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Molecular dynamics (MD) simulations with a quantum correction were used to study the 0.5 mol% V5+ /TiO2
rutile under conditions of 300 K and 101 kPa. The interatomic potential function in MD simulations is
composed of Coulomb, short-range repulsion, van der Waals, and Morse interactions. The topology of rutile
was found to undergo a large deformation when Ti4+ is replaced by V5+ , which can be related to the
difference of valence and ionic radius between V5+ and Ti4+ . The graphed distributions of Ti−O and O−O
bond lengths, and O−Ti−O angles are all broaden. The simulations showed that when Ti4+ is replaced by
V5+ , the V5+ moves out of the O6 polyhedron and toward the interstice between TiO6 octahedra, which
results in serious distortion of the octahedra near the interstice, but the phase with 0.5 mol% V5+ doping
still remains in rutile. The structural features, such as the bond lengths, migration of the dopant, and crystal
phase in the MD simulation are consistent with the experimental observations by FTIR, Raman, XRD and
ESR.
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structure, surface, and reactivity of the V5+ /TiO2 catalyst. Therefore, theoretical investigations are greatly
needed.
Computer simulation methods have become a very
powerful tool to attack multi-body problems in statistical physics, physical chemistry and biophysics. Although the theoretical description of complex systems
in the framework of statistical physics is rather well developed and the experimental techniques for detailed
microscopic information are rather sophisticated, it is
often only possible to study some specific aspects of
those systems in great detail. MD simulation is quite
suitable for calculation of the characteristic properties
of a solid in some extreme conditions, such as high
temperature, high pressure, freezing phase and melting
phase. MD simulation not only allows one to track the
physical property averages of the atoms globally, but
also locally. This capability is indispensable for corrections between the theories and the atomic level mechanisms [12]. Research with MD simulation has been done
on the microstructure of crystal at the atomic level, and
those studies mainly concentrated on the crystal data
for pure TiO2 , temperature and pressure dependence
of bond length and the thermal expansion coefficients
[13,14]. To date, there is less data reported about V5+ doped TiO2 -rutile using MD simulation. The structure
of the octahedron in the unit cell of rutile and d-spacing
of TiO2 (110) planes after the V5+ doping are a focus in
the investigation of catalytic and gas sensing properties
based on V5+ /TiO2 . Therefore, molecular dynamics
simulations offer predictive capabilities for a deeper understanding of the structural phenomena for V5+ -doped
TiO2 -rutile at 300 K and 101 kPa. As is known, a theoretical approach can provide independent information
to support experimental determinations [15]. It may be
a key step to application of the presented model to other
systems and prediction of properties that are hardly or

I. INTRODUCTION

TiO2 has three polymorphs: rutile, anatase, and
brookite. And rutile is the thermodynamically stable
phase. The physical properties and application of TiO2 rutile have been extensively studied with general reviews [1,2]. However, the properties of TiO2 -rutile can
be strongly influenced by dopants, and among the metal
oxide-supported catalytically active oxide systems, the
most important oxide is undoubtedly the V2 O5 /TiO2
system [3,4]. V-doped TiO2 prepared by high temperature solid state reaction between V2 O5 and TiO2 in air
is essentially Ti1−x Vx O2 with V5+ substitutionally incorporated on Ti4+ sites within the rutile lattice [5,6].
For example, doping with V5+ can enhance the electrical transferring properties between Ti4+ and V5+ ,
which would change its electrical conductivity and optical characteristics [7-9]. The V−Ti−O system has been
also much studied since it is used industrially in the
gas-phase oxidation of o-xylene to phthalic anhydride
[10], and in the oxidative dehydrogenation of hydrocarbons [11]. Since the characteristics of TiO2 are affected by V5+ significantly, it is certainly desirable to
investigate the microstructure of the crystal. Although
X-ray diffraction (XRD), Extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near-edge
structure (XANES), which are the most advanced techniques up to now, are used for detecting the structure
of materials in statistics, it is exigent to obtain a detailed picture of the local structure inside the materials
on the atomic scale. In particular, the local situation of
crystal structure near the doped ions affects the crystal
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not at all experimentally measurable.

II. METHODS
A. Interatomic potential model

The potential energy for a lattice configuration is assumed to be the sum of pairwise interatomic interactions which depend only on the distance rij between
atoms i and j. Three-body and higher interactions are
neglected. The model for the system consists of the
following four terms:
U (rij ) =

µ
¶
zi zj e2
ai + aj − rij
ci cj
+ f0 (bi + bj ) exp
− 6
rij
bi + bj
rij
I
II
III
∗
∗
+Dij {exp[−2βij (rij − rij
)] − 2 exp[−βij (rij − rij
)]}
IV
(1)

where the terms I, II, III, and IV represent Coulomb,
short-range repulsion, van der Waals, and Morse interactions, respectively. The first two terms are indispensable in ionic crystal. The third term represents
dipole-induced dipole dispersion potential on the van
der Waals interaction [16,17]. The pseudopotential periodic Hartree-Fock study on TiO2 -rutile by Silvi et al.
showed that the d orbital of the Ti atom plays an important role in bonding, and therefore this oxide is partially
ionic (65%) [18]. Thus, Morse interaction represents the
contribution of covalent bonds. The parameters are determined empirically as shown in Table I, where some
parameters are employed from Ref.[13]. With a potential function, MD simulations on some metal oxides
were performed, which successfully reproduced the crystal data, and explained the properties of crystal during
phase transition at high pressure and the influence of
crystal defects on the structure [19,20].

B. Quantum correction

MD simulations based on classical mechanics are not
suitable at temperature below the Debye temperature
because of quantum effects; the Debye temperature of
TiO2 -rutile is 757.4 K [21]. To estimate the quantum effects on the structure properties, the Wigner-Kirkwood
expansion [22,23] of the kinetic energy EK in powers of
Planck constant ~ was employed:
¿X
À
3
~2
∆i u
hEk i = N kB T +
+ O(~4 ) (2)
2
192π 2 kB T
mi
here only the first nonvanishing term of the order ~2 is
included, and the higher-order terms in Eq.(2) are all
neglected.
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C. MD simulation

The calculations were carried out by means of an improved MD simulation program with a quantum correction under the conditions of 300 K and 101 kPa. The
MD simulations were performed under the conditions
of constant temperature and volume (NTV ensemble)
to optimize interatomic potential parameters. The results of the MD simulations were obtained under the
conditions of constant temperature and pressure (NTP
ensemble), which were controlled by scaling [24]. The
starting configurations used to initialize the MD simulations with a periodic boundary condition were taken
from the observed structures reported by Abrahams and
Bernstein [25], and the Verlet algorithm for the motion
of atoms was used [26]. The simulations took a basic cell
composed of 96 unit cells (4a× 4b× 6c) which contained
576 ions in the system, and 0.5 mol% of the Ti4+ was
replaced with V5+ , i.e. only a Ti4+ was replaced with
V5+ in this simulation system. Also, the V5+ is situated at the middle of the simulated system. In each MD
run, a sufficiently long period of 20 ps was performed
to establish equilibrium of the system with a time step
of 1 fs. During the computational process, the initial
structure was relaxed to establish the equilibrium of the
system for a sufficiently long period of 15000 time steps,
resulting in obtaining stable microscopic properties at
300 K and 101 kPa for the subsequent period of 5000
time steps.

III. RESULTS AND DISCUSSION

Rutile has octahedrally coordinated tetragonal structure with space group P42 /mnm, and the lattice parameters are 459.4, 459.4, and 295.9 pm at 300 K and
101 kPa in Fig.1(a) [27]. The Ti4+ ions are surrounded
by distorted oxygen octahedra as shown in Fig.1(b).
The two longer Ti−O bonds 198.3 pm, which are identified as Ti−O(1), are parallel to the (001) plane, and
the remaining four shorter bonds (194.6 pm) (Ti−O(2))
are parallel to the (110) plane in the unit cell (Fig.1(a)).
Each octahedron shares two opposite edge O−O bonds
(253.6 pm) (O−O(1)) so that adjacent octahedra form
long strings that extend along the c-axis of the crystal.
The other two O−O bonds (295.9 pm) (O−O(2)) are
perpendicular to the (001) plane, and the third kind of
O−O bond length is 277.8 pm (O−O(3)). In the same
way, there are three categories of O−Ti−O angles set as
O−Ti−O(1), O−Ti−O(2), and O−Ti−O(3), where the
O−Ti−O(1), O−Ti−O(2) in the (110) plane are 81.21◦
and 98.79◦ , respectively, and the O−Ti−O(3) which is
perpendicular to the (110) plane is 90◦ (Fig.1(a)).
Figure 2, 3, and 4 depict the distributions of O−O
bond length, Ti−O bond length, and O−Ti−O angle
of V5+ -doped TiO2 -rutile and pure TiO2 -rutile, respectively. The difference between V5+ -doped TiO2 and
pure TiO2 is that the ranges of all bond lengths and
c
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TABLE I Potential energy parameters of TiO2 -rutile
z /e

a ij /nm

b ij /nm

c ij /(kJ1/2 nm3 /mol1/2 )

O

−1.2

0.20085

0.018

40.9×10−3

Ti

2.4

0.10038

0.010

0.0

Ion

V

3.3

0.10038

0.010

Ion pairs (O−Ti, O−V)
D/(kJ/mol)
β ij /nm−1
r∗ij /nm
108.8

20.0

0.188
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0.0

¡£

[001]

1.946 A

¡£

[010]

Titanium

[100]

90

¡£

Oxygen

98.93

[100]

¡£

1.983A

¡£

[001]
[010]

81.21

(b)

(a)

FIG. 1 Structure of TiO2 -rutile (a) unit cell, (b) octahedral structure.

FIG. 2 Distributions of O−O bond length for crystal (a)
V5+ doped TiO2 -rutile and (b) pure TiO2 -rutile.

angles are broadened with V5+ doping on the structure
of rutile. In addition, the probabilities of distributions
of bond lengths and angles decrease with V5+ -doped
TiO2 , especially in angles. Balikdjian and co-workers
[28] have indeed observed the decrease on both a axis
DOI:10.1088/1674-0068/20/03/237-242

FIG. 3 Distributions of Ti−O bond length for crystal (a)
V5+ doped TiO2 -rutile and (b) pure TiO2 -rutile.

and c axis parameters at high V5+ loading into the
rutile TiO2 , and the formation of substitutional rutile
solid solution by V5+ was further confirmed by ESR
data. Furthermore, the large component of the A tensor of the ESR signal is associated with its larger g
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FIG. 4 Distributions of O−Ti−O angle for crystal (a) V5+
doped TiO2 -rutile and (b) pure TiO2 -rutile.

component. The principal peaks in the distributions
of O−O(1), O−O(2) and O−O(3) move to the lower
length region after V5+ doping (Fig.2). Simulations also
found that although the principal peaks of Ti−O bond
lengths have shifted less, located about 0.20 nm, the distributions broaden with V5+ doping into TiO2 (Fig.3).
As for O−Ti−O angles, the variation is similar to the
bond lengths and the principal peaks shift to lower angle region with V5+ doping into TiO2 (Fig.4). V5+
has a smaller ionic radius (0.54 Å) than Ti4+ (0.61 Å)
[29], so when it enters the lattice substitutionally, the
volume of the crystal will shrink, and the O−O bond
lengths in octahedra simultaneously become less. Rutile
has octahedrally coordinated tetragonal structure, and
Ti4+ ions are surrounded by an oxygen octahedron. The
shrinkage of crystal can result in great repulsive interaction between the unit cells. Furthermore it makes these
octahedra distort to reach a new equilibrium. That is
the reason the variation of the distributions of angles
is greater than that of bond lengths. The distortion
of the octahedra brings on the new bond lengths located in the high bond length region. It is reported
that V5+ doping can result in the distortion of the octahedra [30], and it has already been proved that the
FTIR bands with the infrared active Eu and Au broaden
and two Raman bands shift accordingly by V5+ doping TiO2 [28]. The authors also found that the FTIR
spectrum of V5+ /TiO2 synthesized by sol-gel process
splits, broadens and red-shifts compared with that of
pure TiO2 [31].
Figure 5 presents some parts of the structures of pure
TiO2 and V5+ -doped TiO2 viewed from the [001] direcDOI:10.1088/1674-0068/20/03/237-242

Li-pen Zhang et al.

tion. Our MD simulations reproduce well the crystal
structure of pure TiO2 -rutile (Fig.5(a)) at 300 K and
101 kPa. As a result of the substitution of Ti4+ by
V5+ in the unit cell, the V5+ is incorporated toward an
interstice between octahedron (4) and octahedron (5),
and these two octahedra distorted seriously (Fig.5(b)).
In octahedron (1) of Fig.5(b), the two O−O bonds rotate 40◦ along the [001] direction. Of special interest,
the V5+ moves out of the O6 polyhedron (Fig.5(c)) at
the end. The radius of V5+ is smaller than that of
Ti4+ , which will make V5+ move more easily in the
octahedron. It is inferred that the V5+ dopant can easily segregate in observed experiments because of the
ion size mismatch and V5+ with high mobility can produce a driving force for V5+ segregation [32]. It is deduced that the oxidation state of V5+ on the surface
is increased by oxygen chemisorption process, which is
significantly larger on the surface of TiO2 rutile (001)
plane [33]. In addition, the V5+ has a higher positive
charge than Ti4+ , which will result in the nonequilibrium of charge in crystal, and the V5+ would tend to
move toward where is with a higher density of negative
charge, that is, the interstice between octahedron (4)
and octahedron (5). At that moment, all of the principal axes (O−Ti−O) in any octahedron curve, and this
finally makes all the octahedra distort (Fig.5(b)). Octahedron (2) has the least distortion compared with the
other octahedra because octahedron (2) is far from the
V5+ .
As to the nature of TiO2 phase with V5+ doping, the
projection of the ions in (110) planes is viewed from
the [001] direction in Fig.6. When doping V5+ into
TiO2 , not only the nearest ions are influenced, but also
the second nearest ones have a displacement. Also it
can be found that the arrangement of ions on the (110)
plane with V5+ doping (the middle line in Fig.6) is more
scattered compared with the other two (110) planes. So
we can conclude that those octahedra near the dopant
would have serious distortion, whereas those octahedra
far away from the dopant have less distortion. Therefore, from the characteristic (110) plane of rutile with
the V5+ doping, the 0.5 mol% V5+ /TiO2 is still mainly
in rutile phase despite the fact that the positions of
Ti4+ ions near V5+ dopant are somewhat diversified
compared with these of pure TiO2 rutile (Fig.6). This is
consistent with observation, in which the greater broadening at half-maximum of all these diffractions in XRD
patterns was shown under a high V5+ loading and formation of substitutional rutile type V5+ /TiO2 in solid
solution [28].

IV. CONCLUSION

These MD simulations under conditions of 300 K
and 101 kPa show that the distribution curves of bond
lengths and angles in TiO6 octahedra broaden as Ti4+
in TiO2 rutile is replaced by 0.5 mol% V5+ . The princ
°2007
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FIG. 5 Octahedral structures of pure TiO2 (a), V5+ doped TiO2 (b) in [001] direction, and O6 octahedron (1) in one
direction (c) (large ball, small black ball and small gray ball represent O2− , V5+ , Ti4+ , respectively.)

the interstice between octahedra and move out of the O6
polyhedron. At the low dopant content (0.5 mol%) the
phase of V5+ /TiO2 remains mainly rutile, even though
the position of cations diversifies near the characteristic planes (110) for TiO2 rutile. The natures of structure with TiO2 doped by V5+ , including distribution
of bond lengths and bond angles, the dopant migration
and crystal phase, are consistent with experimental investigations by FTIR, Raman, XRD, and ESR.
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FIG. 6 Projection of the (110) planes viewed along the [001]
direction of V5+ doped TiO2 (a) and pure TiO2 (b).

cipal peaks of distribution in three kinds of O−O bond
lengths shift to the short region, and peaks for two kinds
of Ti−O bond lengths elongate, whereas the principal
peaks in all three kinds of O−Ti−O angles shift to lower
angle region compared with that of pure TiO2 . The displacement of Ti4+ and O2− near the V5+ dopant causes
obvious distortion of TiO6 octahedra because of the
higher positive charge and smaller radius of V5+ compared to that of Ti4+ . The V5+ tends to move toward
DOI:10.1088/1674-0068/20/03/237-242
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