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a  b  s  t  r  a  c  t

B  polymorph  of titanium  dioxide  (TiO2(B))  appears  as  a metastable  phase  during  thermal  annealing  of  low
content sodium  layered  titanate  nanostructures  obtained  via  the  widely  used  hydrothermal  synthesis.  In
addition,  the  computed  formation  energy  for  the  TiO2(B) (0  0 1) slabs  in the  order  of  the  one  calculated
for anatase  (1  0  1)  which  represents  one  of  the  most  stable  TiO2 surfaces.  This  encourages  the  study  of
this polymorph  which  could  gain  prominence  in  TiO2 applications  at  the  nanoscale.

In  a first  instance  ultrathin  TiO2(B)  sheets,  parallel  to  crystallographic  planes  (0  0  1)  and  (1  0 0),  are
investigated  and  compared  to  other  well  know  TiO2 polymorphs,  such  as  rutile and  anatase  surfaces.
Then  the  adsorption  of formic  acid  on  (0  0 1)  and  (1  0 0)  –  less  stable  – TiO2(B)  dry  ultrathin  sheets  was
FT studied as  the first  step  for  further  evaluation  of TiO2(B)  nanostructures  for  dye  sensitized  solar  cells
(DSSC)  applications.  The  results  show  that  the  monodentate  through  the  carbonyl  group  configuration
is the  most  stable  for (0 0 1)  sheet  while  bidentate  dissociated  configuration  is  the  most  stable  for  (1  0  0)
sheet  being  the computed  adsorption  energies  0.51  eV and  1.49 eV,  respectively.  The  evaluated  reactivity
of  TiO2(B)  slabs  is  comparable  with  anatase  and  indicates  that  it could  be a  good  adsorbent  for  common
dyes used  for  dye  sensitized  solar  cells  purposes.
. Introduction

TiO2 has been exhaustively investigated due to its unique prop-
rties and wide range of well-known novel applications [1]. Most
f the work has been focusing on anatase and rutile polymorphs
wing to their comparative higher natural abundance, followed
y brookite phase. Recently, TiO2(B) polymorph has gained more
ttention due to its potential applications, mainly in rechargeable
ithium ion batteries [2,3] but also in dye sensitized solar cells
DSSCs) [4,5] and supercapacitors [6].

TiO2(B) was first synthesized by Marchand et al. [7], its chem-
cal structure presents the host framework of the bronze NaxTiO2,
xhibiting continuous channels and lower density than the other
entioned polymorphs. It can be easily obtained by soft chemi-
al routes via proton exchange and subsequently dehydration of
ayered titanates as was then investigated by Feist and cowork-
rs [8,9]. It was later observed by several groups during the
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annealing of samples obtained performing alkali hydrothermal
synthesis, first introduced by the Kasuga et al. [10], of tita-
nia derived nanotubes [11]. Using this approach there were
synthesized different TiO2(B) nanostructural morphologies as
nanoparticles [5], nanowires [2,3,6], nanoribbons [4] and nano-
tubes [12]. Regarding their performance on dye sensitized solar
cells (DSSC), at the best of our knowledge, only a few evaluations
have been reported [4,5,13] showing comparative results.

Some theoretical studies have also been carried out about this
phase. Bulk structural, electronic and vibrational properties have
been investigated by Ben Yahia M.  and coworkers by means of
first-principles density functional theory calculations [14]. Surface
reconstruction and structural stability have been studied by Vitta-
dini et al. [15]. In addition, Liu et al. have studied water adsorption
on TiO2(B) (0 0 1) and (1 0 0) facets [16]. Moreover, lithium trans-
port has been evaluated by Arrouvel et al. [17].

The presence of TiO2(B) during the synthesis of titania nano-

structures, showing its comparatively stability with anatase at the
nanoscale, together with the relatively low investigation, moti-
vates this study in which we intent to contribute to the knowledge
about understanding of this polymorph and their related low

dx.doi.org/10.1016/j.apsusc.2013.11.029
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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initial Ti(5c)–O distances are about 2.0–2.2 Å for each configuration,
ig. 1. TiO2(B) unit cell showing the two cutting options along the direction (0 0 1
acuum direction (c).

imensional structures. Furthermore, as far as we know, there are
o theoretical reports on its optical properties, and the implications

n their use for potential DSSC applications. As a first approach,
he information about HCOOH adsorption configurations provides
elevant data about the geometry of interaction with ruthenium
ased complexes which have carboxylic groups as bending groups,
xtensively used as dyes for DSSC.

Regarding the selected bidimensional models, the focus on
ltrathin sheets is due to the fact that there are several reports
here titania and titanate nanotubes appears as scroll-like type

tructure, suggesting the rolling up of material sheets of few atomic
lanes of thickness. There are also observations of this kind of
nrolling sheets coexisting with nanotubes as products [18,19].

n addition, ultrathin sheets have been successfully obtained via
nrolling of nanotubes [20] or directly synthethized for vari-
us polymorphs Ti1-���O2

4�−(∼6 Å) [21,22], Ti4O9,Ti5O11 [23] and
iO2(B) (∼10-12 Å) [24,25]. We  consider these kind of ultrathin sur-
aces are best suited for understanding the behavior of nanotubes
nd nanostructures, because of size and growth mechanism, in
omparison with thick slab converged surfaces. Regarding TiO2(B)
anotubes, there are evidences which suggest the surface (0 0 1) as
xposed wall surface [26], but also surfaces (2 0 0) and (1 1 0) are
roposed [27,28].

In this paper, ultrathin sheets of TiO2(B) cutting along (0 0 1)
nd (1 0 0) crystallographic planes (TB (0 0 1) and TB (1 0 0) respec-
ively) were optimized and evaluated, discussing its electronic
roperties. Additionally, the interaction between ultrathin sheets
f TiO2(B) with formic acid molecules were analyzed, compar-
ng the adsorption energies for several different configurations
ncluding non-dissociative and dissociative chemisorption. The
im of this work is to provide more information concerning the
lectronic structure, stability and reactivity of this polymorph.
e consider that this information is important to dimension the

echnological applications of these semiconductors in DSSC tech-
ologies.

. Computational details and methodology

.1. Ultrathin TiO2(B) sheets, structural and electronic
ptimization

Density functional theory (DFT) calculations [29,30] were per-
ormed for the study of structural and electronic properties for
iO2 bulk and ultrathin sheets structures using the projector-

ugmented wave (PAW) method [31,32] as implemented in the
ienna ab initio simulation package(VASP) [33]. An energy cut-
ff of 400 eV was used to expand the Kohn–Sham orbitals into
lane wave basis sets. In addition to the 3d and 4s valence states,
TB (0 0 1) chosen slab with c as vacuum direction (b), and TB (1 0 0) slab with a as

the 3s and 3p semicore states of Ti have been explicitly treated
as valence states throughout this work. We  selected the gener-
alized gradient approximation (GGA) exchange–correlation (XC)
functional according to Perdew–Burke–Ernzerhof (PBE) [34,35]. In
all of the calculations reported here the k-point mesh was  taken
equivalent to 4 × 4 × 1 for the full (reducible) Brillouin zone, allow-
ing the convergence of total energy and forces.

The slabs were constructed by transformation of the unit cell
followed by the application of a vacuum region, along the non-
periodical direction, of about 10 Å which is sufficient to avoid
significant interactions between different images of the slabs. We
selected the following slabs for simulating the ultrathin sheets:
anatase A (1 0 1), anatase A (1 0 0), anatase A (0 0 1), rutile R (1 0 0),
rutile R (1 1 0), rutile R (1 0 1), TiO2(B) TB (0 0 1) in one of the possible
choices and TiO2(B) TB (1 0 0), see Fig. 1 [36]. Both supercell dimen-
sions and ions positions were allowed to optimize, until residual
forces and stress tensor components were positioned down to
0.02 eV/Å and 5 kbar respectively. Well-known anatase and rutile
polymorphs slabs were included in this point as comparative mod-
els.

2.2. Formic acid adsorption on clean (0 0 1) and (1 0 0) TiO2(B)
facets

The adsorption energies (Eform) were calculated according to the
expression (i). ET stands for total energy calculated for the interac-
ting TiO2 slab and HCOOH molecule at the surface. Eni represents
the total energy calculated for non-interacting slab and HCOOH
molecule computed placing an isolated trans formic acid molecule
far from the surface slab.

Eform = − (ET − Eni) (i)

The thicknesses of sheets were chosen as the minimum unit as
it appears in the corresponding bulk unit cells, and then vacuum
was  applied in the normal direction of the selected facets. These
are c cos(  ̌ − 90◦) = 6.24 Å for (0 0 1) and a cos(  ̌ − 90◦) = 11.64 Å for
(1 0 0) which implies a bilayer of Ti atoms in the first case and four
layers of Ti in the second one, see Fig. 1.

In order to study the surface–HCOOH interaction, the molecule
was  situated in trans conformation on top of the TiO2 layer. The
selection of the trans isomer is based on the relatively favorable sta-
bility in comparison to the cis isomer in terms of total energy. The
while for O(2c)–H distances are 1.7–2.0 Å and 1.1–1.4 Å for non-
dissociated and dissociated respectively. Ti(5c) and O(2c) refers
to the surface five-fold coordinated Ti and two-fold coordinated
O respectively.
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Table  1
Equivalent surface energies and energy gaps for the simulated slabs.

Slabs No. of atoms TiO2 layers ESFE (J/m2) Eg (eV)

A (1 0 1) 8 2 0.41 2.86
A  (1 0 0) 12 2 0.64 2.29
A  (0 0 1) 15 5 0.93 2.12
R  (1 1 0) 6 3 0.64 1.53
R  (1 0 1) 6 3 1.07 1.87
R  (1 0 0) 27 3 0.66 1.99

3

3

b
i
p
i
w
t
c
b
o
f

i
(
w
t
c
t

E

p
E
e
c
t
E

3

A
w
(
A
h
a
s
t
r
a
s
i
f

t
b
a
i
a

Table 2
Surface unsaturation for anatase slabs.

Slab ESFE (J/m2) Unsaturation (bb/Å2)

A (1 0 1) 0.41 0.103
A  (1 0 0) 0.64 0.111
A  (0 0 1) 0.93 0.144

Table 3
Surface unsaturation for rutile slabs.

Slab ESFE (J/m2) Unsaturation (bb/Å2)

rical environment, see Fig. 3. This fact appears to act stabilizing
this structure in comparison with TB (1 0 0), even though the lat-
ter involves lower unsaturation. Note that this structure, as was
pointed by Vittadini et al., reminds of the one found by the same

Table 4
Surface unsaturation for TiO2(B) slabs.
TB (0 0 1) 24 2 0.38 2.61
TB (1 0 0) 8 4 0.83 2.80

. Result and discussion

.1. Ultrathin sheets

Due to structural differences in TiO2 polymorphs, different num-
er of atoms was considered in each supercell. This information

s included in Table 1, Fig. 1 and Fig. 2, in which the cutting
lanes along different lattices planes are shown. When compar-

ng bulk structures, TiO2(B) presents some of the titanium atoms
ith distorted square–pyramidal instead of octahedral coordina-

ion polyhedra as expected for rutile and anatase, see Fig. 1. The
omputed distance dTi–O = 2.34 Å is greater than typical Ti–O single
ond length (2.20–2.25 Å), this result is in agreement with previ-
us observations [14,15] where the relative stability of the different
acets are based on this fact.

The equivalent surface formation energy (ESFE), correspond-
ng to the formation energy of the ultrathin slabs per unit area,
shown in Table 1) were determined using the expression (iii),
here Eslab stands for the total energy of the slab, NTi corresponds

o the number of TiO2 units inside the slab, is the total energy of the
orresponding bulk structure per TiO2 unit and finally S correspond
o the surface area of the supercell used for the slab.

ESFE = Eslab − NTiETiO2−bulk

2S
(iii)

It is noteworthy that surface energies cannot be directly com-
ared with our ESFE. We  are dealing with ultrathin sheets and the
SFE values strongly depend on the considered number of TiO2 lay-
rs, this is not the case of surface energy where the ESFE would
onverge with the number of layers. Our objective is to evaluate
he relative energy differences for our ultrathin sheets; therefore,
SFE is a good option to compare between TiO2 polymorphs.

.1.1. Anatase and rutile slabs
The observed ESFE values: 0.41 J/m2, 0.64 J/m2 and 0.93 J/m2 for

 (1 0 1), A (1 0 0) and A (0 0 1) respectively are in close agreement
ith the ones reported by Vittadini et al. [37] (0.36 J/m2for bilayer A

1 0 1), 0.63 J/m2for three-layer A (1 0 0), and 0.91 J/m2 for five-layer
 (0 0 1), referring to the Ti planes as “layers”). These values are
ighly affected by the degree of the unsaturation of the Ti surface,
ccompanied by the possibility of the atomic reconstruction at the
urface or even in the inner layers. In order to somehow quantify
he unsaturation of a given face, the number of “broken bonds” (bb),
elative to the bulk coordination (six-fold coordination for titanium
toms, and three-fold coordination for O atoms) can be counted per
urface unit as was discussed in a previous work [38]. As can be seen
n Table 2, the ESFE follows the general tendency of unsaturation
or anatase.

Additionally, it is interesting to observe the reconstruction due
o atoms displacements occurred in A (1 0 0) where the Ti atoms

elonging to the inner layer move in a way that half of the Ti
toms remain in an octahedral coordination, while the others stand
n a distorted hexahedral environment. This is associated with
n inward relaxation of the surface oxygen atoms involved. The
R (1 1 0) 0.64 0.106
R (1 0 0) 0.66 0.149
R  (1 0 1) 1.07 0.161

distance between these oxygen atoms, situated in opposite surface
of the slab, changes from 3.78 Å in bulk structure (corresponding
with a cell parameter of anatase unit cell) to 3.66 Å in this model.
The related O–Ti–O angle varies from 156.5◦ to 146◦, see Fig. 2.
This extra unsaturation can reinforce the counted surface unsatu-
ration and thus explaining the relative higher surface energy to
unsaturation ratio.

Regarding rutile surface energies (or slab formation energies),
taking into account the number of layers, the computed values are
in agreement with those obtained by Perron et al. [38], which also
follows the unsaturation levels (Table 3). No inner changes in coor-
dination were found in this polymorph while the unsatured surface
titanium atoms acquire distorted square pyramidal environment.

The fact that ESFE calculations gave similar results to surface
energy for R (1 1 0) and R (1 0 0) is related to the low dimensionality
in the vacuum direction. Since we  evaluated the surface energy
using ultrathin slabs, the values obtained do not reflect the ones
corresponding to macroscopic films previously reported: 0.50 J/m2

for R (1 1 0) and 0.69 J/m2 for R (1 0 0) [38].

3.1.2. TiO2(B) slabs
The structure and stability of TiO2(B) surfaces were previously

investigated by Vittadini and coworkers [15]. They found TB (0 0 1)
to be the most stable slab (0.40 J/m2) while TB (1 0 0) the least
one (0.76 J/m2). Our results, 0.38 J/m2 and 0.83 J/m2 respectively,
are in concordance with their observation, which confirms the
exceptionally low surface energy of TB (0 0 1) facet in surfaces and
ultrathin sheets. This evidence can support the idea of obtaining
TiO2(B) related nanostructures experimentally by methods such as
hydrothermal treatment of anatase and rutile powders.

For the unsaturation, the broken bonds were counted consid-
ering that some of Ti atoms were originally five-fold coordinated
in bulk structure and some of the O atoms were two-fold coor-
dinated in addition to the three-fold coordination. Unsaturation
values obtained cannot explain the relatively stability in this case
(Table 4), as it was previously noticed by Liu et al. [16].

After optimization the bilayer TB (0 0 1) goes into a recon-
struction where atoms reach a very symmetrical configuration. Ti
atoms which have different environment (octahedral, a square,
pyramidal) in bulk present the same square pyramidal geomet-
Slab ESFE (J/m2) Unsaturation (bb/Å2)

TB (0 0 1) 0.38 0.0879
TB  (1 0 0) 0.83 0.0819
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ig. 2. Investigated anatase and rutile slabs after optimizing, being the vacuum direc
he  coordination of surface atoms are indicated, nc refers to n-fold coordination.

roup when relaxing anatase A (1 0 1) film with four Ti layers,
hich was called “pentacoordinated nanosheet”, and it was  pre-
icted to be the most stable TiO2 nanosheet after lepidocrocite
15,37].

On the other hand, the unsaturated Ti atoms on top of the sur-

ace allow the bonding with electron donor species. This point is
ery important regarding surface reactivity, allowing dyes to be
nchored with the semiconductor surface.

ig. 3. Representation of bulk TiO2(B) (a), TB (1 0 0) (b), and TB (0 0 1) (c) y (d). Ti and 

tructure. In the case of slabs the same notation refers both to Ti5c,  in which Ti belonged t
rtical in all the cases. The figures are presented as supercells for better visualization.

3.2. Electronic structure of anatase, rutile and TiO2(B) ultrathin
sheets

It is not the objective of this work provide detailed calculations
on energy gaps and optical properties. The aim is to give a compara-

tive analysis in order to evaluate trends, and thus evaluate in a first
instance, the electronic properties of polymorphs and the related
ultrathin sheets.

Ti* represent octahedral and square pyramidal coordination respectively in bulk
o octahedral environment and Ti* was already five-fold coordinated in bulk.
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Fig. 4. Density of states, per TiO2 units. for (a) bulk structure

We  obtained the density of electronic states DOS for all the slabs,
omputing the band gaps at GGA–PBE level, see Table 1 and Fig. 4. In
he case of bulk structures we obtained 2.23 eV, 1.90 eV and 2.73 eV
or anatase, rutile and TiO2(B) respectively, which agree quite well
ith other calculations where the energy gaps are 2.30 eV, 1.90 eV

38] and 2.68 eV [14]. The values differ from the experimental ones
ut following the same trend, with where energy gaps are 3.20 eV,
.00 eV [39] and 3.22 eV [40], for anatase, rutile and TiO2(B), respec-
ively.

The DOS present an important contribution from O-2p states to
he valence band, while conduction band states present major con-
ribution from electronic states with Ti-3d character. This is a well
nown feature for bulk TiO2 polymorphs, but remains still valid for
ll the generated ultrathin sheets.

Depending on the site symmetry of the TiOn (n = 4, 5 or 6)
olyhedra and their related connectivity different polymorphs can
e obtained, with different features regarding the energy ranges
nd symmetry decomposition of electronic states (e.g.: the Ti-
2g/Ti-eg peak splitting for electrons in the conduction band of
utile bulk polymorph). It is hard to do this kind of analysis in the
ase of slabs, due to the low dimensionality of the structures, in
hich geometric reconstructions leads to lower symmetry and a

ignificant change in the local environment of Ti atoms. The most
eneralized result is the presence of DOS homogeneous in the
egion between −5 and 5 eV, with emerging peaks attributed to the
nder coordinated O atoms proximate to the surface of the slabs.
In the case of TiO2(B) we observe an energy gap of Eg = 2.61 eV
nd Eg = 2.80 eV for TB (0 0 1) and TB (1 0 0) respectively, which are
uite proximate to Eg = 2.40 eV for calculated anatase bulk. While
esults are in principle promising, further work should be done in
TiO2(B) surfaces, (c) anatase surfaces and (d) rutile surfaces.

order to evaluate its performance as a semiconductor for DSSC, such
as molecular levels alignment, suitable energy gaps and favorable
thermodynamics for the dye/semiconductor association. This last
will be evaluated in the following section.

3.3. Formic acid adsorption on TiO2(B) (0 0 1) and (1 0 0)

The formic acid adsorption, as it was  mentioned before, was
studied considering two crystal facets: the major exposed TB (0 0 1)
surface together with the minority TB (1 0 0) surface. Due to the
bigger reactivity associated with the lower stability, TB (1 0 0) was
included in the present analysis since its contribution may  not
be negligible when evaluating the overall reactivity of TiO2(B)
nanoparticles.

The adsorption geometries analyzed for TB (0 0 1) facet are
shown in Fig. 5. We  follow the notation presented by Vittadini et al.
[41], where M denotes monodentate coordination and B refers to
bidentate coordination, depending on the number of formic acid
oxygen atoms that coordinates with unsaturated surface Ti atoms.
MHa  is monodentate through the carbonyl group while MHb  is
monodentate coordination through hydroxyl group. The configu-
rations are classified in non-dissociative and dissociative ones, the
latter are indicated with underscore followed by H (M H and BB H).

Besides these geometries, another possibility for monodentate
molecular adsorption was observed when placing HCOOH molecule
initially in a BBH position. In this geometry the H atom from the

carbonyl group bonds to a three coordinated O(3c) atom from
the surface, see Fig. 6. It is worth noting that, as cis conformation
was  not considered, the H in trans molecule was initially pointing
towards a surface Ti atom. A rotation of the molecule was observed
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Fig. 5. Adsorption geometries which remain stable d
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ig. 6. Monodentate adsorption through carbonyl group involving a surface O3c.

uring the optimization until H finally faces an O atom, no change
f molecule conformation occurred.

Regarding M H dissociative monodentate coordination, it was
bserved that when the hydrogen of the HCOO− anions located
pposite to the slab, the coordination evolves to a BB H type, while
nitially placing the H towards the slab it remains monodentate but

oorly stabilized as its negative adsorption energy reflects (Table 5).

TiO2(B) TB (1 0 0) differs from previous orientation in the num-
er of nonequivalent Ti and O surface atoms. This added a new
umber of interaction options, see Fig. 7.

Fig. 7. Adsorption geometries which remain stable 
uring the optimization for the TB (0 0 1) slab.

Results concerning adsorption energy, bond lengths, and molec-
ular angles are listed on Tables 6 and 7. Computed C–O bond lengths
correspond to 1.37 Å and 1.22 Å, and the C–O–C angle is 125.4◦in
case of isolated molecule.

The results show that formic acid is adsorbed in monoden-
tate configuration through carbonyl group (MHa) in dry TB (0 0 1)
ultrathin sheet which resembles the adsorption fashion found for
anatase A (1 0 1) [41]. On the other hand, in case of TB (1 0 0), a dis-
sociated bridging bidentate geometry (BB H 2) prevails as occurs
onto rutile (1 1 0) surfaces [42].

Regarding the rest of the configurations, on surface
TB (0 0 1) the trend in relative stability is the following:
BB H ≥ MHa  3c > MHb  > M H. The difference between the two
MHa  options is 0.16 eV, while the monodentate through the
hydroxyl group differs more significantly in 0.26–0.42 eV. This is
in agreement with what was observed for anatase A (1 0 1) [41]
and reflects the fact that the oxygen prefers two-fold coordination.
Finally, as it was mentioned before, dissociative monodentate
configuration is not stabilized.

On surface TB (1 0 0), considering the most stable option

of each kind of configuration, the tendency is modified to
MHa  ≥ M H > MHb. The fact that M H is stabilized with respect to
MHb  could be indicating an enhancement of basicity of surface oxy-
gen atoms. Even more, it is clear the difference in basicity between

during the optimization for the TB(1 0 0) slab.
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Table  5
Adsorption energies, bond distances and bond angles for the different adsorption configurations on TB (0 0 1) surface.

Config. Eads (eV) C-O1 (Å) C-O2 (Å) � (◦) O1-Ti(5c) (Å) O2-Ti(5c) (Å) H-O(2c) (Å)

MHa  0.51 1.31 1.24 125.3 – 2.35 1.57
MHb  0.09 1.37 1.21 124.0 2.64 – 2.65*

MHa  3c 0.35 1.32 1.24 125.2 – 2.35 1.63
M  H −0.28 1.33 1.22 124.8 2.00 – 0.99
BB H 0.38 1.27 1.27 127.2 2.17 2.14 0.98

* This distance is much larger than the conventional hydrogen bond length (1.97 Å).

Table 6
Adsorption energies, bond distances and bond angles for the different adsorption configurations on TB (1 0 0) surface.

Config. Fig. Eads (eV) C-O1 (Å) C-O2 (Å) � (◦) O1-Ti(5c) (Å) O2-Ti(5c) (Å) H-O(2c) (Å)

MHa  1 5 0.85 1.29 1.25 125.7 – 2.15 1.48
MHa  2 5 0.29 1.34 1.22 126.3 – 3.99* 1.83
MHb  1 5 0.46 1.39 1.20 122.4 2.28 – 2.46*

BB H 1 5 1.15 1.28 1.26 127.9 2.07 2.07 0.98
BB  H 2 5 1.49 1.28 1.27 128.8 2.02 2.06 0.98
M  H 1 5 0.46 1.35 1.21 123.3 1.90 – 0.98
M  H 2 5 0.81 1.36 1.21 123.3 1.87 – 0.97

* This does not represent a typical Ti–O bond length.
* This distance is much larger than the conventional hydrogen bond length (1.97 Å).

Table 7
Adsorption energies (eV), bond distances and bond angles for the different adsorption configurations on anatase A (1 0 1) surface.

Initial Config. Fig. Eads (eV) C-O1 (Å) C-O2 (Å) � (◦) O1–Ti(5c) (Å) O2–Ti(5c) (Å) H–O(2c) (Å)

MHa  1 8 0.75 1.31 1.24 125.6 2.22 – 1.55
MHa  2* 8 0.56 1.27 1.27 128.1 2.11 2.08 0.98
BB  H 8 0.56 1.27 1.27 128.1 2.11 2.08 0.98

*MHa  2 evolved to BB H.
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Fig. 8. Adsorption geometries

he two nonequivalent oxygen atoms, since the configuration in
hich H bonds to O*2c is about 0.35 eV higher in energy in compar-

son to H when it bonds to O2c. The same difference in energy was
ound between the two options in bidentate bridging geometries.
n the other hand this fact cannot explain the energy difference
f about 0.56 eV, computed for the MHa  1 and MHa  2, since in this
ase the first one is the one which involves de H bonding with O2c
nd it is the most stable. Clearly what occurs is that the geome-
ry of the surface prevents the oxygen atoms from bonding the Ti
tom, where the distance between O(2)–Ti5c is about 3.61 Å. This
act shows that this is not a monodentate coordination but it is a

olecule to surface interaction mediated, possibly, by a hydrogen
ond.

Finally, the difference in magnitude observed for the analogous
onfigurations changing from TB (0 0 1) to TB (1 0 0) surface, indi-
ates that the increase of energy in the case of the latter allows us
o demonstrate the reactivity of this facet, which is in accordance
ith its lower stability, as discussed before. It is worth noting that
ur simulation neglects the effect of the hydration of the surface,
hich can affect the relatively stability among configurations due

o the formation of coordination geometries, as was  observed by
ittadini et al.in the case of anatase A (1 0 1) [41].
ated for anatase A (1 0 1) slab.

As a final remark, and in order to validate our methodology, the
adsorption energies of formic acid in anatase A (1 0 1) for MHa  and
BB H configurations (Fig. 8) were computed. Although we found a
relatively good agreement regarding the relative stability between
the studied configurations, a noticeable difference in the reported
value of the adsorption energy was found. In a previous work [41]
the reported formation energy corresponds to 0.92 eV for mon-
odentate molecular adsorption (MHa 2) and 0.68 eV for bidentate
bridging dissociative configuration, see Table 7.

4. Conclusions

The low formation energy for ultrathin TiO2(B) TB (0 0 1) bilayers
is comparable with anatase A (1 0 1) which supports the relative
stability of this phase at the nanoscale. Thus, it results interesting
to study this structure as a possible building block for other high
aspect nanostructures such as nanotubes and nanowires.

The comparison between the two facets TB (0 0 1) and TB (1 0 0)

showed the less stability of the second one accompanied by a
greater reactivity, as expected.

The show that MHa  in dry TB (0 0 1) ultrathin sheet and dissoci-
ated bridging bidentate geometry (BB H 2) in the case of TB (1 0 0).
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hese facts could motivate further work regarding the influence of
olvation on the surface reconstruction.

Regarding the reactivity of the semiconductor surfaces, it seems
o be adequate for bidentate anchoring of N3 and derived dyes.
onsidering the optimal distance between the pairs of Ti5c (9.7 Å in
B (0 0 1)), which fits the distance in N3 complex (∼9.8 Å). In sum-
ary, this work demonstrates the potentiality of TiO2(B) ultrathin

heets as potential semiconductors in DSSC applications.
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