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Abstract
First-principles calculations based on density functional theory were performed to study the
stable geometries, electronic structure and magnetic properties of the adsorption of a single Mn
atom on a graphitic ZnO sheet and a (9, 0) single-wall ZnO nanotube. For the graphitic ZnO
sheet, the Mn atom prefers to reside above the center of a hexagon (H site), with a relatively
large binding energy of 1.24 eV. The H site is also the most stable site for adsorption of an Mn
atom inside the ZnO nanotube, with a large binding energy of 1.47 eV. In both of these cases,
the total magnetic moment is 5.0 μB per Mn atom, which is the same as that of a free Mn atom.
When the Mn atom is adsorbed outside the tube, the most energetically favorable site is the atop
oxygen site. The magnetic moment is 3.19 μB for this configuration. The smaller magnetic
moment is mainly due to the strong p–d mixing of O and Mn orbitals. The different adsorption
behaviors are related to the curvatures of the nanostructures.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Single-wall nanotubes represent a unique class of materials
in which all atoms are located at the surface. Since
electrons flowing through such nanotubes are confined in
the surface, nanotubes are attractive for sensing biological
and chemical molecules. In addition, their tubular structures
enable nanofluidic devices that are useful for novel sensing
applications. Besides carbon and boron nitride nanotubes [1],
many other nanotubes such as TiO2 [2], GaN [3], silica [4]
and ZnO [5, 6] nanotubes have been synthesized by using
a multi-step process with templates or by hydrothermal
techniques. Of these materials, ZnO nanotubes (ZnONTs)
stand out due to their multifunctional properties for optical,
electronic and piezoelectric applications. ZnONTs are
expected to accomplish many applications at the cutting edge
of nanotechnology.

In contrast to the large amount of experimental investi-
gations, only a few theoretical studies on the nanostructural
ZnO have been carried out so far. Several synthetic routes

have yielded multi-walled ZnO nanotubes [7–14], which
are 20–450 nm in diameter and have wall thicknesses of
4–100 nm. The stability and the electronic structure of
single-walled ZnO nanotubes (SWZnONTs) have been studied
theoretically [15–20]. Tu et al demonstrated the existence of
single-wall ZnO nanotubes by first-principles calculations and
proposed that they might be synthesized by the solid–vapor
phase process with carbon nanotubes as templates [15]. Wang
et al found that finite tubular structures, (ZnO)n , are metastable
for n = 9–18 and suggested that ZnO nanotubes resemble C or
BN nanotubes [16]. Xu et al [19] showed that all SWZnONTs
are direct bandgap semiconductors with relatively uniform
bandgaps. Erkoc et al applied semiempirical molecular orbital
self-consistent field calculations to study the structural and
electronic properties of armchair and zigzag models of single-
wall ZnO nanotubes [21]. Even though the single-wall tubular
form of ZnO has not been synthesized experimentally, it was
found that ZnO can exist in many different forms, including
nanowalls [22, 23], One can expect that ZnO sheets and
nanotubes could be produced via the current methods using
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transition metal (TM) atoms as catalysts [24]. Therefore, we
believe it is important to understand the effect of the adsorption
of TM atoms on the ZnO nanotubes.

At the same time, functionalization of nanotubes through
decorations with atoms and/or molecules is an effective
way to modify their physical properties. Manganese oxide
exhibited higher catalytic activity for the low-temperature
catalytic combustion than Fe or Co oxides [25], so in this
work we investigate the interaction of an Mn atom with a
(9, 0) single-wall ZnO nanotube and with a graphitic ZnO
sheet by first-principles spin-polarized calculations based on
density functional theory (DFT). The computational details
are given in section 2. In section 3, we first discuss
adsorption of a single Mn atom on the graphitic ZnO sheet.
Results of binding energies, electronic structures and magnetic
properties corresponding to various binding sites are presented.
Following that, the adsorption of a single Mn atom at various
sites on the outer and inner walls of the (9, 0) zigzag single-wall
ZnO nanotube are discussed, respectively. In each case, the
structural, electronic and magnetic properties of the Mn-doped
(9, 0) single-wall ZnO nanotube are analyzed. A conclusion is
given in section 4.

2. Computational method

Our calculations were performed using a first-principles
method based on the density functional theory (DFT) [26]
within the generalized gradient approximation (GGA) [27]
as implemented in the Vienna ab initio simulation package
(VASP) [28]. The projector-augmented plane wave (PAW) [29]
potentials were used to represent the electron–ion interactions.
A kinetic energy cutoff of 520 eV was used to ensure a
convergence better than 1 meV per atom for total energy.

A (0001) layer of ZnO cleaved from bulk ZnO [18] was
taken as the initial structure of the graphitic ZnO sheet. The
surface model is periodic in the ZnO layer (figure 1(a)). The
graphitic ZnO sheet was modeled using a 2 × 2 unit cell
containing 32 atoms, with a vacuum region of 15 Å thick, in the
calculations. A �-centered 2×2×2 k-mesh was used to sample
the irreducible Brillouin zone in our calculation. The structure
is fully relaxed using the conjugate gradient algorithm [30].
The optimized lattice constant of the single ZnO sheet is 6.50 Å
within the GGA.

The minimum energy structure after relaxation changed
from a rippled surface to a flat sheet, in which all of the Zn and
O atoms are in the same atomic plane (figure 1(b)). The Zn–O
bond length decreased from 2.01 Å in bulk ZnO to 1.876 Å,
which is in good agreement with results of a recent theoretical
study [18]. The calculated cohesive energy of the graphitic
ZnO is −7.02 eV which is slightly larger than that reported by
Zhu et al (−7.25 eV) using DMol [31], which is likely due to
the different computational methods. The pure ZnO sheet has
a direct bandgap of 1.69 eV at the �-point, which is very close
to the value (1.68 eV) reported by Xu et al [19].

Earlier DFT calculations showed that zigzag ZnO
nanotubes are more stable than the armchair nanotubes [18].
Therefore, in this study, we consider only the single-wall
zigzag (9, 0) ZnO nanotube in our study of Mn-doped ZnO

Figure 1. The structure of the graphitic ZnO sheet: (a) unrelaxed,
(b) relaxed and (c) various adsorption sites for a single Mn atom on
the graphitic ZnO sheet and the (9, 0) ZnO nanotube. H denotes an
Mn over the center of a hexagon. T–O and T–Zn represent Mn on top
of an oxygen and a Zn atom, respectively. AB and ZB indicate the
bridge sites, over an axial Zn–O and zigzag Zn–O bond, respectively.
For the ZnO sheet, the axial and zigzag sites are equivalent, namely
AB ⇔ ZB ⇔ B.

nanotubes. To minimize the interaction between Mn atoms
in neighboring cells, a supercell which is two units long in
the direction of the tube axis, i.e. 11.32 Å, was used in this
work. The resulting supercell contains 36 formula units of ZnO
(Zn36O36). A vacuum layer of 15 Å between the nanotube and
its images in neighboring cells was used to ensure negligible
interactions between them. A �-centered 1×1×2 k-mesh was
used to sample the irreducible Brillouin zone. All structures
were fully optimized using the conjugate gradient method until
the Hellmann–Feynman forces were less than 0.05 eV Å

−1
.

Compared to a carbon nanotube, the optimized ZnO nanotubes
were distorted in which zinc and oxygen atoms were shifted
inward and outward radially, respectively, forming coaxial
cylinders of different diameters (DZn = 9.28 Å and DO =
9.48 Å). The diameter of the oxygen cylinder is larger than that
of zinc and their difference is 0.20 Å. The Zn–O bond lengths
vary from 1.899 to 1.904 Å, which are noticeably shorter than
the corresponding bond length in bulk ZnO (2.01 Å), but are
larger than that in graphitic ZnO (1.876 Å), and similar to those
of BN and GaN nanotubes [32, 33]. We also calculated the
bandgap of a pure (9, 0) ZnO nanotube which is 1.640 eV
at the �-point. This is in excellent agreement with the value
reported by Xu et al [19], who found a bandgap of 1.641 eV at
the �-point.

3. Results and discussion

There are four possible adsorption sites for a single Mn atom
on the graphitic ZnO sheet (figure 1(c)): (i) over the center of
a hexagon (H in figure 1), (ii) over an oxygen atom (T–O site),
(iii) over a Zn atom (T–Zn site) and (iv) at the bridge site over
a Zn–O bond (B site). (For the ZnO sheet, the axial and zigzag
bridge sites are equivalent.)
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Table 1. The calculated binding energies (Eb) and magnetic
moments (μ) for different adsorption sites of a single Mn atom on a
graphitic ZnO sheet and a (9, 0) ZnO nanotube, respectively.

System Site Eb (eV) μ (μB)

ZnO sheet H 1.24 5.00
T–O 1.14 5.00
B 1.12 5.00
T–Zn 0.34 5.00

Outer wall of (9, 0) nanotube T–O 0.63 3.19
T–Zn 0.63 3.19
AB 0.63 3.19
ZB 0.62 3.22
H 0.60 3.31

Inner wall of (9, 0) nanotube H 1.47 5.00
T–Zn 1.47 5.00
T–O 0.69 5.00
AB 0.69 5.00
ZB 0.69 5.00
Center −0.25 5.00

For the (9, 0) ZnO nanotube, a Zn–O bond can be oriented
either along the direction of the tube axis (axial direction) or
along the zigzag lines around the tube (zigzag direction). Here
AB and ZB indicate the bridge sites over an axial Zn–O and
zigzag Zn–O bond, respectively. As in the case of a graphitic
ZnO sheet, H also refers to the adsorption site of a single
Mn atom over the center of a hexagon, T–O corresponds to
the adsorption site atop an O atom and T–Zn represents the
configuration of an Mn atom atop a Zn atom. Since the ZnO
tube has two surfaces, inside and outside, adsorption on both
surfaces were considered. The various different adsorption
sites are shown in figure 1(c).

To compare the relative stability of different adsorption
sites, we calculated the binding energy (Eb) which is defined
as

Eb = E(pure) + E(Mn) − E(Mn-doped) (1)

where E(pure) is the total energy of the undoped system (the
pure ZnO sheet or the pure ZnO nanotube), E(Mn) is the spin-
polarized total energy of an Mn atom in the 3d54s2 ground
state configuration and E(Mn-doped) is the spin-polarized
total energy of the optimized structure of the Mn-doped system
(the Mn-doped ZnO sheet or the Mn-doped ZnO nanotube).
The calculated binding energies and magnetic moments, using
the fully relaxed structures, are tabulated in table 1 for each
adsorption site.

3.1. Interaction of Mn with the graphitic ZnO sheet

As shown in table 1, the H site was found to be most stable
among the various adsorption sites considered for the graphitic
ZnO sheet, with a binding energy of 1.24 eV. In the optimized
structure, the position of Mn is 1.73 Å above the ZnO sheet and
its three neighboring oxygen atoms are all relaxed towards the
Mn atom by about 0.51 Å, resulting in the formation of three
Mn–O bonds. The average distance between the Mn and O,
however, is 2.11 Å, which is larger than the length of the Zn–O
bond (1.89 Å) in the graphitic ZnO sheet. This indicates that
the interaction between Mn and O is weak, possibly due to the
half-filled 3d electronic shell and filled 4s of the Mn atom [34].

Figure 2. Band structures of (a) the pristine graphitic ZnO sheet,
(b) the majority spin and (c) the minority spin for Mn adsorption at
the H site on the ZnO sheet. The Fermi level is set to zero.

Figure 3. Projections of local density of states onto (a) the Mn 3d
and 4s orbitals, and (b) the O 2s and 2p orbitals for Mn adsorption at
the H site on ZnO sheet. Atoms Mn, O and Zn are labeled in
figure 1(c).

In figures 2 and 3, the band structures and local density
of states (LDOS) for the H configuration of the Mn-doped
ZnO sheet are shown, respectively. The band structure of
the pristine graphitic ZnO sheet is also shown in figure 2(a)
for comparison. We can see that all states are in twofold
degeneracy, indicating no spin polarization in the pristine
graphitic ZnO sheet, similar to that of the pristine BN
sheet [35]. In the majority spin bands (figure 2(b)) of the Mn-
doped ZnO sheet, four flat bands are located between 2.6 and
3.0 eV below the Fermi level, which are mainly contributed
by the 4s orbitals of Mn and 2p orbitals of oxygen. The first
band below the Fermi level corresponds to Mn 4s orbitals and
oxygen 2s orbitals, as can be seen from the LDOS (figure 3).
On the other hand, in the minority spin bands (figure 2(c)),
we can see that those bands below −2.0 eV are very similar
to those of the majority spin. However, the first band below
the Fermi level is closer to the Fermi level than that of the
majority spin. Two nearly flat bands appear at 0.5 eV and
0.9 eV above the Fermi level, respectively, which are due to
the mixture of the Mn 4s and oxygen 2p orbitals. The total
magnetic moment per Mn atom of the Mn-doped graphitic ZnO
sheet is almost the same as that of a free Mn atom. Projection
of the magnetic moment onto the atomic sites showed that three
nearest-neighbor oxygens of Mn contribute about 0.1 μB to the
total magnetic moment. A Mulliken charge analysis indicated

3



J. Phys.: Condens. Matter 22 (2010) 175501 A L He et al

Figure 4. (a) The relaxed structure of the ZnO nanotube with an Mn
atom adsorbed at the T–O site on the outer wall of the (9, 0) ZnO
nanotube. The spin density isosurfaces correspond to (b) 0.022 e Å

−3

and (c) −0.020 e Å
−3

for the same configuration.

that there is a small charge transfer from the O 2p orbital to the
3d orbital of Mn.

In addition to the H site, other configurations, such as the
T–O site, which is the second most stable configuration, has
a binding energy of 1.14 eV, only 0.1 eV smaller than that of
the most stable H site. In the relaxed T–O configuration, the
distance between the Mn and the oxygen atom is 1.98 Å. The
total magnetic moment of the T–O configuration is the same
as that of the H configuration. The bridge site (AB or ZB in
figure 1(c)) was found unstable and transformed into the T–O
configuration after structural relaxation. T–Zn was found the
least stable site, as indicated by the smallest binding energy
in table 1. In the optimized T–Zn configuration, the distance
between the Mn atom and the Zn atom underneath is 2.71 Å,
which is larger than the summation of the covalent radii of the
Mn atom (1.39 Å) and Zn atom (1.31 Å). The lower binding
energy (0.34 eV) implies that the Mn atom is physisorbed on
the ZnO sheet. As a result, the magnetic moment of the Mn-
doped system in this configurations is exactly the same as that
of a free Mn atom. A detailed analysis was done for the T–
Zn site and the results showed that the effective electronic
configurations of the Mn atom in the T–Zn site are close to
3d74s0. The low binding energy of this configuration could be
due to the high energy penalty for promoting the 4s orbital to
the 3d orbital [24].

3.2. Adsorption of Mn to the outer wall of (9, 0) ZnO nanotube

For adsorption of an Mn atom on the outer wall of the
(9, 0) nanotube, the T–O site was found energetically most
favorable, with a binding energy of 0.63 eV. In the relaxed T–
O configuration (figure 4(a)), the Mn atom pushed the oxygen
atom below inward by 0.38 Å from its position in the pure ZnO
tube. The distance between the Mn atom and the neighboring
oxygen atom is 1.70 Å, which is smaller than that in the T–
O configuration of the Mn-doped ZnO sheet (1.98 Å). The
calculated band structure and LDOS for the T–O configuration
are shown in figures 5 and 6, respectively. The energy band
diagram of the pure (9, 0) ZnO tube is also shown in figure 5(a)
for comparison. In the majority spin bands (figure 5(b)), two
Mn 3d bands are clearly visible between 1.3 and 1.5 eV below
the Fermi level and two Mn 4s band lie between 1.9 and
2.0 eV below the Fermi level. However, in the minority spin

Figure 5. Band structures of (a) the pure (9, 0) ZnO nanotube, (b) the
majority spin and (c) the minority spin for Mn adsorption at the T–O
site on the outer wall of the (9, 0) ZnO nanotube. The Fermi level is
set to zero.

Figure 6. Projections of local density of states onto (a) the Mn 3d
and 4s orbitals, (b) the 2s and 2p orbitals of O, (c) the 3d and 4s
orbitals of Zn atom 1 and (d) the 3d and 4s orbitals of Zn atom 2, for
Mn adsorption at the T–O site on the outer wall of the (9, 0) ZnO
nanotube. Zn atoms 1 and 2 are shown in figure 4(a).

bands (figure 5(c)), one Mn 4s band lies at 0.2 eV below the
Fermi level and one Mn 3d band lies at 1.3 eV below the
Fermi level. Figure 4(b) shows the spin density isosurface
corresponding to 0.02 e Å

−3
for the T–O configuration of the

Mn-doped (9, 0) ZnO tube. It shows that the oxygen atom
next to Mn (figure 4(a)) carries a finite positive spin density.
The local magnetic moment of 0.04 μB is due to oxygen 2p
orbitals. In contrast, the two Zn atoms which are nearest
neighbors of Mn (atoms 1 and 2 in figure 4(a)) have negative
spin densities, with −0.05 μB and −0.03 μB local magnetic
moments, respectively, as shown in figure 4(c). The negative
local magnetic moment comes mainly from Zn 4s orbitals, as
clearly shown by the LDOS in figures 6(c) and (d).

It is interesting to note that, for the optimized T–Zn
configuration, the Mn atom moved from the top of Zn to the
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Figure 7. (a) The relaxed structure of the ZnO nanotube with an Mn
atom adsorbed at the H site on the inner wall of the (9, 0) ZnO
nanotube. The spin density isosurfaces correspond to (b) 0.03 e Å

−3

and (c) −0.002 e Å
−3

for the same configuration.

top of oxygen. The distances from the Mn atom to the oxygen
atom and its two nearest-neighboring Zn atoms (atoms 1 and 2
in figure 4(a)) are 1.70 Å, 2.43 Å and 2.45 Å, respectively.
This is essentially the T–O configuration. The calculated
binding energies and magnetic moments of the T–Zn and T–
O configurations are also the same, as indicated in table 1.
The two initial configurations in which the Mn atom was at
the bridge sites over a Zn–O bond, AB and ZB, also relaxed to
the same T–O structure. During structural relaxation, the Mn
atom moved to the top of oxygen from the bridge site, The final
configurations share the same binding energy of 0.62 eV and
the magnetic moment of 3.22 μB. Finally for the H adsorption
site, the structure also relaxes to the same geometry, with the
final position of Mn over the O. Therefore, for adsorption of an
Mn atom on the outer wall of the (9, 0) ZnO nanotube, the
atop oxygen site seems exceptionally stable. The Mn atom
tends to move to the top of the oxygen atom so that it can
form bonds with this oxygen and the two nearest-neighboring
Zn atoms. We notice that the magnetic moments are lower for
adsorption of Mn on the outer wall of the ZnO nanotube than
Mn on the ZnO sheet and on the inner wall of the nanotube, as
listed in table 1. The reason for the low magnetic moments is
because the Mn atom is chemisorbed on the ZnO nanotube and
local magnetic moments from Zn atoms in opposite directions
partially cancel that of Mn.

3.3. Adsorption of Mn to the inner wall of (9, 0) ZnO nanotube

For adsorption of Mn on the inside wall of the nanotube,
it is found that, among all adsorption sites considered, the
relaxed H configuration is the most stable structure, with
a binding energy of 1.47 eV. We take note that the T–Zn
configuration also transforms into the same final configuration
upon structural relaxation. Therefore, the T–Zn site is not a
stable adsorption site for Mn on the inside wall of the (9, 0)
ZnO nanotube. It is interesting to note that both AB and ZB
relax to the T–O configuration. It is less stable compared
to the H site, with a lower binding energy of 0.69 eV. The
distance between the Mn atom and oxygen atom in the relaxed
structure is 1.76 Å, which is larger than the bond length of
1.70 Å when Mn is adsorbed at the T–O site of the outer
wall of the nanotube, but lower than the value of 1.98 Å in
the same configuration of the ZnO sheet. However, when the

Figure 8. Band structures of (a) the majority spin and (b) the
minority spin for an Mn adsorbed at the H site on the inner wall of
the (9, 0) ZnO nanotube. The Fermi level is set to zero.

Mn atom is located in the center of the tube (center site in
table 1), although the initial configuration has little change after
relaxation, the binding energy of −0.25 eV indicates that this
site is energetically unfavored for Mn adsorption. In this case,
the Mn atom will not form bonds with any atom. As a result,
the magnetic moment (5.0 μB) of the Mn-doped system in this
configuration is exactly the same as that of a free Mn atom.

The optimized structure of the most stable configuration
for Mn adsorption on the inner wall of the nanotube (H site) is
shown in figure 7(a). The distances between the Mn atom and
two closest oxygen atoms (atom 1 and atom 2 in figure 7(a))
are 1.852 Å and 1.856 Å, respectively. The third oxygen (atom
3 in figure 7(a)), however, was pushed away by the Mn atom
and the distance between them became 3.46 Å from the initial
2.17 Å. The three Zn atoms (atom 4, atom 5 and atom 6 in
figure 7(a)), which are near to the Mn atom, are also pushed
away by the Mn atom, and the final distances between the Mn
atom and Zn atoms 4 and 5 are both 2.60 Å, while that between
the Mn atom and Zn atom 6 is 2.62 Å.

The calculated band structure and LDOS for the H
configuration are shown in figures 8 and 9, respectively. In the
band structure of majority spin (figure 8(a)), one oxygen 2p
band is clearly seen at 0.9 eV below the Fermi level. Another
band is located between 0.2 and 0.4 eV below the Fermi level,
which corresponds to the Mn 4s orbital and oxygen (atom 2)
2p orbital, as can be seen from the LDOS (figure 9). On the
other hand, in the minority spin bands (figure 8(b)), one band
appears at 0.75 eV below the Fermi level, which is mainly
contributed by the 4s orbital of Mn. Figure 7(b) shows the
spin density isosurface corresponding to 0.03 e Å

−3
for the H

configuration of an Mn-doped (9, 0) ZnO tube. It shows that
oxygen atoms 1 and 2 (figure 7(a)) bonded to the Mn atom
have finite positive spin densities, with 0.076 and 0.077 μB

local magnetic moments, respectively. In contrast, the two Zn
atoms (Zn atoms 3 and 4), which are nearest neighbors of Mn,
and oxygen atom 3 (figure 7(a)) have negative spin densities,
with −0.005, −0.005 and −0.025 μB local magnetic moments,
respectively, as shown in figure 7(c). It is noted that the local
magnetic moment of oxygen atom 3 is larger than that of Zn
atoms 4 and 5 (−0.005 μB), which comes mainly from its 2p
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Figure 9. Projections of local density of states onto (a) the Mn 3d
and 4s orbitals, (b) the 2s and 2p orbitals of O atom 1 and (c) the 2s
and 2p orbitals of O atom 2 for Mn adsorption at the H site on the
inner wall of the (9, 0) ZnO nanotube. O atoms 1 and 2 are shown in
figure 7(a).

orbitals, as clearly shown by the LDOS (figure 9(c)). The local
magnetic moment of the Mn atom is 3.94 μB. Contributions
from all atoms result in a total magnetic moment of 5.0 μB for
the Mn-doped tube system.

3.4. Curvature effect

The differences between the graphitic ZnO sheet and a ZnO
nanotube, and between the inner and outer walls of a ZnO
nanotube, are in their curvatures. The different adsorption
behaviors of Mn on the graphitic ZnO sheet and on the inner
and outer walls of a ZnO nanotube could be related to partial
sp3 hybridization of the electronic orbitals in the ZnO nanotube
due to the curvature effects. The hybridization of the d-
electron states of Mn with the s- and p-electron states of the
O atoms is enhanced when the supporting ZnO nanotubes
have large curvatures. For adsorption of an Mn atom on
the outer wall of the (9, 0) nanotube, the curvature of the
ZnO nanotube is negative. The Mn atom prefers to reside
on the top of an O atom and form bonds with this O and its
two nearest-neighboring Zn atoms. This configuration favors
charge transfer from O 2p and Zn 3d states to 3d orbitals of
the Mn atom, as confirmed by Mulliken population analysis.
The large charge transfer leads to a lower magnetic moment,
compared to that when Mn is adsorbed on the inner wall of the
ZnO nanotube or on the graphitic ZnO sheet. The curvature
of the graphitic ZnO sheet is zero. When the Mn atom is
adsorbed on the graphitic ZnO sheet, it energetically favors the
H site in which the Mn atom forms bonds with three O atoms.
Charge transfer from the oxygen atoms to the Mn atom, and
bonding between Mn and the graphitic sheet, are maximized
in such a configuration. As discussed above, H is also the
most stable configuration for adsorption of Mn atoms on the
inner wall of the nanotube. Due to the positive curvature of
the nanotube, the Mn atom bonds only to two O atoms, and the
direction of charge transfer is reversed, so the Mn atom donates
charges to the nanotube. Because a concave surface enhances

its interaction with the Mn atom, the binding energy of Mn is
the largest when it is adsorbed on the inner wall of the nanotube
while it is the least when it is adsorbed on the outer wall of the
nanotube.

4. Conclusion

The absorption of an Mn atom on a graphitic ZnO sheet and
a single-wall zigzag (9, 0) ZnO nanotube are studied by ab
initio calculations. For the Mn-doped ZnO sheet, the most
stable adsorption site is the H site. The Mn atom tends to push
its three nearest-neighbor Zn atoms out of the plane so that it
can form bonds with its three nearest-neighbor oxygen atoms.
Similarly, the H configuration is also the most energetically
favorable site for adsorption of a single Mn atom on the inner
wall of the (9, 0) ZnO nanotube. For this configuration, the
binding energy is 1.47 eV, which is the largest among all
adsorption sites. In this case, the Mn atom pushes one of the
three nearest oxygen atoms away and only form bonds with
the other two neighboring oxygen atoms. The average Mn–O
bond length is 1.85 Å. The total magnetic moment when Mn is
adsorbed either on the graphitic ZnO sheet or on the inner wall
of the (9, 0) ZnO nanotube is the same as that of a free Mn
atom. When the Mn atom is adsorbed on the outer wall of the
(9, 0) ZnO nanotube, however, the most energetically favorable
site is the T–O site. All other adsorption sites considered are
energetically not favored and transform to the T–O site upon
structural relaxation. The Mn atom prefers to bond with the
oxygen atom underneath it and with its two nearest-neighbor
Zn atoms. The strong p–d mixing of O and Mn leads to a
low magnetic moment of 3.19 μB, which is different from
absorption of Mn on the ZnO sheet and on the inner wall of
the ZnO nanotube. The present study provides some useful
reference to the synthesis of ZnO nanotubes using TM atoms
as catalysts and its potential applications.
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