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The structural and electronic properties of anatase TiO2 nanocrystals �NCs� are investigated through first-
principles calculations. The dependence of the structural properties �e.g., NC volume variations� on the surface
chemistry is discussed by considering two different surface coverages �dissociated water and hydrogens�. Both
prevent a pronounced reconstruction of the surface, thus ensuring a better crystalline organization of the atoms
with respect to the bare NC. In particular, the results for the hydrated NC do show the largest overlap with the
experimental findings. The band-gap blueshift with respect to the bulk shows up for both the bare and the
hydrated NC, whereas hydrogen coverage or oxygen desorption from the bare NCs induce occupied electronic
states below the conduction levels thus hindering the gap opening due to quantum confinement. These states
are spatially localized in a restricted region and can be progressively annihilated by oxygen adsorption on
undercoordinated surface titanium atoms. Formation energy calculations reveal that surface hydration leads to
the most stable NC, in agreement with the experimental finding that the truncated bipyramidal morphology is
typical of the moderate acidic environment. Oxygen desorption from the bare NC is unfavorable, thus high-
lighting the stabilizing role of surface oxygen stoichiometry for TiO2. Available experimental data on the
electronic and structural properties of TiO2 NCs are summarized and compared with our results.
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I. INTRODUCTION

The popularity of titanium dioxide �TiO2� comes from its
multifunctional properties making it one of the most investi-
gated metal oxides. TiO2, mainly employed in chemistry, is
essentially a wide gap cheap biocompatible semiconductor
with striking photocatalytic capabilities in several heteroge-
neous reactions. Applications in the field of electronic de-
vices, polluting compounds decomposition, protection of ar-
tistic works from oxidation, medical bioengineering,
photoreactions for specific syntheses, solar energy conver-
sion with optimal quantum yields, and production of molecu-
lar hydrogen from water is driven through years to a wide-
spread scientific literature.1 The list of TiO2 applications is
still growing since the advent of nanotechnology, with pecu-
liar properties of this promising material emerging at the
nanoscale.2,3

TiO2 nanocrystals �NCs� are mostly synthesized with sol-
gel methods showing a high degree of crystallinity.4 Crystal
phase and morphology are strongly affected by synthesis
conditions, however both theoretical and experimental re-
sults proved the anatase polymorph to be favored for the
smallest samples ��14 nm� and for the acidic pH to stabi-
lize truncated tetragonal bipyramidal NCs with �101�, �011�,
�010�, and �001� facets.5–9 The aim of this study is to give an
insight into the structural and electronic properties of TiO2
NCs with differently covered surfaces, using ab initio
density-functional theory �DFT� calculations. Following the
suggestions proposed by Polleux et al.,9 we consider trun-
cated bipyramidal systems, with �101� and �011� as lateral

surfaces and �001� as the truncation surface, to model the
experimentally observed nanostructures. An analogous mor-
phology was recently proposed by Wu et al.10 as preferable
for dye-sensitized solar cells. The request of smallness of the
systems due: to computational effort, to stoichiometry to
avoid problems of charging, to the highest coordination for
each atom to support their formal oxidation state �i.e., O2−

and Ti4+� were not an easy task to be simultaneously ful-
filled, as previously reported by Persson et al.11 Moreover
the pure �or bare� anatase NC presented in this work are
somehow connected with the NC studied in a recent work of
Barnard et al.12 At the end we retained bipyramids with trun-
cation along the �001� direction thus eliminating most of the
undercoordinated atoms whose number raises coming closer
to the NC tip. This choice meets the experimental evidence
that bipyramids are always truncated or smoothed at the tips
due to growing dynamics, surface tension, and functionaliz-
ing adsorbates.8,9 Indeed our choice is also suitable for align-
ing and assembling NCs in longer chains since tipped bipyra-
mids would produce too narrow necks. There are many open
questions about nanostructured TiO2, some of which are ob-
ject of this work and are summarized in the following:

For structural properties the reduction in sample size pro-
duces an unavoidable variation of the structural arrangement.
Lattice parameters have been observed to expand in some
cases13 or to contract in others,14 while rutile and other metal
oxides show a linear expansion by decreasing the particle
size. A dependence on the preparation method is also ob-
served: sol-gel/hydrolysis methods lead to lattice strain, ex-
pansion, and Ti deficiency, whereas nonhydrolytic sol-gel
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routes lead to pure and stoichiometric samples with nonlin-
ear volume contraction.13

In the bulk anatase, a titanium �Ti� atom is in the center of
an octahedron whose vertices are occupied by six oxygens
�O�. This coordination is preserved in internal NC cells but
the surface truncation produces undercoordination, dangling
bonds, and surface tension whose effect is a local disorder.15

Some experimental works had observed the variation of
bond lengths and coordination numbers upon decreasing the
NC size, in the smallest samples ��5 nm�.15–19 This sug-
gests an influence of the surface on the overall structure.
Reactive compounds in solution can change the NC mor-
phology as proved by the restoring of the octahedral coordi-
nation for the surface Ti atoms after adsorption of
radicals.16,20

For electronic properties the anatase TiO2 crystal is an
indirect semiconductor with an energy gap of 3.2 eV.1 On a
theoretical general ground, a decrease in the dimensions
down to the nanometer scale makes the electron mean-free
path comparable to system size; thus, one would expect a
quantum size �Q-size� effect to be measurable through the
band-gap blueshift. This shift is not always detectable in
nanostructured TiO2: �i� some authors4,21,22 observed the
bulk gap for sample diameters down to 1.5 nm; �ii�
others2,23,24 measured a blueshift already in the range 5–10
nm �just recently, a clear detection of the blueshift for both
anatase and rutile polymorphs has been observed25�; �iii� a
redshift is also observed and is mainly ascribed to the pres-
ence of surface oxygen vacancies26,27 �behaving as shallow
traps for photogenerated charge carriers�, to adsorbates, or to
dopants producing electronic states in the forbidden region.2

The nature of the first allowed transition is still under debate
as well since a direct radiative decay blueshift of the band
gap is advised.3,21,28

For surface functionalization TiO2 is the best candidate
for photovoltaic solar cell conversion of light with water
splitting and consequent hydrogen production on a large
scale.1,29 This ambitious goal needs a deep understanding of
the interaction of TiO2 with water and its constituents. The
presence of a large hydration sphere surrounding TiO2 nano-
particles is usually detected,30 for example by infrared spec-
trum analysis,31 and may play a fundamental role in photo-
catalysis. This hydration sphere is built up of different and
nonequivalent bonds between water and the TiO2 surface32

and of weak hydrogen bonds among water molecules31 �thus
forming a multilayered wet sphere30�. The first water cover-
age can be made up of both a dissociative and a molecular
chemisorption33 on the NC surface but the dissociative ad-
sorption seems to be favored,34 being capable to fill possible
oxygen vacancies in the synthesis process. Early works di-
rectly focused on the TiO2-H surface interaction and doping
of NCs have been reported very recently.35,36 Keeping this in
mind we decided to cover our bare systems with simple ad-
sorbates �H2 and H2O�, modeling simple and stable surface
configurations in presence of hydrogens and hydration.

It is evident that the very numerous experimental data on
TiO2 NCs produced a large variety of, often conflicting, re-
sults. The lack of a satisfactory and organic comprehension
of many of the measured properties can certainly be ascribed
to the TiO2 own nature—very high reactivity toward the ex-

ternal environment, ability to sustain complex surface chem-
istry, O vacancies, etc. The aim of this work is to shed light,
at least partially, on some of these aspects. First-principles
calculations based on DFT will be applied to NCs with dif-
ferent surface coverages. Structural and electronic properties
will be analyzed and compared with experiments.

In Sec. II we summarize the method and computational
details and we define the NCs studied in this work. In Sec.
III A we discuss the results on the NC reconstruction in pres-
ence of different surface coverages. In Sec. III B we study
the NC electronic properties. The nature of the electronic
levels is elucidated from density-of-states �DOS� calcula-
tions and from plots of the highest occupied and lowest un-
occupied molecular orbitals �HOMO and LUMO, respec-
tively�. In Sec. III C we discuss the formation energy of the
NCs. We will show that the hydrated NC is the most stable,
whereas the hydrogen covered NC �representative of an ex-
treme acidic condition� is the most unstable one.

II. METHODOLOGY

All first-principles calculations are carried out within the
DFT framework, employing the QUANTUM-ESPRESSO

package37 based on plane waves and pseudopotentials. We
used the generalized gradient approximation �GGA� param-
etrized with the Perdew-Wang �PW91� exchange-correlation
functional38 and Vanderbilt ultrasoft pseudopotentials.39 The
reciprocal space is sampled using a plane-wave basis set with
a kinetic-energy cutoff of 30 Ry for the wave functions. The
NC geometries are optimized with the direct energy minimi-
zation technique of Broyden-Fletcher-Goldfarb-Shanno,40

which is a quasi-Newton method based on the construction
of an approximated Hessian matrix at each system relaxation
step. The optimization is stopped when each Cartesian com-
ponent of the force acting on each atom is less than
0.026 eV /Å and the total energy difference between con-
secutive steps is less than 10−4 eV. All properties presented
in the next sections are referred to the optimized systems. A
vacuum gap of at least 6 Å separates each NC from its pe-
riodic replica in neighbor supercells to avoid spurious inter-
actions. The convergence of the geometry, the electronic
properties, the formation, and total energy with respect to the
above parameters has been carefully checked.

The structural optimization of the tetragonal three-
dimensional anatase crystal gives the lattice constants a
=3.809 Å and c=9.604 Å, whereas the internal dimension-
less parameter is u=0.208. All three numbers compare well
with the experimental values �at 15 K� 3.782 Å, 9.502 Å,
and 0.208, respectively.41 The starting geometry of the bare
TiO2 NC is defined with atoms at the ideal crystal positions.
The atomic positions were then randomized by 1% breaking
symmetries and thus ensuring an unconstrained and more
physical relaxation.

The bare stoichiometric NC �sc29� presented in this work
is made up of 87 atoms with chemical formula �TiO2�29 �see
Fig. 1�. Its morphology derives from a perfect bipyramid
with �101� and �011� lateral surfaces and is then truncated
along �001�, �100�, and �010� directions. To ensure the
stoichiometry four oxygen atoms—in the crystal
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configuration—were added on the �001� surfaces labeled as
one-coordinated oxygens �see Fig. 1�. Several efforts to relax
the system with these atoms placed on the square base of the
structure did not converge, probably revealing the relevance
of the TiO2 anisotropy along the �001� direction.1 The result-
ant morphology is not easy to explain since it can be viewed
as an ellipsoid or a quasisphere anyhow nanofaceted, resem-
bling the model obtained by Dzwigaj et al.42 on a study of
hydrated anatase surfaces. For the two different surface cov-
erages that we propose each Ti atom is coordinated at least
with four oxygens and each O atom is coordinated at least
with two titanium atoms except the four one-coordinated
oxygens.

The first surface coverage of sc29 is achieved by bonding
each undercoordinated surface atom with one hydrogen �H�
atom at a distance of 1 and 1.75 Å from an oxygen and a
titanium atom, respectively.43 The resulting NC �sc29-H�,
with chemical formula �TiO2�29H48, can model the NC in
extreme acidic environments but cannot attempt to restore an
octahedral coordination of surface Ti atoms44 �see Fig. 1�. It
can also model the exposure of dehydrated NCs to a H2
atmosphere.36

The second surface coverage is obtained from sc29-H by
replacing hydrogens bonded to surface Ti atoms with OH
groups, which we label as OHout. On the other hand, we label
the bridging surface oxygens bonded to adsorbed H as OHin

�see Fig. 1� since this difference will be useful in the follow-
ing. One more OH group is added to each of the four Ti
atoms in the square base vertices to close their octahedral
coordination.45 The final NC �sc29-H2O� has the chemical

formula �TiO2�29�H2O�24 �see Fig. 1�. This coverage can
model the NC in a moderate acidic environment where OH
groups account for the presence of functionalizing moieties,
which stabilize the NCs through their radicals, or be viewed
as a complete dissociative adsorption of water in the first
layer of the hydration sphere. Hence this covered NC is
among the simplest �and also stablest� models of the first
layer of the hydration sphere.

At last, we studied the desorption of single oxygen atoms
from sc29. We eliminated one at a time the four one-
coordinated oxygens bonded on the surface of the optimized
sc29. The resulting structures will be referred to as
nc29-MO, with M = �1,2 ,3 ,4�. These surface bonds are con-
sidered important reactive sites in the nanocrystalline TiO2
activity.46

For all the above described NCs we also computed the
ionization potential �IP� and the electron affinity �EA� de-
fined as IP= �E�N−1�−E�N�� and EA= �E�N�−E�N+1��, re-
spectively. Here E�N� represents the total energy of the neu-
tral NC, whereas E�N+1� �E�N−1�� represents that of the
negatively �positively� charged NC. A rigid shift has been
applied to all the computed DOS, in such a way that
EHOMO=−IP for each NC �EHOMO being the HOMO energy�.

III. RESULTS AND DISCUSSION

In the next sections we will systematically draw a paral-
lelism between our findings and available experimental data.

A. Structural properties

1. NCs volume

The volume expansion or contraction of each NC has
been evaluated by comparing the volume of the optimized
NC with that of the NC, with the atoms at the bulk positions.
The volume of a given NC is computed as V=�x�y�z ��i is
the dimension along the i= �x ,y ,z� axis, computed as the
distance between the two outermost Ti atoms along that di-
rection�.

From Table I it can be seen that only sc29 has an appre-
ciable volume contraction �−11.5%� whereas sc29-H and
sc29-H2O are slightly expanded �less than 5%�. Since both
trends are actually observed,13,14 it was argued a dependence
on the composition and preparation conditions13 �for ex-
ample, Li et al.14 attributed the contraction to a positive pres-
sure of hydration sphere�. Our results show that the contrac-

TABLE I. Dimensions ��x, �y, �z�, volume �V=�x�y�z�, and volume variations ��V= �V−V0� /V0, with
V0 being the volume of the NC with the atoms in the ideal bulk positions� of the stoichiometric and
passivated NCs. �x, �y, and �z are calculated as distances along the respective axes between two outermost
Ti atoms.

System
�x
�Å�

�y
�Å�

�z
�Å�

V
�Å3�

�V
�%�

Bulk 7.618 7.618 9.604 557.36

sc29 7.253 7.261 9.361 492.99 −11.5

sc29-H 7.755 7.945 9.247 569.74 +2.2

sc29-H2O 7.815 7.728 9.604 579.79 +4.0

FIG. 1. �Color online� Optimized structures of the stoichio-
metric NCs presented in this work. The one-coordinated oxygens
are labeled in the left NC in the same order as they are removed to
form substoichiometric bare NCs nc29-MO �see text�. In the hy-
drated NC �on the right� the box shows some chemisorbed OH
groups labeled as OHin in the text, whereas the circle shows some
examples of chemisorbed OH groups labeled as OHout in the text.
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tion is more likely a property of the bare NCs since the two
coverages induce the opposite effect �as, for example, ob-
served by Swamy et al.13�.

By analyzing the variations along the three crystallo-
graphic axes, we find the contraction of the bare sc29 in each
direction more pronounced in the basal plane �−4.8%� than
along the z axis �−2.5%�. This overall contraction was also
experimentally reported by Choi et al.47 Passivated NCs
show an expansion in the basal plane �1.4%–4.3%� whereas,
along z, sc29-H contracts �−3.7%� and sc29-H2O keeps un-
changed, thus revealing another effect of the anisotropy of
the �001� direction. This behavior is also reported by Swamy
et al.,13 who experimentally observed an expansion of the
lattice constant a and the decrease in c. Swamy attributed the
small expansion to a Ti deficiency. Our results show that
particular surface configurations may contribute to determine
this tendency. An expansion of anatase nanoparticles in water
was also reported in a molecular dynamics study of Erdin
et al.,48 showing that anatase NCs preferentially expand in
the basal plane.

2. Bond lengths in the octahedron and distances of atomic pairs

To investigate the local order and the surface reconstruc-
tion of our optimized systems, bond length and distance dis-
tribution are analyzed. As a reference, we report in Table II
the ranges of variation of distances and coordination
numbers �CN� deduced from all available experimental
works15–19,49 �the samples in these works are prepared with
sol-gel methods and with diameters ranging from 1.9 to 20
nm and nearly spherical in shapes�.

In Fig. 2 we report the Ti-O and Ti-Ti distance distribu-
tion. A dispersion around ideal bulk values �dotted vertical
lines� is found as expected for strongly confined NCs due to
local disorder and reconstruction. However, while for sc29-H
and mostly sc29-H2O, the peaks corresponding to the bulk
distances are clearly distinguishable for sc29 the distance
distribution shows many more peaks. We conclude that the
surface coverage stabilizes a better crystalline organization
with respect to the bare NC. Experimentally, a decrease in
the CN and a broadened distribution of their values are ob-
served �see Table II�. The peaks 1a, 1b, and 1c of Fig. 2
reveal that the Ti-O first shell tends toward contraction in all
of the NCs, in agreement with experimental findings.15,16

This is more evident for sc29, for which most of the dis-
tances are less than 1.93 Å and the second shell does not
show up as a sharp peak. In sc29-H the decrease in the Ti-O
first shell bond length is less pronounced and it is contrasted
by an increase of bonds in the range of the second shell �peak
2b�. The decrease in the first shell length in sc29-H2O is as
well contained �peak 1c� except for an amount of bonds
shaping the peak 1c+ at the shortest distances.

Experimental samples show a reconstructed octahedron
with three short and three long bonds,18,19 whereas for the
bulk anatase four short and two long bonds are found �4:2
ratio�. To address this point we considered as Ti-O first shell
all the bonds shorter than 1.95 Å �average of the first and the
second shell length�, hence the longer bonds are considered
as Ti-O second shell. We find that the bare sc29 is closest to
the bulk ratio with 2.23 �sc29-H is unbalanced to 0.56�,
whereas sc29-H2O is the closest to experimental samples
with 1.05.

Higher Ti-O shells are not experimentally analyzed since
it is difficult to fit diffraction patterns for small NCs. How-
ever, sc29 shows a general trend of CN decreasing and dis-
tance contraction �larger disorder�, whereas sc29-H and �to a
larger extent� sc29-H2O main peaks are close to the bulk
values �thus ensuring a better structural organization, see
Fig. 2�.

In the Ti-Ti third shell variation, longer distances15,17 and
a decreased CN with respect to the bulk distance are experi-
mentally observed.18,19,47 The bare sc29 shows a pronounced
decrease of CN �see Fig. 2, peaks 3a1−3a4�. The hydrogen-
ated sc29-H is the closest to the bulklike behavior with a
single well defined peak �3b� at the bulk value. The hydrated
sc29-H2O has two main peaks �3c1 and 3c2� at longer dis-
tances than the bulk value, which do not cause an excessive
decrease in the CN, thus reproducing both experimental
findings.

TABLE II. Experimental ranges of variation �Refs. 15–19 and
49� of Ti-O distances �Ti fixed, O up to the fifth coordination shell�,
Ti-Ti distances �third and fourth coordination shell�, and coordina-
tion number �CN� in TiO2 NCs. In parentheses the respective ex-
perimental values for the bulk are shown for comparison.

Shell Atoms
Distance

�Å� CN

1st Ti-O 1.95–1.72�1.93� 5.8–2.8�4�
2nd Ti-O 2.01–1.99�1.98� 4.0–2.1�2�
3rd Ti-Ti 3.13–3.02�3.04� 3.3–1.5�4�
4th Ti-Ti 3.88–3.78�3.78� 3.0–0.7�4�
5th Ti-O 3.88–3.77�3.87� 5.0–4.0�8�
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FIG. 2. �Color online� Calculated density distribution of Ti-O
�left panel� and Ti-Ti �right panel� distances. Dotted vertical lines
correspond to bulk distances �with the respective CN on the top�.
Experimental results lie within the vertical �gray� lines. The num-
bered peaks are described in the text. A fictitious Gaussian broad-
ening ��=0.03 Å� is attributed to each distance to give an easier
picture and each curve is normalized to the total number of
distances.
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The observed Ti-Ti fourth shell slight expansion17 is best
reproduced by sc29-H2O with its main peak �4c�. Higher
Ti-Ti shells are broadened but hydration keeps distances at
the bulk values better than the other surface configurations
�see Fig. 2, peaks 5c and 6c�.

In conclusion, the water coverage �representative of mod-
erate acidic environment� is the best model for real NCs
since it is capable to intercept all experimental findings,
whereas full hydrogen coverage �representative of extreme
acidic environment� shows an overestimation of experimen-
tal trends. The overall trend for the bare NC is toward con-
traction and to a more disordered reconstruction. Moreover
the two simple surface coverages proposed in this work as
models of two configurations of the hydration sphere are able
to preserve a bulk structure of the NCs better than their bare
counterpart. This conclusion is in agreement with the results
of a molecular dynamics study by Koparde et al.50

Finally, to explain the two main experimental findings
�i.e., the decrease in the first shell Ti-O bond and the equality
of the first and second shell CN�, the contributions of differ-
ent atomic pairs to the peaks of Fig. 2 can be separated out.
From this analysis on sc29-H2O, we find that: �i� bulk oxy-
gens �threefold coordinated� faithfully reproduce the 2:1 ra-
tio of the distances in the bulk octahedron, thus other oxy-
gens are the source of experimental variations; �ii� the
increase in the second shell CN is entirely caused by surface
�H-bonded� oxygens; and �iii� oxygens coming from cover-
ing hydroxyl groups determine the first peak at 1.83 Å �peak
1c+�. We thus find that OHout radicals, adsorbed on the sur-
face of NCs, are the main source of the first shell contraction
actually observed.15,16 On the other hand, the experimental
evidence of the 1:1 ratio of the first two shells18,19 can be
entirely ascribed to chemisorption of OHin groups �see Fig.
1�. Thus we can clearly link the two main experimental
variations to two different sources that is the adsorption of
two kinds of OH groups on the NC surface. At last, isolated
and then highly reactive oxygen—possibly present on the
NC surface—may produce the shortest bonds ��1.79 Å
�Ref. 16�� as shown for sc29.

As a final remark, we point out that the adsorption of
hydrogen gives rise to bonds with a very narrow distribution
�with a 0.03 Å range�. The sc29-H shows a mean Ti-H dis-
tance of 1.72 Å, slightly smaller than the initial value of
1.75 Å. The O-H bond mean value is 0.98 Å for all NCs
�slightly reduced with respect to the initial value of 1.00 Å�,
in agreement with the result of Erdin et al.48

B. Electronic properties

In this section we discuss the electronic properties of the
NCs by analyzing the DOS, the DOS projected �PDOS� on
the atomic orbitals and charge-density plots.

1. From crystal to NC

First of all, we compare the electronic properties of the
bare sc29 NC with those of the bulk. The electronic levels
span four energy ranges, well separated by energy gaps �pan-
els �a�–�d� in Fig. 3�.

The first �Fig. 3�a�� and second �Fig. 3�b�� groups of lev-
els have a very dominant Ti 3s and Ti 3p atomic character,
respectively, thus they can be considered semicore states that
do not take part significantly to the chemical bond with oxy-
gen atoms. For sc29 these two groups of levels span an en-
ergy range of 0.60 and 0.88 eV, respectively, larger than the
respective range in the crystal �higher panels in Fig. 3, 0.07
and 0.65 eV, respectively�. This apparently contradicts an
expected narrowing due to the quantum confinement. Actu-
ally, this occurrence can still be attributed to the reduced
size, enhancing the role of the surface. This can be inferred
from the detached peaks at higher energy present in the first
three groups of levels of the NC �see bottom panels of Fig. 3,
peaks 1, 2, and 3�. Peaks 1 and 2 belong to the titania bonded
to the four one-coordinated oxygens on the surface, while
peak 3 is due to those oxygens. Peak 2 can be connected to
the results recently obtained by Thomas et al.51 on resonant
photoemission measurements of the Ti 3p electronic states of
the anatase �101�, �001�, and rutile �110� surfaces. In that
case, the Ti 3p related states have a tail at lower binding
energy than the bulk peak. The tail is ascribed to the outer-
most Ti3+ atoms of oxygen deficient or defective surfaces. In
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�top panels� and the sc29 NC �bottom panels�. The peaks labeled
1–3 are discussed in the text. The four occupied groups of levels
and their respective atomic character are labeled on the top. The
alignment has been performed by shifting the HOMO level of the
cluster to the calculated value of the ionization potential. For
graphical purposes the bulk DOS is shifted so as the top valence
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Kohn-Sham energy level.
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our case they are related to the interaction of Ti atoms with
one-coordinated surface oxygens, for which a double bond
nature is suggested.16 The desorption of these oxygens
�nc29-MO NCs, see Fig. 1� leads to the progressive ap-
proaching of the peak to the bulk peak and an increasing
number of occupied Ti 3d states, whose nature will be dis-
cussed later.

The third group of states has a dominant O 2s atomic
character and shows hybridization with the Ti4s−3d atomic
orbitals. Its width is even, in this case, larger for the NC
�2.14 eV� than for the crystal �1.47 eV�.

The last occupied group has the hybrid Ti4s-O2p and
Ti3d-O2p characters. In this case the group widths are similar,
4.50 eV for the crystal and 4.63 eV for sc29, and can be
compared with the experimental value for bulk anatase of
4.70 eV.52

The Q-size effect is better shown in the last two groups by
the presence of narrower and sharper peaks in the DOS and
most of all by the widening of the band gap. The anatase
crystal is an indirect semiconductor with the first transition
�M→�� at 3.2 eV. Our calculation on the anatase crystal
gives a gap of 2.13 eV, which well compares with other
theoretical works based on the DFT,53 but it is clearly an
underestimation of the real band gap �this is an usual short-
coming of DFT�. The HOMO-LUMO gap in the NC is 2.46
eV showing a blueshift of 0.33 eV. The first group of empty
states has a dominant Ti 3d character at the onset with an
increasing O 2p hybridization character for both systems.
From this first analysis we deduce that, in the range of 1 nm,
two different and likely competing effects showed up. The
Q-size effect is present due to the reduced size but the
spreading of the states all over the system makes them influ-
enced by the surface structure. The overall behavior of the
electronic states is thus the result of the two effects.

2. Effects of the surface coverage

The main difference introduced by the surface coverages
in the two semicore groups of levels is the absence of the
detached peaks observed in sc29. They are ascribed to the Ti
atoms bonded with the one-coordinated oxygens on the �001�
surfaces �see bottom panels of Fig. 4, peaks 1, 2, and 3�.
These oxygens are H-bonded for both coverages, thus be-
coming twofold coordinated.

The third group of levels �see Fig. 4�c�, dominant atomic
character O 2s� is strongly affected by the surface bonds. For
both coverages, the levels mainly related to H-bonded oxy-
gens �group of peaks A and C� are all located at higher bind-
ing energies than those related to unsaturated oxygens �group
of peaks B and D�. At variance, in sc29, the levels related to
undercoordinated surface oxygens �the H-bonded ones in
sc29-H� are all located at lower binding energies. Thus the
surface coverage induces a level shift of these O 2s orbitals
to higher binding energies than those related to bulklike oxy-
gens.

The most interesting changes concern the higher-energy
valence levels �see Fig. 4�d��, as explained in the following:

For O-H bonds both sc29-H and sc29-H2O do show, in
this energy range, a subgroup of levels with higher binding
energies than those related to the �bulklike� Ti-O bonds. Such
subgroups are labeled E and G and are ascribed to the
O2p-H1s chemical bond. From a deeper analysis of the sub-
group G in sc29-H2O, it turns out that the higher binding
energy levels are due to O-H bonds within chemisorbed
OHin, whereas the lower binding energy levels are due to
chemisorbed OHout radicals. Thus, it is possible to distin-
guish the effect of the two types of chemisorbed OH radicals
in stabilizing the electronic levels, as it happens for the struc-
tural reconstruction of the octahedron �see Sec. III A�.

For Ti-H bonds hydrogen coverage produces an occupied
subgroup of states in the forbidden bulk gap �labeled F in
Fig. 4�d��, just above the �bulklike� Ti-O valence-band �VB�
states, whereas the hydrated sc29-H2O results in a significant
increase in the DOS below the �surface� O 2p HOMO en-
ergy. The subgroup F is substantially related to the
Ti3d−4s-H1s chemical bond, absent in the bare and hydrated
NCs. Therefore, the reduction of Ti atoms promoted by the
formation of Ti-H bonds leads to the opposite effect with
respect to the Ti-OH bond: occupied states show up at lower
binding energy than the typical top valence states of TiO2
�antibonding O 2p derived bands�. This effect can be a
source of a possible redshift of the band gap, eventually hid-
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ing the blueshift caused by the Q-size effect. The very pres-
ence of these subgap states shows that the hydrogen cover-
age does not provide an ideal hydrogen passivation of the
system.54 The gap between the top �barelike� occupied level
and the onset of the subgroup F is 0.35 eV. Similar intragap
states have been actually observed and ascribed to the hydra-
tion sphere, whose Ti-OH and Ti-H2O bonds have induced
occupied states above the VB of about 0.6 and 0.54 eV,
respectively.55 On the contrary, our results show that Ti-OH
bonds do not induce states in the gap but they stabilize states
to higher binding energies than the VB. The intragap states
do depend from possible Ti-H bonds, which can be formed
on the surface of the NCs �for example, due to the steric
hindrance of the same hydration sphere�.

3. Band gap

The blueshift obtained for the bare NC �0.25 eV� is en-
hanced in sc29-H2O, showing a forbidden gap of 2.83 eV
�i.e., a blueshift of 0.70 eV�. We expect that the Q-size effect
can be detectable in stoichiometric TiO2 NCs and, mostly, it
can be preserved by some configurations of the hydration
sphere. In fact, the experimentally observed blueshift is
sometimes ascribed to direct allowed transitions21,23 in an
otherwise indirect semiconductor. However our results show
that even the direct transition is blueshifted. Of course the
small exciton radius of TiO2 �Rex�1 nm� �Ref. 21� makes it
difficult to detect the Q-size effects since it requires the syn-
thesis of very small NCs. Furthermore, such NCs may show
properties strongly dependent on the structural relaxation,
the crystal purity, and the surface properties. Our results are
in agreement with the very recent experimental work of Sa-
toh et al.,25 who observed band-gap blueshifts in the range
0.22–0.69 eV for anatase NCs with diameters in the range
1.64–1.02 nm. These authors have also pointed out the im-
portance of crystallinity on the Q-size effects, as they have
detected different blueshifts ascribable to rutile and anatase
NCs of comparable dimension. In our case, this dependence
on the structural organization is linked to the surface cover-
age, as it is capable to preserve a better crystallinity �see Sec.
III A�. In fact the blueshift of the hydrated NC �0.70 eV� is

closer to the experimental value �0.69 eV� with respect to the
bare sc29 �0.33 eV�.

In Fig. 5 we sketch some examples of the different phe-
nomena, which do occur with other surface configurations.
The hydrogen coverage of the bare NC leads to the presence
of four occupied energetic levels near the conduction band
�CB� �see Fig. 4�d�, peak 5�, which considerably reduce the
gap to 0.11 eV. In the same way the progressive desorption
of the one-coordinated oxygens from the �001� surface leads
to NCs �nc29-MO, M = �1,2 ,3 ,4�� with an energy gap of
about 0.2 eV and an increasing content of occupied states
near the CB whose occupation number is always twice the
number of desorbed oxygens.

4. HOMO-LUMO states

In this section we comment on the spatial distribution of
the HOMO, LUMO, and the intragap states of the hydrogen
covered sc29-H and substoichiometric nc29-MO NCs, re-
spectively. The knowledge of these key features can help in
understanding the photoactivity of TiO2 NCs since the loca-
tion of reactive sites and the pathways of charge transfer are
originated by the overlap of the wave functions and by the
energetic proximity among excitable and available single
states.

HOMO and LUMO charge-density contour plots are de-
picted in Fig. 6. The sc29 HOMO originates from an O 2p
orbital, which is also typical of the valence-band maxima of
TiO2 crystals.52 It is a localized surface state and no hybrid-
ization with Ti orbitals occurs �see Fig. 6�. Similarly, the
sc29-H2O HOMO is O 2p in character but its spatial distri-
bution is affected by the degeneracy of the highest occupied
energetic levels, as previously shown in Fig. 4. On the con-
trary, the sc29-H HOMO shows an exclusive Ti 3d character
and its spatial distribution involves Ti atoms localized in a
restricted region of the NC. In general, the Ti 3d orbital
character of electronic states is due to free CB electrons,52 to
defect sites caused by oxygens deficient structures,51 or to
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FIG. 5. �Color online� Scheme of the intragap energy levels of
the hydrogenated and O deficient NCs. All LUMO energies are
placed to 0 eV for graphical purposes. The HOMO-3 level of
sc29–4O is double degenerate, as indicated by the label.

FIG. 6. �Color online� Charge-density contour plots of the HO-
MOs and LUMOs states of stoichiometric NCs. The contours cor-
respond to 10% of the maximum value.
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photogenerated traps.56,57 The oxygens vacancies can deter-
mine intragap occupied states immediately above the VB
�Ref. 52� or below the CB edge.58 In our case, the sc29-H
HOMO is a defect state just below the conduction levels
�HOMO-LUMO gap is 0.11 eV, see Fig. 5�. It is worthwhile
to note that this result can be linked to the very recently
observed formation of Ti 3d occupied states, in the dark and
at low temperatures, due to the hydrogen coverage of
NCs.35,36 The other three occupied states below this HOMO
also have Ti 3d character and are localized in the region of
one of the two �001� surfaces �see as example the HOMO-1
level in Fig. 7�. It is interesting to note that the Ti atoms
involved in these states are indifferently bonded to hydrogen
or oxygen.

All the LUMOs have Ti 3d character, as expected for the
TiO2 conduction levels52 but the spatial distribution of the
sc29-H LUMO differs from the others, since it involves only
the outermost titania �see Fig. 6 top right�. The sc29 and
sc29-H2O LUMOs are delocalized in the bulk, showing Ti
3d levels spread either all over the structure �sc29-H2O� or
on a “bulk” plane of Ti atoms �sc29�. On the contrary, sc29-
LUMO is surface delocalized as for two-dimensionally delo-
calized shallow traps revealed by electron paramagnetic
resonance �EPR� measurements.58–60 This information can be
particularly useful for the synthesis of TiO2 nanofilms made
up of NCs whose conductive properties are liked to be tuned.

Another result concerns the four defect states of sc29-H,
namely, HOMO-3 to HOMO. We can infer that the reduction
of the bare NC with hydrogens does not produce any charge
transfer from the Ti 3d defect sites to the nearest hydroxylic
groups if we consider these aspects: �i� the difference be-
tween sc29-H and sc29-H2O is the substitution of the Ti-H
bonds with Ti-OH ones; �ii� the defect sites are absent in the
hydrated sc29-H2O, thus unveiling the electron donor behav-
ior of hydrogens in sc29-H; �iii� the defect sites involve tita-
nia of Ti-H as well as of Ti-OH bonds; and �iv� there is no
hybridization of the defect sites in sc29-H with H 1s orbitals,
on the contrary they show a pure Ti 3d character. This oc-
currence was reported by Henderson et al.61 on measure-
ments regarding the TiO2 �110� surface where the charge
transfers from the defective Ti 3d to the bonded hydroxylic
group only. This result also confirms that surface Ti-OH spe-
cies are unlikely to be electron donors as it has been recently
reported.35 This information can be useful to understand the
electronic pathways in the photocatalytic activity of TiO2
NCs.

The desorption of the four one-coordinated oxygens from
the bare sc29 produces defect sites below the conduction

levels. The number of such sites equals the number of des-
orbed oxygens �see Fig. 5�. They are all Ti 3d in atomic
character and are localized on the surface region surrounding
the desorbed oxygens �see Fig. 7�. The electron scavenging
action of adsorbed oxygens involves, at first, deep defect
sites and then shallow energy sites, thus narrowing and
quenching the distribution of defect states below the CB. An
analogous result is reported by de la Garza et al.,62 who
observed a progressive removal of surface sites of TiO2
nanoparticles by increasing the concentration of dopamine,
which restores the octahedral coordination of surface Ti at-
oms with its OH bidentate ligands.

C. Formation energies

The formation energy of a given NC is defined by

Ef = Etot − Mx · �x − N · �TiO2
, �1�

where Etot is the total energy of the system, Mx is the number
of covering molecules having chemical potential �x �x=H2;
H2O�, and N is the number of TiO2 units �with chemical
potential �TiO2

�. The chemical potentials are chosen as the
total energy of the correspondent isolated molecules.

The energy required to cover the surface with adsorbates,
referred to as passivation energy with respect to the bare NC
sc29, is defined by

Ep = Etot − Mx · �x − Etot
sc29, �2�

where Etot is the total energy of the covered system, Etot
sc29 is

the total energy of the bare sc29, and M is the total number
of covering molecules. All data are shown in Table III.

All NCs have negative formation energies �column Ef�.
The highest Ef per TiO2 molecule is −4.48 eV of sc29-H,
while the lowest is −5.66 eV of sc29-H2O �column Ef /N�.
The passivation energy with molecular hydrogens costs 0.43
eV per H2 molecule, while dissociative adsorption of mo-
lecular water is −0.99 eV per H2O molecule �column
Ep /M�.

The hydrated NC is the most stable and this is consistent
with our initial assumption that truncated bipyramidal mor-
phologies are characteristic of moderate acidic aqueous
solutions. The stabilizing role of dissociative adsorption of
water on the overall energetics of nanophase samples has

TABLE III. Formation energy �Ef�, passivation energy �Ep�, for-
mation energy per TiO2 unit �Ef /N�, and adsorption energy per
passivating molecule �Ep /M�. The values are obtained from Eq. �1�
and Eq. �2�, and are all expressed in eV.

System Ef Ef /N Ep Ep /M

sc29 −140.37 −4.84

sc29-H −130.02 −4.48 10.35 0.43

sc29-H2O −164.03 −5.66 −23.66 −0.99FIG. 7. �Color online� Charge-density contours plots of some
occupied states of O deficient or hydrogenated NCs. The contours
correspond to 10% of the maximum value.
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been observed34 and it has been also suggested by theoretical
works.48

The desorption energy �EO of an oxygen atom, one-
coordinated on the surface of sc29, is calculated from

�EO = �EM
tot +

M

2
· �O2

− Esc29
tot 	/M , �3�

where M = �1,2 ,3 ,4�, EM
tot is the total energy of nc29-MO,

�O2
is the chemical potential of a spin polarized isolated

oxygen molecule, and Esc29
out is the total energy of sc29. The

result is 3.47 eV for each oxygen, which shows that the
stoichiometric NC is the most stable, that these oxygens sites
are independent, and lastly that the oxygen desorption from
these NCs is unfavorable. It should be pointed out that the
four oxygens are one coordinated to the surface Ti atoms,
which became fourfold coordinated in this way, thus ensur-
ing a better stabilization of undercoordinated titanium atoms
with strong bonds.

Using the Makov-Payne correction for charged systems,63

we calculated the electron affinity �EA� and the ionization
potential �IP� of our NCs with results shown in Table IV. The
sc29 ionization potential of 8.55 eV is in the range of values
of 8.37–9.98 eV calculated by Qu and Kroes64 for TiO2 NCs
composed by up to 15 molecular units, whereas its electron
affinity of 3.72 eV is between the adiabatic and vertical de-
tachment energy �3.6–4.80 eV� measured by Zhai and
Wang65 on an anionic �TiO2�10 NC. Progressive oxygen de-
sorption from sc29 lowers more and more both the electron
affinity and the ionization potential and can be rationalized
as the effect of the presence of defective electronic states,
near in energy to empty conductive states. This trend is con-
firmed by hydrogen covered sc29-H, which as well presents
defective states. Hydrated sc29-H2O shows a high ionization
potential of 7.82 eV �which can be connected to that of sc29�
but a low electron affinity of 2.83 eV �which is close to that
of sc29-H�.

IV. CONCLUSIONS

We performed DFT calculations on TiO2 NCs with differ-
ent surface coverages, modeling different synthesis condi-
tions. From a thorough analysis of the experimental findings
we identified the relevant ranges of variation of the main
structural and electronic properties. The comparison with our

calculations allowed us to interpret some controversial prop-
erties of TiO2 NCs. The main properties that we highlighted
are summarized in the following: �1� The bare stoichiometric
NC undergoes a global structural contraction, whereas sur-
face coverage induces volumetric expansion. The contraction
of sc29 occurs in each direction, thus the same trend is ex-
pected for TiO2 NCs not subjected to an external pressure.
On the contrary, the interaction with adsorbates produces an
expansion, which is more evident along the basal direction
than on the �001� surfaces. This explains the observed expan-
sion of the cell parameter a and the slight contraction of c.
�2� All the NCs show the contraction of the first shell Ti-O
bond length, but only hydration leads to a 1:1 ratio of the
first and second shell coordination numbers �i.e., the ob-
served rearrangement of the Ti-O bond lengths in the octa-
hedron�. Thus, from the hydrated NC, we link these two
results to two surface bonds of different nature: �i� Ti-OH
bonds, with the hydroxylic radical adsorbed on the underco-
ordinated Ti of the surface, lead to short Ti-O bonds; �ii� OH,
adsorbed in the surface of NCs as bridging groups between
Ti atoms, induce long Ti-O bonds. �3� The surface coverage
prevents a pronounced reconstruction of the surface, thus
leading to a more bulklike organization of the whole struc-
ture. In particular, the hydrated NC more closely reproduces
the observed variations with respect to the bulk structural
properties. �4� The small exciton radius of TiO2 �Rex
�1 nm� �Ref. 21� makes it difficult to observe the Q-size
effects. Our NCs are thus well suited �2RNC�Rex� to detect
such possible effects. In fact, the quantum confinement of the
electronic states can be deduced from the tendency to dis-
cretization of the electronic levels and from the blueshift of
the band gap. This shift and the shape of the DOS depend on
the NC crystallinity since we showed that each surface cov-
erage induces a different local and hence global spatial re-
construction. Such a result agrees with recent experimental
observations.25 However the decrease in the NC dimension
down to the nanoscale enhances the surface role, as well.
Hence, Q-size effects can be hidden in the presence of par-
ticular surface morphologies. For example, hydration stabi-
lizes all the dangling bonds to higher binding energies than
the valence states of the NC, whereas the chemical reduction
of the same NC with hydrogen coverage induces intragap
states. Furthermore, the surface configuration affects the en-
ergy distribution of the electronic states down to the semi-
core states. �5� Occupied electronic states in the range 0.11–
0.40 eV below the conduction levels are induced by oxygen
desorption and reduction with hydrogen of titanium atoms.
These states are Ti 3d in atomic character and are spatially
localized in restricted regions of the NCs. Adsorption of oxy-
gen decreases the number of these states from the deepest
energetic levels on, similarly to the effect induced by dopam-
ine bidentate ligands on defect sites.62 No complete charge
transfer occurs from these defect sites to the hydroxylic
groups, as experimentally observed for surfaces.61 �6� At last,
the hydration leads to the most stable NC. This is consistent
with the experimental evidence that truncated bipyramidal
NCs are characteristic of moderate acidic environments and
that the first layer of water coverage on TiO2 nanosamples is
preferentially constituted of dissociated water. Oxygen ad-
sorption is as well favored, since it restores the octahedral
coordination of surface titanium atoms.

TABLE IV. Calculated EA and IP of all the TiO2 NCs.

System
EA
�eV�

IP
�eV�

sc29 3.72 8.55

nc29–1O 3.52 6.39

nc29–2O 3.35 5.95

nc29–3O 3.17 5.78

nc29–4O 3.06 5.63

sc29-H 2.71 4.98

sc29-H2O 2.83 7.82
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