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Charging and doping are two important strategies used in TiO2 quantum dots for photocatalysis and

photovoltaics. Using small clusters as the prototypes for quantum dots, we have carried out density

functional calculations to study the size-specific effects of charging and doping on geometry, electronic

structure, frontier orbital distribution, and orbital hybridization. We find that in neutral (TiO2)n clusters

the charge transfer from Ti to O is almost size independent, while for the anionic (TiO2)n clusters the

corresponding charge transfer is reduced but it increases with size. When one O atom is substituted

with N, the charge transfer is also reduced due to the smaller electron affinity of N. As the cluster size

increases, the populations of 3d and 4s orbitals of Ti decrease with size, while the populations of the 4p

orbital increase, suggesting size dependence of spd hybridizations. The present study clearly shows that

charging and doping are effective ways for tailoring the energy gap, orbital distributions, and

hybridizations.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

The amount of energy necessary to sustain our society is ever
increasing as the population of the world increases. Since the
supply of fossil fuels is very limited and they have had an adverse
effect on the environment, it is imperative to explore new energy
sources, which are abundant, renewable, secure, clean, safe, and
cost-effective. The Sun is our only external energy source, harnes-
sing its energy has been one of the main objectives in renewable
energy research. There are many ways to convert solar radiation
directly into electrical power or chemical fuel; silicon solar cell is
such an example [1–3]. However, the capital cost of such devices
is not suitable for large-scale applications. One of the attractive
strategies is to use quantum dots based structures to mimic
photosynthesis in the conversion and storage of solar energy
[4–6]. Among the widely used quantum dots, titanium dioxide
(TiO2), due to its chemical stability, low-cost, and nontoxicity,
has been extensively used in photovoltaic solar cells and photo-
electrochemical devices [7–10]. To improve the efficiency, two
strategies are widely used: dye-sensitizing and doping. In dye
sensitized TiO2 quantum dots, electrons are injected to the dot
ll rights reserved.
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from the photo-excited dye, which is a dynamic charging process.
When employing the doping strategy, transition metals are not
suitable due to problems associated with thermal instability and
carrier-recombination. Non-metal doped TiO2 was found to be
effective for improving the photosensitivity of TiO2 in the visible
light region. Currently research is focused on non-metal doping.
Asahi et al. [11] first carried out substitutional N doping in TiO2 by
the sputtering method and found that photosensitivity in the
visible spectral range can be enhanced. Since then, N-doping is
widely used in TiO2 nano-particles, nano-tubes, films, and
powders [12–15]. In practical applications of TiO2 quantum dots,
the environment such as substrate, dye molecules, and the linkers
also have important influence on their structure and properties.
To get fundamental insight into the effects of charging and doping
on TiO2 quantum dot, we studied small TiO2 clusters, which can
be used as prototypes for quantum dots, nano-particles, and
powders. We recall that previous studies on small oxide clusters
have demonstrated that they can be treated as embryonic forms
of their crystals [16,17]. Our focus is on the study of the effects of
charging and doping on orbital hybridizations and distributions,
while the previous studies have mainly concentrated on the effect
of cluster size on geometry and energy gap. Mowbray et al. [18]
studied theoretically the stability and electronic properties of
(TiO2)5 cluster with and without B and N doping. In this study, we
address the following basic issues by studying the stability and
electronic properties of (TiO2)n (no5) clusters and their anions
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with and without N doping: How do the geometry, orbital
hybridizations and orbital distributions change when a charge
or a dopant is introduced to a TiO2 quantum dot? How do the
changes depend on the dot size?
Fig. 2. Optimized geometries of anionic (TiO2)n
� clusters for the low-lying isomers.
2. Computational details

Calculations are carried out using the density functional theory
(DFT) with BPW91 functional [19,20] for the exchange-correlation
potential, as implemented in Gaussion03 [21] program. The
6-31þGn basis sets for Ti and 6-311þþGnn [22–25] basis sets for
O and N were used. The validity of our theoretical procedure is
tested by calculating electron ionization potential (IP) of Ti atom
and electron affinities (EA) of O atom. These are found to be 6.92
and 1.57 eV, respectively, and are in good agreement with
corresponding experimental values of 6.83 and 1.46 eV [26,27].
The calculated adiabatic detachment energy (ADE) and vertical
detachment energy (VDE) for TiO2 molecule are 1.49 and 1.58 eV,
respectively, which also agree well with the corresponding
experimental values of 1.59 and 1.59 eV [28]. In our calculations
all the geometries of neutrals and their anions for doped and
undoped clusters are fully optimized without any symmetry
constraint. The relative stabilities of the structural isomers are
discussed based on their energies.
Fig. 3. Distributions of frontier orbitals of the neutral and anionic (TiO2)n.
3. Results and discussion

3.1. Neutral and anionic (TiO2)n clusters

In Figs. 1 and 2 we show the structures of the ground state and
some selected low lying isomers of neutral and single charged
anionic (TiO2)n clusters, respectively. The following features are
noticed: (1) For n¼1, 2, 3, and 4, the ground state geometries of
the neutral and its anion have the same symmetry and similar
geometric configuration, but the bonds in the anions are elongated
due to the extra electron, especially for n¼4. Here the elongated
bonds make the anion less compact as compared to the neutral
one even though both of them have the same C2v symmetry,
labeled as C2v,a, and C2v,b respectively. (2) For the neutral cluster of
(TiO2)2, the ground state geometry has C2h symmetry and the C2v

isomer is 0.3 eV higher in energy. When one electron is intro-
duced, the energy difference between these two isomers is
Fig. 1. Optimized geometries of neutral (TiO2)n clusters for the low-lying isomers.
reduced to just 0.03 eV. This agrees well with the value of
0.02 eV calculated by Li and Dixon. [29] at the CCSD(T) level. Since
both C2h and C2v isomers have open geometry, addition of the
negative charge induces near degeneracy in the anion. The situa-
tion is different for n¼4, where the ground state geometry of the
neutral is C2v,a, and the isomers C2h and C2v,b are 0.3 and 0.4 eV
higher in energy, respectively. Once negatively charged, the
isomer C2v,b becomes the ground state, and the isomer C2v,a is
0.8 eV higher in energy. This is in agreement with the result
obtained by Qu et al. for the (TiO2)4 anion [30]. In this case,
addition of the negative charge increases the energy difference
between structural isomers. Therefore, the effect of charging on
geometry depends on the geometric details of isomers.

In order to get some in depth understanding of the electronic
structure and its effect on the geometries, we have analyzed the
distributions of frontier orbitals. Fig. 3 shows the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the neutral and anionic (TiO2)n

clusters (n¼1, 2, 3, and 4). Following features are seen: (1) The
HOMOs of the neutral clusters are mainly contributed by 2 orbi-
tals of oxygen while the LUMOs are dominated by the contribu-
tions of Ti. However, the orbital compositions are size dependent.
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For n¼1, the 4s–3d hybridized orbitals contribute to the LUMO,
while starting for nZ2, the 3dz2 orbital is predominant. (2) When
an electron is introduced, the LUMO of the neutral cluster
becomes the HOMO of the anion. This is why the LUMO of the
neutral and HOMO of the anion are quite similar. Although the
LUMOs of the anions are derived from the orbitals of Ti, the
details are different depending on the size. For example, the main
components for n¼2 are 3dz2 orbitals of Ti, while for n¼3 and 4,
the main contribution is from the 3dx2�y2 of Ti.

As we know the electronic configuration of an isolated Ti atom
is 3d24s24p0. This is changed in (TiO2)n clusters for two main
reasons: the charge transfer to O and the spd hybridizations. The
details are given in Fig. 4. In Fig. 4(a) we plot the orbital
occupation of Ti in neutral Ti(O2)n clusters while the correspond-
ing values for the two spins are given in Fig. 4(b) and (c). The
general trend is that as the size increases, the occupation of 3d
and 4s orbitals decreases, while that of the 4p orbital increases.
Fig. 4. Changes of orbital populations with size for (a) neutral (TiO2)n and (b, c)

anionic (TiO2)n
� clusters.
3.2. TinO2n�1N clusters and their anions

We now consider replacing one of the O atoms with N atom.
Since, N atom has one electron less than that of O atom, when one
O atom is replaced by one N atom in (TiO2)n, the number of
electrons is reduced. In this sense, N doping is equivalent to hole
doping. However, because of the difference in electron affinity and
atomic size between N and O, N doping brings more complexity as
compared to pure hole injection. In order to search for the most
stable doping site, we have performed extensive calculations by
replacing O with N from all the non-equivalent sites in the neutral
and anionic clusters. The resulting ground state geometries are
given in Figs. 5 and 6, respectively. We have found that N atom
prefers to occupy the high coordination site binding with Ti.
Doping causes some changes in geometry. Compared with the
Ti–O bond of the neutral, the Ti–N bond length is increased by
0.06 Å for n¼1 and 0.05 Å for n¼2, while decreased by 0.08 Å for
n¼3. For n¼4, N atom was not at the symmetric site for Ti atoms,
and the symmetry changed from C2v to Cs. The Ti–N bond lengths
are found to be 2.038 Å and 1.968 Å. The bond angles of O–Ti–N
are reduced by 4.11 and 3.11 for n¼1 and 2, while increased by
2.91 and 2.61 for n¼3 and 4, respectively.

For the anions, the Ti–N bond length increased by 0.07 Å for
n¼1 and 0.06 Å for n¼4, while decreased by 0.03 Å for n¼2. For
n¼3, reflecting very small change. The bond angles of O–Ti–N
decrease for n¼1 and 4, while they increase for n¼2 and 3. The
corresponding changes are 6.71, 1.21, 3.61, and 0.51 for n¼1, 2, 3,
and 4, respectively.

To study the effect of doping on the electronic structure, we
plot the HOMOs and LUMOs of the doped neutrals and anions in
Fig. 7. These can be compared with the results in TinO2n (see Fig. 3)
to probe their similarity and the difference. For the un-doped
TinO2n clusters, the LUMO of neutral is very similar to the HOMO
of anion, while the situation is changed for the doped cluster
(TinO2n�1N). Actually they are quite different. For example, for
neutral TiON, the LUMO is mainly from the 2p orbitals of O and N,
while the HOMO of the anion is mainly contributed by the orbitals
of Ti. The HOMO of neutral TinO2n is similar to that of TinO2n�1N�

anion, since TinO2n�1N� anion has the same number of electrons
as the neutral TinO2n. This is also true for the LUMO, i.e., the LUMO
of anionic TinO2n�1N� is very similar to the LUMO of neutral
TinO2n. Doping not only changes the orbital hybridizations and
distributions, but also significantly reduces the HOMO–LUMO gap
from 2.48, 3.30, 2.10, and 3.01 eV in (TiO2)n to 1.32, 1.18, 0.25, and
0.32 eV in TinO2n�1N for n¼1, 2, 3, and 4, respectively.

Fig. 8 shows the changes of average orbital populations of Ti
with respect to cluster size for the N-doped neutrals and anions.
They share similar behavior with the un-doped clusters, namely,
Fig. 5. Optimized geometries of the N-doped neutral TinO2n�1N clusters.



Fig. 6. Optimized geometries of the N-doped anionic TinO2n�1N� clusters.

Fig. 7. Distributions of frontier orbitals of the neutral and anionic TinO2n�1N.

Fig. 8. Changes of orbital populations with size for the N-doped neutral (a and b

for spin up m and spin down k, respectively) and anionic (c) TinO2n�1N.

Table 1
Average charges (e) on Ti site and charges (e) on N site in the neutral and anionic

(TiO2)n clusters with and without N doping.

Undoped Ave. chg./Ti Doped Ave. chg./Ti Chg./N

TiO2 1.43 TiON 1.16 �0.50

TiO2
� 0.72 TiON� 0.47 �0.68

Ti2O4 1.43 Ti2O3N 1.26 �0.56

Ti2O4
� 0.87 Ti2O3N� 1.20 �0.88

Ti3O6 1.40 Ti3O5N 1.26 �0.72

Ti3O6
� 1.25 Ti3O5N� 1.21 �0.79

Ti4O8 1.44 Ti4O7N 1.33 �0.78

Ti4O8
� 1.32 Ti4O7N� 1.28 �0.78
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the populations on 3d and 4s orbitals decrease with size, while
the populations on 4p orbital increase.

To get a quantitative picture of the charge transfer, we list in
Table 1 the average charges on Ti site and charges on N site in the
neutral and anionic (TiO2)n clusters with and without N doping.
We can clearly see the effect of the charge and doping on charge
transfer and charge distributions. For the neutral (TiO2)n, the
average charges on Ti atoms are 1.43, 1.43, 1.40, and 1.44e for
n¼1, 2, 3, and 4, respectively, reflecting almost no size depen-
dence. When negatively charged, the corresponding values
become 0.72, 0.87, 1.25, and 1.32e. This is because the introduced
charge reduces the electron withdrawing ability of the O sites.
Such an effect becomes weak as the cluster size increases, which
makes the average charges on Ti sites to gradually increase. When
one O atom is substituted with N, due to the lesser electron
affinity of N atom, charge transfer is weakened. When the size n

goes from 1 to 4, the average charges on Ti sites are found to be
1.16, 1.26, 1.26, and 1.33e. They are further reduced to 0.47, 1.20,
1.21, and 1.28e when the cluster is negatively charged. The
charges on N site also increase with the size n for the neutral
doped clusters, and small oscillations exist in the negatively
charged ones.
4. Conclusion

In summary, using the density functional theory, we have
discussed the effects of charging and doping on orbital hybridiza-
tions and distributions in small TiO2 clusters, which can be
regarded as prototypes of TiO2 quantum dots. However, as
mentioned before, in the practical applications of TiO2 quantum
dots, the environment such as substrates, dye molecules, and the
linkers will have important influence on the geometries and
properties. The situations would be much more complicated as
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compared to the free standing condition used in our present
study. For example the charge transfer from dye molecules to the
quantum dot is an instant and dynamic process, here we treat it
statically. We show that once the system is charged, the orbital
hybridizations and distributions will be significantly changed.
This information is helpful for further understanding the dynamic
phenomena happening in the practical environment.
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