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Band alignment of rutile and anatase TiO,
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The most widely used oxide for photocatalytic applications
owing to its low cost and high activity is TiO,. The discovery
of the photolysis of water on the surface of TiO, in 1972
launched four decades of intensive research into the underlying
chemical and physical processes involved?>. Despite much
collected evidence, a thoroughly convincing explanation of
why mixed-phase samples of anatase and rutile outperform
the individual polymorphs has remained elusive®. One long-
standing controversy is the energetic alighment of the band
edges of the rutile and anatase polymorphs of TiO, (ref. 7).
We demonstrate, through a combination of state-of-the-art
materials simulation techniques and X-ray photoemission
experiments, that a type-ll, staggered, band alignment of
~0.4eV exists between anatase and rutile with anatase
possessing the higher electron affinity, or work function. Our
results help to explain the robust separation of photoexcited
charge carriers between the two phases and highlight a route
to improved photocatalysts.

A general consensus places the bandgaps of rutile and anatase
TiO, at 3.03 and 3.20eV, respectively. In 1996, electrochemical
impedance analysis established that the flatband potential of anatase
is ~0.2 eV more negative than that of rutile, indicating that the
conduction band of anatase lies 0.2 eV above that of rutile®. This
band alignment, illustrated in Fig. la, would favour the transfer of
photogenerated electrons from anatase to rutile, and the transfer
of holes from rutile to anatase at a clean interface (although the
valence band positions in this alignment are very similar) and
was supported by several experiments®''. Alternatively, recent
photoemission measurements have reported that the work function
of rutile is 0.2 eV lower than that of anatase, placing the conduction
band of anatase 0.2 eV below that of rutile'? (Fig. 1b).

Electron paramagnetic resonance experiments focusing on
mixed rutile/anatase samples have demonstrated that electrons
flow from rutile into anatase, with holes moving in the opposite
direction'>™1%, These studies have provided information on the
interface (for example, a newly discovered interfacial trapping
site, lattice and surface electron trapping sites, and surface hole
trapping sites) and on recombination in these mixed samples'*".
The fundamental band alignment between anatase and rutile, which
is necessarily the driving force for the kinetics of both ionic and
electronic charge carriers, however, is still not understood. The
intrinsic band alignment will always act as the boundary conditions
imposed on a particular interface, and will be a dominant factor in
any photocatalytic activity.
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Figure 1| Two proposed valence and conduction band alighment
mechanisms for the anatase/rutile interface. a, Type-Il (rutile). b, Type-II
(anatase). The present study supports model b. Red arrows indicate the
flow of electrons (holes) in the conduction band (valence band). Blue and
orange dots represent electrons and holes, respectively.

To understand the band alignment of anatase and rutile TiO,,
we have carried out three separate computational analyses on
both polymorphs: electronic structure of bulk crystals; electrostatic
analysis of the Ti and O environments; absolute vacuum alignment
from embedded crystals.

First, periodic hybrid density functional theory calculations with
a plane-wave basis set (the Vienna ab initio simulation package
code!”) were performed to understand the electronic structure and
nature of the band edge wavefunctions. We employed a screened
non-local exchange-correlation density functional (HSE06)®, with
full details provided in the Supplementary Information. In Fig. 2,
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Figure 2 | Electronic structure of anatase and rutile TiO5. a,b, Comparison
of the total and ion-decomposed electronic density of states of anatase (a)
and rutile (b) TiO, calculated using the HSEO6 hybrid density functional.

we show the electronic density of states for rutile and anatase. The
valence band edge of both materials is dominated by O 2p, and
the conduction band edge is formed from Ti 3d. The widths of
the upper valence bands are similar in each phase, which indicates
that neither anatase nor rutile experience a significant chemical
broadening that could offset the valence band edge position.
Therefore, the position of the conduction and valence bands of
ionic materials such as TiO; is determined by the onsite electrostatic
potential and the optical dielectric response.

The analysis in Fig. 2 illustrates that excess electrons in these
materials will be centred on the d states of cations, whereas electron
holes are centred on 2p states of oxygen, which is consistent
with electron paramagnetic resonance data. We have calculated
the local Madelung potentials' of Ti and O in both anatase and
rutile using the polarizable shell model**?!, fitted to reproduce
accurately the high-frequency dielectric constants of TiO,. Note
that negatively charged electrons have a lower energy the higher
the Madelung potential (cation sites have a negative potential)
whereas the energy to create a positive hole is lower, the lower
the Madelung energy (anion sites have a positive potential). This
analysis indicates that the Madelung potential of Ti in anatase
(—45.025V) is 0.17 eV higher than the potential of Ti in rutile
(—45.199V). The offset is in excellent agreement with recent
photoemission measurements. Similarly, the Madelung potential of
O in anatase (26.232V) is higher than the Madelung potential of
O in rutile (25.767 V), placing the valence band of rutile 0.47 eV
above the valence band of anatase, in agreement with the alignment
shown in Fig. 1b. In support of this fundamental argument, we
have calculated energies of charge carriers propagating at the band
edges using the Mott-Littleton defect approach, which includes
the high-frequency dielectric response of the material”2. The
calculated difference in carrier energies between the two materials
strongly corroborates the band alignment put forward above. In
particular, for the electrons at the bottom of the conduction band
we obtain a 0.24 eV shift downwards of the anatase conduction
band relative to rutile, whereas for the hole carrier we find the
valence band of rutile to be 0.39 eV higher in energy than that of
anatase. Both the Madelung-potential-based argument and ‘defect’
models predicted correctly the bandgap opening of ~0.2eV in
anatase relative to rutile.
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Last, we have calculated the ionization potentials of both
polymorphs relative to the vacuum level using a hybrid
quantum-mechanical/molecular-mechanical®® (QM/MM) embed-
ding technique as implemented in the ChemShell code*. In this
approach, a part of the crystal is represented by a molecular cluster
(treated ata QM level of theory) embedded in an external potential,
which represents the system remainder (treated at an MM level of
theory), as illustrated in Fig. 3a. Exploiting the accurate account
of electronic polarization by the MM model introduced above, we
are able to calculate the system response to ionization, on which
all electronic degrees of freedom are fully relaxed while keeping the
nuclei frozen. The ionization potential is calculated by taking the
energy difference between a (electronically) relaxed system in the
neutral and positive charge states (see Supplementary Information
for details). We have calculated the ionization potential of both
rutile and anatase for a series of QM cluster sizes (from ~50
atoms to ~80 atoms), using a well-converged basis set. The model
consistently predicts an offset of ~0.47eV between rutile and
anatase, with the rutile valence band higher in energy than anatase,
as indicated in Fig. 3b.

The calculations place the ionization potential of rutile at
7.83 eV, with the ionization potential of anatase at 8.30 eV. Previous
studies have assumed that the ionization potential of rutile is
7.1eV (ref. 25), although this is inferred from the conduction
band position taken from ref. 8. The accuracy of our approach
is supported by comparison with a recent X-ray photoelectron
spectroscopy (XPS) alignment of rutile TiO, with ZnO, which
found that the valence band of rutile is 0.14eV lower®. The
experimental ionization potential of ZnO is known to be 7.82 ¢V,
(ref. 26) and is well described by the QM/MM approach (7.71 eV;
ref. 27). Indeed, the offset between the calculated ionization
potentials for rutile and ZnO (0.12eV) is in excellent agreement
with the experimental offset of 0.14 eV. In addition, our calculated
electron affinities for rutile (4.8eV) and anatase (5.1eV) are
in good agreement with those experimentally measured, that is
4.9 eV for rutile, 5.1V for anatase'?. The effective bandgap for a
clean rutile/anatase heterojunction should therefore be lowered to
~2.78 eV, a significant redshift from the isolated phases.

To test the model band alignment, we have fabricated high-
quality anatase-rutile junctions. Nanoparticulate heterostructures
were achieved using a sol-gel approach from a titanium n-butoxide
precursor. A uniform interface was formed by dip-coating
successive layers onto a NaCl substrate; first rutile (700 °C anneal)
and later anatase (500 °C anneal). The original substrate was then
dissolved in water, leaving a freestanding rutile—anatase bilayer. For
full details of the synthesis and characterization of these materials,
see the Supplementary Information. High-resolution XPS was used
to determine the band offsets based on core level shifts, following
the method of refs 28-30. The binding energy difference between
the Ti 2p, , core line and the valence band was first determined in
samples of phase-pure anatase and rutile. In each case the core lines
for the phase-pure samples were fitted with a Gaussian—-Lorentzian
function. These same functions were used to peak fit the Ti 2p, ,
spectrum obtained from the composite particles, and so obtain
the binding energies (Fig. 3¢), and hence the valence band offsets
(Fig. 3d). To aid this peak fitting, samples were produced with a 2:1,
1:1 and 1:2 ratio of rutile to anatase. Full details of this procedure
are given in the Supplementary Information. The anatase valence
band was found to be at 0.39 0.02eV higher binding energy
than rutile for the composite samples. These results were obtained
independently of the computational analysis.

In conclusion, we have combined theory and experiment to
revise the understanding of the band alignment between rutile
and anatase. A consistent picture emerged, where in contrast to
the widely accepted alignment model, we demonstrate that the
electron affinity of anatase is higher than rutile. Photogenerated
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Figure 3 | Band alignment between rutile and anatase from XPS and QM/MM. a, Graphic of the hybrid QM/MM cluster used for rutile in the positive
charge state. The cluster is divided into hemispheres to highlight the different regions in the model. Hole density iso-surfaces are shown (semi-transparent
purple) in the QM region. b, Schematic of the QM/MM alignment of rutile and anatase TiO5. IP and EA denote ionization potential and electron affinity,
respectively. The electron affinity is calculated by adding the experimental bandgaps to the calculated ionization potentials. AEy and AEc are the valence
band offsets and conduction band offsets, respectively and ESBM and EVBM denote the positions of the conduction band and valence band respectively. ¢, Ti
2p3,2 spectra are taken from two phase composite particles with rutile to anatase ratios of 1:1 (top) and 2:1 (middle) and 1:2 (bottom). Experimental data,
shown as black dots, are fitted with the peak shapes derived from phase-pure anatase (red) and rutile (blue). d, Schematic of the XPS alignment between
rutile and anatase. AEcy is the core level offset between the Ti 2p3/, core levels.

conduction electrons will flow from rutile to anatase. A type I band
alignment of ~0.4 eV is present, significantly lowering the effective
bandgap of composite materials, and facilitating efficient electron—
hole separation. This alignment is the likely driving force for the
increased photoactivity of anatase—rutile composite materials over
their individual counterparts.

Despite having the same chemical composition, the differences
in the coordination environments, and hence chemical bonding,
of rutile- and anatase- structured TiO, result in very different
ionization potentials and electron affinities. Exploitation of the
relationship between the electron chemical potentials and crystal
structure could be used to design new photoactive materials and
composites, especially where there are a number of accessible
polytypes or interfacial morphologies. This should lead towards
both higher efficiencies in the photolysis of water and more robust
electron—hole separation in dye-sensitized solar cells.
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