
First Principles Study of
Hydrated/Hydroxylated TiO2
Nanolayers: From Isolated Sheets to
Stacks and Tubes
Maurizio Casarin,† Andrea Vittadini,†,* and Annabella Selloni‡

†Istituto di Scienze e Tecnologie Molecolari del CNR (ISTM-CNR) and CR�INSTM “Village”, Dipartimento di Scienze Chimiche, Università di Padova, via Marzolo 1, I-35131
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T
iO2-based nanomaterials have been
intensely investigated over the past
decade.1,2 In particular, titania nano-

tubes (TNTs) are attracting considerable at-

tention as their unique properties make

them potentially interesting for various ap-

plications, such as catalysis, photocatalysis,

electrocatalysis, gas storage, gas sensing,

and photovoltaics.1,2

TiO2 nanotubes can be obtained either

in Na-containing or in Na-free form; these

two forms differ substantially in photoactiv-

ity.3 Whereas for Na-containing nanotubes

a description based on the stepped titanate

structure is widely accepted, for the Na-

free form, which is the one considered in

this work, a general consensus has not yet

been reached. A particularly debated issue

concerns the role of hydrogen: whereas

NMR indicates its absence,4 photoelectronic

properties suggest that OH groups are

present.3 In fact, models so far proposed in-

clude pure TiO2 (in the anatase5�8 TiO2�B,9

or lepidocrocite form10), protonated titan-

ates such as H2Ti3O7,11,12 and hydroxylated

(001)-oriented anatase bilayers.4 The

emerging picture is rather confusing, as all

the above cited models have been claimed

to fit at least one experiment.

Theoretical work on TNTs has been so

far limited. On the basis of density func-

tional theory (DFT) calculations in the local

density approximation (LDA), Zhang et al.13

proposed that an H2Ti3O7 sheet bends be-

cause of the tensions arising from a partial

deprotonation of one of its surfaces. How-

ever, this model has been criticized on the

basis of recent experiments findings.14,15

Moreover, extension of this model to Na-

free TNTs runs into several difficulties. First

of all, the predicted nanotube diameter
(�8 nm) is significantly larger than the inter-
nal diameters measured for Na-free TNTs
(3�5 nm)16 Second, interwall Coulomb re-
pulsions are likely to destabilize multiwall
TNTs. To solve this issue, Zhang et al. sug-
gested a coupling between the nanotube
walls and assumed a partial charge com-
pensation by surrounding Na� ions. How-
ever the latter argument does not hold for
Na-free TNTs. Furthermore, recent measure-
ments of the nanotube interlayer distance
by Pradhan et al.16,17 indicate that the value
given by XRD (1.0 nm) is considerably larger
than that (0.78 nm) obtained under the
high vacuum conditions of TEM experi-
ments.18 These findings seem to rule out a
strong role for interwall coupling in the sta-
bilization of Na-free TNTs. Models based on
pure TiO2 were investigated by Enyashin
and Seifert19 using tight-binding DFT calcu-
lations. They found that lepidocrocite-
structured nanotubes, particularly those of
the (n,0) type, are characterized by a larger
strain energy than those formed by rolling
thinner anatase (101) sheets. So far,
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ABSTRACT Periodic density functional calculations are carried out to investigate the structure and the stability

of hydrated/hydroxylated TiO2 layered compounds, nanosheets, and nanotubes. Due to a very efficient interlayer

hydrogen bonding, the ABA-stacked “step 3” H2Ti3O7 compound is found to be the most stable bulk phase, in

agreement with the experiment. For single sheets in a water-rich environment other forms are instead favored,

all close in energy, namely, “step 2” titanates, hydroxylized-anatase-like layers, and lepidocrocite-TiO2. Finally, it

is shown that a lepidocrocite-TiO2 sheet, when hydroxylated only on one side, spontaneously forms a scroll-like

nanotube. The nanotube diameter estimated from our models perfectly matches the �3 nm value observed for

the internal diameters of Na-free titania nanotubes.
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however, this model has not been supported by experi-

mental evidence.

Anatase-TiO2, lepidocrocite-TiO2 (Figure 1), and pro-

tonated titanates like H2Ti3O7 (Figure 2), all proposed

as possible constituents of nanotubes, have a close

structural relationship. For instance, first principles stud-

ies have found that bilayer (001)-oriented anatase films

spontaneously rearrange to the lepidocrocite form

through a barrierless pathway.20,21 There are two main

reasons for this rearrangement: (a) the 5-fold underco-

ordinated (5c-Ti) cations are converted to fully (6-fold)

coordinated 6c-Ti cations and (b) the large bond angle

at the bridging oxygens (b-O), which induces a tensile

stress at the anatase (001) surface,22 is considerably re-

duced. These findings have been confirmed by molecu-

lar dynamics calculations by Alvarez-Ramirez and Ruiz-

Morales,23 who also found that a conversion into a

stepped structure can easily occur as well. This is a sys-

tem which can be viewed as made of lepidocrocite-like

ribbons of edge-sharing octahedra interrupted by

steps,24 that are caused by the insertion of OH groups.

For instance, H2Ti3O7 (see Figure 2) is defined as a “step
3” titanate since steps are separated by three edge-
sharing octahedra.23,25 For each kind of stepped struc-
ture, however, several atomic configurations are pos-
sible, depending on the arrangement of the protons at
the different O sites. The specific proton pattern not
only determines the intrinsic stability of the nanosheet,
but also affects the interlayer interactions which are
dominated by hydrogen bonds (absent in the case of
lepidocrocite-TiO2). Since interlayer H-bonds are likely
to be present also in TNTs, it is important to investigate
how the proton pattern influences the stability as well
the other physicochemical properties of TiO2

nanosheets.
In this work, we present first principles calculations

on isolated sheets and stacked crystals with different
stoichiometries, with special focus on the effects of vari-
ous proton patterns on the system structure and stabil-
ity. On the basis of these calculations, we propose a
new model for Na-free TNTs, based on an anatase/lepi-
docrocite sheet, where water dissociation is allowed to
occur only on one side.

RESULTS AND DISCUSSION
Single and Stacked Sheets of H2Ti3O7 Stoichiometry. Previous

DFT calculations on the stability of H2Ti3O7 nanosheets13

were carried out at the LDA level, which is known to
overestimate the strength of hydrogen bonds by
�70%.26 Moreover, only AAA-stacked H2Ti3O7 sheets
(Figure 3) were considered and the contributions of in-
tralayer effects and interlayer hydrogen bonds were not
distinguished.

Seven nonequivalent oxygen sites are present in
the framework structure of step-3 titanates (Figure 2):
one 1-fold coordinated, three “bridging” 2-fold coordi-
nated (b-O), one 3-fold coordinated (t-O), and two
4-fold sites. Using the labeling scheme of Feist and
Davies,24 we denote the 1-fold coordinated oxygen O4
(see Figure 2). To limit the number of configurations to
be investigated, we assumed that, because of its basic-
ity, the O4 anion always carries at least one proton, that
is, an O4�H moiety is always present. This can be con-
sidered as the hydroxide anion resulting from an hypo-
thetical H2O dissociation on the TiO2 nanosheet:

3TiO2 + H2OfH2Ti3O7 (1)

With the above assumption, the various proton configu-
rations of the sheet can be labeled by specifying only
the site for the proton released in the H2O dissociation,
viz. H@Oi/Oj denotes a configuration with a proton at Oi
on one side of the sheet, and a proton at Oj on the
other side (a proton at O4 is also present on each side).
At variance with previously reported calculations, in
this work we consider also mixed configurations, where
protons are arranged in different fashions at the two
sides of the sheet.

Figure 2. The framework structure of H2Ti3O7 shown in a ball-and-
stick (left) and in a polyhedral representation (right) after ref 24. The
gray line marks the border of the nonprimitive monoclinic cell. The
numbering scheme used to indicate sites for proton absorption is also
displayed. O1 is denoted as the “step” b-O site/ion, whereas O2 and
O3 are denoted as the “ribbon” b-O ions/sites. Note that, in order to al-
low an easier comparison of the structural parameters with those of
the nanosheets, a nonstandard setting has been chosen for the axes
(a and c have been interchanged).

Figure 1. Mixed ball-and-stick and polyhedral representa-
tions of the structure of (a) an anatase-TiO2(001) oriented bi-
layer with lattice constants fixed to those of the bulk; (b) a
lepidocrocite-TiO2 sheet.
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All energies are referred to a formula unit and, for a
slab model of (H2TixO2x�2)y composition, are calculated
as

E ) [E(slab) - x · E(TiO2) - E(H2O)] ⁄ y (2)

where E(slab) is the total energy of the slab model,
E(TiO2) is the total energy of a TiO2 unit in an isolated
lepidocrocite-structured nanosheet, and E(H2O) is the
total energy of an isolated H2O molecule.

In the case of isolated H2Ti3O7 sheets (see Figure 4),
we find that b-O sites are largely favored over higher-
coordinated O sites, in agreement with ref 13. In fact,
our calculations show that the H@O5/O5 configuration
is unstable (E � �0.18 eV). Moreover, several stable pro-
ton configurations turn out to be distributed over a nar-
row (�0.2 eV) energy interval, with ribbon b-O sites
generally favored over O1, the step b-O site. In the lat-
ter case, the H@O1/O1 trititanate-type configuration is
only a local minimum: the most stable configuration,
H@O1/O1*, is actually disrupted into hydrogen-bonded
anatese/lepidocrocite-like nanoribbons. Also remark-
able is the spontanoues rearrangement of the
H@O4/O4 configuration into a flat, lepidocrocite-
structured nanosheet, on which weakly adsorbed mo-
lecular water is present. The stability of this system sug-
gests that single sheets of protonated titanates could
possibly rearrange into lepidocrocite-
TiO2, confirming the results of previous
simulations.23 This aspect will be dis-
cussed in more detail in the next section.

Stabilities and structural parameters
for the AAA-stacked systems are summa-
rized in Table 1. A comparison with the
isolated sheet energies, also reported in
Figure 4, allows us to estimate that the
AAA stacking interaction amounts to 0.3
eV. This means that the average strength
of the interlayer H-bonds amounts to
�0.15 eV. At variance with the mono-
layer case, the H@O4/O4 configuration
maintains a stepped structure, that is, no
transition to the lepidocrocite structure

is predicted to occur. The energy ordering,
E(O3/O3) � E(O4/O4) � E(O2/O2) � E(O1/O1),
is different from the LDA result13 E(O2/O2) �

E(O1/O1) �� E(O3/O3). Also, the values for the
c parameter are �11% smaller than those re-
ported in ref 13.27 These discrepancies be-
tween our PBE and the LDA calculations can
be attributed to the fact that the LDA calcula-
tions were carried out with the symmetry con-
straints of the P21/M(11) space group, which
force the hydroxyls to be parallel to the {010}
crystallographic planes. This prevents the for-
mation of interlayer hydrogen bonds, since in

the AAA stacking the closest oxygens belong-

ing to facing surfaces are shifted by b/2. In fact, our cal-

culations of fully relaxed AAA-stacked systems confirm

that a more favorable arrangement can be achieved by

allowing the directions of the O�H bonds to deviate

from {010} planes (see, e.g., the structure of the

H@O3/O3 configuration in Figure 5).

For the ABA-stacked structures, very large rearrange-

ments take place upon structural optimization. For in-

stance, the symmetric ABA-H@O2/O2 proton configura-

tion spontaneously evolves to the ABA-H@O2/O4

asymmetric one, while the ABA-H@O3/O3 configura-

tion is unstable with respect to the AAA-stacked struc-

ture. Among the identified ABA local minima structures

(Table 2), only one, H@O1/O1, corresponds to a sym-

metric structure. These ABA local minima are spread

over a larger energy interval with respect to the AAA

ones (0.5 vs 0.3 eV), and the ABA absolute minimum is

0.3 eV lower than that found for the AAA case. The most

stable ABA-stacked H@O3/O4 and H@O2/O3 configura-

tions have quite similar lattice constants, which are in

both cases very close (deviations �1%) to the experi-

mental values.24 Inspection of the atomic structures

(Figure 6) reveals that the protons are ideally lined up

to allow the formation of strong O2 · · · O4, O3 · · · O3,

and O4 · · · O4 hydrogen bonds. This H-bonding

scheme, suggested also by powder neutron diffraction

Figure 4. Computed equilibrium structures and energies of an isolated H2Ti3O7 sheet. The
corresponding lattice parameters (in Å) are: O1/O1 (a � 9.639, b � 3.725); O1/O1* (a �
11.376, b � 3.962); O2/O2 (a � 9.352, b � 3.711); O3/O3 (a � 9.552, b � 3.746); O4/O4 (a
� 9.060, b � 7.460); O5/O5: (a � 9.188, b � 3.816). The following (not shown) mixed con-
figurations were also computed: O1/O3 (E � �0.15, a � 9.592, b � 3.780); O2/O3 (E �
�0.20, a � 9.412, b � 3.763); O3/O4 (E � �0.13, a � 9.514, b � 3.755).

Figure 3. Polyhedral representations of a layered titanate in a AAA
(left) and in a ABA (right) stacking.
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data,24 is able to zip together titanate sheets very effi-

ciently, explaining why protonated titanates, unlike al-

kaline titanates, prefer the ABA stacking sequence. The

role of H-bonding in stabilizing the H@O3/O4 and

H@O2/O3 structures can be also inferred from the fact

that these configurations do not exhibit an enhanced

stability if taken as single sheets (E � �0.13, and E �

�0.20 eV, respectively).

The stability of the ABA-stacked H@O3/O4 configu-

ration suggests that undissociated water molecules

can occur in protonated titanates (see Figure 6), even

in the absence of intercalated water. As these undisso-

ciated water molecules are likely to desorb more readily

with respect to dissociated ones, they could play a role

in the H2Ti3O7 ¡ TiO2 (B) transition, which is found to

start with the reaction 2H2Ti3O7 ¡ H2Ti6O13 � H2O(g).24

In the strongly bonded multilayer structures of Fig-
ure 6, all the protons are involved in interlayer H- bonds.
Moreover, each one-fold coordinated O4 atom partici-
pates in two hydrogen bonds, either as a double donor
or as a donor�acceptor, whereas all ribbon b-O atoms
are involved in one H-bond only, either as donors or as
acceptors. This is a special property of the H2Ti3O7 titan-
ate. In fact, for H2TinO2n�1 with n � 3, some of the b-O
ions cannot participate in H-bonds because the number
of protons available on the opposite surface is insuffi-
cient. Similarly, a less efficient interlayer hydrogen
bonding can be expected also for a “step 2” H2Ti2O5 ti-
tanate, because of the low density of ribbon b-O
acceptors.

Single and Stacked Sheets of H2Ti2O5 Stoichiometry. Although
(to our best knowledge) step-2 protonated titanates
do not actually exist, they are interesting to consider be-
cause the H2Ti2O5 stoichiometry is the one expected
for a fully hydroxylated (001)-oriented anatase nano-
layer (water is known to dissociatively adsorb on ana-
tase (001) up to a saturation coverage of 0.5 ML,28 im-
plying that water-saturated (001)-oriented anatase
nanolayers has a H2Ti2O5 stoichiometry), which has
been recently proposed as a structural model for TiO2

nanosheets on the basis of X-ray diffraction (XRD) data.4

A sketch of the structure of an hypothetical step-2
H2TiO5 solid is shown in Figure 7, where the used num-
bering of the O atoms is also shown.

Our results for H2Ti2O5 nanosheets are summarized
in Figure 8. The most stable configurations are a
stepped O2/O2 structure (�0.32 eV), an hydroxylated-
anatase-like O1/O1** structure (�0.28 eV) and a “wet-
lepidocrocite” O3/O3 configuration (�0.25 eV), all close
in energy. By comparing the results in Figures 4 and 8
we can see that, for single sheets, the H2Ti2O5 stoichi-
ometry is favored over the H2Ti3O7 one. Furthermore,
our results are compatible with X-ray determinations in-
dicating that the lepidocrocite structure is actually pre-
ferred for isolated nanosheets.29 In fact, the “wet-
lepidocrocite” O3/O3 structure is quite close to the ab-
solute minimum and its small energy cost could be eas-
ily overcome by entropic effects. Given the facile inter-
conversion between lepidocrocite and anatase,20 the
O1/O1** and O3/O3 sheets are closely related to the
structures of dissociatively and molecularly adsorbed

Figure 5. Equilibrium structure for the O3/O3 proton config-
uration of H2Ti3O7 in the AAA stacking sequence.

Figure 6. Polyhedral representations of the O3/O4 (left) and of the
O2/O3 (right) proton configurations of ABA-stacked H2Ti3O7.

TABLE 1. Stabilities (per formula unit, see eq 2) and
Optimized Parameters for Models of H2Ti3O7 in the AAA
Stacking with Different Proton Configurations (note that a
nonstandard axis setting has been chosen)

E (eV) a (Å) b (Å) c (Å) � (deg)

O1/O1 �0.23 9.638 3.723 7.840 102.97
O2/O2 �0.41 9.229 3.764 7.910 101.69
O3/O3 �0.53 9.406 3.763 7.973 106.93
O4/O4 �0.49 9.342 3.796 7.800 105.01
O1/O1a (�7935.2) 9.759 3.734 8.771 104.42
O2/O2a (�7935.3) 9.545 3.764 8.998 102.65
O3/O3a (�7934.0) - - - -

aLDA values from ref 13. Values in parentheses are total energies, which depend on
the specific computational setup (pseudopotentials, etc.) and so cannot be directly
compared to our results.

TABLE 2. Stabilities (per formula unit, see eq 2) and
Optimized Lattice Parameters for Models of H2Ti3O7 in the
ABA Stacking with Different Proton Configurations

E (eV) a (Å) b (Å) c (Å) � (deg)

O1/O1 �0.38 9.639 3.716 15.841 96.54
O1/O3 �0.48 9.350 3.762 16.168 100.16
O2/O4 �0.55 9.355 3.770 16.181 100.48
O2/O3 �0.82 9.271 3.768 16.189 102.16
O3/O4 �0.85 9.252 3.773 16.147 101.67
exptl.a 9.188 3.747 16.025 101.46

aFrom ref 24.
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water on the anatase (001) surface. Interestingly, the

strong preference for dissociative water adsorption

found for the anatase (001) surface28 becomes almost

negligible in the nanosheet case.

Additional calculations for both AAA- and ABA-

stacked step-2 titanate structures are reported in Table

3. As observed for the step-3 case, some configurations

become drastically modified during the optimization.

No clear preference is present for the ABA stacking in

this case. Overall, these calculations show that whereas

for stacked titanates an efficient H-bonding makes the

H2Ti3O7 stoichiometry favored over the H2Ti2O5 one, no

such preference can be found as far as single proto-

nated sheets are considered.

Nanotube Models. Independent of its formation
mechanism (which we do not intend to investi-
gate here), a stable nanotube is formed only if the
framework structure of the sheet is able to sus-
tain the strain arising from the different surface
tensions existing at the two sides of the sheet. In
principle, a nanotube with low strain energy can
be obtained from a nanosheet whose surfaces
have different optimal values of the lattice param-
eter along the scrolling direction, as in the par-
tially deprotonated trititanate model of ref 11. On
the basis of the results presented so far, it ap-
pears that this requirement could be satisfied by
a neutral sheet made by coupling the
hydroxylized-anatase-like H2TiO5(O1/O1)** and
wet-lepidocrocite H2TiO5(O3/O3) configurations
(which are closely related, but have largely differ-
ent a structural parameters).

To confirm the above conjecture, we per-
formed calculations on three nanoribbon mod-

els, which, with reference to the lepidocrocite struc-

ture shown in Figure 1, included 2 cells along b, and a

total of 3, 5, and 7 cells along a. In practice, these mod-

els were built starting from the H2Ti2O5(O1/O1)** con-

figuration, by removing water molecules from the top

surface, which means that they have a H2Ti4O9 stoichi-

ometry. To minimize size effects, the dangling bonds of

the lateral surfaces of the nanoribbons were termi-

nated with OH groups30�32 obtained from the dissocia-

tive adsorption of water molecules. Only the � point

was used, and the b constant (the periodicity along a

is lost in the nanoribbon models) was optimized on a

coarse 0.05 Å grid (because of the approximated nature

of the models, it makes little sense to perform calcula-

tions of higher accuracy). As a check, analogous calcula-

tions were run on nanoribbon models representing

lepidocrocite-TiO2 sheets, and fully hydroxylized ana-

tase bilayers, viz. the H2TiO5(O1/O1)** sheet. The opti-

mized structures for the largest models of all investi-

gated systems are shown in Figure 8. To estimate the

convergence of the results, we computed the energy

corresponding to the lepidocrocite-TiO2 � H2O ¡

H2TiO5(O1/O1)** transformation. This changed from

0.33 to 0.29 and 0.29 eV/H2O for nanoribbons of 2 � 3

Figure 7. The framework structure of an hypothetical step-2
H2Ti2O5 compound, shown in a ball-and-stick (left) and in a polyhe-
dral representation (right).

Figure 8. Equilibrium structures for a single H2Ti2O5 sheet.
The corresponding lattice parameters (in Å) are: O1/O1 (a �
6.780, b � 3.700); O1/O1* (a � 8.217; b � 3.71); O1/O1** (a
� 8.130; b � 7.210); O2/O2 (a � 6.544; b � 3.755); O3/O3 (a
� 6.060; b � 7.460). Configurations O1/O1** and O3/O3 are
described by 1 � 2 supercells. A mixed O1/O2 configuration
(not shown) was also computed (E� �0.17, a � 6.681, b �
3.735).

TABLE 3. Stabilities (per formula unit, see eq 2) and
Optimized Lattice Parameters for Models of a
Hypothetical Step-2 Layered Compound of H2Ti2O5

Stoichiometry

E (eV) a (Å) b (Å) c (Å) � (deg)

ABA stacking
O1/O1 �0.35 6.750 3.671 15.697 93.72
O2/O2 �0.64 6.496 3.773 16.221 93.80
O1/O2 �0.52 6.601 3.741 16.026 93.12
AAA stacking
O2/O2 �0.69 6.553 3.779 7.742 100.54
O3/O3 �0.64 6.506 3.833 7.690 100.18
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to 2 � 5, and 2 � 7 size, respectively. This indicates
that medium-size models are already a realistic repre-
sentation of the extended sheets, for which a transfor-
mation energy of 0.28 eV/H2O value is obtained (see
Figure 7).

In tune with our expectations, our results show that
whereas the equilibrium structures of the lepidocrocite-
like and of the fully hydroxylated models are perfectly
planar (see Figures 9a and 9b), the asymmetrically hy-
droxylated models are significantly bent (see Figure
9c). Morevorer, the framework structure of the latter
could be described as an anatase-like bilayer distorted
toward lepidocrocite. This could explain why both
anatase- and lepidocrocite-like models are able to fit ex-
periments. The diameter D of the complete nanotube
was estimated by fitting the positions of the most inter-

nal 3-fold coordinated O ions with the equation of a
circle. We obtained D � 33 	 6 Å, 27 	 1 Å, and 27.0
	 0.4 Å for increasing nanoribbon size, which confirms
that the medium-size ribbons are reasonable models of
the extended system. A complete single-wall nano-
tube was built by propagating the coordinates of the
central part of the nanoribbon model, see Figure 9d.
Our predictions agree very well with the �3 nm inter-
nal diameter measured for typical TiO2 nanotubes (see,
e.g., ref 16 and 17). External nanotube diameters can be
up to 1 order of magnitude larger,33 which implies a
substantial increase of the curvature radius on moving
from the inner to the outer part of the nanotube. This
effect can be easily introduced in our model, by allow-
ing a smaller concentration of dissociated water in the
outer nanotube layers, which is compatible with the in-
dications of NMR experiments.4

Finally, It is also interesting to consider the strain en-
ergy of the nanotube. This can be indirectly estimated
by computing the energy corresponding to the trans-
formation: lepidocrocite-ribbon � nH2O ¡ curved-
ribbon (e.g., the process where the structure of Figure
9a is converted into the structure of Figure 9b). The re-
sulting energy is negative (i.e., the process is exother-
mic), and amounts to 0.35, 0.28, and 0.25 eV/H2O. This
means that the stability of the scroll-like nanotube is
not far from that of the planar sheets even when ne-
glecting interwall interactions, that is the strain energy
of the nanotube is very low.

SUMMARY AND CONCLUSIONS
In conclusion, we have investigated the structure

and stability of single/stacked TiO2-based nanosheets
of various stoichiometries. Among stacked systems,
ABA-type H2Ti3O7 is computed to be most stable, with
lattice parameters in very good agreement with the ex-
periment. The ABA stacking is favored because it al-
lows a very efficient interlayer hydrogen bonding. As
far as single sheets are concerned, the H2Ti3O7 stoichi-
ometry is no more favored. Instead, the following sys-
tems are found to be most stable and close in energy:
(i) step-2 titanate layers; (ii) hydroxylated anatase (001)-
like sheets; (iii) lepidocrocite-TiO2 sheets weakly inter-
acting with water. Finally, on the basis of the strong de-
pendence of the a parameter of single sheets on the
water adsorption mode, we suggest a new model for
Na-free scroll-like TiO2 nanotubes, where the strain en-
ergy is minimized by an unbalanced degree of water
dissociation at the two sides of the sheet.

METHODS
We performed periodic DFT calculations using the

Perdew�Burke�Ernzerhof34 (PBE) gradient-corrected exchange-
correlation functional. A plane-wave basis set was used in con-
juction with Vanderbilt ultrasoft pseudopotentials.35 Valence
states include 2s and 2p shells for O, and 3s, 3p, 3d, and 4s states

for Ti.36 Single layers of material were approximated with periodi-
cally repeated slabs, including a vacuum space of at least 12 Å.
Cell parameters were optimized with a damped cell-dynamics
minimization,37 while internal ion coordinates were determined
with the BFGS algorithm,38 without symmetry constraints. In a
previous study21 we found that, in order to reproduce results of

Figure 9. Side views of the equilibrium structures of the
largest nanoribbon models representing (a) a clean lepi-
docrocite sheet; (b) a fully hydroxylated sheet; (c) a sheet hy-
droxylated only on the bottom surface (used to model a por-
tion of scrolled nanotube); (d) a space-filling representation
of a scrolled nanotube built from the atomic coordinates of
the central part of the nanoribbon model shown in panel c.
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converged fixed-cutoff calculations, variable-cell calculations re-
quire a kinetic-energy cutoff of 50 Ry for the wave functions and
400 Ry for the augmentation charge. A 2 � 4 � 2
Monkhorst�Pack grid was used to sample the Brillouin zone of
the primitive cell of H2Ti3O7, and meshes of similar densities were
adopted for the other systems. Test calculations showed that in-
creasing the sampling point densities changes total energy dif-
ferences by � 0.001 eV/TiO2 formula unit. As a further check, we
optimized the structure of Na2Ti3O7, which has a P21/m symme-
try. The computed parameters are in excellent agreement with
the experiment39 (values in parentheses): a � 8.655 (8.571) Å, b
� 3.812 (3.804) Å, c � 9.242 (9.135) Å, 
� 101.66° (101.57°). Only
the � point was used in the calculations on the nanoribbon
models.

Acknowledgment. The calculations of this work have been
done with the QUANTUM-ESPRESSO package.40 Computational re-
sources and assistance were provided by the “Laboratorio Inter-
dipartimentale di Chimica Computazionale” (LICC) at the Diparti-
mento di Scienze Chimiche of the University of Padova, and by
CINECA (Bologna, Italy). Molecular graphics have been generated
by XcrysDen41 and GDIS.42

REFERENCES AND NOTES
1. Bavykin, D. V.; Friederich, J. M.; Walsh, F. C. Protonated

Titanates and TiO2 Nanostructured Materials: Synthesis,
Properties, and Applications. Adv. Mater. 2006, 18, 2807–
2824.

2. Chen, X.; Mao, S. S. Titanium Dioxide Nanomaterials:
Synthesis, Properties, Modifications, and Applications.
Chem. Rev. 2007, 107, 2891–2959.

3. Riss, A.; Berger, T.; Stankic, S.; Bernardi, J.; Knözinger, E.;
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