Theor Chem Acc (2007) 117:565-574
DOI 10.1007/s00214-006-0189-y

REGULAR ARTICLE

Optimisation of accurate rutile TiO, (110), (100), (101) and (001)
surface models from periodic DFT calculations

H. Perron - C. Domain - R. Drot -

E. Simoni - H. Catalette

J. Roques -

Received: 4 October 2006 / Accepted: 14 November 2006 / Published online: 13 January 2007

© Springer-Verlag 2007

Abstract In this paper, geometric bulk parameters,
bulk moduli, energy gaps and relative stabilities of the
TiO, anatase and rutile phases were determined from
periodic DFT calculations. Then, for the rutile phase,
structures, relaxations and surface energies of the (110),
(100), (101) and (001) faces were computed. The cal-
culated surface energies are consistent with the natural
rutile powder composition, even if a dependence on the
number of layers of the slab used to model the sur-
face was identified. Internal constraints, consisting in
freezing some internal layers of the slab to atomic bulk
positions, were thus added to mimic the bulk hardness
in order to stabilise the computed surface energies for
thinner systems. In parallel, the influence of pseudo-
potentials was studied and it appears that four valence
electrons for titanium atoms are sufficient. The aim of
this study was to optimise accurate rutile TiO, surface
models that will be used in further calculations to inves-
tigate water and uranyl ion sorption mechanisms.
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1 Introduction

For years, the titanium dioxide, TiO;, has been widely
used as a white pigment and opacifier. Its recent applica-
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tion in catalysis and its photocatalysis properties makes
it a substrate of great interest from an experimental
point of view as well as a theoretical one. In the nature,
this compound can be found under three crystallographic
phases which are in order of decreasing abundance:
rutile, anatase and brookite. A lot of microscopic studies
carried out under ultra-high vacuum (UHV) conditions
and with preliminary treatments (Ar*-ion bombard-
ment, irradiation, high temperature) have been
performed especially considering some selected faces
of the rutile phase, allowing a detailed knowledge at the
atomic level in terms of relaxation and reconstruction
[1-7]. Then, many metals and metal oxides overlayer
growth [8-13], organic and inorganic molecules adsorp-
tion [14-21], have been also studied, and the surface
chemistry on this phase has been abundantly investi-
gated. Among the low index faces naturally present in
the rutile phase powder, the (110) face was found as the
most stable one and thus has been much more studied
than the others. In the case of the anatase phase, several
applications were found, for example in nanostructured
solar cells. All these experimental investigations have
besides been summarised by Diebold [22].

From a theoretical point of view, the rutile and ana-
tase bulk phases and low index faces have been also
investigated (see Diebold review article [22] and ref-
erences therein). Calculated intrinsic bulk parameters
such as lattices parameters or bulk moduli were well
reproduced [23]. The computed surface energies are also
in agreement with the natural repartition of the different
faces [24]. Furthermore adsorption studies have been
performed, especially on the rutile (110) face, with small
organic molecules (H,O, CO, NHs, .. .) [25-29], atomic
ions (Nat, K+, Ca",...) [30-32] or metallic atoms (Au,
Cu, Ag,...)[33-35], but some works have given opposite
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results. As an example, a disagreement arised for the
adsorption of the water molecule on the rutile (110)
face which is still a matter of controversy. Some authors
found a spontaneous dissociation [36,37] whereas others
agreed with a molecular adsorption mechanism [26,38].
This behaviour seems coming from the different models
used (thickness and methods) showing the real impor-
tance of an accurate description of these surfaces. Exper-
imental data suggest that the two forms may coexist
simultaneously, and the relative proportions depend on
several factors such as the initial oxygen vacancies den-
sity or pressure [39-41].

The regular increasing of the modern supercomputers
power and the improvements of the methods allow to
better describe the real systems. However, before study-
ing solid/liquid interfacial reactions, a detailed knowl-
edge of the surface, in terms of chemical and physical
properties, should be beforehand established. Thus, it
is of first importance to previously define well-charac-
terised titanium dioxide TiO, surface models that could
be then used as accurate models for studying complex
adsorption processes. Among the previous ab initio cal-
culations on TiO; rutile low index faces, several
approaches have been used (Hartree-Fock or DFT in
different formalisms) with multiple surface models. Nev-
ertheless, to our knowledge, no systematic comparison
of the different surfaces as a function of the slab thick-
ness with the same formalism has been performed.

In this paper, the (110), (100), (101) and (001) TiO2
rutile surface properties have been characterised within
the same DFT formalism based on the plane waves
methodology. The ultrasoft pseudopotential (USPP) and
projector augmented wave (PAW) formalisms are com-
pared, as well as the effect of the number of valence elec-
trons, on bulk properties and surface energies.
A comparison of unconstrained and constrained surface
models and the effect of the number of layers needed
to reach convergence are also presented. Then, the rel-
ative stabilities of the surfaces and their atomic relax-
ations are correlated to their relative unsaturation and
their structures. Finally, accurate (110), (100), (101) and
(001) constrained surface models have been optimised
to study sorption processes on large systems with a lim-
ited number of layers in order to speed up calculations.

2 Computational details

All DFT periodic calculations were performed using the
Vienna ab initio Simulation Package, VASP 4.6 [42-45],
in local density approximation (LDA) and generalised
gradient approximation (GGA as defined by Perdew
and Wang [46]) formalisms, for the exchange-correlation
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energy evaluation. All atoms were described with pseud-
opotentials taken from the VASP library and developed
on plane waves basis sets. Different pseudopotentials
were used. The first ones are based on Vanderbilt-type
[47,48] pseudopotentials also known as ultrasoft pseud-
opotentials (USPP). Titanium atoms were described by
ten valence electrons (3p®4s>3d?) and oxygen atoms by
six electrons (2522p*). This first set of pseudopotentials
will be referred to as US10 in the following. The second
set is generated with the Projector Augmented Wave
(PAW) method [49,50]. Two pseudopotentials were used
for describing titanium atoms: the first one describes
explicitly ten electrons (3p®4s23d?) and will be referred
to as PAW10; the second one, takes into account only
four valence electrons (3d24s%), and will be noted as
PAW4. For oxygen atoms, a PAW pseudopotential with
six valence electrons (25%2p*) was used. These two tita-
nium PAW pseudopotentials were used in order to deter-
mine if the 3p electrons have to be included as semi-core
in the pseudopotential to correctly describe the crystal
properties. The Brillouin zone was integrated using the
Monkhorst-Pack sets of k-points [51] (centred at the
[ point) depending on the supercell dimensions and
of the number of atoms. Results for bulk relaxations
were checked for convergence with respect to the num-
ber of k-points as well as energy cutoff. The density of
states (DOS) calculations on the bulk were performed at
the equilibrium volume using the tetrahedron method
with Blochl corrections for accuracy [52]. Except for
calculating bulk parameters, all atomic relaxations were
performed at constant volume (at the bulk equilibrium
lattice parameters) by using the conjugate gradient opti-
misation scheme. All faces were built from direct bulk
cleavage and thus exhibit undercoordinated atoms rel-
ative to their bulk structure. For each face, a sufficient
vacuum thickness has been introduced between the slabs
allowing to neglect their interaction.

3 Bulk properties

This study started by optimising the rutile bulk param-
eters in order to build the faces and to determine the
accuracy of the modelling by comparing calculated
parameters to experimental ones. These first calcula-
tions were performed using different sets of k-points
and energy cutoff to evaluate their effects on the bulk
parameters and to optimise them. Relaxations were per-
formed in two steps: the first one, with constant vol-
ume to optimise atom positions in the lattice, and the
second one, with unconstrained volume, to determine
equilibrium bulk parameters and reference energies. In
addition, the anatase phase lattice parameters were also
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Table1 Optimised rutile bulk parameters (in A), bulk moduli (in
GPa) and energy gaps (in eV)

Table 2 Optimised anatase bulk parameters (in A), bulk moduli
(in GPa) and energy gaps (in eV)

a c X cla B Gap a c z c/a B Gap
Exp. 4587 2954 0305 0.644 210 3.0° Exp. 3782 9.502 0208 2512 180 3.2°
GGA(US10) 4.639 2983 0305 0.643 218 1.90 GGA(US10) 3794 9.822 0205 2589 191 230
GGA(PAW10) 4.642 2973 0305 0.640 217 1.80 GGA(PAW10) 3.804 9.724 0206 2.557 189 2.08
GGA(PAW4) 4649 2972 0304 0.640 225 1.65 GGA(PAW4) 3810 9.726 0206 2,552 199 1.93
LDA(US10) 4554 2937 0304 0.645 254 194 LDA(US10) 3751 9.498 0208 2532 219 222
LDA(PAW10) 4554 2927 0304 0643 256 1.81 LDA(PAW10)  3.747 9483 0.208 2532 219 2.04
LDA (PAW4) 4561 2929 0303 0.642 263 1.66 LDA (PAW4) 3756 9.497 0208 2528 226 194
GGA? 4.651 2964 0307 0.637 - - GGA? 3792 9.714 0206 2562 - -
LDA? 4574 2927 0304 0.640 - - LDA? 3758 9.495 0208 2527 - -
HF? 4575 2999 0306 0.656 239 - HF? 3781 9.735 0203 2575 202 -

Data from previous studies: GGA and LDA using plane waves,
and HF using linear combination of atomic orbitals, are also
reported

4 Reference [23]

b Reference [59]

determined in order to compare cohesive energies with
the rutile phase.

The bulk rutile unit cell is tetragonal (a = b =
4587 A, ¢ = 2954 A, internal parameter x = 0.305
and c/a = 0.644 [23]), space group no. 136. Titanium
atoms are in 2a positions and O atoms in 4f positions
using Wyckoff’s notations. The primitive cell contains
two TiO» units.

For the LDA calculations, the optimised parameters
(see Table 1) were obtained with an optimised 5 x 5 x 5
k-point mesh and a 400 eV cutoff, whereas for the GGA
calculations the energy cutoff was optimised to 350 eV
with the same k-point sampling. For a given functional
(LDA or GGA), the results obtained with US10 and
PAW10 pseudopotentials are similar. Moreover, only
small differences can be noticed between PAW10 and
PAW4 pseudopotentials showing that the four valence
electrons are sufficient to correctly describe the tita-
nium atoms, and 3p semi-core electrons do not sig-
nificantly change the results. Furthermore, this smaller
number of electrons explicitly treated will allow to con-
sider larger surfaces. By comparing to the experimen-
tal values, the LDA leads to a slight underestimation
of the bulk parameters (around 0.04 and 0.03A on a
and ¢ parameters, respectively) while GGA gives an
overestimation (0.04 and 0.02 A on a and ¢ parameters,
respectively). Despite these little differences, there is
a good agreement between calculated and experimen-
tal bulk parameters (1% error). Previous works from
other groups gave similar results (see Table 1). There-
fore, these different parameters have been used in all
the coming constant volume relaxations.

The anatase phase is also tetragonal (a = b = 3.79 A,
c =951 A, internal parameter z = 0.208, c/a = 2.509
[23]), space group no. 141. Titanium atoms are in 4a posi-

Data from previous studies: GGA and LDA using plane waves,
and HF using linear combination of atomic orbitals, are also
reported

4 Reference [23]

b Reference [59]

tions and oxygen atoms in 8e. The elementary cell con-
tains four TiO; units. Using the same sets of k-points and
energy cutoff as for rutile, the anatase cell was optimised
(see Table 2). Here, calculated values were still in good
agreement with experimental ones but it can be noticed
that the ¢ parameter is slightly overestimated in GGA
that implies a largest error on the c/a ratio. This devi-
ation has earlier been observed in the previous works
reported in Table 2. Nevertheless, this error does not
exceed 3% relatively to the experimental values.

The computed bulk moduli for anatase and rutile
phases are also reported in Tables 1 and 2. The bulk
modulus measures the response in pressure, or resis-
tance to a uniform compression, due to a change in the
volume relative to the equilibrium one:

P 92E

B = —V— = —,
1% V2

1

where E is the total energy of the supercell as a func-
tion of its volume V, P is the pressure and B the bulk
modulus evaluated at the minimum of E.

In agreement with experimental results, the rutile’s
bulk modulus was always found higher than the ana-
tase one whatever the functional (LDA or GGA) or
the pseudopotential (US10, PAW10 or PAW4) used. For
a given phase and functional, the US10 and PAW10
pseudopotentials gave similar results whereas the PAW4
one gave slightly higher values. The LDA calculations
always lead to 30-40 GPa higher bulk moduli than GGA
ones which were in better agreement with experimen-
tal values (rutile phase: 210 GPa [53,54], anatase phase:
180 GPa [55,56]).
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Table 3 Relative stabilities between rutile and anatase phases (in

meV)

Refs Eon (rutile) — E.o, (anatase)
GGA(US10) —86
GGA(PAW10) -83
GGA(PAW4) -75
LDA(US10) —24
LDA(PAW10) —24
LDA(PAW4) —11
GGA? —74
LDA? —34
LDAb —20

a Reference [23]
b Reference [66]

The cohesive energy of the crystal can be calculated
according to Eq. (2):
Evuk — N1iETi — NoEo
Nrtio, ’

Econ = (2)
where ETj is the reference energy for one titanium atom
in the hexagonal compact crystal, Eg is the reference
energy for oxygen atom in an isolated dioxygen mole-
cule in gas phase, N1i, No and Ntjo, are, respectively,
the numbers of titanium atoms, oxygen atoms and TiO;
units contained in the supercell and, finally, Eyy is the
total energy of the supercell. Using this definition, a
negative value is favourable. By comparing cohesive
energies, the relative stability of these two phases can
be calculated (see Table 3). The PAW4 pseudopoten-
tial gave about 10meV energies lower than the two
other pseudopotentials (PAW10 and US10). The rela-
tive energy stability is quite different when it is evalu-
ated from LDA or GGA calculations. This disagreement
has earlier been observed and these differences come
from the exchange-correlation functionals used [57,58].
However, ab initio calculations always predict the rutile
phase as the most stable one.

The energy gaps (difference between HOMO and
LUMO) of the rutile and the anatase phases have been
experimentally evaluated at 3.0 and 3.2 eV, respectively
[59]. The values calculated here, 1.6-1.9 and 1.9-2.3eV
for rutile and anatase, respectively, are always lower
(around 1-1.3 eV) relative to the experimental ones and
depend strongly on the pseudopotential used. However,
this result was predictable since it is known that DFT
always underestimate gap energies because it is based
on the description of the fundamental state and thus is
not the most appropriate formalism to describe excited
states. Comparing the values obtained for the bulk with
these three pseudopotentials, the set of pseudopoten-
tials noted PAW4 (Ti: 4523d%, O: 25°2p*) in this study
gives accurate results.

@ Springer

4 Surfaces: effect of the slab thickness

According to Jones et al. [60,61], it is known that rutile
powder presents three major crystallographic faces:
(110), (101) and (100) with, respectively, a ratio of 60%/
20%/20%. Surface energies were evaluated using

Eq. (3):
Egab — ETi0,NTi0,
3
2S b ( )
where Eg,p is the total energy of the supercell, ETio, the
reference energy for a TiO; unit in bulk phase, N1io, the
number of TiO; units in the supercell and S the surface
area of one side of the slab depending on the considered
face (see Table 4). For the four faces, a layer (L) has
been defined as a plane containing titanium atoms. All
atomic positions were able to relax during calculations.

Esurf =

4.1 Rutile (110) face

The TiO2(110) face (Fig. 1a) exhibits atoms with
different environments. First, a pentacoordinated tita-
nium atom, noted Ti(5), which is undercoordinated rel-
ative to its bulk structure. There are also two kinds of
oxygen atoms, the first one is localised in the surface
plane and is threefold coordinated (noted Os for “sur-
face” oxygen); the second is prominent from the surface
around 1A and is only doubly coordinated (noted Ob
for “bridging” oxygen). All (110) surface energies were
obtained using a 3x1 x 5 k-point grid (the system being
a~/2 x (nL+vaccuum) x ¢). In Fig. 2, surface energies for
systems from 1 to 13 layers are represented from LDA
and GGA calculations with the three sets of pseudopo-
tentials previously defined (US10, PAW10 and PAW4).
It can be noted that the surface energy oscillates with the
number of layers as earlier noted by Bates et al. [62] and
Ramamoorthy et al. [24]. In a recent paper, Bredow et al.
[63] have showed that the energy gap and the interlayer
distances also oscillate with nL.. However, the amplitude
of these fluctuations decreases as the number of layers
increases. Convergence was reached (within 0.02 J/m?
for the three pseudopotentials) from the 10-12 layer
systems. Referring to the converged surface energies,

Table 4 Rutile face’s unit surface area and the corresponding
k-point grid

Unit surface area (A2) k-Point grid® Space between layers

(110) av2 x ¢ 3x1x5 (av2)/2
(100) a x ¢ 1x5x5 a/?
(101) a x Ja+c¢ 4x5x1 ¢

(001) a x a S5x5x1 c/2

2 The surface normal is along the axe with one k-point
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(a) Ob

{Ti(S)

~a Ti(6)
 /

Fig. 1 The dry rutile a (110), b (100), ¢ (101) and d (001) faces
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Fig. 2 Rutile (110) surface energy as a function of the slab thick-
ness for 1-13 layer systems (in J/m?). nL is the number of layers

even nL gave smaller values and odd nL led to bigger
ones. The differences between the LDA calculated sur-
face energies and the GGA ones were important what-
ever the pseudopotential used (about 0.4 J/m?) but, for a
given formalism, they gave similar results. Atom
displacements due to the surface relaxation were of
various amplitude according to nL but remain in agree-
ment with those experimentally observed [1,2] and
calculated [24,26,62,64]. On the surface, the Ti-O bond
lengths were modified relative to the bulk ones (two at
1.97 and one at 2.00 A in GGA(PAW4)): d(Ti(6)-Ob) =
1.85 A, d(Ti(6)-Os) = 2.05 A. The Ti(5) atom falls down
into the surface leading to a shortening of the remain-
ing apical bond length at 1.83 A. The calculated surface
energies reported in the literature are always larger in
GGA (0.73[62], 0.81 [65] and 0.84 [66] in J/m?), while a
better agreement was observed in LDA (0.89 [24], 0.84
[67] and 0.66 [68] in J/m?).

In agreement with the results on the bulk, the PAW4
pseudopotential gives similar results than the two other
ones. Then, for the three following faces, (100), (101)
and (001), the systematic study with the number of lay-
ers was performed only with the PAW4 pseudopotential.

4.2 Rutile (100) face

The natural rutile powder is composed of about 20% of
(100) face (Fig. 1b). Although its “sawtooth” orienta-
tion, the (100) face exhibits exactly the same three kinds
of atoms as the (110) face (see Sect. 4.1). As for the (110)
face, the surface energy was calculated with different
number of layers (Fig. 3) with a 1 x 5 x 5 k-point mesh
(with supercell dimensions: (nL +vacuum) x a x c¢). The
(100) surface energy also oscillates with nLL and the con-
vergence was reached within 0.01 J/m? only from 8-10

2.5
A
[ ‘\
2+ R ." \ —
—_
=Rl
-~ i
= Ll N\ L N N DN e T
% i N S A
I - (001) LDA
.= (101) LDA
et e eaae e et esarene e rntaeaaae] 00 LDA
0.5 — (001) GGA -
-- (101) GGA
.-+ (100) GGA
0 | 1 L L | L
2 4 6 8 10 12 14

Fig. 3 Rutile (100), (101) and (001) surface energy as a function
of the slab thickness with the PAW4 pseudopotential (in J/m?)
from GGA and LDA calculations
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layer systems (0.69 and 1.18 J/m? in GGA and LDA with
PAW4, respectively) even if the amplitude of the oscil-
lations is smaller than for the (110) face. These results
are in agreement with values reported in the literature:
1.12 J/m? [24], 1.38 J/m? [69] and 1.30 J/m? [70] in LDA
and 0.83 J/m? [69] in GGA. The (100) surface energy
was found to be higher than the (110) one which is in
agreement with the fact that the (110) face is the most
stable one and with previous theoretical works [24,69].
The bond lengths on the surface are also modified simi-
larly to those observed on the (110) face. As previously
noted for the (110) face, the calculated LDA surface
energies were always larger than the GGA ones around
0.5 J/m? with the PAW4 pseudopotential. These calcula-
tions were also performed with the PAW10 pseudopo-
tential and gave similar results.

4.3 Rutile (101) face

The (101) face (Fig. 1c) is the third face occurring
naturally in rutile powder for about 20%. This face
looks like the (100) one; it exhibits two kinds of atoms,
first, a pentacoordinated titanium, noted Ti(5); second,
a twofold oxygen atom with two different Ti-O bond
lengths, noted O(2). The surface energy as a function
of the number of layers was also calculated and reveals
a similar behaviour as for the other faces (Fig. 3), the
k-point mesh used was 4 x 5 x 1 (with system dimensions:
Va2 + ¢ x a x (nL + vacuum)). The converged surface
energy (1.03J/m? in GGA and 1.47J/m? in LDA with
PAW4) was reached, within 0.01 J/m?, from 6-8 layer sys-
tems. The (101) surface is also less stable than the (110)
one. These values are in agreement with Ramamoorthy
etal. [21] reporting 1.39 J/m? from LDA calculations and
with the faces repartition in natural rutile powder. Sur-
face energies evaluated from LDA calculations are still
larger than the GGA ones around 0.4 J/m2, as earlier
noted for the (110) and the (100) faces. The optimised
Ti—O bond lengths on this surface are very different
than those of the bulk [two at 1.97 and one at 2.00A
in GGA(PAW4)]: 1.84 and 1.89 A for the twofold oxy-
gen atoms while, for the threefold ones, 2.07 and 2.12 A
bond lengths were found. The PAW10 pseudopotential
still gave similar results.

4.4 Rutile (001) face

The dry (001) face (Fig. 1d) does not belong to the
three major faces present in powder; however, some
experimental [22,70] and theoretical [24,71-74] works
performed on this face are available in the literature.
Then, this fourth face was investigated in order to make
comparison with the three previous ones. This face also
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Table5 Converged surface energies (in J/m?) calculated from the
biggest systems in GGA for the three pseudopotentials

US10 PAW4 PAW10
Face Esurf Esurf Esurf
(110) 0.54 0.50 0.48
(100) 0.76 0.69 0.67
(101) 1.08 1.03 1.01
(001) 132 1.25 121

exhibits two kinds of atoms: a tetracoordinated titanium
atom, noted Ti(4), with a high unsaturated valence and
thus very acidic; and a twofold oxygen atom noted O(2).
As earlier, the evolution of the surface energy with an
increasing number of layers was studied (Fig. 3) with a
5 x5 x 1 k-point mesh (the supercell being a x a x (nL+
vacuum)). In this case, the space between two layers is
very small (only ¢/2 ~ 1.5 A) and, relative to the three
other faces (around 3 A), for an equivalent thickness,
the number of layers is about twice than the three other
ones. This explains why for the same number of layers,
as for the three other faces, the surface energy is not con-
verged and thus requires a higher number of layers. The
fluctuations observed were as important as for the (110)
one. Convergence within 0.1 J/m? was reached from 13—
15 layer systems (1.25 and 1.76 J/m? in GGA and LDA
with PAW4, respectively). The surface energy is larger
than for the three previous faces in agreement with the
fact that the (001) orientation has a minor contribution
in the natural powder. This is also in agreement with
the previous theoretical work of Ramamoorthy et al.
[24] given in J/m?: 1.65 for the (001), 0.89 for the (110)
and 1.12 for the (100). On this face, short Ti-O bonds
are also reported. The Ti(4) atom is surrounded by two
oxygen atoms at 1.91 A [O(2) on Fig. 1d] and two others
at 1.81 A. As for the three previous faces, the surface
energies calculated from LDA calculations are larger
than for the GGA ones around 0.5 J/m?. Calculations
with PAW10 are also in agreement with results obtained
with PAWA4.

As alast test, the influence of the three pseudopoten-
tials on the computed GGA surface energies (from the
biggest and fully relaxed systems) was studied; results
are summarised in Table 5. For the four faces, the cal-
culated surface energies, with the three pseudopoten-

tials, were always in the same order: EUSI0 ~ EPAW4

surf surf
Eflf;}mo, even if for the two PAW pseudopotentials, these

values were nearly equal. An identical behaviour was
observed with LDA calculations. Due to its “sawtooth”
profile, the (100) face is composed of microfacets of
(a~/2)/2 wide oriented in the [110] and the [110] direc-
tions. Therefore, the (100) face is thus, in a first approxi-
mation, equivalent to the (110) one with a +/2 factor that

>
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is also found in the ratio of these two surface energies
(see Table 5). Following these observations and those
done previously for the bulk, it can be concluded that
the PAW4 pseudopotential can correctly describe these
systems. It has thus been used for all the following cal-
culations.

5 Internal constraints
5.1 Effects on the surface energies

Since the surface energies oscillate with nL, the mod-
els need to be described by slabs composed of a large
number of layers to reach convergence. However, to
study large surfaces, the number of layers needs to be
the smallest as possible. In this way, internal constraints
were added in the slabs. The surface energies and the
atomic relaxations have been used to find the best com-
promise between size and accuracy. These constraints
consist in freezing some of the most internal layers to
their bulk atomic positions. They introduce the hardness
of the bulk that isolates the relaxation of each side of
the slab from one to the others and thus decrease size
effects. There are several possibilities to add these con-
straints. As an example, for a five-layer system, if only
the most internal layer is frozen, the two external lay-
ers on each side of the slab will be able to relax, while
if the three most internal layers are frozen, only the
most external layer on each side will be able to relax.
These systems are noted nl._m with n the number of
layers and m the number of layers able to relax on each

side. The surface energies of the totally constrained sys-
tems (noted Unrelaxed) were also calculated for com-
parison. Similar studies on partially constrained systems
have earlier been performed by Thompson et al. [75]
and Hameeuw et al. [76], on the (110) face only and
focus more particularly on geometrical parameters. All
the following calculations were performed in GGA with
the PAW4 pseudopotential.

Surface energies of the constrained (110) face are
reported in Fig. 4a. For the most constrained systems
(Unrelaxed), the surface energies are larger around
0.8-0.9J/m? relative to the totally unconstrained ones
(Fully relaxed), but the parity of nLL has smaller effects.
By unconstraining slightly these systems (nL_1), the sur-
face energies decrease significantly around 0.6-0.7 J/m?
and the oscillation with nL parity becomes smaller. By
again unconstraining these systems (nL_2), the surface
energies still decrease (around 0.1 J/m?) and stay quasi-
stable with nL. For the last systems (nL_3), there is no
significant difference relative to the nL_2 ones. For the
three nL._m systems, surface energy convergence is here
reached within 0.02 J/m? for 5-8 layer systems, even if
these converged energies are larger than the one of the
totally unconstrained systems.

For the (100) face (see Fig. 4b), the energies of the
unrelaxed systems are larger by more than 0.8J/m?
as for the (110) face. The progressive relaxation of the
external layers has significant effects on the surface
energies and, the 3L_1 case excepted, the surface ener-
gies are linear with nL for the three constrained systems.
Since the surface energy of the SL_2 system (0.71 J/m?)
is close the converged one (0.69 J/m?), this constrained

Fig. 4 Effect of internal L5 T T A — T T 7
constraints on surface T T T e I — ~Umelsed |
energies (in J/m?) from it i
GGA(PAW4) calculations: a i e (110) face 1 = (100) face 2 |
(110), b (100), Cc (101) and d Ng =E' _ — Fully relaxed
(001) 3 S
5]
0s osL |
(a) (b)
0 1 1 0 1 1 1
4 6 8 10 4 6 8 10
nL nL
T T e — T s T e, T
15 1 P 1
S S
e o 8 it .
-= L2 +-= Unrelaxed
05 (101) face
B e nl3 7 (001) face oo
— Fully relaxed 05 o :L:6 7
(C) (d) — Fully relaxed
0 1 1 0 1 1 1
4 8 10 8 10 12 14
nL nL
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system is a good compromise to model the (100)
surface.

The internal constraints were then added to the (101)
face slabs (see Fig. 4c). The effects were the same as
for the two previous faces. The energy of the unrelaxed
surface is larger by 0.6J/m? relative to the converged
one. For a 5L_2 system, the calculated surface energy
is 1.05J/m? which is very close to the converged one
for the fully relaxed system with 1.03 J/m2. As observed
for the (100) face, only the surface energies of the fully
relaxed systems oscillate while those of the constrained
ones are linear with the number of layers.

Finally, these internal constraints were added to the
(001) face (see Fig. 4d). The effects on the surface ener-
gies were exactly the same as for the (110) face: (i)
high surface energies for the unrelaxed systems (about
2.3J/m?); (ii) accurate stability with nL but larger sur-
face energy for the second most constrained systems
(nL_2); (iii) net decrease of the surface energy for the
nL_4 and nL_6 systems; (iv) the surface energy is then
very close to that of the fully relaxed systems. By adding
the constraints, the convergence was reached with 8-10
layer systems.

Four surface models have been optimised: five-layer
slabs with their most internal layer frozen to bulk posi-
tions for the (110), (100) and (101) face and a nine-layer
slab with the same constraint for the (001) face. These
constrained models have been used in the following cal-
culations.

5.2 Surface unsaturation and relative energies

The relative stabilities of these four surfaces can be
explained by their respective unsaturation. In Table 6
are reported the unsaturated valence densities, from
GGA(PAW4) calculations, for titanium and oxygen

Table 6 Surface energies for the four constrained surface models
(in J/m?) and their unsaturation (per nm?) from GGA(PAW4)
calculations

Ef&‘g‘r‘amd Unsaturation Twofold Threefold

oxygen atoms oxygen atoms

(110) 0.60 10.23 1.85(=0.12)  2.06 (+0.06)

(100) 0.71 14.47 1.86 (—0.11)  2.06 (+0.06)

(101) 1.05 15.59 1.83 (—0.14)  2.05 (+0.08)
1.90 (-0.10)  2.12 (+0.12)

(001) 1.38 18.50? 1.88 (—=0.09) 1.82(-0.15)
1.90 (—0.10)

Effects on the relaxed Ti—O surface bond lengths (in A) relative
to the bulk ones (1.97 and 2.00 A, deviation in parenthesis in A)
2 There is only one unsaturated Ti per (001) unit area but it has
two unsaturated valences instead of only one for the three other
faces

@ Springer

atoms per nm?, defined as the number of “broken
bonds”, relative to their bulk coordination (six for tita-
nium atoms and three for oxygen ones). The (110) face
has the lowest number of unsaturated valence per nm?
and is also the most stable face, followed by the (100)
and then the (101) ones. The (001) face is the less sta-
ble one with a higher surface energy relative to the (110)
one. The relaxed surface energies were found to increase
with the surface densities of unsaturated sites (consid-
ering Ti and O simultaneously). The relaxed surface
energy is thus directly linked to its unsaturation. The
more the surface is unsaturated, the less it is stable. This
correlation was also observed for the converged surface
energies whatever the functional or the pseudopotential
used (see Table 5).

In Table 6, the relaxed surface bond lengths are also
reported and compared to the calculated bulk ones.
These deviations were correlated to the unsaturation
of the surface because the more it is unsaturated, the
more the bond lengths should be modified. The smallest
deviations were observed for the (110) and the (100)
faces. For the threefold oxygen atoms, these deviations
were more important for the (101) and then for the (001)
faces. Regarding the twofold oxygen atoms, only bond
shortening was observed with similar amplitude for the
four faces. Considering the threefold oxygen atoms, a
bond lengthening was observed in the case of the (110),
(100) and (101) faces while a shortening occurred for the
(001) face. This behaviour can be explained by the fact
that the titanium atoms are fivefold coordinated for the
(110), (100) and (101) faces while they are only fourfold
coordinated on the (001) face.

6 Conclusion

First-principles calculations on the titanium dioxide crys-
tals and on the TiO; rutile surfaces were performed
in order to build accurate surface models which could
be used to investigate surface defects, reconstruction or
adsorption processes.

First, the lattice bulk parameters, the bulk moduli,
the gap energies and the relative energies of rutile and
anatase phases were calculated. The computed lattice
bulk parameters and bulk moduli were found to be in
good agreement with experimental data and previous
theoretical works. The rutile phase was always found as
the most stable one. It was found that the calculated
energy gaps underestimate the experimental values as
earlier mentioned for other systems from DFT calcu-
lations. Nevertheless, it appears that four valence elec-
trons for titanium atoms and six for oxygen ones with
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the PAW pseudopotential formalism are well adapted
to correctly describe bulk properties.

Secondly, rutile low index faces were investigated. In
agreement with the natural rutile powder composition,
the (110) face was found as the most stable one, followed
by the (100) and the (101) ones. The (001) face was also
studied and its calculated surface energy is much higher
than the three previous faces. A nearly linear correlation
between the four surface energies and their respective
unsaturation and relaxation amplitude was highlighted.
In addition, it was observed that the surface energies of
these four faces depend on the number of layers used
in the slab to model the system. Internal constraints
were thus added in the slabs for the four faces to sta-
bilise their surface energies. These constrained systems
allowed to build stable surface models for smaller slab
thicknesses than the unconstrained ones. For the (110),
(100) and the (101) faces, five layer models with their
most internal layer frozen to bulk positions were found
to be a good compromise to model these faces. Finally,
for the (001) face, a nine layer slab with its most inter-
nal layer frozen to bulk positions was determined as an
accurate model. Comparing the effect of the pseudopo-
tentials (US10, PAW10 and PAW4), it was found that the
one noted PAW4 in this study can be used to properly
describe these systems.

Consequently, these four constrained surface models
with PAW pseudopotentials (Ti: 3s?4p? and O: 252p*)
could be used to investigate, with a good accuracy,
adsorbates— (TiO, surface) interactions or surface
reconstruction phenomenon. The (110) face constrained
model have been used to study the co-adsorption of
molecular and dissociated water molecules [77] and to
investigate the uranyl ion sorption [78] that are com-
pared to experimental data [16,79].
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