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The structural and electronic properties of several TiO, polymorphs and hydrogen titanate surfaces are
modeled and studied by density functional theory (DFT). By implementing the Hubbard parameter “U” in
our calculations more realistic results of electronic properties are obtained, paying with a small deviation
in geometric optimization. Lattice parameters difference is found to be less than 6.2%, as well as some
changes in surface energy are found, but the reactivity tendency of surfaces is maintained. Calculated
work function is less energetic for faces (001) for anatase, (101) for rutile and (001) for TiO,-B.
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1. Introduction

Titanium dioxide has become the most studied photocatalytic
material because it is abundant, relatively cheap and not easy to
dissociate or to degrade [1]. In the past years, the number of TiO,
surfaces studies have increased. We can find several experimental
[2,3] and theoretical [4-7] studies. The most abundant TiO, forms
are rutile, anatase and brookite [8-11]. TiO,-B polymorph gained
more attention due to its applications like rechargeable lithium
ion batteries [12,13], dye sensitized solar cells (DSSCs) [14,15] and
supercapacitors [16]. On the other hand, hydrogen titanate has
become a compound of interest: it was synthesized as nanotubes
and characterized by several authors due to their promising prop-
erties and applications [17-20]. Besides, it was modeled as a bulk
material starting from crystallographic data [21,22]. In spite of all
this, there are still doubts about its right crystal structure, which is
necessary to understand its potential properties, giving that it is a
promising surface for DSSC application [23-25]. As it was expressed
above, our interest in titanium surfaces lies in its potential appli-
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cation in DSSCs, so the understanding of these surfaces will make
easier the study of dye molecules adsorption on them.

Although in literature we can find several theoretical and
experimental studies regarding anatase and rutile and in a lesser
extent regarding TiO,-B polymorph [26-29], the knowledge about
hydrogen titanate is scarse [23-25,30-33]. We have performed a
theoretical study using the first principle method called DFT, to
characterize structural and electronic properties of these TiO, poly-
morphs and hydrogen titanate surfaces.

Due to the increase in computational potential, DFT has become
the best method for many-body approaches calculation, despite
its deficit in processing materials containing partially-filled d and
fshells. When transition metal oxides are the subject under study,
the problem of underestimation of band gap for insulators leads to
untrustworthy descriptions of defect states located within the band
gap [34-38]. For the study of electronic properties in these transi-
tion metal oxides, it is needed a method or approximation to correct
the shortfall for strongly correlated metal oxides. DFT + U method
(LDA+U or GGA +U) is more efficient in the calculation than hybrid
functional methods, however some parameters need to be fitted
and introduced [37,39,40]. This method separates the electrons in
two groups, the fully occupied orbitals, which are treated with DFT
approach, and partially filled localized orbitals, treated by the Hub-
bard model, the latter with strong electron-electron correlations.
However we can find in literature the development of general pro-
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Fig. 1. Optimized geometries of studied surfaces calculated using DFT + U, namely, anatase (001),(100) and (101) where U=8eV, rutile (100),(101) and (110) where U=10eV,

TiO,-B (001) and (100) where U=4 eV and hydrogen titanate (100) where U=5eV.

Table 1
Comparison of lattice parameters for the studied surfaces calculated by DFT and
DFT + U methods.

Lattice parameters

DFT DFT+U

Surfaces a(A) b(A) c(A) a(A) b(A) c(A)

Anatase (001) 3.72 3.72 28.18 3.78 3.79 27.21
Anatase (100) 9.48 7.37 13.06 9.59 7.59 12.55
Anatase (101) 15.62 3.72 10.30 15.25 3.80 10.51
Rutile (100) 8.74 13.97 19.13 8.99 14.24 18.24
Rutile (101) 4.56 5.44 16.28 4.59 5.56 15.93
Rutile (110) 2.94 6.45 19.36 3.03 6.65 18.23
TiO,-B (001) 11.77 11.04 19.52 11.86 11.22 19.10
TiO»-B (100) 12.94 7.49 26.54 13.06 7.60 25.98
H,Tis 07 9.40 3.71 19.30 9.38 3.82 18.81

tocols attempting to avoid resorting to empirical parameters fitting
for LDA+U method [41,42]. But in our case, we decided to study
how the selection of U affects the electronic properties of the
studied systems.

Here, we present a comparison study of how the addition of
Hubbard term in the calculation affects the structural and elec-
tronic properties of titanium oxide polymorphs and hydrogen
titanate surfaces. We have studied anatase (001), (100) and (101),
rutile (100), (101) and (110), TiO,-B (001) and (100) and hydro-
gen titanate (H,Ti3O7). Lattice parameters, bond lengths, surface
energy, band gap, DOS curves and work function have been evalu-
ated in order to better understand the behavior and applications of
these surfaces in solar cells.

2. Computational method

All calculations were carried out within the frame of the density
functional theory (DFT) [43] using the Vienna Ab-Initio Simulation
Package (VASP) [44] which employs a plane-wave basis set and a
periodic supercell method. The projector augmented wave (PAW)
method [45,46] was used to account for the electron-ion core inter-
action, using the Perdew-Burke-Ernzerhof (PBE) as the generalized

Table 2

Relaxed Ti-O surface bond lengths in A calculated using DFT and DFT + U method.
Surfaces Superficial Ti-O (A) Inner Ti-O (A)
Anatase (001) — DFT 2.13,1.92 1.94
Anatase (001) — DFT+U 1.95 2.02
Anatase (100) — DFT 1.93,1.78 2.21,1.86
Anatase (100) — DFT+U 1.98,1.82 2.20,1.92
Anatase (101) — DFT 1.84,1.91, 1.96 2.06, 2.13
Anatase (101) — DFT+U 1.87,1.90, 1.99 1.89,2.07
Rutile (100) — DFT 1.85 2.04
Rutile (100) — DFT+U 1.90 2.05
Rutile (101) — DFT 1.80, 1.92 1.97,2.13
Rutile (101) — DFT+U 1.90, 1.93 2.06,2.08
Rutile (110) — DFT 1.80,1.92 1.85,2.00
Rutile (110) — DFT+U 1.90, 1.97 1.93,2.10
TiO,-B (001) — DFT 1.83,1.93 1.81
TiO,-B (001) — DFT+U 1.85,1.95 1.84
TiO,-B (100) — DFT 1.81,1.95 1.96
TiO,-B (100) — DFT+U 1.84,1.94 1.99
H,Ti3O; — DFT 2.03,1.90, 2.28, 1.64 1.95, 1.89, 2.00
H,Ti3O; — DFT+U 2.10,1.94,2.22,1.67 2.00, 1.96, 2.06

gradient approximation (GGA) [47] for the exchange-correlation
term.

In transition metal oxides, the GGA approach gets a self-
interaction error, which affects the electronic structure. In order to

Table 3
Equivalent surface energies (J/m?) and energy gaps (eV) for the studied surfaces,
comparison of DFT and DFT +U calculation.

Surface Energy (J/m?) Energy Gap (eV)
Surfaces DFT DFT+U DFT DFT+U
Anatase (001) 0.75 0.42 2.09 2.32
Anatase (100) 0.55 0.61 223 2.76
Anatase (101) 0.29 0.28 2.83 3.38
Rutile (100) 0.61 0.60 2.03 3.06
Rutile (101) 1.01 0.90 1.89 2.65
Rutile (110) 0.58 0.27 1.29 2.06
TiO,-B (001) 0.20 0.18 2.59 3.06
TiO2-B (100) 0.52 0.36 2.85 2.98
H,Tis07 0.20 0.15 1.82 231
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Fig. 2. Projected density of states curves for each surface, titanium contribution is plotted in red, oxygen in blue and hydrogen (for hydrogen titanate) in green. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

avoid this error, the GGA +U approach proposed by Dudarev et al.
[37] was used. Thus, the multiple occupation of d-orbitals is penal-
ized, and the band gap underestimation is attenuated as well as the
electron delocalization.

We can find several DFT+U studies for rutile and anatase for
bulks and surfaces. Other authors have tested these U term from
3 to 10eV [48-53]. Here we have fitted the U parameter differ-
ently depending on the polymorph under study, namely U=8eV
for anatase, U=10eV for rutile, U=4¢eV for TiO,-B and U=5¢V for
hydrogen titanate for the 3d levels of titanium. In a previous work
—currently article in draft —, we analyzed the changes in band gap
and lattice parameters for a set of U parameters, i.e. U=3, 4, 5, 8,
10 for anatase, rutile, TiO,-B and hydrogen titanate bulks. It was
found that these selected parameters provide a good description
for electronic and geometric structures.

As it can be seen in Fig. 1, the surfaces were modeled by trans-
formation of unit cell and application of a vacuum region, along the
non-periodical direction. We have selected the following surfaces:
anatase (001), (100) and (101), rutile (100), (101) and (110), TiO»-B
(001) and (100) and hydrogen titanate (100). A fully slab relax-
ation was allowed. The Brillouin-zone was sampled using 4 x 4 x 1
Monkhorst-Pack K-point mesh [54]. A cutoff energy of 400 eV was
used for the plane-wave basis set.

In addition, work functions were obtained by calculating the dif-
ference between the potential in the middle of the vacuum layer
and the Fermi energy [55,56]. Work function by definition, is the
minimum energy required for losing an electron from a material to
the vacuum, this information is fundamental for most of the elec-
tronic properties of such material. When this work function is small,
the loss of an electron becomes easier. Depending on the crystalline
orientation of surfaces, the work function is altered differently. In
all our calculations we have used dipole correction [57] to avoid
the effect caused by asymmetric of charges on the two sides of the
slabs under study.

3. Results and discussion
3.1. Geometry optimization

Geometry optimization was performed for each surface at stan-
dard DFT and DFT + U approach. As it can be seen in Table 1, lattice
parameters suffer a slight modification when U is different than
zero. In the case of anatase, the parameter change is no larger
than 4.9%, for rutile 6.2%, for TiO,-B 2.2% and for hydrogen titanate
6.2%.The considerable improvement in the calculation of electronic
properties worth it.
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Table 4
Comparison of Work Function calculated with DFT and DFT+U for the studied
surfaces.

Work Function (eV)

Surfaces DFT DFT+U
Anatase (001) 6.95 6.39
Anatase (100) 6.86 6.57
Anatase (101) 7.54 7.46
Rutile (100) 7.82 7.97
Rutile (101) 6.48 6.44
Rutile (110) 7.46 7.29
TiO2-B (001) 7.10 7.11
TiO,-B (100) 7.55 7.41
H,Tiz 07 6.18 6.17

In Table 2 optimized Ti-O bond distances for each surface are
listed. Here, it can be seen how the inclusion of U-parameter affects
the geometry. Bulk anatase addresses Ti-O bond lengths of 1.94
and 1.99 A (DFT) and 1.97 and 2.01 A (DFT + U), when we consider
the surfaces, predominantly superficial Ti-O bonds shorten and
inner Ti-O bonds elongate in comparison with bulk distances. For
bulk rutile, these bonds have distances of 1.95 and 1.98 A (DFT)
and 2.00 A (DFT +U), and surfaces behave as those in anatase case,
superficial bonds shorten and inner bonds elongate. In the case
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of TiO,-B polymorph, the surfaces behave differently than pre-
vious cases, superficial bonds lengthen and inner bonds shorten.
Bulk distances are 1.78, 1.90, 2.02 and 2.32 A (DFT) and 1.79, 1.92,
2.02 and 2.30 A (DFT +U). Bond lengths for hydrogen titanate per-
form as those in TiO,-B, distances for bulk are 2.00, 1.82, 2.22,1.74
and 1.94A (DFT) and 2.02, 1.83, 2.20, 1.78 and 1.97 A (DFT+U). In
spite of differences in geometry optimization, these are small and
both calculation (DFT and DFT +U) share the same behavior after
relaxation.

In literature some information about these bonds are reported,
for rutile [7], anatase [58] and TiO,-B [59] surfaces. So far hydrogen
titanate is studied as nanotube, therefore that information cannot
be directly comparable [24].

3.2. Energetic and electronic properties

The equivalent surface formation energy for each surface per
unit area were calculated using the following equation:

Esup = (Estab — NriEtio2-buik)/2S

as it was used in a previous work [29], where Egj,;, stands for the
total energy of the slab, Np; corresponds to the number of TiO, units
inside the slab, Etjgz-puix is the total energy of the corresponding
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article.)
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bulk structure per TiO, unit and finally S stands for the surface area
of the supercell used for the slab. The values obtained are shown
in Table 3, also, by way of comparison, surface energies at U=0
level were added. As previously expressed, in literature we can
find information about anatase, rutile and TiO,-B surface energy
[6,7,29,59,60] and our results differ with those reports because
unlike previous researches we have taking into account the dipole
correction and the U-term, being similar the reactivity trend for
each polymorph. These surface energies are sensitive to subtle
changes in lattice parameters as it can be seen in the previous cited
literature.

We have also reported the improvement in the calculation of
energy gap when U parameter is taken into account. The experi-
mental Eg,p for bulk values are: 3.20 eV for anatase [61,62], 3.03 eV
for rutile [62,63], 3.22 eV for TiO,-B [64] and 3.30eV for hydrogen
titanate [65] — in the last case it is not the bulk band gap value but
nanotube data-.

Band gap energies obtained using DFT+U are closer to these
bulk values than calculation without U-term. In Fig. 2 projected DOS
curves using DFT +U for each surface is plotted and the improved
band gap indicated. In every case, the density of states shows a
main contribution from oxygen 2p states in the valence band and an
important contribution from titanium 3d states in the conduction
band.

The characteristics of all these slabs are similar except for the
value of the energy gap. This can be attributed to the shifting of
the bottom of the conduction band, while the top of the valence
band remains similar in every case. The bottom of the conduction
band is principally composed of Ti 3d orbitals, for this reason the
observed band gap difference depends on the contribution of these
3d orbitals, and it is a function of number of layers. The surface cut
affects the reconstruction, Ti-O connectivity and thus the final slab
properties, both electronically and structural, and in consequence
TiO, and H-titanate final applications. For all of these reasons is not
possible to establish direct and easy interpretation of the changes
in the energy gaps for the same polymorph in the different cuts.

3.3. Work function

In order to obtain more information about these surfaces prop-
erties, work functions (WF) were calculated. The work function is
a fundamental property of solid surfaces, which provides us with
more data regarding chemical reactions, electron emission and
atomic reconstruction at the surface. Titanium oxide surfaces are
sensitive to the work function, to the trapping and recombination
of electrons and holes in these semiconductors. The differences and
singularities in each TiO, and hydrogen titanate surfaces will cause
electrostatic fields which could affect this function [66].

In Table 4 the WF values calculated by DFT and DFT + U are listed
for each surface. Differences between methods are small —from
0.22% to 4.38%. When we consider the U-term in our calculations,
WEF values are smaller except for R(100) and TiO,-B(001).

We have calculated and plotted the work function for the stud-
ied surfaces as it is shown in Fig. 3. For anatase polymorph WF is
found to be in the order: A(001)<A(100) <A(101); for rutile is:
R(101)<R(110)<R(100); for TiO,-B is: TiO,-B(001) < TiO,-B(100).
Hydrogen titanate, face (001) of anatase and face (101) of rutile
enhance the electron activity and the electrochemical reactivity in
comparison with the remaining facets.

When comparing the WF’s with the inclusion of U-term, it is
observed that the WF is slightly reduced for almost all the studied
surfaces, with the exception of R(100) and TiO,-B(001) that present
a slight increase in their WF values. But due to the fact that the
variation is always less than a 5% we can infer that the effect of

the U-term is limited and thus should not affect too much physical
properties that depend on the WF.

4. Conclusion

We have performed DFT-based calculations in order to study
the properties of various titanium oxides and hydrogen titanate
surfaces, which are potential adsorbents in dye synthesized solar
cells. Electronic properties have been improved by implementing
the Hubbard term “U”. It was found a better approximation to the
experimental results in band gap energies at the expense of small
deviation in optimized geometry and surface energy. Work func-
tions of these surfaces were computed in order to have a big picture
of the electronic properties.
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