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The catalytic oxidation of CO at Pt-doped BNNT (5,5) has been investigated theoretically using density functional
theory. The electronic structures and thermochemical properties of CO and O2 that adsorbed on Pt embedded at
the B- andN-vacancy sites of BNNTs are analyzed. It is demonstrated that the different BNNT substrates canmod-
ify the electronic structure of the Pt catalysts and cause different effects in the catalytic activities. With the N-
vacancy (Pt(N)–BNNT), the Pt behaves as a Lewis acid for accepting an electron from the substrate, thus O2

binds stronger than CO molecules, thus alleviating the CO poisoning of the platinum catalysts. Coadsorption of
CO and O2 on Pt(N)–BNNT results in additional charge transfer to O2. CO oxidation proceeds via the Eley–Rideal
(ER) mechanism entails lower activation barrier and higher reaction rate than that of Langmuir–Hinshelwood
(LH) mechanism suggesting the superiority of the ER mechanism for CO oxidation at Pt(N)–BNNT. Therefore,
Pt(N)–BNNT might be a good candidate for low-cost, highly active, and stable catalysts for CO oxidation.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The catalytic oxidation of carbon monoxide (CO) has attracted
great interest not only for its important role in emission control of
environmentally-harmful pollutants, but also for CO2 lasers [1,2], re-
moving CO from hydrogen gas fuel to avoid electrode poisoning in
fuel cells [3], prototypical heterogeneous catalytic reaction in surface
chemistry that plays an essential role in evaluating activity [4–6], selec-
tivity and durability of a catalyst. Therefore, plentiful efforts have been
devoted to design efficient catalyst for converting CO to eco-benign
CO2 molecule [7]. Deposited nanoparticles (NPs) of transition metals
(TMs), such as Pt [8,9], Pd [10,11], Rh [6] and Au [12], can catalyze CO
oxidation making them attractive candidates for next generation cata-
lysts. Also Pt surfaces have been studied efficient for CO oxidation
such as Pt/FeOx [13] and Pt/Al2O3 [14]. Furthermore, Al, Fe, Cu and Pt
atoms embedded graphene have also been predicted to be highly effec-
tive for CO catalytic oxidation [15–20,7]. Metal subnanoclusters sup-
ported on a graphene sheet have been found to exhibit high activity
for oxidation reactions [21]. Moreover, Fe, Ru, Cu, Pt and Au atoms sup-
ported by hexagonal boron nitride nanosheet (h-BN) have been investi-
gated theoretically as a single metal catalysis for CO oxidation [22–27].
Decomposition of nitrous oxide on Fe-doped boron nitride nanotubes
(BNNTs) has been examined [28]. These studies suggest a possible
new direction in designing future catalysts with high efficiency.
niversity, P.O.Box 13518, Benha,
BNNTs, the structural analogues of carbon nanotubes (CNTs), have
been the subject of extensive research in recent years. Unlike CNTs,
BNNTs have a very large band gap (∼5.5 eV) that is almost independent
of the tube diameter, chirality, and number of walls. Moreover, BNNTs
exhibit excellent mechanical properties, high thermal stability, high
thermal conductivity, outstanding chemical stability and high oxidation
resistivity [13,20,28–30]. However, the poor electrical conductivity and
chemical inertness of pristine BNNTs might hinder their potential
application in the development of gas sensors, catalysts and electronic
devices [31–35]. Moreover, the ionic character of B–N bonds and possi-
ble vacancy defects benefit for BNNT as a support for heterogeneous cat-
alysts. BN-nanotubes present a great opportunity tomodify the catalytic
activity of supported metal atom catalyst, even superior to CNT [24].
Some common defects at BNNT such as vacancies and Stone–Wales de-
fects were experimentally identified [36,37]. H. Roohi et al. [38] found
that the structural properties and formation energies of the single va-
cancies, divacancies, and Stone–Wales defects in BN nanotubes are de-
pendent on the tube diameter as well as the length of the tube.
Previous theoretical and experimental [39–42] studies indicate that
the formation energy of a boron monovacancy is greater than that of a
nitrogen monovacancy, thus the probability of nitrogen monovacancy
is higher than the boron vacancy that is opposite to the results of Jin
et al. [43]. Therefore, nitrogen vacancy (VN) is considered as one of the
most interesting and intriguing type of point defects in BNNTs, because
it may control electrical [44], magnetic [45], and optical [46] properties
and can influence the hydrogen storage efficiency of BN nanotube [47].
The VN in BNNTs can be created by the low-energy ion bombardment,
using argon and nitrogen ions [48]. In addition, the theoretical
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calculations demonstrated that BNNTs were changed from insulators to
narrow band n- or p-type semiconductors through doping, [49–51] de-
formation, [52] and/or functionalization [53]. Meanwhile, the efficiency
of gas adsorption on nanotubes can be enhanced by topological defects
[54,55] or doping [56,57]. Strong binding energies between BNNTs and
many TMs suggest BNNTs to be good candidates as the stationary phase
in catalytic processes [58,59].

Very recently, theoretical results indicated that CO oxidation on
Si–BNNT was very close with those on Si deposited h-BN, suggesting
that these two Si-doped nanocomposites might exhibit similar catalytic
activities [60]. On the other hand, Pt-stabilized by vacancy defects on
h-BN demonstrated high catalytic activity for CO oxidation [18]. A.
Zobelli et al. [37] reported that BNNTs were more susceptible to bear a
monovacancy than h-BN. On the basis of the previous evidences, it is
natural to expect that Pt embedded in defective BNNT can also exhibit
a similar catalytic behavior. So that, in this work theoretical studies on
the catalytic performance of Pt deposited at various defective BNNT in
CO oxidation process will be examined using density functional theory
(DFT).

2. Computational framework

First-principle calculations have been performed for CO oxidation on
Pt-embedded boron nitride nanotube within the DFT method to shed
light on the interaction mechanisms between the gas molecules and
Pt-doped BNNT. The hybrid DFTwith Becke's three parameter exchange
functional [61] and the Lee–Yang–Parr correlation functional [62] have
been used in the calculations. The pristine BNNT (5,5) and (7,7) with
similar tube length 8 Å were constructed. The structure optimizations
of the Pt-doped BNNT and their adsorption structures with CO and O2

have been studied. In the case of (5,5) BNNT, 35 B and 35 N atoms
with radius 3.54 Å and average bond length 1.47 Å was simulated. The
chemical formula for Pt doping into the B and N single vacancies of
(5,5) BNNTs were PtB34N35 and PtB35N34, respectively. Also, the
supercell with 98 boron–nitrogen atoms and radius 4.97 Å for the
(7,7) BNNT was also simulated to study the effect of BNNT curvature
(diameter) on the catalytic performance of Pt deposited at various
sites of BNNT. The spin-unrestricted DFT calculations are performed
which have been widely utilized for BNNT with functionalization of
TMs.

All quantum chemical calculations based on the DFT/B3LYP method
using the SDD basis set (Stuttgart/Dresden ECP plus DZ) were per-
formed using GAUSSIAN 09 package [63]. The adsorption mechanisms
are discussed in terms of the natural bond orbital (NBO) analysis and
projected density of states (PDOSs) plots, which can provide a definitive
description for charge redistribution. The PDOSs for the Pt-doped BNNT,
their adsorptions structureswith CO andO2 and COoxidation have been
investigated. The PDOSs were plotted using the GaussSum 2.2.5
program [64] which is GUI utility tool to analyze the output from
GAUSSIAN 09 calculations. The highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO) and the en-
ergy gaps referred to the energy difference between HOMO and LUMO
orbitals (ΔEHOMO–LUMO) were also investigated at the same level of the-
ory. The molecular graphics of all related species were generated with
the Gauss View 5.0 program.

3. Results and discussion

3.1. Adsorption of Pt on pristine and defective BNNTs

The reactivity of a single platinum atom on the surface of pristine,
boron- and nitrogen-doped BNNTs (5,5) was investigated by calculating
the binding energy of platinumatomon the various adsorption sites. The
binding energy for the interaction Pt single atom on defective BNNT can
be calculated as Eb(Pt) = [E(Pt/BNNT_site)− E(BNNT_site)− E(Pt)]. In
all cases, the negative values correspond to exothermic processes. The
binding of Pt atoms that is adsorbed on the B-vacancy (VB) and the N-
vacancy (VN) sites of BNNT are −7.21 and −6.76 eV, respectively. The
binding energies are strong enough to prohibit the diffusion and aggre-
gation of the doped Pt atom. On the other hand, the interaction between
a single Pt atom and the defect-free BNNT is investigated in this work
with the adsorption energy of −1.34 eV for Pt atom. Since the binding
energy of Pt atom at defect free BNNT is significantly smaller than
those at the defect sites, the defect sites are vital in producing stable
Pt-BNNT. The calculated bond lengths are 1.94, 2.06, and 1.94 Å for the
Pt–N bonds in the Pt-VB doped BNNT, and 2.00, 2.09 and 1.99 Å for the
Pt–B bonds in the Pt-VN doped BNNT. The impurity Pt atom introduces
the deformation of the sixmembered ring near the doping site to relieve
stress resulting in the Pt protruding out of the tubewall due to the larger
atomic radius of Pt than those of substituted B and N atoms, which is in
agreementwith the results regarding the substitution ofmetals onto the
surface of boron nitride-based materials [65,66]. The vertical displace-
ment of the Pt atom out of the BNNT is 1.201 and 1.247 Å for the Pt(B)–
BNNT and Pt(N)–BNNT, respectively.

In contrast to the slightly negative partial charge accumulation on
the platinum atom (q(Pt) = −0.19 e) in the Pt N-doped BNNT, the Pt
atom that substitutes a boron atom donates 0.89e toward its three
bonding nitrogen atoms. The charge difference on the dopant Pt atom
between the B-substitution and N-substitution doping cases can be ex-
plained by the electronegativity disparity between B and N atoms. The
more electronegative N atom withdraws more electrons from the Pt
atom at the B-substitution than the N-substitution doping.

It is observed that the replacement of Pt atom by either B atom
(VB site) or N atom (VN site) leads to improve the conductivity of the
BNNT. The pristine BNNTs, are essentially electrical insulation with the
energy gap of 5.27 eV [28] can be tuned to a semiconducting character
by doping Pt atom at the VB site and VN site with the band gap of 2.60
and 1.76 eV, respectively. Thus boron vacancy is more stable than nitro-
gen vacancy as shown by both experimental and theoretical [43,67].
Hence, the reactivity of the Pt adsorbed at the BNNT enhances due to
the decreased band gap, andmakes the systemmore conductive. More-
over, the Pt-functionalization of defective BNNT can induce attractive
features, for example, rendering Pt as the active center in chemical reac-
tions, and can react with approaching CO and O2 molecules due to the
higher chemical reactivity of embedded Pt atom.

The strong interaction between the embedded Pt atoms and defec-
tive BNNT can be further confirmed by PDOS (Figs. 1a and 2a). However,
the contribution to the HOMO and LUMO in the Pt-embedded BNNT is
mainly due to the Pt and its nearest neighboring atoms, the contribu-
tions from the other atoms are negligible. The PDOS of Pt-sp, Pt-d and
N-sp states which localized on the Pt-VB are mainly contributed by the
interaction between the in-plane components of Pt-d states (HOMO)
and the N-sp states of N atoms that are surrounding the VB site over a
wide range of ~ −7.6 eV. This suggests that Pt atom uses its valence
states to interact with the defective states of the VB. In the case of
Pt(N)–BNNT (Fig. 2a), the LUMO that consists of Pt 6s and 6p orbitals is
dominated by B-2p states of B atoms around the N-vacancy. Conse-
quently, the overlap between the doped Pt atoms and the nearest B
atoms at VN is stronger than that of the nearest N atoms at VB sites;
which is consistent with [69].

Basically, like the CNTs, the electronic andmechanical properties for
BNNTs with small size can be different from their large sized counter-
part [68–71]. In order to explore the size-dependent features of defec-
tive BNNT that doping with Pt atoms, the calculations are extended to
other considered (7,7) tubes with similar nanotube length. The results
show that, the formation energy of B- and N-vacancy sites of BNNT
with a smaller diameter (5,5) is lower than that with a larger diameter
(7,7). This is in agreement with [29,68]. Instead, the bond lengths of
both N–N and B–B bonds at the VB and VN defects in BNNT decrease
very slightly as the diameter of the tube increases. As well as the ability
of VB and VN defects in BN nanotubes to adsorb Pt decreases for nano-
tubes with larger diameters.
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Fig. 1. The projected density of states (PDOS) of (a) Pt(B)–BNNT (b) CO-Pt(B)–BNNT (c) O2-Pt(B)–BNNT. Pt-sp (blue) Pt-5d (red), N-2p (green), and CO or O2-2p (black) orbitals in the Pt
embedded BNNT with the B-vacancy. Spin-up (↑) and spin-down (↓) states are marked as positive and negative values, respectively. The Fermi level was set to zero.
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On the other hand, to examine the influence of nanotube length on
the formation energy of B- and N-vacancy sites and the Pt adsorption,
a (5,5) BNNT with length (12 Å) was considered using a similar ap-
proach. It is demonstrated that as the tube length increases, the forma-
tion energy of VB andVN increases. The optimized geometric structure of
themost stable long-tube (5,5) BNNT dopedwith Pt atom has been rep-
resented in Fig. 3. For comparison, the adsorption of Pt at shorter BNNT
(8 Å) is greater than that of long-tube (5,5) BNNT (12 Å).

3.2. Adsorption of O2 and CO on Pt-embedded BNNT

To investigate the oxidation of CO on Pt-doped BNNT, the adsorption
of CO and O2 on Pt-doped BNNT was first examined. The optimized
structures of CO and O2 complexes over Pt(B)–BNNT and Pt(N)–BNNT
centers had been illustrated in Tables 1 and 2. The adsorption energies,
Eb, for the different coverages of X (CO, O2, O or CO2) are defined by the
formula Eb(X) = [E(X-Pt-BNNT_site) − E(Pt-BNNT_site) − E(X)].
Where E(X-Pt-BNNT_site) is the total energy of X (CO, O2, O or CO2)
that adsorbed at Pt-BNNT_site system, E(Pt-BNNT_site) is the total en-
ergy of Pt atom trapped by the VB or VN at BNNT and E(X) refers to
total energy for isolated CO, O2, O or CO2. The geometrical parameters,
binding energies and charge-transfer were represented in Tables 1
and 2. The results of these tables show that unlike the weak adsorption
on pure-BNNT, CO molecule is chemisorbed on the Pt-doped BNNT
forming the C–Pt bond that is tilted toward the nanotube surface. The
arrangements of the adsorbed CO on Pt-embedded BNNT are consistent
with that of on Pt-doped hexagonal boron nitride nanosheets [66] and
the Pt on graphene [19]. It is observed that the interactions of CO
molecules are stronger at the Pt that is deposited on the VB site
(Eb = −2.15 eV) site than on the VN site (Eb = −1.245 eV), Tables 1
and 2. The distance between the CO and the Pt embedded at VB-BNNT
and VN-BNNTwas 1.94 and 2.03 Å, respectively suggesting the decrease
in the interaction strength between the CO and the Pt-embedded at VN

itself. The lengths of the three Pt–N bonds in the optimized OC-Pt(B)–
BNNT configuration are elongated to be 2.04, 1.94 and 2.04 Å and to
be 2.03, 1.92 and 2.02 Å in the OC-Pt(N)–BNNT configuration indicating
that the interaction of the Pt atom and the defective BNNT becomes rel-
atively weak due to the chemical interaction between the CO molecule
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Fig. 2. The projected density of states (PDOS) of (a) Pt(N)–BNNT (b) CO-Pt(N)–BNNT (c) O2-Pt(N
embedded BNNT with the N-vacancy. Spin-up (↑) and spin-down (↓) states are marked as pos
and the Pt atom. The angle of Pt–C–O at VB and VN is 176.6° and 174.0°
respectively. The C–O bond length (1.17 and 1.18 Å) is slightly longer
than that of the isolated CO, indicating that adsorption processweakens
the O–C bond of CO molecule [72].

NBO analyses demonstrate that maximum charge transferred from
CO molecule to the Pt atom trapped by VB and VN are about 0.19 and
0.04 e, respectively. Therefore, the CO molecule acts as an electron
donor and the embedded BNNT acts as an electron acceptor in the ad-
sorption processes. The total charge transfer at B-vacancy is significantly
larger than at N-vacancy, thatmay be result from the electron attracting
ability of neighboring nitrogen atoms is stronger than that of boron
atoms. Due to the adsorption of CO molecule, the band gap of the
OC-Pt(B)–BNNT system increases to 1.91 eV however at OC-Pt(N)–
BNNT system it reduced to 1.83 eV.

It is well-known that CO molecule is widely used as a probe mole-
cule to explore the surface properties of catalysts and the interaction be-
tween adsorbates and catalysts because its vibration is sensitive to the
nature of the adsorption sites. It has also been reported that the CO sur-
face coverage and surface charge properties [73,74] can influence the
CO frequencies. The calculated IR bands, Raman, force constants, dipole
strengths, P- and U-depolarization spectra of CO complexes are collect-
ed in Table 3. The linear CO frequency which adsorbed at Pt(B)–BNNT is
at 2023.4 cm−1. However, the negative chargewas assigned to Pt doped
at VN-BNNT gives rise to the CO frequency shifts to 1921.0 cm−1, indi-
cating that negative charge on Pt surface will lead to the red shift of
CO frequency, P- and U-depolarization spectra. Meanwhile, the intensi-
ty of peak increased to some extent. Thus the nature and the location of
the sites on which CO adsorb exhibits to various ν (CO) bands.

Previous studies suggested that more than one molecule of CO
should result in further stabilization as the coordination sites on the Pt
center are becoming more saturated [75]. Geometry optimization has
been carried out where two molecules of CO bonded to the Pt atom
with the C-end orientation. It is demonstrated that two CO are adsorbed
almost identically around the Pt atom that trapped byVB or VN as shown
in Fig. 4, two CO molecules adsorbed in an almost symmetric fashion
with average adsorption energies of−1.57 and−1.00 eV per COmole-
cule, forming a V-shape O–C–Pt–C–O structure at VB and VN sites re-
spectively. The net energies released owing to the second adsorption
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)–BNNT. Pt-sp (blue) Pt-5d (red), B-2p (green), and CO or O2-2p (black) orbitals in the Pt
itive and negative values, respectively. The Fermi level was set to zero.



(a) Pt(B)–BNNT (b) Pt(N)–BNNT

Eb(eV) = -6.24 Eb(eV) = -6.91
qPt=0.89 qPt = -0.07

Fig. 3. Optimized structures, binding energy (eV) and charges (q) in a.u. for the Pt embedded in the defective BNNT (5,5) with tube length 12 Å.
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were only−1.22 and−0.88 eV at Pt(B)–BNNT and Pt(N)–BNNT sites, re-
spectively. These values are slightly below those for the adsorption of a
single CO molecule due to the increased steric hindrance around the Pt
center [75]. The energy gaps between the HOMO and LUMO have
reverted to 2.56 and 2.29 eV for 2CO adsorbed at Pt(B)–BNNT and
Pt(N)–BNNT, respectively. These band gaps are larger than those in the
1CO adsorbed at Pt-embedded BNNT, hence the conductivity and reac-
tivity of the Pt-embedded BNNT decreases with onemore CO adsorbed.
The distance between the CO molecules and the Pt embedded at VB-
BNNT and VN-BNNT has increased from 1.94 to 1.98 Å and from 2.05
to 2.06 Å, respectively indicating an overall decrease in the interaction
Table 1
Geometrical parameters (Å) binding energy (eV) and charges (q) in a.u. for Pt atom and X (CO

Bond details

Species Bond Length (Å) Eb(eV)

CO-Pt(B)–BNNT C–O 1.17 −2.15
Pt–C 1.94

O2-Pt(B)–BNNT O–O 1.35 −2.04
Pt–O 2.19
Pt–O 2.29

2CO-Pt(B)–BNNT Pt–C 1.98 −1.57
Pt–C 1.98
C–O 1.17
C–O 1.17
strength between the CO and the Pt-embedded BNNT. The back dona-
tion has also diminished to 0.19 at VB and 0.31 at VN for each CO. All at-
tempts to coordinate three CO molecules to Pt-doped BNNT were
unsuccessful, due to the increased steric bulk of the nanotube ligand;
this is consistent with [75]. Consequently CO interaction can inhibit
the gasification reaction due to the blockage of active sites.

Stationary points have been fully optimized and characterized by vi-
brational frequency calculations, which also provided zero point vibra-
tional energies (ZPE), enthalpies (H) and Gibbs free energies (G). The
vibrational frequency computations have been carried out at 298.15 K
and standard pressure. Thermodynamic property changes (ΔZ)
, O2, 2CO) molecules at the Pt-embedded BNNT (5,5) with the B-vacancy.

Charge details

qPt qX

0.60 0.19

0.95 −0.31

0.23 0.63



Table 2
Geometrical parameters (Å) binding energy (eV) and charges (q) in a.u. for Pt atom and X (CO, 2CO, O2, O, CO2) molecules at the Pt-embedded in the BNNT (5,5) with the N-vacancy.

Bond details Charge details

Species Bond Length (Å) Eb(eV) qPt qX

CO-Pt(N)–BNNT C–O 1.18 −1.25 −0.30 0.04
Pt–C 2.03 (−1.25)c

O2-Pt(N)–BNNT O–O 1.41 −3.48 0.04 −0.48
Pt–O 2.18 (−3.66)c

Pt–O 2.20

CO2-Pt(N)–BNNT Pt–O 2.48 −0.38 0.09 0.07
C–O 1.20
C–O 1.18

O-Pt(N)–BNNT Pt–O 1.98 −5.37 0.01 −0.43

2CO-Pt(N)–BNNT Pt–C 2.06 −1.00 −0.84 0.38a

0.19bPt–C 2.06
C–O 1.16
C–O 1.16

a Total charge transferred from 2CO molecules.
b Total charge transferred from each CO molecule.
c The end of BN nanotubes is saturated by hydrogen atoms.
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i.e., Gibbs free energy (ΔG0), enthalpy (ΔH0) and zero point energy
(ΔEZPE) changes of complexes can be calculated by equation ΔZ =
Zp−Zr, where Zp are the thermodynamic properties of a products
and Zr are the thermodynamic properties of reactants. Therefore, to ex-
plore the effect of entropy and temperature on the adsorption process-
es, ΔG0 were calculated at standard temperature and pressure
Table 3
Infrared, Raman, force constant, infrared intensity, dipole strength, P- and U-depolarization spe
steps of ER mechanism for CO-oxidation.

System Infrared frequency
(cm−1)

Force constant
(mDyne/A)

Infrare
intensi

CO-Pt(N)–BNNT 1921.0 28.94 1503.4
CO-Pt(B)–BNNT 2023.4 32.09 1063.2
CO-O2-Pt(N)–BNNT (ER step 1) 2285.3 39.60 1093.7
CO-Oads-Pt(N)–BNNT (ER step 2) 2313.2 40.59 1345.4
(STP,1 atm. and 298 K), using B3LYP/SDD level which was used for op-
timizations. The results in Table 4 indicate that the adsorption process to
formCO–Pt(B)–BNNT complex is an exothermic reaction (ΔH0 b 0), with
a negative ΔG0 value of about−18.67 for CO–Pt(B)–BNNT complex and
0.46 kcal/mol, respectively. In contrast the interaction of CO at Pt(N)–
BNNT is less thermal stable at the same conditions.
ctra of CO at the Pt-embedded in the BNNT (5,5) with the B- and N-vacancy and two final

d
ty

Dipole strength
(10−40 esu2 cm2)

Raman scattering activity
(A2/AMU)

P-depol. U-depol.

3122.1 161.6 0.50 0.67
2096.2 401.4 0.21 0.35
1909.2 503.5 0.23 0.37
2320.3 1574.2 0.01 0.02



Fig. 4. Optimized structure of 2CO molecules adsorbed at (a) Pt(N)–BNNT and (b) Pt(B)–BNNT. Atoms are color labeled: B (pink), N (blue), Pt (cyan), O (red), and C (gray).
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For the O2 molecule, another key reactant in CO oxidation, the pre-
ferred adsorption orientation is nearly parallel to the BNNT with two
Pt–O bonds formed, rather different from CO. The results that presented
in Tables 1 and 2 show that O2 adsorbs on Pt(B)–BNNT and Pt(N)–BNNT
with the binding energies of −2.04 and −3.48 eV, respectively. The
two Pt–O chemical bonds are formed with the bond distances of 2.20,
2.29 Å at VB, slightly longer than that at VN (2.18 and 2.20 Å). The O–O
bond length in adsorbed O2 is enlarged similar to the superoxide
state (the calculatedO–Obond length inO−2 is 1.38Å). NBOanalysis re-
veals that 0.477 e and 0.31 e charge transfer from the Pt(N)–BNNT and
Pt(B)–BNNT into the 2π⁎ antibonding orbital of O2, in agreement with
the elongation of O–O bond length. Themore pronounced charge trans-
fer and the bond elongation of O2 on the Pt(N)–BNNT (−0.48 e, 1.41 Å)
than those on the Pt(B)–BNNT (−0.31 e, 1.35 Å) suggest the stronger in-
teraction of O2 on the Pt(N)–BNNT (Eb =−3.48 eV) than that on the
Pt(B)–BNNT (Eb =−2.04 eV). Hence, the elongated O–O bond is corre-
lated with transferring of electrons to O2, i.e., the more charge trans-
ferred to O2 from the Pt doped BNNT systems; the more elongated the
O–O bond lengths. This effect is essentially strong for the VN defect
that can act as an electron donor for the doped Pt atom. Obviously,
these results give rise to speculate that the O2 molecule could be
dissociated on the surface of Pt doped BNNT.

Table 4 shows the corresponding enthalpies and Gibbs free energies
of O2 molecule at Pt(B)–BNNT and Pt(N)–BNNT complexes. It is observed
that the high negative values of the thermodynamic parameters shown
in Table 4 confirm the well-known fact that O2 chemisorption occurs
readily on both Pt(N)–BNNT and Pt(B)–BNNT sites even at room temper-
ature. This process, and especially its O2 dissociation step, is predicted to
be more exothermic and more spontaneous on the Pt(N)–BNNT than on
Pt(B)–BNNT counterpart.

To gain a deeper understanding of the interaction between the
doped Pt atoms and adsorbate (CO or O2) the PDOSs are computed. As
Table 4
Thermodynamic parameters of CO and O2 adsorption on Pt embedded-BNNT (5,5) and differe

Reaction ΔG0 ΔH0

CO + Pt(N)–BNNT = CO-Pt(N)–BNNT 0.46 −10.1
CO + Pt(B)–BNNT = CO-Pt(B)–BNNT −18.67 −28.9
O2 + Pt(N)–BNNT = O2-Pt(N)–BNNT −70.62 −79.0
O2 + Pt(B)–BNNT = O2-Pt(B)–BNNT −61.72 −76.2
CO + O2-Pt(N)–BNNT = CO2 + Oads-Pt(N)–BNNT −33.67 −40.6
CO + Oads-Pt(N)–BNNT = Pt(N)–BNNT + CO2 −21.52 −25.9

ΔG0 (kcal/mol), is theGibbs free energy changeof the process.ΔH0 (kcal/mol), is the enthalpy chan
ΔE0ZPE (kcal/mol), is the zero point vibrational energy change of the process. Thermal energy Et (
evidenced by the PDOS (Figs. 1 and 2b,c), the hybridization between
Pt-5d and CO-2p orbitals is weak near the Fermi level (EF). In contrast
with the Pt(N)–BNNT, the Pt 5d peaks are slightly increased in the CO
adsorbed at Pt(B)–BNNT due to the electronic charge transferred from
the occupied CO5σ states to Pt. Also, in comparisonwith the CO adsorp-
tion, a stronger overlap between the metal 5d orbitals and O2-2p or-
bitals near EF can be observed that is almost certainly responsible for
the strong adsorption of O2 at the Pt(N)–BNNT and significant weaken-
ing of the O–O bond. Accordingly, O2 species can be efficiently activated
by the Pt(N)–BNNT surface and the incoming COmolecule might facilely
the adsorbed O2 to produce CO2, consequently enhancing the perfor-
mance of the CO oxidation.

However, owing to the adsorption energy discrepancy, the Pt atom
adsorbed at the nitrogen vacancy sites possesses a charge of −0.19 e;
but in the case of Pt adsorption on a VB-BNNT center the charge localized
on Pt is+0.89 e. Thereby, VN donates electrons to the adsorbed Pt,while
VB acts as an electron acceptor. The charge excess on the supported Pt
atom results in a stronger binding of O2 to the Pt; while charge deficien-
cy on Pt results in stronger binding of CO. Since the charge state of the
supported Pt strongly influences the adsorption of O2 and CO, the
defected BNNT supports dramatically affect O2 and CO adsorption to
the supported Pt atoms. The calculated binding energies indicate that
there might be a competition between the CO and O2 adsorption at
the metal site. At the Pt(N)–BNNT, the O2 binds stronger than CO, the
metal center will be overpopulated with the O2 species. Whereas at
the Pt(B)–BNNT the metal site will be covered by CO which binds stron-
ger than O2, hence might poison the catalyst. Based on the present cal-
culations, O2 is expected to preferentially occupy the Pt-N substitution
allowing reaction with the incoming CO species via an Eley–Rideal
(ER) type mechanism [67].

As shown in Table 2, the atomic O strongly interacts with the Pt-VN-
BNNT yielding adsorption energy of−5.37 eV and the distance between
nt pathways of oxidation of CO on the Pt(N)–BNNT surface.

ΔS0 ΔE0ZPE Et Cv

7 −34.49 −27.61 262.54 187.86
5 −35.66 −46.75 263.97 188.48
2 −47.02 −78.77 262.56 189.31
4 −37.58 −74.56 247.67 187.18
1 −23.29 −59.02 248.31 188.93
3 −14.80 −44.59 255.49 196.92

ge of theprocess.ΔS0 (cal/molK) is the entropy changeof theprocessΔS0=(ΔH0−ΔG0) / T.
kcal/mol), and heat capacity at constant volume Cv (cal/mol K).



Table 5
Structural parameters and calculated activation energies for co-adsorption of CO and O2 for the IS, TS and FS through the LH-mechanismof the CO oxidation on the Pt(N)–BNNT (5,5) along
two reaction pathways (a) CO + O2 → OOCO → CO2 + Oads on Pt(N)–BNNT (b) CO + Oads → OCO → CO2, as displayed in Fig. 6.

d(C–O) d(O1-Pt) d(O2-Pt) d(C–Pt) d(C–O2) d(O1–O2) ∠O1–C–O qPt qO2/O qCO Eb EcoadsCO ΔE Ebar

(a)
LH-IS1 1.18 2.17 2.20 2.01 1.88 1.41 109.8 −0.11 −0.63 0.20 −4.87 −2.44 −3.12 1.04
LH-TS1 1.19 2.01 2.41 2.11 1.26 1.56 131.2 −0.12 −0.61 0.20
LH-FS1 1.18 2.00 2.84 2.42 1.20 2.23 176.3 −0.11 −0.65 0.27

(b)
LH-IS2 1.18 2.10 – 1.98 3.00 – 119.5 −0.16 −0.67 0.08 −5.56 −2.13 −1.85 0.51
LH-TS2 1.20 2.11 – 2.24 1.87 – 123.1 −0.15 −0.39 −0.16
LH-FS2 1.18 2.44 – 2.94 1.21 – 177.7 −0.12 −0.39 −0.06

The activation energy barrier Ebar is calculatedwith Ebar= ETS− EIS and the reaction energyΔE is calculated byΔE=EFS− EIS, where IS, TS and FS are the initial, transition andfinal states,
respectively. The reaction energy with positive and negative value represents endothermic and exothermic reactions, respectively.
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O atom and doped-Pt is calculated to be 1.98 Å. In stark contrast to CO,
O2 and O, CO2 is observed to physically adsorb above the Pt(N)–BNNT
with an adsorption energy (−0.38 eV). Hence, as a final product, CO2

can readily desorb from the Pt(N)–BNNT catalyst at the room tempera-
ture. In addition, the binding of CO2 on the Pt(N)–BNNT (−0.38 eV) is
smaller than that on the Pt on pristine BNNT (−0.87 eV), indicating
that a CO2 molecule is more facilely desorbed from the Pt(N)–BNNT.
Consequently, the Pt(N)–BNNT can strongly bind the reactants (O2, CO,
and O atom), and release the CO2 molecule easily, which may facilitate
the CO oxidation.

The coadsorption energy of CO adsorbed on the Pt(N)–BNNT surface
with pre-adsorbed O2 molecule is calculating using the following ex-
pressions:

ECOcoads ¼ E COþ O2ð Þ=Pt Nð Þ–BNNT–E O2=Pt Nð Þ–BNNT
� �

–ECO

ECOcoads ¼ E COþ Oð Þ=Pt Nð Þ–BNNT–E O=Pt Nð Þ–BNNT
� �

−ECO

where E(CO + O2) / Pt(N)–BNNT is the total energy of Pt(N)–BNNT −
(CO + O2) system. E(O2 / Pt(N)–BNNT) is the total energy of O2 / Pt(N)–
BNNT and ECO is the total energy for isolated CO molecule.

In addition, the binding Eb of the coadsorbed species is calculated
using the relation [76]:

Eb ¼ E COþ O2ð Þ=Pt Nð Þ–BNNT−E Pt Nð Þ–BNNT
� �

−ECO−EO2:

The binding energies of coadsorbed CO and O2 at the Pt atom
trappedby the VN defect (−5.30 eV) aremore stable than the individual
adsorption CO and O2 on embedded Pt. This fact demonstrates the ap-
pearance of a cooperative effect in coadsorption of O2 and CO, similar
to those discussed in Refs [77–80] and references therein. Also, the
coadsorption energy of CO at O2-Pt(N)–BNNT reaction site is found to
be−2.67 eV, suggesting that it is energetically stable.

Tables 5 and 6 present the calculated charge localized on O2 and CO
molecules of the most stable configurations when CO and O2 are
coadsorbed on Pt(N)–BNNT center. The charge localized on O2 is larger
Table 6
Structural parameters and calculated activation energies for co-adsorption of CO and O2 for the
reaction pathways (a) CO + O2 → OOCO→ CO2 + Oads on Pt(N)–BNNT (5,5) (b) CO + Oads→

d(C–O) d(O1–Pt) d(O2–Pt) d(C–Pt) d(C–O2) d(O1–O2)

(a)
ER-IS1 1.15 2.18 2.20 4.65 2.80 1.41
ER-TS1 1.16 2.13 2.81 3.96 2.20 1.97
ER-FS1 1.18 1.98 2.97 3.74 1.19 2.89

(b)
ER-IS2 1.16 1.98 – 4.37 3.07 –
ER-TS2 1.18 2.06 – 3.22 1.79 –
ER-FS2 1.18 3.31 – 3.84 1.19 –
than for the corresponding configurations without CO. It is interesting
that in the case of O2 and CO coadsorption on Pt trapped by a VN defect
the extra charge onO2 originates from the COmolecule itself, i.e., the CO
molecule plays the role of an electron donor. The results reveal that
pushing the system to the transition state makes the CO and O bands
overlap and the product state PDOS has a clearmolecular-like electronic
structure of CO2 with a double peak at −15 to −17 eV below Fermi
level, Fig. 5. This is confirmed by the infrared results that are presented
in Table 3where the IR spectrum of carbon dioxide has a strong absorp-
tion band that caused by asymmetrical C_O stretching at about 2285.3
and 2313.2 cm−1. This result is consistent with [81]. Although, a contin-
uous up shift of the IR bands, Raman scattering activity, force constants
and dipole strength, a parallel down shift of infrared intensity, P- and
U-depolarization spectra are observed under the effect of different
BNNT sites.

To evaluate the effect of BNNT curvature (diameter) on CO and O2

adsorption, a similar calculation procedures were investigated for a sin-
gle Pt atom attached to the pristine, VB and VN defects on the BNNT
(7,7). Table 7 shows the optimized geometric structure of themost con-
figurations. The corresponding binding energies and depicted geometry
structure data are listed in Table 7. Upon comparing the results obtained
for the (5,5) and (7,7) BNNTs, it is demonstrated that the binding ener-
gies for the adsorption of CO andO2molecules at Pt doped to the various
active sites of the BN-nanotube decrease with increasing BNNT
diameter.
3.3. Reaction mechanisms for the CO oxidation

As a heterogeneous reaction, CO oxidation can be proceeding
through two mechanisms: Langmuir–Hinshelwood (LH) mechanism
and the Eley–Rideal (ER) mechanism, depending on the chemical na-
ture of the catalysts [15–19,82,83]. The LH mechanism involves the
coadsorption of O2 and CO molecules before reaction. In the ER mecha-
nism, the preadsorbed O2 reacts directly with physisorbed COmolecule
followed by the formation of an intermediate state and desorption of
IS, TS and FS through the ER-mechanism of the CO oxidation on the Pt(N)–BNNT along two
OCO → CO2, as displayed in Figs. 5 and 7.

∠O1–C–O qPt qO2/O qCO Eb EcoadsCO ΔE Ebar

119.2° −0.01 (−0.47) (0.01) −5.30 −2.67 −3.63 0.37
135.4° 0.00 (−0.55) (0.06)
178.6° 0.01 (−0.99) (0.57)

122.0° 0.02 −0.44 (0.01) −7.25 −1.88 −1.80 0.24
135.6° 0.09 −0.72 (0.21)
179.6° 0.14 −0.58 (0.66)
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Fig. 5. The projected density of states (PDOS) of reaction (a) CO+O2→OOCO→ CO2+O(ads) on Pt(N)–BNNT and reaction (b) CO+O(ads)→OCO→ CO2 . Pt-sp (blue) Pt-3d (red), B-2p
(green), and CO-2P (black) or O2-2p (purple) orbitals in the Pt embedded BNNT with the N-vacancy. Spin-up (↑) and spin-down (↓) states are marked as positive and negative values,
respectively. The Fermi level was set to zero.
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CO2molecule. The larger adsorption energy of O2 (−3.48 eV) compared
with the CO (−1.25 eV), and the elongated O2 bond on the Pt(N)–BNNT
(1.41 Å) suggest the possible reaction process of CO oxidation by the ER
mechanism. Although the difference in adsorption energy between CO
and O2 is relatively large, the coadsorption energy of CO and O2 mole-
cules (−2.67 eV) indicates that there is a certain probability of having
Table 7
Geometrical parameters (Å) binding energy (eV) and charges (q) in a.u. for Pt atom and X (CO

Bond details

Species Bond Length (Å) Eb(eV)

CO-Pt(B)–BNNT C–O 1.16 −2.12
Pt–C 1.97

O2-Pt(B)–BNNT O–O 1.30 −1.98
Pt–O 2.21
Pt–O 2.31

CO-Pt(N)–BNNT C–O 1.17 −1.11
Pt–C 2.05

O2-Pt(B)–BNNT O–O 1.36 −3.35
Pt–O 2.23
Pt–O 2.24
O2 and CO coadsorbed on Pt(N)–BNNT as reported in literatures [16,18,
19]. Therefore, to clarify the preferred mechanism for CO oxidation on
the Pt(N)–BNNT substrate both mechanisms were investigated.

According to the LHmechanism, The configuration of coadsorbed CO
and O2 on the Pt(N)–BNNT is considered as the initial state (LH-IS1) in
Fig. 6 where CO and O2 molecules are tilted and parallel to the Pt(N)–
, O2) molecules at the Pt-embedded in the BNNT (7,7) with the B- and N-vacancy.

Charge details

qPt qX

0.58 0.18

0.87 −0.27

−0.25 0.01

0.03 −0.39



LH-IS1 LH-TS1 LH-FS1

LH-IS2 LH-TS2 LH-FS2

Fig. 6. Geometries of the initial state (IS), transition state (TS) and final state (FS) for two steps in LH-mechanism for the CO oxidation on the BNNT with Pt embedded in the N-vacancy.
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BNNT surface, respectively. During this endothermic process, the O–O
distance in O2 is elongated from 1.41 Å in LH-IS1 to 1.56 Å in LH-TS
and one Pt–O bond is elongated from 2.20 to 2.41 Å to approach the car-
bon atom of CO and reach the transition state (LH-TS1). Hence a new
C–O2distance is shortened from1.88 Å to 1.26Å, implying the strength-
ening of the C–O2 interaction and theweakening of theO1–O2 and Pt–C
interaction. After overcoming an energy barrier of 1.04 eV, a
physisorbed CO2 and an O atom adsorbed on Pt(N)–BNNT (LH-FS1) are
produced. The subsequent reaction takes place between another gas-
eous CO molecule and the adsorbed atomic O1 adsorbed at Pt(N)–
BNNT (LH-IS2) to form a second physisorbed CO2 (LH-FS2) for the re-
generation of Pt atom as available reaction center, see Fig. 6 and
Table 5. Within LH-TS2, the Pt–CO distance is increased from 1.98 Å in
LH-IS2 to 2.24 Å and the C–O1 distance is decreased from 3.00 to
ER-IS1 ER-T

ER-IS2 ER-T

Fig. 7. Geometries of the initial state (IS), transition state (TS) and final state (FS) for two steps
1.87 Å due to the formation of an interaction between CO and
preadsorbed O atom. As expected from the high reactivity of the
adsorbed O atom (O1) and the strong exothermic formation of CO2,
the formation of LH-FS2 is exothermic by 1.85 eV with respect to
LH-IS2. The corresponding energy barrier along the reaction pathway
is estimated to be 0.51 eV.

Moreover, the ER mechanism is considered for CO oxidation as a
probe of the catalytic activity of Pt-BNNT. The ER reaction proceeds as
follows: Pt(N)–BNNT + O2(gas) + CO(gas) →Pt(N)–BNNT−O2(ads) +
CO(gas) → Pt(N)–BNNT−O(ads) + CO2(ads) →Pt(N)–BNNT + CO2(gas).
The configurations for the initial state (IS), transition state (TS), and
final state (FS) are displayed in Fig. 7. The corresponding binding ener-
gies and depicted geometry structure data of the three configurations
are listed in Table 6 and Fig. 7. At ER-IS1 the adsorption energy and
S1 ER-FS1

S2 ER-FS2

in ER-mechanism for the CO oxidation on the BNNT with Pt embedded in the N-vacancy.



Table 8
Geometrical parameters (Å) binding energy (eV) and charges transfer of Pt2 and Pt3 Clusters at the B- and N-vacancy BNNT (5,5).

Eb(eV) dPt–B dPt–N dPt–Pt QPtn

Pt2
Defect free −1.15 2.27 2.19 2.43 0.13

VB −7.264 1.96
2.08
1.99

2.49 0.64

VN −7.662 2.04
2.11
2.01

2.56 −0.36

Pt3
Defect free −1.07 2.29 2.26 2.54

2.54
2.48

0.21

VB −6.718 1.99
2.10
2.02

2.63
2.62
2.46

0.73

VN −6.863 2.05
2.14
2.03

2.69
2.69
2.46

−0.37
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structure data, there is no interaction between CO and O2-Pt-VN system.
At ER-TS1, the O1–O2 bond lengthwas about 1.97 Å, and the distance of
C–O2 decrease from 2.8 to 2.2 Å. At ER-FS1, the CO2 molecule was
formedwith one oxygen atom(O1) adsorbed at Pt(N)–BNNT. The results
are listed in Table 6 that reveal this exothermic reaction
(ΔE = −3.63 eV) has an activation energy barrier of 0.37 eV. Further-
more, a second ER step has been investigated, in which CO is oxidized
by the atomic oxygen atom O1, which is still existing after the genera-
tion of the first CO2 product. In Fig. 7, a parallel orientation of the CO
more than 3.07 Å away from the preadsorbed O1 atom on Pt is chosen
as the initial state (ER-IS2). At ER-TS2, COmolecule with the C-end ori-
entation attacks the O1 atom with the C–O1 distance of 1.79 Å. At ER-
FS2, a CO2 molecule is formed above the reaction site where the dis-
tance of Pt–O1 enhanced to be 3.31 Å. The activation energy for this
step is calculated to be 0.24 eV,which is slightly smaller than the gener-
ation of the first CO2 and the exothermicity is−1.80 eV. Therefore, after
CO2 desorption, the Pt(N)–BNNT catalyst is recovered for a new cycle of
CO oxidation.
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The kinetic parameters are summarized in Table 6, togetherwith the
thermodynamic parameters in Tables 4 and 6, of two steps in the oxida-
tion process emphasize that the lower energy barrier; the easier desorp-
tion of CO2 on Pt(N)–BNNT site in ER mechanism. The existence of the
commonly observed linear-free-energy-type relationship, the decrease
in adsorption enthalpy and other thermodynamic parameters of the
two steps in the ER mechanism of CO oxidation process, are coinciding
with the lower adsorption activation energy. On the other hand, Et,
and Cv values of the second step were always greater than those of
first step at the same temperature and pressure.

In the ER-mechanism, the energy barriers at room temperature for
each step in Fig. 7 are: Ebar = 0.37 eV for step 1, Ebar = 0.24 eV for
step 2. The reaction time for each step in Fig. 7 at room temperature is
calculated by the following expression,

τ ¼ 1

νe
−Ebar
KBT

� �

Where v is in order of 1012 Hz, KB is the Boltzmann constant and T =
298.15 K. τ1 = 1.98 × 10−6 s for step 1 and τ2=12.83 × 10−9 s for
step 2, respectively. Consequently, the CO oxidation on Pt(N)–BNNT
site following the ER reaction pathway entails lower activation barriers
and higher reaction rate than that of LH pathway suggesting the superi-
ority of the ER mechanism for CO oxidation.

Finally, it is demonstrated that the activity of nano-materials sup-
ported transition metal catalysts is strongly dependent on the disper-
sion and stability of TM clusters on the support [65,84–87]. To verify
the possibility of clustering on BNNT substrate, the geometry and elec-
tronic structures of the defect-free and defective BN nanotube doped
with the Pt cluster, e.g., Pt dimer and trimer have been investigated
using DFT calculations. The binding energies (Eb) of Ptn clusters on
BNNT surfaces were calculated as

Eb ¼ EPt nð Þ =BNNT site − EBNNT site þ EPt nð Þ

� �

where EPtðnÞ=BNNT site
, EBNNT_site and EPtðnÞ stand for the total energies of

the adsorbed Pt(n) clusters (n = 2,3) at BNNT_site, isolated BNNT_site
and Pt(n) clusters, respectively. The corresponding values of optimized
structures, the binding strength of Pt clusters and charges transfer for
the deposition of the Pt2, Pt3 on the pristine BNNT, VB and VN sites
have been summarized in Table 8.

After full geometry optimizationwith the various locations of second
Pt atom, themost stable configurations for the adsorbed Pt dimer occu-
py either inclined from the surface normal (defect free and VB) or verti-
cally (VN) relative to the surface plane. As compared with the pristine
BNNT, the binding strength of Pt clusters on defective BNNT is signifi-
cantly enhanced due to their strong hybridization with the vacancy
site. Thus, the point defect on BNNT plays a vital role on anchoring Pt
clusters, ensuring their high stability. At the pristine BNNT, themost sta-
ble configuration of Pt dimer is bound at the B-N bridge site. The Pt–Pt
bond length in the adsorbed form is elongated to 2.43 Å as compared
with the gas-phase bond length of 2.38 Å which coincide with the
value of 2.40 Å of Pt2 dimers by LDA approximation calculation [88].
The bond lengths of Pt–Pt on VB and VN defects are elongated to 2.49
and 2.56 Å, respectively. Such deformation is attributed to the strong
hybridization of the Pt2 cluster and the dangling bonds of the defective
BNNT. The bond lengths of Pt–B and Pt–N at VB and VN defects are 2.08
and 2.11 Å, respectively which are larger than those of isolate metal-
doped BNNT. This indicates that the internal interaction between the
two metal atoms due to the formation of dimer weakens the metal-
BNNT interaction.

Upon adsorption of Pt3 cluster on BNNT substrate, the most stable
configurations, structural parameters and binding energies are summa-
rized in Table 8. For a pristine BNNT, the most stable configuration is
that two Pt atoms of the Pt3 cluster are attached to two B-N bridge
sites, while the third Pt atom binds directly above the adsorbed Pt
atoms. The bond lengths of the Pt–N and Pt–B are greater than that of
Pt2 at the pristine BNNT. At the VB and VN sites, the first Pt atom is
used to saturate the three dangling N or B atoms whereas the second
and third Pt atoms are directly bonded to the first Pt atom. Similarly,
the Pt3 cluster adsorption also leads to the elongation of the Pt–Pt
bond as shown in Table 8.

As shown in Table 8, the strong adsorption of Pt clusters on defective
BNNT is accompanied by the large charge transfer to or from the Pt par-
ticles. Thus, the charges localized on Pt dimer that trapped by B and N
vacancy are +0.64 and −0.36, respectively. The Pt trimer adsorbed
on VB and VN defects possesses charge of+0.73 and−0.37, respective-
ly. Thus, VN-BNNT donates electrons to the adsorbed Pt2 and Pt3, while
VB-BNNT acts as an electron acceptor. Consequently, the charge of
the adsorbed Pt clusters strongly depends on the type of vacancy.
Hence, it is possible to modify considerably the cluster's electron
donor–acceptor capacity and its catalytic properties by the support de-
sign. The charge re-distribution of Pt nano-clusters is expected to facil-
itate the interaction of gases (O2, CO, OH, and H2) on Pt catalyst in fuel
cells, and therefore enhance the performance of the catalytic activity
in CO oxidation. This will be a topic of future research.

4. Conclusions

DFT calculations have been performed to investigate the reaction
mechanism of CO oxidation catalyzed by the Pt doped at BNNT (5,5)
system. To gain more insight into how CO and O2 interact with Pt-
BNNT, the electronic structures and thermochemical properties of
these two species adsorbed on Pt-BNNT with the metal embedded at
the B- and N-vacancy are analyzed. The DFT calculations demonstrated
that the reactivity of the defective BNNTs toward Pt atom is higher than
that of the perfect BNNTs hence the intrinsic defects play a decisive role.
The binding energies of a single Pt atomonto VB-BNNT andVN-BNNT are
−7.21 and−6.76 eV, suggesting the diffusion of the anchored Pt atoms
difficult. It is found that O2 binds stronger than CO on Pt(N)–BNNT but
weaker than CO on a Pt(B)–BNNT. The presence of a pre-adsorbed O2

molecule on Pt(N)–BNNT surface eliminates any chance of CO poisoning
of the surface. The excess of the positive or negative charge on Pt can
considerably change its catalytic properties and enhance activation of
the adsorbed O2. Based on the PDOS analysis, the activation is attributed
to the strong hybridization between Pt-5d and the 2p orbitals of O2mol-
ecules. In addition, the results show that IR technique is a powerful tool
to investigate the gas solid interface.

Finally, the CO oxidation barriers and vibrational frequency calcula-
tions in the ER mechanism with a two-step route were performed. The
thermodynamics and the kinetics of CO oxidation process are remark-
ably similar between two steps in ER mechanism. Both reaction steps
could proceed rapidly because of the low energy barriers. The results
in this work suggest that Pt(N)–BNNT might be a good candidate for
highly active and stable catalysts for oxidation reactions.
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