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Abstract

Context We present a periodic hybrid DFT investigation of the structural and electronic properties of both stoichiometric and
oxygen-defective TiO, anatase bulk and (101) surface, in singlet and triplet spin states. In all cases, an excellent agreement
with available photoelectron spectroscopy data has been obtained, reproducing the offsets of the deep defect levels posi-
tions from the conduction band minimum of TiO, created upon oxygen vacancy (V) formation. For the bulk, different local
structural polaronic distortions around the V, site have been evidenced depending on the spin state considered. Although
a similar conclusion has been drawn for the defective surface for the nine different vacancy positions which have been con-
sidered, large migration of the twofold coordinated surface O atom has also been evidenced, up to the initial vacancy site in
some cases. The very good agreement obtained with available experimental data regarding the offsets from the conduction
band minimum of the deep defect levels positions both for the bulk and the (101) surface of TiO, anatase is encouraging for
the application of the proposed hybrid-based computational strategy to TiO, surface-related processes such as TiO,-based
photocatalysis in which oxygen vacancies are known to play a key role.

Methods All calculations have been performed with Crystall7, considering different hybrid functionals with both effective
core pseudopotentials and all-electron atom-centered basis sets, as well as additional empirical dispersion effects with the

D2 and D3 models.

Keywords TiO, - Defect - Surface - DFT

Introduction

While the properties of many materials are controlled by
their geometries and electronic structures, defects can also
play a key role in many of their applications [1-5]. Manipu-
lating the nature and the concentration of defects by defect
engineering is thus fundamental, albeit challenging, since
this can indeed not only lead to tuned materials properties
in a controlled way but also to completely new properties in
some cases [6].

The importance of oxygen vacancies (V) as point
defects in many metal oxides [5] has resulted in numerous
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investigations focusing at elucidating their role both experi-
mentally and theoretically [3]. This is especially true for
titanium dioxide (TiO,), where Vg rather than Ti interstitials
make the dominant contribution to the band gap states of
TiO, surfaces [7]. With applications in various fields such as
photocatalysis, solar cells, electronic devices, and environ-
mental cleanup [8—15] for instance, TiO, is a technologically
important material for which V, play an important role in
many of these applications. For instance, they were found
not only to enhance the visible-light absorption of TiO, sam-
ples [16] but also to influence the adsorption and subsequent
reactivity of molecules at TiO, surfaces [17-19], with possi-
ble important outcomes in photovoltaics and photocatalysis.
Despite the larger thermodynamic stability of TiO, rutile
compared to anatase, TiO, nanoparticles are common of
the anatase type, with a higher efficiency in photocatalysis
and photovoltaics than rutile [20-22], especially for its most
reactive (001) and its most stable (101) surfaces. A better
understanding of the role of V, in TiO, anatase is therefore

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-023-05584-7&domain=pdf

174 Page2of13

Journal of Molecular Modeling (2023) 29:174

crucial to better rationalize the defect engineering of such
material.

From a modeling viewpoint, investigations dedicated
to oxygen-defective TiO, have mainly been carried out at
the density functional theory (DFT) level, using both spin-
restricted and -unrestricted formalisms and a variety of DFT
models [4, 23-34], although more advanced formalisms such
as GW [35] have also been recently applied [36, 37]. Focus-
ing on DFT investigations on anatase, a high sensitivity of
the results to the DFT model has been evidenced both for
the bulk [29] and for the defective (101) surface [34]. Cheng
and Selloni showed that V, are more stable subsurface than
on the surface of anatase (101) using the generalized gradi-
ent approximation (GGA) [23], while a dependence of the
relative stabilities of the surface and subsurface V, could
later be evidenced at the DFT+U level as a function of the
U parameter value for the same surface [38]. The impor-
tance and stability of surface V was later confirmed with
the hybrid HSEQ06 functional [39, 40] by Dedk et al. [25]
and Ha and Alexandrova [34] for instance, due to a possible
interaction of the surface vacancy with a surface polaron
[25]. In addition, the experimental spectral signature of
reduced TiO, samples, with localized defect states at about
1.1 eV below the conduction band minimum (CBM) for
TiO, anatase bulk [41] for instance, is not correctly repro-
duced by standard DFT models due to the overestimation of
the delocalization of unpaired electrons and thus an underes-
timation of d electron localization in such models. A correct
description indeed requires the use of either an on-site repul-
sion potential U with a sufficiently large, and potentially
unphysical, value as in DFT+U approaches [38, 42-44]
or of hybrid functionals [25, 32, 33]. These investigations
have however generally considered different U values and/
or different DFT models, supercell approaches with differ-
ent supercell sizes, as well as singlet or triplet spin states,
making a straightforward comparison of all computed data
often difficult.

In this context, in this article, we present an investigation
of stoichiometric and defective TiO, anatase bulk and (101)
surface, considering different hybrid DFT functionals with
both effective core pseudopotentials (ECP) and all-electron
(AE) atom-centered Gaussian basis sets, along with both
singlet and triplet spin states. For the defective (101) sur-
face, nine different V, positions have been considered. In
all cases, we focus on local structural polaronic distortions
around the Vj, sites, and electronic structures description,
especially regarding the positions of the deep defect levels
in the TiO, band gap and the localizations of the excess
electrons upon vacancy creation. This paper is organized
as follows: in the “Computational details” section, we first
introduce computational details, before presenting and dis-
cussing in the “Results and discussion” section the results
obtained on stoichiometric and defective TiO,, first for the
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bulk and then for the (101) surface. Finally, conclusions are
drawn in the “Conclusions” section.

Computational details

All calculations have been performed with CRYSTAL [45,
46] which solves self-consistently both the Hartree-Fock and
the Kohn-Sham equations as well as hybrid schemes, such
as PBEO [47] and HSEO6 [39, 40], by expanding crystalline
orbitals as a linear combination of atom-centered Gaussian
type orbitals (GTO).

Five exchange-correlation functionals belonging to the
GGA and hybrid families have been considered: PBE [48],
PBEO [47], B3LYP [49], B3PW [50], and HSEO06 [39, 40].
Additional dispersive interactions have also been taken into
account, using the empirical and semi-classical D2 and D3
corrections, as proposed by Grimme et al. [51, 52].

For all calculations, the ECP of Durand and Barthelat
[53-55] have been combined into (1s1p5d)—[1slp2d]
and (4s4p)—[2s2p] contraction schemes for Ti and O
[56], respectively, where the following cores have been
used: Ti:(Ar) and O:(He). Additional AE basis sets with
(20s,12p,4d)—[5s,4p,2d] and (14s,6p,1d)—[4s,3p,1d] con-
traction schemes [57] have also been used for Ti and O,
respectively.

The infinite lattice sums of the Coulomb and exchange
series were truncated with threshold values of 1078, 1078,
108,10, and 10%*, and numerical integration has been per-
formed with 75 radial points and 974 angular points, ensur-
ing an error on the integrated electron density to an accuracy
of 107 e per cell [58].

All structures have been fully optimized, relaxing both
atomic positions and cell parameters. Convergence was
determined from the root-mean-square and absolute values
of the largest component of the forces and displacements,
considering default values [58].

To study neutral O vacancies, an unrestricted open-shell
formalism has been considered throughout, both in singlet
and triplet spin states, and spin contamination has been
monitored by calculating the expectation value of S2.
Although the singlet open-shell case is not expected to be
accurately described by a monodeterminental approach such
as the one considered here, to allow for a straightforward
comparison with previous works which have explored open-
shell singlets at the DFT level [25, 32, 34, 37], a similar
computational strategy has been considered here. Based on
previous work [32], a (3x3X1) anatase bulk supercell of the
conventional unit cell with 108 atoms was used. For the
anatase (101) surface, a slab made of 12 Ti-layers, leading
to converged surface properties, expanded in a (2X2) super-
cell with 144 atoms has been chosen. When creating an oxy-
gen vacancy, the basis sets centered at the defect site have
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been maintained in the calculation. Only the D2 approach
has been considered in this case by setting the C parameter
related to V, to zero. The oxygen vacancy formation energy
(EJY) was computed with respect to the total energy of an

oxygen molecule:
1
VvV _
E{ = E(D)+ EE(OZ) — E(H)

where E(D) is the energy of the defective system, E(O,)
is the energy of an O, molecule in its triplet ground state
and E(H) is the energy of the stoichiometric host material.

The reciprocal spaces have been sampled with (6X6x6)
and (4x4x4) Monkhorst-Pack k point meshes [59], corre-
sponding to 30 and 36 points in the irreducible Brillouin
zones (IBZ) of stoichiometric and defective bulk anatase,
respectively. For the anatase (101) surface calculations, a
(4%x4x1) k-point mesh has been used, corresponding to 7 k
points in the IBZ of the (2x2) supercell considered.

Results and discussion
Bulk TiO,
Stoichiometric bulk

Anatase has a tetragonal Bravais lattice with 14,/amd space
group, whose conventional unit cell is shown in Fig. 1a.
Table 1 presents computed lattice parameters and band
gaps, using all combinations of DFT models and basis sets
considered.

Clearly, all combinations perform well for the descrip-
tion of the a lattice parameter, with an error lower than 0.05
A in all cases and only a very slight effect of dispersion
effects no matter which dispersion model is considered. On
the other hand, larger errors are usually obtained on the c lat-
tice parameter, which might be related to the two axial Ti-O
bonds along this direction. In particular, for all functionals,

Fig.1 a Conventional unit cell
of bulk anatase, and b (3x3x1)
supercell considered for the cal-
culations of the defective bulk
system. The unit cells are shown
as blue dotted lines. Ti, O, and
defective V, sites are shown as
grey, red, and yellow spheres,
respectively
[001]

[100]
[010]

Table 1 Computed data for stoichiometric bulk anatase with dif-
ferent functionals, considering both ECP and AE basis sets. Lattice
parameters (a and c, in A), oxygen fractional coordinate components
(w) along c, and band gaps (E,, in eV) are reported. The values given
in parentheses correspond to band gaps computed with AE basis sets
using ECP geometries

Method Basisset a c u E,
PBE ECP 3.801 9.811 0.205 229 (2.37)
AE 3.796 9.801 0.205 2.38
PBE-D2 ECP 3.780 9.823 0.205 2.30 (2.40)
AE 3.776 9.806 0.205 2.41
PBE-D3 ECP 3.788 9.707 0.206 2.25 (2.35)
AE 3.785 9.673 0.206 2.36
B3LYP ECP 3.792 9.846 0.204 4.11 (4.01)
AE 3.788 9.783 0.204 4.02
B3LYP-D2 ECP 3.763 9.866 0.204 4.15 (4.07)
AE 3.759 9.799 0.204 4.07
B3LYP-D3 ECP 3.765 9.682 0.206 4.11 (4.04)
AE 3.764 9.588 0.207 4.02
B3PW ECP 3.771 9.845 0.204 3.89 (4.05)
AE 3.769 9.701 0.205 4.06
B3PW-D2 ECP 3.741 9.878 0.203 3.93 (4.15)
AE 3.740 9.727 0.205 4.15
B3PW-D3 ECP 3.745 9.655 0.206 3.88 (4.12)
AE 3.745 9.480 0.208 4.08
HSE06 ECP 3.759 9.845 0.204 3.58 (3.91)
AE 3.763 9.677 0.205 391
HSE06-D2  ECP 3.741 9.865 0.203 3.61 (3.96)
AE 3.747 9.689 0.205 3.95
HSE06-D3  ECP 3.745 9.741 0.205 3.58 (3.95)
AE 3.750 9.557 0.206 391
PBEO ECP 3.759 9.837 0.204 4.16 (4.53)
AE 3.764 9.665 0.205 4.53
PBE(O-D2 ECP 3.741 9.858 0.203 4.18 (4.61)
AE 3.748 9.675 0.205 4.60
PBEO-D3 ECP 3.745 9.746 0.205 4.15 (4.60)
AE 3.749 9.565 0.206 4.59
Expt. 3.7789%  9.522*  0.208* 3.18"

2from Ref. [61]; ° from Ref. [62]
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Fig.2 Band structure, total and partial densities of states of stoichio-
metric bulk anatase obtained at the HSE06-D2 AE//ECP level. The
Fermi level (shown as thin dotted line) has been set to 0 eV

the addition of D2 slightly increases ¢ with respect to the
corresponding value without dispersion, while D3 signifi-
cantly decreases it with values computed approaching the
experimental parameter. Overall, although the AE basis sets
perform better for the structural description than the ECP
ones, the performances of these latter remain acceptable. In
addition, the D3 model always leads to a better agreement
with the experimental data when compared to the bare DFT
model, no matter which function is considered. The com-
puted structures are in line with previously-reported GTO
calculations [57, 60].

Regarding the computed band gaps, although the same
qualitative picture is obtained in all cases, as already well-
known, PBE tends to underestimate it while hybrids tend
to overestimate it. Overall, the best agreement is obtained
with the range-separated HSEO06 functional, ECP basis sets
leading to an artificially better agreement with the experi-
mental value than the AE ones. Only a slight effect of the
inclusion of dispersion effects can be evidenced for all DFT
models considered. In addition, we note that computed band
gaps with AE basis sets using ECP geometries (referred to
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Fig. 3 a Fully relaxed structures along with computed spin densities,
and b DOS and PDOS of bulk anatase (3x3x1) supercell with one
V,, both in singlet (S) and triplet (T) spin states. All data obtained
at the HSE06-D2 AE//ECP level. The Ti; and Ti, atoms correspond
to the two Ti** sites where the excess electrons localize. The Fermi
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(b)

level has been set to 0 eV. For spin densities plots: isosurface values
of 10.0051 e.bohr™. Ti, O and defective V,, site shown as grey, red, and
yellow spheres, respectively. The O5 atom (see Fig. 1b) is highlighted
in purple
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Table 2 Selected distances (in /&) of stoichiometric and defective bulk anatase (3x3x1) supercell, considering both singlet (S) and triplet (T) spin
states. All data obtained at the HSE06-D2 ECP level. See Fig. 1b for atom labeling.

Stoichiometric Defective
S T
d(Ti-Tiy)  d(Ti,-Ti,)  d(Tiy-Ti,)  d(Ti;-Ti;)  d(Ti,-Ti,)  d(Ti-Ti,)  d(Ti,-Ti;)  d(Ti-Ti,)  d(Tiy-Tiy)
This work 3.741 3.095 3.095 3.535 3.075 3.358 4.260 3.348 3.488
HSE/PAW* 377 3.06 3.06 3.87 322 3.22 - - -

4(3x3x1) supercell, the two excess electrons are localized at the two first nearest neighbor Ti sites, from Ref. [32]. Only 20% of exact exchange

at short-range

as AE//ECP level in the following and given in parenthe-
ses in Table 1) are very close to the AE data in all cases
considered. This is especially true at the HSE06-D2 level,
where only a 0.01 eV difference is obtained despite the ~
0.2 A difference obtained on the ¢ lattice parameter. Since
we found the large core pseudopotentials and related ECP
basis sets not to be suitable to describe the electronic struc-
tures of defective systems, in the following, all calculations
have therefore been performed at the HSE06-D2 AE//ECP
level as a suitable compromise between accuracy and cost,
considering the prohibitive computational costs of AE basis
sets for the large supercells with low symmetry considered
for defective systems.

The band structure, total and partial densities of states
(DOS and PDOS) of stoichiometric bulk anatase computed
at the HSE06-D2 level with AE basis sets using ECP geom-
etries (referred to as HSE06-D2 AE//ECP level in the fol-
lowing) are shown in Fig. 2. The top of the valence band
(VB) corresponds mainly to O-2sp states, with some slight
contributions from Ti-3d states, while the bottom of the con-
duction band (CB) is largely composed of Ti-3d states. As
already mentioned above, the computed indirect band gap
between ~X and I" of 3.96 eV is overestimated compared to
the experimental value of 3.18 eV [62].

Overall therefore, for stoichiometric TiO, anatase, among
the different combinations of DFT models and basis sets
considered, the best results are obtained with the HSE06
functional, including dispersion effects (with D2 or D3 con-
tributions) combined to AE basis sets. As mentioned above
however, due to the prohibitive computational cost of AE
basis sets for the comprehensive investigation of defective
TiO, carried out below, single-point AE energies computed
on ECP geometries (AE//ECP data) offer a suitable tradeoff
between accuracy and computational costs. In addition, due
to the form of the D3 contributions to the total energy, only
the D2 dispersion model has been considered in all calcula-
tions including oxygen vacancies (see Computational Details
for more details).

Defective bulk

The formation of one Vg leaves two excess electrons in the
lattice which, according to experimental photoelectron spec-
troscopy (PES) data [41], localize at neighboring Ti sites
at about 1.1 eV below the CBM, leading to Ti** species.
Although different localization sites are possible (see Ref.
23,29, 32 and for instance), in the following, we focus exclu-
sively on the fully localized solutions on the two first nearest
neighbor Ti atoms to the defective site, considering both

Table 3 Atomic displacements

e Atoms S T

(in A, from bulk-truncated

positions) nearby the V site [100] [010] [001] [100] [010] [001]

for the defective bulk anatase

(3x3x1) supercell along Ti, -0.12 0.06 -0.03 0.22 0.04 0.09

different directions during Ti, 0.12 -0.03 -0.16 0.15 —0.01 -0.16

geometry relaxation, both in Ti, 0.09 0.00 0.14 ~0.29 0.02 ~0.01

singlet (S) and triplet (T) spin :

states. All data obtained at the 0, 0.11 —0.03 —0.04 0.01 —0.01 0.08

HSE06-D2 ECP level. See Os 1.65 -0.01 1.37 0.37 0.02 0.40

Fig. 1b for atom labeling O 0.00 0.00 0.16 0.05 0.02 0.02
(o8 -0.03 0.00 0.13 0.19 0.01 0.17
Oy -0.03 0.04 0.05 0.01 0.01 —-0.02
Oy -0.07 0.04 0.02 —-0.06 0.04 0.02
(OI% -0.01 0.08 -0.02 0.06 0.04 -0.07
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Table 4 Formation energies (E}/) of one V, band gaps (E,) of a/f
electrons, and offsets of the two deep defect levels (E, and E,) for the
defective bulk anatase (3x3x1) supercell with respect to the CBM,

along with the corresponding mean values (E), both in singlet (S)
and triplet (T) spin states. All data (in eV) obtained at the HSE06-D2
AE//ECP level

S T
E}/ Eg Offset from CBM E)/ Eg Offset from CBM
E, E, E E, E, E

This work 6.55 0.71/1.09 1.09 0.71 0.90 6.74 0.57/4.14 1.39 0.57 0.98
HSE/PAW® 5.15 - - - 0.50 - - - - -
HSE/PAW® 5.33 - - - 0.50 - - - - -
B3LYP/GTO® - - - - - 4.78 3.92 1.28 1.16 1.22
B3LYP/GTO¢ - - - - - 4.84 3.92 1.35 0.59 0.97

#(3x3x1) supercell, the two excess electrons are localized at the two first nearest neighbor Ti sites, from Ref. [32]. Only 20% of exact exchange at

short-range.

@2 \/ 2x2 \/ 2x1) supercell, one excess electron localized at the first nearest neighbor Ti site, the other at the second nearest neighbor Ti site, from

Ref. [25]

‘2 \/ 2x2 \/ 2x1) supercell, one excess electron localized at the first nearest neighbor Ti site, the other at the second nearest neighbor Ti site, from

Ref. [29]

42 \/ 2x2 \/ 2x1) supercell, one excess electron localized at the first nearest neighbor Ti site, the other spreads over almost all of the Ti sites, from

Ref. [29]

singlet (S) and triplet (T) spin states in a (3%3x1) supercell
(see Fig. 1b). This is in line with a recent study suggest-
ing the importance of Ti**~Ti** ¢ bond in defective TiO,
[37]. The structures obtained after geometry optimization
are shown in Fig. 3. Tables 2 and 3 report selected distances
and atomic displacements nearby the V, site after geom-
etry relaxation, respectively, while relevant data regarding

[101]

[10-1]
[0-10]

(a)

Fig.4 a Anatase (101) slab model expanded in a (2x2) supercell with
12 Ti-layers showing V, sites positions numbering (P1 to P9), and
corresponding atom labelings of the b P1 and ¢ P4 cases. The unit

@ Springer

formation energies and electronic structures are collected
in Table 4.

Significant differences have been obtained between the
S and T solutions regarding the local structural polaronic
distortions around the V, site, with a larger asymmetry in
the T case than in the S one. Indeed, while all the Ti-Ti
distances reported in Table 2 for the T spin state are larger
than those obtained for the stoichiometric systems, the S

(b) (©)

cell is shown as blue dotted lines. Ti, O, and defective V, site shown
as grey, red, and yellow spheres, respectively



Journal of Molecular Modeling (2023) 29:174

Page70f13 174

—Tiad
— 0 2sp
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Fig.5 Total and partial densities of states of the (2x2) supercell with
12 Ti-layers of anatase (101) computed at the HSE06-D2 AE//ECP
level. The Fermi level (shown as thin dotted line) has been set to 0 eV

solution presents either smaller or larger values. In par-
ticular, all distances involving Ti, (see Fig. 1b) are smaller
than in the stoichiometric case, while the Ti;-Ti, one is
larger. This can be related to the large displacements of the
Os atom both in the [100] and [001] directions, which
relaxes to almost occupy the original position of the Vg
site, with a final computed d(Ti;—O5) value of 2.069 A,
that is about half of the one (3.977 A) obtained in the T
case. The computed distances reported in Table 2 are gen-
erally in qualitative agreement with a previous HSE/PAW
investigation [32], although in this latter work: (i) no fully
localized solution in the T spin state could be obtained, (ii)
identical Ti;—Ti, and Ti;_Ti, distances were obtained, in
clear contrast to our calculations where symmetry break-
ing around the V, site occurs. According to the formation
energies, Efv reported in Table 4, the S spin state is found
about 0.2 eV more stable than the T one. We note that the
EfV values obtained here are higher than those previously-

réported at the HSE/PAW [32] or B3LYP/GTO [29] levels

for instance, mainly due to the AE//ECP computational
strategy adopted in our work. Nevertheless, based on the
spin densities and densities of states reported in Fig. 3, we
note that the two excess electrons left in the lattice by the
neutral V localize almost exclusively at the two nearest-
neighbor Ti sites Ti, and Ti,, with absolute values of the
magnetic moments of these atoms of at least 0.85 py in all
cases. In addition, based on the data reported in Table 4,
when averaging the two Ti; and Ti, levels positions E, and
E, in the DOS, offsets of 0.90 and 0.98 eV with respect to
the CBM are obtained in the S and T spin states, respec-
tively, in very good agreement with the 1.1 eV value
reported experimentally by PES [41].

Finally, we note that the relaxed lattice parameters were
found to be always within 1% of the stoichiometric values,
indicating that the structural distortions around the V, site
are mainly due to strong local atomic relaxations rather than
strong lattice relaxations. In addition, the spin contamination
is high for the S state, while it is low for the T state, with com-
puted expectation values of S? of 1.01 and 0.03 for the S and
T solutions, respectively. While the former is related to the
mono-determinantal nature of the approach considered, the
low value obtained in the T case further confirms the validity
of the solution obtained.

Anatase (101) surface
Stoichiometric surface

The anatase (101) surface is a stoichiometric non-polar sur-
face with a characteristic sawtooth structure (see Fig. 4) with
two and threefold coordinated O atoms (O,, and O5,) as well
as five and sixfold coordinated Ti atoms (Tis, and Tig.). The
computed surface energy of the (2x2) supercell considered
with 12 Ti-layers is of 0.83 J/m? at the HSE06-D2 AE//ECP
level, and 0.78 J/m? when fully relaxed at the HSE06-D2 AE

Table5 Formation energies p S T

(E}/) of one V, band gaps (E,)

of o/f electrons, and positions EfV E, Offset from CBM EfV E, Offset from CBM

of the two deep defect levels — —
(E, and E,) for the defective E, E, E E, E, E
(2%2) supercell of anatase (101)

with respect to the CBM. along 1 504 113126 126 113 119 517 100406 124 100 1.12
with the corresponding mean 2 673  141/140 141 140 141 678  1.02408 159 102 131

values (E), both in singlet (S) 3 571 1.00/1.00 100 100 100 577 058405 114 058 086
?ﬂd ttlpletf(Tl? spin states, ass 4 543 1.76/070 176 070 123 538  093/406 161 093 127
unction of the Vg position (P). 5 571 099/096 099 096 098 603 062407 084 062 073

All data (in eV) was obtained at

the HSE06-D2 AE//ECP level. 6 6.40 1.80/0.85 1.80 0.85 1.32 6.38 0.84/4.12 1.81 0.84 1.32

The data obtained on the bulk 7 564 1.17/1.18 1.8 117 118 571 075405 138 075  1.07
system, already reported in 8 607  1.09/098 109 098 103 608 097413 110 097  1.04

Table 4, are also given 9 587  L14/1.04 114 104 109 604 065407 112 065  0.89

Bulk 655 071/1.09 109 071 090 674 057414 139 057 098
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Fig.6 o HOCO of the defective
(2x2) supercell of anatase (101)
with one V obtained in the S
spin state for the a P1/(1/2;1/4)
k point and b P4/(0;1/2) k point
cases. Isosurface value of 10.02I
¢'2.bohr*2. All data obtained at
the HSEQ6-D2 AE//ECP level.
Ti, O, and defective V, site
shown as grey, red, and yellow
spheres, respectively

level. These values are in line with previously-reported ones
obtained with various hybrid functionals with the same AE
basis sets and the surface primitive cell [63]. In addition, the
computed band gaps are 4.06 and 4.00 eV at the AE//ECP
and AE levels, respectively, outlining the suitability of the
computational strategy considered.

The computed DOS and PDOS shown in Fig. 5 are very
similar to those previously discussed in the bulk case: the
top of the VB corresponds mainly to O-2sp states, with some
slight contributions from Ti-3d states, while the bottom of
the CB is largely composed of Ti-3d states.

Defective surface

As already done in Ref. [34], nine different positions of
the defective V, sites have been considered (P1 to P9, see
Fig. 4), going deeper and deeper in the slab, both in the
S and T spin states. This allows to investigate surface (P1
to P3), subsurface (P4 to P6), and “bulk-like” (P7 to P9)
vacancies. All optimized structures are shown in Figures S1
and S2 of the Supplementary Material, while relevant data
regarding formation energies and electronic structures are
collected in Table 5. As already done in the bulk case and
supported by a recent study suggesting the importance of
Ti**-Ti** & bond in defective TiO, anatase (101) [37], we
focus exclusively on fully localized solutions, that is solu-
tions where the two excess electrons due to the V, formation
are localized on two first nearest neighbors Ti atoms of the
Vg site.

Based on the data of Table 5, the S solution is generally
found more stable than the T one like in the bulk, although
differences remain generally small, with a maximal differ-
ence of formation energies lower than 0.3 eV among the
different V, positions considered. In addition, all com-
puted values are lower than in the bulk case except the P2
case, in line with the importance of V, in TiO, surface
processes [18, 19]. More precisely, the E}/ values range

between 5.04 (at P1) and 6.73 eV (at P2) in the S case,

@ Springer

while they range between 5.17 (at P1) and 6.78 eV (at P2).
The relative stability order of the different V( positions
considered is the same in the S and T cases: P1 > P4 > P7
> P3 > P5 > P9 > P8 > P6 > P2. The greatest stability of
the surface P1 position and the least stability of the surface
P2 position are in line with recently-published data
obtained in S spin state at the HSE06 level with ultra-soft
pseudopotentials (USPP) [34], although the relative stabil-
ity of the other positions differ. We note that this is also in
agreement with recent a recent STM investigation which
suggests that subsurface V, clusters might convert to sur-
face Vg for anatase (101) [64]. Figure 6 presents the com-
puted highest occupied crystalline orbitals (HOCO) in the
most stable S spin state for the two most P1 and P4 posi-
tions. The difference in stability between these two sites
can be related to a fully bonding interaction between the
d orbitals centered on Ti; and Ti, and the p orbitals of O,
in P1, while a mixed bonding/antibonding character can
be evidenced between the corresponding atoms in the P4
case.

As already found in the bulk case, we note that com-
puted formation energies obtained in this work with the AE//

Table 6 Selected geometrical parameters of the defective anatase
(101) (2x2) supercell with one V, both in singlet (S) and triplet (T)
spin states. Distances (d) in A and angles (0) in degrees. All data
obtained at the HSE06-D2 AE//ECP level. Atom labeling given in
Fig. 4. The corresponding values of the stoichiometric (2x2) supercell
are also reported

Stoichiometric Defective
S T
P1 d(Ti,—O-) 2.113 2.012 2.036
d(Ti,~O-) 1.726 1.853 1.787
6(Ti,—O,-Ti,) 95.5 117.2 116.3
P4 d(Ti,—Oy) 1.799 1.874 1.798
d(Ti,—Oy) 1.848 2.188 2.224
0(Ti,—0y-Ti,) 103.0 131.2 132.7
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Table 7 Atomic displacements

o Atom S T

(in A, from relaxed

stoichiometric supercell [010] [-101] [101] [010] [-101] [101]

positions) around defective

sites P1 and P4 for the (2x2) Pl

supercell of the anatase Ti, 0.00 0.21 ~0.28 0.00 0.23 ~0.28

(101) surface with one V, Ti, 0.00 -0.23 -0.21 0.00 -0.15 -0.15

considering both single (S) 0, 0.00 0.00 0.15 0.00 0.01 0.17

3“? tribptleﬁ (? StP:}‘ll Sﬁéegb?% ) o, 0.00 0.00 0.15 0.00 0.01 0.17

1n -

EaC; (l)eVZI. Ze:Fig‘? 4 Tor atom 05 0.02 -0.04 -0.02 0.06 —0.06 0.06

labeling 04 —0.02 —0.04 —0.02 —0.06 ~0.06 0.06
0, 0.00 0.20 ~0.01 0.00 0.18 0.04

P4

Ti, 0.00 0.30 -0.38 0.00 0.34 -0.37
Ti, 0.00 -0.20 0.06 0.00 -0.15 0.06
Ti, 0.00 0.02 0.20 0.00 0.02 0.19
0, —0.01 0.06 0.13 —0.02 0.04 0.15
0, 0.02 -0.01 0.12 0.07 ~0.06 0.14
o} 0.01 0.06 0.13 0.02 0.04 0.15
0, —0.02 -0.01 0.12 -0.07 ~0.06 0.14
o} 0.00 0.23 0.02 0.00 0.22 0.04
0, 0.00 -0.33 -1.95 0.00 -0.37 -1.93
Oy 0.01 0.00 0.13 0.01 ~0.01 0.15
0, ~0.01 0.00 0.13 -0.01 ~0.01 0.15
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(a)

Fig.7 a Computed spin densities, and b DOS and PDOS of the (2Xx2)
supercell of anatase (101) with one V, at position P1 in singlet (S)
and triplet (T) spin states. All data obtained at the HSE06-D2 AE//
ECP level. The Ti; and Ti, atoms correspond to the two Ti’* sites

-3 2

-1
E-Ef (eV)

(b)

—

N

where the excess electrons localize. The Fermi level has been set to
0 eV. For spin densities plots: isosurface values of 10.005 e.bohr™.
Ti, O, and defective V, site shown as grey, red, and yellow spheres,
respectively
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Fig.8 a Computed spin densities, and b DOS and PDOS of the (2Xx2)
supercell of anatase (101) with one V, at position P4 in singlet (S)
and triplet (T) spin states. All data obtained at the HSE06-D2 AE//
ECP level. The Ti, and Ti; atoms correspond to the two Ti’* sites

ECP strategy are overestimated compared to published data.
Depending on the reference values considered, however, this
overestimation is more or less important. For instance, at the
HSEO06/USPP level, Ha and Alexandrova [34] reported sig-
nificantly different V; formation energies of 2.91, 3.41, and
3.30 eV at the P1, P4, and P5 positions, respectively, while
Dedk et al. [25] reported values of 4.81, 5.03, and 5.46 eV, in
much better agreement with the values reported in Table 5.
Nevertheless, we note that in these two previous works and
the work presented here, the surface vacancy position P1 is
found to be the most stable one.

In all T cases considered, the two reduced Ti®* sites
contribute to the DOS at different offsets from the CBM
(see E, and E, values, Table 5), as already found in the
bulk case. On the other hand, in the S case, only the P4
and P6 cases lead to Ti** contributions at significantly
different offsets. This can be related to a much larger
structural distortion in these latter two cases than in the
other ones. For instance, from Table 6 where some rel-
evant geometrical parameters of the two most stable cases
P1 and P4 are reported, we can note the larger distortion
around the V, site in the P4 case compared to the P1 one.

@ Springer

l
w
U
N
!
[un
o
=
N

where the excess electrons localize. The Fermi level has been set to
0 eV. For spin densities plots: isosurface values of 10.005! e.bohr™.
Ti, O, and defective V site shown as grey, red, and yellow spheres,
respectively. The O, atom (see Fig. 4c) is highlighted in purple

This is confirmed by the computed atomic displacements
upon relaxation from the relaxed stoichiometric supercell
reported in Table 7. Indeed, while in P1 the largest dis-
placements are obtained for the two reduced Ti** atoms
(Ti, and Ti,), a much more pronounced atomic reorgani-
zation is obtained in the P4 case. In particular, while the
Ti, and Ti, atoms still relax substantially, the two-fold
coordinated surface Oy atom displays very large displace-
ments along the [-101] and [101] directions and migrates
to fill the initial V lattice position (see Fig. 8). This effect
has already been mentioned by Ha and Alexandrova [34],
although it was only obtained with DFT+U approaches
and specific values of the U parameter.

The spin densities computed for the P1 and P4 cases
and reported in Figs. 7 and 8 confirm these trends, with
spin densities localizing almost exclusively on the two
nearest neighbors Ti sites to the V,, as indicated by the
absolute values of the magnetic moments of these two
atoms of at least 0.83 py in all cases. Like in the bulk
case, the spin contamination of the T spin state was found
to be small (below 0.01), but close to 1.00 for the S spin
state. The computed average offsets from the CBM of the
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Ti** contributions to the DOS for the two most stable posi-
tions found (P1 and P4) are in excellent agreement with
the experimental PES value for anatase (101) surface sam-
ples of 1.3 eV [65], as well as the 1.3 eV value reported
by Deék et al. at the HSEO6/PAW level [65] in the S spin
state. In addition, we note a larger delocalization of the
defect levels in the DOS in the subsurface P4 case than
in the P1 case, in line with a recent publication [37], as
well as the HOCO plots presented in Fig. 6, where this
CO is found more delocalized when the defective site is
P4 than P1.

Conclusions

In this work, five exchange-correlation functionals (PBE and
four hybrids PBEO, B3LYP, B3PW, and HSE06), combined
with two dispersion models (D2 and D3) have first been con-
sidered to investigate the structural and electronic properties
of stoichiometric bulk TiO, anatase, taking into account both
ECP and AE basis sets within a GTO-based periodic formal-
ism. Although the best results have been obtained with the
HSEO06 functional including additional dispersive interac-
tions (with D2 or D3 contributions) and AE basis sets, an
AE//ECP computational strategy was found to be a suitable
tradeoff between accuracy and computational cost. Indeed,
the investigation of the defective bulk system with one V,
both in singlet (S) and triplet (T) spin states has proven ECP
basis sets to be inadequate for the description of the posi-
tions of the two defect levels in the stoichiometric material
band gap. When considering the HSE06-D2 AE//ECP com-
putational strategy however, a very good agreement with
experimental PES data indicating an offset of about 1.1
eV from the CBM for these levels could be obtained, with
computed values of 0.90 and 0.98 eV in the S and T spin
states, respectively. Significantly different local structural
polaronic distortions around the V, site between the S and
T spin state solutions could be evidenced however, with a
larger asymmetry in the T case than in the S one. In both
cases, the vacancy creation led to the localization of the two
excess electrons on the two first nearest neighbor Ti** sites
and lattice relaxation was found to be small, compared to the
substantial local structural modifications around the V site.

The same computational strategy was then considered
to investigate a defective anatase (101) surface, taking into
account nine different vacancy positions and both S and
T spin states. In all cases, computed vacancy formation
energies were found to be lower than in the bulk case,
and significantly different values were obtained between
the different positions. The surface twofold coordinated
oxygen site was found to be the most stable one, while the
surface threefold coordinated oxygen site was found to be

the least stable one, in agreement with recently published
theoretical works with hybrid functionals. For the most
stable sites found, the computed offsets of the defect lev-
els positions from the CBM were found to be in excellent
agreement with the 1.3 eV value obtained experimentally
by PES, with computed values ranging between 1.1 and
1.3 eV. While the two first nearest neighbor Ti** sites
where the excess electrons localize relax substantially
upon vacancy creation, significant O atoms migration up
to the initial vacancy site were also found in some cases,
in excellent agreement with other hybrid functional-based
computational works.

Overall therefore, the very good agreement obtained
with available experimental data regarding the offsets from
the CBM of the defect levels positions both for the bulk
and the (101) surface of TiO, anatase is encouraging for
the application of the proposed HSE06-D2 AE//ECP com-
putational strategy to TiO, surface-related processes such
as TiO,-based photocatalysis where oxygen vacancies are
known to play a key role.
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