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Abstract

In this paper, geometric bulk parameters, bulk nipénergy gaps and relative stabilities of
the TiG, anatase and rutile phases were determined fromdoeDFT calculations. Then, for
the rutile phase, structures, relaxations and serfnergies of the (110), (100), (101) and
(001) faces were computed. The calculated surfaeegees are consistent with the natural
rutile powder composition, even if a dependenceéhennumber of layers of the slab used to

model the surface was identified. Internal consetsiconsisting in freezing some internal



layers of the slab to atomic bulk positions, wdrest added to mimic the bulk hardness in
order to stabilize the computed surface energieghfaner systems. In parallel, the influence
of pseudopotentials was studied and it appearsféliatvalence electrons for titanium atoms
are sufficient. The aim of this study was to opsienaccurate rutile T#surfaces models that

will be used in further calculations to investigatater and uranyl ion sorption mechanisms.
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1. Introduction

For years, the titanium dioxide, TiChas been widely used as a white pigment and foaci

Its recent application in catalysis and its photalyais properties make it a substrate of great
interest from an experimental point of view as vesllon a theoretical one. In the nature, this
compound can be found under three crystallograph&ses which are in order of decreasing
abundance: rutile, anatase and brookite. A lot wk@scopic studies carried out under ultra-
high vacuum (UHV) conditions and with preliminameatments (Arion bombardment,
irradiation, high temperature) have been perforesecially considering some selected faces
of the rutile phase, allowing a detailed knowle@dgehe atomic level in terms of relaxation
and reconstruction [1-7]. Then, many metals andamexides overlayers growth [8-13],
organic and inorganic molecules adsorption [14-Bale been also studied and the surface
chemistry on this phase has been abundantly imgatetd. Among the low index faces
naturally present in the rutile phase powder, ) face was found as the most stable one

and thus has been much more studied than the othdhe case of the anatase phase, several



applications were found, for example in nanostmextusolar cells. All these experimental
investigations have besides been summarized byRi¢b2].

From a theoretical point of view, the rutile andase bulk phases and low index faces have
been also investigated (see Diebold review artig®d and reference therein). Calculated
intrinsic bulk parameters such as lattices paramete bulk moduli were well reproduced
[23]. The computed surface energies are also iaeagent with the natural repartition of the
different faces [24]. Adsorption studies also hde=n performed, especially on the rutile
(110) face, with small organic molecules,(q4 CO, NH, ...) [25-29], atomic ions (Na K",
cd*, ...) [30-32] or metallic atoms (Au, Cu, Ag, ...) [®5], but some works have given
opposite results. As an example, a disagreemenéchrfor the adsorption of the water
molecule on the rutile (110) face which is stilinatter of controversy. Some authors found a
spontaneous dissociation [36-37] while others abwei¢h a molecular adsorption mechanism
[26,38]. This behaviour seems coming from the dgifie models used (thickness and
methods) showing the real importance of an accudsscription of these surfaces.
Experimental data suggests that the two forms neayxist simultaneously, and the relative
proportions depend on several factors such asmthal ioxygen vacancies density or pressure
[39-41].

The regular increasing of the modern supercompuygevger and the improvements of the
methods allow to better describe the real systdt#wsvever, before studying solid/liquid
interfacial reactions, a detailed knowledge of sheface, in terms of chemical and physical
properties, should be beforehand established. Tihus,of first importance to previously
define well-characterised titanium dioxide pi®urface models that could be then used as
accurate models for studying complex adsorptiorcggses. Among the previoab initio
calculations on TiQrutile low index faces, several approaches haes bhsed (Hartree-Fock

or DFT in different formalisms) with multiple suda models. Nevertheless, to our



knowledge, no systematic comparison of the differmumrfaces as a function of the slab
thickness with the same formalism has been perfdrme

In this paper, the (110), (100), (101) and (001Q.Ttutile surface properties have been
characterised within the same DFT formalism basedhe plane waves methodology. The
ultrasoft pseudopotential (USPP) and projector arged wave (PAW) formalisms are
compared, as well as the effect of the number t&nez electrons, on bulk properties and
surface energies. A comparison of unconstrained cmstrained surface models and the
effect of the number of layers needed to reach emance are also presented. Then, the
surfaces relative stabilities and their atomic xateons are correlated to their relative
unsaturation and their structures. Finally, aceufat0), (100), (101) and (001) constrained
surface models have been optimised to study sorgirocesses on large systems with a

limited number of layers in order to speed up dakmons.

2. Computational Details

All DFT periodic calculations were performed usthg Viennaab initio Simulation Package,
VASP 4.6 [42-45], in local density approximation DRA) and generalized gradient
approximation (GGA as defined by Perdew and Warj) [fbrmalisms, for the exchange-
correlation energy evaluation. All atoms were désdt with pseudopotentials taken from the
VASP library and developed on plane waves bass Befferent pseudopotentials were used.
The first ones are based on Vanderbilt-type [47g&Judopotentials also known as ultrasoft
pseudopotentials (USPP). Titanium atoms were desgidy ten valence electrons {8g3d)
and oxygen ones by six electrons’@¥%). This first set of pseudopotentials will be reget as

US10 in the following. The second set is generat#ti the Projector Augmented Wave



(PAW) method [49-50]. Two pseudopotentials wereduse describing titanium atoms: the
first one describes explicitly ten electrons %@$3d) and will be referred as PAW10; the
second one, takes into account only four valeneetrins (384<), and will be noted PAWA4.
For oxygen atoms, a PAW pseudopotential with silenee electrons (28p*) was used.
These two titanium PAW pseudopotentials were usemtder to determine if the 3p electrons
have to be included as semi-core in the pseudopatten correctly describe the crystal
properties. The Brillouin zone was integrated ughmg Monkhorst-Pack sets of k-points [51]
(centered at th€ point) depending on the supercell dimensions ditie@number of atoms.
Results for bulk relaxations were checked for cogeece with respect to the number of k-
points as well as energy cutoff. The density ofestdDOS) calculations on the bulk were
performed at the equilibrium volume using the tedédron method with Bléchl corrections for
accuracy [52]. Except for calculating bulk paramgtall atomic relaxations were performed
at constant volume (at the bulk equilibrium lattp@rameters) by using the conjugate gradient
optimisation scheme. All faces were built from diredbulk cleavage and thus exhibit
undercoordinated atoms relative to their bulk $tmec For each face, a sufficient vacuum

thickness has been introduced between the slaisgiad] to neglect their interaction.

3. Bulk Properties

This study started by optimising the rutile bulkgraeters in order to build the faces and to
determine the accuracy of the modelling by comgacalculated parameters to experimental
ones. These first calculations were performed usiifigrent sets of k-points and energy
cutoff to evaluate their effects on the bulk partereeand to optimise them. Relaxations were

performed in two steps: the first one, with constasilume to optimise atom positions in the



lattice, and the second one, with unconstrainedinael to determine equilibrium bulk
parameters and reference energies. In additiorariatase phase lattice parameters were also
determined in order to compare cohesive energitstive rutile phase.

The bulk rutile unit cell is tetragonal (a = b 587 A, ¢ = 2.954 A, internal parameter x =
0.305 and c/a = 0.644 [23]), space group No 13&anium atoms are in 2a positions and O
atoms in 4f positions using Wyckoff's notations €Tprimitive cell contains two Tigunits.

For the LDA calculations, the optimised paramef@ee Table 1) were obtained with an
optimised %5x5 k-point mesh and a 400 eV cutoff, whereas for@@A calculations the
energy cutoff was optimised to 350 eV with the s&p@int sampling. For a given functional
(LDA or GGA), the results obtained with US10 andW20 pseudopotentials are similar.
Moreover, only small differences can be noticed ween PAW10 and PAW4
pseudopotentials showing that the four valencetreles are sufficient to correctly describe
the titanium atoms and 3p semi-core electrons db amange significantly the results.
Furthermore, this smaller number of electrons expfitreated will allow to consider larger
surfaces. By comparing to the experimental valthes] DA leads to a slight underestimation
of the bulk parameters (around 0.04 and 0.03 A @md c parameters, respectively) while
GGA gives an overestimation (0.04 and 0.02 A omé @parameters, respectively). Despite
these little differences, there is a good agreerbetween calculated and experimental bulk
parameters (1% error). Previous works from otheupgs gave similar results (see Table 1).
Therefore, these different parameters have beed useall the coming constant volume
relaxations.

The anatase phase is also tetragonal (a = b =83.2% 9.51 A, internal parameter z = 0.208,
c/a = 2.509 [23]), space group No 141. Titaniumreg@re in 4a positions and oxygen ones in
8e. The elementary cell contains four Tianits. Using the same sets of k-points and energy

cutoff as for rutile, the anatase cell was optimitsee Table 2). Here, calculated values were



still in good agreement with experimental ones ibean be noticed that the ¢ parameter is
slightly overestimated in GGA that implies a larfgesor on the c/a ratio. This deviation has
already been observed in the previous works repgamtdable 2. Nevertheless, this error does
not exceed 3% relatively to the experimental values

The computed bulk moduli for anatase and rutilespeaare also reported in Table 1 and 2.
The bulk modulus measures the response in presgsuresistance to a uniform compression,

due to a change in the volume relative to the dagiuim one:

2
P _ 9

B=-V—=V——
oV aVv?

(1)

where E is the total energy of the supercell as a functibits volumeV , P is the pressure
and B the bulk modulus evaluated at the minimumEof

In agreement with experimental results, the rugileulk modulus was always found higher
than the anatase one whatever the functional (LD&AGA) or the pseudopotential (US10,
PAW10 or PAW4) used. For a given phase and funatjothe US10 and PAW10
pseudopotentials gave similar results whereas #&W4one gave slightly higher values. The
LDA calculations always lead to 30—40 GPa highdk Imioduli than GGA ones which were

in better agreement with experimental values @ytthase: 210 GPa [53-54], anatase phase:
180 GPa [55-56]).

The cohesive energy of the crystal can be calaliateording to Eq. 2:

E., = Epu = NrEr ~NoEo ’ (2)

NTio2

where E,, is the reference energy for one titanium atomhim hexagonal compact crystal,
E,is the reference energy for oxygen atom in an iedlaioxygen molecule in gas phase,
Ny, Ny and Ny, are respectively the numbers of titanium atomsgeryatoms and TiO

units contained in the supercell and, finally,,, is the total energy of the supercell. Using



this definition, a negative value is favourable. @mparing cohesive energies, the relative
stability of these two phases can be calculateel Tséble 3). The PAW4 pseudopotential gave
about 10 meV energies lower than the two othersigigeotentials (PAW10 and US10). The
relative energy stability is quite different whenmsi evaluated from LDA or GGA calculations.
This disagreement has already been observed asd diféerences come from the exchange-
correlation functionals used [57-58]. Howeval,initio calculations always predict the rutile
phase as the most stable one.

The energy gaps (difference between HOMO and LUMQMe rutile and the anatase phases
have been experimentally evaluated at 3.0 and\B12gpectively [59]. The values calculated
here, 1.6-1.9 eV and 1.9-2.3 eV for rutile and as@tespectively, are always lower (around
1-1.3 eV) relative to the experimental ones ancedéstrongly on the pseudopotential used.
However, this result was predictable since it i®wn that DFT always underestimate gap
energies because it is based on the descriptidheofundamental state and thus is not the
most appropriate formalism to described excitetestalComparing the values obtained for the
bulk with these three pseudopotentials, the setsefidopotentials noted PAW4 (Ti:*a¢’,

0: 2€2p” in this study gives accurate results.

4. Surfaces: Effect of the Slab Thickness

According to Jones eal. [60-61], it is known that rutile powder presenta&rmajor

crystallographic faces: (110), (101) and (100) wahpectively a ratio of 60% / 20% / 20%.

Surface energies were evaluated using Eq. 3:

Eq — Eno Ny,
ESurf - slab 2;()2 TiO, ’ (3)



where Eg,, is the total energy of the supercell;, the reference energy for a Ti@nit in
bulk phase,N, the number of TiQunit in the supercell an& the surface area of one side

of the slab depending on the considered face (ab&®). For the four faces, a layer (L) has
been defined as a plane containing titanium atgklisatomic positions were able to relax

during calculations.

4.1 Rutile (110) Face

The TiO(110) face (Fig. 1-a) exhibits atoms with differeetvironments. First, a
pentacoordinated titanium atom, noted Ti(5), whighundercoordinated relative to its bulk
structure. There are also two kinds of oxygen atdins first one is localised in the surface
plane and is threefold coordinated (noted Os farfése” oxygen); the second is prominent
from the surface around 1 A and is only doubly damated (noted Ob for “bridging”

oxygen). All (110) surface energies were obtainethgia X1x5 k-point grid (the system

being a\/§><(nL+vaccuum)><c). In Fig. 2, surface energies for systems froto 13 layers

are represented from LDA and GGA calculations wihk three sets of pseudopotentials
previously defined (US10, PAW10 and PAWA4). It cam oted that the surface energy
oscillates with the number of layers as alreadgddity Batest al. [62] and Ramamoorthgt

al. [24]. In a recent paper, Bredoa al. [63] have showed that the energy gap and the
interlayer distances also oscillate with nL. Howewle amplitude of these fluctuations
decreases as the number of layers increases. @ameoer was reached (within 0.02 J/m? for
the three pseudopotentials) from the 10-12 laystesys. Referring to the converged surface
energies, even nL gave smaller values and oddatoleigger ones. The differences between

the LDA calculated surface energies and the GGAsowere important whatever the



pseudopotential used (about 0.4 J/m2) but, forvargformalism, they gave similar results.
Atom displacements due to the surface relaxatiore wé various amplitude according to nL
but remain in agreement with those experimentallyseoved [1-2] and calculated
[24,26,62,64]. On the surface, the Ti—O bond lesgtiere modified relative to the bulk ones
(two at 1.97 and one at 2.00 A in GGA(PAWA4)): d6J#Ob) = 1.85 A, d(Ti(6)-Os) = 2.05

A. The Ti(5) atom falls down into the surface leaylto a shortening of the remaining apical
bond length at 1.83 A. The calculated surface éesrngported in the literature are always
larger in GGA (0.73 [62], 0.81 [65] and 0.84 [6@]}, J/m?2), while a better agreement was
observed in LDA (0.89 [24], 0.84 [67] and 0.66 [&8]1/m>).

In agreement with the results on the bulk, the PApgéudopotential gives similar results
than the two other ones. Then, for the three falgwfaces, (100), (101) and (001), the
systematic study with the number of layers was quaréd only with the PAW4

pseudopotential.

4.2 Rutile (100) Face

The natural rutile powder is composed of about 2ii%100) face (Fig. 1-b). Although its
“sawtooth” orientation, the (100) face exhibits ethathe same three kinds of atoms as the
(110) face (see 8§ IV.A). As for the (110) face, slieface energy was calculated with different
number of layers (Fig. 3) with ax%x5 k-point mesh (with supercell dimensions:
(nL +vacuum) xaxc). The (100) surface energy also oscillates witrand the convergence
was reached within 0.01 J/m2 only from 8-10 layetesms (0.69 J/m2 and 1.18 J/m2 in GGA
and LDA with PAW4 respectively) even if the amptiauof the oscillations is smaller than for

the (110) face. These results are in agreementwaities reported in the literature: 1.12 [24],
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1.38 [69] and 1.30 [70] J/m2 in LDA and 0.83 [6%In3 in GGA. The (100) surface energy
was found to be higher than the (110) one whidn @greement with the fact that the (110)
face is the most stable one and with previous #teal works [24,69]. The bond lengths on
the surface are also modified similarly to thossesteed on the (110) face. As previously
noted for the (110) face, the calculated LDA susfamergies were always larger than the
GGA ones around 0.5 J/m2 with the PAW4 pseudopiatenthese calculations were also

performed with the PAW10 pseudopotential and gawdas results.

4.3 Rutile (101) Face

The (101) face (Fig. 1-c) is the third face ocawgrnaturally in rutile powder for about 20%.
This face looks like the (100) one, it exhibits tkiads of atoms, first, a pentacoordinated
titanium, noted Ti(5); second, a twofold oxygenmatwith two different Ti—O bond lengths,
noted O(2). The surface energy as a function ohtimaber of layers was also calculated and

reveals a similar behaviour as for the other f4€&s. 3), the k-point mesh used was541

(with system dimensions;/man(nL +vacuum) ). The converged surface energy (1.03
J/m2 in GGA and 1.47 in LDA with PAW4) was reacheadthin 0.01 J/m?, from 6-8 layer
systems. The (101) surface is also less tablettie@a(il10) one. These values are in agreement
with Ramamoorthyet al. [21] reporting 1.39 J/m? from LDA calculations amith the faces
repartition in natural rutile powder. Surface emnesgvaluated from LDA calculations are still
larger than the GGA ones around 0.4 J/m?, as ajreatkd for the (110) and the (100) faces.
The optimised Ti—O bond lengths on this surfacevarg different than those of the bulk (two

at 1.97 and one at 2.00 A in GGA(PAW4)): 1.84 ar®P1A for the twofold oxygen atoms

11



while, for the threefold ones, 2.07 and 2.12 A bdedgths were found. The PAW10

pseudopotential still gave similar results.

4.4 Rutile (001) Face

The dry (001) face (Fig. 1-d) does not belong te three major faces present in powder
however some experimental [22,70] and theoreti24)71-74] works performed on this face

are available in the literature. Then, this foufite was investigated in order to make
comparison with the three previous ones. This fals® exhibits two kinds of atoms: a

tetracoordinated titanium atom, noted Ti(4), witthigh unsaturated valence and thus very
acidic; and a twofold oxygen atom noted O(2). Aswa) the evolution of the surface energy
with an increasing number of layers was studied.(B) with a %5x1 k-point mesh (the

supercell beingaxax(nL +vacuum )} In this case, the space between two layers ig ve

small (onlyc/2 = 1.5 A) and, relative to the three other facesuy@ado3 A), for an equivalent
thickness, the number of layers is about twice thanthree other ones. This explains why for
the same number of layers, as for the three otmst the surface energy is not converged
and thus requires a higher number of layers. Thetfhtions observed were as important as
for the (110) one. Convergence within 0.1 J/m? veehed from 13-15 layer systems (1.25
J/mz and 1.76 J/m2 in GGA and LDA with PAW4 respasty). The surface energy is larger
than for the three previous faces in agreement thighfact that the (001) orientation has a
minor contribution in the natural powder. This iscain agreement with the previous
Ramamoorthyet al. [24] theoretical work giving in J/m2: 1.65 for t{@01), 0.89 for the (110)
and 1.12 for the (100). On this face, short Ti-Odare also reported. The Ti(4) atom is

surrounded by two oxygen atoms at 1.91 A (O(2) wn F-d) and two others at 1.81 A. As

12



for the three previous faces, the surface enegiksilated from LDA calculations are larger

than for the GGA ones around 0.5 J/m2. Calculatieitis PAW10 are also in agreement with

results obtained with PAWA4.

As a last test, the influence of the three pseuttopials on the computed GGA surface

energies (from the biggest and fully relaxed sysbewas studied, results are summarized in

Table 5. For the four faces, the calculated surtagergies, with the three pseudopotentials,

were always in the same ordeE’S° > EMY* > EPWI° even if for the two PAW

surf surf surf
pseudopotentials, these values were nearly equeldéntical behaviour was observed with

LDA calculations. Due to its “sawtooth” profile,gi{100) face is composed of microfacets of

(a\/E)/Z wide oriented in the [110] and thd1[0] directions. Therefore, the (100) face is

thus, in a first approximation, equivalent to th&@) one with a/2 factor that is also found
in the ratio of these two surface energies (sedeT@p Following these observations and
those done previously for the bulk, it can be codel that the PAW4 pseudopotential can

correctly describe these systems. It has thus bgsedh for all coming calculations.

5. Internal Constraints

5.1 Effects on the Surface Energies

Since the surface energies oscillate with nL, thedels need to be described by slabs
composed of a large number of layers to reach cgewnee. However, to study large surfaces,
the number of layers needs to be the smallest asilpe. In this way, internal constraints

were added in the slabs. The surface energiestendtdomic relaxations have been used to
find the best compromise between size and accufBtogse constraints consist in freezing

some of the most internal layers to their bulk atopositions. They introduce the hardness of
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the bulk that isolates the relaxation of each siléhe slab from one to the others and thus
decrease size effects. There are several posshitd add these constraints. As an example,
for a five layers system, if only the most intertajer is frozen, the two external layers on
each side of the slab will be able to relax, wifilthe three most internal layers are frozen,
only the most external layer on each side will bke &0 relax. These systems are noted nL_m
with n the number of layers and m the number otdayable to relax on each side. The
surface energies of the totally constrained syst@gmted Unrelaxed) were also calculated for
comparison. Similar studies on partially constrdisgstems have already been performed by
Thompsonet al. [75] and Hameeuwet al. [76], on the (110) face only and focus more
particularly on geometrical parameters. All theldaling calculations were performed in
GGA with the PAW4 pseudopotential.

Surface energies of the constrained (110) facereperted in Fig. 4-a. For the most
constrained systems (Unrelaxed), the surface esserge larger around 0.8—-0.9 J/m?2 relative
to the totally unconstrained ones (Fully relaxdml)t the parity of nL has smaller effects. By
unconstraining slightly these systems (nL_1), tnefage energies decrease significantly
around 0.6-0.7 J/m? and the oscillation with nL itgabbecomes smaller. By again
unconstraining these systems (nL_2), the surfaeeges still decrease (around 0.1 J/m2) and
stay quasi-stable with nL. For the last systems_ @)L there is no significant difference
relative to the nL_2 ones. For the three nL_m systesurface energy convergence is here
reached within 0.02 J/m?2 for 5-8 layer systemsnaf/¢hese converged energies are larger
than the one of the totally unconstrained systems.

For the (100) face (see Fig. 4-b), the energiethefunrelaxed systems are larger by more
than 0.8 J/m2 as for the (110) face. The progresstlaxation of the external layers has
significant effects on the surface energies angl,3h 1 case excepted, the surface energies

are linear with nL for the 3 constrained systemsc&the surface energy of the 5L_2 system

14



(0.71 J/m?) is close the converged one (0.69 J/thd¥ constrained system is a good
compromise to model the (100) surface.

The internal constraints were then added to thd)(ifce slabs (see Fig. 4-c). The effects
were the same as for the two previous faces. Theggrof the unrelaxed surface is larger by
0.6 J/m2 relative to the converged one. For a 5éystem, the calculated surface energy is
1.05 J/m2 which is very close to the converged famethe fully relaxed system with 1.03
J/m2. As observed for the (100) face, only the aafenergies of the fully relaxed systems
oscillate while those of the constrained onesiaeal with the number of layers.

Finally, these internal constraints were addech&(001) face (see Fig. 4-d). The effects on
the surface energies were exactly the same afdofltL0) face: i) high surface energies for
the unrelaxed systems (about 2.3 J/m?); ii) acewstbility with nL but larger surface energy
for the second most constrained systems (nL_2éi decrease of the surface energy for the
nL_4 and nL_6 systems; iv) the surface energyaes tery close to that of the fully relaxed
systems. By adding the constraints, the convergemasereached with 8-10 layer systems.
Four surface models have been optimised: five lajabs with their most internal layer
frozen to bulk positions for the (110), (100) ad@Y) face and a nine layer slab with the same
constraint for the (001) face. These constrainedigisohave been used in the following

calculations.

5.2 Surface Unsaturation and Relative Energies

The relative stabilities of these four surfaces loarexplained by their respective unsaturation.

In Table 6 are reported the unsaturated valencsittks) from GGA(PAW4) calculations, for

titanium and oxygen atoms per nm?, defined as timaber of “broken bonds”, relative to
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their bulk coordination (6 for titanium atoms andioB oxygen ones). The (110) face has the
lowest number of unsaturated valence per nm? amdscs the most stable face, followed by
the (100) and then the (101) ones. The (001) fadkd less stable one with a higher surface
energy relative to the (110) one. The relaxed sertmnergies were found to increase with the
surface densities of unsaturated sites (considefingnd O simultaneously). The relaxed
surface energy is thus directly linked to its unsation. The more the surface is unsaturated,
the less it is stable. This correlation was alseeoled for the converged surface energies
whatever the functional or the pseudopotential sed Table 5).

In Table 6, the relaxed surface bond lengths ae l@ported and compared to the calculated
bulk ones. These deviations were correlated toutieaturation of the surface because the
more it is unsaturated, the more the bond lendtbsld be modified. The smallest deviations
were observed for the (110) and the (100) faces.th® threefold oxygen atoms, these
deviations were more important for the (101) anenttior the (001) faces. Regarding the
twofold oxygen atoms, only bond shortening wereeolsd with similar amplitude for the
four faces. Considering the threefold oxygen atoenlspnd lengthening was observed in the
case of the (110), (100) and (101) faces whileatshing occurred for the (001) face. This
behaviour can be explained by the fact that tlamititm atoms are fivefold coordinated for the

(110), (100) and (101) faces while they are onlyrfield coordinated on the (001) face.

6. Conclusion

First-principles calculations on the titanium digd&icrystals and on the TiQutile surfaces

were performed in order to build accurate surfacel@s which could be used to investigate

surface defects, reconstruction or adsorption [EsEe
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First, the lattice bulk parameters, the bulk mqdile gap energies and the relative energies
of rutile and anatase phases were calculated. dhmputed lattice bulk parameters and bulk
moduli were found to be in good agreement with expental data and previous theoretical
works. The rutile phase was always found as thet rs@able one. It was found that the
calculated energy gaps underestimate the experanesiues as already mentioned for other
systems from DFT calculations. Nevertheless, iteapp that four valence electrons for
titanium atoms and six for oxygen ones with the PA%éudopotential formalism are well
adapted to correctly describe bulk properties.

Secondly, rutile low index faces were investigated.agreement with the natural rutile
powder composition, the (110) face was found asbst stable one, followed by the (100)
and the (101) ones. The (001) face was also stuatiddts calculated surface energy is much
higher than the three previous faces. A nearlyalineorrelation between the four surface
energies and their respective unsaturation andkattan amplitude was highlighted. In
addition, it was observed that the surface enexfitisese four faces depend on the number of
layers used in the slab to model the system. lateronstraints were thus added in the slabs
for the four faces to stabilise their surface emmgThese constrained systems allowed to
build stable surface models for smaller slab thédses than the unconstrained ones. For the
(110), (100) and the (101) faces, five layer modeth their most internal layer frozen to
bulk positions were found to be a good compromisentdel these faces. Finally, for the
(001) face, a nine layer slab with its most intérteyer frozen to bulk positions was
determined as an accurate model. Comparing thecteffe the pseudopotentials (US10,
PAW10 and PAWA4), it was found that the one notedM2Ain this study can be used to
properly describe these systems.

Consequently, these four constrained surface mauighsPAW pseudopotentials (Ti: 2&°

and 0:28p" could be used to investigate, with a good acgyradsorbates—(TiOsurface)

17



interactions or surface reconstruction phenomeiitie. (110) face constrained model have
been used to study the co-adsorption of moleculdrdsssociated water molecules [77] and to

investigate the uranyl ion sorption [78] that aoenpared to experimental data [16,79].
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Table 1. Optimised rutile bulk parameters (in A)Jkomoduli (in GPa) and energy gaps (in
eV). Data from previous studies: GGA and LDA usplgne waves, and HF using linear

combination of atomic orbitals, are also reported.

a c X cla B Gap

EXp. 4587 2954  0.305 0.644 210 ’3.0
GGA(US10) 4.639  2.983 0.305 0.643 218 1.90
GGA(PAW10) 4.642 2973  0.305 0.640 217 1.80
GGA(PAW4) 4.649 2972  0.304 0640 225 1.65
LDA(US10) 4.554 2937 0.304 0645 254 1.94
LDA(PAW10) 4.554 2927 0.304 0.643 256 1.81
LDA(PAW4) 4561  2.929  0.303 0642 263 1.66
GGA? 4651  2.964 0307 0637 O O

LDA®? 4574 2927 0304 0640 O O

HF? 4575 2999 0306 0656 239 [

a123].°[59].
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Table 2. Optimised anatase bulk parameters (irbdlk moduli (in GPa) and energy gaps (in
eV). Data from previous studies: GGA and LDA usplgne waves, and HF using linear

combination of atomic orbitals, are also reported.

a C z cla B Gap

EXp. 3.782 9.502 0.208 2.512 180 °3.2
GGA(US10) 3.794 9.822 0.205 2.589 191 2.30
GGA(PAW10) 3.804 9.724 0.206 2.557 189 2.08
GGA(PAW4) 3.810 9.726 0.206 2.552 199 1.93
LDA(US10) 3.751 9.498 0.208 2.532 219 2.22
LDA(PAW10) 3.747 9.488 0.208 2.532 219 2.04
LDA(PAWA4) 3.756 9.497 0.208 2.528 226 1.94
GGA? 3.792 9.714 0.206 2.562 [ U

LDA? 3.758 9.495 0.208 2527 [ U

HF? 3.781 9.735 0.203 2.575 202 0O

a123].°[59].
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Table 3. Relative stabilities between rutile andtase phases (in meV).

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

a123].° [66].
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Table 4. Rutile face’s unit surface area and threesponding k-point grid.

Unit surface area (A2)  k-point gfid

Space between layers

(110) a2xc 3x1x5
(100) axc 1x5x5
(101) agx.az+c? 4x5x1
(001) axa 5x5x1

(a/2)/2

al2

cl/2

®The surface normal is along the axe with one k4poin
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Table 5. Converged surface energies (in J/m?) tzkd from the biggest systems in GGA for

the three pseudopotentials.

uUsl10 PAW 4 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)  1.32 1.25 1.21

27



Table 6. Surface energies for the four constraisadace models (in J/m?) and their
unsaturation (per nm?) from GGA(PAW4) calculatioEstects on the relaxed Ti—-O surface

bond lengths (in A) relative to the bulk ones (1a®id 2.00 A, deviation in parenthesis in A).

B Unsaturation  Twofold oxygen atoms  Threefold 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)

@ There is only one unsaturated Ti per (001) urgadut it has 2 unsaturated valences instead

of only one for the three other faces.
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Figure Captions:

Figure 1. The dry rutile (a) (110), (b) (100), (&P1) and (d) (001) faces.

Figure 2. Rutile (110) surface energy as a functbrthe slab thickness for 1 to 13 layer
systems (in J/m?). nL is the number of layers.

Figure 3. Rutile (100), (101) and (001) surfacergpas a function of the slab thickness with
the PAW4 pseudopotential (in J/m?) from GGA and LBeiculations.

Figure 4. Effect of internal constraints on surfaaeergies (in J/m?) from GGA(PAW4)

calculations: (a) (110), (b) (100), (c) (101) addyl (©01).
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