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ABSTRACT: First-principles calculations of the electronic structure of
reduced anatase TiO2 nanoparticles are performed using a hybrid density
functional theory approach for an accurate description of charge trapping.
It is found that, in the bulk and at extended surfaces, electrons introduced
by oxygen vacancies delocalize but, in reduced nanoparticles, electrons
preferentially localize (forming Ti3+ species) at low-coordinated sites on
the surface of the particle. It is favorable for nanoparticles to be oxygen-
deficient in oxygen-poor conditions with the Ti33O66 nanoparticle being
significantly easier to reduce than the larger Ti151O302 nanoparticle. Since low-coordinated sites are more prevalent in smaller
nanoparticles, this suggests that there is a delicate balance between the number of carriers introduced by vacancies and the number
of trapped electrons.

■ INTRODUCTION

Titanium dioxide (TiO2) is an abundant and inexpensive
semiconductor material that enjoys a wide range of environ-
mental and energy-production applications including the
following: as a photocatalyst, where it can be used to split
water for hydrogen production1−4 or to break down pollutants
for wastewater remediation;5−7 as an electron transport
medium in dye-sensitized and perovskite solar cells;8−10 and
as an anode material for rechargeable batteries, where it allows
intercalation of ions such as lithium or sodium.11−16 To
engineer suitable properties for these applications, it is
important to understand the behavior of charge carriers in
the material. Charge carriers can be introduced into a system
by photoexcitation, by doping, or by injection from another
medium. Once introduced, charge carriers can become trapped
at point defects (such as vacancies and impurities) or extended
defects (such as surfaces and grain boundaries), or in the
pristine lattice (where the charge carrier creates a local
polarization and becomes self-trapped as a small polaron).17−22

Charge trapping can be beneficial, such as in the case of a
carrier trapped at a surface being able to interact with
adsorbates in catalytic applications,23,24 or it can be detrimental
as trapping will lead to lower charge mobility and can lead to
increased rates of recombination, which will reduce open-
circuit voltage and the efficiency of photovoltaic and battery
devices.
TiO2 has many polymorphs with two of the most common

being rutile and anatase. Of these two, anatase shows greater
promise due to having higher electron mobility and photo-
catalytic activity when compared to rutile. However, anatase is
not thermodynamically stable as large, single crystals, so
usually sol−gel synthesis is used to produce nanoparticles that

can then be sintered together, resulting in highly defective
samples.25,26 Electron paramagnetic resonance (EPR) studies
indicate that anatase will readily trap holes on oxygen ions
(forming O− species) but will only trap a comparatively small
number of electrons (as Ti3+ species),27 but the exact nature of
these electron traps is not fully understood. In contrast, rutile
exhibits large numbers of trapped electrons but a relatively
small number of trapped holes, accounting for the low electron
mobility of rutile in comparison to anatase.28,29 Due to the
polycrystalline nature of these samples, it is extremely
challenging to confidently collect and interpret experimental
results. This drives a need for first-principles calculations to
provide insight at the atomic scale, but that is not to suggest
that computational work is not fraught with its own challenges
regarding the confident interpretation of results.
Density functional theory (DFT) has become the de facto

standard of electronic structure theory due to its low
computational cost and reasonable accuracy, assuming that a
suitable functional has been chosen to approximate the
exchange−correlation energy. Generally, these functionals
will be local or semilocal approximations, with a common
example being the much-used Perdew−Burke−Ernzerhof
(PBE) functional,30 which is relatively robust and performs
well for a variety of properties.31,32 However, the PBE
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approximation is, like all DFT functionals, plagued by the self-
interaction error (SIE) whereby an electron spuriously
interacts with its own density. The SIE has a tendency toward
artificially stabilizing delocalized states,33 making semilocal
DFT a poor choice where there is a desire to make predictions
regarding charge localization and trapping. Frequently, when
attempting to correct for the SIE, hybrid DFT is employed,
which incorporates desirable features of the Hartree−Fock
theory by mixing in some fraction of the nonlocal Fock
exchange into the usual semilocal approximations.34 Hybrid
DFT is far more computationally demanding than standard
DFT due to calculation of the Fock exchange term but, as
hardware improves and new time-saving methods are
implemented, hybrid DFT is becoming feasible for large
systems containing hundreds of atoms. With the roadblock of
computational cost being gradually removed, the pressing
question still remains: What fraction of Fock exchange should
one include in a hybrid functional?
A straightforward example of how a hybrid functional might

be parameterized is where the hybrid exchange energy, Ex
hyb,

takes the form of a simple linear combination

α α= + −E E E(1 )x
hyb

x
HF

x
PBE

(1)

where Ex
HF is the Fock exchange energy, Ex

PBE is the exchange
component of the PBE energy functional, and α is the fraction
of the Fock exchange to be mixed in. This is the form taken by
the PBE0 functional, where the Görling−Levy perturbation
theory is used to show that a value of α = 0.25 should be
appropriate to describe ionization and atomization energies in
many systems.35,36 However, it must be remembered that
neither semilocal DFT nor Hartree−Fock is an exact theory, so
there must be no expectation that a simple linear combination
of both theories can be applied universally. Instead, a specific
value of α may be necessary for a given material as, if the value
of α is too low, then an insufficient amount of SIE will be
removed and localized states will not be sufficiently stabilized
or, if the value of α is too high, then localized states will
become erroneously stable and incorrect predictions may be
made. Too high a fraction of Fock exchange also runs the risk
of losing some of the desirable features of DFT as, while the
inclusion of Fock exchange might do well in removing the SIE,
it can also introduce potentially dominating amounts of static
correlation error that are usually comparatively small in
standard DFT approximations.37 Taking the same linear
form of PBE0 and tuning α in a case-by-case manner leads
to a class of hybrid functionals that shall be referred to in this
work as PBEα to distinguish them from the unique case of
PBE0.
When constructing a PBEα functional, it is possible to take

an empirical approach by tuning a value of α that reproduces
experimental features, commonly the band gap. Such empirical
functionals are commonplace and often produce results in
good agreement with the experiment.38−40 Empirical func-
tionals do, however, come with limitations in their predictive
power due to the fact that they rely on prior knowledge of
accurate experimental values, which may not be known when
studying lesser-known or experimentally problematic materials.
A relevant example would be brookite, another phase of TiO2,
where experimental values for the band gap vary between 3.1
and 3.4 eV.41 Empirical functionals have a trade-off in terms of
universality as there is no real reason to expect that an
approximate hybrid functional that gives the correct band gap
would also give all other properties of interest correctly. For

example, it is observed that functionals tuned to the band gap
can still incorrectly predict photoluminescent peaks.42 Some
nonempirical approaches aim to tune α to grant some desirable
features to the PBEα functional. For example, the so-called
dielectric-dependent hybrid recognizes that hybrid DFT is
effectively a further, frequency-independent approximation to
the Coulomb hole and screened exchange (COHSEX)
approximation to the GW self-energy. It can then be shown
that α = ϵ−1 (where ϵ is the dielectric constant) reasonably
approximates the COHSEX approximation. Dielectric-depend-
ent hybrids generally yield good band gaps and are thought
that they should provide good inputs for G0W0 calcula-
tions.43,44 This approach is not, however, based on some
fundamental property of the exact functional but is instead
attempting to use hybrid DFT to approximate a higher-order
method. Another approach is to construct a hybrid functional
that best reproduces a known property of the exact functional.
The choice of constraint can be made based on which
constraint is most important to satisfy when studying a
particular quantity of interest.
One such property that the exact functional must satisfy is

the generalized Koopmans’ condition (GKC), which gives an
expression for the ionization energy of a system of an N
electron, I(N), as

− ≡ − − = ϵI N E N E N N( ) ( ) ( 1) ( )N (2)

where E(N) is the total energy of an N electron system, and
ϵi(N) is the ith eigenvalue of the N electron system. Hybrid
functionals that have been tuned to satisfy the GKC have been
shown to accurately reproduce experimental results for
molecular systems45−47 as well as yielding accurate electron
densities in simple model systems where the exact density is
known.48 One drawback is that the GKC is not as applicable to
delocalized states, such as band edges in a periodic solid, due
to an idiosyncrasy of periodic calculations, which can lead to
difficult tuning to the GKC for solid materials.49 However, in
the case of titanium dioxide, the presence of self-trapped
polarons provides a convenient localized state against which a
functional can be tuned to GKC in the bulk lattice. Previous
work in our group constructed GKC-tuned functionals based
on polarons in the bulk of various phases of TiO2. We use a
modification of PBEα, which utilizes the same linear mixing as
PBEα but truncates the Fock exchange contribution at long
ranges to reduce the computational cost for large systems.50 It
was found that the optimum value to satisfy the GKC in bulk
anatase is α = 0.105.51 Aside from performing well for charge
trapping in the bulk, this value of α also shows good results for
the band gap, yielding 2.94 eV compared to the experimental
value of 3.2 eV, only an 8% error. Furthermore, α = 0.105
predicts that, at zero temperature, rutile is slightly less stable
than anatase by 0.092 eV unit−1, which is in good agreement
with very high-quality quantum Monte Carlo simulations,
which predict that rutile is less stable by 0.041 eV unit−1.52

Using this GKC-tuned functional, it is predicted that hole
polarons can form in bulk anatase but not electron polarons (in
agreement with the higher proportion of observed hole traps in
EPR),53 but evidence of trapped electrons in anatase remains
elusive. Using the same functional, a study of extended surfaces
predicted that high-index surfaces of anatase would be able to
trap electrons on undercoordinated Ti sites but that the low-
index facets present in equilibrium crystals show no electron-
trapping behavior54 and a study of low formation energy twin
boundaries also yielded no evidence of electron trapping.55
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Point defects must also be considered, with the most common
and technologically relevant being the oxygen vacancy. A
missing oxygen will introduce two excess electrons into the
lattice, but calculations using the GKC-tuned approach have
shown that the lowest-energy configuration taken by a neutral
oxygen vacancy is one where both excess electrons are
delocalized throughout the bulk. This delocalized solution is
around 0.95 eV lower in energy than a solution where both
electrons are localized and 0.47 eV lower in energy than a
solution where one electron is localized.56 Such a result should
not be especially surprising as, if it were always favorable for
electrons to become strongly trapped in the vicinity of
vacancies, then vacancies would not be able to effectively
dope anatase to become n-type.
All of the theoretical studies described so far are concerned

with high-symmetry, extended systems but such systems will
not capture certain features of nanoparticles. For example, even
a perfect equilibrium nanoparticle made up of pristine surfaces
will contain edges and vertices where facets meet. Such
features have low symmetry and would not be trivial to model
in a periodic supercell. The examples of first-principles
modeling of nanoparticles that do exist are often limited in
their scope or applicability. Many studies perform all
calculations using local or semilocal DFT.57,58 Another
approach is to optimize the geometry using semilocal
functionals and then apply a hybrid density functional to a
fixed geometry.59,60 This is an improved approach but it is not,
however, without issues when describing localized charges.
Small polaronic states and their associated geometric distortion
to the crystal lattice are inseparably linked; if a functional
cannot properly describe localized charges, it cannot properly
describe the geometry that would allow the charge to become
localized. Nevertheless, it can still provide valuable insight into
situations where charge localization is not as relevant. For
example, such an approach has been used to determine that the
properties of an anatase nanoparticle start to linearly approach
bulk-like behavior at sizes beyond roughly 3 nm (beyond
around 200 atoms), providing a valuable benchmark when
constructing model nanoparticles.61 Other studies have been
carried out where geometries of anatase nanoparticles have
been determined through a global optimization procedure
where energies are determined using hybrid DFT,62,63 which
should be expected to provide more accurate descriptions of
energetics and electronic structure, but only consider
stoichiometric particles.providing more reasonable results
than A previous study examined the properties of a single
oxygen vacancy on a Ti84O168 nanoparticle using hybrid
density functional theory using both standard PBE0 and a
parameterization of PBEα using α = 0.125, similar to our
GKC-tuned value of α = 0.105.64,65 This study shows that the
choice of α has pronounced effects on the specific location and
spin configuration of the most stable vacancy, with the value of
α = 0.125 providing more reasonable results than PBE0.
Reassuringly, it seems that qualitative trends, and therefore the
associated predictions that can be made from them, are less
affected by the choice of functional. Results from single oxygen
vacancies are extremely useful but, in reality, nanoparticles
should probably be expected to have multiple oxygen
vacancies, though the rough amount of vacancies to be
expected and how they interact is unclear. A natural next step
would be to determine the degree to which nanoparticles can
be reduced and what properties these highly reduced particles
would have.

Here, we present hybrid DFT calculations of the atomic and
electronic structures of explicit models of Ti33O66 and
Ti151O302 anatase nanoparticles, where all calculations,
including geometry optimizations, are carried out using a
hybrid density functional that has been shown to effectively
remove the self-interaction error in bulk anatase. We consider
the reduction of these particles by the formation of oxygen
vacancies to determine the behavior of excess charge in the
nanoparticles. We also consider the facets appearing in the
Wulff construction of anatase, the {101} facets, the {001}
facets, and the possible reconstruction of the {001} facet, and
determine the position of the most stable vacancy in the
vicinity of these surfaces. It is shown that excess electrons
introduced by vacancies in the vicinity of extended surfaces
preferentially delocalize but the excess electrons in nano-
particles prefer to localize on undercoordinated Ti sites.

■ THEORETICAL METHODS

All electronic structure calculations were carried out using
hybrid DFT, where some fraction of the Hartree−Fock (HF)
exchange is mixed into the Perdew−Burke−Ernzerhof (PBE)
functional30 to correct the self-interaction error present in
standard semilocal approximations for exchange−correla-
tion.66−68 We use the implementation of hybrid DFT within
CP2K,69 where we use a truncated HF exchange functional
(which we term PBEα-TC-LRC)50,70 in which, beyond some
cutoff radius, PBE exchange is used instead of HF exchange.
We determine that a cutoff radius of 6 Å is well converged with
regard to lattice parameter and band gap. A further measure to
reduce computational cost is the augmented density matrix
method (ADMM)71 in which exchange integrals are
approximated through mapping onto smaller, more localized
basis sets. For both Ti and O, we use triple-ζ basis sets
optimized from molecular calculations (MOLOPT)72 and
Goedecker−Teter−Hutter pseudopotentials available within
CP2K.73−75 We mix in 10.5% HF exchange, a fraction that
ensures that the generalized Koopmans’ condition is obeyed to
within 0.05 eV in bulk anatase.51,54 This GKC-tuned functional
is found to be in good agreement with the experiment with
regard to polaron formation.48,51 We use five multigrids with a
relative cutoff of 60 Ry and the finest grid having a cutoff of
600 Ry. As CP2K only samples the Γ-point, we converge
properties with respect to the supercell size as opposed to the
k-point sampling in reciprocal space. A 5 × 5 × 2 expansion of
the conventional anatase unit cell is sufficient to yield lattice
parameters of a = b = 3.78 Å and c = 9.61 Å, which are within
1% of experimentally determined parameters. A more detailed
description of the parameterization of this functional for
anatase, and other TiO2 polymorphs, as well as corresponding
convergence testing, can be found in our previous work.51

The surfaces are modeled as slabs in a periodic supercell
where slabs are over 24 Å thick, with surface areas between 200
and 300 Å2 and a vacuum gap of at least 12 Å. The surface
models used in this work are taken from a previous study
where analysis and discussion of convergence with respect to
slab thickness are given.54 For the {001} and {101}, seven
atomic layers were considered to be in the vicinity of the
surface. For the reconstructed {001}, all symmetrically
inequivalent sites across five atomic layers were considered
to be in the vicinity of the surface. Oxygen vacancies were
modeled using a ghost basis placed in the position of the
vacant oxygen. All geometry optimization performed on
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extended surfaces is performed until the force on ions is less
than 0.01 eV Å−1.
The procedure to determine stable configurations for

reduced nanoparticles first required the construction of
Ti33O66 and Ti151O302 models where the shapes were based
on the Wulff construction, using the surface energies for the
{101} and {001}. Then, a large number of starting structures
were generated by randomly removing oxygen from the
particle. These structures were then sorted by the total
coordination number to remove the particles with the lowest
number of bonds, assuming that these systems will be less
favorable. This is an educated assumption supported by a
previous study that shows that lower-coordinated oxygen is, in
general, easier to remove from nanoparticles.64 A selection of
configurations were chosen such that each stoichiometry
explored systems containing surface vacancies, subsurface
vacancies, and a mixture of both. In total, there were three
configurations explored for each stoichiometry and the lowest-
energy system for each stoichiometry was taken forward for
analysis. For the Ti33O33(2−δ) particle, we generated a series of
stoichiometries by removing 1 O at a time up to 8 removed O
(δ = 0.24) and for the Ti151O151(2−δ) we generated a series of
stoichiometries by removing 2 O at a time up to 12 removed O
(δ = 0.07). For the large particle approximations, the facet
surface areas and volumes of Wulff constructions, and hence
the number of O sites of a given kind, were determined using
WulffPack.76 Nanoparticles were modeled in an aperiodic cell
using the Martyna−Tuckerman Poisson solver,77 where the
simulation cells for each particle are made to be over twice the
size of the charge density. All geometry optimization on
nanoparticles is performed until the force on ions is less than
0.1 eV Å−1.
For all calculations, the number of electrons in each spin

channel is kept equal, such that there is no net magnetization
in the system. This compromise primarily serves to reduce the
size of spin configuration space for the nanoparticle
calculations. While a true global minimum may be a system
with some net magnetization, the energy contribution due to
the spin configurations is expected to be small compared to
other contributions from charge localization and the position
of the vacancy. This is supported by calculations in bulk
anatase where the difference between the singlet and triplet
configurations of an oxygen vacancy with two localized
electrons is only 0.09 eV. This energy difference is an order
of magnitude smaller than the 0.95 eV energy difference
between the localized singlet solution and the solution where
two electrons are delocalized across the simulation cell.56

■ RESULTS AND DISCUSSION

Oxygen Vacancies at Surfaces. First, to investigate the
properties of large nanoparticles that are oxygen-deficient, we
consider O vacancies in the vicinity of the facets appearing in
the Wulff construction of anatase: the {101} facets and {001}
facets, with the {001} facet having a possible reconstruction. In
this reconstruction, bridging O sites along the surface are
periodically replaced with units of TiO3, which acts to relieve
strain and lowers the surface energy to about half that of the
clean, unreconstructed {001} surface.78,79 This reconstruction
is, however, typically observed in thin-film samples annealed in
vacuum, and it is unclear how large the drive to reconstruct
would be in other situations. For example, in the case of a small
particle, the space available for a reconstruction is limited and
it would also be possible to relieve strain through relaxation of

the entire particle. The surface formation energy, γ, is defined
as

γ =
−E NE

A2
slab bulk

(3)

where Eslab is the total energy of the surface slab model, N is
the number of units of anatase in the slab, Ebulk is the energy of
one unit of bulk anatase, and A is the area of the surface where
the factor of 2 accounts for there being two surfaces in the
periodic slab. The {101}, {001}, and reconstructed {001}
facets are calculated to have γ{101} = 0.46 J m−2, γ{001} = 0.99 J
m−2, and γ{001}

recon. = 0.59 J m−2, respectively.
We focus on the most stable vacancy in the vicinity of each

surface where the formation energy of an O vacancy at a
surface, EF

vacancy, is defined as

μ= − +E E EF
vacancy

slab
vacancy

slab O (4)

where Eslab
vacancy is the energy of the surface slab containing the

vacancy, Eslab is the energy of the pristine surface slab, and μO is
the O chemical potential. The value of μO in O-rich conditions
is taken to be

μ = E
1

2O O2 (5)

where EO2
is the total energy of an oxygen molecule in the gas

phase. Then, we can define the chemical potential of Ti, μTi, as

μ = −E E
Ti TiO O2 2 (6)

For O-poor conditions, we choose the chemical potentials
corresponding to anatase in equilibrium with corundum
(TiO2/Ti2O3)

μ μ+ = E2
Ti O TiO2 (7a)

μ μ+ = E2 3
Ti O Ti O2 3 (7b)

where ETi2O3
is the energy of a unit of bulk corundum. Going

from O-rich to O-poor corresponds to a shift in the chemical
potential of ΔμO = −3.96 eV. The rationale for choosing Ti2O3

instead of TiO or metallic Ti is that Ti2O3 is the more stable
material over a wide range of μO, which suggests that
considering the equilibrium with Ti2O3 provides the most
meaningful limit on the TiO2 growth.

18,56,80,81

For the {001} and reconstructed {001} surfaces, the most
stable vacancy occurs at the surface, whereas in the {101}, the
most stable vacancy occurs at a subsurface site (Figure 1). The
subsurface vacancy in the {101} is found to have a comparable
formation energy to a vacancy in the bulk, only 0.04 eV more
favorable. This is consistent with the evidence that vacancies
have a tendency to segregate away from the {101} to the
subsurface and bulk even at low temperatures.82,83 For O
vacancies at both the {001} and reconstructed {001} surfaces,
we find that it is significantly more favorable to form vacancies,
with formation energies 1.44 and 0.80 eV lower than the bulk-
like solution, respectively. It is predicted that vacancies would
be favorable to form in the O-poor limit (Figure 2). However,
it is important to note that the vacancy formation energies
were calculated for relatively dilute vacancies in a supercell and
that the negative formation energies in the oxygen-poor limit
should not be taken to imply that all surface sites would be
removed, nor would it provide an accurate approximation of
the concentration of vacancies at these surfaces in such a limit.
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Similar to the O vacancy in the bulk anatase, the excess
electrons prefer to delocalize in all of the considered vacancies
near surfaces. These delocalized configurations come with a
large distortion to the underlying lattice as ions move to screen
the effect of the missing oxygen. From these results, we
conclude that dilute oxygen vacancies in extended surfaces
would not be likely to present trapped charges detectable by
EPR. Also of note is that the introduction of lower-coordinated
Ti species into the majority surfaces does not lead to electron
trapping as was observed in a recent study of high-index
facets.54

Reduced Nanoparticles. Low-energy configurations for a
Ti33O33(2−δ) nanoparticle (diameter, d ≈ 1.5 nm; Figure 3a)

and a Ti151O151(2−δ) nanoparticle (d ≈ 2.5 nm; Figure 3b) were
determined as described in the Theoretical Methods section.
For the Ti33O33(2−δ) nanoparticles, we consider values of δ =
0.00−0.24 and for the Ti151O151(2−δ) we consider δ = 0.00−
0.07. For an explicit model of a nanoparticle of stoichiometry
TiNON(2−δ), we calculate the formation energy, EF

particle, as

δ μ= − −E E NE NF
particle

particle TiO O2 (8)

where Eparticle is the total energy of the particle and ETiO2
is the

energy of a unit of bulk anatase. For a “macroscopic” particle of
stoichiometry TiNON(2−δ), we calculate the formation energy
EF
macro as

∑ λ δ δ= − −E A N E N E( )
i

i i i iF
macro O

F,
vacancy

bulk
O

F, bulk
vacancy

(9)

where Ai is the area of the ith facet, λi is the surface formation
energy of the ith facet, Ni

O is the number of stable O vacancy
locations on the ith facet, Nbulk

O is the number of bulk-like O
sites not considered as being part of the surface, and EF,bulk

vacancy is
the formation energy of an O vacancy in bulk. For a
nanoparticle containing {101} facets and {001} facets, the
Wulff construction consists of 98.3% {101} facets and 1.7%
{001} facets (Figure 3c), and for a nanoparticle containing
{101} facets and reconstructed {001} facets, the Wulff

Figure 1. Structures of the most stable vacancies at the (a)
unreconstructed {001} surface, (b) {001} reconstructed surface,
and (c) {101} surface. Titanium and oxygen ions are represented by
gray and red spheres, respectively. The blue spheres indicate the
position of the vacant oxygen.

Figure 2. Formation energies of the most stable neutral vacancies in
bulk and in the vicinity of the majority facets of anatase as a function
of the oxygen chemical potential, μO. The {101} and bulk formation
energies are comparable.

Figure 3. Models of (a) atomic structure of Ti33O66 nanoparticle, (b)
atomic structure of Ti151O302 nanoparticle, (c) Wulff construction
involving {101} and {001} facets, and (d) Wulff construction
involving {101} and reconstructed {001} facets. Titanium and oxygen
ions are represented by gray and red spheres, respectively. {101} and
{001} facets are represented by green and yellow facets, respectively.
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construction consists of 87.5% {101} facets and 12.5%
reconstructed {001} (Figure 3d). These calculations are
performed at zero temperature where we do not consider the
effects of entropy.
In the O-rich limit, we observe that stoichiometric particles

are always more favorable than their reduced counterparts.
However, in the O-poor limit, it is favorable to remove O from
the particles, with the smaller particle being easier to reduce
than the larger particle (Figure 4). In the O-poor limit, the

most reduced particles with a favorable formation energy were
Ti33O59 (δ = 0.21, for the small particle) and Ti151O294 (δ =
0.05, for the large particle). The calculated formation energies
per Ti for macroscopic particles exhibit low dependence on the
size of the particle, and so, for illustrative purposes, we choose
an example case of a Ti12 000O12 000(2−δ) nanoparticle (d ≈ 10
nm, around what would be observed in the experiment,
consisting of 326.35 nm2 {101} facets and 5.54 nm2 {001}
facets), using comparable values of δ, where we have assumed
that vacancies are spread homogeneously throughout bulk and
surface sites (Figure 4). Due to the form of eq 9, the formation
energy per Ti varies little with the size of the particle, so we
show only the Ti12 000O12 000(2−δ) example. It is clear that larger
particles are not as readily reducible to the same degree as
smaller particles. One factor responsible for this is the presence
of low-symmetry and low-coordinated sites. For example, to
make a nanoparticle stoichiometric without the presence of O
interstitials or Ti vacancies, it is necessary to include one-
coordinated O on surface sites. Such sites remain energetically
favorable in the O-rich limit but quickly become unfavorable as
we move into the O-poor regime. Similarly, edge and vertex
sites on the nanoparticles lead to atoms being overall lower
coordinated than they would be in either bulk or extended
surfaces, even before the removal of any further O. The {001}
and reconstructed {001} surfaces also exhibit vacancies that are
favorable in the O-poor limit but, even if we were to
unrealistically remove all of these O from a large Wulff

construction particle, it would represent an extremely small
value of δ compared to the value of δ observed in our model
particles. We emphasize here that these are formation energies
at 0 K with no consideration of the effects of configurational
entropy of the nanoparticles and, while they provide evidence
of a trend, we make no attempt to assign specific values of δ
that would be expected at finite temperature.
We calculate the density of states (DOS) for the modeled

nanoparticles and, to separate the properties due to the
morphology of the nanoparticle and the properties due to
reduction, we compare the DOS of the stoichiometric
nanoparticles with the average DOS of all favorable reduced
stoichiometries (Figure 5). The stoichiometric Ti33O33(2−δ)

configuration has a band gap of around 0.3 eV lower than any
of the Ti151O151(2−δ) configurations, which can be attributed to
states at the top of the valence band associated with one-
coordinated O sites. When considering reduced Ti33O33(2−δ)

particles, these states are removed and the gap is increased to
around 3.0 eV, comparable to the Ti151O151(2−δ). Reduced
nanoparticles contain states in the band gap and, in the more
highly reduced Ti33O33(2−δ) systems, these states appear deeper
in the gap. For the Ti151O151(2−δ), the overall shape of the
valence and conduction bands remains relatively unperturbed
by reduction, but we see states appearing around 0.5−1.0 eV
below the conduction band minimum (CBM) in the reduced
case. In the case of the Ti33O33(2−δ) nanoparticles, reduction
causes a large change in the shape of the bands. The gap states
associated with reduced Ti33O33(2−δ) appear around 0.5−1.5
eV below the CBM, slightly deeper than the Ti151O151(2−δ)

case. These results are consistent with observations that
reduced anatase has increased photocatalytic perform-
ance.84−86 Defect-free anatase requires ultraviolet radiation
for photoexcitation, but these shallow states below the CBM
would lead to increased visible light absorption, a very
desirable trait if anatase is to be used as a photocatalyst
under the sunlight. This increased absorption in the O-
deficient anatase has been observed experimentally, and upon
annealing in O-rich atmospheres, the states disappear,
confirming that they originate from reduced Ti species.87,88

Figure 4. Formation energies per Ti atom plotted as a function of μO
for Ti33O33(2−δ), Ti151O151(2−δ), and the macroscopic Ti12 000O12 000(2−δ)

nanoparticles for various values of δ. All formation energies are taken
relative to the stoichiometric configuration (δ = 0.00) of the
corresponding size of nanoparticles.

Figure 5. Density of states for (top) the Ti33O33(2−δ) particles and
(bottom) the Ti151O151(2−δ) particles. Yellow represents the
stoichiometric configuration and blue represents the average DOS
of all favorable reduced configurations. The shaded regions indicate
where a configuration has more states of a given energy. In the
interest of clarity, the DOS represents the sum of both spin channels.
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To determine the behavior of excess charges, we perform
Bader analysis on the model nanoparticles.89−92 Unpaired
spins would be visible to EPR, and so to facilitate comparison
with the experiment, we also consider the absolute spin density
associated with each site. In contrast to the extended models of
bulk and of majority facets, we find that excess electrons
present in the reduced nanoparticles have a tendency toward
localizing to form Ti+3 species at undercoordinated Ti sites
near surfaces (Figure 7), as evidenced by the high proportion
of unpaired spins present compared to the number of excess
electrons (Figure 6, top). To illustrate how the excess electrons

are distributed across sites, we determine how many gap-state
electrons are associated with the Bader volumes of each Ti
(Figure 6, bottom). For each stoichiometry of Ti151O151(2−δ)

we determined to be stable, we see that in most cases the
majority of the excess electrons are unpaired except for one
stoichiometry that contains an anomalously low number of
unpaired spins. Generally, there are two distinct bands that
would correspond to Ti4+ and Ti3+, except for the system
containing a low number of unpaired spins (Figure 6, yellow
points, 10 O vacancies). In this system, we see a particularly
large number of excess electrons on one site, which would
indicate that, rather than these excess electrons being
delocalized, they have become trapped as a Ti2+ species,
which would be a trap that is invisible to EPR. For the stable
stoichiometries of Ti33O33(2−δ), we find that there is a
comparatively lower proportion of unpaired spins than in the
Ti151O151(2−δ) particles but we do not observe an increase in
the number of sites with a number of electrons significant
enough that they would correspond to a Ti2+. Instead, we see
far less distinct bands in the number of excess electrons and a
far greater proportion of sites containing non-negligible
numbers of excess electrons (Figure 6 and 7, bottom, green

points). This is indicative of two features: first, that the overall
symmetry of the small particles is lower than that of the large
particles, and second, the number of sites available to excess
electrons is overall lower in the small particles, meaning that
the traps associated with surface sites quickly begin to become
filled, forcing more electrons into delocalized solutions.
These results lead us to predict that nanoparticle size has a

pronounced effect on the degree to which a sample can be
reduced, which, in turn, has a pronounced effect on the
properties of the material due to the number of Ti3+ and Ti2+

species that are able to form. It has been observed that Ti3+

and Ti2+ states in highly reduced TiO2 show extremely high
photocatalytic activity.5 We suggest that small nanoparticles
would be better suited to photocatalytic applications for two
reasons: first, that they would have a larger surface-area-to-
volume ratio, which is beneficial in catalytic applications; and
second, that smaller particles are easier to reduce, which would
allow the creation Ti3+ and Ti2+ species and increase visible
light activity, as discussed previously. We also predict that
electron trapping would be more prevalent in nanocrystalline
samples than in single crystals but, despite the majority of
excess charges becoming trapped in our models, we do not
predict that the majority of excess electrons would become
trapped in samples containing larger nanoparticles. We remind
the reader that our model nanoparticles are small and contain a
disproportionate amount of surface features, whereas a larger
nanoparticle would contain regions better described by the
extended models of the bulk and surface and the delocalized
configurations associated with such extended systems should
be expected. Additionally, our results correspond to zero
temperature, but it is expected that at finite temperature a
proportion of these traps would become unstable; such
behavior is reported in EPR studies where signals from Ti3+

species disappear at room temperature and in conductivity
experiments where the conductivity of polycrystalline anatase
increases with temperature.93,94 One of these conductivity
experiments93 demonstrated higher conductivity in particles of
smaller diameter, which would be in agreement with our

Figure 6. Plot of (top) the number of unpaired spins associated with
Ti sites and (bottom) number of excess electrons associated with each
Ti site against the number of O vacancies. The solid black line
indicates the trend followed if the number of unpaired spins is equal
to the number of excess electrons.

Figure 7. Absolute spin density isosurfaces (isosurface value 0.015
a0
−3) for various stoichiometries of nanoparticle. Titanium and oxygen
ions are represented by gray and red spheres, respectively.
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prediction that these particles would be easier to reduce and
would contain a higher number of carriers, but we emphasize
that smaller particles would lead to lower electron mobility due
to the number of trap states present in small, reduced particles.
This concept is supported by the fact that, while increased
conductivity is observed at decreased partial pressures of O2

(i.e., in the O-poor limit, where vacancies are expected to be
prevalent), it is also observed that conductivity saturates at
high partial pressures of O2,

94 which can be attributed to the
decrease in free carrier concentration being balanced by an
increase in electron mobility due to the smaller number of trap
states present in less-reduced particles. We suggest that this
trade-off between the number of carriers and electron mobility
must be considered for applications where conductivity is
important.

■ CONCLUSIONS

In summary, we have investigated oxygen vacancies and charge
trapping in anatase through first-principles calculations of
extended {101}, unreconstructed {001}, and reconstructed
{001} surfaces and we compare these results to explicit models
of Ti33O33(2−δ) and Ti151O151(2−δ) nanoparticles. We find that
electrons introduced by vacancies at extended surfaces
preferentially delocalize across all Ti sites. However, when
considering Ti33O33(2−δ) and Ti151O151(2−δ) nanoparticles,
electrons will localize to form Ti3+ species even when the
level of reduction is relatively low and, when reduced further,
Ti2+ species can also form. The presence of Ti3+ species
associated with oxygen vacancies is frequently observed in EPR
experiments on anatase nanoparticles,27,53,85,86 but Ti2+ species
represent a trap that would be invisible to EPR. The degree to
which a particle can be reduced was found to depend strongly
on the size of the particle, and we suggest that smaller particles
will be preferable for photocatalytic applications due to
providing better visible light absorption and increased surface
area. For photovoltaic and battery applications, there will be a
balance to be considered between the number of carriers
introduced by vacancies and the number of trap states
introduced due to particle size and number of under-
coordinated Ti sites.
Our nanoparticle models show encouraging agreement with

experimental observations, but there are still other open
questions. For example, we have only considered an isolated
Wulff construction nanoparticle but, depending on growth
conditions, anatase nanoparticles can take a wide range of
morphologies,95,96 which may exhibit different size-dependent
properties regarding reduction and charge trapping. Addition-
ally, adsorption at the surface is important to photocatalytic
processes and further investigation into how the presence of
nanoparticle features such as edges and vertices changes the
behavior of adsorbed species would be valuable. This study has
provided insight into the reduction and the behavior of
charges, but more work would be required to develop a full
understanding of how the size and shape of nanoparticles affect
their properties.
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(20) Wosinśki, T. Evidence for the Electron Traps at Dislocations in
GaAs Crystals. J. Appl. Phys. 1989, 65, 1566−1570.
(21) Maras, E.; Saito, M.; Inoue, K.; Jønsson, H.; Ikuhara, Y.;
McKenna, K. P. Determination Of The Structure and Properties of an
Edge Dislocation in Rutile TiO2. Acta Mater. 2019, 163, 199−207.
(22) Stoneham, A.; Gavartin, J.; Shluger, A.; Kimmel, A.; Ramo, D.
M.; Rønnow, H.; Aeppli, G.; Renner, C. Trapping, Self-Trapping and
the Polaron Family. J. Phys.: Condens. Matter 2007, 19, No. 255208.
(23) Di Valentin, C. A Mechanism for the Hole-Mediated Water
Photooxidation on TiO2 (101) Surfaces. J. Phys.: Condens. Matter
2016, 28, No. 074002.
(24) Ohsawa, T.; Lyubinetsky, I. V.; Henderson, M. A.; Chambers,
S. A. Hole-Mediated Photodecomposition of Trimethyl Acetate on a
TiO2 (001) Anatase Epitaxial Thin Film Surface. J. Phys. Chem. C
2008, 112, 20050−20056.
(25) Gribb, A. A.; Banfield, J. F. Particle Size Effects on
Transformation Kinetics and Phase Stability in Nanocrystalline
TiO2. Am. Miner. 1997, 82, 717−728.
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