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We model TiO2 rutile (110) and anatase (101) surfaces and investigate the effect of adsorption of benzoic
acid on the electronic structure of these systems. The surface-adsorbate electronic structure determines the
rates of electron-transfer processes, which are important for dye-sensitized solar cells, in particular. We use
density functional theory (DFT) and test the accuracy and efficiency of several DFT implementations (plane
waves vs localized basis sets, all-electron vs pseudopotential calculations) as applied to the TiO2-adsorbate
system. We explore the variation in the band gap, surface energies, and benzoic acid adsorption energies as
a function of slab thickness. Our results show that a two-layer slab is sufficient to model the adsorption of
benzoic acid on anatase, whereas for rutile, convergence is much more slow and not yet achieved in five-
layer slabs. The effect of the adsorbate on the electronic structure is small in the case of anatase, but noticeable
for rutile, where adsorbate states appear near the valence band edge, and TiO2 states near the conduction
band edge are shifted upward. The TiO2 surface layers make a small contribution to the density of states near
the conduction band edge, but a prominent contribution deeper in the conduction band, at energies where
electron injection from sensitizing chromophores is most likely to occur.

1. Introduction

The very large number of applications of TiO2 in materials
science is, almost without exception, ultimately a result of the
facile electron-transfer processes that occur at the interface
between the semiconductor and adsorbed molecules. When
photoexcited, TiO2 is a good electron and hole donor and can,
therefore, promote photocatalytic processes at its interface.1 TiO2

absorbs in the ultraviolet spectrum, but can be photosensitized
by the adsorption of chromophores that, when excited, inject
electrons into the TiO2 conduction band. These properties, in
addition to its abundance, low cost, stability, and low toxicity,
are the basis for its use in solar cells,2 as a support for
heterogeneous catalysts3 and photocatalysts,4,5 as a white
pigment (where its photocatalytic activity leads to self-cleaning
properties),6 and for disinfection,7 among other things.

To understand the photocatalytic activity of TiO2 and the
electronic processes occurring at the surface, one requires a good
description of the electronic structure. The properties of TiO2

surfaces have been the subject of a wide range of theoretical
studies, which addressed the effect of introducing defects,
usually oxygen vacancies, into the surface of TiO2;8,9 the effect
of cationic10,11 and anionic12,13 dopants on the electronic structure
and associated properties; and the adsorption of molecules14,15

and metal atoms16,17 on the various surfaces of rutile and anatase
forms of TiO2.18

In particular, many of the recent theoretical studies considered
the adsorption of chromophores, molecules that absorb light in
the visible range and readily inject electrons into the TiO2

conduction band. These molecules can act as sensitizers so that
light from the solar spectrum can promote electrons into the
conduction band of TiO2.19 Many theoretical studies have
focused on the adsorption of common anchoring groups
(carboxylic acid,14,20-24 phosphonic acid,25,26 and hydroxyl

groups21,27-29) of chromophores to TiO2 surfaces. Carboxylic
acid is one of the most common anchoring groups in chro-
mophores, and several studies investigated the interaction of
formic acid with the TiO2 surfaces.14,20,22,23 Dissociative adsorp-
tion in the bridging bidentate configuration is the most favorable
for formic acid on the rutile (110) surface,14 whereas both
dissociatively and nondissociatively adsorbed structures are
believed to be stable on anatase (101) surfaces.20 A study of
the adsorption of oxalate/oxalic acid, COOH2, onto rutile
nanocrystals found various stable binding configurations, some
of which are not available to the RCOOH chromophores.24 There
were very few studies concerned with the adsorption of larger
carboxylic acid molecules, such as benzoic acid,21 which perhaps
provide a better model of the chromophore-surface interaction.
Therefore, one of the aims of this paper is to model the
adsorption of benzoic acid on TiO2 surfaces and to study its
effect on the electronic structure of TiO2.

The majority of applications of TiO2 involve the photoexci-
tation of an electron into the conduction band of TiO2. As a
result, to correctly model the physics essential in these applica-
tions, it is important to model the band gap and any band-gap
states correctly. A number of density functional theory (DFT)
methods have been explored to study the electronic structure
of TiO2 and the effect of using different functionals on the
resulting band gap. Hybrid functionals have been shown to
provide a band gap closer to experiment and more accurately
represent the localization of gap states created by oxygen
vacancies.30 The almost ubiquitous B3LYP functional31 has been
found to give a good estimate of the band gap for TiO2; the
less commonly used PBE0 functional32 gives an excellent
description of the structure, though it overestimates the band
gap considerably.33 Pure GGA functionals are also commonly
employed in studies of TiO2 and produce band structures that
are in qualitative agreement with those obtained using hybrid
functionals. However, the band gap is significantly underes-
timated,33-35 and the GGA methods tend to artificially delocalize
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the electron density so that defect states are sometimes
qualitatively incorrect (for example, the energies of gap states
of an oxygen vacancy in TiO2 are overestimated and are found
in the conduction band).30 Several attempts have been put
forward to improve the band-gap description of TiO2, including
the ad hoc methods of scissor operators28,36 and tuning the exact
exchange.34 The more rigorous DFT + U method, which uses
an electron repulsion term, U, to correct for the tendency of
pure DFT to delocalize the electron density, has the disadvantage
that the transferability of the U parameters is undetermined,35

and indeed, the optimal value of U in the simulation of TiO2

varies between functionals and implementations.37-40

It is customary for comparative studies of solid-state elec-
tronic structures to consider different density functionals without
changing the other characteristics of the calculation (e.g., plane-
wave or localized basis set, all-electron or pseudopotentials)
because, in general, this allows the use of a single code to
perform all the computations. However, different implementa-
tions of DFT have different characteristics in terms of conver-
gence, computational stability of the results, and accuracy. In
particular, the computation of two-dimensional surfaces using
plane waves and pseudopotentials, which is becoming standard
for highly accurate computations,41-44 requires much larger
computational resources compared with the calculations using
localized basis sets, particularly because the vacuum between
layers is filled with basis functions that require the same
computer time as the solid to model.

In this paper, we will, therefore, explore the effect of three
different DFT implementations on the electronic structure of
several TiO2 surfaces, with and without molecular adsorbates,
comparing computational cost and accuracy for different density
functionals. The details of the implementations are given in
section 2. As this paper deals with comparisons between these
DFT implementations, throughout this work, the phrase “DFT
method” means the complete choice of software, basis set, and
pseudopotential. In section 3.1, we describe computations of
2D slabs of rutile exposing the (110) surface and anatase
exposing the (101) surface. The surface energy, band gap, partial
density of states, and relaxation computed using the three
methods for slabs of various thicknesses are compared. In
section 3.2, we then consider the adsorption of benzoic acid on
rutile (110) and anatase (101) surfaces and, in particular, the
effect of the adsorbate on the density of states of the rutile and
anatase slabs. This paper concludes by reviewing the role of
the electronic density of states in calculating the rates of
electron-transfer processes.

2. Methods

2.1. DFT Techniques. We performed DFT calculations and
compared the results given by three DFT methods based on
different approaches: (i) all-electron calculations with localized
Gaussian basis sets (using CRYSTAL0645), (ii) pseudopotential
calculations with localized basis sets (using SIESTA46), and (iii)
pseudopotential calculations with plane-wave basis sets (using
PWSCF distributed within the Quantum ESPRESSO suite of
codes47,44). All of these calculations were done within the GGA
approximation using the Perdew-Burke-Ernzerhof (PBE)48

exchange-correlation functional; CRYSTAL06 bulk calculations
were also done using several alternative functional, the localized
density approximation (LDA) functional,49 the Perdew-Wang
(PW) GGA functional,50 the PBE032 hybrid functional, and the
B3LYP hybrid functional.31 The B3LYP functional is not
available in all software, and hybrid functionals generally are
expensive when using plane-wave basis sets, but it has previ-

ously been shown to give a good description of the band gap
of TiO2 and is widely used for describing molecular systems.

CRYSTAL06 computations employed an explicit all-electron
representation of the TiO2 with a triple valence plus polarization
Gaussian basis set first used in refs 51 and 52. The k-points
sampled were chosen using a Monkhorst-Pack net using 4 ×
4 × 4 k-points for the bulk TiO2, 4 × 4 × 1 k-points for clean
slabs, and 2 × 2 × 1 k-points for slabs with adsorbates. Default
optimization criteria have been used for geometry optimization
and electronic self-consistency (similarly in SIESTA and
Quantum ESPRESSO calculations, below). To achieve conver-
gence of the self-consistent field (SCF), a mixing weight of 0.05
and the Anderson mixing scheme53,54 were employed. To
achieve convergence of the surface energy with slab depth, an
extrafine integration scheme identical to that used in ref 55 was
used. In calculations of adsorption using CRYSTAL and
SIESTA, basis set superposition error (BSSE) was corrected
using the counterpoise scheme.56

SIESTA calculations used the PBE functional48 and (for bulk
TiO2) the Wu and Cohen functional (WC)57 (a modification of
the PBE functional for improved description of solid state) and
Troullier-Martins norm-conserving relativistic pseudopotentials
provided on the SIESTA web page.58 Specifically, we used the
Ti and O pseudopotentials proposed in ref 59, where the
semicore states (3s, 3p) for Ti are treated explicitly. A double-
�-polarized (DZP) basis was used for all atoms, except for Ti
semicore states, for which a minimal (single-�) basis was used.
Convergence of the bulk rutile total energy and band gap was
tested with respect to the k-point grid and to the mesh cutoff
(energy cutoff for the real space grid used to represent the
electron density), and the converged values were used in all
SIESTA calculations: 150 Ry mesh cutoff and 10 Å k-point
grid cutoff. This k-grid cutoff gives 4 × 7 × 1 and 4 × 6 × 1
k-grids for clean rutile and anatase slabs, respectively, and 4 ×
3 × 1 or 3 × 3 × 1 k-grids for slabs with adsorbates. SIESTA
SCF calculations used the Pulay mixing procedure with the
mixing weight of 0.1 for bulk cells and small slabs. For large
slabs (five or more layers) and slabs with adsorbates, the SCF
procedure often diverged, and lower mixing weights (0.05 or
0.02) were needed. Also, the number of previous input and
output density matrices used to create a new density matrix was
increased from three to five to ensure convergence.

PWSCF calculations employed the GGA PBE functional48

and ultrasoft pseudopotentials60 provided on the Quantum
ESPRESSO web page.47 Semicore states were included in the
Ti pseudopotential. Convergence of bulk rutile and anatase
energies was tested with respect to the kinetic energy cutoff
and the k-point grid, and the converged cutoff and k-point
density were used in all following calculations. The kinetic
energy cutoff for wave functions was 35 Ry and, for charge
density, 280 Ry. The 4 × 8 × 2 and 4 × 4 × 2 k-point grids
were used for clean rutile and anatase slabs, respectively, and
a 2 × 2 × 1 grid for slabs with adsorbates. We checked that
increasing the k-grid for these slabs does not significantly affect
molecular adsorption energies (e0.1 eV difference) and band
gaps (e0.002 eV difference). PWSCF simulations converged
using the Broyden mixing weight of 0.25, even for large slabs.

2.2. Systems. Bulk rutile and anatase, the most stable TiO2

polymorphs, were modeled using conventional unit cells: 6
atoms for rutile and 12 atoms (two primitive cells) for anatase.
Bulk lattice parameters were relaxed using lattice optimization
procedures provided in the DFT codes; the positions of atoms
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in the unit cells were relaxed simultaneously with the lattice
parameter optimization.

Rutile (110) and anatase (101) slabs were constructed from
six-atom primitive (TiO2)2 unit cells. Thus, we define a rutile
(110) layer as a trilayer consisting of two in-plane Ti, two in-
plane O atoms, and two bridging O atoms above and below the
central Ti-O layer. Similarly, an anatase (101) layer contains
two Ti and four O atoms in its primitive unit cell; all of these
atoms have different z coordinates (Figure 1). We considered
both free (unconstrained) slabs and slabs with a fixed bottom
layer. For the SIESTA and Quantum ESPRESSO computations,
the slabs were separated by 10 Å of vacuum.

We used two approaches to model molecular adsorption on
surfaces: (i) constrained slabs with the adsorbate placed at one
side of the slab, and one or several bottom layers fixed, as used
in the majority of simulations of surfaces, including TiO2 (e.g.,
ref 20), and (ii) free slabs (no constrained atoms) with adsorbates
placed symmetrically on the top and bottom surfaces of the slab,
used in studies of molecular adsorption on rutile (e.g., ref 14).
It has been reported that, thanks to the symmetry of the system,
the latter systems converge more quickly than the former, despite
the larger number of atoms in the free-slab systems. The latter
approach also avoids fixing bottom layers of the slab, which
affects the electronic structure of the slabs.

Two adsorption geometries were considered for benzoic acid
on anatase (101): dissociative adsorption in the bridging
bidentate geometry and nondissociative molecular adsorption.
Only dissociative adsorption of the molecule was considered
on the rutile (110) surface. Two- to four-layer anatase and two-
to five-layer rutile slabs were used, either free or with a fixed
bottom layer. The surfaces were modeled by periodic (1 × 3)
surface unit cells. We verified that this cell size provided
sufficient separation between molecules in neighboring cells and
there was no or minimal interaction between the molecules. The
interaction energy between isolated benzoic acid molecules at
this separation is negligible (e0.05 eV). The periodic cells and
intermolecular distances are shown schematically in Figure 2.
The periodic arrangement of the cells was varied (see Figure
2); this was found to have little effect on binding energies
(within 0.1 eV) and on the electronic structure.

3. Results

3.1. Rutile (110) and Anatase (101) Surface Computa-
tions. For consistency, the bulk structure used to generate the
initial geometry of the various slabs considered here needs to
be optimized with the same method and parameters, and
therefore, the optimization of bulk TiO2 (rutile and anatase)
constitutes a required preliminary work. Bulk TiO2 has been
studied many times with a variety of methods,61-63,34,33 and our
bulk optimized structure and band gaps match those reported
in the literature with analogous methods. For completeness, and
to allow easier comparison with the slab results, we report the
results of the bulk calculations in Table 1. As already noted in
the literature, although the predicted geometry is generally good,
the band gap is significantly underestimated by the LDA and
GGA approximations and somewhat overestimated by hybrid
functionals (PBE0 and B3LYP).

The TiO2 slabs were generated from the optimized bulk
geometry exposing the most thermodynamically stable surface:
(110) in the case of rutile and (101) in the case of anatase, and
the atom coordinates were fully optimized. We consider the
variation of the band gap, geometric relaxation, and surface
energy with both the depth of the slab (varied between 2 and
10 layers) and the DFT method employed using the PBE
functional with each method. A comparison is also made
between the PBE functional and the B3LYP functional using
CRYSTAL06.

3.1.1. Electronic Structure. The variation of the band gap
of the rutile (110) and anatase (101) slabs with the number
of layers for the three DFT methods used is presented in
Figure 3. As has been observed previously,66 the band gap
for the rutile (110) slabs oscillates around the bulk value.

Figure 1. (a) A two-layer rutile and (b) a two-layer anatase slab (both
are unoptimized 2 × 2 cells). In-plane and bridging O atoms (Oip, Obr)
are highlighted in the rutile slab and 5- and 6-coordinated Ti atoms
(Ti5, Ti6) in both slabs.

Figure 2. Schematic showing top views of (a) rutile and (b, c) anatase
cells used in the calculations of (a, b) dissociated and (c) undissociated
benzoic acid adsorption, and periodic arrangements of the cells used
in our calculations. Rectangles (thick solid lines) show the (1 × 3)
cells; thin dashed lines show primitive (1 × 1) surface cells within
these (1 × 3) cells. Shaded ovals show the positions of benzoic acid
molecules. Intermolecular distances are shown. There is one molecule
per (1 × 3) cell. Lattice vectors A and B of the (1 × 3) cells are
indicated and expressed via the lattice vectors a and b of the primitive
(1 × 1) cells (a ) 6.56 Å, b ) 2.98 Å for rutile (110) cells; a ) 5.19
Å, b ) 3.82 Å for anatase (101) cells). The top left arrangement of
cells is rectangular; the rest of the cell arrangements are oblique. The
cells shown in the upper row were used in most of the calculations;
the cells in the lower row were used to test convergence with respect
to intermolecular distances.
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Slabs with an odd number of layers have a band gap smaller
than the bulk value, whereas slabs with an even number of
layers have a band gap larger than the bulk value. Both odd-
and even-thickness slabs appear to converge on the bulk band
gap for all DFT methods and both DFT functionals considered
(≈1.85 eV for PBE, ≈3.7 eV for B3LYP). The agreement
between the three DFT methods using the PBE functional
for the rutile (110) slabs is very good; the maximum
discrepancy between the methods is 0.12 eV for the seven-
layer slab.

The oscillations in the electronic and structural properties
of rutile (110) slabs are well-known67,66 and have been
attributed to the change in hybridization of the O 2p and Ti
3d states: in even-layered slabs, the O-Ti hybridization
causes the formation of tightly bound TiO2 bilayers, whereas
in odd-layered slabs, which have a symmetry plane in the
middle, the O(2p)-Ti(3d) hybrid orbitals extend across the
entire slab.66 These oscillations are an intrinsic property of
rutile (110) surfaces and do not occur in other rutile or anatase
surfaces.

Unlike the rutile (110) slabs, the anatase (101) band gap
converges monotonically on the bulk value. The difference
of ≈0.2 eV between the CRYSTAL06 computations and the
other two codes is consistent for all slab thicknesses and may
be attributed to the use of pseudopotential cores in the
CRYSTAL06 computation. There are no surface states
created by the rutile (110) or anatase (101) surfaces.

To compare the electronic structure of the various slabs
computed using CRYSTAL06 with the B3LYP and PBE
functionals, the proportion of the density of states (DOS) on
the atoms of each layer is compared in Figure 4 for rutile

(110) slabs. Aside from the shift in energy of the conduction
band edge, the distribution of states in the valence and
conduction bands for each slab thickness is similar for both
functionals. Near the conduction band edge, the majority of
states has the largest amplitude on the subsurface layer of
the slab, and on the third subsurface layer in thicker slabs.
Thus, for the three- and seven-layer slabs, the conduction
band edge is dominated by their central layer.

A similar plot displaying the proportion of the density of states
localized on each layer of the anatase (101) slabs is shown in
Figure 5. Compared with the rutile (110) slabs, the states in the
conduction and valence bands are distributed more evenly
between the layers. Like the rutile (110) slabs, the conduction
band edge has fewer states on the surface atoms than those
beneath the surface.

3.1.2. Surface Energies and Slab Geometries. The surface
energies for these slabs are shown in Figure 6. The oscilla-
tions between odd and even are apparent in the surface
energies of the rutile (110) slabs. The energy appears to
converge on ≈0.53 J m-2 for both methods employing
localized basis functions and ≈0.35 J m-2 for the plane-wave
computations using Quantum ESPRESSO. The choice of pure
or hybrid functional using CRYSTAL06 has little effect on
the surface energy. The surface energies of the anatase (101)
slabs converge monotonically; similar to the case of the
anatase slabs’ band gap, there is no distinction between odd-
and even-thickness slabs. As in the case of the rutile (110)
slabs, the surface energy computed using Quantum ESPRESSO
(0.44 J m-2) is smaller than that computed using the two
localized basis sets methods by ≈0.2 J m-2.

TABLE 1: Geometric Parameters for Rutile and Anatase Computed Using a Variety of DFT Methods Compared with
Experiment64,65 and Hartree-Fock Computations

rutile anatase

functional a/Å c/Å u band gap/eV a/Å c/Å u band gap/eV

CRYSTAL06
LDA 4.556 2.936 0.304 1.82 3.755 9.473 0.2081 2.31
PBE 4.644 2.982 0.305 1.87 3.806 9.742 0.2060 2.39
PW 4.637 2.979 0.305 1.88 3.802 9.723 0.2060 2.40
PBE0 4.585 2.963 0.305 4.10 3.773 9.623 0.2058 4.58
B3LYP 4.628 2.982 0.306 3.58 3.794 9.754 0.2049 3.98
Hartree-Fock 4.567 2.992 0.306 12.21 3.780 9.656 0.2044 12.79

SIESTA
PBE 4.637 2.998 0.305 1.72 3.800 9.773 0.206 2.29
WC 4.595 2.957 0.304 1.72 3.794 9.469 0.209 2.24

Quantum ESPRESSO
PBE 4.618 2.949 0.306 1.86 3.791 9.653 0.207 2.12

experiment 4.593 2.958 0.305 3.03 3.789 9.522 0.208 3.3

Figure 3. Band gap computed for (left) rutile (110) and (right) anatase (101) slabs using CRYSTAL06 with PBE (triangles) and B3LYP (circles),
SIESTA (squares), and Quantum ESPRESSO (plus).
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There is no agreement in the literature on the values of
the TiO2 surface energies. The studies using localized atomic
orbitals report values in the range of 0.42-0.68 eV for rutile
(110),66,55 in agreement with our values. It has also been noted
that the calculated values of surface energies strongly depend

on the computational method used (density functional, value
of U in DFT + U calculations).40,55 The low values obtained
in our plane-wave calculations are consistent with earlier
studies of rutile (110)68 and anatase (101),62,69 which also
used plane waves together with ultrasoft pseudopotentials,
with either the same code (in ref 62) or a different code (in
refs 68 and 69). For comparison, plane-wave calculations
with the projector augmented wave approach (PAW) gave a
rutile surface energy of 0.58 J m-2.40 Thus, the low values
of the Quantum ESPRESSO surface energies may be atributed
to ultrasoft pseudopotentials.

The geometry of the rutile (110) slab relaxes noticeably
from the bulk positions: the under-coordinated Ti atom sinks
below the surface plane; the surface in-plane O atoms and
6-coordinated Ti move above the plane, in the opposite
direction. Using B3LYP with CRYSTAL06, in the 10-layer
slab, the under-coordinated Ti atom moves by -0.075 Å and
the O atoms move by 0.142 Å. The O-Ti-O angles that
are 90° in the bulk are 100.3° in the final geometry. The
6-coordinated Ti atom on the surface of the three-layer slab
relaxes outward by 0.16 Å. The surface relaxation is very
similar in all slabs: the O-Ti-O angle in the three-layer
slab is 99.1°, and the movement of the under-coordinated Ti
atom is -0.06 Å. The relaxation, especially of Ti atoms, is
significant in all layers, up to deep subsurface layers. The
relaxation of the geometry is qualitatively similar using all
three codes; the choice of functional also appears unimportant
in this case.

As discussed in the literature,70,66,55 the energy difference
between the odd- and even-layered slabs is related to their
relaxation and to the presence of the middle layer: in the case
of the odd-layered slab, there is a plane of symmetry at the
center of the cell, and the middle layer retains a geometry almost
identical to that of the bulk, whereas in the even slabs, there is
only a point of rotational symmetry at the center of the cell,
and the absence of a middle layer ensures a greater flexibility
of the slabs.

The optimized geometry of the anatase (101) slabs, when
compared with the bulk geometry, shows significant displace-
ment in the surface layer and the first subsurface layer;
afterward, the maximum displacement from the bulk geometry
is less than 0.07 Å. The relaxation of atoms for the surface layers
is captured well already in the three- and four-layer slabs. The
difference in geometry computed using the PBE and B3LYP
functionals is negligible.

3.1.3. ConWergence of Slabs on “Surface-Like” BehaWior.
When TiO2 is studied as an electron acceptor, it is important
to establish how deep the slab needs to be in order to

Figure 4. Relative density of states for atoms by layer for (from top
to bottom) three-, four-, five-, and nine-layer rutile (110) slabs computed
using CRYSTAL06 with B3LYP (left) and PBE (right). Each color
represents a layer arranged in order of their z coordinate; the width of
a particular section is the fraction of the DOS that layer contributes.

Figure 5. Relative density of states for atoms by layer for three-, four-,
five-, and nine-layer anatase (101) slabs computed using CRYSTAL06
with B3LYP (left) and PBE (right). Represented as in Figure 4.

Figure 6. Surface energy computed for (left) rutile (110) and (right) anatase (101) slabs using CRYSTAL06 with PBE (triangles) and B3LYP
(circles), SIESTA (squares), and Quantum ESPRESSO (plus).
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represent accurately the conduction band local density of
states of a true surface. We, therefore, compare the ratio of
states per atom on the surface atoms and on other atoms in
the slab. Rs(E) is defined as

wherein s and o represent surface Ti atoms and other Ti atoms
in the cell, Fi(E) is the partial density of states on atom i at
energy E, ECBE is the energy of the conduction band edge,
and 〈〉s and 〈〉o denote the mean values over all surface Ti
atoms and all other Ti atoms. Rs(E) ) 1 means that the
contribution of the surface layer atoms to the total DOS in
the conduction band is equal to the (averaged) contribution
of each of the subsurface layers. When Rs(E) < 1, the
contribution of the surface layers to the total DOS (from the
bottom of the conduction band to the energy E) is smaller
than that of the bulk layers.

Rs(E) against energy is plotted in Figure 7 using the
CRYSTAL06 B3LYP computations of the rutile (110) and
anatase (101) slabs. The figure shows that the conduction band
edge states are localized away from the surface (as shown by
the low values of Rs near E ) ECBE). The contribution of the
surface states to the conduction band edge does not become as
significant as the middle layers’ until ≈4 eV above the band
edge for anatase and ≈5 eV for rutile (close to the top of the
conduction band). However, given the similarity of the curves
for slabs of different thickness, it can be seen that even the three-
layer anatase slab gives an appropriate model of the surface.
For rutile surfaces, the convergence is less rapid and further
complicated by the odd-even effects mentioned previously. The

rutile slabs with five or more layers appear very similar in terms
of the Rs(E) across this energy range.

The PBE results are almost identical to the B3LYP results
shown in Figure 7. This, together with the similarity in the
contributions to DOS shown in Figures 4 and 5, proves that,
although the band gap is underestimated by GGA, the states in
the conduction band of TiO2 slabs are described by GGA
correctly (or at least in a very similar way to the more accurate
hybrid functional description).

3.1.4. Electronic Structure of Constrained Slabs. Calcula-
tions of adsorption on surfaces commonly use constrained slabs,
where atoms in one or more bottom layers of the slab are not
allowed to move. We investigated the effect of constrained
layers on the band gap and density of states of the TiO2 slabs.
Both in rutile (110) and in anatase (101) slabs, the band gap is
reduced by 0.4-0.8 eV in constrained slabs; see Figure 8. In
the case of anatase slabs, convergence with the number of layers
is much faster than for free slabs. In the rutile slabs, odd-even
oscillations are still evident, like in the free slabs.

The analysis of the partial density of states of free and
constrained slabs (shown in Figure 9) shows the origin of this
change in the band gap: the states on fixed O atoms (and, to a
smaller extent, fixed Ti atoms) are found at higher energies than
those of unconstrained O atoms and now form the top of the
valence band (clearly seen as a shoulder at the top of the valence
band of the rutile slab in Figure 9). Thus, the valence band
maximum is shifted upward. The states on fixed 5-coordinated
Ti atoms also dominate the bottom of the conduction band in
anatase slabs and may shift the conduction band minimum
slightly downward.

Thus, the valence band maximum (VBM) shift in constrained
slabs is due to the fixed bottom layers and should not affect
adsorption and electron transfer into the top layers. However,
it is important to keep in mind the origin of these changes in
the band gap when comparing the electronic structure of

Figure 7. Rs(E) against E for slabs computed using the B3LYP functional with CRYSTAL06 for anatase (101) (left) and rutile (110) (right) for
slabs 3 (black), 4 (red), 5 (green), 6 (blue), 7 (yellow), 8 (brown), 9 (gray), and 10 (violet) layers thick.

Figure 8. Band gap for (a) rutile (110) and (b) anatase (101) (computed with PBE). Filled symbols correspond to free slabs and empty symbols
to constrained slabs.

Rs(E) )
〈 ∫

ECBE

E

dE′Fi(E′)〉
s

〈 ∫
ECBE

E

dE′Fi(E′)〉
o

(1)

22664 J. Phys. Chem. C, Vol. 114, No. 51, 2010 Martsinovich et al.



constrained slab-adsorbate systems (e.g., discussed later in the
paper) with bulk rutile or anatase.

3.1.5. RelatiWe Computational Cost. When comparing the
results obtained by different software, it may be interesting to
compare also the relative computational cost of the correspond-
ing calculations. It is important to stress that it is not easy to
rank the codes on the basis of their efficiency. The total
optimization time reflects both the efficiency of the minimum
energy search and the efficiency of the electronic structure
calculation (different for the three codes). Moreover, some
codes, such as CRYSTAL06, albeit not the fastest in serial
calculations, provide a massively parallel version, whereas
another rapid code, SIESTA, has a parallel version with poorer
scaling properties. However, as a term of reference, it is useful
to indicate the computer time and the number of iterations
required to optimize two representative systems (a four-layer
slab and an eight-layer slab). Table 2 reports the CPU time for
optimization of the bulk anatase from the X-ray structure64 and
for the optimization of the four-layer and eight-layer anatase
slabs from the bulk geometry, together with the number of
geometry optimization steps for each of the calculations. The
computations were run on a single processor on Intel(R)
Xeon(R) 2.66 GHz machines with 16 GB RAM.

It is clear from Table 2 that the more accurate band gap
computed using the hybrid B3LYP functional comes at a high
computational cost. Computations using this functional take
about 6 times as long as the equivalent computations using the
pure GGA functional. It is also apparent that the CRYSTAL06
computations, despite treating all electrons explicitly, are fastest,
although closely competing with SIESTA in computation times.
Given that no significant differences between the DOS computed
using the various methods were found, we can confidently use

the least computationally expensive and most stable combination
of software and methodology to model the TiO2 surfaces.

3.2. Adsorption of Benzoic Acid on the TiO2 Surfaces.
Benzoic acid is a common anchoring group in chromophores
used in dye-sensitized solar cells (DSSCs). To investigate its
effect on the density of states of TiO2 slabs, we model adsorption
of benzoic acid on rutile (110) and anatase (101) surfaces using
localized basis set (SIESTA) and plane-wave (Quantum
ESPRESSO) PBE calculation. For thin slabs (two and three
layers), we also perform calculations using the B3LYP hybrid
functional (CRYSTAL), to evaluate the effect of the functional
on the electronic structure. We consider benzoic acid dissocia-
tively adsorbed in the bridging bidentate geometry on the rutile
(110) surface and both dissociative and nondissociative adsorp-
tion of benzoic acid on anatase (101) surfacessthe most stable
adsorption configurations on these surfaces.14,20

3.2.1. Adsorption Geometries and Energies. Dissociated
Benzoic Acid on Rutile. The benzoate anion adsorbs on the rutile
(110) surface in an upright geometry (perpendicular to the
surface), as shown in Figure 10a. The details of the final
structures obtained using all three DFT methods are very similar.
The Ti-O bond lengths between the carboxylate oxygens and
the surface titanium atoms are 2.03-2.10 Å, slightly longer than
Ti-O distances in the bulk rutile (1.95-2.00 Å) and Ti-O
distances involving 5-coordinated Ti atoms of the bare surface
(these range between 1.78 and 1.97 Å), but close to Ti-O
distances between 6-coordinated surface Ti atoms and in-plane
oxygens or below-the-plane bridging oxygens.

Adsorption of benzoic acid causes considerable displacements
of slab atoms. In particular, 5-coordinated Ti atoms, which are
sunken slightly below the surface level in the bare rutile (110)
slabs, rise by 0.13-0.22 Å as a result of bonding to O atoms
of the benzoate ion (a smaller displacement in the even-layered
slab and larger displacements in odd-layered slabs) and adopt
positions close to the ideal bulk termination of the surface.
Subsurface Ti and O atoms also move from their slab positions
by up to 0.16 Å, mainly up or down along the vertical direction.

Adsorption energies (Figure 11) show odd-even oscillations
depending on the number of layers in the slab: they vary between
-0.7 and -2.0 eV per molecule (larger absolute values for odd-
layered slabs, smaller valuer for even-layered slabs) and follow
a similar trend in both constrained and free slabs. Adsorption
energies predicted by plane-wave PBE calculations agree very
well (within 0.05 eV) with the B3LYP results (obtained for two-
and three-layer slabs) and are up to 0.2 eV larger than the values
found using SIESTA. The periodic arrangement of the cells (see
Figure 2) was found to have little effect on adsorption energies

Figure 9. Left panel: total density of states for four-layer rutile (110) (top image) and four-layer anatase (101) slabs (bottom image). Solid lines,
free slabs; dashed lines, constrained slabs. Right panel: contributions of partial densities of states for Ti and O atoms layer by layer to total DOS
for the constrained four-layer rutile (110) (top image) and anatase (101) (bottom image) slabs. Shaded areas represent Ti atoms’ contributions, and
hatched areas are O atoms’ contributions. All computed using SIESTA.

TABLE 2: CPU Time for Geometry Optimizations of Bulk
Anatase, a Four-Layer (101) Slab and an Eight-Layer (101)
Slab using CRYSTAL06, with PBE and B3LYP, Quantum
ESPRESSO, and SIESTAa

method bulk/s four-layer slab/s eight-layer slab/s

CRYSTAL06
PBE 943 (8) 27 949 (17) 57 668 (17)
B3LYP 6 163 (7) 171 201 (19) 370 848 (20)

SIESTA
PBE 1 001 (5) 14 154 (42) 95 352 (69)

Quantum
ESPRESSO
PBE 564 (37) 128 580 (38) 673 080 (30)

a The number of geometry optimization steps in each calculation
is given in parentheses.
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(within 0.1 eV) for rutile and anatase. Convergence of adsorption
energies is very slow and is not reached in slabs of this size.
From the data in Figure 11, we expect converged adsorption
energies to be between -1.0 and -1.4 eV. For comparison, an
earlier study,14 which used five- or six-layer slabs, found the
value of the adsorption energy of formic acid on rutile to be
-190 kJ mol-1 (-2.0 eV),14 close to our larger adsorption
energies.

Dissociated Benzoic Acid on Anatase. The benzoate anion
adsorbs on the anatase (101) surface in a tilted geometry. Two
stable geometries with different tilt angles were found; both
are shown in Figure 10b,c. In structure A, the Ti-O bonds form
a 61-62° angle with the z ) 0 plane, while the molecule itself
forms a 97-98° angle with this plane (the molecule pivots
around its O atoms). In structure B, there is no such change in
angle: the molecule forms a 76° angle with the z ) 0 plane.
The distances between the carboxylate oxygens and the surface

titanium atoms are 2.11-2.15 Å in both structures, longer than
Ti-O distances in the bulk anatase (1.95-2.0 Å) and the anatase
(101) surface and slightly longer than the same distances for
the benzoate adsorbed on rutile, due to the longer Ti-Ti distance
in the anatase surface than in the rutile surface.

Adsorption of the benzoate ion also causes displacements of
the surface and subsurface atoms. In particular, surface Ti atoms
bonded to the ion move upward by 0.13-0.17 Å (by a smaller
amount in the thinner slab), and the surface O atom that bridges
these Ti atoms flips and moves down by 0.49-0.53 Å;
subsurface Ti and O atoms also move by smaller amounts (up
to 0.15 Å).

Adsorption energies are almost independent of the number
of layers in the anatase slabs; they are slightly smaller for free
slabs (-0.7 to -0.5 eV) than for constrained slabs (-0.9 to
-0.6 eV); the latter values agree well those reported earlier in
a study of formic acid on a two-layer anatase slab.20 Again, the
agreement between PBE and B3LYP binding energies is very
good (up to 0.1 eV difference between B3LYP CRYSTAL and
Quantum ESPRESSO results). Structure B is marginally more
stable than structure A (by up to 0.1 eV). These energies show
that dissociated benzoic acid is less strongly adsorbed on anatase
(101) than on rutile (110).

Nondissociated Benzoic Acid on Anatase. Nondissociated
benzoic acid adsorbs on anatase in an upright geometry, forming
one Ti-O covalent bond and an additional O · · ·H hydrogen
bond. Only PBE calculations were done for this system: SIESTA
calculations predict slightly shorter bond lengths (2.09-2.13
Å for Ti-O and 1.28-1.32 Å for O · · ·H) than Quantum
ESPRESSO (2.16-2.21 and 1.44-1.47 Å, respectively).

Consequently, SIESTA predicts slightly stronger binding than
Quantum ESPRESSO (see Figure 11), but the difference in
adsorption energies is no more than 0.2 eV, within the accuracy
of DFT. Adsorption energies are -1.0 to -0.8 eV (free slabs)
or -1.1 to -1.0 eV (constrained slabs). These energies show
that benzoic acid adsorbs on anatase more strongly in the
nondissociated form than in the dissociated form, in agreement
with the earlier study of adsorption of formic acid.20

Similar to the dissociated benzoic acid on anatase, adsorption
energies are almost independent of the number of layers in the
slabs. This suggests that even slabs as small as two layers (e.g.,
used in ref 20) can give a reasonable description of adsorption

Figure 10. Adsorption geometries: (a) dissociated benzoic acid on rutile; (b, c) dissociated benzoic acid on anatase, geometries A and B; and (d)
nondissociated benzoic acid on anatase.

Figure 11. Adsorption energies of benzoic acid on rutile and anatase
surfaces. Top panel: SIESTA results. Bottom panel: Quantum ESPRESSO
results. Black circles, dissociated benzoic acid on rutile (110); red
squares, dissociated benzoic acid on anatase (101); blue diamonds,
nondissociated benzoic acid on anatase (101); full lines with filled
symbols, adsorbate on constrained slabs; dashed lines with empty
symbols, adsorbate on free slabs. The figure shows oscillations in
adsorption energies of benzoic acid on rutile (110) and nearly constant
adsorption energies on anatase (101).
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of benzoic acid and similar molecules on anatase (101). This is
very different from adsorption on rutile, where there is little
evidence of convergence of adsorption energies with the number
of layers. This makes it difficult, at least on the grounds of
adsorption energies, to choose a small slab that is representative
of the true rutile (110) surface.

3.2.2. Electronic Structure of Anatase (101) and Rutile
(110) with Adsorbates. We compared band gaps and densities
of states (DOS) for rutile and anatase slabs with adsorbed
benzoic acid, to find out how adsorption affects the electronic
structure of the TiO2 slabs.

Anatase Slabs with Adsorbate. First, we compared the band
gaps of anatase slabs with and without adsorbate, to get a picture
of the effect of adsorption on the electronic structure of the slabs.
Using PBE, the values of band gaps of the slabs with both
dissociatively and nondissociatively adsorbed benzoic acid are
very similar to those of the bare slabs shown earlier in Figure
8 and follow the same trend with respect to the number of layers,
when both free and constrained slabs are used. The band gaps
are reduced by 0.1-0.2 eV upon adsorption, in both plane-wave
and localized basis set calculations. This suggests little effect
of adsorbate on the electronic structure of anatase slabs. There
are no energy levels in the gap due to benzoic acid; the highest
occupied molecular orbital (HOMO) of benzoic acid is slightly
below the valence band edge, and its lowest unoccupied
molecular orbital (LUMO) is ∼0.5 eV above the conduction
band edge.

There is no change in the anatase band gap in B3LYP
calculations of constrained slabs, but the situation is different
for the free slab: states localized on the benzoic acid
molecules appear ∼0.8 eV above the conduction band edge
(see Figure 12).

Analysis of the partial DOS of free and constrained slabs
shows that the benzoic acid HOMO appears above the states
of free TiO2 oxygen atoms, but below fixed oxygen atoms’ states
in constrained slabs, and is thus obscured by the fixed atoms’
states. This shows that, without the analysis of partial DOS,
calculations using constrained slabs can give misleading results
on the electronic structure of anatase-adsorbate systems.
Similarly, PBE calculations underestimate the position of the
benzoic acid HOMO and place it in the valence band.

We note that an earlier study of benzoic acid on anatase21

found no adsorbate-related levels in the gap. However, that study

used unrelaxed TiO2 clusters, and benzoic acid levels were likely
obscured by the fixed surface atoms’ states.

Apart from the appearance of the gap state, the DOS for slabs
with adsorbate are very similar to those of bare slabs, as shown
in Figure 12. There are only small changes due to the presence
of the adsorbate. States on Ti atoms bonded to the molecule
shift closer to the conduction band minimum (CBM) than the
equivalent undercoordinated surface Ti atoms not bonded to the
adsorbate; similarly, states on O atoms close to the binding site
are slightly closer to the VBM. States on carboxylate oxygens
of benzoic acid or a benzoate anion also appear close to the
VBM, in both the PBE and the B3LYP calculations. As a result,
the band gap is slightly reduced. We note that the composition
of the conduction band is very similar in the PBE and B3LYP
calculations.

The DOS of slabs with different thicknesses (two, three, and
four layers) are qualitatively very similar to each other (see the
right panel in Figure 12), suggesting that slabs as small as two
layers thick can be used to model adsorption of benzoic acid
and similar molecules on the anatase (101) surface.

Rutile Slabs with Adsorbate. Adsorption of benzoic acid on
rutile (110) has a dramatic effect on the band gap of rutile slabs:
although odd-even oscillations are still present, the amplitude
of these oscillations is much smaller than in bare slabs (Figure
13). Specifically, the band gaps of even-layered slabs are similar
both with and without the adsorbate, whereas the band gaps of
odd-layered slabs are increased by 0.5-0.7 eV. This change in
the band gap is due to a shift in the position of the CBM of
odd-layered slabs. As Figure 13 shows, the plane-wave and the
localized basis set PBE calculations give very similar values of
band gaps for rutile with adsorbed benzoic acid. The same effect
is observed also in B3LYP calculations (although the actual
values of band gaps are larger).

Analysis of PDOS of the three-layer slab (Figure 14) shows
that the energies of states on subsurface Ti atoms, which form
the CBM in odd-layered bare slabs (seen as a small peak near
the CBM in the free slab and as a shoulder peak in the
constrained slab), are raised when the adsorbate is present. Thus,
adsorption of benzoic acid disrupts the O-Ti hybridization in
the slab because of the strong relaxation of the middle layer
due to the interaction with the adsorbate (or with the two
adsorbates in the case of the symmetric slab). The shift in the
subsurface atoms’ states is very pronounced in three-layer slabs

Figure 12. Left panel: density of states of a fully relaxed two-layer anatase slab (top) with and (bottom) without adsorbed dissociated benzoic acid,
calculated using B3LYP. The adsorbate state appears above the valence band edge. Right panel: density of states of fully relaxed two-, three-, and
four-layer anatase (101) slabs (top) with and (bottom) without adsorbed dissociated benzoic acid, calculated using PBE (SIESTA). The density of
states for slabs with nondissociatively adsorbed benzoic acid (not shown) is almost identical to the results for the dissociatively adsorbed molecule
shown here. The graphs are aligned at the positions of O 2s core levels.
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but appears also in five-layer slabs, although significantly
weakened thanks to the presence of the bulklike middle
(subsubsurface) layer. By comparison, the small changes in the
DOS of the even-layered slabs show that the TiO2 bilayer
formation described in ref 66 is not disrupted. These small
changes correlate with smaller relaxations of Ti and O atoms
in even-layered slabs upon adsorption, as mentioned in section
3.2.1.

According to both PBE and B3LYP calculations, in slabs with
adsorbates, the bottom of the conduction band (CB) is formed
by a mixture of states on both subsurface and surface Ti atoms,
especially those not taking part in bonding with the carboxylate.
Unlike bare slabs, the DOS of odd- and even-layered rutile slabs
with adsorbate are qualitatively quite similar to each other; the
most noticeable difference is that states on Ti atoms bonded to
the carboxylate appear at the CBM in even-layered slabs and
slightly deeper in the CB in odd-layered slabs.

Similar to anatase calculations, the benzoic acid HOMO
appears ∼0.3 eV above the valence band edge of the uncon-
strained two-layer rutile slab in B3LYP calculations (or at the
same energies as the CBM in PBE calculations of even-layered
slabs), but slightly below the CBM in odd-layered slabs, both
according to B3LYP and PBE. This again underscores the
difference in the behavior of the even- and odd-layered slabs.

In both anatase (101) and rutile (110) slabs, constrained slabs
have a smaller band gap than free slabs (the difference of
0.5-0.6 eV for all slabs sizes considered here) because the top
of the valence band in constrained slabs is formed mainly by
states on fixed O atoms. However, the composition of the bottom
of the conduction band is similar in constrained and free slabs.

On the basis of the DOS of rutile slabs, we suggest that even-
layered slabs are more reliable for modeling rutile (110) surfaces
and adsorption on these surfaces. As adsorption energies and
band gaps are clearly not converged in slabs with two to five
layers, the four-layer slabs seem a better model of this surface
than two-layer slabs. This also means that modeling adsorption
on rutile requires a much larger computational effort than
adsorption on anatase.

4. Discussion and Conclusions

We modeled the geometry and electronic structure of rutile
(110) and anatase (101) surfaces and adsorption of benzoic acid,
a common bridging group in DSSC chromophores, on these
surfaces. One of the aims of this paper was to compare the

Figure 13. Band gaps of rutile slabs with and without adsorbed benzoic
acid calculated using SIESTA (top panel) and Quantum ESPRESSO
(bottom panel). Solid lines with filled symbols, free slabs; dashed lines
with empty symbols, constrained slabs; squares or circles, bare slabs;
triangles, slabs with dissociatively adsorbed benzoic acid.

Figure 14. Contributions of Ti and O atoms layer by layer to the total DOS of three-layer rutile slabs (PBE results). Top panels: slabs with
adsorbate. Bottom panels: slabs without adsorbate. Left column: constrained slabs. Right column: free slabs. Slabs without adsorbate display a
shoulder peak near the CBM, which disappears when the benzoic acid molecule is adsorbed.
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description of these systems given by different DFT methods,
keeping the same density functional (GGA PBE). Localized or
plane-wave basis sets and all-electron or pseudopotential
treatment were considered, using CRYSTAL06, SIESTA, and
Quantum ESPRESSO packages. We find very good qualitative
agreement and fairly good quantitative agreement between
geometries, band gaps, and surface energies obtained using
different methods. Noticeably, however, the plane-wave-based
Quantum ESPRESSO calculations of slabs took up to 5-10
times as much time as localized basis set calculations of the
same systems, although the computational times improved with
the use of more processors. Taking into account the accuracy
of the results and the computational cost of the calculations,
we conclude that expensive plane-wave treatment can be
avoided for TiO2 (or used for few benchmark calculations), as
the less expensive localized basis set treatment (CRYSTAL06
or SIESTA) appears to be equally accurate.

Using these techniques, we analyzed the density of states of
rutile (110) and anatase (101) surfaces. Our calculations show
that conduction band edge states are localized away from the
surface of the slabs; however, as the density of states increases
to an appreciable number, the local density of states becomes
increasingly evenly spread throughout the cell. The valence band
edge is a mixture of the bulk and surface states; it is dominated
by the fixed atoms’ states in constrained slabs.

We compared the GGA PBE electronic structures with those
obtained using the hybrid B3LYP functional. As expected, the
B3LYP band gaps are larger and closer to experimental values
(although overestimated), but the composition of the valence
and conduction bands is very similar when modeled with both
PBE and B3LYP. This suggests that, if we are interested in a
qualitative description of the electronic states, rather than in
accurate values of band gaps, PBE can be used in place of the
expensive B3LYP calculations.

The second aim of this study was to determine the effect of
benzoic acid adsorption on the TiO2 density of states. We find
that adsorption of benzoic acid has little effect on the electronic
structure of anatase (101) slabs, when the molecule is adsorbed
both in the dissociated form and in the more stable nondisso-
ciated molecular form. The effect of the adsorbate on the density
of states of rutile (110) slabs is more pronounced. Specifically,
adsorption of benzoic acid increases the band gap of odd-layered
rutile (110) slabs by raising the energies of subsurface Ti atoms
states and thus raising the CBM. This effect is much stronger
in odd- than in even-layered slabs and decreases as the slab
thickness increases, suggesting that slabs for modeling the rutile
(110) surface should have at least four layers. It is likely that
the same effect on the electronic structure of rutile slabs will
be caused by other molecular adsorbates as well. The main
difference in the B3LYP and PBE descriptions of TiO2 with
adsorbed benzoic acid is that the benzoic acid HOMO appears
slightly above the valence band edge in B3LYP (whereas it is
at or below the valence band edge in PBE); however, this does
not cause localization of TiO2 electronic states and does not
change the structure of the bands.

An accurate description of the electronic structure of
substrate-adsorbate systems is essential for modeling electron-
transfer processes at interfaces. For example, the rate of electron
injection in DSSCs can be computed using71

The three terms in this equation that determine the injection
rates are the couplings, Vmk, between localized atomic orbitals
on the adsorbed molecule (indices m and n refer to the states
on the molecule) and delocalized orbitals on the semiconductor
(states k, k′), the energy-dependent local density of states in
the conduction band of the semiconductor, Fkk′(E) (i.e., the empty
states available to accept the electrons), and the injection energy
Es. This equation shows that the rate of electron injection is
directly proportional to the partial density of states on the
semiconductor surface atomssthe Fkk′(E) term. The coupling
matrix elements Vmk quantify the interaction between the surface
and the adsorbed chromophore. As this interaction is much
greater for the surface layer of the slab than for any subsurface
layers, the necessary requirement for efficient electron injection
is a high density of states on the surface atoms, at the energy E
equal to the electron injection energy. Factors that affect the
surface atoms’ density of states, such as the interaction with
adsorbate, are, therefore, important for an accurate description
of the electron injection process.

Finally, we comment on the limitations of DFT in describing
the electronic structure of materials. It is known that DFT
underestimates band gaps. It has been shown earlier33-35 and
confirmed in this work that rutile and anatase band gaps are
underestimated by ∼1 eV with GGA, whereas B3LYP band
gaps are more accurate (although still overestimated by 0.5-0.7
eV). This raises the question of applicability of GGA to the
calculations of electron injection. However, we can assume that
the LUMO of chromophore molecules will be underestimated
by roughly the same amount as the CBM of TiO2, and the
cancellation of errors will make comparison of chromophore
LUMOs and TiO2 CB reasonable. The second problem of GGA
is its tendency to delocalize electrons,30 which makes GGA not
applicable for systems with localized electronic states. In our
case, however, TiO2 slabs, both clean and with adsorbates, do
not have any localized states, and we believe that the GGA
description of the density of states is valid. The composition of
the conduction band (which is most important for electron-
transfer processes) is very similar in both our PBE and our
B3LYP calculations. Although GGA will not be able to describe
correctly the system after electron injection (with an excess
electron possibly localized in the slab), we believe that it gives
a qualitatively correct description of the states in the conduction
band of TiO2, which are available for electron injection. Note
that, to describe the system after injection, more sophisticated
methods are needed, for example, hybrid functionals or the
DFT + U method. However, this is beyond the scope of this
study.

In summary, we showed that different DFT methods are very
consistent in their description of the electronic structure of TiO2

slabs. The simulations of the density of states of TiO2 slabs
provide an important step in modeling electron-transfer pro-
cesses. We showed that molecular adsorbates affect the density
of states on the rutile (110) surface, although the effect on the
anatase (101) surface is very weak. Equipped with the accurate
description of the density of states of the TiO2-adsorbate
systems, we will be able to model electron-transfer processes
in these systems, such as electron injection and recombination
in DSSCs.
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