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Atomistic simulation has been used to calculate the surface structures and stability of the rutile and anatase polymorphs of TiO2 .The surface and attachment energies were used to evaluate the equilibrium and pseudo-kinetic morphologies. The surfaces
expressed in rutile were {011}, {110}, {100} and {221} with surface energies of 1.85, 1.78, 2.08 and 2.02 J m−2 respectively. For
anatase the {011} and {001} surfaces were dominant in the morphology with relaxed surface energies of 1.40 and 1.28 J m−2 . The
predicted equilibrium forms were largely in good agreement with the reported experimental morphologies of rutile and anatase
and showed the importance of surface relaxation.

Rutile is the most stable form of TiO2 at ambient conditions anatase were obtained using the computer code METADISE17
developed to model dislocations, interfaces and surfaces.with anatase metastable with respect to rutile. The surface

properties of rutile have been the subject of numerous studies The energy of the crystal is described via interatomic poten-
tials. The potential is comprised of parametrised analyticalsince the early 1970s when the decomposition of H2O into

hydrogen and oxygen in a photo-electrolysis cell was first expressions describing the interactions between atoms. The
parameters used were developed by Matsui and Akoagi18reported.1 This is particularly true of the TiO2 {100} surface

which has been studied experimentally2–5 and theoretically.6–10 (Table 1) and include electrostatic terms with short-range
(9.6 Å) Buckingham potentials of the form shown in eqn. (1)Chung et al.2 reported that argon-ion bombardment and

annealing of the {100} surface at ca. 600, 800 and 1200 °C gave
rise to three distinct structures, i.e. (1×3), ( 1×5) and (1×7) Urij

=∑∞
ij

qiqj
rij

+Aij exp(−rij/rij)−
Cij
r6ij

(1)
reconstructions. We have previously11 modelled the (1×3)
reconstruction of the {100} surface of TiO2 and concluded where the charges of ions i and j, separated by a distance rij ,that it was comprised of {110} facets in agreement with the are qi and qj , and Aij , rij and Cij are variable parameters fitted
LEED evidence.4,5 to the lattice properties such as elastic constants of rutile.

The surface properties of anatase have been studied less The Parry method,19,20 a special case of the Ewald method,21
extensively. The surface dehydration of the {001} and {111} was used to sum the electrostatic interactions by considering
surfaces of anatase has been studied by Cordoba and Luque,12 the crystal to be composed of a series of charged planes, of
and they concluded that the {111} surface was most likely to be infinite size which terminate at a surface. This leads to three
exposed. The morphological characteristics of authigenic rutile types of surfaces, as identified by Tasker.22 In type I surfaces
and anatase have been investigated by Morad13 and these the stacking plane is neutral and is composed of both cations
morphologies and those from other workers14–16 will be used for and anions in a stoichiometric ratio with no dipole perpendicular
comparison with the calculated morphologies later in this paper. to the surface. Type II surfaces contain a series of charged

The aim of this paper is to provide reliable models for the planes making a repeat unit which has no dipole perpendicular
surfaces of the low index planes of TiO2 and to develop a to the surface. Type III surfaces are composed of alternately
strategy for ascertaining whether the models are reliable. The charged planes that produce a dipole perpendicular to the
latter requires some independent check of the surface properties surface if cut between any plane. The Coulombic sum for such
such as the crystal habit. Thus we are also concerned with a surface cannot be evaluated as it is divergent.23 If such surfaces
using the energies from the final relaxed surfaces to determine are to be studied then the surface must be reconstructed such
whether the crystal growth of the polymorphs of TiO2 is that the dipole is cancelled.24 For example, the {111} surface of
kinetically or thermodynamically controlled. This is achieved MgO is a type III surface and the simplest reconstruction is to
by considering the merits of evaluating the pseudo-kinetic and remove half the surface plane making the surface layer 50%
equilibrium forms and comparing them with available experi- vacant. This cancels the dipole, enabling it to be simulated. The
ment. This is discussed later on, but first the methodologies surface energy (ci) of a particular Miller index plane is calculated
used to calculate the equilibrium and pseudo-kinetic energies from the difference between the surface block simulation energy
are described, followed by the generation of morphologies. (Usurf ) and the energy of the same number of bulk ions (Ubulk ),

i.e. surface excess energy, per unit area. Care is necessary to
ensure that a sufficient number of layers are modelled so thatMethodology
the energy of the block has converged. The calculation of the

The crystal is considered to be a series of charged planes lying
parallel to the surface and periodic in two dimensions. The block
is divided into two regions, region I and region II. The ions Table 1 Potential parameters for TiO2close to the surface in region I are explicitly relaxed whereas the

interaction A/eV r/Å C/eV Å6ions in region II are held fixed. Thus during the minimisation
process the ions in region I are allowed to relax relative to

Ti2.196+–O1.098− 16957.53 0.194 12.59region II. The surface energies and structures of rutile and
Ti2.196+–Ti2.196+ 31120.2 0.154 5.25
O1.098−–O1.098− 11782.76 0.234 30.22
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surface energy is given in eqn. (2) where ci and wi are the specific surface energy and surface area
of the ith crystallographic face. The crystal morphology is the
shape which describes a minimum volume from a polar plotci=AUsurf−Ubulk

area B ( 2)
of surface energy as a function of orientation, i.e. the height of
a face is proportional to its surface energy. This was laterIn the calculation of the surface energy for a particular
proved using both geometric27–29 and thermodynamic argu-Miller index there may be multiple unique repeat units. If this
ments.30,31 This approach works best for small crystals, butis the case then each cut must be considered separately and
for large crystals the morphology is best described using athe lowest energy cut used in the generation of the equilibrium
kinetic treatment. Two straightforward phenomenologicalmorphology. This is further complicated by the presence of
models which attempt to incorporate these kinetic factors areasymmetric cuts. A symmetric repeat unit (hkl )s has the same
the Donnay Harker scheme32 and that of Hartman andsurface at the top and bottom. An asymmetric repeat unit
Bennema.33 These are briefly described below.(hkl )as has a different surface at the top and bottom. If the

The Donnay Harker methodology,32 which attempts tocrystal space group has a centre of inversion, as is the case for
model the rate of growth, applies the relation shown in eqn. (4)rutile and anatase, then each asymmetric surface will have its

own inverse (hkl)asi and the asymmetric cut is treated indepen-
height3

1
dhkl

(4)dently (Fig. 1).

where dhkl is the repeat distance for Miller index {hkl} and the
Crystal morphology height is the length of the normal to the face in the Wulff plot.

The attachment energy used in the Hartman and BennemaThe equilibrium shape of a crystal is that which minimises the
model33 is the energy per atom released for face (hkl ) when atotal surface free energy, which at 0 K is approximated by the
new slice of thickness dhkl crystallises on it and is used tointernal lattice energy. The relationship between equilibrium
model the rate of growth. The thickness dhkl is the minimummorphology and surface energy is most conveniently obtained
slice which will repeat the same surface configuration. Whenfrom Wulff ’s theorem,25 which is a corollary of an earlier
evaluating the pseudo-kinetic morphology from the attachmenttheorem by Gibbs.26 Gibbs proposed that the equilibrium form
energies the lowest attachment energy is used. The length ofof a crystal should possess a minimum (free) energy for a given
the normal is proportional to the attachment energy34 thusvolume and is shown in eqn. (3)

height3Uattach(hkl) (5)Esurf=∑
i

ciwi=minimum for constant volume (3)
where Uattach is the attachment energy for surface (hkl).

In the next section the morphologies generated using the
above methodologies are compared and contrasted.

Structure and morphology of rutile and anatase

Rutile is tetragonal (a=b≠c, P42 /mnm)35with Ti4+ surrounded
by six O2− at the corners of a slightly distorted octahedron
and each O2− surrounded by three Ti4+ lying in a plane at
the corners of an equilateral triangle. Anatase is also tetragonal
(a=b≠c, I4/amd)35 and has the same coordination as rutile.
The structural difference between these two polymorphs is in
how the octahedra are connected. Rutile is comprised of linear
chains of edge-sharing octahedra where the chains themselves
are connected by the octahedra corners. The anatase structure
comprises of two interpenetrating zigzag chains of edge-shared
octahedra which are linked to form a three-dimensional net-
work of edge-shared octahedra.Fig. 1 Stacking sequence illustrating asymmetric surface (as) and

All surface planes up to index 2 were considered for rutileasymmetric surface-inverse (asi) for the (a) {111a}-as and (b) {111b}-
asi of rutile and anatase. The low index planes were chosen as they are in

Table 2 Surface characteristics and energies (before and after relaxation) for rutile showing the area, repeat distance, unrelaxed and relaxed
surface energies, attachment energy, symmetry and type of surface

{hkl} area/Å2 drepa/Å Eunrelb /J m−2 Erelc /J m−2 Eattach /eV symmetryd typee

{011b} 38.79 3.51 2.71 2.18 −0.54 s II
{011a} 1.60 1.40 −0.32 s II
{001} 14.22 2.39 1.28 1.28 −0.37 s II
{112} 58.42 2.33 2.05 1.81 −0.63 s II
{100} 36.09 1.89 2.26 1.68 −1.02 s II
{121b} 81.94 1.66 2.42 1.94 −2.21 s II
{121a} 4.96 3.05 −5.35 s II
{012} 45.94 1.48 4.76 2.42 −3.10 s II
{110} 51.03 1.34 2.65 2.19 −1.57 s II
{021b} 73.56 0.93 2.36 1.81 −1.12 s II
{021a} 5.91 2.97 −3.91 s II
{120} 80.69 0.84 2.54 1.98 −1.61 s II
{122} 85.56 0.79 4.98 2.05 −4.50 s II
{111} 52.98 0.64 5.75 2.87 −5.20 s II
{221} 103.05 0.33 4.89 2.69 −8.10 s II

aRepeat distance. bUnrelaxed, crelaxed surface energy. ds=Symmetric surface. eTasker classification.
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Table 3 Surface characteristics and energies (before and after minimisation) for anatase showing the area, repeat distance, unrelaxed and relaxed
surface energies, attachment energy, symmetry and type of surface

{hkl} area/Å2 dhkl/Å Eunrela /J m−2 Erelb /J m−2 Eattach /eV symmetryc typed

{110} 19.12 3.18 2.05 1.78 −0.42 s II
{011} 24.30 2.50 2.06 1.85 −0.50 s II
{100} 13.52 2.25 2.40 2.08 −0.64 s II
{111b} 27.81 2.18 3.95 2.60 −1.22 asi (a) II
{111a} 3.95 2.91 −1.22 as II
{120b} 30.23 2.01 6.13 2.62 −2.45 asi (a) II
{120a} 6.13 3.66 −2.45 as II
{121} 36.35 1.67 2.67 2.16 −1.11 s II
{001} 20.19 1.50 2.81 2.40 −1.40 s I
{221a} 43.24 1.4 3.83 2.02 −1.78 as II
{221b} 3.83 3.29 −1.78 asi (a) II
{112} 44.68 1.36 4.88 4.01 −3.04 s II
{122b} 50.44 1.20 4.01 2.52 −2.36 asi (a) II
{122a} 4.01 2.82 −2.36 as II
{021} 33.75 0.90 2.85 2.28 −1.61 s II
{012} 42.58 0.72 6.06 2.95 −5.10 s I

aUnrelaxed, brelaxed surface energy. cs=Symmetric surface, as=asymmetric surface, asi (a)=asymmetric inverse of the asymmetric surface a.
dTasker classification.

general the most stable and to provide some limits to the agreement. However, the best agreement is obtained by using
the relaxed surface energies generating a morphology express-computational search. The surface energies are summarised in

Tables 2 and 3. ing the {011}, {110}, {100} and {221} faces [Fig. 2 (d)]. For
all of the calculated morphologies the {011} surface is tooThe equilibrium morphology is compared with experiment,

the Donnay Harker scheme and the attachment energy scheme stable resulting in a squashed habit. These results indicate that
surface relaxation plays an important role in determiningin Fig. 2 and 3 for rutile and anatase, respectively. The pseudo-

kinetic morphologies of rutile calculated using the Donnay
Harker (DH) [Fig. 2(a)] and attachment energy (AE)
[Fig. 2 (b)] schemes are very similar with only the {011} and
{110} surfaces expressed. This is contrary to the observed
morphology14,15 [Fig. 2(e)]. The unrelaxed equilibrium mor-
phology [Fig. 2(c)] includes the {100} surface and shows closer

Fig. 3 The calculated and experimental morphology of anatase
Fig. 2 The calculated and experimental morphology of rutile (a) Donnay Harker, (b) attachment energy, (c) before minimisation,

(d) after minimisation, (e) experimental {011},15 (f ) experimental(a) Donnay Harker, (b) attachment energy, (c) before minimisation,
(d ) after minimisation, (e) experimental15 {111}16
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which faces are expressed and thus schemes that omit surface titanium ions in the [1́10] direction. This can be envisaged as
cleaving between the chains of octahedra. Upon relaxation therelaxation are disadvantaged. These results compare well to

the electronic structure calculations of Ramamoorthy et al.9 surface energy decreased from 2.05 to 1.78 J m−2. On this
surface the first layer surface bridging oxygen ions relaxedTheir calculations incorrectly predicted the inclusion of the

{001} surface leading to a capped morphology. In addition 0.08 Å into the surface. On the second layer the six- and five-
coordinate titanium ions moved outward and inward by 0.25 Åthe atomistic approach allowed us to investigate index 2

surfaces which were beyond the scope of the electronic structure and the second layer oxygens moved outward slightly by
0.02 Å. In comparison to electronic structure calculations8,9calculations, and the {221} surface was identified as being in

the calculated morphology. This is apparently a discrepancy the agreement is good, but in their study the amplitudes of the
relaxations are less with the second layer six- and five-coordi-as the {111} face is commonly identified in this position.

However, both are first-order dipyramids of the tetragonal nate titanium ions moving 0.1 Å. This discrepancy (as the
authors point out) could be because their five-layer slab is notsystem and thus would appear very similar, especially since

the faces are present with very small surface areas. This leads completely converged.
The {011} surface is comprised of rows of oxygen ions into the prediction that the previously identified {111} surfaces

may in fact be {221}. the [0 10 4] direction bonded to five-coordinate titanium ions
and can be envisaged as cleaving through the linear chains ofOn simulating anatase the unrelaxed equilibrium, DH and

AE morphologies all expressed the {001} surface, contrary to octahedra. The surface energy of the {011} surface of 2.06 J m−2
before relaxation is very similar to that of the {110} surface.the experimentally reported morphology, resulting in a capped

{011} octahedral habit (Fig. 3 ). Upon relaxation the mor- However, after relaxation the surface is slightly less stable than
the {011} by 0.07 J m−2 with a surface energy of 1.85 J m−2 .phology hardly changes with the slight expression of the {112}

face. Both experimental morphologies show an octahedral For this surface the relaxation is small which agrees with
previous electronic structure calculations.10 The surface oxygenhabit but there is some ambiguity as to whether this is due to

{011}15 [Fig. 3(e)] or {111} [Fig. 3(f )] faces.16 This study ions relaxed 0.02 Å out of the surface and the second layer of
oxygen ions relaxed 0.01 Å into the surface. Similarly thesuggests that the octahedra are formed from {011} faces and

that they appear as {011} octahedra capped with {001} faces. relaxations of the titanium ions is small, with their displacement
being 0.01 Å out of to the surface on the first layer and inAlthough the {001} surface is not present in the experimental

morphology15 the {001} is a major cleavage plane for anatase, subsequent layers they did not move.
The relaxations for the two stable surfaces of anatase, {001}identifying it as a stable surface which is reflected in its low

surface energy. and {011}, with relaxed surface energies of 1.28 and 1.40 J m−2
respectively, are given in Plate 2(a) and (b). The {001} surface
is composed of a surface layer of oxygen ions which are two-Relaxed surface structure of rutile and anatase coordinate in the [010] direction. The five-coordinate titanium
ions bonded to these oxygen ions are themselves bonded toOne very important advantage that energy minimisation has

over the DH and AE schemes is that the atomic structure and three-coordinate oxygen ions in the [100] direction. The
surface energies before and after relaxation for the {001}relaxations of ions at the surface can be examined. The surface

structures after minimisation for the two most stable surfaces surface of anatase are identical, indicating that this is a very
stable surface. From the perspective of the linked octahedraof rutile, the {110} and {011}, are given in Plate 1 (a) and (b).

The {110} surface [Plate 1(a)] is comprised of two-coordi- this surface is generated by cleaving between the interpenetrat-
ing octahedral chains, which may account for its stability. Thisnate oxygen ions in the [001] direction bonded to the six-

coordinate titanium ions which alternate with five-coordinate is reflected in the relaxed positions of the ions. The first layer

(a) (b)

[110]

[110]

[001]

[001]

[110]

[011]

[100]

[100]

[0104]

[0104]

Plate 1 The relaxed surface structure ( top and side views) of rutile (a) {110} and (b) {011}. The surface oxygen ions are yellow, bulk oxygens
red and titanium ions blue.
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[010] [011]
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[016]

[100]

[100]

[100]
[100]

Plate 2 The relaxed surface structure ( top and side views) of anatase (a) {001} and (b) {011}. The surface oxygen ions are yellow, second layer
oxygen ion green, bulk oxygens red and titanium ions blue.

oxygen ions moved 0.04 Å into the surface and the five- found at the surface, which in part may be the source of the
different reactivities and surface properties.coordinate titanium ions moved by 0.01 Å out of the surface.

This is in contrast to the {001} surface of rutile where the
surface contains four-coordinate titanium ions and is corre- We would like to thank the EPSRC for funding and Molecular
spondingly less stable with a surface energy of 2.40 J m−2. Simulations Inc. for the provision of INSIGHT II.
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6 R. V. Kasowski and R. H. Tait, Phys. Rev. B, 1992, 20, 5168.The titanium ions moved relatively little with displacements 7 M. Tsukada, C. Satoko and H. Adachi, J. Phys. Soc. Jpn., 1979,of 0.02 Å for the five-coordinate titanium into the surface and 47, 1610.
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