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Electronic Properties of {112} and {110} Twin Boundaries
in Anatase TiO2

James A. Quirk,* Vlado K. Lazarov, and Keith P. McKenna

First-principles calculations of the electronic structure and charge-trapping

behavior of 𝚺3 {112} and 𝚺1 {110} twin boundaries (TBs) in anatase TiO2 are

performed using an accurate hybrid density functional theory approach. The

former is characterized experimentally using transmission electron

microscopy (TEM) and very good agreement on the structure is found. The

{110} twin has not yet been observed but TEM and scanning tuneling

microscopy (STM) image simulations are presented to aid experimental

identification. Holes are found to trap in a polaronic configuration at both the

twin boundaries. The {112} TB presents more favorable sites for hole polaron

formation at the boundary with trapping energies 0.16–0.18eV, more favorable

than the bulk. The {110} TB presents hole polaron trapping sites ranging from

0.07 eV, less favorable, to 0.14 eV, more favorable, than the bulk. Neither

boundary is found to favor electron trapping, indicating they are relatively

benign to the performance of anatase as an n-type conductor.

1. Introduction

The behavior of charge carriers in anatase TiO2 is of ut-
most importance to its applications in energy generation as a
photocatalyst,[1–3] as an n-type transport layer in solar cells,[4–6]

and as a cathode in batteries.[7–9] Electrons or holes introduced
by photoexcitation or charge injection can become trapped at
point defects (vacancies or impurities), extended defects (such
as grain boundaries, dislocations, or surfaces), or in the perfect
lattice where the charge carrier introduces a lattice polarization
(polaronic self-trapping).[10–15] The formation of small polarons
in TiO2 can affect the adsorption and reaction of molecules at
surfaces[16] and lead to reduced conductivity and increase charge
carrier recombination, which is detrimental to the performance
of solar cells. It is known from extensive theoretical and experi-
mental studies that holes can self-trap on oxygen ions (forming
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O− species) in bulk anatase.[17,18] Large
anatase single crystals are unstable so
anatase is usually fabricated by sinter-
ing nanocrystals grown through a sol–gel
process.[19,20] Polycrystalline systems such
as these exhibit large numbers of extended
defects which are expected to alter carrier
mobility and polaron formation, but re-
main relatively poorly understood due to
the difficulty of probing these structures
experimentally. Approaches such as trans-
mission electron microscopy (TEM) and
scanning tunneling microscopy (STM) can
provide some insight, but the complex na-
ture of polycrystalline systems can make it
challenging to confidently interpret images.
First-principles predictions can provide in-
sight at the atomic scale and narrow down
possible interpretations of experimental
results.

Here, we present first principles modeling of the atomic and
electronic structure of the Σ3 {112} and Σ1 {110} twin bound-
aries (TBs) in anatase using accurate hybrid density functional
theory (DFT) alongside simulated TEM and STM images to aid
with comparison to experiment. Both TBs are found to have low
formation energies and so are expected to occur frequently, a pre-
diction supported by the experimental evidence of Σ3 {112} TBs
in hydrothermally coarsened samples of anatase.[21–24] It is found
that both TBs alter hole polaron trapping energies—with more
favorable traps at the Σ3 {112} TB and less favorable traps at the
Σ1 {110}—but neither provides sites for electron trapping nor are
new states introduced in the band gap. For this reason, we predict
that these TBs will be relatively benign to the electron mobility
in anatase used an n-type electrode, but trapped holes if present
(e.g., due to UV absorption) may lead to increased charge car-
rier recombination. Similarly, hole traps at interfaces in the bulk
could pose problems for photocatalysis as it could prevent charge
from being able to effectively migrate to surface sites and facili-
tate chemical reactions.

2. Results

2.1. Atomic Structure and Image Simulation

Themost stable structures of theΣ3 {112} andΣ1 {110} TBs were
identified using the systematic screening approach described in
Setion 4. The Σ3 {112} and Σ1 {110} have formation energies,
𝛾 , of 0.30 Jm−2 and 0.34 Jm−2 and excess volumes, ΔV , of 0.02 Å
and 0.06 Å, respectively. The optimized structures of each TB and
simulated TEM images are shown in Figure 1. The Σ1 {110} TB
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Figure 1. Structure and simulated TEM images for a) Σ3 {112} TB viewed along [110] (–12 nm defocus) and b) viewed along [131] (10 nm defocus).
Structure and simulated TEM images c) Σ1 {110} TB viewed along [001] (2 nm defocus) and d) viewed along [110] (5 nm defocus). Note that the Σ1
{110} TB is invisible to TEM in these projections. Titanium and oxygen ions are represented by gray spheres and red spheres, respectively.

adopts a mirror symmetric configuration, whereas the Σ3 {112}
TB has one grain translated by 2.68 Å in the [110] direction. Nei-
ther TB imposes significant strain on the lattice; the Σ1 {110}
TB causes Ti-O bonds to be lengthened by about 1% and the
Σ3 {112} TB shows no appreciable change in bond lengths. All
atoms in both TBs are properly coordinated (i.e., 6-coordinated
Ti and 3-coordinated O) with no dangling bonds. Previous theo-
retical work on anatase surfaces using the same functional has
shown that the presence of undercoordinated Ti sites can allow
electrons to self-trap in anatase. Therefore, it could be expected
that neither TB is capable of trapping electrons. However, the
{112} TB exhibits local bonding character similar to that of rutile
and brookite,[22,23] whichmight intuitively suggest that its charge-
trapping behavior is more like that of rutile (i.e., able to trap elec-
trons but not trap holes[17,25,26]) than that of anatase. Compara-
tively, the bonding in the {110} TB is far closer to that of anatase
and it might be expected that its trapping behavior would be sim-
ilar to that of bulk anatase. However, as we show below, these
naïve assumptions based on structure alone are not correct.
The Σ3 {112} TB has been experimentally observed in sam-

ples of hydrothermally coarsened anatase nanoparticles.[23] A

simulated high-resolution TEM (HRTEM) image produced from
the optimized structure of the Σ3 {112} TB viewed along [131]
is in extremely good qualitative agreement with an experimen-
tal HRTEM image of a twinned anatase crystal viewed in the
same projection (Figure 2). The Σ1 {110} TB is extremely
high-symmetry and undergoes negligible relaxation during ge-
ometry optimization, this leads to difficulty in characterization
with TEM as illustrated by the simulated images. The structure
of the {110} TB can be better visualized as a change in the bond-
ing direction of the characteristic “bridging” oxygens on the (001)
surface of anatase, suggesting that surface-sensitive techniques
could be better suited to detecting this boundary.We propose that
STMwould be sufficient to resolve a change of direction in bridg-
ing oxygens (Figure 3). It is possible to grow thin films of [001]
oriented anatase on strontium titanate with a small lattice mis-
match between both materials.[27] Given that the Σ1{110} bound-
ary involves a 90◦ rotation about the [001] axis with relatively low
strain, we predict that this boundary could occur in epitaxially
grown thin films that are constrained to the cubic geometry of
the strontium titanate substrate. Such samples would be suitable
for imaging using STM.
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Figure 2. HRTEM image of a twinned anatase nanoparticle, viewed down
{131}. Reproduced with permission.[23] Copyright 1999, Mineralogical So-
ciety of America. The inlaid image (red dashed border) is a simulated
HRTEM image, demonstrating close agreement with experiment.

2.2. Electronic Structure and Trapping

For each TB, we calculate the projected density of states (PDOS)
for atoms in the vicinity of the TB, as well as for the bulk-like re-
gion of the grain far from the TB plane (Figure 4). With respect to
holes, the Σ3 {112} has more states near the valence band maxi-
mum (VBM) in the TB region than in the bulk region which in-
dicates hole trapping behavior. Conversely, the Σ1 {110} shows
that some states move away from the VBM indicating less fa-
vorable hole trapping. Both PDOS show that states move down
to near the conduction band minimum (CBM) at the TB, which
is indicative of electron trapping behavior. Neither TB alters the
band gap or introduces any gap states, which indicates that nei-
ther boundary introduces trap states in its equilibrium geometry.
To support predictions from the PDOS we produce charge den-
sity isosurfaces for electrons and holes added vertically to the TB
(i.e., without any geometry optimization in order to visualize the
character of the band edges). In the Σ3 {112}, the charge density
isosurface for a vertically added hole shows a strong preference
toward O sites in the vicinity of the TB, which is consistent with
predictions based on the PDOS. For a vertically added hole in
the Σ1 {110}, we see that the density isosurface avoids O sites
directly ion the TB plane as expected from the PDOS. There is,
however, a small preference towardO sites directly adjacent to the
TB, which will correspond to states that are just below the VBM.
With regard to electrons, we find that a vertically added electron
in the Σ1 {110} shows a strong preference toward Ti sites in the
TB plane as suggested by the PDOS. However, in the Σ3 {112}
the density isosurface shows no appreciable preference toward
any Ti site, contrary to the PDOS. This can be explained by the
fact that the movement of states downward is not as pronounced
in the Σ3 {112} as it is in the Σ1 {110}.
The above results indicate that these TBs do not significantly

perturb the electronic structure of bulk anatase. To assess their
impact on polaronic trapping, we calculated polaron trapping en-
ergies for all symmetrically inequivalent sites in the TB region of
each supercell. It was found that neither TB allows the forma-
tion of small electron polarons in anatase, which is in agreement

Figure 3. a) An unreconstructed (001) surface with a Σ1 {110} TB, viewed
along [11̄0] b) an unreconstructed (001) surface containing a {110} TB
viewed along [001] together with simulated STM images for c) filled states
and d) empty states. Dashed lines indicate the position of the TB. Tita-
nium and oxygen ions are represented by gray spheres and red spheres,
respectively. Characteristic bridging oxygen ions across the surface have
been highlighted as blue spheres. Note how the direction of the bonding
of the bridging oxygen ions (indicated by arrows) changes direction as the
TB is crossed whereas in pristine anatase, the direction of the bridging
bonds remains unchanged.

with previous theoretical work[25] and experimental evidence in-
dicating that anatase has very high electron mobility.[28,29] Elec-
tron trap states at the TB indicated by the PDOS are more likely
to be large, diffuse solutions akin to those seen in STM experi-
ments on Nb-doped anatase.[17] Hole polarons could be success-
fully trapped at both sites in the Σ1 {110} and two out of three
sites in the Σ3 {112} (Figure 5), with the third site not leading
to a delocalized solution but leading to a polaron forming on the
nearest TB O. The most stable hole polaron in the Σ {112} TB is
shown in Figure 5a, which is 0.178 eV more stable than a bulk-
like hole polaron. The most stable hole polaron in the Σ1 {110}
TB is shown in Figure 5d, which is 0.147 eV more stable than a
bulk-like hole polaron.
In spite of the fact that the Σ3 {112} TB exhibits rutile-like

and brookite-like bonding, it does not mimic either phase with
respect to polaron formation. Small electron polarons form in
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Figure 4. Charge density isosurfaces for vertically added electrons and holes (top) where the area bounded by dashed lines indicates the “TB region”
(isosurface value is 0.005 a−3

0
). Also shown is the PDOS for a charge-neutral system, projected across the bulk-like region (blue) and the TB region

(orange) of the {112} (left) and {110} (right) supercells. Shaded areas on the PDOS indicate where a region has a greater number of states of a given
energy. Titanium and oxygen ions are represented by gray spheres and red spheres, respectively.

Figure 5. Hole polarons trapped at a) an O on the Σ3 {112} TB, b) an O
adjacent to the Σ3 {112} TB, c) an O on the Σ1 {110} TB and, d) an O
directly adjacent to the Σ1 {110} TB. The isosurface value is 0.01 a−3

0
. Ti-

tanium and oxygen ions are represented by gray spheres and red spheres,
respectively.

rutile which are not present at the TB. In bulk brookite, there
are two inequivalent O sites, both of which trap holes, but the
relative trapping energies are not consistent with what we find
for the TB; the brookite O with the higher polaron trapping en-
ergy corresponds to the Σ3 {112} with lower trapping energy, and
vice versa.[25] The Σ1 {110} TB provides a far more favorable site
directly adjacent to the boundary, while the site on the bound-
ary is slightly less favorable. To provide further insight into the
driving force for polaron site preference we analyzed strain and
electrostatic contributions but could find no clear correlation (see
Supporting Information). We note that the TBs considered here
exhibit no undercoordination and differences in trapping ener-
gies are small. This is quite different to the situation in more
general extended defects such as surfaces and grain boundaries
where correlations between polaron stability and these quanti-
ties have been found previously.[12,30] In such a case, much more
subtle effects may dictate the stability of polarons and identify-
ing a simple predictive measure of polaron site preference is no
longer straightforward.
The polarons modeled in these TBs lead to the presence of a

defect level state in the band gap. The defect level of the most sta-
ble polaron trapped at each TB is significantly higher than the
defect level of a bulk-like polaron (Figure 6). We propose that
these differences would be possible to probe experimentally us-
ing photoluminescence (PL) spectroscopy, where a hole produced
by photoabsorption could become self-trapped in the lattice.[31,32]

As both TBs presentmore stable hole polarons than bulk anatase,
the expectation is that there would be a higher concentration
of polarons at the TB, which could be measured with spatially
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Figure 6. Defect levels of the most stable hole polarons in the bulk-like
region, as well as the vicinity of the {112} and {110} TBs in anatase TiO2.
The VBM and CBM are marked as blue lines.

resolved PL. Furthermore, the defect levels of the TB polarons
are higher in energy which would lead to photons emitted by
recombination being red-shifted relative to recombination at a
bulk-like polaron. The TBs considered in this work are modeled
as they would occur in the bulk of the crystal, but it is also possi-
ble to probe polaron states at the surface using a scanning probe
method such as STM.[17] If a sample of anatase could be produced
where a TB terminates at the surface of a film, then a scanning
probemethod could also be utilized. It should be noted, however,
that these polarons near the surface would have modified prop-
erties compared to those we have considered.

3. Conclusions

The atomic and electronic structure of two TBs in anatase (Σ3
{112} and Σ1 {110}) are investigated using a hydrid DFT ap-
proach. It was found that the optimized structure of the Σ3 {112}
TB was in good agreement with experimental results based on a
similarities between the simulated and real TEM images.[23] The
predicted structure of the Σ1 {110} TB has very high symme-
try, meaning that it would be extremely difficult to observe us-
ing methods such as electron microscopy. We propose scanning
probe microscopy on (001) oriented anatase (e.g., as grown on
SrTiO3 (001)) could resolve this defect, and we provide simulated
STM images to aid interpretation of experimental images.
Neither TB exhibits the formation of electron polarons, nor do

any states form in the band gap. Due to this, we predict that nei-
ther defect would be significantly problematic when considering
anatase as an n-type conductor aside from the increased possibil-
ity of recombination due to the higher concentration of trapped
holes at the boundary. With regard to photocatalysis, it has been
shown in previous studies that holes trapped at anatase surfaces
can engage in water-splitting reactions.[16] If holes generated by
incident light do not recombine with electrons, theymay then be-

come trapped at TB sites far from the surface of the crystal. This
will lead to lower number of holes available at the surface to in-
teract with adsorbates, thereby lowering the overall reaction rate.
Additionally, it must be remembered that both TBs considered in
this work are ideal cases with extremely high symmetry, and no
dangling bonds or undercoordinated species. The polycrystalline
anatase commonly found in devices could have point defects in
the vicinity of the TBs, or could have lower symmetry extended
defects that might prove to be much more harmful with respect
to charge transport. This investigation has provided insight into
the formation of polarons in anatase, but more work will be re-
quired to fully identify—and learn to counter—more malignant
defects that could occur.

4. Computational Methods

All electronic structure calculations were carried out using
hybrid-DFT, where a fraction Hartree–Fock (HF) exact exchange
is mixed into the Perdew–Burke–Ernzerhof (PBE) functional[33]

in order to correct the self-interaction error present in stan-
dard semilocal approximations for exchange–correlation.[34–36]

We use the implementation of hybrid DFT within CP2K,[37]

which employs two methods to reduce the computational cost
of the HF part of the calculation. First, we use a truncated HF
exchange functional (known as PBE0-TC-LRC[38,39]) in which,
beyond a cutoff radius, PBE exchange is used instead of HF
exchange. It is found that a cutoff radius of 6 Å is well con-
verged with regard to lattice parameter and band gap. The sec-
ond approach to reducing computational cost is the auxiliary
density matrix method[40] in which exchange integrals are ap-
proximated through mapping onto smaller, more localized ba-
sis sets. For both titanium and oxygen, we use triple-𝜁 ba-
sis sets optimized from molecular calculations (MOLOPT)[41]

and Goedecker–Teter–Hutter pseudopotentials available within
CP2K. We use five multigrids with a relative cutoff of 60 Ry
and the finest grid having a cutoff of 600 Ry. All geometry op-
timization is performed until the forces on ions are less than
0.01 eVÅ−1. As CP2K only samples the Γ-point, a large supercell
must be used to ensure sufficient effective k-point sampling in
reciprocal space. A 5×5×2 supercell of bulk anatase containing
600 atoms is sufficient to yield lattice parameters of a = b = 3.78
Å and c = 9.61 Å which are within 1% of experimentally de-
termined parameters. We employ 10.5% HF exchange, a frac-
tion which ensures that the generalized Koopman’s condition
is obeyed to within 0.05 eV in bulk anatase.[25,42] This so-called
Koopman’s compliant functional is found to be in good agree-
ment with experiment with regard to polaron formation.[25,43] A
detailed description of the parameterization of this functional
for anatase, and other TiO2 polymorphs, is found in our previ-
ous work.
Our TBs are modeled in a periodic supercell containing two

symmetrically equivalent boundaries. The dimensions of the su-
percells for the Σ3 {112} and Σ1 {110} were 16.1 × 16.4 × 37.4 Å
and 21.5 × 19.2 × 27.1 Å, respectively. In such a cell the forma-
tion energy, 𝛾 , can be defined as

𝛾 =
ETB − NEBulk

2A
(1)
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where ETB is the total energy of the optimized cell containing
the TB, N is the number of formula units of anatase in the TB
supercell, EBulk is the total energy of bulk anatase per formula
unit, and A is the cross-sectional area of the TB supercell. Dur-
ing geometry optimization, only the supercell vector normal to
the TB is allowed to relax, while the supercell vectors parallel to
the TB are held fixed. We consider all possible rigid-body trans-
lations parallel to the TB plane in 0.5 Å steps. We also define the
excess volume per unit of cross-sectional area caused by the TB,
ΔV , as

ΔV =
VTB − NVBulk

2A
(2)

where VRelaxed
TB is the volume of the optimized TB supercell and

VBulk is the volume per formula unit of bulk anatase.
In order to test for the possibility of polaron formation on a

given site, nearest neighbour ions are displaced 0.1 Å away to
create a precursor potential well for trapping. The structure is
then self-consistently optimized with an additional electron or
hole present. If the charge remains localized, a small polaron
configuration has been identified. We can then define a relative
trapping energy, ΔE, as

ΔE = E
Polaron
TB − E

Polaron
Bulk (3)

where EPolaronTB and EPolaron
Bulk

are the total energies of a polaron
trapped at a TB site and a bulk-like site, respectively.
Simulated HRTEM images were carried out on the opti-

mized structures using themultislicemethod as implemented in
QSTEM.[44,45] An accelerating potential of 200 kV and a spherical
aberration of 0.05mmwas used in these simulations and defocus
was applied to improve contrast in the images. The level of defo-
cus present in an image is specified in the corresponding cap-
tions. Simple simulated STM images were produced using the
Tersoff–Hamann approximation[46]; filled and empty states were
probed using a bias energy of −2.5 eV and 5.0 eV, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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