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ABSTRACT: Polycrystalline anatase titanium dioxide has drawn
great interest, because of its potential applications in high-
efficiency photovoltaics and photocatalysts. There has been
speculation on the electronic properties of grain boundaries but
little direct evidence, because grain boundaries in anatase are
challenging to probe experimentally and to model. We present a
combined experimental and theoretical study of anatase grain
boundaries that have been fabricated by epitaxial growth on a
bicrystalline substrate, allowing accurate atomic-scale models to be
determined. The electronic structure in the vicinity of stoichio-
metric grain boundaries is relatively benign to device performance
but segregation of oxygen vacancies introduces barriers to electron
transport, because of the development of a space charge region. An intrinsically oxygen-deficient boundary exhibits charge trapping
consistent with electron energy loss spectroscopy measurements. We discuss strategies for the synthesis of polycrystalline anatase in
order to minimize the formation of such deleterious grain boundaries.
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T he anatase phase of titanium dioxide (TiO2) finds a wide
range of energy-related applications, including as charge

transport layers in photovoltaic devices,1,2 photocatalysts for
hydrogen production,3,4 and as battery electrode materials.5−7

For most practical applications, anatase TiO2 is prepared in
nanoparticle form, before hydrothermal coarsening or sintering
to produce a nanoporous film.8,9 Such materials are
technologically desirable, because of their high surface-area-
to-volume ratio, which increases the accessible surface area for
the adsorption of reactants in photocatalytic applications and
allows for more efficient charge injection from contacting solar-
absorber materials in photovoltaic applications. For example,
the current world’s leading lead halide perovskite solar cells
(>25% efficiency) employ nanoporous anatase TiO2 as an
electron transport layer.10 While surfaces play a significant part
in technological applications, polycrystalline materials un-
avoidably contain large numbers of grain boundaries (GBs),
which are expected to play a decisive role in determining their
electronic properties. For example, GBs can be associated with
a local change in the band gap of a material and can introduce
traps for charge carriers.11,12 Charge trapping can be seriously
detrimental to the performance of devices, because it decreases
carrier mobility and increases the likelihood of carrier
recombination, leading to decreased current and decreased
efficiency in applications. GBs can also negatively impact
efficiency, because of the segregation of charged point defects,

which can give rise to a space charge region affecting carrier
transport near the boundary.13,14 Transient photocurrent
measurements have shown that carrier diffusion and
recombination in polycrystalline anatase is significantly affected
by the average size of nanoparticles in the sample.15,16

However, changing nanoparticle size in nanoporous materials
affects the cross-sectional area of GBs, their total number, and
the total surface area. Therefore, it is extremely challenging to
experimentally disentangle the combined roles of point defects,
surfaces, and GBs in polycrystalline anatase, with the various
models proposed in the literature.15−19 Without a good
understanding of GBs in anatase, devising effective methods
to reduce charge trapping and increase mobility has proven
very difficult.
Given the challenges associated with performing experi-

ments to directly address GB properties in anatase, one can
turn to computational modeling to provide insight and
predictions at the atomic scale. The defacto standard of
computational electronic structure methods is density func-
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tional theory (DFT), because of its low computational cost
and reasonable accuracy. However, accurate modeling of
charge trapping remains challenging, requiring the careful
application of methods such as hybrid DFT, where some
fraction of exact Fock exchange is incorporated into standard
semilocal DFT, in order to correctly capture the behavior of
localized charges.20−23 Predicting the atomic structure of GB
defects is also difficult, because of the large number of degrees
of freedom involved and the fact that GB structures realized in
practice are often metastable.24,25 Therefore, it is desirable to
directly confirm first-principles predictions of a GB structure
experimentally so that prediction of corresponding electronic
properties can be made with confidence. As discussed above,
this is challenging for anatase GBs; therefore, to date, the only
intergrain defect that has been characterized experimentally is
the low-energy and high-symmetry Σ3{112} twin boundary,
which forms fortuitously by oriented attachment during
hydrothermal coarsening of anatase nanoparticles.26 This
conundrum concerning the role of internal interfaces is a
common one in modern materials science, and it requires the
combined efforts of theory and experiment to resolve.
Here, we tackle this problem for Σ5 GBs in anatase by

combining aberration-corrected scanning transmission electron
microscopy (STEM) with a hybrid DFT functional containing
10.5% Fock exchange, a value which is optimized to accurately
describe charge trapping in bulk anatase.22 The standard
bicrystal approach for fabricating and imaging GBs24,27−29 is
inaccessible for anatase as large single crystals irreversibly
transform to the rutile phase if annealed at temperatures above
600 °C.26,30 As an alternative, we prepare a well-defined
Σ5[001]{310} SrTiO3 bicrystal

28 from which we cut a suitable
substrate onto which an anatase TiO2 film can be grown
epitaxially. The orientation of the grains in the substrate
templates the orientation of the grains in the growing anatase
film, which, in turn, encourages the formation of GBs (Figure
1a). We characterize the Σ5{310} and the Σ5[331̅]{103} GBs

(the latter is observed due to the proposed formation of {112}
twins in the anatase film). Computational models of stable GB
configurations are determined by systematic scans through
different rigid-body translations that are possible between the
grains, yielding structures and simulated STEM images that are
in excellent agreement with experiment. We find that the
Σ5[001]{310} and Σ5[331̅]{103} GBs generally only weakly
perturb the electronic structure of anatase and should be
relatively benign for conductivity. However, segregation of
ionized oxygen vacancies is predicted to lead to a space charge
region and an intergrain electrostatic barrier to electron
transport of ∼0.1 eV. We also predict a highly oxygen-deficient
variant of the Σ5[331̅]{103} GB that contains large numbers
of electron traps in the vicinity of the boundary. This is
supported by electron energy-loss spectroscopy (EELS)
measurements that the region in the vicinity of the Σ5[331̅]
{103} GB is more reduced than the bulklike region of the
grains. The increased number of electron traps in the vicinity
of the GB will lead to decreased carrier mobility and increased
rates of recombination, which would be seriously detrimental
to the performance in photovoltaics, photocatalysis, and
rechargeable battery applications.
Two distinct GB orientations are observed in the annular

bright-field (ABF) STEM images of the anatase bicrystal. The
GB structures are shown in Figures 1b−d, where the dark
contrast corresponds to Ti and O columns. The first is the
expected Σ5[001]{310} GB (Figure 1b), which corresponds to
the orientation of the SrTiO3 bicrystal substrate. We also
observe Σ5[331̅]{103} GBs, which we propose are present due
to the intersection of Σ3{112} twin boundaries, which form in
the anatase grains (see Figure S1 in the Supporting
Information). For the Σ5[331̅]{103}, we observe two different
configurations in the experimental images: one that is
symmetric about the boundary plane, which we label the
Σ5[331̅]{103}-S (Figure 1c), and another that is asymmetric,
which we label the Σ5[331̅]{103}-AS (Figure 1d).

Figure 1. (a) Schematic diagram showing how a slice of an SrTiO3 bicrystal is used as a substrate for the growth of anatase via pulsed laser
deposition. The orientation of the anatase grains are templated by the orientation of the grains in the substrate. ABF STEM images of the (b)
Σ5[001]{310} GB, (c) Σ5[331̅]{103}-S GB, and (d) Σ5[331̅]{103}-AS GB also are shown.
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We utilize procedures that are commonly employed to
model GBs, by building a periodic supercell containing two
symmetrically equivalent GBs separated by a sufficient distance
to ensure that the two GBs do not interact with each
other.31−33 Further details can be found in the Supporting
Information. These periodic models are constructed by
adjoining two grains, which can have different surface
terminations. We identify only one inequivalent termination
for the {310} grain (Figure 2a) and our Σ5{310} GB model is
constructed by combining two grains with this termination.
For the {103} grain, we find three plausible surface
terminations leading to several GB models. The symmetric
Σ5{103}-S GB is constructed from two Ti-terminated grains

(Figure 2b). The combination of two O-terminated grains
yields very high formation energies and was not considered
further. The asymmetric Σ5{103}-AS GB can be constructed
by combining an O-terminated grain (Figure 2c) and an
oxygen-deficient Ti-terminated grain (Figure 2d). The removal
of oxygen from the Ti-terminated grain is necessary to
eliminate the unphysical dipole between the grains that
otherwise forms. This oxygen-deficient surface termination
has been observed experimentally in STEM studies of anatase
nanorods.34

For each GB, we identify the most stable structures by
performing a series of geometry optimizations at the different
rigid-body translations possible between the grains and

Figure 2. Structural models for the surface termination of grains: (a) {310}, (b) Ti-terminated {103}, (c) O-terminated {103}, and (d) O-deficient
Ti-terminated {103}. In all structural models, large gray spheres are titanium and small red spheres are oxygen. The projections for each view are
given in the bottom left of each panel. Also shown are corresponding simulated and experimental ABF STEM images for the (e) Σ5{310}, (f)
Σ5{103}-S, and (g) Σ5{103}-AS GBs.

Figure 3. Structural models of the (a) Σ5{103}-AS and (b) Σ5{103}-AS-r GBs. Large gray spheres are titanium, small red spheres are oxygen, and
bridging O atoms have been highlighted in blue. Projection indicated by arrows in bottom right of panels. (c) Structural model of the Σ5{103}-AS-
r GB with corresponding simulated and experimental ABF STEM images. (d) Formation energies of the GBs, as a function of the oxygen chemical
potential, μO, showing that, in the O-poor limit, the Σ5{103}-AS-r GB has a similar formation energy to the Σ5{103}-S GB. Note that the full of
range μO up to the oxygen-rich limit of μO = 0.0 eV is not shown.
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calculating a formation energy (see the Supporting Informa-
tion). This approach has been successful in predicting grain-
boundary structures in various materials.27,28,32 We find two
inequivalent minima for the Σ5{310} GB with almost identical
formation energies of 1.03 and 1.09 J m−2. Simulated ABF
STEM images were produced for both of these structures, and
the best agreement is found with the higher formation energy
structure (Figure 2e). When two GB structures are very close
in energy, it is not unusual for the predicted lowest energy GB
structures to not appear in experimental samples and similar
behavior is reported in a study of Σ5{310} GBs in magnesium
oxide.24 Our further simulations and analysis of electronic
structure shall focus on the GB, which shows better agreement
with the experiment. For the Σ5{103}-S GB, we determine one
distinct minima that corresponds to a small formation energy
of 0.64 J m−2. The simulated ABF STEM image produced for
this structure is in excellent agreement with experimental
observations (Figure 2f). Our nonstoichiometric Σ5{103}-AS
structure is missing 8 O atoms per GB in the simulation
supercell, meaning that its formation energy is dependent on
the chemical potential of oxygen (μO). In the oxygen-poor
limit (see Supporting Information), our Σ5{103}-AS structure
has a formation energy of 0.91 J m−2 and the simulated ABF
STEM image shows good agreement with experimental
observations, in terms of the dark contrast corresponding to
columns of titanium (Figure 2g), but shows less agreement in
terms of the contrast in the GB core.
In the Σ5{103}-AS GB model, there are rows of “bridging”

O atoms that have their bonds strained by ∼12% (Figure 3a),
with bonding that is analogous to the unreconstructed {001}
anatase surface. For the {001} surface, this strain is relieved by
a well-characterized (1 × 4) reconstruction, where every fourth
bridging oxygen atom is replaced by a TiO3 unit.

35 We attempt
a similar reconstruction at the GB, which we label Σ5{103}-

AS-r, where we replace every fourth bridging oxygen with a
TiO4 unit (Figure 3b). This reconstruction reduces the strain
on the bridging oxygen atoms to ∼4%. When comparing
simulated ABF STEM images with the experimental image, the
Σ5{103}-AS-r model, we see that the there is still good
agreement, in terms of the positions of the columns of titanium
but, with the addition of the TiO4 units, there are darker
regions within the GB core, which is in better qualitative
agreement than the Σ5{103}-AS model (Figure 3c). In the
oxygen-poor limit of μO, the Σ5{103}-AS-r has a formation
energy of 0.74 J m−2, which is significantly lower than that of
our predicted Σ5{310} structure or the Σ5{103}-AS structure
(see Figure 3d). Given the good agreement with the
experimental image and the lower formation energy, our
further analysis of electronic properties shall focus on the
Σ5{103}-AS-r structure.
In order to understand the electronic structure of the GBs,

projected density of states (PDOS) for atoms in the vicinity of
the GBs were calculated and compared with a bulklike region
far from the boundary plane. Neither the Σ5{310} nor the
Σ5{103}-S exhibit significantly altered band gaps or any states
within the gap (Figures 4a and 4b), which indicates that these
GBs do not present deep charge traps in their equilibrium
geometry. We verify this by explicitly adding electrons and
holes, finding that holes delocalize over oxygen sites near the
GBs and electrons delocalize over titanium sites in the bulklike
regions of the grains. For the oxygen-deficient Σ5{103}-AS-r,
we see states appearing at ∼0.5−1.0 eV below the conduction
band minimum (Figure 4c), corresponding to electron traps
(i.e., Ti3+ species, as seen in the inset in Figure 4d). EELS
measurements were performed on the Σ5{103} GB region to
confirm this prediction (scanned regions are shown in Figure
4d). We found the Σ5{103}-S structure is unstable under the
electron beam so only the results of Σ5{103}-AS are presented

Figure 4. Projected density of states for the (a) Σ5{310}, (b) Σ5{103}-S, and (c) Σ5{103}-AS-r GBs. For each plot, energy is relative to the
valence band maximum, the blue curve represents the bulklike region, and the red curve represents the GB region. The shaded portions indicate
where a region has more states of a given energy. For the Σ5{310} and Σ5{103}-S GBs, no states appear in the gap, but for the Σ5{103}-AS-r GB
states appear at ∼0.5 eV below the conduction band minimum. (d) STEM image with boxes showing regions corresponding to electron energy-loss
spectroscopy (EELS) spectra. (e) EELS spectrum for the bulklike region and the Σ5{103}-S GB region showing the Ti L2,3 edge. Curves have been
offset vertically for clarity. Note that, in the GB region, the two doublets are replaced by two broad peaks, indicating increased presence of Ti3+. The
image shown in the top right is the absolute spin density isosurface (displayed at 0.05 a0

−3) associated with electrons trapped in the vicinity of the
Σ5{103}-S GB.
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(shown in Figure 4e). The EELS spectra for the Σ5{103}-AS
GB show that the two doublets associated with the Ti4+ L3,2
edges in bulk anatase are replaced with the two broad peaks in
the vicinity of the GB. Based on previous studies, which
compare Ti L3,2 edges in TiO2 and Ti2O3,

36 this is indicative of
a higher proportion of Ti3+, compared to the bulklike region.
The box scan area for EELS analysis is shown in Figure 4e. On
the other hand, EELS results indicate that no electron trapping
occurs for the Σ5{310} GB (see Figure S3 in the Supporting
Information).
After determining electronic and atomic structures, we

investigated the properties of oxygen vacancies in the vicinity
of the Σ5{310} and Σ5{103}-S GBs (see the Supporting
Information). We do not find any vacancy sites where is it
favorable for excess electrons to trap. Instead, the vacancies
behave as they do in the bulk, where electrons preferentially
delocalize into the conduction band. However, we do find that
there is a drive for vacancies to segregate to the boundary with
some sites being more favorable in the vicinity of the GB than
in the bulklike region by 0.92 and 0.35 eV for the Σ5{310} and
Σ5{103}-S GBs, respectively. Segregation of charged defects to
GBs leads to the development of a space charge region, which,
for the Σ5{310} and Σ5{103}-S, we estimate to introduce
small potential barriers on the order of 0.1 eV for the transport
of charge carriers across the boundaries (see the Supporting
Information). For the Σ5{103}-AS and Σ5{103}-AR-r GBs, it
is not straightforward to define a meaningful segregation
energy as the structures are intrinsically defective. However, if
we calculate the space charge potential that would correspond
to the relevant layer to be entirely vacant of oxygen, then we
see that this would correspond to a space charge barrier of
∼0.15 eV, which would also be detrimental to charge mobility
in addition to the presence of predicted charge traps.
Our results predict that the pristine Σ5{310} and Σ5{103}-S

GB structures would be fairly benign for the performance of
anatase in photovoltaic and photocatalytic applications. The
GBs show no indication of charge traps in their equilibrium
geometry, nor do we predict that oxygen vacancies at the GBs
would favorably trap electrons, although they would introduce
a small space charge potential barrier. In contrast, the oxygen-
deficient Σ5{103}-AS and Σ5{103}-AS-r GBs would be far
more pathological for device performance; the structure
inherently contains large numbers of oxygen vacancies and
under-coordinated Ti sites. We find that the excess electrons
trap on under-coordinated Ti sites, which is consistent with a
previous theoretical study using the same functional inves-
tigating the properties of highly oxygen-deficient anatase
nanoparticles.37 Vacancies that strongly trap electrons at the
GB would reduce the number of mobile carriers introduced by
each vacancy, reduce electron mobility, and could lead to
increased carrier recombination, leading to reduced con-
ductivity in photovoltaic applications. On the other hand,
these trap states appear at ∼0.5−1.0 eV below the conduction
band minimum and would increase visible-light absorption.
This is beneficial for photocatalytic applications and is
supported by experiments that show oxygen-deficient anatase
samples have higher photocatalytic performance.38,39

These results provide insight into how the properties of GBs
in anatase may be engineered to mitigate undesirable electron
trapping. In the nanocrystalline anatase films employed in
devices, GBs are formed when two nanoparticle surfaces come
into contact and attach during sintering or hydrothermal
coarsening. Defects present at the surfaces of the precursor

nanoparticles should influence the resulting GB structure. For
example, it is known that GBs can form through oriented
attachment of nanoparticles along minority facets during
hydrothermal coarsening. This process has been identified as
being responsible for the formation of Σ3{112} twin
boundaries in nanocrystalline anatase.26 As stated previously,
experimental observations have shown that {103} surfaces
appear as oxygen-deficient minority facets in anatase nano-
particles, alongside surfaces such as {102}.34 We suggest that,
in the event that a GB forms through attachment along highly
oxygen-deficient minority facets, it could be the case that a
nonstoichiometric, oxygen-deficient structure similar to the
Σ5{103}-AS or Σ5{103}-AS-r GBs may form. Anatase is
typically oxygen-deficient and it is not straightforward to
control the degree of oxygen deficiency at surfaces or the
quantities of minority facets present prior to sintering or
coarsening. However, it would be possible to treat the surface
of the nanoparticles with beneficial dopants so that these
dopants can then become incorporated into the GBs. For
example, a beneficial dopant might act as an electron donor, to
fill charge traps introduced by nonstoichiometry. For less-
reduced GBs, which we predict do not introduce deep traps, it
may be preferential to seek a dopant that would mitigate the
formation of a space charge, either by acting as an oppositely
charged defect or by discouraging the segregation of oxygen
vacancies to the GBs.
In summary, we present a combined experimental and

computational investigation into the atomic and electronic
structure of Σ5{310} and Σ5{103} GBs in anatase TiO2. Low-
energy structures predicted by the first-principles models show
excellent agreement with experimental observations, as
evidenced by simulated ABF STEM images. Analysis of the
electronic structure indicates that the Σ5{310} GB would be
relatively benign for the performance of photovoltaic or
photocatalytic devices, because it does not present electron
traps in its equilibrium geometry. For the Σ5{103} GB,
however, we find two different GB structures. A stoichiometric
structure that shows no electrons traps in equilibrium
geometry and another, oxygen-deficient variant, which we
predict to contain a significant number of trapped electrons.
These predictions are supported by EELS, which shows the
Σ5{103} GB to be more reduced than the bulklike regions of
the grain. Our predictions of the lack of significant
perturbation near the pristine Σ5{310} and Σ5{103}-S GBs
may provide some explanation as to why polycrystalline
anatase shows excellent performance in applications. However,
our prediction of the pathological charge-trapping behavior of
the oxygen-deficient Σ5{103}-AS GBs highlights the need to
consider the effects that chemical potential and growth
conditions may have on the formation of highly defective
and nonstoichiometric boundaries. Mitigating these deleterious
effects, e.g., via directed doping of the nanoparticle surfaces
prior to sintering, should improve carrier mobility and reduce
recombination leading to improved performance for applica-
tions in photovoltaics, photocatalysis, and rechargeable
batteries.
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