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ABSTRACT: The trapping of electrons at surfaces of nanocrystalline titanium dioxide can be
decisive in controlling performance for diverse applications in photocatalysis, energy storage,
and solar energy generation. Here, we employ first-principles calculations to elucidate the
factors which influence electron trapping for all low index surfaces of rutile TiO,. We show that
different surface orientations exhibit markedly different electron affinities: some preferring to
trap electrons with others repelling electrons. We demonstrate that local variations in trapping
energy are linked to variations in electrostatic potential and ion coordination providing
atomistic insight into this effect. The equilibrium nanocrystal morphology exposes both
electron-trapping and electron-repelling facets and therefore is predicted to possess highly
anisotropic electron-trapping properties. We discuss how knowledge of surface-specific
trapping properties can be utilized to design a number of nanocrystal morphologies which may

offer improved performance for applications.

B INTRODUCTION

Electron trapping in nanocrystalline titanium dioxide (TiO,) is
an issue of fundamental and technological significance under-
pinning applications in areas such as solar ener%y generation,
photocatalysis, and portable energy storage.' ° Both first-
principles calculations’'® and electron paramagnetic reso-
nance (EPR) studies''~'* provide clear evidence that electrons
form small polarons in the bulk rutile TiO, crystal. The
trapping of electrons, which may be generated by photo-
excitation or electron injection, leads to a reduction of Ti
cations from the Ti** to the Ti*" valence state. Critical for
applications in photocatalysis, electrons also trap at the surface
of nanocrystals, but probing the nature of these surface traps
experimentally (e.g., using EPR or scanning probe microscopy)
has proved extremely challenging.'”** On the other hand,
there have been relatively few theoretical studies of the trapping
of electrons at rutile TiO, surfaces. The only rutile TiO, surface
to have been studied in such a way is the (110) surface where
electrons were found to be preferentially trapped in the
subsurface layer.'®'” While the (110) surface is predicted to be
the most stable in rutile TiO,,'® other surface facets present in
real synthesized nanocrystals may exhibit quite different
electron-trapping properties.

A deeper understanding of the interaction of electrons with
TiO, nanocrystal surfaces is needed urgently as it can be
decisive in controlling performance for numerous applications.
For example, the trapping of photogenerated charge at
nanocrystal surfaces can facilitate oxidation or reduction
reactions. This is the principle of operation of TiO,
photocatalysts which find applications in water splitting,”
water purification,' and self-cleaning glass.® Therefore, optimal
nanocrystals for photocatalysis should expose surfaces which
can sustain a high concentration of active Ti’* surface sites. A
different example is the trapping of photoinjected electrons in
the photoanode of TiO, dye-sensitized solar cells (DSSCs).*°
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In this case electron trapping at surfaces is undesirable as it
hinders the flow of electrons through the nanoporous network
and increases the rate of electron—hole recombination, both of
which reduce device efficiency. Optimal nanocrystals for DSSC
photoanodes would expose surfaces which have low affinity
toward electrons while at the same time allowing for efficient
injection of electrons from the dye molecules and facile transfer
of electrons between nanocrystal interfaces. These two
examples underscore the need for a detailed understanding of
the trapping of electrons in nanocrystals and the factors that
influence it in order to form a rational basis for the optimization
of nanomaterials for applications.

First-principles theoretical calculations, mainly within the
framework of density functional theory (DFT), have proved
invaluable in providing guidance and an atomistic under-
standing of nanocrystalline TiO, and associated defects.
However, DFT with standard local or semilocal approximations
for exchange and correlation is inadequate for describing
electron trapping and the properties of many defects in TiO,
owing to the self-interaction error (SIE).*'~** Hybrid-DFT
approaches which include nonlocal exchange contributions™*
and DFT+U methods*"***® correct (at least in part) the SIE
allowing for more reliable predictions. Such methods have been
employed to investigate electron trapping in TiO, including
studies of polaron formation in the ideal crystal,”'**” electron
trapping at intrinsic defects such as oxygen vacancies,”®™* as
well as at impurities, grain boundaries, and surfaces.>>3*+736
However, studies of electron trapping at rutile surfaces have
been limited to only the (110) surface where the effect of
vacancies, hydroxyls, and impurities on electron trapping have
been studied.'®'”*”
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Figure 1. Optimized structures of the low-index surfaces of rutile TiO,: (a) (110), (b) (101), (c) (100), (d) (001), and (e) (111). Large red and

small blue spheres represent oxygen and titanium ions, respectively.

In this article, we shed light upon these issues by performing
a detailed theoretical study of the trapping of electrons at all
low index surfaces of rutile TiO,. We show that electrons
preferentially trap at the (001) and (110) surfaces but not at
(111), (100), and (101) surfaces. Furthermore, we demonstrate
that the markedly different electron-trapping properties of
different surface orientations are connected to their distinct
electrostatic and structural properties. On the basis of this
atomistic insight we propose a number of nonequilibrium
nanocrystal morphologies which may offer improved perform-
ance for photocatalyst and dye-sensitized solar cell applications.

B THEORETICAL METHODS

Spin-polarized DFT calculations are performed using the
projector-augmented wave (PAW) method as implemented
within the Vienna ab initio simulation package.***” We use the
Perdew—Burke—Ernzerhof exchange correlation functional and
correct for the SIE by employing a DET+U approach.***
Recent works have shown that hybrid-DFT functionals and
DFT+U give a similar description of reduced bulk TiO,.**
Here, we employ a Hubbard-U parameter for the Ti 3d states
with Uy = 4.2 eV which was shown previously to give good
agreement to the spectroscopic properties of oxygen vacancies
at the (110) surface.*’ Only the Ti 3d, Ti 4s, O 2s, and O 2p
states are treated explicitly as valence electrons with all other
electrons described within the PAW potential. Valence electron
states are described within a plane wave basis set with a cutoff
energy of 500 eV. Structural optimization is performed until
forces on the ions are less than 0.01 eV/A. Lattice parameters
for the conventional unit cell of bulk rutile are obtained to
within 2% of experiment (a = 4.67 A and ¢ = 3.03 A) using a S
X 5 X § Monkhorst—Pack k-point grid.

Surface slab models are constructed to model the structure
and properties of the low index surfaces of rutile TiO,. Three-
dimensionally periodic slab models are constructed using the
METADISE code** and incorporate a vacuum gap to separate
the slab from its periodic images. The surface formation energy
is calculated from the total energy of the surface slab, E

surf

_ Egut — nEpui

surf
2A (1)

where E is the total energy per formula unit of the bulk
crystal; n is the number of formula units in the surface slab; and
A is the area of the surface. The thickness of the slab and the
size of the vacuum gap are increased until the formation energy
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of each surface model converges to within 0.01 J-m™
Additionally, the total energies are converged with respect to
the plane-wave cutoff energy and number of k-points in the
Brillouin zone sampling. For the optimized surface slabs we
compute on-site electrostatic potential energies for spherical
unit test charges of radius 1.26 A centered at each Ti ion by
integrating over the self-consistently optimized electrostatic
potential.

To characterize the interaction of electrons with each of the
surfaces we attempt to localize electrons at all inequivalent
cation sites within the slab and calculate the corresponding total
energies. This approach was recently employed to investigate
electron trapping at a TiO, grain boundary.*® To reduce the
effect of artificial interaction between the trapped electron and
its periodic images the original surface slab models are
expanded into supercells where the excess electron and its
periodic image are separated by a minimum of 9 A in each
direction. Metastable configurations corresponding to an
electron trapped at a given site were obtained in the following
way. The initial charge density at the start of the self-consistent
wave function optimization is chosen such that a single
unpaired electron spin is localized at a given titanium site. We
also create a precursor potential well for electron trapping by
displacing neighboring oxygen ions around the titanium site
away by 0.08 A. This dilation of Ti—O bonds imitates the local
distortion observed for the electron polaron in bulk rutile
TiO,."® The total energy of the system is then self-consistently
optimized with respect to the position of all ions. This
approach sometimes fails if the electron affinity is very low as
the electron may instead transfer to a more favorable site during
the self-consistent optimization. In some cases this can be
resolved by temporarily increasing the value of the Hubbard-U
parameter, e.g,, to Uy = 7 eV, on the desired site in order to
force trapping and obtain a better estimate for the geometry
and charge density of the metastable state. This geometry and
charge density are then used as an initial guess for a subsequent
self-consistent geometry optimization using Uyq = 4.2 eV on all
Ti sites. Using these approaches only for a few very low
electron affinity sites, we were unable to find any metastable
trapped electron configuration.

B RESULTS

Surface Properties and Equilibrium Nanocrystal
Morphology. Given the symmetry of the rutile TiO, crystal
there are five inequivalent low-index surface orientations:

DOI: 10.1021/jp511529u
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{100}, {oo1}, {101}, {110}, and {111}. The optimized
structure of each of these surfaces is shown in Figure 1 (see
Methods section for details). We find that slabs of
approximately 25 A thickness and a vacuum gap of 10 A are
sufficient to obtain surface energies converged to 0.01 J-m™
(see Supporting Information). Surface energies were calculated
for both the Ti and O terminations of the {101}, {110}, and
{111} surfaces, and only the most stable termination is
presented (surface models terminating on oxygen ions had
the lowest energies). Table 1 summarizes the calculated

Table 1. Calculated Surface Formation Energies, ¥, for the
Low-Index Surfaces of Rutile TiO,”

(hkl) y Jm?) z Ad (%) £ (%)
(100) 1.04 s -19 13.1
(001) 1.68 -6.1 0.0
(101) 133 5 -16 345
(110) 0.86 5/6 -2.1/-0.1 524
(111) 1.80 4 —6.0 0.0

“The coordination of Ti ions in the surface plane (Z), the average
bond strain associated with these surface ions (Ad), and the
contribution each surface makes to the total area of an equilibrium
crystal (f) are given for each surface.

formation energies for each of the surfaces. Ramamoorthy et
al. previously calculated the formation energy of the {100},
{oo1}, {101}, and {110} surfaces using the local density
approximation, and their results are in very good agreement
with our DFT+U calculated energies (within 0.08 J-m_z).18
We now summarize some of the key structural features of the
surfaces focusing specifically on the nature of Ti sites near the
surface. The most stable surface, (110), has two inequivalent Ti
sites in the surface plane. One of these sites is coordinated
octahedrally to six neighboring oxygen ions (as in the bulk),
while the other has its coordination reduced to five (denoted
6C and 5C in Figure 1). The overall high coordination of this
surface helps explain its low formation energy. All Ti—O bonds
involving the SC site are shorter than for a Ti site in the bulk
crystal (compressively strained by an average of 2%). The
structural relaxation near the 6C surface site is more
asymmetric with two bonds compressed by 5% and four
bonds extended by about 3%. The remaining surfaces (Figure
1b—e) have only one inequivalent type of Ti ion in the surface
plane. In the case of (100) and (101) these ions are both five
coordinated, and again the bond distortion is asymmetric with
both compressed and extended bonds. For the (111) and (001)
surfaces, which have the highest formation energies, the
coordination is reduced to four, and all of its Ti—O bonds
are compressively strained by about 6%. One could naively
consider the local structure around surface Ti sites as a guide to
their ability to trap electrons. For example, electron trapping in
the bulk crystal is associated with an average expansion of
bonds to neighboring O ions by about 4% due to the reduced
electrostatic attraction between Ti** and O?~. Therefore, if one
considered only the local structure one would predict that
electron trapping would be most favorable in the cases where
the compressive strain is smallest—i.e., the (101), (100), and
(110) surfaces. In fact as we will show below this is not the
case, and the local geometry alone does not provide a good
guide as to whether a given Ti site will have a high electron

affinity.

1915

The surface energies calculated for the low index surfaces of
rutile TiO, can be used to predict the equilibrium shape of
nanocrystals using the Wulff construction.'"®** Typical TiO,
nanocrystal sizes in applications (e.g, for photoanodes in
DSSCs) are of the order of tens of nanometers.**~*® In this size
range the Wulff construction should provide a reasonable
prediction of the most stable nanocrystal shape as the
contributions of edges and vertices to the surface energy can
be neglected. Figure 2 shows the equilibrium nanocrystal shape

[100]

[010]
[001]

[001]

[100]

[010]

Figure 2. Predicted equilibrium shape of a rutile TiO, nanocrystal
obtained using the DFT calculated surface energies and the Wulff
construction. Figures a—c show different perspectives of the crystal
morphology.

obtained using the DFT calculated surface energies. The
dominant surface facet is of {110} type and constitutes over
50% of the exposed nanocrystal surface. {101} facets make the
second biggest contribution to the nanocrystal surface (over
30%) with {100} facets accounting for the remainder.
Electron Trapping at the Rutile TiO,(100) Surface. As
an initial example we discuss results for electron trapping at the
(100) surface before presenting all other surfaces in the
following section. We focus on (100) first because we find it
has electron-trapping properties which are markedly different
from the previously studied (110) surface, and it is predicted to
be present in equilibrium nanocrystals. As described in the
Methods section we attempt to find metastable configurations
corresponding to electrons trapped at all inequivalent Ti ions
within the surface slab models (labeled 1—6 in Figure 3). Site 1
is in the center of the slab, and the optimized structure and spin
density for a trapped electron at site 1 are shown in Figure 3a.
Electron trapping is accompanied by outward displacement of
neighboring oxygen ions. The bonds in the equatorial plane of
the TiO4 octahedra expand by 0.10 A, while the axial bonds
expand by 0.05 A (corresponding to an average expansion of
about 0.08 A). The electron spin density is localized in a lx* —
y*) d-orbital (where x and y are in the equatorial plane of the
TiOg octahedra) in excellent agreement with EPR results for
the bulk rutile crystal."”> We find the structure and spin density
of an electron polaron trapped at site 1 is very similar to that

DOI: 10.1021/jp511529u
J. Phys. Chem. C 2015, 119, 1913-1920
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Figure 3. (a) Optimized structure of the (100) surface slab with an electron trapped in the center (site 1) with isosurfaces of electron spin density
shown in light blue. The inset shows the oxygen octahedra surrounding the trapped electron with arrows indicating the local ionic distortion that
accompanies electron trapping (note the orientation has been changed to more clearly show the local geometry and spin density). (b) The optimized
structure of the same surface slab with an electron trapped near the surface. Inequivalent Ti sites in the slab are labeled 1—6. Red and blue spheres

represent oxygen and titanium ions, respectively.

calculated in the bulk crystal indicating the site is deep enough
inside the slab to be considered as a bulk polaron (see
Supporting Information).

Metastable configurations corresponding to electrons
trapped at sites 2—6 were obtained in a similar way. In order
to compare the relative stability of electron polarons trapped at
different sites we calculate

E,=E —E

where E; is the total energy of the polaron in site i defining a
trapping energy with respect to an electron polaron in the bulk.
Figure 4 shows how the trapping energy varies throughout the
slab. It is notable that all of the trapping energies are positive
(i.e., electrons trapped at sites 2—6 are less stable than the bulk-
like site 1). The Ti site at the surface has the least favorable
trapping energy of all sites in this surface slab (E, = 0.37 eV)
indicating that electron trapping at the (001) surface is
extremely unfavorable. The local structure of this surface site
provides no obvious clue as to why electron trapping is so
unfavorable. However, we do see a correlation between the
electron-trapping energy and the electrostatic potential at a
given site. We calculate the on-site electrostatic potential energy
of a negative charge located at each Ti site in the ideal
(electron-free) surface slab u,. To compare variations in the on-
site electrostatic potential energy with respect to the bulk we
calculate U = u; — u, in a similar way as done for the trapping
energy. The correlation between U and E, shown in Figure 3
suggests that for this surface variations in trapping energy are
mainly driven by electrostatic potential variations near the
surface. This is consistent with trends observed for electron and
hole trapping in a wide range of metal-oxide materials.***’~°

Electron Trapping at Other Low Index Rutile TiO,
Surfaces. In the same way as described above we attempted
calculation of electron-trapping energies for all inequivalent Ti
sites within each of the other surface slabs. Figure 5 summarizes
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Figure 4. Variation of the electron-trapping energy (blue squares) and
on-site electrostatic potential (black circles) with the position of the Ti
ion in the surface slab (x = 0 A corresponds to the position of the
uppermost Ti ion in the surface slab, site 6 in Figure 3b).

the trapping energies and corresponding variations of on-site
electrostatic potential energy. Of all the surfaces considered
only the (110) and (001) surfaces present favorable sites for
electron trapping with respect to the bulk. Site 9 in the (001)
surface slab has the highest affinity toward electrons (E, =
—0.40 eV). Accompanying electron localization two bonds to
neigboring oxygen ions positioned below site 9 in the slab
extend by 0.14 A, much greater than the distortion observed for
a bulk polaron (0.08 A). In the (110) surface slab electron
trapping is most favorable at site 6 (E, = —0.28 €V) which is a
Ti ion in the subsurface layer in agreement with previous
work."® Sites 2 and 8 are also favorable for electron trapping

DOI: 10.1021/jp511529u
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The Journal of Physical Chemistry C

.9 WL M L) v L) v ) v I v L) v ) d 08 LN DL DL DL DL DL B | .8 .9

8 [ ] 8 -

2003 o1 | (001) . L (110) P Lotz

® i o 06 | 53 A

4.5 0ol ..=:';::.:::="::':_’.~.‘_ ; u I L Et(ev) o .4 Pey
o2 A 0.1 '. .m 1 L cd .1

L 3 L . o 02k N
0.2 - | [ .
I 1 of = ’. W C -
03 e UeV) T L 1 -
I m-- E(eV) ] -0.2 |- o ® -
04 | - '(e ) - L L] -
1 i [ 2 [ " 1 " 1 " [ " 1 L 0 a1 o 1 . 1 . .1 .1
12 10 8 6 -4 2 0 4 42 0 -8 6 4 2 0
x(A) X(A)

1.13.12 T T T T T T ) EALLEL IS B S s $
$ W0 o7k (111) e U@Y) ] 03_(101) e Uev) ® ] 45,
Té 06 om E(eV) [ A ' meilles B OV | .
oo . D : ; 3

.5 05 oo- :

3 ot L :d : 2
ar os | S S A

® L -] : *
03 ‘.-’ 4 : .
02| La - o1 comoq
0.1} B ] N 4
L '.- L ] P I u.
vo---~--I.;';;l:|::l.'_=-'.'l' ] Of - miiigllllgliig g
PR TP T RPN RPN REPUNE TEPE SEPE B 1 L 1 L. 1
14 12 10 -8 6 -4 =2 0 14 12 10 -8 6 -4 -2 0 2
x(A) X(A)

Figure S. Variation of the electron-trapping energy (blue squares) and
the (001), (110), (111), and (101) surface slabs (x = 0 A corresponds

on-site electrostatic potential (black circles) with the position of the Ti ion in
to the position of the uppermost Ti ion in the surface slab). The structure of

each surface slab is also shown with inequivalent Ti sites labeled. Small red and large blue spheres represent oxygen and titanium ions, respectively.

Table 2. Electron Trapping Energies (E,) and On-Site Electrostatic Potentials Energies (U) for the Inequivalent Sites of All Low

Index Surfaces of Rutile TiO,”

(110) (101) (100) (001) (111)
site U E, U E, U E, U E, U E,
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 -0.07 —0.07 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00
3 0.03 -0.03 0.00 0.01 —0.01 0.02 —0.02 0.00 —0.02 —0.01
4 —0.04 —0.02 —0.01 0.02 0.00 0.06 —0.01 0.02 0.00 0.01
5 0.09 0.12 0.00 —0.01 0.02 0.04 —0.02 0.00 —0.02 0.00
6 —027 —0.28 0.34 0.10 045 037 0.01 0.05 0.00 0.03
7 0.14 0.03 -0.06 —0.13 —0.02 0.02
8 —021 —0.12 —0.09 —0.12 0.03 0.07
9 0.72 - 0.13 —0.41 0.00 0.01
10 0.06 -
11 027 0.24
12 033 -
13 0.74 0.19

“All energies are measured in eV. Please refer to Figures 3 and S for definitions of the site numbers.

relative to the bulk. The (101), (100), and (111) surfaces were
all found to repel electrons with the (100) surface being the
most strongly repulsive. We were unable to find metastable
trapped electron configurations at only three sites: site 9 in the
(110) surface slab and sites 10 and 12 in the (111) surface slab.
Attempts to localize the electron at these sites always resulted
in the polaron transferring to a different site during the self-
consistent optimization suggesting trapping at these sites is
highly unfavorable. We discuss possible reasons for this below.

Table 2 summarizes the trapping energies and electrostatic
potential energies of all sites within the surface slab models. As

seen for the (100) surface there is in general a very good
correlation between the electron-trapping energy and on-site
electrostatic potential energy of each site (Figure S). There are
only two notable exceptions: site 9 at the (001) surface and site
12 at the (111) surface. Trapping of electrons at both of these
sites is more favorable than one would expect based on the
electrostatic potential energy. The breakdown of the correlation
for these sites could suggest that other effects are also
influencing electron trapping at these sites, such as the strain
energy required to distort the geometry of the system.*® It is
notable that these two sites are coordinated to only four oxygen

1917 DOI: 10.1021/jp511529u
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Figure 6. Nonequilibrium nanocrystal morphologies predicted to expose surfaces that (a) trap electrons strongly, (b) repel electrons, and (c) are
weakly repulsive to electrons. The colors of the facets reflect their propensity to trap electrons (red representing strongly repulsive, light green
representing weakly attractive, and orange representing weakly repulsive). Figures were produced using the VESTA 3D visualization program.®’

atoms unlike any of the other sites considered and have the
largest compressive strain in the relaxed surface (see Table 1).
This reduced coordination would appear to be an important
factor in stabilizing electron trapping. The electrostatic
potential energies also help explain why we were unable to
localize an electron at site 9 of the (110) surface. The
electrostatic potential energy at this site is very high and is
reflected in the local density of states which shows a dramatic
shift of the d states to higher energies when compared to a
bulk-like site (see Supporting Information). The electrostatic
potential is also higher on sites 10 and 12 in the (111) surface
slab but not prohibitively high. This suggests other factors may
be preventing localization at this site, such as a high degree of
orbital hybridization between neighboring sites.

Designing Optimal Nanocrystal Morphologies. The
equilibrium crystal shape shown in Figure 2 involves a mixture
of (110), (101), and (100) facets. The results detailed above
show that the prevalent (110) facets contain surface and
subsurface sites which are favorable for electron trapping. On
the other hand, the (101) and (100) facets are both repulsive to
electrons. The colors of the facets shown in Figure 2 reflect
their propensity to trap electrons (red representing strongly
repulsive, light green representing weakly attractive, and orange
representing weakly repulsive). Therefore, on an equilibrium
nanocrystal only about 50% of the total surface area is predicted
to be able to trap electrons. For photocatalytic applications this
is suboptimal as one would prefer electron trapping at all
surfaces to maximize the surface area available to perform
oxidation/reduction reactions. Indeed there is experimental
evidence for face-dependent activities in anatase TiO, which
lends general support to this idea.”’ The equilibrium shape is
also not optimal for DSSC applications for a similar reason:
about 50% of the surface area can trap electrons which will
reduce electron mobility and may give rise to undesirable
reactions with the electrolyte.>**~>*

With atomistic insight into the electron-trapping properties
of all low index rutile TiO, surfaces we can design nanocrystal
morphologies that exhibit properties that may be more
desirable for applications. Synthesis of a wide range of
nonequilibrium TiO, nanocrystal and nanowire morphologies
is possible, for example, by altering the concentration of HCI
during the synthesis or by using capping agents which
selectively bind to surfaces to restrict the growth of certain
facets,*>*® making this a viable approach. For example, for
photocatalytic applications nanocrystals should expose a higher
proportion of electron-trapping surfaces. This can be achieved
by forming cuboid or nanowire-type morphologies that expose
only (001) and (110) surfaces (Figure 6a). Alternatively,
nanocrystals with surfaces that have a low affinity to trap
electrons can be formed by exposing only (100) and (101)
surfaces (Figure 6b). For DSSC applications it is likely neither
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of these options is optimal since if surfaces are highly repulsive
to electrons the rate of intercrystal electron transfer may be
reduced. A third option is a nanocrystal that exposes only
weakly repulsive (101) surfaces such as the octahedral
morphology shown in Figure 6c.

B DISCUSSION AND CONCLUSIONS

We now discuss some of the factors which may affect the
accuracy of the predictions made in this work. Depending on
the site on which the electron is trapped the particular choice of
the Hubbard U parameter may leave some residual SI error
uncorrected affecting predictions of relative stability. We note
that this issue is not specific to the DFT+U approach but
applies in general to other SI-corrected methods such as hybrid
functionals. Another potential issue is the presence of artificial
image interactions introduced by the finite size of the
supercell.>® We note that a scheme has recently been developed
that can correct calculated total energies for charged defects at
surfaces to remove the effect of such spurious electrostatic
interactions.”” Application of this approach to charged defects
at a NaCl surface suggests that the absolute formation energy of
charged defects is strongly affected by such corrections, but
relative energies for different defect positions within a slab are
less affected. Since in this study all electron-trapping energies
are defined with respect to an electron trapped in a bulk-like
site in the same surface slab we similarly expect such energy
differences to be reliable. Additionally the large supercells
employed and the extremely high dielectric constant of TiO,
should help to minimize these effects. To verify this expectation
we conducted a supercell size scaling study for a polaron
trapped at the (100) surface (see Supporting Information) and
find that for the sizes of supercells employed in this study
trapping energies are converged to 0.1 eV. Importantly
variations in trapping energies at different surfaces span 1 eV
ranging from positive to negative, much larger than the
magnitude of any finite size effect error. Therefore, while such
issues may affect the quantitative accuracy of predicted trapping
energies, the general trends, and importantly whether a given
surface is predicted to have a high electron affinity or not, are
expected to be more robust. This is supported by the overall
good correlation between electron-trapping energies and
electrostatic potential energy since the latter is not affected
strongly by image interactions or the choice of U.

Here, we have considered ideal defect-free low-index surfaces
of rutile TiO, in order to gain insight into electron trapping at
nanocrystal surfaces. There are a number of additional factors
which may also influence electron trapping in applications. For
example, the presence of adsorbed species such as hydroxyls
and point defects such as vacancies will also influence the
trapping of electrons at nanocrystal surfaces.**® In DSSC
applications dye molecules are also present, and the porous
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nanocrystalline TiO, layer is immersed in an electrolyte which
is known to capture electrons and reduce device efficiency.”
These additional effects are clearly important areas for further
study. Extended defects such as nanocrystal interfaces and steps
may also affect electron trapping. In recent work we have
studied the effect of trapping at a (210) grain boundary in
TiO,, finding that it contains a mixture of both high and low
electron affinity sites aégain connected to variations in on-site
electrostatic potential.®

In summary, we have investigated the interaction of electrons
with all low index surfaces of rutile TiO, using density
functional theory. We find that electron trapping at the surface
of nanocrystals is highly anisotropic, with some surface facets
having a propensity to trap electrons but others being repulsive.
The trends in trapping can be linked to variations in
electrostatic potential and ion coordination near the surface,
consistent with previous studies of a range of metal oxide
materials including MgO, ZrO,, HfO,, and Ti0,.3%477%° The
results provide atomistic insight into electron trapping in TiO,
nanocrystals, an issue which has proved extremely challenging
to probe directly experimentally. Practically, the results can be
used to provide guidance for materials design. Equilibrium
nanocrystal morphologies predicted on the basis of surface
formation energies expose both electron-trapping and electron-
repelling surface facets. However, for particular applications,
such as photocatalysis or DSSCs it may be desirable to expose
only surfaces with similar electron affinities. On the basis of our
results we propose a number of nonequilibrium nanocrystal
morphologies which have this property and may offer improved
performance for a number of applications.

The main conclusion of this work is that different surface
facets on TiO, nanocrystals exhibit markedly different electron-
trapping properties and that knowledge of their properties
opens the way to knowledge-led design of nanocrystal
morphologies for improved performance in applications.
Furthermore, electron-trapping energies are found to be highly
correlated with on-site electrostatic potential and coordination,
providing a predictive guide to the trapping properties of
surfaces. While results are presented for rutile TiO, which is a
material with important and diverse applications, the key
conclusions are expected to apply more generally to similar
materials, including metal oxides and nitrides. Furthermore,
similar correlations between charge trapping energies, electro-
static potential, and coordination should be expected for holes
and excitons. Similar approaches to those described here could
be employed to optimize the morphology of nanomaterials for
wide ranging applications in solid-state lighting, solar cells, and
photocatalysis.
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