane wave basis set as implemented in the Vienna ab
initio simulation package (VASP).>°~>2 The electron—ion in-
teraction was described by the all-electron projector aug-
mented wave (PAW) method,>? as implemented in VASP by
Kresse and Joubert.>* The PAW pseudopotential was gener-
ated taking scalar relativistic corrections into account. The
spin-polarized generalized gradient approximation®® has
been used to calculate the exchange-correlation energy. The
cut-off energy for the plane wave basis set was fixed at 400
eV for all calculations performed in this study. A simple cu-
bic supercell of side 15 A was used to ensure that the peri-
odically repeated cluster images do not interact with each
other. The brillouin zone integrations are carried out at the
A@J\T \\K) VOL.2 = NO.7 = NIGAM AND MAJUMDER

In summary, we have demonstrated a
novel oxidative catalyst based on iron
clusters encapsulated inside the inert bo-
ron nitride cage. The results show that
the Fe, cluster can be stabilized inside
the (BN);4 cluster with reduction in the
spin moment from 14 to 10 pg. The influ-
ence of the iron incorporation inside the
boron nitride cage leads to the appear-
ance of localized energy states of the iron
clusters in the energy gap of the (BN)54
cluster leading to the activation of the in-
ert cage. This inference has been cor-
roborated by the adsorption of O, mol-
ecules on the outer surface of the boron
nitride cage without dissociation of the
O—0 bond. Further reaction of the gas
phase CO molecules leads to the forma-
tion of CO, spontaneously. The reaction
mechanism has been investigated via the
L—H and E—R routes, and the minimum
energy path calculations are performed
using the elastic band method. The re-
sults reveal that the CO, formation takes
place via the E—R route. Thus, the presence of Fe
nanoparticles inside the BN fullerene results in the
activation of the inert cage, which can be used in the
oxidation catalysis.

I" point only. The geometry of the clusters has been deter-
mined by ionic relaxation, using a conjugate gradient mini-
mization and the exact Hellmann—Feynman forces. The ge-
ometries are considered to be converged when the force on
each ion becomes 0.005 eV/ A or less. The total energy con-
vergence was tested with respect to the plane-wave basis set
size and simulation cell size, and the total energy was found
to be accurate to within 1 meV. To check the effect of relativ-
istic corrections, total energy calculations were repeated af-
ter incorporating the spin—orbit coupling term. However, no
significant changes were found on the binding energies of
these clusters.
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Supporting Information Available: Comparison of the calcu-

lated (experimental) values of the bond lengths and bond en-
ergy of O,, CO, and CO, molecules; calculated interaction energy
of O, with free and encapsulated Fe atoms/clusters; HOMO struc-
tures of (BN), Fe(BN);q, and Fe,(BN);4 clusters; molecule—
cluster reaction intermediate structures. This material is avail-
able free of charge via the Internet at http://

pubs.acs.org.
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