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We report a quantum mechanical investigation on the nature of electronic trap states in realistic models of
individual and sintered anatase TiO, nanocrystals (NCs) of ca. 3 nm diameter. We find unoccupied
electronic states of lowest energy to be localized within the central part of the NCs, and to originate from
under-coordinated surface Ti atoms lying mainly at the edges between the (100) and (101) facets. These
localized states are found at about 0.3-0.4 eV below the fully delocalized conduction band states, in good
agreement with both electrochemical and spectro-electrochemical results. The overall Density-Of-States
(DOS) below the conduction band (CB) can be accurately fitted to an exponential distribution of states, in
agreement with capacitance data. Water molecules adsorbed on the NCs surface raise the energy and
reduce the number of localized states, thus modifying the DOS. As a possible origin of additional trap
states, we further investigated the oriented attachment of two TiO, NCs at various possible interfaces. For
the considered models, we found only minor differences between the DOS of two interacting NCs and
those of the individual constituent NCs. Our results point at the presence of inherent trap states even in
perfectly stoichiometric and crystalline TiO, NCs due to the unavoidable presence of under-coordinated

surface Ti(IV) ions at the (100) facets.

1 Introduction

Dye-sensitized solar cells (DSCs) represent a promising approach
to the direct conversion of sunlight into electrical energy at low
cost and high efficiency.'” DSCs are based on a dye-sensitized
mesoporous oxide layer, usually composed by a network of
sintered anatase TiO, nanoparticles (typically ~20 nm in size),
interpenetrated by a liquid redox electrolyte (typically /13" or
Co(II)/Co(IIT)-polypiridine complexes in a volatile organic
solvent), Scheme 1. Upon photoexcitation of the chemisorbed
dye, electrons are injected into the oxide manifold of unoccupied
states and can travel across the TiO, nanoparticle network until
they are collected at the transparent conducting glass back
contact. The oxidized dye is regenerated by the redox electrolyte.
The circuit is closed by electrolyte regeneration at the counter-
electrode, see processes 1-4 in Scheme 1.

Recently, DSCs efficiencies exceeding 12 % have been
obtained,® although still higher values are needed to effectively
compete with conventional photovoltaics. A main DSCs
efficiency bottleneck is the recombination of injected electrons
with oxidized species in the electrolyte and with oxidized dye
molecules, processes 5 and 6 in Scheme 1. Usually recombination
with the oxidized dye is prevented by the fast dye regeneration
rate by the reduced species, e.g. I” or Co(I), in the electrolyte.’
Since electron collection at the electrode competes with
recombination at the TiO,/electrolyte interface, slow electron

transport can limit the charge-collection efficiency and eventually
lead to an overall diminished DSC’s conversion efficiency.”
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Scheme 1. Schematic representation of the constituent materials and

so energy levels of a DSC along with forward (green lines) and backward

(dotted red lines) electronic processes. The energy levels roughly
correspond to those of a DSC based on the N3 dye (red spots), TiO,
nanoparticles (grey spheres) and I/1;” redox mediator (not shown).

ss Due to the absence of a significant electric potential gradient in

the semiconductor film, electron transport in mesoporous TiO, is
believed to proceed by diffusion,”"* usually described by an
effective diffusion coefficient (Deg).”'*!'” For nanostructured
TiO, films commonly employed in DSCs, D values in the range

0 10% - 10* cm?s have been measured, depending on the light

intensity. These values are orders of magnitude smaller than those
observed for TiO, single crystals, >'®'*!"® suggesting a high
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concentration of electron-trapping sites in the semiconductor
film. 1926

Intense research efforts have been devoted to characterize the
electronic trap states in single crystal and colloidal TiO,. 2"
Early studies®'** recognized the presence of various types of
traps, with energy levels ranging from 0.2 to 0.9 eV below the
nominal conduction band (CB) edge. Bisquert et al.”***%
classified the electronic states in TiO, as: i) conduction band
states (or transport states or extended states) responsible for
effective electron transport; i) bulk traps, i.e. localized electronic
states that trap and release electrons from and to the CB only, and
iii) surface traps, i.e. localized electronic states that trap/release
electrons from/to both the CB and acceptor species in solution.
Hagfeldt and co-workers®® using photoelectron spectroscopy
measured a broad distribution of trap states centered ca. 1 eV
below the CB edge of a nanostructured TiO, film. Spectro-
electrochemistry measurements by Fitzmaurice and coworkers *’
evaluated the effect of the electrolyte solution on the flat band
potentials of mesoporous nanocrystalline TiO, electrodes.”®
These studies suggested that in mesoporous TiO, films, the CB
has a low energy tail of localized states below the energy
characterizing the onset of fully delocalized conduction band
states (also termed mobility edge). Kavan et al.>’ and many others
since then***’ proposed the existence of deep, surface trap states
in the band gap, below the most significant portion of the
exponential tail of the DOS. In the presence of a broad
distribution of localized states, electronic transport is described
within the multiple trapping model,**>” in which transport
through the extended CB states above the mobility edge is slowed
down by trapping-detrapping events from the underneath
localized states. Furthermore, the energetics of trap states was
shown to be affected by surface complexation with electron-
donating ligands.”®® For instance, if the electron density of the
ligand is large enough, the electronic levels of the intraband states
can be raised into the CB, implying that their trapping action will
vanish. The precise shape of the tail states is a delicate issue
which is still under discussion. '*2*°*¢!66 Bisquert and coworkers
have found that an exponential density of states below the CB
adequately fits several experimental capacitance data.”” The
proposed DOS shape is:

agqNy
kgT

9(Epp) = expla(Epp, — Ec)/kgT] 1)
where ¢ is the electronic charge, N, is the total number of states
below the conduction band, & is the Boltzmann constant and 7 is
the temperature. £y, is the Fermi level of the electrons relative to
the electrolyte redox potential, and o is an adimensional
parameter that, together with the conduction band energy (E¢)
describes the DOS distribution. Typical a values lay in the range
0.2-0.5, ¢ although values as small as ~0.05 have also been
reported.®®

Although the effect of trapping states on electron transport in
mesoporous nanocrystalline TiO, has been extensively
investigated,3 """ it is still unclear whether these states
originate from defects in the bulk and surface regions, from the
grain boundaries of the particles, from Coulomb trapping due to
interactions of electrons with the cations of the electrolyte, or
from a combination of all these factors. Also, TiO, nanocrystals
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of different shape and size can present different types of defects

o and of trap states. In contrast to the numerous studies of anatase

and rutile low index surfaces”7*¥*  computational

investigations of the structural and electronic properties of TiO,
nanocrystals (NCs) are still scarce. Density Functional Theory
(DFT) was used to study stoichiometric anatase clusters (up to 68
TiO, units) with no particular surface orientation,®
clusters, constituted up to 455 TiO, units and with a tetragonal
bipyramidal shape, were investigated by Tight-Binding (TB)
calculations.® More recently, DFT calculations have been
employed to characterize the geometrical and electronic
properties of anatase TiO, nanoparticles having up to 449 TiO,
units.* In another DFT study, the electronic structure of pure and
Li-doped rutile TiO, nanoparticles of up to 61 TiO, units,
saturated by water molecules was investigated.®” The interfaces
between two TiO, NCs have also been studied, but only via
classical molecular dynamics simulations.®®  The effect of
hydrogen bonding on the photoinduced electron transfer and
carrier mobility has also been investigated.®

In this paper we use quantum mechanical DFT and DFT Tight-
Binding (DFTB) calculations to provide an in depth analysis of
the nature of trap states in realistic anatase TiO, NCs of ca. 3 nm
diameter. We consider the effect of the adsorption of donor
ligands, specifically H,O molecules, on the energy and density of
trap states of TiO, NCs. We further investigate the interaction
between two sintered TiO, NCs across different interfaces. Our
study provides an insight into the nature of trap states in the TiO,
mesoporous nanocrystalline films employed in DSCs, pointing at
the presence of inherent trap states in perfectly stoichiometric and
crystalline TiO, NCs due to under-coordinated surface Ti(IV)
ions at the (100) facets.

while larger

2 Computational Details and Calibration

To model realistic TiO, NCs containing up to ca. 1500 atoms, we
adopt a multi-step computational strategy. We first carry out
geometry optimizations by employing self-consistent-charge
density-functional tight-binding (SCC-DFTB) methods within the
DFTB program.”®”' We then perform single point electronic
structure calculations on the optimized structures by means of
semi-local (i.e. GGA) and non local (i.e. hybrid) DFT within the
ADF and PWSCF program packages,”>”* employing various
combinations of basis sets and exchange-correlation functionals,
as detailed below. Previous works have shown that DFTB * can
predict band structures, geometrical parameters and cohesive
energies of anatase polymorphs in good agreement with reference
DFT and available experimental data.”®"’

For ADF calculations, the local density approximation of
Vosko, Wilk, Nusair” (LDA-VWN) augmented with the gradient
corrections of Becke” and Perdew'™ (exchange and correlation,
respectively, BP86) was employed for most DFT calculations,
together with single-C (SZ), double-{ (DZ) and triple-§ plus
polarization functions (TZP) basis sets. Solvent effects have been
evaluated through the COSMO solvation model as implemented
in the ADF program. A comparison between the GGA-BP86 and
the hybrid B3LYP functional was also performed with the ADF
program. For PWSCEF calculations, we employed the GGA-PBE
exchange-correlation functional,'”' together with ultrasoft

s pseudopotentials, as implemented in the Quantum Espresso

package.”® Plane-wave basis set cutoffs for the smooth part of the

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 9


http://dx.doi.org/10.1039/c3ee24100a

Page 3 of 9

Downloaded by University of Perugiaon 07 February 2013
Published on 14 January 2013 on http://pubs.rsc.org | doi:10.1039/C3EE24100A

Energy & Environmental Science

View Article Online

wave functions and the augmented density were 25 and 200 Ry,
respectively. A supercell was employed ensuring a minimum
separation of 5 A between periodic images. All the DOS curves
have been obtained by a gaussian convolution of width o, as
specified in the various cases (FWHM=2.35 o).

To check the accuracy of DFTB geometry optimizations, we
compared DFT (BP86/DZ) and DFTB optimized structures for a
relatively small (TiO,),6-Hg cluster model, see Figure S1,
Supporting Information, finding average differences in the Ti-O
10 distances within ~1%. We further checked the quality of DFTB

results for the electronic structure of the same (TiO,)¢-Hg
cluster model, by comparing the DOS obtained by DFTB and
BP86/DZ on the DFTB optimized geometry and the DOS
obtained by BP86/DZ on the BP86/DZ optimized geometry. The
15 results, Figure S2, Supporting Information, indicate very similar
DOS curves for the three methods (the DFTB and BP86/DZ
single point energy calculation on the same DFTB geometry give
curves that are essentially indistinguishable). We also consider
the effect of the basis set dimension and of polarization functions
20 on the unoccupied states of TiO, NCs by comparing, for the same
(TiOy)161-Hg cluster model at the DFTB-optimized geometry, the
DOS obtained by DFTB, PBE/PW, BP86/DZ and BP86/TZP
levels of theory. The results, Figure S3, Supporting Information,
show very similar DOS curves for the four methods. In particular,
25 the PB86/DZ and BP86/TZP DOS curves are very similar to the
PBE/PW DOS curve. What is most relevant to our study, the
shape of the DOS tail is essentially the same in the four cases,
despite the four methods deliver a different band gap for
(TiO,)161-Hs (2.76, 1.64, 1.61 and 1.95 eV for DFTB, BP86/DZ,
30 BP86/TZP and PBE/PW, respectively).

The effect of a polarizable continuum model of solvation on the
unoccupied DOS was checked by employing again the (TiO,)¢:-
Hg cluster model at the BP86/DZ level of theory. The results
(Figure S4, Supporting Information) show a band gap increase of

35 0.13 eV and an energy upshift of the HOMO and LUMO (by 0.18
and 0.31 eV, respectively) upon solvation; still, the scaled DOS
curves are essentially identical. As an additional check of our
approach, we compared the GGA-BP86 and hybrid-B3LYP
results for the (TiO,);6;-Hg cluster model. Due to the high
computational cost of B3LYP calculations, a SZ basis set was
used in this case. The resulting DOS curves are shown in Figure
S5, Supporting Information. We can see that B3LYP predicts a
slightly enhanced DOS in the low energy region. Finally,
additional tests show that the agreement between DFTB and
4s PBE/PW results is maintained also for the largest models
employed, see Figures S6 and S7, Supporting Information.

Based on the above calibration studies, we have adopted the
PBE/PW method to describe the electronic structure of individual
NCs, while the less computationally intensive DFTB method has

so been confidently used to study the electronic structure of water-
saturated models and of sintered NCs.

o

4

S

3. Results and discussion

3.1 Structural properties

We generated our starting NC structures by cleaving bulk anatase
ss TiO, according the typical bipyramidal Wulff shape. The
resulting NCs expose (101) surfaces on the lateral facets, (001)

surfaces on the truncation facets and (100) surfaces at the
junction of the two pyramids, see Figure 1. We considered NC
models of various sizes, up to 3 nm. After verifying the
impossibility to generate perfectly crystalline and stoichiometric,
(TiOy),, truncated bipyramidal NCs, we chose to focus on two
types of models, obtained by: i) saturating all the under-
coordinated dangling oxygen atoms on the (001) surfaces by
hydrogen atoms; ii) removing selected atoms from the (101)
surfaces to keep the cluster neutral and stoichiometric. In
particular, two specific models are discussed in detail in the
following: 1) a (TiOy)4;;-H;s NC (structure 1 in Figure 1) with
perfectly crystalline (101) surfaces and OH-saturated (001)
surfaces; ii) a (TiO;)s¢7 cluster (structure 2 in Figure 1), with
70 some missing atoms (‘holes’) on the (101) surfaces. The
saturation pattern in 1 is justified based on the experimental
evidence that anatase surfaces are controlled by acid-base
equilibria involving Ti-OH surface hydroxyl groups,'*'® while
structure 2 is convenient to model the sintering of two NCs and
their grain boundaries, since these structure has equally
accessible (101) and (001) surfaces. Furthermore, structure 1 is
representative of sharp, faceted NCs, while structure 2 is closer to

spherical nanoparticles.

Figure 1: a) and b): schematics of the truncated bypiramidal NCs,
showing (101), (100) and (001) surfaces from different views. c):
optimized geometry of the TiO, NC model 1. d): optimized geometry of
the TiO, NC model 2. e): under-coordinated Tis at the vertex of the
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(001)

a)
(101)

square basal plane joining two bypiramids together with the neighboring
atoms, corresponding to the highlighted region in c) and d). Ti atoms are
85 in grey, O in red and H in white.

The facets of our NC models are characterized by under-
coordinated Ti and O atoms with respect to the bulk, where Ti
and O atoms have a pseudo-octahedral (Tig.) and pseudo-trigonal

90 (O3.) coordination, respectively. In particular, for all the
considered NC models, five-fold Ti*" (Tis) and two-fold
coordinated O (O,) sites are present on the (101) and (001)
facets, as found on extended surfaces. In addition, four
tetracoordinated Ti*" sites (Tiy,), Figure 1, occur on the vertices at

os the intersection of the four (101) cleavage planes. The under-
coordinated Tiy sites represent an intrinsic characteristic of TiO,
NCs; e.g., Tiy sites have been found also in simulated spherical
nanoparticles.'” The presence of under-coordinated Ti,, sites in
the TiO, mesoporous films and their correlation with trap states
10 for electronic transport has been the subject of various papers by
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Teng et al.™*7®

Upon geometry optimization of 1 and 2, the largest structural
distortions with respect to the bulk crystalline structures occur at
the Tiy, under-coordinated sites, which rearrange from the under-
coordinated octahedral configuration characteristic of the bulk-
truncated structure to a distorted tetragonal configuration. This
feature is found in all investigated NC models at all levels of
theory employed, thus suggesting that the presence of pseudo-
tetrahedral Tig, sites is a typical feature of these NC structures.

o

Density of states / arb.

0 0.5 Energy(eV) 1 15

Figure 2. DOS profile (300 lowest unoccupied states) for models 1 (red
line) and 2 (green line) calculated at the DFTB optimized geometry with
PBE/PW level of theory (6=0.18 eV). The two DOS have been aligned at
their maximum. The zero of the energy is set at the LUMO of 1. The inset

15 shows a magnification of the bottom region (6=0.08 eV). The arrows in
the inset show the region of maximally localized states.

3.2 Electronic structure of individual TiO, NCs.

The electronic structure for NCs 1 and 2 computed at the PBE-
PW level are compared in terms of DOS in Figure 2, focusing on
20 the manifold of unoccupied states.

Similar band gaps of 1.68 (2.71) and 1.79 (2.83) eV were
computed for 1 and 2 by PBE-PW (DFTB), respectively. The
PBE-PW calculated band gaps are considerably underestimated
compared to the 3.2 eV experimental band gap of anatase. This

»s discrepancy could be reduced by the use of computationally
convenient DFT+U methods,*"'% that however are strongly
dependent from the choice of the U value, or by employing
hybrid functional with a variable fraction of Hartree-Fock
exchange,'”'” which are however too computationally

30 expensive to be used here. Since the focus of the present work is
mainly on comparing the density of unoccupied states of different
NC models, we expect the present level of theory to be
sufficiently accurate for comparative purposes. The slightly
smaller, 0.11 eV (0.12 eV), band gap of 1 compared to 2 is due to

35 an energy up-shift of the valence band (VB) maximum, which is
mainly caused the electron-donor properties of the OH™ groups. In
the following we focus on NC 1, resorting again to 2 for the
discussion of the effect of sintering.

To compare the calculated DOS for 1 with available

40 experimental capacitance measurements on dye-sensitized TiO,,
we fitted our data to equation lin its logarithmic form. As shown
in Figure 3, very good linear fits (R?=0.99) were obtained in an
energy range ca. 0.1-0.6 eV above the LUMO. Below 0.1 eV, a
few localized states are found, while above this energy range the

45 DOS of our models changes its shape and slope due to the finite

system’s dimension. Also notice that although a Gaussian
broadening has been used to calculated the DOS, this should not
directly influence the fit, which does not include the tail below
the LUMO originated by the broadening. The resulting a and E,

so values (cftr. eq. 1) for NC 1 are 0.13 and 0.35 eV (at T=300 K).
Although this value of a is on the lower edge of measured data,
the result is remarkable, considering the relative simplicity of our
model.

—_1

| Linearfit

Ln (DOS) / arb. units

1 1 1

0 0.2 Energy (V) 04 06

55 Figure 3. Linear fit (a=a, b=-E¢) of log data obtained from the DOS of
NC 1 calculated at the PBE/PW level of theory (6=0.08 eV). The zero of
the energy is set at the LUMO.

The unoccupied states of lowest energy for NC 1, of titanium
o by, character, are localized within the central part of the NC,
mainly at the intersection of the (100) and (101) surfaces, see left
panel of Figure 4. We note that a different LUMO was found in
Reference 86 for sharp- and flat-shaped NCs, using TiO, NC
models with a different saturation scheme of dangling Ti and O
os atoms. At higher energy, the unoccupied states are progressively
more delocalized, with the lowest energy state completely
delocalized over the NC structure (right panel of Figure 4) being
found ca. 0.3-0.4 eV above the LUMO, in agreement with both
electrochemical and spectro-electrochemical results,”*?>*% and
70 with the data fit analysis presented above.

PPN e R R
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Figure 4. Representative unoccupied states characterizing the LUMO
(left) and the higher energy CB states, at ca. 0.3-0.4 eV above the LUMO
(right).

75 To check the sensitivity of the low-energy states at the bottom
of the DOS to external ligands, we optimized the geometry of
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model 1 after adding 154 surface-adsorbed H,O molecules. We
found that the surface saturation in 1/H2O gives rise to an energy
up-shift of both the VB and CB edge of ca. 0.5 eV at the DFTB
level, see Figure S8, Supporting Information. Such shift is

s perfectly coherent with the decrease of the work function
experimentally observed upon hydration of TiO, surfaces,''’ and
was also found for rutile nanoparticles in Ref. . Surface-
adsorbed H,0O molecules raise the energy and reduce the number
of localized states at the bottom of the unoccupied DOS, Figure

10 5. In fact, the DOS curve for 1/H,O is not simply shifted to
higher energy compared to that calculated for 1, but has an
evidently different curvature. We also note that some localized
trap states are still found in 1/H,0, since the Tiy sites on the
(100) surfaces are not entirely saturated by water molecules and

15 maintain a weak 5-fold coordination, with average computed Ti-
OH, distances of 2.90 A.

Density of states / arb.

1

0 Energy (eV) 1 2

Figure 5. DOS profile (300 lowest unoccupied states) for models 1 (blue
line) and 1/H,O (red line) calculated at the DFTB level of theory (6=0.18
eV). The zero of the energy is set at the LUMO of 1. The inset shows a

20 magnification of the bottom region (6=0.08 eV). The arrows in the inset
show the region of maximally localized states.

To provide a quantitative picture of the unoccupied state
energy localization within the considered TiO, NCs, we report in
25 Figure 6 a contour plot of the space/energy diagram for system 1.
This diagram is obtained by scanning the NC along the main
longitudinal axis and summing up the contributions of each atom
to a given unoccupied state as a function of the energy state. In
line with the qualitative analysis presented above, this diagram
30 shows a substantial contribution to the low-energy portion of the
DOS from states which are mainly localized on the central NC
part. By increasing the energy, the states become progressively
more delocalized over the entire NC structure, with the
top/bottom (001) facets maximally contributing to the high
35 energy portion of the DOS. Similar plots are obtained for NC 2,
see Figure S9, Supporting Information. The results can be
visualized in the pictorial representation of the space/energy
distribution in NC 1 shown on the right of Figure 6. The localized
surface states constituting the bottom of the DOS for the observed
40 TiO, NC clearly constitute trapping sites for electron transport,
and may further represent recombination sites between injected
electrons and oxidized species in the electrolyte.

3.3 Sintered Nanocrystals

To investigate whether the boundaries between sintered NCs can

45 introduce electronic trap states at the bottom of the unoccupied
states manifold, we constructed models of sintered NCs by
attaching two TiO, NCs at their available surfaces. The optimized
structures of two NCs of type 2 with 101/101, 101/001, 001/001
and 100/001 interfaces are shown in Figure 7. The same picture

s0 holds for NCs of type 1, for which we modeled only the 101/101
interface only, see Figure S10, Supporting Information. We found
that sintering of two NCs at their 101/101 surfaces is the most
effective, leading to a DFTB-calculated stabilization energy of
28.6 eV relative to two non-interacting NCs. This value reduces

ssto 9.1, 7.1 and 6.6 eV for 101/001, 001/001 and 100/001
interfaces, respectively.
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Figure 6. Contour plot of the space/energy (eV) diagram for the DOS of
unoccupied states of NC 1, scanned along the length of the NC. Three
DOS areas are identified, corresponding to the central, intermediate and
top/bottom NC regions. The right panel shows a pictorial representation
of such space/energy diagram, with colors shifting from red to green to
blue indicating localization in the related colored region of states of
increasing energy.
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The larger stabilization energy found for the 101/101 interface is
due to the larger accessible surface available and to the almost
optimal structural matching that is observed at the interface
between the two interacting NCs, see Figure 7. When
normalizing the calculated interaction energies by the interface
area, we find values of 0.14, 0.05, 0.08 and 0.09 eV/A for
101/101, 101/001, 001/001 and 001/001
respectively, indicating that the 101/101 interaction is the most
favorable one irrespective of the available surface area. The
strength of the interaction is due to the number of Ti-O bonds that
are formed upon sintering, within the limits imposed by the
morphology of the NCs. We also note that the formation of Ti-O
bonds between two NCs causes the saturation of only few under-
coordinated Ti sites, so that the effect of sintering on the
distribution of the surface trap states of individual NCs is
so expected to be quite limited.
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Figure 7. Optimized geometries for two interacting NCs (model 2) with
the 101/101, 101/001, 001/001 and 100/001 interfaces, along with the
corresponding DOS (curves of different colors) compared to that of the
isolated model 2 (red curves) calculated at the DFTB level of theory
(6=0.18 eV).

The computed DOS for the sintered configurations confirms that
the shape of the DOS tail is not largely affected by the NCs
boundaries, while subtle differences in the distribution of the trap
states are found for those configurations where some under-
coordinated Ti sites are saturated, such as the 101/101 and
100/001 models in Figure 7. These results indicate that, upon full
relaxation, the structure of two interacting NCs tends to become
similar to a bulk like structure. Obviously, this might not always
be the case under the high temperature/short time conditions used
experimentally for NC film sintering (500 C for % hour), also
considering that at that temperature the ligands surrounding the
NCs are destroyed, thus adding an additional level of disorder to
the NCs interactions.

4 Conclusions

We have used quantum mechanical calculations based on DFT
and DFTB methods to investigate the nature of electronic trap
states in realistic models of sintered and individual anatase TiO,
NCs of ca. 3 nm diameter. We found the unoccupied states of
lowest energy, of titanium t,, character, to be specifically
localized within the central part of the investigated NCs. These
states originate from under-coordinated 4-fold coordinated
surface Ti atoms mainly lying at the (100) edges found at the
intersections between (101) surfaces. At higher energy, the
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unoccupied states get progressively more delocalized, with the
lowest energy state completely delocalized over the NC structure
signaling the system’s conduction band (CB). The localized states
give rise to an exponential DOS tail which is found 0.3-0.4 eV
below the fully delocalized CB states, in excellent agreement
with  both electrochemical, spectro-electrochemical and
capacitance data.

The effect of the adsorption of donor ligands (specifically
H,0 molecules) on the energy and density of traps states of TiO,
NCs was also considered. We found that surface saturation
substantially alters the NC electronic structure, with a computed
energy up-shift of both the VB and CB edge of ca. 0.5 eV, in
agreement with the decrease of the work function experimentally
observed upon hydration of TiO, surfaces. The adsorbed water
molecules reduces also the number of localized states at the
bottom of the manifold of unoccupied states, thus modifying the
DOS shape.

Finally, the interaction between two sintered TiO, NCs was
investigated by considering attachment at all the possible surface
combinations. Interestingly, no major effects on the joint DOS of
two interacting NCs was found compared to that of the
individual, constituent NCs. Although our calculations did not
consider the role of defects, e.g. oxygen vacancies, and for
sintered NCs did not include the disorder which is expected to
characterize the TiO, film formation under typical DSSCs
fabrication conditions, our results clearly point at the presence of
inherent trap states even in perfectly stoichiometric and
crystalline TiO, NCs due to the unavoidable presence of 4-fold
coordinated surface Ti(IV) ions. Our results constitute the basis
for building specifically tailored TiO, nanostructures which may
lead to enhanced DSCs efficiency, by virtue of enhanced
transport properties, and provide insight into the effect of surface-
passivating layers in reducing recombination reactions in DSCs.
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TOC Graphics:

Increasing Energy

TOC text:
Quantum mechanical investigations on realistic anatase TiO,

s nanocrystals reveal the presence of inherent trap states localized on the
(100) facets.

Broader Context:
Dye-sensitized solar cells (DSCs) are based on a mesoporous

10 semiconductor oxide composed by a network of sintered nanoparticles,
sensitized by a dye and interpenetrated by a redox shuttle. Electron
transport in the mesoporous film is usually orders of magnitude slower
than in the corresponding single crystals, suggesting a high concentration
of traps. Since electron transport competes in with recombination,

15 understanding the nature of the transport-limiting traps could further
advance the DSCs technology.
We report a quantum mechanical investigation of the nature of trap states
in realistic anatase TiO, nanocrystals of ca. 3 nm diameter, exploring the
effect of surface saturation and of nanoparticle sintering. Our results point

20 at the presence of inherent trap states in perfectly stoichiometric and

crystalline TiO, nanocrystals, due to under-coordinated surface Ti(IV)
ions at the (100) facets. These trap states are largely removed by surface
saturation, while the effect of sintering between two nanocrystals is found
to introduce minor modifications in the electronic structure compared to

25 that of individual nanocrystals.

Our results constitute the basis for building specifically tailored TiO,
nanostructures which may lead to enhanced DSCs efficiency, and provide
insight into the effect of surface- passivating layers in reducing
recombination reactions in DSCs.
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