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Abstract. The Fe-doped nanotubes can be considered as novel catalysts to SiO oxidation. The information of SiO oxidation
on nano-catalysts is not clear. In this study, the SiO oxidation on Fe-carbon nanotube (CNT) and Fe-boron nitride nanotube
(BNNT) is examined through Langmuir-Hinshelwood (LH) and Eley-Rideal (ER) paths. The SiO joins in the Fe atom of
Fe-surface-O2 * and Fe-surface-O* to create important structures with minor barrier energy. Cis-Fe-surface-OSiOO* in the
ER is more stable than structures in LH pathway. In the LH and ER mechanisms the one and two SiO2 are released at
normal temperature, respectively. The abilities of Fe-CNT and Fe-BNNT to oxidation of SiO is investigated, and Fe-CNT
and Fe-BNNT as novel metal-doped catalysts are proposed.
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1. Introduction
The oxidation of silicon monoxide (SiO) is an important
process, and SiO oxidizes to form SiO2 surface layer that protects the material from further oxidation. Researchers showed
that SiO product volatilizes off, the equilibrium shifts to the
right, resulting in the continued consumption of SiO2 [1–3].
The SiO is formed during Si oxidation as intermediate (SiO*)
and then it is joined to Si surfaces. The SiO* can oxidize and
SiO2 is produced or can product the SiO. The reaction for
SiO* oxidation is SiO∗ + O2 → SiO2 + O∗ , while the mechanism of this reaction is not clear [4–6].
The carbon nanotubes and boron nitride nanotubes with
great area surfaces and special properties have high potential
to adsorb the molecules at normal temperature. In previous
studies, researchers showed that the CNT and BNNT have
high ability to react with toxic molecules (NO, CO, CN, CO2 ,
SO, SO2 , ClO, FO and NO2 ) and results indicated that CNT
and BNNT can adsorb and remove these toxic molecules significantly [7–16].
The catalysts can oxidize the molecules via ER and LH
mechanisms at normal temperatures. In the LH mechanism,
the studied molecules are adsorbed on surface of nanocatalysts. In the ER mechanism, direct interaction between
pre-adsorbed O and SiO was done [17–20]. The metal-doped
nanotubes have low price and they can oxidize the SiO at
normal temperature. The promising reaction mechanisms to
oxidation of SiO through catalysts was not clear and it can be
mentioned as important concerns in this field [21–24].
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Tan and Li [25] synthesized the Fe-doped nanotube catalyst
by FeCl3 and one-pot experimental method. They confirmed
that surfaces of nanotubes are activated by Fe atoms and
catalytic properties of nanotubes have been developed significantly. Sun and Zhang [26] synthesized the Fe-doped
carbon nanotubes and Fe-doped boron nitride nanotubes by
formation of Fe2 O3 crystal and nitrogen doping on carbon
nanotubes. They indicated that the Fe atoms of Fe-CNT and
Fe-BNNT are active catalytic positions. They demonstrated
that Fe-CNT and Fe-BNNT have higher catalytic ability than
the CNT and BNNT in important chemical reactions.
Liu and Wei [27] synthesized the Fe-doped carbon and
boron nitride nanotubes by pyrolyzing the ferrocene in 5
atmospheric pressure and at 1050◦ C. They indicated that
Fe atoms occurred on the surfaces of CNT and BNNT, and
increased the catalytic activity. They confirmed that Fe-CNT
and Fe-BNNT have high catalytic applications and they can be
considered as novel metal-doped nanotube catalysts. Sharghi
and Aboonajmi [28] synthesized the Fe-doped carbon nanotubes at normal temperature with excellent yields. They
showed that Fe-doped carbon nanotubes are efficient heterogeneous compounds to use as catalysts in important chemical
reactions. They indicated that the Fe-doped carbon nanotubes
as novel catalysts have little reaction time, easy distillation
and excellent yields.
Kizuka and Miyazawa [29] synthesized the Fe-CNT and
Fe-BNNT by using the oxidized carbon powder and iron
acetate via vapour deposition model. They investigated the
effects of diameter of carbon nanotubes and concentration of
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iron on production efficiency of Fe-CNT and Fe-BNNT at
normal temperature. They showed that the catalytic performances of Fe-CNT and Fe-BNNT are higher than CNT and
BNNT.
In this study, the silicon monoxide oxidation on surfaces of
Fe-doped silicon nanotube (5, 0) and Fe-doped boron nitride
nanotube (5, 0) were examined (a) to find appropriate mechanisms to SiO oxidation on Fe-BNNT (5, 0) and Fe-CNT
(5, 0); (b) to calculate the potential of Fe-BNNT (5, 0) and
Fe-CNT (5, 0) to oxidation of SiO and (c) to suggest the novel
nano-catalyst models.

Figure 1. SiO, O2 and SiO2 adsorption on Fe-CNT (5, 0).
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2. Calculation method
The DFT/M06-2X method and 6-311G+ (2d, 2p) model are
used to calculate the geometry optimization of Fe-BNNT
(5, 0) and Fe-CNT (5, 0) in GAMESS package [30,31].
The frequencies of optimized structures of Fe-BNNT (5,
0), Fe-CNT (5, 0) and their complexes with SiO, O2 and
SiO2 are calculated by M06-2X/6-311G+ (2d, 2p). The frequencies of all transition states are calculated and results
confirm that the vibrational spectrum of a transition state
has only one imaginary frequency [32–36]. The E ad of
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SiO, O2 and SiO2 on Fe-BNNT (5, 0) and Fe-CNT (5, 0) were
calculated via E ad = E complex −E nanotube − E molecule . The
G of adsorption of SiO, O2 and SiO2 molecules on FeBNNT (5, 0) and Fe-CNT (5, 0) surfaces were evaluated
through G = H − T S [30,31].
3. Results and discussion
3.1 Adsorption of SiO and SiO2 on Fe-CNT and Fe-BNNT
The structures of Fe-CNT and Fe-BNNT are presented in
figures 1 and 2, respectively. The Fe atoms in Fe-CNT and

Page 3 of 6

127

Fe-BNNT are joined to three neighbouring carbon (Fe-C =
1.875 Å) and nitrogen atoms (Fe-N = 1.804 Å), and adsorption energies are −2.21 and −2.36 eV, respectively.
In this study, the possible positions to adsorption of SiO,
O2 and SiO2 molecules are checked. Results show that only
unsaturated metal atoms (Fe atoms in Fe-CNT and Fe-BNNT)
of metal-doped nanotube can adsorb SiO, O2 and SiO2
molecules significantly. Results also show that C, B and N
atoms of CNT and BNNT cannot adsorb SiO, O2 and SiO2
molecules from thermodynamic view point. Hence it can be
concluded that the unsaturated metal atoms (Fe atoms in
Fe-CNT and Fe-BNNT) of metal-doped nanotube are active

Figure 2. SiO, O2 and SiO2 adsorption on Fe-BNNT (5, 0).
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catalytic positions of Fe-CNT and Fe-BNNT catalysts to
oxidize the SiO to SiO2 .
In Fe-CNT (5, 0) and Fe-BNNT (5, 0), the non-saturated
Fe atoms are catalytic sites to SiO and O2 adsorption. The
structures of complexes of SiO, O2 and SiO2 with Fe-CNT
(5, 0) and Fe-BNNT (5, 0) are presented in figures 1 and 2,
respectively. First, the SiO adsorption on Fe-CNT (5, 0) and
Fe-BNNT (5, 0) surfaces are examined. The SiO molecule is

Figure 3. The SiO oxidation through LH mechanism.
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linked to Fe-CNT (5, 0) and Fe-BNNT (5, 0) through O atom
by −0.83 and −0.93 eV.
The O2 is adsorbed on Fe-CNT and Fe-BNNT and adsorption energies are −0.95, −1.08, −0.91 and −1.03 eV,
respectively. The O2 is attached on Fe-CNT (5, 0) and FeBNNT (5, 0) surfaces more powerful than SiO and then O2
can occupy the Fe-CNT (5, 0) and Fe-BNNT (5, 0) surfaces.
The SiO2 can adsorb on Fe-CNT (5, 0) and Fe-BNNT (5, 0)
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surfaces through Si site and O site, and adsorption energies
are −1.31, −1.44, −1.43 and −1.55 eV, respectively.
3.2 SiO oxidation by LH mechanism
In figure 3, LH pathway, energy diagram and intermediate
structures of SiO oxidation reaction on Fe-CNT and FeBNNT surfaces by LH mechanisms are presented. In figure 3,
the SiO molecule co-adsorbed with Fe-surface-O2 * in Fe of
Fe-CNT and Fe-BNNT surfaces and the Fe-surface-SiO*OO*

Figure 4. The SiO oxidation through ER mechanism.
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are created, and adsorption energies are −1.13 and −1.14 eV,
respectively. In figure 3, the Fe-surface-O* structures are created and adsorption energies are −0.12 and −0.14 eV in
Fe-CNT and Fe-BNNT, respectively. The barrier energies
of these reactions in Fe-CNT and Fe-BNNT are 0.47 and
0.40 eV.
In figure 3, the O–O bond lengths of Fe-surface-SiO*OO*
are 1.819 and 1.825 Å, respectively, and the SiO2 * separation energies are 0.50 and 0.47 eV. In figure 3, the
Fe-surface-SiO∗ + O∗2 → SiO2 + Fe-surface-O∗ reactions
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via the LH mechanism are favourite energetic processes. In
the LH mechanism, the SiO can adsorb O* of Fe-surfaceO-O* but O* of Fe-surface-O* cannot be linked with other
SiO by LH. The other SiO cannot interact with Fe-surface-O*
because adsorption energies in the Fe-CNT and Fe-BNNT are
about −1.37 and −1.40 eV.
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SiO molecule joins in the Fe atom of Fe-surface-O2 * and
Fe-surface-O* to create important structures with lower E ac .
The cis-Fe-surface-OSiOO* of ER is more stable than LH
pathway. In the LH and ER pathways, the one and two SiO2
molecules are released at normal temperature, respectively.
The Fe-CNT and Fe-BNNT are suggested as novel metaldoped catalysts to oxidation of SiO.

3.3 SiO oxidation by ER mechanism
In figure 4, the SiO oxidation via the ER pathway is investigated. In figure 4, ER pathway, energy diagram and intermediate structures of SiO oxidation reaction on Fe-CNT and
Fe-BNNT surfaces by ER mechanisms are presented. The SiO
interacts with Fe-surface-O∗2 and the cis-Fe-surface-OSiOO*
complexes are created and adsorption energies in Fe-CNT
and Fe-BNNT are −1.21 and −1.24 eV. In figure 4, the cisFe-surface-OSiOO* as intermediate complex can cleave the
O–O of Fe-surface-OSiO-O.
The barrier energy for SiO2 separation by ER pathway are
0.12 and 0.08 eV in Fe-CNT and Fe-BNNT, and reaction
energies by ER pathway are −0.54 and −0.51 eV. Results
showed that the Fe-CNT and Fe-BNNT surfaces are oxidized
SiO via ER path significantly. The ER pathway is suitable
mechanism to produce second SiO2 as main step in the SiO
oxidation (SiO + Fe-surface-O∗2 → SiO2 + Fe-surface-O∗ ).
It can be found that the separation of the second SiO2 * in FeCNT and Fe-BNNT surfaces is exothermal reaction by −0.97
and −1.05 eV, respectively.
Results showed that the cis-Fe-surface-OSiOO* in ER
mechanism is more stable than structures in LH mechanism
~0.08 and 0.10 eV. For Fe-CNT and Fe-BNNT, the barrier
energy of O–O in cis-Fe-surface-OSiOO* via ER is lower than
LH, 0.10 and 0.30 eV, respectively. Results demonstrated that
in the LH and ER pathways the one and two SiO2 molecules
are released at normal temperature, respectively. Results indicated that the ER pathway is suitable mechanism than LH
mechanism to produce second SiO2 as main step in the SiO
oxidation.

4. Conclusion
The oxidation of SiO on Fe-carbon nanotube and Fe-boron
nitride nanotube is investigated. The Fe-CNT and Fe-BNNT
surfaces are oxidized SiO by LH and ER pathways. The
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