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ABSTRACT: The exploration of TiO2 surface reactivity from first-principles calculations has
been almost always limited to the gas phase, even though most of the chemically relevant
applications of this interface involve the solid-liquid boundary. The reason for this limitation is
the complexity of the solid-liquid interface, which poses a serious challenge to standard ab initio
methodologies as density functional theory (DFT). In this work we study the interaction of
H2O, CH3OH, H2O2, and HCO2H with anatase (101) and rutile (110) surfaces in aqueous
solution, employing a continuum solvation model in a DFT framework in periodic boundary
conditions [J. Chem. Phys. 2009, 131, 174108 ]. Different adsorption configurations were
analyzed, examining the effect of the first water monolayer explicitly included in the simulation.
For water and methanol, molecular adsorption was found to be the most stable in the presence
of the solvent, while for hydrogen peroxide the preferred configuration depended on the surface.
The explicit inclusion of the first water monolayer turns out to be important since it may play a
role in the stabilization of the adsorbates at the interface. In general, the slightly positive
adsorption energy values obtained (with respect to water) suggest that CH3OH andH2O2will poorly adsorb from an aqueous solution at
the titania surface. Among the three species investigated other thanwater, the formic acidwas the only one to exhibit a higher affinity for the
surface than H2O.

I. INTRODUCTION

Many of the most rewarding uses and applications of TiO2,
including heterogeneous catalysis and photocatalysis, coatings,1

solar cells,2 or a diversity of biomaterials such as bone implants,3

often involve an heterogeneous interface consisting of a titanium
dioxide surface in contact with an aqueous solution or some other
solvent. In particular, the catalytic role of titania in the photo-
assisted degradation of organic compounds in solution have
raised a major interest in this material and its interactions with
small organic and inorganic molecules.1,4-6 Understanding the
interactions of water with the surface is essential to undertake any
serious analysis of the chemistry at the solid-liquid interface. On
the other hand, the reactivity of small alcohols and carboxylic
acids has been widely studied on titania at the solid-gas interface
to characterize the prototype mechanisms for the catalytic
oxidation of organic contaminants.4-6 Formic acid in particular
offers a very rich chemistry on TiO2 surfaces, involving dehy-
drogenation (to produce CO2 plus H2) or dehydration (to yield
CO plus H2O).

1 The ionic character of titanium dioxide articu-
lates with the acid-base nature of the adsorbates, so that
molecules containing the OH group may or may not dissociate
on the surface, depending on their acidity. The interaction of
these kind ofmolecules with different TiO2 surfaces at the solid-
gas boundary has been the subject of numerous studies involving
several microscopies and spectroscopies,7-14 as well as first-
principles simulations.17-29 In this work we go one step forward,
to address the solid-liquid frontier. In particular, we investigate
the behavior of water, plus three other R-OH species covering a

broad range of acidities: methanol, hydrogen peroxide, and
formic acid.

Ever since the early nineties to the present day, a large amount
of computational research based on density functional theory
(DFT) has been conducted on periodic slabs of TiO2 in the gas
phase, addressing in the majority of the cases the anatase (101)
and rutile (110) faces, which have been characterized as the most
stable ones.1,15,16 On anatase (101), Selloni and coauthors have
shown that water adsorbs molecularly either for 1 monolayer
(ML), 2 or 3 ML in vacuum.17-19 There is now a general agre-
ement about the fact that water adsorbs molecularly on anatase
(101), either from the theory as well as from experiments, as it
was indicated by temperature-programmed desorption (TPD)
data30 and confirmed by XPS results.1 Several adsorption con-
figurations were also investigated for methanol, for which it was
found, at less than 1 ML coverage, that the molecular state is the
most favored, exhibiting a dissociated stable state about 6 kcal/
mol above.20 Mattioli et al.21 modeled the interaction of the
H2O2 molecule on the anatase surface in the presence of a water
bilayer, finding that it adsorbs molecularly on the anatase surface.
For the formic acid on anatase (101), Vittadini and coauthors22

obtained the adsorption energies for several geometry config-
urations, including molecular and dissociative processes. Their
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calculations suggested that a monodentate molecular adsorption
was the most stable.

Regarding first principles calculation of water on rutile (110), a
discussion arouse in the literature concerning the type of
adsorption in vacuum.23-27 Harris et al.23 pointed out that the
energetics of dissociative and molecular adsorption are compar-
able, so much so that the DFT predicted adsorption mode
depends on the number of layers used to model the rutile
(110) surface. For a sufficiently deep slab and coverages below
1 ML, it was concluded that the molecular state is more stable
than the dissociated state. At higher surface coverages, the same
calculations suggest the preeminence of either a mixed state
(molecular and dissociated) or a molecular state, depending on
the quantity of TiO2 layers,23 separated in all cases by slight
energy differences. Our own recent free-energy calculations have
shown that both states of water would be likely to coexist on the
surface at 300 K.28 Water coverages of 2 and 3 ML have been
studied by Zhang et al.,29 who showed that increasing water
layers favor molecular adsorption. In agreement with this data,
simulations performed by Kowalski and co-workers suggested
that water adsorbs molecularly in ambient conditions.31

Experimental data as TPD spectra exhibited four different
peaks.32-35 The lowest three were ascribed to molecularly
adsorbed H2O in the first monolayers, whereas the highest
temperature peak was assigned to dissociated water on bridging
oxygen vacancies.27 Overall, experiments and simulations sup-
port the idea of coexistence of the molecular and dissociative
modes for water on rutile (110), the presence of multilayers
further stabilizing the former with respect to the later.

Static DFT calculations have been employed as well to study
adsorption of a few small molecules as methanol24,36,37 and
hydrogen peroxide24,27 on rutile (110). In both cases, the
molecular and dissociative states have exhibited similar adsorp-
tion energies: depending on the authors, either the dissociated or
the molecular state of methanol was identified as the most stable
by a few kcal/mol,36,37 while for H2O2 the dissociated state
turned out to be the lowest by nearly 2 kcal/mol.24 These results
correspond to coverages of 1 ML or less. Adsorption energies
were also investigated for formic acid upon rutile (110), through
the characterization of several geometry configurations.24,27 At
variance with the findings on anatase (101),16,22 studies on the
(110) surface concluded that the bidentate dissociated state was
the most stable configuration in vacuum conditions.

The adsorption phenomena from a solution has been much
less explored from a microscopic perspective using either experi-
mental or computational tools, mostly because of the complexity
arising in the presence of a liquid phase. On one hand, most
surface analysis techniques based on electron adsorption/emis-
sion, like SEM, TEM, LEED, or XPS, are not yet suited to probe
solid interfaces in contact with a solution.38 At the same time, the
explicit inclusion of the solvent in first-principles simulations is
still a very expensive practice, because of the large amount of
molecules required in any reasonable representation of a liquid
phase. A number of remarkable exceptions exists, including the
computational works of K€oppen and Langel,39 of Cheng and
Sprik,40,41 and of Cheng and Selloni,42 who have applied
molecular dynamics approaches in the context of DFT to
investigate processes at the TiO2-water interface. In the first
case, the competitive adsorption between water and hydrocar-
bons was studied with metadynamics, assessing that the greater
affinity of water for the oxide would displace the organics
pollutants from the surface.39 In the second example,40 the same

kind of sampling was used to estimate the protonation free-
energies of the interface, to eventually obtain the PZC (point of
zero charge) of the titania surface. In a subsequent study, these
authors examined how the energetics of the conduction band is
affected by the presence of liquid water.41 Finally, in the article by
Cheng and Selloni, Car-Parrinello molecular dynamics simula-
tions were employed to characterize the chemistry of the
hydroxide ions at the water-anatase interface.42

These studies have involved demanding molecular dynamics
simulations at finite temperature, which are necessary to reliably
reproduce the behavior of the system with an explicit solvent
model, since a static calculation provides an inaccurate repre-
sentation of the liquid state. Any solute admits a huge number of
possible configurations for the solvent molecules around it,
associated with multiple local minima, the net solvation effect
arising from a weighted average of all these.43 A geometry
optimization would lead to a solid or glassy phase corresponding
to one of these minima, which would exhibit a dielectric screen-
ing quite different from that corresponding to the liquid. Hence,
to capture the solvation effect, extensive statistical sampling,
sometimes beyond the reach of first-principles approaches,
would be necessary. Continuum or implicit solvent models are
a shortcut to this issue: within this approach the solvent
molecules are replaced by a dielectric medium surrounding the
solute and exhibiting the static screening of the solution.43-46 In
this way, the polarization induced by the solvent is introduced in
an averaged fashion, and the cost of the computation gets closer
to the corresponding cost in vacuum by drastically reducing the
number of degrees of freedom. On the other hand, the repre-
sentation of the solvent structure is omitted, disregarding any
possible solute-solvent specific interactions. Still, to overcome
this problem, all or part of the first solvation shells can be
included explicitly, with the dielectric medium extending beyond
the limits of this cluster comprising the solute plus a few solvent
molecules.

This is the path we follow in the present work, to examine the
heterogeneous adsorption of H2O, CH2OH,H2O2, andHCO2H
on anatase (101) and rutile (110) from an aqueous solution, and
to study the effect of the dielectric constant in the absorption of
these species. Very recently, Gao and collaborators have applied a
similar continuum model to explore the photocatalytic conver-
sion of H2O to O2 on anatase.47 In this article, we use our own
implementation of the continuum solvent model for the treat-
ment of solid-liquid interfaces,48 recently devised in the frame-
work of DFT and the Car-Parrinello method. In ref 48, we
explored the interaction of water with the anatase (101) inter-
face, finding that the molecular mode is the most stable. In the
present article, we investigate the behavior of water at both the
anatase and rutile surfaces, with an emphasis in the role of the
specific interactions on the adsorption energies. The data ob-
tained for water is then compared with the energetics exhibited
by the other R-OH species.

II. COMPUTATIONAL METHODS

Electronic structure calculations in vacuum were performed
using DFT in periodic boundary conditions, as implemented in
the Quantum Espresso package.49 This simulation code employs
plane wave basis sets and pseudopotentials to represent the ion-
electron interactions. The Kohn-Sham orbitals and charge
density were expanded in planewaves up to a kinetic energy
cutoff of 25 and 200 Ry, respectively. k-sampling was restricted to
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the Γ point. The Perdew-Wang approach (PW91) to the
exchange-correlation energy50,51 and Vanderbilt52 ultrasoft pseu-
dopotentials were adopted to compute total energies and forces.

The same standards and parameters were employed for the
energy calculations and geometry optimizations in the presence
of the solvent, for which we utilized the continuum model
reported in ref 48. In this scheme, the permittivity is defined as
a function of the van der Waals radii, varying smoothly from 1.0
inside the surface up to the corresponding dielectric constant
into the solvent region (set, in the case of water, to 79 in relative
units). In particular, this development has been designed for
calculations at solid-liquid interfaces, being an adaptation of a
previous model with a permittivity depending on the charge
density of the solute.53,54 The quality of the solvation energies
computed with this approach either equiparates or excels that
provided by the well established continuum model PCM,
implemented for molecular systems.48 This accuracy in the
description is also manifested in other results, such as the dipole
moment of the solvated H2O molecule, or the fact that the
replacement of explicit by implicit solvation delivers nearly zero
energy differences. These results are presented in the next
section. Adsorption energies were evaluated from the energy
obtained with the adsorbate bound to the surface, minus the
energy calculated with the adsorbate several Å away from the
interface, as indicated in Figure 1 (or in Figure 3 for the case of
explicit solvent).

To represent the rutile (110) and anatase (101) surfaces,
supercells of area (2 � 1) and (2 � 2) were respectively
considered. In both cases, slabs were represented with four layers
of TiO2 units. Such models are analogous to the ones used in
previous DFT studies of rutile and anatase surfaces.17,18,26,28 In
particular, we note that lateral interactions are efficiently
screened in the presence of the dielectric medium (see ref 53),
which decreases the need for large supercells.

III. RESULTS AND DISCUSSION

A. Water. In the first place, we calculated the energy involved
in adsorbing one water molecule from the liquid phase: this
process is sketched in Figure 1. We emphasize that the energy
difference obtained from these calculations does not represent
the adsorption energy of H2O, but is the result of exchanging
implicit and explicit water at the interface. In an optimal model,
this energy difference should be equal to zero. In the present case,
values of-0.28 andþ0.14 kcal/mol were obtained, respectively,
on anatase (101) and rutile (110) for H2O adsorbedmolecularly.
Such small values—compared to absolute adsorption energies,
which are in the range of 20 kcal/mol—indicate that implicit
solvation of the interface reproduces quite remarkably the
energetics of explicit hydration. Figure 2 depicts the model
structure of the slab with an adsorbed H2O molecule, including
a contour plot of the dielectric medium.
The polarization of the solute in the dielectric is another

evidence of the accuracy of the model. The dipole moment of
water was calculated in vacuum and in the dielectric. DFT is
known to provide accurate values for molecular dipole moments
in the gas phase. In fact, our computed value of 1.84 D falls very
close to the experimental value of 1.85 D. More rewarding, we
found that the value of 2.71 obtained in the dielectric is in
excellent agreement with experiments (2.9 ( 0.6 D)55 and with
highly correlated calculations in the presence of explicit solvent
(ranging from 2.70 to 3.00 D).56 These results indicate that the
solvent model reliably reproduces the polarization of the water
molecule.
As it is the case for water, we note that also for any other

molecule, the solvation model employed here does not provide
the absolute adsorption energy, but the relative energy associated
with the replacement of continuum solvation by the given
adsorbate. Alternatively, in a more elaborate treatment, specific
interactions at the interface can be captured to a great extent by
including explicitly a water monolayer. This approach is repre-
sented in Figure 3.
Whereas water on the anatase (101) surface has been char-

acterized from first-principles at the gas interface in a series of
studies,17-19 we are not aware of any equivalent effort addressing
the adsorption in solution, aside from the work on hydroxide ions
cited above.42 According to our computations, for a monolayer in
the gas phase, the energy of the molecular state lies 3.3 kcal/mol
below the dissociative state: the hydrogen-bond network which
arises between water molecules favor the dissociation with
respect to the low coverage situation, yet molecular adsorption
continues to be the most stable. In the presence of a continuum
solvent this energy difference is barely modified, diminishing in
just 0.3 kcal/mol. In general, it will be seen that the dielectric
medium contributes to increase the hydrogen bond lengths in

Figure 1. Representation of the adsorption process for ROH (H2O,
H2O2 CH3OH, or HCO2H) in a continuum solvent.

Figure 3. Representation of the adsorption process for ROH (H2O2,
CH3OH or HCO2H) in a continuum solvent, considering the first
hydration layer explicitly.

Figure 2. Slab model of the anatase (101) surface with an adsorbed
water molecule, displaying a contour plot of the dielectric medium.
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10-20%. This is the consequence of the dielectric screening on
the H-bonds, which are mostly electrostatic interactions. Geo-
metry optimization of a water ML on the (101) face, shows that
for the molecular mode the distance between O(2c)57 and H-
OH (the hydrogen belonging to the water molecule) is enlarged
from 1.9 Å in vacuum to 2.5 Å in the solvent. This is displayed in
Figure 4, where the water molecules are shown to rotate from
their vacuum positions, to expose one hydrogen atom in the
direction perpendicular to the surface. Interestingly, the dielec-
tric is inducing the same kind of configuration as expectable in an
explicit solvation framework, in which the adsorbed H2O would
be involved in hydrogen bonding with the bulk molecules. This
reorientation was actually observed in molecular dynamics
simulations including explicit water molecules.42

A similar effect on bond lengths can be observed in the
dissociated ML: the distance from the hydrogen H-O(2c)
and the oxygen bound to Ti(5c) is increased from 2.8 Å in
vacuum to 3.1 Å in the dielectric. It can be seen in Figure 5 how
the hydrogen atoms adsorbed to O(2c) become perpendicular to
the surface in the presence of the solvent. The weakening of the
H-bonding network is similar in both the dissociated and the
molecular states, and as a consequence the energy difference is
virtually not affected by the dielectric.
According to previous reports mentioned above,23-27 en-

ergy differences between the different adsorption modes in
rutile (110) may be small. In view of this, the composition of a
water monolayer at the heterogeneous interface was analyzed
taking into account the possibility of mixed states. In vacuum,
for slabs of four layers width or wider, water monolayers
exhibit molecular adsorption. In our own gas phase calcula-
tions, mixed and dissociative modes turn out to be 2.0 and 6.1
kcal/mol higher in energy than the molecular adsorption.
Incorporation of solvent effects does not alter this trend,
predicting energy differences of 2.5 and 5.9 kcal/mol with
respect to the mixed and dissociative pathways, respectively.
Changes in bond lengths resulting from the dielectric medium
in the monolayer of molecular adsorbed water indicate a
strengthening of the Ti(5c)-water bond, and a strong screen-
ing of the hydrogen bonds existing between water and the
surface and with itself. In the case of the dissociative adsorp-
tion, the major effect of the presence of the dielectric medium
is on the hydrogen bonding network within the water mono-
layer. On one hand it produces some destabilization by
elongating of the hydrogen bonds between adjacent water
molecules, while on the other it provokes the shortening of the
distance among the H-O(2c) and the oxygen of OH-Ti(5c).
As a result, there is only a small difference between the vacuum
and solution energetics, as indicated above.

Our results are consistent with previous simulations in the
presence of multilayers, which found that the molecular adsorp-
tion will be the preferred path.18,29 In the literature, water
adsorption at the TiO2-liquid interface is often assumed to be
dissociative and therefore represented with ionized O- groups.
We note here that this qualitative and widespread conception of
the interface, possibly correct for amorphous and defective
surfaces, may not be accurate for anatase (101) and rutile
(110), as shown by the DFT results in the presence of several
water layers or in the continuum solvent. As will be discussed
below, entropic effects may favor dissociation of water on both
surfaces, and so molecular and dissociative adsorptions are likely
to coexist on stoichiometric surfaces at room temperature.
Dissociation, on the other hand, can be further promoted at
vacancies.17,58

The adsorption energies for water on anatase (101) and rutile
(110) are summarized in Table 1. In the following sections,
results for methanol, hydrogen peroxide and formic acid adsorp-
tion energies are presented and analyzed, in the absence and in
the presence of a molecularly adsorbed water monolayer, which,
as discussed in this section, is the stable form of water at the
solid-liquid interface.
B. Methanol. For the methanol molecule, we have examined

three different adsorption paths: molecular, dissociative via the
C-O bond, and dissociative via the O-H bond. We will denote
these mol, disCO, and disOH respectively. These different
configurations are displayed in Figure 6, and the adsorption
energies are shown in Table 2. In agreement with previous
calculations,16,20 we have found that in the gas phase methanol
adsorbs molecularly on anatase (101).59 On rutile, the dissocia-
tive (disOH) and the molecular adsorption modes are almost
energetically degenerate, in line with the recent calculations by
S�anchez and co-workers.37 Besides, it can be seen that the relative

Figure 4. Optimized structures for a water monolayer molecularly
adsorbed on anatase (101): (a) in vacuum; (b) in the continuum solvent.

Figure 5. Optimized structures for a water monolayer dissociatively
adsorbed on anatase (101): (a) in vacuum; (b) in the continuum solvent.

Table 1. Adsorption Energies of Water under the Different
Conditions Examined, Including the Continuum Solvent with
and without an Explicit Water Monolayera

anatase (101) rutile (110)

molecular dissociated molecular dissociated mixed

gas phase -20.3 -8.1 -16.7 -13.0 —

solvent -0.3 11.0 0.1 5.7 —

gas phase/water ML -18.8 -15.5 -18.6 -12.5 -16.6

solvent/water ML 2.8 5.8 3.5 9.4 6.0
a Energies are given in kcal/mol per water molecule. We note that in the
solvent, these values represent the process of replacing implicit by
explicit water (see text).
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stability of the three adsorption modes remains unaltered
throughout the three distinct environments. However, the
adsorption energies in the solvent are positive in all cases,
meaning that methanol adsorption from an aqueous solution
would be significantly unfavored, having to compete against
water. It is worth noting that the surface larger affinity for water in
a solvent environment is not always reflecting the trends in the
gas phase. While water exhibits a higher adsorption energy than
methanol on anatase (20.3 and 19.0 kcal/mol for H2O and
CH3OH, respectively), the opposite is true on rutile (16.7 and
19.2 kcal/mol). This is in fact consistent with experimental
results on rutile (110) by Henderson and co-workers based on
TPD, LEED, and HREELS, which have pointed that methanol is
not displaced by water in the gas phase.7 The dependence of the
relative affinities on the environment can be tracked to the
hydrogen bond network arising within the water monolayer and
modulated by the dielectric effect of the upper, mobile solvation
shells, which further stabilizes the adsorption with respect to the
low coverage case. Interestingly, the competition of water and
methanol for the TiO2 surface sites in the gas phase was
specfically addressed by SFG spectroscopy.8,9 In this study, the
authors concluded that water does not displace the adsorbed
CH3OH molecules, and that increasing the proportion of water
in the sample favors the methanol molecular physisorption. It is
to be noticed, however, that the TiO2 films probed in these
experiments consisted of colloidal anatase nanoparticles ob-
tained via wet chemical synthesis, exhibiting highly hydroxylated
and possibly defective surfaces, thus chemically and structurally
different from the stoichiometric (101) or (110) faces.
A recurrent consequence of the dielectric screening is the

disruption of hydrogen bonds. On the (101) face, an hydrogen
bond between the molecularly adsorbed methanol and the
bridging oxygen is present in vacuum. This bond is lost when
immersed in the dielectric medium, but is recovered when the
first water monolayer is included explicitly. In rutile (110), on the
other hand, this hydrogen bond continues to exist when the
dielectric effect is introduced. When covered by a water mono-
layer, in both interfaces an additional H-bond is formed between
methanol and one of the H2O molecules. Hence, addition of the
dielectric medium without considering the first water ML
explicitly can affect the hydrogen bond network, depending on

surface structure. For rutile(110), where the surface atoms
Ti(5c) and O(2c) are nearer than in anatase (101), the hydrogen
bonds between methanol and the surface do not disappear in the
presence of the dielectric medium. This is not the case for anatase
(101). When the first water ML is included explicitly, it has two
main consequences for anatase (101): the formation of new
hydrogen bonds with H2O, and the restoration of the lost
H-bonds with the surface. For rutile(110), only the first con-
sequence is observed, and for this reason, the effect seen in
Table 2 when the first solvation shell is included, is greater in
anatase.
Turning now to the dissociated states, Table 2 shows that

addition of explicit water has a stabilization effect in the disOH
configuration on both surfaces, but not in disCO. While the
dissociated CH3O group may establish an extra hydrogen bond
with one of the water molecules, this does not occur in the case of
disCO in which the CH3 moiety tenuously interacts with the
water monolayer.
These results support the idea that an aqueous phase promotes

the desorption of methanol into the solution. Moreover, explicit
consideration of the first solvation layer is important to account
for specific interactions. In general it was observed that the
dielectric screening tends to weaken the hydrogen-bonds be-
tween the surface and the adsorbate, and also the O-Ti
adsorbate-surface interactions. Incorporation of explicit water
molecules reverts this effect, by excluding the dielectric from the
region adjacent to the surface. In a typical electrochemical model
based on a continuum representation of the interface, the
permittivity is taken to vary slowly from 1 to its value in bulk,
several angstroms away from the surface. The reduced mobility
of the molecules belonging to the first solvation layer restricts the
ability of these molecules to align their dipoles in an electric field,

Figure 6. Adsorption modes examined for methanol: (a) disOH, (b)
disCO, (c) mol, standing for, respectively, dissociation across the O-H
bond, dissociation across the C-O bond, and molecular adsorption.
The structures correspond to the anatase (101) surface.

Table 2. Adsorption Energies of Methanol (kcal/mol) under
theDifferent Conditions Examined, Including the Continuum
Solvent with and without an Explicit Water Monolayera

anatase (101) rutile (110)

mol disOH disCO mol disOH disCO

gas phase -19.0 -15.6 -12.8 -19.2 -17.2 -13.9

solvent 3.6 6.4 12.1 3.4 6.6 8.1

solvent/water ML 0.5 3.8 12.4 2.4 4.7 8.9
aThe different adsorption modes disOH, disCO and mol, are depicted
in Figure 6.

Figure 7. Influence of the dielectric constant on the adsorption energy
of methanol on anatase (101).
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which is a measure of the dielectric constant.60 Inclusion of the
first solvation layer reestablishes specific interactions and at the
same time acts as a shield to the dielectric.
In Figure 7, we investigate the effect of the dielectric constant

on the adsorption of methanol on anatase. As the permittivity
becomes higher, the implicit solvent exhibits a stronger interac-
tion with the surface. Since the adsorption process implies the
replacement of implicit by explicit solvent (see Figure 1), the
adsorption of methanol turns out to be unfavored at higher
dielectric constants. For a solvent of intermediate or low
permittivity, exhibiting no hydrogen bonds, the effect of an
explicit monolayer would be less important than in water. The
interaction energies in Figure 7 were computed in the absence of
a solvation layer, and for this reason, we expect the lower the
permittivity, the more reliable the estimates to the adsorption
energies in solution. The graph suggests that methanol would not
significantly adsorb from solutions with a dielectric constant
larger than 45, and that molecular adsorption will be the most
favored in any case.
C. Hydrogen Peroxide. Adsorption energies for H2O2 in

vacuum are reported in Table 3. In agreement with previous
calculations,24 dissociative adsorption turns out to be the most
stable on rutile (110). For anatase (101), instead, the molecular
adsorption exhibits the lowest energy. Figure 8 depicts the
relaxed configuration on the (101) face in solution. It can be
seen in Table 3 that the solvent stabilizes the dissociated form on
anatase: this effect is observed in the presence and in the absence
of the water monolayer. The dissociative adsorption predicted
here seems to be at variance with the results by Mattioli and
collaborators,21 who examined the surface interaction of H2O2

embbeded in a water bilayer. Whether total energy calculations in
a continuum solvent and an explicit monolayer are more reliable
than in a water bilayer to represent the solid-liquid interface,
remains an open question. Understanding the effect of a limited
number of layers in comparison to the dielectric medium, would
require an analysis involving a progressive increase of the number
of water molecules in the simulation.
Adsorption energies are close to zero, implying that affinities

of H2O and H2O2 for the oxide surface are comparable in
solution. In vacuum, hydrogen peroxide is around 4 kcal/mol
less stable than water on the (101) surface. This difference
decreases in the solvent, yet the water continues to exhibit the
largest adsorption energy. For rutile (110), dissociative and
molecular adsorption become energetically equivalent, and, as
for the (101) surface, also comparable with the adsorption of
water. The adsorption energies when only the dielectric medium
is considered, are more positive than the ones obtained by
including water molecules explicitly. An inspection of the relaxed
geometries in solution shows that, once again, this is a conse-
quence of the dielectric environment in the immediacy of the

surface, weakening specific interactions such as hydrogen bonds
between the adsorbate and the surface.
D. Formic Acid. The adsorption of the formic acid molecule

exhibits a complex scenario due to two major causes: the
possibility to adsorb via two inequivalent oxygen atoms belong-
ing to the carboxylic group, and the particular molecular geo-
metry. The inequivalent oxygen atoms allow for molecular
monodentate adsorption in two different configurations, de-
noted as mono-O and mono-OH along this work (see Figure 9,
parts a and b). Besides, the formic acid molecular dimensions
admit a bidentate adsorption mode, through both oxygen atoms
of the -COOH group. This is shown in Figure 9, parts c and d,

Table 3. Adsorption Energies of Hydrogen Peroxide (kcal/
mol) under the Different Conditions Examined, Including the
Continuum Solvent with and without an Explicit Water
Monolayer

anatase (101) rutile (110)

molecular dissociated molecular dissociated

gas phase -16.5 -14.7 -16.3 -17.3

solvent 4.9 3.9 5.3 2.5

solvent/water ML 2.2 0.9 0.1 0.3

Figure 8. Adsorption modes examined for H2O2: (a) dissociated; (b)
molecular. The structures correspond to the anatase (101) surface.

Figure 9. Adsorptionmodes examined for the formic acidmolecule: (a)
mono-O, (b) mono-OH, (c) bi-d, (d) bi-m, and (e) mono-d. Mono-O
(a) and mono-OH (b) stand for the monodentate molecular adsorp-
tion through the inequivalent oxygen atoms belonging to the carboxyl
group (-COOH). Bi-d (c) and bi-m (d) refer to the bidentate
dissociative and molecular modes. Finally, mono-d (e) identifies the
dissociative adsorption through one oxygen atom, which in the case of
our gas phase simulations on anatase (101) converges to the mono-O
(a) configuration. The shown structures correspond to the anatase
(101) surface.
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where they describe a dissociative and a molecular mode,
respectively. Finally, a monodentate dissociative adsorption
mode can be proposed as shown in Figure 9e. Other configura-
tions could be conceived, nevertheless, given the large amount of
accessible configurations, we restrict this characterization to the
five different modes shown in Figure 9.
Our simulations on anatase (101) as well as on rutile (110) in

the gas phase (Table 4) reproduce most of the adsorption
energies published before,16,22,24,27 finding agreement in both
surfaces regarding the most stable geometry configurations.
Some differences arise on the energies for configurations with
intermediate affinities, such as the mono-d configuration on
anatase (101). This last example converges to a stable adsorption
geometry in a previous investigation,22 but we found it unstable
in our present simulations, where it reverts to the mono-O
configuration as a in the optimization procedure.We believe such
a difference may be related to the initial configurations adopted
to perform the calculations.
It can be observed fromTable 4 that the adsorption energies in

the gas phase for the bidentate modes depend on the surface. As
mentioned before, adjacent bridge oxygen atoms in the rutile
(110) surface are at a closer distance than in the anatase (101)
surface. In general, however, the dissociated form of the biden-
tate interaction seems to predominate on both surfaces.
Results in Table 4 show that the dielectric medium plays a

destabilizing role, originating in the competence against the
implicit water for the surface sites. As in the case of methanol,
inclusion of the dielectric induces a loss of the hydrogen bonds
exhibited in vacuum, as those formed by the mono-OH con-
figuration on both surfaces. Addition of the explicit water
monolayer reverts this effect establishing an hydrogen-bond
network. The mono-d mode constitutes an exception in the
sense that implicit or explicit hydration stabilize its adsorption on
anatase. On the other hand, the solvent modifies the preferred
adsorption mode on anatase: it switches from a monodentate
molecular configuration in vacuum to a molecular bidentate
mode in solution. On rutile, instead, the bidentate dissociative
mode is always themost favored.We note that for reasons related
to the supercell size, we have not considered the case of the
bidentate species coadsorbed with a water ML in rutile.62 When

the continuum solvent plus the first solvation shell are considered
for anatase, negative adsorption values are obtained for the
mono-O, the bi-m, and the mono-d species. The first two appear
to be the only capable to displace molecular water from the
surface.
3.5. Discussion on Entropic Effects. All data presented so

far correspond to static calculations at 0 K. In this subsection, we
intend to analyze the role of entropy in the adsorption, based on
experimental liquid phase entropies and on our own previous
results. In a recent article,28 we combined first-principles molec-
ular dynamics with statistical sampling to estimate the entropic
contribution to the dissociation of water and methanol on the
TiO2 solid-gas interface. For water at 300 K, it turns out that the
entropic contribution to the dissociation free energy is positive,
and close to the gap separating the molecular and the dissociative
adsorption energies on anatase in the presence of a hydration
layer. If the entropic term in the solid-liquid interface is assumed
to be the same as in the gas phase, we are led to conclude that at
finite temperature the stability of molecular and dissociative
adsorption (or mixed adsorption in the case of rutile) becomes
comparable. In any case, it seems reasonable to take the
dissociation entropies in the gas phase as an upper bound to
the values in the liquid, because at monolayer coverage, the
number of hydrogen bonds per OH group duplicates with
respect to the gas phase. Therefore, even if it is difficult to
quantitatively assess the role of the temperature in the adsorption
from the solution, it can be presumed that the entropic effect will
make dissociation more likely than suggested by zero tempera-
ture calculations.
For methanol on anatase (101), our previous simulations

indicate that the entropic effects in the dissociation process will
be less significative than in the case of water, and would favor the
molecular configuration (the molar entropies computed in
vacuum were negative for all the dissociative reactions investi-
gated for CH3OH).

28 On the other hand, experimental entropies
of the adsorbates in the liquid state can be used to estimate the
entropy change upon adsorption. If we neglect the entropy of the
adsorbed molecule, the entropic contributionΔS for the adsorp-
tion of a compound X can be roughly approximated as Swater

0 -
SX
0 , with S0 the standard entropy of the liquid.61 Since the entropy
of liquid water is between 30 - 70 J K-1 mol-1 below that of
CH3OH, H2O2, or HCO2H, the displacement of H2O by any of
these compounds will be entropically unfavored. At room
temperature, these assumptions imply that the net entropic
contributions will be above 2 kcal/mol, which should be added
to the adsorption energies. This means that the formic acid
remains the only candidate likely to exhibit some degree of
adsorption from an aqueous solution.

IV. CONCLUSIONS

In general, in this study it was found that even though the
solvent may marginally affect the energies of the different
accessible absorption modes, its effect has never proved to be
large enough as to revert the trend observed in vacuum, with the
sole exception of H2O2 on the (101) surface, for which the
solvent environment induces the dissociative adsorption, and of
the bidentate mode of HCO2H also on anatase (101), in which
case the solvent reverts the gas phase energetics to favor
molecular adsorption. Our results support the idea that water
adsorbs molecularly at the interface of anatase (101) and rutile
(110). Consideration of finite temperature effects, though,

Table 4. Adsorption Energies (kcal/mol) of Formic Acid
under the Different Conditions Examined, in the Presence
and in the Absence of the Continuum Solvent and of an
Explicit Water Monolayera

anatase (101)

mono-O mono-OH bi-m mono-d bi-d

gas phase -26.7 -14.2 -7.2 not stable -25.2

solvent 4.5 7.9 7.2 7.6 12.6

solvent/water ML -2.1 3.2 -2.7 -1.2 0.8

rutile (110)

mono-O mono-OH bi-m mono-d bi-d

gas phase -14.2 -14.3 -23.9 -18.2 -29.4

solvent 1.5 8.1 not stable 0.8 -0.7

solvent/water ML 0.5 0.9 — 1.5 —
aThe different adsorption modes (mono-O, mono-OH, mono-d, bi-m,
and bi-d) are depicted in Figure 9. Not stable indicates that no
optimizations converged to that structure.
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suggests that dissociation will be favored by the entropy term,
and then mixed adsorption modes can be expected to exist on
both anatase and rutile.

In the surface oxide literature, the TiO2 interface is envisioned
as consisting predominantly of ionized hydroxyl groups (-O-).63

We think this representation is not accurate in the context of
crystalline surfaces: most water molecules at the interface will be
undissociated or in equilibrium with some amount of -OH-

groups (the experimental PZC of rutile and anatase are around 7
and 4, respectively).64 In any case, we want to emphasize that the
degree of hydroxylation of the interface will depend very much on
the synthetic route: amorphous TiO2materials obtained from sol-
gel processes involving hydrolysis and condensation65 will be more
likely to leave terminal, exposed Ti-OH functions, which will
partially ionize and yield Ti-O- groups in solution.

The neglect of the first solvation shell when using the
continuum model, tends to debilitate the electrostatic interac-
tions between the adsorbate and the surface, enhancing the
intermolecular distances. For configurations exhibiting hydrogen
bonds in vacuum, the presence of the dielectric medium will
normally lead to a loss of stability. The explicit addition of the
first water monolayer prevents the weakening of intermolecular
interactions, allowing at the same time the formation of hydrogen
bonds within the monolayer. The dielectric constant of a liquid
represents accurately its electrostatic screening in bulk; as the
interface is approached, the reducedmobility of the solvent layers
will diminish their ability to respond to an external electric field,
resulting in a smaller effective dielectric constant. For these
reasons, we remark the importance of including the first water
monolayer explicitly in solid oxides-liquid interfaces. Alterna-
tively, a model with a distance-dependent permittivity could be
implemented,60 but this will require a number of additional
parameters. The explicit incorporation of a second or a third
solvation layer to account for the rest of the specific adsorbate-
water interactions is in principle possible. However, in experi-
ments and classical molecular dynamics simulations of water on
TiO2 molecules in a second or a third layer have been character-
ized as much more mobile than those belonging to the first layer
(see, for example, ref 66). Thus, it is not obvious that the addition
of such a frozen solvation shell will represent the net solvation
effect of a fluid overlayer any better than the dielectric medium,
leaving aside the fact that there will be more than one possible
configuration to accommodate the molecules beyond the first
layer. On the other hand, the magnitude of the interactions of the
adsorbate with the second shell will be below those involving the
first layer.We therefore expect that implicit solvation will provide
a reasonable representation of interactions beyond the first layer,
as it is apparent in the reorientation of the H atoms toward the
solution, consistently with the behavior observed in molecular
dynamics simulations with explicit water multilayers.42

The predominance of positive adsorption energies reported in
Tables 2, 3, and 4 suggests that the adsorption process for
methanol, hydrogen peroxide and formic acid on anatase (101)
and rutile (110), will take place only to a moderate extent. Some
of these values are small or slightly negative—within the accuracy
of the DFT method. Therefore, we can not rule out that a small
fraction of the molecules present in the solution might be
adsorbed on the surface in those particular modes reflecting
themost stable configurations. From the experimental viewpoint,
direct evidence of significant coadsorption at the solid-liquid
interface is not easy to find in the literature. In the case of
methanol, it is interesting to note that photoconversion rates on

TiO2 in aqueous environments are substantially enhanced by
addition of a noble metal to the catalyst (see references in ref 5),
regarding which it has been proposed that adsorption occurs on
the metal part of the inteface.67 In turn, adsorption of HCO2H at
the water-TiO2 (110) interface was examined by means of
ATR-FTIR spectroscopy.68 No adsorbed species were detected
at the surface, with the exception of formate for the range of low
pH. This is also in agreement with the positive adsorption
energies we obtained for formic acid on rutile, shown in Table 4.
As already observed, according to our calculations the formic acid
would be the only species, among those investigated, with an
affinity sufficiently high as to appreciably adsorb on the anatase
surface in the presence of water.

In summary, as far as we are aware, there are not definite
experimental evidence that R-OH species significantly adsorb
from aqueous solution on TiO2. On the contrary, and consis-
tently with the present simulations, the available data suggests
that if adsorption exists at all for the R-OH species investigated
here, it must be weak, and highly dependent on the surface
and pH.
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