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Abstract

The behavior of electron and hole charge carriers at surfaces of titanium dioxide
(TiO3) controls performance for important applications including photocatalysts and
solar cells. While anatase TiO9 exhibits high electron mobility in the bulk a commonly
held belief is that strong coupling between electrons and phonons can lead to electron
trapping at anatase surfaces. However, direct evidence is scarce and the nature of the
trapping sites and electronic properties remains unclear. To address this question we
investigate the trapping of electrons and holes at low and high index surfaces of anatase
TiO2 using an accurate hybrid density functional theory approach. We find that, as
in the bulk, electrons do not trap on the low index planes (001, 100, 101, 110, 112) of
anatase crystals. For the higher index planes (103, 105, 107) that contain structural
step defects, we find that electrons do trap at the low coordinated Ti cations present on
the steps. The trapping of holes at the surfaces of anatase TiO» is a more complicated
picture, as the distribution of hole traps is facet dependent. 001 and 100 surfaces, as
well as 105 and 107 surfaces which have 001 type terraces, have the strongest affinity to
trap holes. Hole trapping for the 101, 110, 112 and 103 surfaces is found to be favoured
in the sub surface layers and not at the surface facet. These results provide crucial

insights into the behavior of electrons and holes in TiOy relevant for applications in



photocatalysis and challenge the common perception that electrons trap at low index

surfaces of anatase TiOs.

Introduction

Titanium dioxide (TiO;) is a technologically important photocatalyst'™ having a range
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of applications for use in paints,® gas sensors, self cleaning agents, pollutants re-
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moval, 1516 water splitting, 1”1 CO, reduction, electrochromic devices,?? lithium ion bat-
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teries, and dye-sensitized solar cells.?%2" TiO, has many different polymorphs but while

the rutile phase is the most stable bulk phase,?® anatase is more catalytically active,?%3°
and is more stable at nano-crystalline sizes,3' making it more interesting to commercial in-
dustries. TiO, is extensively studied and has received a lot of attention, for commercial and
fundamental studies as it inexpensive, abundant, non toxic, and has a relatively large band
gap (3.0-3.2eV),32731 thus having exceptional physical, electronic, photoactive, and electro-
chemical properties to make it a useful photocatalyst. An important aspect for TiOy being
a superior photoactive material is the transport of electron and hole charge carriers. The
generation of the electron-hole pairs by irradiation and then the transport of these carri-
ers throughout the bulk material to the surface which can initiate reactions with adsorbed
molecules, is key to understanding this photoactive material.

The behaviour of the charge carriers is vital to the properties and efficiency of TiO4 for
many applications. Electron and/or hole charge carriers can be introduced into TiOg by
photo-excitation, doping, or by electrical injection under an external bias. These charge
carriers can be trapped at point defects (either intrinsic or extrinsic) which can limit their
mobility.?® In addition, the strong electron-phonon coupling in TiO, can lead to polaronic
localization of charge carriers even in a defect-free system. Polarons can be either large
or small depending on the degree of localization and affect the material’s overall quantum

efficiency. 337 Localization of polarons can affect the transport and chemical properties of



TiO, and its ability to carry out photocatalytic reactions at its surfaces. The presence of
electron polarons (e”) in a TiOy sample are identified as the reduction of a Ti*" cation to a
Ti3" species, and hole polarons (h™) as the oxidation of a lattice O?~ anion to a O~ species,

which have been shown to be present in TiO5 samples by electron para-magnetic resonance
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spectroscopy, photo-luminescence, and O, photo-desorption studies.*” The nature
and mechanisms by which e~ and h* polarons form in TiO5 and their role in photocatalysis
remains uncertain, as polarons can transport through the material potentially trapping at
lattice sites in the bulk or at at the surface affecting conductivity, and interacting with
surface adsorbed species. The polarons can potentially promote conductivity in the material
or affect surface reaction mechanisms, however they can also form carrier recombination
centres which are detrimental to photo-conductivity. In particular the surfaces of TiO,
nano-crystals play a vital role in polaron trapping mechanisms interacting with adsorbates,
and the spatial separation of e~ and h* polaron carriers to improve the quantum efficiency
of TiOy by reducing the e~ /h* recombination pairs. 484

The shape, size, and exposed facets of anatase TiOy have direct implications on the
photochemical, photocatalytic and electronic properties, as well as charge separation in nano-
crystals or nano-rods of TiO,, which is attributed to the unique behaviour of preferential
charge flow to different surfaces.*® Anatase TiO, crystals are synthesized into tetragonal bi-
pyramidal shapes with a large area of exposed thermodynamically stable low energy (101)
facets that are capped with smaller areas of higher energy (001) facets. The (100) facet is also
found to be particularly reactive for photocatalysis, however it is difficult to achieve exposure
of this surface on anatase nano-crystals since the the (101) and (001) surfaces are more
stable, but the (100) surface is seen under certain growth and synthesizing conditions.®*>!
The differences in electronic properties and reactivities of the different facets is attributed
to the density of low coordinated Ti surface sites, where the most reactive surface has the

higher density of five coordinated Ti surface (Tis.) cations.? The (100)/(010) and (001)

facets are therefore found to be more reactive than (101) facets as these surfaces have a



higher percentage (100%) of Tis. than the (101) surface (50%). The photocatalytic activity of
anatase TiO, nano-particles can be manipulated and tuned by synthesizing different particles
with different exposed facets. Each surface has different electronic properties as their band
gaps and edges are unique to the structure of the surface, thus having different adsorption
edges, affecting their charge carriers and overall displaying different e~ /h™ behaviours and
characteristics.>? The (001) surface has a smaller band gap than the (101) surface, resulting
in the adsorption edge having a red shift of 6 nm with respect to the (010) and (101) facets
resulting in different electronic properties. Controlling the morphology of different TiO,
nano-particles to expose certain facets is important in producing highly active TiOy nano-
crystals; there is a desire to produce particles with only (001)/(010) facets as these are
more photoactive than having (101) facets present on the TiO, samples.®%3%* The (001)
surfaces are found to be oxidative facets while the (101) facets are reductive facets; there is
a preferential flow of photo-generated holes towards the (001) surface while electrons tend
to flow to the (101) facet.*®55 8 TiO, crystals with a mixture of (001) and (101) facets are
found to have much lower photo-generated e~ /h* recombination rates than crystals with
a mixture of (001) and (010) facets. The presence of both (001) and/or (010)/(100) facets
(oxidation site), and (101) (reduction site) are suggested to separate the e~’s and h*’s leading
to lower recombination rates.?%® 6! Indeed TiO, crystals with a combination of (001) and
(100) facets show much less photocatalytic activity than when (101) surfaces are present
indicating that a mixture is required to maximize charge separation and thus enhance the
photocatalysis for applications in solar cells and water splitting.

The electronic properties for each surface must be investigated in order to understand
their different behaviours in TiO, nano-crystals. Standard density functional theory (DFT)
calculations have failed to correctly model excess charges and defects in metal oxides such
as TiOy due to the inherent self interaction error (SIE) which results in an unrealistic de-
localization of charge.?% A Hubbard +U correction or a hybrid DFT approach is needed

to overcome SIE, and localize the excess charges, in particular extrinsic/intrinsic defects



and correctly model the electronic structure of TiO5 in agreement with experimental stud-
ies. %7 DFT+U calculations, employing a +U value on both Ti 3d (+U=4.2eV) and O 2p
(+U=5.25eV) predict that both electron and hole polarons from excess charge will trap in
stoichiometric anatase TiOy bulk, as well as polarons forming in anatase TiOy from defect
formation; oxygen vacancies (V) and Ti interstitials (Ti;+) donate electrons to reduce Ti
cations while Ti vacancies (V) and O interstitials (O;) form holes.® Polaronic hopping
mechanism were also investigated by DFT+U calculations (+Up;34=10€eV), where electron
hopping from a Ti** to a Ti*" cation site has a barrier of 0.09eV,™ and a hole hopping
barrier of 0.16 eV, indicating that electron transport in bulk anatase is easier than hole
hopping. Doping strategies to improve conductive behaviour in bulk anatase TiOy modelled
by DFT+U also show that small polarons can form reduced Ti** sites from the inclusion
of extrinsic Nb and Ta dopants,”™ where high concentrations of Nb doping in anatase TiO,
crystals creates shallow donor states in the material tuning the electronic properties from
semi-conducting to metallic, thus turning anatase into a transparent conducting oxide. ™"

Hybrid DFT calculations using the B3LYP functional have found that both excess elec-
trons and holes self trap to form small polarons as Ti** and O~ species with energy gains of
+0.23eV and +0.74 eV, respectively in anatase TiOg, where the unoccupied defect level (h™)
is 1.87eV above the valence band and the occupied defect level (e™) is 0.73eV below the
conduction band.” The trapping of these polarons is more pronounced at the (101) surface
with an electron polaron trapping energy of +0.62eV and a hole polaron trapping energy
of +1.45eV with both polarons having deeper traps in the band gap; the e~ defect level
is 1.00eV below the CB and the h™ defect level was 2.30eV above the VB for the anatase
(101) surface. The calculations indicate that the (101) surface is thus more susceptible to
polaron trapping than the bulk indicating that it is more likely the polarons will migrate and
trap at surface facets in line with EPR measurements.?®"" The trapping of such polarons at
the surfaces will effect the adsorption and interaction of molecules at the anatase surfaces,

as previously indicated for polaron trapping at rutile TiO, surfaces.™ 8% Not only are small



polarons from excess charges found to trap at the (101) surface, but oxygen vacancy for-
mation and dopant incorporation at the surface also facilitate strong polaron trapping.8! A
detailed combined DFT and experimental study by Setvin et al.®? contests previous DFT+U
work, and shows that excess electrons in stoichiometric anatase TiOy do not form polarons
in the bulk but prefer a free-carrier description, where trapping is only observed near oxygen
vacancies or donor dopants such as Nb. Photoemission (ARPES) studies have found that
formation of oxygen vacancies in anatase form conducting dispersive metallic states provid-
ing contrasting evidence to polaron formation in anatase TiO,,%3 questioning the nature of
conductivity in the material and the conventional view that oxygen vacancies are polaronic
in nature with shallow donor levels below the conduction band.8*

We use hybrid-DFT calculations to model the behaviour of electron and hole polaron
trapping at the low index and higher index planes of anatase TiO,. Our work on the
anatase surfaces follows on from previous work on the polaron trapping in bulk anatase
TiO,,% where we determined the proportion of Hartree-Fock exact exchange based on the
Koopmans’ condition. The behaviour of electrons and holes at the low index surfaces was
found to be similar to the anatase bulk; a delocalised (carrier-free) description of the electron
across multiple Ti sites was found to be preferred over a localized polaron solution on one
Ti cation, while the holes were found to preferential trap at all surfaces. The introduction
of lower coordinated Ti cations at surface steps on higher index planes were found to trap
electron polarons indicating that surface defects on nano-crystals of anatase TiO, will reduce

electron mobility.

Computational Methodology

All calculations were performed using hybrid density functional theory (DFT) and the gen-
eralized gradient approximation (GGA).3¢ Exact Hartree-Fock (HF) exchange is mixed in to

the exchange-correlation function (hybrid-DFT) to overcome the issue of the self-interaction



error (SIE) that is well known in DFT. The hybrid-DFT exchange-correlation functional that
is used is referred to as PBEO-TC-LRC which is a truncation method that defines a range
of separations in the electron integrals to implement the HF exact exchange, while standard
PBE is used outside of this range. The truncation radius must be smaller than half the
distance of the lattice vectors to ensure that there is no interaction between neighbouring
cells. In our case, we find that setting the truncation radius to 6.00A is sufficient to correctly
describe the electronic properties of the anatase bulk and surfaces. The percentage of HF
exact exchange to include in these calculations was parameterized by satisfying Koopmans’
condition to within 0.05eV on bulk TiO, anatase, by varying the a value with respect to the
eigenenergy. The « value was found to be 10.5% and a detailed description of the approach
to achieve this value is described in depth for different polymorphs of TiO, in our previous
work. 8

We use a triple ¢ basis sets for both Titanium and Oxygen for accurate calculations which
are optimized from molecular calculations (MOLOPT),%"88 and the Goedecker-Teter-Hutter
(GTH) pseudopotentials for both species available within CP2K.3*%! The 'QUICKSTEP’
approach for DF'T calculations in CP2K is implemented, which uses a multi-grid system for
mapping products of Gaussians onto a real-space integration grid. The wide and smooth
Gaussian functions are mapped onto a coarser grid, where the electron density is mapped
onto the finest grid. The plane wave energy cut-off, a reference grid which controls the
Gaussian mapping onto the multi-grid, is set to 60 Ry. Five multi-grids are used, and the
plane wave cut-off is sufficiently converged at 600 Ry for the finest level of the multi-grid.

CP2K only uses I'-point sampling of the Brillouin zone instead of the k-point grids used
in typical DFT codes, and we have to use sufficiently large supercells to ensure appropriate
sampling of the Brillouin zone. The cell was expanded to a 5x5x2 Tig0409 supercell to
ensure that properties were sufficiently converged. The optimized anatase bulk unit cell has
lattice vectors ¢ = b = 3.796A and ¢ = 9.605 which are within 1% of the room temperature

measured experimental lattice vectors.?? The large system size not only allows accurate



calculations at the I' point, but also ensures there is a very small interaction between defects
in neighbouring image cells from the periodic boundary conditions (PBCs). The electronic
structure is efficiently minimized using a 'Full-all’ pre-conditioner with a small energy gap
(0.01eV), and the 'Direct inversion in the iterative subspace’ (DIIS) algorithm to 1x107° Ry.
The ions are relaxed using a BFGS optimizer and are deemed converged when the forces on
the atoms are relaxed to less than 4x10~* Ry.

The advantage of our method is that limiting the region of HF exact exchange by trunca-
tion greatly reduces the computational cost and allows an investigation to be carried out on
much larger systems (500-700 atoms) than previously accessible by hybrid-DFT methods.
To further improve the efficiency of these calculations, we used the auxiliary augmented
matrix method (ADMM) in CP2K, which approximates the exchange integrals for the HF
region by mapping the orbitals onto smaller basis sets.* The ADMM basis sets of choice are
the so called 'FIT3’ for Ti and 'pFIT3’ for O, which provide a accurate description of the
electronic structure as outlined in ref.®

The anatase TiOy low index surfaces of interest are the (001), (100), (101) and (110) as
these are the most theromdynamically stable surfaces and will be more expressed on anatase
nano-crystals. The (111) surface is the least stable and not widely expressed on anatase
crystals so it will not be examined in this study. The surfaces are generated from the TisOg
unit cell using the METADISE code,®* and are modelled using the slab approach. The slab
thickness was converged with respect to the surface energy to ensure it is sufficiently thick
to have bulk-like properties in the middle of the slab, while demonstrating surface properties
at the edge. The stoichiometric surfaces have slab thickness between 24-25 A with surface
areas between 200-300 A2 and a vacuum gap of 12 A .

Both electron and hole polarons are modelled in each surface slab by initially moving
atoms that are within a 2.2 A radius of the polaron site, 0.2 A away from the site, forcing a
distortion in the lattice, and then the full geometry relaxation of the slab is carried out. This

initial distortion creates a potential well for localization of a polaron on a given lattice site.



The polaron trapping energy is calculated in each surface slab by the following equation;

E[trap] = E[surf] — E[bulk] (1)

where E[trap] is the calculated trapping energy, E[surf] is the energy of the polaron at the
surface site and E[bulk] is the energy of a polaron in the ’bulk-like’ region (middle) of the
slab. The lattice site as the reference polaron in the "bulk-like’ region of the slab is selected by
the ion which most closely resembles the electronic properties of the polaron in the anatase
bulk. We examined two approaches to investigate polaron formation; 1) at one side of the
slab and 2) on both sides of the slab. The difference in the polaron trapping energy between
the two approaches is negligible, so we will investigate polaron trapping on one side of the
slab to ease computational efforts. The electronic properties of the polaron in each surface
will be detailed by partial (I and n quantum number decomposed) electronic density of states
(PDOS), geometric strain, occupation and electron spin, as well as looking at the relaxation

of ions in each slab.

Results

Bulk and surface properties

The local geometry for the optimized anatase bulk and the calculated PDOS plot is shown in
Figure 1. The figure shows that the Ti** cations have octahedral geometry with coordination
of 6, and the O?~ anions have a trigonal planar geometry with a coordination of 3. The bulk
Ti** cations have two 1.99 A bonds along the ¢ vector and four 1.94 A bonds in the ab
plane. The O?~ anions have one 1.99 A bond along the z vector and two 1.94 A bonds in
the ab plane. The bond angles between all Ti and O atoms is around 102°. The calculated
PDOS for the anatase TiOy bulk (Figure 1) shows that the valence band (VB) is dominated

by O 2p states with some mixing from Ti 3d states and minor contributions from the Ti



3s/p states, while the conduction band (CB) is dominated by Ti 3d states and some minor
mixing from O 2p states. The calculated fundamental band gap from VB maximum (VBM)
to the CB minimum (CBM) is 3.03 eV, which is in good agreement (<6%) with the anatase
experimental band gap measured by photo-luminescence spectroscopy (3.21eV).446 Our
calculated band gap is in better agreement with the experimental band gap than previous
DFT+U work and the B3LYP functional, while being in a similar range to other works using
the HSE functional. The calculated value has not been fitted to the experimental band gap,
and is a result of our choice of HF exact exchange that satisfies Koopman’s condition, in
turn providing a good description of the electronic properties of bulk anatase TiOy which

will be implemented for the surfaces.
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Figure 1: (a) The unit cell and local geometry of the optimized bulk anatase TiOs, and (b)
the calculated PDOS. The blue and red spheres are the lattice sites for the Ti cations and
O anions, while the blue, red and green lines are the s, p and d projected DOS respectively.

The structures for the low index anatase TiOy surfaces are shown in Figure 2 (a) - (f),
which also includes the reconstructed 001 (figure 2 (b)) surface since this is important for
catalytic applications of TiO, nano-crystals.?% All surfaces are terminated with both Ti

cations and O anions, where the Ti cations are five coordinated (Tis.) and the O anions
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are two coordinated (Os.). The higher index planes of anatase TiO, (Figure 2(g)-(i)) are
also of interest since anatase nano-crystals/nano-rods are not perfect crystals entirely made
of flat low index facets, and many will have surface defects such as steps and kinks. The
chosen higher index surfaces, namely the 103, 105 and 107 facets are shown in Figure 2.
The structure of the 103 surface shows that it is terminated by rows of four coordinated
Ti and two coordinated O species (Tis. and Os.) , while the 105 surface is terminated by
a mixture of Tiy., Tis. and Og. species. The 107 surface is similar to the low index planes

being terminated by both Tis. and O, species.

Figure 2: The surface structures of the (a) 001, (b) 001-reconstructed, (c) 100, (d) 110, (e)
101, (f) 112, (g) 103, (h) 105, and (i) 107 low and high index planes of anatase TiOy. The
blue and red spheres are the Ti cations and O anions.

The expansion, area and thickness of the surface slabs, along with the calculated surface
energies for each facet are given in Table 1. The slabs are sufficiently large to accommodate
polaron formation without negligible interaction between neighbouring images, and they are
sufficiently thick to ensure there is little interaction between the surfaces above and below,

and to ensure that there is a bulk like region in the slab centre as shown in Figure 3. The
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calculated surface energies are similar to previous DFT PBE works,?*% and show that the
reconstructed (001), (100), (101) and (112) surfaces are the most stable, while the stepped
surfaces are higher in energy, as expected, and hence more reactive. A Wulff construction
of an anatase TiOy nanoparticle using the calculated surface energies (see supporting infor-
mation; Figure S1 (a)) indicates that an ideal particle would be capped with (001) facets,
and has a higher surface area of (101) facets which are joined by (112) facets at the crystal
edges. If the surfaces become more stable by 10-20% through synthesis techniques or in the
presence of solvents, then we find that the anatase crystals will change shape as 103 surfaces
will be exposed on the edge between the 001/101 facets, and in some instance the 103 facet

will replace the 001 facet capping the crystals (Figure S1 (b)).

Table 1: The periodicity, stoichiometry, area, thickness and surface energy () for each
surface slab.

Facet Periodicity | Stoichiometry | Area (A?) | Thickness (A) | v (J/m?)
001 (4X4) Ti1600320 237.3 22.4 0.99
001-recon (4X1) Ti2000400 237.3 33.6 0.59
100 (4X2) Ti2080416 296.3 23.1 0.56
110 (2x3) TigesOuss 314.3 24.2 0.97
101 (4x2) Tig24Ouss 319.1 23.9 0.46
112 (4x1) Ti176 0352 268.5 25.6 0.58
103 (5x1) Ti1600320 289.2 20.1 0.97
105 (4x1) Ti1920384 331.1 19.6 1.07
107 (1x3) Ti16sO536 330.2 20.5 1.01

A4}

Yveet

Figure 3: The unit cell of the (100) and (110) surfaces along the a-vector, where the thickness
of the vacuum gap and slab thickness are indicated.
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The geometric convergence of these surfaces is non-uniform and experience Peierls stress

977100 which is found to be significant at the surface and also deep into the

type relaxation,
thick surface slabs. This type of relaxation allows rows of atoms to relax in alternating direc-
tions to compensate opposing forces on each row to reach their minimum energy. Examples
for the 100, 101 and 110 facets are given in the supporting information (Figure S2-S4) to
show that relaxation of the atoms is more pronounced along certain directions, and the direc-
tion which we observe the Peierls stress is facet dependent; we do not see the resulting stress
in one direction for all surfaces. The effect of the relaxation into the middle of the slab (bulk
like region) suggests that this physical disturbance can be observed to at least a depth of
10-13A in nano-crystals of TiO,; however we can not investigate if this propagation extends
further into crystals of TiO5 until a bulk-like region with smaller relaxations/forces is reached
due to computational limitations. The overall magnitude of the displacement /relaxation is
0.0 for the bulk region (middle) of the slab, while this displacement is greater at the surface
edge. We believe this type of relaxation has not been observed before for DFT calculations
since previous works have used much smaller slabs, while our surface slabs are sufficiently
large enough to describe this behaviour.

The slabs are large enough to accommodate a bulk region of 6-8A thick in the middle
of the slab and a surface region around 6A thick. The calculated percentage change for
the relaxed surface and bulk region bond lengths compared to the bulk TiO, crystal are
given in Table 2, where the lowest and highest change in the range are associated with
the smallest and largest Ti-O bond lengths for a given atom. The table indicates that the
surface bonds undergo a considerable relaxation compared to the bonds in the bulk region
(middle) of the slab as expected. For the (001) surface, the reconstructed surface has lesser
relaxation of the bond lengths than the unreconstructed surface providing an explanation to
the decrease in surface energy as seen in Table 1. The surface bond lengths of the (110) and
(103) surfaces are all shorter than their bulk counterparts, while the largest relaxations are

seen for the (105) and (107) stepped surfaces in line with the largest surface energies (Table
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1). All the surface slabs have relaxation that propagates into the bulk region (middle) of
the slab, leading to a change of 1% in their bond lengths; however we have seen that the
overall magnitude of the atomic displacement in the bulk region is 0.0 from the plots in
Figure S2-S4. Although we expect the bond lengths in this region of the slab to be similar
to the bulk bond lengths with little relaxation, a change of less than + 1% in each slab is
small enough to say that these atoms can be considered to be bulk-like and used as reference
points for calculating the electron/hole trapping energy for each surface.

Table 2: The percentage change for the relaxed bond lengths in the surface and bulk regions
for each surface slab facet compared to bulk anatase TiOs,.

Facet | Surface Region (%) | Bulk Region (%)
001 () 12 (£) 1
001-recon (£) 8 (£) 1
100 (£) 7 (£) 1
110 ()8 (£) 1
101 (+) 6 (+) 1
112 (+) 9 (4) 1
103 (-) 10 (£) 1
105 (+) 11 () 1
107 (4) 12 (+) 1

The calculated PDOS plots for the Ti/O bulk/surface region states for each surface facet
are shown in Figure 4. All PDOS plots show that regardless of the surface facet, the bulk and
surface region band gaps are similar (around 3eV) to the anatase bulk band gap. The (001)
and (001)-recon PDOS plots have similar characteristics, where the Ti states for the bulk
and surface regions are similar; however for the O 2p states the surface states lie above the
bulk region states by 0.6 eV at the top of the valence band, which can explain the previously
observed experimental UV-vis red shift on the (001) surface with respect to other anatase
surfaces.??? The PDOS plots for the (100), (101), and (110) surfaces are similar so only the
(101) surface is shown in Figure 4. The PDOS plot for the (101) surface shows that there
are no special Ti/O surface states and that the bulk and surface regions are similar. For
the 103 surface, the bulk O 2p states lie above the surface states by 0.2eV at the top of

the valence band (Figure 4 (b)), while there are surface Ti 3d states peaks that lie 0.4eV
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below the Ti 3d states in the conduction band (Figure 4 (a)). The 105 and 107 PDOS plots
show similar features so only the 105 surface is shown in Figure 4. Both surfaces have O
2p surface states lying at the top of the valence band, and Ti 3d surface states lying at the
bottom of the conduction band, above and below the bulk region states. The appearance
of the surfaces state peaks and features either at the top of the valence band or the bottom
of the conduction not observed for the bulk indicate that the surfaces are expected to show

different properties for polaron trapping.
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Figure 4: The PDOS of the (a) O 2p and (b) Ti 3d bulk/surface states for the 001, 101, 103,
and 105 surfaces of anatase TiOy. The green and red lines are the Ti 3d and O 2p states,
where the dotted black line indicates the position of the Fermi level.

Electron trapping at anatase surfaces

The presence of excess electrons at the low and high index surfaces of anatase TiOy was
investigated by adding an extra electron to a Ti** cation site in the model slab. Ti** cations
in each atomic layer from the bulk region up to the surface sites were investigated for electron
trapping. The specific Ti site of interest was first distorted by elongating the Ti-O bonds by
0.2 A and the surface slab was relaxed at 25% HF exchange to localize the excess electron
on the Ti cation forming a Ti*T. As we have previously shown in our work on electron/hole
trapping in bulk anatase,® this level of HF exchange does not obey Koopman’s condition

and in order to satisfy this we must then run the localized electron in the surface slab at

15



10.5% HF exchange. The surface slab with the localized electron charge on the Ti** cation
site is then relaxed with 10.5% HF exchange. For this level of HF exchange, the localized
electron charge prefers to become a delocalised solution across multiple Ti cations in the
bulk region of all surface slabs. For the low index surfaces, all surface and subsurface sites
relaxed to a delocalised electron charge across multiple sites in a similar manner to the bulk
like properties of anatase TiO,. The preference for the delocalised solution across multiple

82 as opposed to the

Ti cations supports the carrier-free description of electrons in TiOs,
localized polaron formation previously predicted by DFT+U and hybrid-DFT. 6481101 Thjig
result indicates that the ideal perfectly flat low index surfaces for the anatase TiO crystals
will not trap excess electron charge in either their bulk or surface regions. For the higher
index planes that contain steps and low coordinated Tis. cations, we find that these sites
will trap excess electronic charge as the Ti cations remain Ti%* species with localized charge
at the 10.5% level of HF exchange as shown in Figure 5. We find that for the 105 and 107
facets, both the Tis. and Tiy. cations on the steps trap electrons where the Tiy. cations have
a lower trapping energy. For all stepped surfaces, the bond lengths for the reduced Ti cation
site with the trapped electron elongate by 5-10%.

On closer inspection of the localized electron charge shown in Figure 6, the excess electron
preferentially occupies the d., type orbital for the 103 and 105 surfaces, while for the 107
surface we see charge localized in a d,2 orbital which breaks a Ti-O surface bond to achieve
the lower coordinated Tiy. cation similar to the 103 and 105 surfaces that localizes charge.
The calculated PDOS in Figure 6 shows that a defect level appears off the bottom of the
conduction band at around 0.70eV, 0.97eV and 0.96eV for the 103, 105 and 107 surfaces
respectively. These defect peaks are attributed to the electron trapped on a Ti cation,
and can be associated with the stepped surface state peak features at the bottom of the
conduction band seen in Figure 4. These Ti 3d states at the bottom of the conduction
band associated with the lower coordinated Ti cations on the step that give rise to electron

trapping, are not present for the bulk and low index surfaces which may provide an insight
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Figure 5: The local geometry (along the a-vector) for electron trapping at the (a) 103, (b)
105 and (c) 107 surfaces of anatase TiOy. The green iso-surface (0.0015 electrons/a, ) shows
the location of the trapped electron at the step.
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into the absence of electron trapping.
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Figure 6: The local geometry (along the b-vector) and PDOS of the electron trapped
at the (a) 103, (b) 105, and (c) 107 surfaces of anatase TiO,. The green iso-surface
(0.0015 electrons/a, ) shows the location of the trapped electron polaron, while the green
and red lines are the Ti 3d and O 2p states, where the dotted black line indicates the position
of the Fermi level.

The calculated electron trapping energy (E[trap]), position of the defect level from the
bottom of the conduction band (E[level]), the strain energy and electron spin for the stepped
surfaces are given in Table 3. Since no electron trapping is observed in the bulk like region
of the slab, or in the anatase bulk system, we have to calculate the electron trapping energy
in the stepped surface with reference to the energy cost to go from a localized state to
a delocalised state in bulk anatase. A positive electron trapping energy for all stepped
surfaces indicates that the electron surface trap is less energetically favourable to form than
the delocalised solution in the bulk. This indicates that electrons are more likely to remain
in a delocalised state in the anatase bulk than trap at surface defect sites like steps. The

excess electron trapping at the surface step site would suggest that its a kinetic trap, and
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that energy supplied to the anatase surface to overcome the trap will allow electrons to move
favourable back into the bulk. The deep defect levels from the electron trap around 1eV
below the conduction band indicates the energy required to excite the electron back into the
conduction band. The calculated strain energy, which is the energy to distort the lattice
site in order to trap charge, indicates that the energy to form the trap is higher than the
electron trapping energy, where the largest localization shown by the spin is associated with
the strongest trap on the 107 surface. These results show that electron trapping of excess
electrons in anatase crystals will occur when surface structural defects such as steps, and

kinks are present.

Table 3: The calculated electron trapping energy, defect level, strain energy, and spin for
the most favourable configuration in each of the surface slabs.

Facet | E[trap] (eV) | E[level] (V) | Strain (eV) | Spin (ugp)
103 +0.07 0.70 1.05 0.73
105 +0.17 0.97 0.97 0.61
107 +0.58 0.96 1.25 0.89

Hole trapping at anatase surfaces

The trapping of single hole and hole bi-polarons at the rutile and anatase TiOs surfaces, and
indeed other metal oxides, is important for catalytic purposes, as these holes may diffuse
to the surfaces, interacting with molecular species. %103 This work focuses on single hole
trapping at the oxygen sites in the low and high index surfaces of anatase crystals, which is
examined by removing an electron, and creating a hole state at a specific lattice O site. This
is carried out in a similar way to examining excess electron trapping, where the energy to
form a hole polaron in the surface slab is calculated at specific O sites in the bulk region of the
slab all the way to the surface region as shown by some examples in Figure 7. The O lattice
site is initially distorted by elongating the Ti-O bonds around the site by 0.2 A and the
electron is removed from the lattice O creating the hole polaron. The slab is initially relaxed

with 25% HF exchange to localize the charge, and then further relaxed at our generated HF
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exchange alpha value of 10.5%.

= N W A 01O N OV

Figure 7: Examples of a low and high index surface slabs with the sites from the bulk to the
surface region labelled to examine hole trapping.

The O surface sites labelled in Figure 7 are associated with the calculated hole trapping
energies provided in Table 4. Hole trapping is stable at all O sites from the bulk to the
surface region. The calculated hole trapping energies from the middle of the slab up to the
first 4 atomic levels can be considered the bulk region as a reference point since they have
similar energies, all are within < 0.1eV. The bond distances for the relaxed hole polaron
in the middle of the slabs are within £2% of the bond distances for the hole polaron in
bulk anatase. The good agreement between the hole polaron in the middle of the slabs and
the bulk indicates that the hole polarons are similar and can be used as a reference point
to calculate the hole trapping energy in the surface layers. The omitted values in Table
4 for certain layers of different facets indicates that the hole trap was not stable at this
point. The distribution for hole trapping energies in the top surface layers is different for
each surface facet; the 001 surface, 001 reconstructed, 105 and 107 surfaces have strong hole
trapping at their surface edges, while the other surfaces have less favoured hole trapping

at the surface. The 105 and 107 stepped surfaces have strong trapping energies as the flat
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terrace perpendicular to the step is a 001 type facet. The 100 surface has meta-stable traps
across a number of atomic layers, where the sub-surface layer has the most favoured hole
trapping energy. Hole trapping in the 101 facet is favoured across a number of layers below
the surface, whole the 110 surface has favoured trapping in the sub-surface layer but also has
a meta-stable hole trapped at the surface. For the 112 and 103 surfaces the hole trapping
close to the surface is unfavourable compared to the bulk, and there are meta-stable hole

traps a number of layers below the surface.

Table 4: The calculated hole trapping energy from the bulk to the surface regions in each of
the surface slabs. All values are referenced to the formation of a hole in the middle layer of
the slab and are in eV.

Facet 1 2 3 4 5 6 7 8 9
001 0.00 | 0.00 | 0.00 | 0.01 | 0.06 - - - -1.13
001-recon | 0.00 | 0.00 | 0.00 | 0.01 | 0.09 - - -0.16 | -1.17
100 0.00 | 0.00 | 0.05 | 0.03 | 0.19 | -0.05 | 0.02 | -0.12 | 0.07
101 0.00 { -0.09 | 0.05 | -0.06 | 0.17 | -0.15 | -0.06 | -0.06 | 0.30
110 0.00 | -0.08 | -0.08 | -0.08 | 0.07 | -0.11 | 0.20 | -0.18 | -0.02
112 0.00 | 0.00 | 0.00 | 0.00 | 0.04 | -0.06 | 0.06 | 0.06 | 0.13
103 0.00 | 0.00 | 0.00 | 0.08 | 0.07 |-0.04 | 0.26 | 0.10 | 0.21
105 0.00 | 0.00 | 0.03 |-0.09 | -0.11 - - - -1.37
107 0.00 { 0.00 | 0.00 | 0.03 | -0.09 | 0.13 |-0.75 | -0.83 | -0.75

The hole trapping energy, defect level, strain energy and hole spin for the most favoured
trapping sites on each of the surfaces is given in Table 5. The table shows that the 001, 105
and 107 surfaces have the strongest trapping energies, while the 103 and 112 have the least
favoured trapping energies. The 100 , 101 and 110 surfaces have similar trapping energies.
There does not appear to be a correlation between trapping energies and the position of the
defect level; however if we examine the PDOS plots in Figure 4 there are O 2p surface peak
features at the top of the valence band for the 001/001-recon, 105/107 surfaces that are not
present for the 100/101/110 and 103/112 surfaces. These states at the top of the valence
band are more easily depopulated giving rise to the more strong hole trapping energies and
in some cases having deeper defect levels. Again for the strain energy there is no direct

trend/correlation for the hole trapping energy and strain energy; however there appears
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to be in most cases, a smaller energy required to create the lattice distortion to localize
the charge associated with the strongest hole trapping energy, while the facets with lower
trapping energies have a larger strain energy. The stronger hole traps have between 8-14%
more localized charge than the surfaces with the weaker traps which have more dispersed
charge around the trap site.

Table 5: The calculated hole trapping energy, defect level, strain energy, and spin for the
most favourable configuration in each of the surface slabs.

Facet | E[trap] (eV) | Ellevel] (eV) | Strain (eV) | Spin (ug)
001 -1.13 2.32 1.30 0.85
001-recon -1.17 1.98 1.20 0.89
100 -0.12 0.90 1.57 0.76
101 -0.15 1.40 1.34 0.77
110 -0.18 1.56 1.44 0.76
112 -0.06 2.66 1.36 0.75
103 -0.05 2.16 1.25 0.78
105 -1.37 2.10 1.12 0.87
107 -0.83 2.05 1.71 0.89

The calculated spin density and PDOS for the most favoured hole trapping sites (Table
5) in each of the surface facets are shown in Figures 8 and 9. Hole trapping at all surfaces has
p-like character along different directions for each facet. For the 001 surfaces the presence of
a hole on the surface breaks a Ti-O bond resulting in low coordinated surface O™, species
where the charge is very localized on the 001 surface. The position of the hole trap on the
100 is on the lower coordinated surface O, rather than the surface Ojz. species, where the
charge is distributed across a number of surface and sub-surface O anions. For the 110, 101
and 112 facets, the hole trap is in the sub-sub surface layer distributed across a number of
lattice O sites, which is also seen for the stepped 103 surface in Figure 9. The position of
the hole trap is on the 001 terrace of the 105 and 107 facets, where a Ti-O bond is broken to
accommodate the hole trap in a similar manner to the 001 surface that is not observed on
the 107 surface. This may explain the stronger hole trapping energy for the 105 surface over
the 107 surface. Although the distribution of hole trapping energies in Table 4 shows that

the hole trapping is favoured across multiple sites and the step on these facets indicating
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that they are strong hole trapping surfaces.

Discussion

The hybrid-DFT approach we implement (PBEO-TC-LRC) using 10.5% HF exact exchange
provides invaluable insights into the polaron trapping properties of anatase low and high in-
dex surfaces. The value of HF exact exchange has been developed using a rigorous Koopmans
approach, which has not been previously carried out for anatase TiO,. Previous works have
used a standard 25% of HF exact exchange through the HSE or B3LYP functionals, 54101
while the DFT+U approach from other works has tailored a +U value to the experimen-
tal band gap that provides an underestimated band gap, and incomplete description of the
electronic properties for anatase TiO,.5"71™ The transfer-ability of the +U method is also
contentious and if the band gap changes for surface states/properties then the selected value
of +U is invalid. Since our value of HF exchange is Koopmans compliant, we are confident
that the developed value from this approach is transferable to model the electronic properties
of anatase TiO, surfaces without any constraints to the band gap or other electronic features
of TiOs.

Modelling the behaviour of excess electrons in the surfaces of anatase TiO, shows that the
use of 25% HF exchange over binds the electron to the surface, resulting in a poor description
of the electron trapping properties of the surfaces. Using our value of HF exchange (10.5%)
we show that the perfect flat low index surfaces (001, 100, 101, 110, 112) do not have electron
traps, preferring a delocalised solution across multiple Ti surface cations, in a similar manner
to bulk anatase TiOy. The higher index planes (103, 105, 107) of anatase TiOs do trap
electrons at the lower coordinated Ti surface cations located at their surface defective steps.
The presence of these four coordinated Ti cations introduces Ti 3d peaks at the bottom of
the conduction band that are easily accessible and populated by excess electrons introduced

into the surfaces. These features at the bottom of the conduction band for the stepped
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Figure 8: The local geometry (along the a-vector) and PDOS for holes trapped at the (a) 001,
(b) 001-recon, (c) 100, (d) 101, (e) 110, and (f) 112, surfaces of anatase TiO,. The yellow iso-
surface (0.0015 electrons/a, %) shows the location of the trapped hole polaron, while green
and red lines are the Ti 3d and O 2p states, where the dotted black line indicates the position
of the Fermi level.
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lines are the Ti 3d and O 2p states, where the dotted black line indicates the position of the
Fermi level.
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surfaces are not seen on the low index planes or bulk TiO; which have a much broader Ti
3d band, thus resulting in no observable electron trapping. These results indicate that in
order to minimize electron trapping when preparing anatase TiOy nano-crystals, the crystals
must be maximized with low index planes without any higher index facets that will contain
surface defects such as steps to intrinsically trap electrons.

The hole trapping capabilities for the low and high index anatase surfaces is found to be
favoured across a distribution of sub-surface and surface sites. The strength of the surface
hole trap is found to be facet dependent where the 001 and 105 surfaces show the strongest
affinity to trap holes, and the 103/112 surfaces have the weakest hole trapping energies. The
ability of the 001 surface to strongly trap holes by forming O~ surface species is vital for
charge separation in photo-excited TiO, crystals and are useful for hole generation during
photocatalysis. The 105 and 107 facets are also seen to have a strong hole trapping energy,
where these defects could be present on 001 planes on anatase crystals since they have 001
terraces separated by steps. Similarly for the 100 surface, holes traps are present on the
surface but are not as strongly trapped as the 001 surface. Both the 001 and 100 surfaces
are seen experimentally on anatase TiO, nano-crystals and while the strong trapping of
holes can be advantageous to photocatalysis, the presence of holes on these facets can be
detrimental to electron mobility as any electrons close to these surfaces, donated from an
external bias or molecular adsorbate will fill the hole and kill any conductivity.

Not only are the holes weakly trapping on the 101, 110, 112 and 103 surfaces, but the
distribution of favoured hole trapping sites are all below the surface layers and disfavoured
at the surface, indicating that holes are unlikely to be present on these surface planes. The
presence of holes in the sub surface layers indicates that holes are not likely to be involved in
catalysis on these facets, which is more likely on the 001 type-surfaces. Additionally, holes
being more likely trapped in the sub-surface and not at the surface will allow longer lifetimes
of any electrons present on these facets before recombination can take place. This is useful

for charge separation of electrons and holes between the 001 and 101 surfaces, or useful in
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catalysis where longer electron lifetimes on these facets can be beneficial for interacting with

surface adsorbates.

Conclusion

Electron and hole polaron trapping was investigated on the low and high index surfaces of
anatase TiO, using a hybrid density functional theory approach. Using an « value of 10.5%
Hartree-Fock exact exchange that was previously developed for bulk anatase, we find that
excess electron polarons do not intrinsically trap on the low index planes of anatase crystals
which is a similar result to the bulk. For the higher index planes that contain structural
step defects, we find that electrons do trap at the low coordinated Ti cations present at
the steps. This has implications in photovoltaics as the presence of surface defects will
trap electrons and reduce electron mobility and solar cell efficiency. For catalysis however,
this may be beneficial for electron/hole charge separation, and they surplus of electrons
may assist in surface mechanisms. The trapping of holes at the surfaces of anatase TiOq
is a more complicated picture, as the distribution of hole traps is facet dependent. 001
and 100 surfaces, as well as 105 and 107 surfaces which have 001 type terraces, have the
strongest affinity to trap holes at their facets which is important for charge separation on
anatase crystals. The presence of holes on these surfaces is also expected to be vital to the
photocatalytic properties of TiO, nanoparticles, as the holes can interact with molecular
adsorbates. Hole trapping for the 101, 110, 112 and 103 surfaces is found to be favoured
in the sub surface layers and not at the surface facet which can aid in longer lifetimes of
electrons to prevent recombination. The calculated defect levels in the PDOS plots for
electrons on the high index planes, and the holes on all surfaces can provide insight into UV
and EPR experiments. The energy of the defect level can be compared to the experimental
signal on the spectra and could provide guidance on the surface facet where the electron or

hole is trapping; ie if the EPR signal is in a similar region to the defect level of the trapped
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electron on the higher index 103 plane, then the theory can distinguish between the electron

trapped at this plane and not by some point defect on the low index plane.

Supporting Information

The supporting information shows the Wulff construction for anatase TiO, nanoparticles
from the calculated surface energies (Figure S1 (a)), the Wulff construction when there is
a reduction in surface energies by 10% and 20% (Figure S1(b)) and the change in atomic

positions during relaxation (Figures S2-S4).
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Supporting Information for the Article “Does Polaronic Self-
Trapping Occur at Anatase TiO; Surfaces?”
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Figure S1: (a) The Wulff construction for the anatase TiO2 nano-particles using the DFT calculated
surface energies, and (b) the Wulff construction when there is a reduction in the surface energies. The
orange, yellow, blue and red areas are the 101, 001, 112 and 103 surfaces.
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Figure S2: The ion relaxation in the 100 surface slab along the X and Y directions. The red and blue
colours signify positive and negative changes as shown by the scales.
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Figure S3:The ion relaxation in the 101 surface slab along the X and Y directions. The red and blue
colours signify positive and negative changes as shown by the scales.
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Figure S4: The ion relaxation in the 110 surface slab along the X and Y directions. The red and blue
colours signify positive and negative changes as shown by the scales.



