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Optical properties of TiO, nanoclusters (with more than 30 TiO; units) were calculated within
a fully atomistic quantum dynamic framework. We use a time dependent tight-binding model
to describe the electronic structure of TiO; nanoclusters in order to compute their optical
properties. We present calculated absorption spectra for a series of nanospheres of different
radii and crystal structures. Our results show that bare TiO, nanoclusters have the same
adsorption edge for direct electronic transition independently of the crystal structure and the
nanocluster size. We report values of the adsorption edge of around 3.0 eV for all structures
analyzed. In the present work we demonstrate that, for small clusters, both the direct transition
absorption edge and the blue shifting phenomena are masked by thermal disorder.

Online supplementary data available from stacks.iop.org/JPhysCM/25/000000/mmedia

(Some figures may appear in colour only in the online journal)

TiO, composed nanomaterials are currently used in a wide
range of applications. Paints, toothpaste, photocatalysts,
photovoltaic sensors and UV protectors are among the
materials that employ TiO, as the active component [1-6].
The singular properties of these materials are mainly based on
the optical features of TiO, arising from its band gap (BG)
structure [7]. When coated with organic dyes or inorganic
narrow band gap semiconductors, TiO, nanoparticles can
absorb light into the visible region, which makes them suitable
for use in dye sensitized solar cells (DSSC) [8-11].

TiO, is present in nature in three main phases: rutile,
anatase and brookite. Unit cells for these three TiO;
polymorphs are shown in figure 1. These structures can be
described in terms of chains of TiOg octahedra, where each
Ti** ion is surrounded by six O%>~ ions in the positions of
octahedral vertices. The three crystal structures differ in the
distortion of each octahedron and the assembly pattern of
the chains. Differences in lattice structures are responsible
for different mass densities and electronic band structures

0953-8984/13/000000+-07$33.00

among the three forms of TiO,. The rutile phase is the most
stable as a bulk material. At very small particle dimensions,
when surface energy becomes the most important component
of the total energy, anatase (which produces fewer spherical
particles) becomes the most stable structure [12]. However,
relative stabilities of different nanostructured phases may
depend on several factors such as pressure and chemical
environment [13, 14].

Optical properties of TiO, nanoparticles have been
the subject of intensive studies involving a variety of
spectroscopic techniques [7]. Important absorption features,
such as the adsorption edge determined with UV-visible
spectroscopy, are directly related to the structure of the BG.
The valence band for both bulk and nanostructured TiO»
is composed of 3d Ti and 2p O states with the conduction
band edge composed mainly of 3d Ti states [7]. TiOj
nanomaterials usually have electronic BGs larger than 3.0 eV
with high absorption intensity in the UV region. The main
mechanism of light absorption in pure semiconductors is by
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a) b)

Figure 1. Crystal structures of TiO, polymorphs. Red spheres are
Ti**, blue spheres are O>~ and yellow lines represent the unit cell.
(a) Rutile. (b) Anatase. (c) Brookite.

direct inter-band electron transitions; therefore, a detailed
knowledge of the BG energy of TiO, nanostructures is of
fundamental importance. DSSC applications, for example,
require understanding the structure of the bands related to the
size and shape of the nanostructure [8]. Among the unique
properties of semiconductors, the movement of electrons and
holes is primarily influenced by the well-known quantum
confinement effect, which, in turn, is greatly affected by the
size and geometry of the materials [15—18].

Some experimental and theoretical evidence suggests a
slight blue shift of the absorption edge of nanostructured
TiO, as compared to the bulk material [19-24]. This is
mainly due to an increase in the BG, which is a consequence
of the reduction in size [25]. Whether there is or is not
an optical shift in the TiO, nanoparticle absorption edge
has been the subject of intensive discussions from the first
work introducing this phenomenon [19, 26] to analytical
calculations involving surface properties [27]. The question
of the threshold in cluster size that separates the optical
properties of nanoparticles from those of the bulk material is
one that remains unanswered. It is very difficult to predict the
optical shifts of small TiO, nanoparticles (<190 TiO, units).
This is probably because surface reconstructions perturb the
electronic structure, complicating the interpretation of the
usual trends [27]. As part of the conclusion of this work
we may say that the Brus formula [25] commonly used to
estimate particle size from absorption edge shift is no longer
applicable when particles are small and the rearrangement of
the surface is significant.

From the point of view of theoretical calculations, the use
of purely ab initio methods such as Hartree—Fock or density
functional theory (DFT) ones for molecular or periodic
systems shows different results depending on the method.
Despite the fact that DFT provides excellent results for
ground state (GS) properties, calculations involving excited
states may sometimes suffer from an incomplete treatment of
electron correlation, leading to the underestimation of BGs
in TiOy polymorphs [28-31]. On the other hand, explicitly
correlated methods, such as the GW one, overestimate
the BG energy [32, 33]. As an alternative to these
methods, a time dependent self-consistent density functional
tight-binding (TD-DFTB) method can yield results that take
into account the renormalization of the BG (with respect
to the HOMO-LUMO energy difference) but with less
computational cost, allowing the study of larger systems

(with more than 30 TiO; units) [34]. The aim of the current
work is to calculate the absorption spectra of relatively large
TiO7 (190 > TiO; units > 30) nanoparticles by using a fully
quantum dynamical method based on TD-DFTB. By using
this method, trends of the absorption features upon varying
the size and crystal structure of the aforementioned TiO;
nanoclusters were determined. However, the nanoparticles
studied here have a sizes in between those of small TiO;
clusters for which the structure has been crystallized [35], and
large particles which show well defined crystal faces (lower
energy crystalline habits) [36].

1. The computational method

A self-consistent density functional tight-binding method
(SCC-DFTB) was used to describe the electronic structure
of the clusters [37]. This method is based on a second-order
expansion of the Kohn-Sham energy functional around
a reference density of neutral atomic species [37]. The
DFTB+ computational code [38] which implements SCC-
DFTB has been used to compute the Hamiltonian and overlap
matrix elements and the initial single-electron density matrix.
For the calculations performed here, we have used the
tiorg-0-1 Slater—Koster parameter set for the description of
TiO, which has been validated in [34].

The methodology applied for calculating optical proper-
ties based on TD-DFTB has been recently published in [39,
40] and is based on the propagation of the one-electron
density matrix for further computing the frequency dependent
polarizability.

Briefly described, this technique introduces an initial
perturbation in the shape of a Dirac delta pulse (H=H"+
Eod(t — o)1) to the initial GS density matrix previously
obtained [41]. After the pulse application, the density matrix
evolves in time and its evolution can be calculated by time
integration of the Liouville—Von Neumann equation of motion
in the non-orthogonal basis.

9p | BN PN

— = —(S'H[p1p — pHIPIST) (1)
ot i

where H is the Hamiltonian matrix, S is the overlap matrix
and p is the density matrix. For all the calculations below,

time step integration was set to 9.675 x 10™% fs and Ey =

0.01 VA", In the linear response regime, when the applied
electric field pulse is small, the response is linear and the
dipole moment is

o
wu(t) = / a(t—1)E(r)dr 2)
—0oQ
where E(t) = Eopé(t — tp) is the initial perturbation
mentioned before, and «(r — ) is the polarizability along
the axis over which the external field E(f) is applied. The
absorption spectrum is proportional to the imaginary part
of the frequency dependent polarizability, obtained from the
Fourier transform of the time dependent dipole moment, after
deconvolution of the applied electric field
w(E)
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The average of the polarizability along the three Cartesian
axes is taken as the absorption spectrum of the system.

In previous publications [39] we have studied the
absorption spectra of chlorophylls with TD-DFTB. In these
previous manuscripts we showed that TD-DFTB based
spectra showed a remarkable agreement with the experiment,
even better than the ones obtained by TD-DFT, probably due
to a compensation of errors.

2. Results and discussion
2.1. TiOy cluster generation

In this section we will briefly describe the method used to
generate input structures for the optical calculations. TiO»
nanoclusters are generated by performing molecular dynamic
simulations. We first construct a bulk piece from lattice points
following the arrangements of the conventional unit cell for
anatase, rutile and brookite. After that, we cut spherical
nanostructures by taking the lattice points that are inside
a desired radius. The procedure then follows by replacing
the lattice points with the appropriate lattice base for each
polymorph.

Once the base is replaced at every lattice point, we obtain
a cluster with a highly anisotropic surface with an excess of O
atoms in a particular orientation. An annealing Monte Carlo
method was employed to reorder the atoms of the surface in
order to produce a better input for the molecular dynamics;
a description of this procedure is included in the supporting
information (available at stacks.iop.org/JPhysCM/25/000000/
mmedia).

The LAMMPS code has been used to perform MD
simulations [42]. In the case of TiO, modeling, we have
used the Matsui—Akaogi potentials detailed in [43]. These
potentials are highly reliable and have been utilized in several
previous structural TiO; analyses [12—14, 44-47].

MD simulations were carried out in the canonical
ensemble (NVT) at 300 K for 3.5 ns of production time
using a time step of 3.5 fs after adequate equilibration. From
a thermodynamic point of view, small rutile and brookite
clusters should transform into anatase, but no phase transition
can occur in the simulation time scale [12]. This was verified
by checking radial distribution functions during the MD runs
(see figure 2). To perform all optical calculations, we have
taken eleven frames of the last 500 000 steps of production run
separated by 50000 MD steps. Particle coordinates produced
by this method are between 14 A diameter for the smallest
cluster (a rutile cluster of 30 TiO, units) and 23.5 A diameter
for the largest (190 TiO; units of anatase). This radius is
estimated by taking the distance from the center of mass
to the farthest atom. Figure 2(d) shows a picture of the
coordinates of the last frame of the MD for the largest
particle analyzed here. We have seen that smaller particles
cannot host a conventional lattice cell within, and larger
particles than those for which results are presented here are
too computationally demanding for optical calculations. From
looking at the conventional cell of each polymorph it is fair
to say that for defining an anatase, rutile or brookite cluster

a) b)
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Figure 2. Ti-Ti radial distribution functions for the three TiO,
structures compared to the bulk: (a) 190 TiO; units of anatase; (b)
150 TiO; units of rutile; (c) 184 TiO, units of brookite; (d) structure
representation of a cluster of 190 TiO, units of anatase. Red and
blue spheres represent Ti and O atoms respectively.

we should have at least 13, 9 or 8 TiO, units respectively.
This work is complementary to [32] in the sense that we
start optical properties studies at sizes where clusters are large
enough to possess a defined interior crystal structure.

From looking at the radial distribution functions shown
in figure 2, we can be assured that, despite the clusters being
maintained at 300 K, they show a characteristic structure
which is similar to the corresponding bulk counterpart. We
can see that the heights of the first two peaks have different
behaviors for each cluster. In the case of brookite, the
two peaks are of roughly the same height (black line of
figure 2(c)). In the case of rutile, the second peak is higher
than the first one, and the inverse holds for anatase. Radial
distribution functions determined here are in fair agreement
with those shown in [14].

2.2. Optical properties

We have computed the absorption spectra for the clusters
obtained with the aforementioned procedure (figure 3). Each
absorption spectrum is computed by averaging eleven spectra
obtained from the frame selection mentioned before. The
overall spectral shapes are in good agreement with those
shown in [29, 48].

Studies of the surface/volume ratio and sphericity
parameter () as shown in tables S3 and S4 in the supporting
information (SI available at stacks.iop.org/JPhysCM/25/
000000/mmedia) show that these particles are not perfectly
spherical, brookite and anatase being the least and most
spherical ones respectively. The range of sizes studied in this
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Figure 3. Calculated spectra. (a) Anatase: 34, 74, 90 and 190 TiO,
units; (b) rutile: 30, 74, 118 and 150 TiO; units; (c) brookite: 40, 72,

104, and 184 TiO, units. Dashed lines show the =+ standard
deviation boundaries.
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paper lies in between small TiO, nanoclusters, where the
crystalline structure is perfectly known [35], and large NPs
(larger that 50 nm), for which the shape is known to arise
from minimizing the surface energy by exposing the most
energetically favorable faces. In this sense, we are addressing
optical properties for sizes that are currently unexplored.

abs. / arb. units.

E, Eo

E/eV

Figure 4. Fitting procedure for two different cluster sizes: the red
dashed line indicates a linear fit approximating the graph at the
inflexion point (Ep). The absorption edge (Ey) is determined as the
intercept of the linear fit with the energy (E) axis.

From figure 3, it can be seen that these clusters have
a strong absorption band in the UV region which extends
between 3 and 15 eV with, in most cases, a depletion at 8 eV.
The strongest depletion is observed for the case of rutile.
The same feature appears in the experimental measurements
shown in [29]. Except for the largest cluster of the brookite
set (figure 3(c)), the overall shape of this broad band is quite
conserved for all polymorphs.

Anatase and brookite absorb 35% and 30% respectively
per TiO; unit more than rutile in the region under 15 eV, and
this is consistent with the trends of the volume of the unit cell
(the mass density) of each polymorph.

In order to properly determine the absorption edge we

proceeded by fitting the region between 0 and 6.5 eV of each
spectrum with a Chebyshev polynomial of degree 13.
The use of orthogonal polynomials as a fitting basis ensures
proper convergence of the fitting procedure and no over-fitting
of noisy features [49]. After this, the absorption edge (Ey) is
found as the energy value of the intercept with the energy axis
of the tangent line at the inflexion point Ey of the polynomial.
This tangent line is determined analytically from the fit. A
pictorial representation of this procedure is shown in figure 4.
Average values for E together with their standard deviations
over the eleven spectra samples are shown in table 1.

As shown in table 1, absorption edges found by using this
procedure are almost the same for all the clusters analyzed
here with an average value of around 3.0 eV. This value
is close to the rutile bulk value which is 3.00 eV (for
anatase and brookite the E; bulk values are 3.21 and 3.13 eV
respectively) [29]. Results for absorption edges calculated
here are in fair agreement with those for the largest clusters
analyzed in [50, 51]. In the present work, there is no evidence
of any significant differences of the E; compared between
different polymorphs. Moreover, there is no blue shift as
the NPs become smaller. This was also suggested by other
experimental and computational results [50].
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Table 1. Calculated average E, values for all the clusters considered in this work together with standard deviations over the calculated

spectra.
Anatase Brookite Rutile
N TiO, Eg (eV) N TiO, Eg (eV) N TiO, Eg (eV)
34 2.92 +0.28 40 3.03 £ 0.07 30 3.13+0.11
74 3.07 £+ 0.07 72 3.08 + 0.07 74 3.02 + 0.07
90 3.07 &£ 0.06 104 3.10 £ 0.08 118 2.97 +£0.02
190 3.03 +0.04 184 3.05 +0.02 150 2.99 + 0.03

The smaller the cluster, the less defined its absorption
edge. This is consistent with some calculations suggesting that
when particles are very small (<15 TiO; units), the E, values
possess an odd—even oscillation with respect to the number of
TiO; units [52]. This is probably because the edges of both
conduction and valence bands are not well defined, in the
sense that there are few states near the edges of both bands,
the same as the case for the clusters of the present work.

Moreover, the band edges are composed mainly of
surface states that tend to lower the BG. As soon as the cluster
size is increased, there are more states present in the edges
and, therefore, the linear shape of the absorption rise at the
edge is better defined. This can be noticed in the uncertainties
of the Eg values of table 1. For a sufficiently large cluster,
the lines of figure 4 should become quasi-vertical as more
and more states pile up near both band edges. Such surface
states are responsible for masking both the theoretical E,
value (blue shifted) as obtained by using Brus’s formula and
the distinction among clusters of different crystal structures.
In all cases analyzed here, the thermal disorder of the surface
hides differences between structural polymorphs and sizes.

Since surfaces of the clusters used in this study are not
stabilized by any chemical means, all the particles possess
a very high surface energy. This high surface energy comes
from the large number of dangling bonds present. These
bonds are a source of both low energy excitations and low
energy phonons which provide strong thermal fluctuations in
the surface structure. This is the main reason for the large
amplitudes in fluctuations in Eg values that mask other effects.

The densities of states (DOS), the projected density
of states (pDOS) and the electron density for both the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) at the DFTB level
of theory were calculated for the largest clusters of each
type considered in this work, namely, anatase: 190, brookite:
184 and rutile: 150 (see figure 5). It can be observed that
both electronic densities are localized on the surface of the
nanoparticles, where, in particular, the spatial distributions for
the HOMO and LUMO are located on top of the O and Ti
atoms, respectively. The surface confinement of the frontier
orbital electron densities can be attributed to the presence of
dangling bonds in Ti and O surface atoms. A counteracting
effect is observed when particles are treated with coating
agents where, in this case, electronic densities are found
to be delocalized within the clusters [53]. Surface capping
agents such as dissociative water will probably modify the
absorption spectra calculated here. Including capping agents
into the simulations will introduce a lot of arbitrariness, due

,
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Figure 5. DOS (solid line), pDOS (dashed lines) and charge
density plots of the HOMO and LUMO for: (a) anatase: 190 TiO,
units; (b) rutile: 150 TiO, units; and (c) brookite: 184 TiO, units.

to the fact that the anchoring modes are not known for
such heterogeneous surfaces (see table S1 in the supporting
information available at stacks.iop.org/JPhysCM/25/000000/
mmedia). On the other hand, a global geometry optimization
of capped TiO, NPs would require a great amount of
computational effort, even at the DFTB level. The influence
of optical properties produced by capping agents in TiO;
nanoclusters will be the subject of upcoming work.

The structure of the BG for these nanoclusters is revealed
by looking at the plots of the DOS depicted in figure 5. The
pDOS over the O and Ti atoms are plotted as dashed lines.
We can observe that a greater contribution to the valence band
comes from O as compared with that from Ti, and the inverse
is true for the conduction band. This is in good agreement with
previous results [53, 54].

For the case of anatase nanoparticles a clearly defined
BG can be seen from the DOS plots of figure 5. On the
other hand, rutile and brookite structures show poorly defined
BG edges with many localized states within the gap, mainly
arising from the dangling bonds of the surface. The study of
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surface Ti atoms has demonstrated that the coordination of
these atoms is lower than in the bulk. We can thus infer that
undercoordinated Ti is mainly responsible for the presence
of electronic levels in the BG (see tables S1 and S2 in the
supporting information available at stacks.iop.org/JPhysCM/
25/000000/mmedia).

The existence of these states explains the highly reactive
character of bare nanostructured TiO; [55]. In the hypothetical
case of anchoring an electron withdrawing dye in the high
electron density region of the HOMO and an electron donor
dye in the high electron density region of the LUMO (see
figure 5), it could be possible to perform the electron—hole
separation with visible light, depending on the absorption
spectra of these dyes. Such a theoretical device could be
important for photocatalytic applications [55, 56].

3. Conclusions

We present an alternative procedure for computing the
absorption edge of TiO, nanoclusters of different sizes and
crystal structures. Such clusters were obtained from MD
simulations. Values of Ej; calculated using this technique
are around 3.0 eV for all the structures analyzed and the
uncertainty of this value is smaller when the cluster is
larger. These results suggest that Brus’s formula is no longer
applicable at least for the range of sizes analyzed in this
work. The adsorption edge does not allow distinguishing
among the three polymorphs. Care must be taken when trying
to infer BG properties of a cluster from absorption edge
features. Common quantum blue shifting could be masked by
surface states that tend to narrow the BG. We showed that the
chemical instability of cluster surfaces used is the origin of the
large E, fluctuations.
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