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Density functional theory calculations were used to study the titanium (Ti) adsorption on perfect and defected (4, 0) BC;
nanotubes, considering Stone—Wales and vacancy defects. The binding energy values for these nanotubes were larger than the
corresponding values for carbon nanotubes. The charge transfer from the Ti atom to nanotube was observed for all systems
studied. The most exothermic binding process occurred for the Ti adsorption on a native Vg defect, which showed minimum
structural deformation with respect to a perfect BC; tube. In the case of a nanotube with a reconstructed carbon vacancy, the
adsorption of Ti generated a half-metallic anti-ferromagnet. The results obtained in this paper are relevant for spintronics

and hydrogen adsorption applications.
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1. Introduction

Adsorption of functional groups, such as transition metal
(TM) atoms on the surface of carbon nanotubes (CNTs) has
a profound effect on their properties. TM—CNT interaction
is an effective way for tuning the electronic properties
of nanotubes (NTs) [1,2] and promises many potential
applications, such as the fabrication of nanowires [3],
low-resistance ohmic contacts for the use in field-effect
transistors [4], metal-supported structures for catalysis
[5], hydrogen adsorption media [6] and nanodevices [7].
Electron-beam evaporation experiments have shown that
TMs, such as Ti, Ni and Pd, can form continuous coatings
on the surface of CNTs [8]. First-principles calculations
confirm that titanium (Ti) chains [9] or complex nanowires
[10] can be achieved by coating the NTs with metal
atoms. This transforms semiconducting NTs to metals by
producing additional states in their band gap region.

The boron doping is believed to improve the binding
strength of transition [11] or alkali metals [12] to NTs. The
electron-deficient boron atoms increase the binding energy
and lower the metal-metal interactions, thereby reducing
the surface diffusion of metal atoms and metal coalescence
on the surface of NTs. Theoretical studies indicate that the
electron-deficient BC3 NTs, in which the boron atoms are
integrated in the NT structure, have a lower diffusion barrier
and higher adsorption energy for Li atoms [13]. This has
been attributed to the strong propensity of boron atoms to

accept electrons from lithium and is even more obvious in
the case of BC3 NTs with topological defects [14].

On the other hand, intrinsic defects in the sidewall of
NTs should be considered in computational studies, be-
cause they naturally occur in synthetic NTs and have a
significant effect on the interaction of TM atoms with NTs
and the electronic properties of the complexes formed. The
presence of defects, especially vacancies with a net mag-
netic moment, is shown to increase the reactivity of NTs for
TMs [15-20]. It is believed that defected NTs can strongly
adsorb TM atoms and avoid the clustering on the surface of
tubes [16,21].

In this paper, we have studied the interaction of a Ti
atom with perfect and defected zigzag BC; NTs using den-
sity functional theory (DFT) calculations. Single carbon
(Vc¢) and boron (Vg) vacancies, and Stone—Wales (SW)
topological defects have been considered and the results
have been compared with a defect-free BC; NT.

2. Computational methods

Spin-polarized DFT calculations were performed using
plane-wave basis set and ultrasoft pseudopotentials [22],
implemented in the Quantum ESPRESSO package [23].
The generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof functional [24] was used using a
plane-wave cut-off of 420 eV.
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The BC; NT was made from a (8, 0) CNT by replacing
appropriate carbon atoms with borons. Four unit cells were
chosen along the tube axis to avoid the interaction between
the defects and their one-dimensional (1D) periodic images.
The resulting NT had a length of 17.08 A and 128 atoms,
of which 32 atoms were B. Since the unit cell of a BCs sheet
is about four times larger than that of the graphene sheet, a
(n, m) BC3 NT has a diameter close to a (2n, 2m) CNT [25].
Therefore, a (4, 0) BC3-NT is obtained from a (8, 0) CNT.
The NT was placed in a tetragonal supercell of 20 A x
20 A x 17.08 A to simulate an infinitely long 1D periodic
system. The empty spaces along the x and y directions were
included to avoid interactions in the xy plane.

An SW topological defect was formed by rotating a
bond in the NT by 90°. Four types of SW defects are pos-
sible, which are created by rotating an axial or slanted C—C
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or B—C bond. The most stable structure has been shown
to be obtained from the rotation of an axial C—C bond
[26]. Carbon (V) and boron (V) vacancies were created
by removing one atom from the NT sidewall. There are a
number of possible structural reconstructions for these ‘na-
tive’ vacancies, taking place in order to reduce the number
of dangling bonds. Based on our previous work [26], six
structures were chosen (perfect, SW, Vg, V¢, native-Vg and
native-V¢) and a Ti atom was placed on different possible
sites (above the various rings and their common bonds) on
the surface of these NTs.

The Ti-adsorbed NTs were fully relaxed using the con-
vergence threshold of 0.01 meV in energy and 0.005 eV/A
in force. The Brillouin zone was sampled using the gamma
point for relaxation and a 1 x 1 x 7 Monkhorst-Pack
[27] grid of k-points for the calculation of energy and other
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Figure 1. Optimized structures (top and side views) obtained for Ti-adsorbed perfect (1) and defected BC; nanotubes with a SW (2), Vg
(3), V¢ (4), native Vg (5) and native V¢ (6) defect. Initial structures for V¢ (4i) and native V¢ (6i) are also given.
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Table 1.  Properties of Ti-adsorbed BC; nanotubes. E,* and E,,*" are binding energies obtained from spin-polarized
and spin-unpolarized calculations, respectively. dri.nr is the average distance of Ti from neighbouring nanotube atoms,
/g is the net magnetic moment and C is the charge transferred from the metal to nanotube.

System Ep* (eV) Ep* (eV) drint (A) 1B Ce)
Perfect (1) —4.40 -5.16 2.187 2.00 0.903
SW (2) —5.28 —6.35 2.084 0.12 1.020
Vi (3) —5.60 —6.93 2.132 1.00 0.936
Ve (4) —4.46 —5.44 2.255 0.00 0.941
Native Vg (5) —8.96 -10.11 2.153 1.00 0.958
Native V¢ (6) —-8.42 —-9.49 2.128 0.09 0.945

@

Figure 2. Charge density difference plots for Ti-adsorption on a perfect BC; tube from two views (a, b), a tube with V¢ defect (c) and a
tube with native Vg defect (d). Yellow (light) and blue (dark) regions correspond to charge depletion and accumulation, respectively.

properties. For band structure calculations, 11 k-points were
chosen along the NT symmetry axis I'Z.

The binding energy was calculated from £, = E(BC; —
Ti) — E(BC;) — E(Ti), where three energy terms are the
total energy of fully optimized Ti-adsorbed NT, pure NT
and the isolated Ti atom, respectively. All three terms were
evaluated using a same supercell. A negative value for £,
corresponds to exothermic adsorption.

3. Results and discussion

Optimized structures for Ti-adsorbed BC; NTs are shown
in Figure 1. Binding energies obtained from both spin-
polarized (Ey*P) and spin-unpolarized (E,*") calculations
are given in Table 1. Generally, the absolute values of bind-
ing energies calculated from spin-relaxed structures are
lower than the corresponding values from spin-unpolarized
calculations, in accord with other works [1,2]. Table 1 also

lists some of other properties such as net magnetic mo-
ments. Three out of six Ti-adsorbed BCj tubes are mag-
netic. The initial structures on which the Ti atoms were
adsorbed have zero magnetic moments, unless the tubes
with native Vg and V¢ and reconstructed Vg defects (3, 5
and 6 in Figure 1) [26].

For a perfect BC; tube, the most favourable adsorption
site for Ti is above a carbon hexagon (hollow site, 1 in
Figure 1). A Ti atom makes bonds with two carbon atoms
and its average distance from the carbons of neighbouring
hexagon is 2.187 A. The system has a magnetic moment
of 2.00 up (Table 1). These results are similar to the data
obtained for Ti adsorption on a perfect (8, 0) CNT [1,2,21],
but for the BC; tube, the binding energies are two times
larger, since the electron-deficient boron atoms have greater
affinity for metal atoms [12,13].

The most stable adsorption site on a BC3 tube with
SW defect is above a seven-membered ring, with an almost
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zero magnetic moment (2 in Figure 1). This agrees with the
studies of Pt [28] and Cu [29] adsorption on CNTs with
SW defects, but in the case of Ni and Ti adsorption on
SW defects in a zigzag CNT, the (7,7) ring junction was
shown to be the most favourable site [16,17,20,21]. In 2,
the Ti atom makes bonds with all atoms of the heptagon,
and the average distance of Ti atom from the neighbour-
ing NT atoms is lower than that of a perfect tube. The

comparison of the binding energies given in Table 1 for 1
and 2 shows that Ti binds more favourably to a SW-defected
BC3 tube.

Structure 3 in Figure 1 shows the relaxed geometry for a
Ti atom adsorbed on a NT with a single boron vacancy. The
‘parallel’ [26] orientation of the reconstructed (5,9) rings
is maintained and the Ti atom is adsorbed above a part of
these rings, making bonds with five atoms. The binding

energy (V)

50

energy(eV)

LDOS 19

Figure 3. Electronic band structure and total and local (Ti) density of states for a perfect BC; nanotube without (a) and with (b) an
adsorbed Ti atom. Spin-up and spin-down curves are shown by dotted and solid lines, respectively. The dashed line at zero energy indicates

the position of the Fermi level.
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energy is more negative than two preceding structures, in-
dicating a better adsorption of Ti on a BC;5 tube with boron
vacancy. The values of magnetic moments for 1, 2 and 3
is inversely proportional to the number of bonds formed. It
is noteworthy that the ‘bonds’ in Figure 1 are drawn sim-
ply based on a distance cut-off set-up in the GaussView
programme [30].

The Ti adsorption on a BC; NT with a V¢ defect
changes its geometry from ‘crossed’ hexagon/pentagons
(4i in Figure 1) [26] to a structure with 5- and 9-membered
rings along the tube axis (4 in Figure 1). The Ti atom adsorbs
above the (5,9) junction, making bonds with two atoms. The
net magnetic moment is 0, but its absolute value is 1.86 up,
which indicates an anti-ferromagnetic spin ordering. The
absolute value of binding energy is slightly higher than that
of a perfect BC; tube, but lower than the values for other
defected tubes. In addition, this structure has the maximum
metal-tube distance among the six systems studied. Based
on energetic and structural data, this system is the least
favourable one for the adsorption of Ti atoms.

The most negative values for the binding energy have
been obtained for Ti adsorption above the native boron and
carbon vacancies, i.e. the structures obtained from remov-
ing an atom from the NT surface, with three dangling bonds.
In the case of native Vg (5 in Figure 1), the Ti adsorbs with
the minimum distortion in the original geometry and most
negative binding energy. The metal makes bonds with four
atoms around the defect site, with the average distance of
2.153 A from neighbouring atoms. For the adsorption on
native V¢ defect (6 in Figure 1), a reconstruction from the
native defect (6i) to a ‘parallel’ geometry occurs, with a
magnetic moment close to 0 and a binding energy that is
slightly less negative than that of 6. The local density ap-
proximation (LDA) and GGA calculations for the adsorp-
tion of Ti atom on a single vacancy in (8,0) CNT showed the
binding energies of —8.02 and —9.23 eV, respectively [21].

Table 1 gives the amount of charge transferred (C) from
the metal atom to the NT. This charge transfer makes the
Ti atom positive and enhances the binding. Systems with
larger C values are characterized by shorter chemical bonds.
To explore the nature of metal-nanotube interactions, the
charge density difference was calculated from

Ap(r) = p(BC3-Ti) — p(BC3) — p(Ti),

where the total charge densities for the relaxed BC3-Ti and
BC; systems, and isolated Ti atom are all calculated in
the same supercell. The isosurfaces for the charged density
difference are plotted in Figure 2. For Ti adsorption on
perfect BC; tube, the charge density is depleted from the
dy, orbital of Ti atom into its d_> orbital, which interacts
with the 7 orbitals on carbon atoms in NT (Figure 2(a,b)).
This is known as the Dewar interaction [31], which has
been also observed in the interaction of defect-free CNTs

with Ti atoms [21] and in metal-diboride NTs [32]. Similar
results have been obtained for the BC3 NT with a SW defect
(graphs not shown). For native Vg defect (5 in Figure 1),
the charge depletion is from a d,. orbital (Figure 2(d)). For
other NTs with vacancy defects, no Dewar interaction is
observed and the charge depletion/accumulation involves a
mixture of atomic orbitals. The graph for V¢ defect (4 in
Figure 1) is shown in Figure 2(c) as a sample.

Electronic band structure and the total density of states
(TDOS) for a perfect BC3 NT (Figure 3(a)) shows that it is
a semiconductor with a direct band gap of ~0.5 eV. Upon
Ti adsorption, the Fermi level shifts up to the conduction
band and the BC3; NT becomes a metal, with a non-zero
DOS at Fermi level (Figure 3(b)). Two spin-up bands ap-
pear below the Fermi level, which are mainly contributed
from the Ti atom, as clear from the local DOS (LDOS) plot
for the adsorbed Ti atom in Figure 3(b). Other spin-up and
spin-down states of Ti occur above the Fermi level. This
unequal distribution of spin-up and spin-down states leads
to a net magnetic moment of 2.00 up in the Ti-adsorbed
perfect BC; tube (Table 1). This is in qualitative agree-
ment with the results for Ti adsorption on a (8, 0) CNT
[1,2].

The DOS plots for the tube with a SW defect are shown
in Figure 4. Compared to a perfect BC; tube (Figure 4(a)),
the defected system has an additional state in the band
gap that lowers the energy gap and is an acceptor state
(Figure 4(b)). When a Ti atom is adsorbed on the SW
defect (Figure 4(c)), the Fermi level shifts up and the empty
(acceptor) state of the defected tube just above the valence

DOS (arbitrary units)

N . AW
2 3

-3 -2 -1 0 1 4

Energy (e

Figure4. Total density of states for a perfect BC; tube (a), a BCs
tube with a SW defect (b), a tube with SW defect and an adsorbed
Ti atom (c) and local density of state plots (d) for Ti atom (solid
line) and its neighbouring atoms in BC; tube (dotted line). The
Fermi level is at zero energy.



Downloaded by [University of Toronto Libraries] at 09:51 21 January 2013

6 S. Jalili et al.

(a)

W\W\\A /M\\ MM\/\/
gl ﬂvwﬁ }
1 " N‘“"“"”"f
i ©)

Energy (eV)

Figure 5. Total density of states for a tube with a Vy defect (a)
and a tube with a Vg defect and an adsorbed Ti atom (b) and local
density of states (c) for Ti atom (solid line) and its neighbouring
atoms in BC; tube (dotted line). Upper and lower panels are for
spin-up and spin-down states, respectively, and the Fermi level is
at zero energy.

band is now populated by Ti electrons and locates at the
energy of —0.6 eV. In addition, a doubly occupied state ap-
pears at the energy of —0.3 eV, which is derived from the Ti
atom states (Figure 4(d)). Other Ti states are formed in the
conduction band. There is a band gap between the filled and
empty states, which are derived from the Ti atom and have
a significant contribution from the neighbouring atoms on
NT, so this system is still a semiconductor.

Figure 5 shows the calculated TDOS and LDOS plots
for the Vg defect. The defected BC; tube has a half-filled
spin-up band at the Fermi level (Figure 5(a)), which upon
the Ti adsorption is completely filled (Figures 5(b,c)). The
Fermi level shifts up to the conduction band and two occu-
pied states are formed below the Fermi level, which are oc-
cupied by two Ti electrons with opposite spins (Figure 5(c)).
An additional spin-down empty state is formed just above
the Fermi level, which has a contribution from the Ti atom
and is derived from the tube states. The newly formed states
improve the conductivity of the system.

For a BC3 NT with a V¢ defect, the structural defor-
mation of NT upon Ti adsorption leads to considerable

DOS (arbitrary units)

©

Energy (eV)

Figure 6. Total density of states for a tube with a V¢ defect (a)
and a tube with a V¢ defect and an adsorbed Ti atom (b) and local
density of states (c) for Ti atom (solid line) and its neighbouring
atoms in BC; tube (dotted line). For the Ti-adsorbed tube, upper
and lower panels are for spin-up and spin-down states, respectively,
and the Fermi level is at zero energy.

modification of the DOS plot. The Fermi level shifts up
by a large value. The metal-free system is non-magnetic
(Figure 6(a)), but after the Ti adsorption it shows different
spin-up and spin-down DOS plots (Figure 6(b)), while the
net magnetic moment of the system is 0. This is charac-
teristic of half-metallic anti-ferromagnets [33,34], which
are very important for spintronic applications [35]. New
filled spin-down and empty spin-up states are formed near
the Fermi level. The LDOS plots in Figure 6(c) show that
these states are mainly contributed from the adatom, but the
neighbouring atoms of Ti on BC; tube are important in the
spin-down state below the Fermi level.

The band structure and total density of states for the Ti-
adsorbed tubes with ‘native’ Vg and V¢ defects are shown
in Figure 7. The native-Vg defect adsorbs Ti and changes to
a metal (Figure 7(a)). The LDOS plot in Figure 7(a) shows
that the filled spin-up and empty spin-down bands near
the Fermi level are mainly contributed from the Ti atom
and its neighbouring NT atoms, respectively. By contrast,
Figure 7(b) shows that in the Ti-adsorbed native-V defect,
the system is non-magnetic and there is a small gap between
filled and empty states below and above the Fermi level,
which are mainly due to the adsorbed Ti atom.
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Figure 7.  Electronic band structure and total and local density of states for Ti adsorption on a BC; tube with a native Vg (a) and a native
V¢ defect (b). Spin-up and spin-down curves are shown by dotted and solid lines, respectively. LDOS plot in part (a) is drawn for the
spin-up states of Ti (dotted line) and spin-down states of neighbouring atoms in BC; tube (solid line). The dashed line at zero energy

indicates the position of the Fermi level.

4. Conclusions

In the path to design novel nanomaterials with better Ti
adsorption properties, we have chosen electron-deficient
BC; NTs with different kinds of defects. The calculated
binding energy values are generally larger than the values
for corresponding CNTs. The most favourable systems on
the basis of binding energy are BCs tubes with native va-
cancies, especially the native Vg defect, for which there

is a little structural deformation in NT. This is a promis-
ing result, but it is necessary to perform additional calcula-
tions to test whether the coalescence of metal atoms occurs.
For perfect and Vp-defected tubes, the Ti-adsorbed system
has a net magnetic moment and shows metallic behaviour.
For reconstructed V¢ defect, the Ti adsorption leads to the
half-metallic anti-ferromagnetic behaviour, which suggests
a novel material with potential applications in spintronics.
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