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Thomas Mayer,† Sven Rühle,¶ Arie Zaban,¶ Ivań Mora Sero,́§ Juan Bisquert,§ Wolfram Jaegermann,†

and Andreas Klein*,†

†Institute of Materials Science, Technische Universitaẗ Darmstadt, D-64287 Darmstadt, Germany
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ABSTRACT: Using photoelectron spectroscopy, the interface formation of anatase and
rutile TiO2 with RuO2 and tin-doped indium oxide (ITO) is studied. It is consistently
found that the valence band maximum of rutile is 0.7 ± 0.1 eV above that of anatase. The
alignment is confirmed by electronic structure calculations, which further show that the
alignment is related to the splitting of the energy bands formed by the O 2pz lone-pair
orbitals. The alignment can explain the different electron concentrations in doped anatase
and rutile and the enhanced photocatalytic activity of mixed phase particles.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

After Fujishima and Honda1 had reported on the
photocatalytic activity of TiO2, the influence of crystal

structure on this property was investigated intensively.2,3 Over
the past 2 decades, it was commonly observed that mixed
anatase/rutile systems show more favorable photocatalytic
properties than pristine ones of either modification.4−9 The
synergistic effect of the mixed systems has been attributed to a
built-in driving force for separation of photogenerated charge
carriers. Such a driving force may result from either a built-in
electric field or from energy barriers blocking charge transfer at
the interface between anatase and rutile. The latter are
described by the energy band alignment, which is well-studied
for semiconductor interfaces.10

Connelly et al.11 recently reviewed several models that are
trying to explain the synergistic effect of mixed anatase/rutile
systems. Well-known are the rutile sink model of Bickley et al.4

and the rutile antenna model of Hurum et al.,5 which place the
band edges of rutile (energy band gap Eg = 3.0 eV12) in
between the band edges of anatase (Eg = 3.2 eV13). Kavan et
al.14 performed electrochemical measurements that located the
conduction band edge of anatase 0.2 eV above that of rutile,
which corresponds to aligned valence band maxima. These
models, however, were not able to convincingly account for the
observed synergistic phenomena. Only recently, Deaḱ et al.15 as
well as Scanlon et al.16 found theoretical and experimental
indications for an energy band alignment with valence and
conduction band energies in rutile both located higher in

energy than in anatase when brought into contact. With such a
staggered energy band alignment at the anatase/rutile interface,
photogenerated electrons will preferentially move to anatase
due to its lower conduction band minimum energy ECB, and
holes will move to rutile due to its higher valence band
maximum energy EVB. Deaḱ et al.15 used the alignment of
branch point energies10 for their calculations. For oxides,
though, it has been shown that due to a low density of induced
interface states, the alignment of branch point energies does not
necessarily yield proper results for the energy band alignment.17

In this work, further evidence for a staggered energy band
alignment at the anatase/rutile interface is provided by X-ray
photoelectron spectroscopy (XPS) measurements and density
functional theory (DFT) calculations. XPS is a widely used
technique for the determination of energy band alignments by
interface experiments, in which one material is deposited
stepwise onto the other.10,17−19 There are various reasons why
the performance of a direct interface experiment between
anatase and rutile would be intricate. First, a TiO2 thin film
deposited stepwise onto a rutile substrate could hardly be
forced into growing in anatase structure and vice versa.
Furthermore, as the two modifications consist of identical
elements, they show the same core-level emission lines in the
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XP spectra, and it would not be possible to distinguish between
energy band offset and band bending effects.
For obtaining an energy band alignment between anatase and

rutile, we have therefore studied the interface formation of
anatase and rutile with two different contact materials, the low
work function degenerately Sn-doped In2O3 (ITO, Φ = 4.5
eV20) and the high work function metallic RuO2 (Φ = 6.1
eV21). With the use of oxide contact materials, a Fermi level
pinning at the interface caused by deposition-induced interface
defects22 can be avoided. The energy band alignment between
anatase and rutile is finally derived independently for both
contact materials by making use of the transitivity rule,
ΔEVB(A/R) = ΔEVB(A/X) − ΔEVB(R/X), where A, R, and X
represent anatase, rutile, and either ITO or RuO2. In the case of
metallic RuO2, the Fermi level position is taken instead of the
valence band maximum. ΔEVB then corresponds to the hole
Schottky barrier ΦB,p. The experimental investigations are
supported by electronic structure calculations, which provide
independent values for the band alignment and demonstrate
that the higher valence band maximum of the rutile
modification is related to the splitting of the energy bands of
the nonbonding O 2pz orbitals.
Polycrystalline anatase thin films on quartz glass as well as

rutile bulk single crystals served as substrates for the
experiments. Both substrates were free of contaminations and
adsorbates due to either in situ deposition or annealing in
oxygen atmosphere prior to the deposition of the contact
material.20 Comparing the XP valence band and core-level
spectra of the different TiO2 substrates, it is revealed that XPS
can discriminate between anatase and rutile in two different
ways, as illustrated in Figure 1.
The valence band structures of the two modifications differ

considerably in shape on the one hand, as also observed by
Scanlon et al.16 On the other hand, the binding energy
differences between the core-level emission lines and the

valence band maxima (ΔEO 1s,VB and ΔETi 2p,VB) are 0.45 ± 0.1
eV larger in rutile compared to those of anatase. The energies
of the valence band maxima EVB are determined here by the
intersection of a linear extrapolation of the leading edge with
the background intensity.23 The binding energy differences
ΔECL,VB, which are material constants, are used below to derive
the energy band alignment from the interface experiments
using the Kraut method.18 The large disparity of binding energy
differences has been observed not only for the polycrystalline
anatase and single-crystalline rutile samples but also for a
number of other samples of the two modifications in poly- and
single-crystalline structure (see Figure S2 in the Supporting
Information). The ΔECL,VB are in good agreement with our
electronic structure calculations (see Figure 3 and the
Supporting Information).
Interface formation with RuO2 and ITO was studied using

stepwise deposition of the contact materials onto clean anatase
and rutile substrates. After each incremental deposition step of
the contact material, XP spectra were recorded without
breaking vacuum to trace shifts in the binding energies of
core-level emission lines and the evolution of peak shapes (see
the Supporting Information). In all four experiments, the Ti
core levels are successively attenuated, and either the Ru or the
In and Sn core levels increase in intensity. No peak broadening
or changes of line shape of the Ti 2p emissions are observed.
Sample charging occurred during the rutile/RuO2 experiment
after surface cleaning and after the first deposition step. A
charge neutralizer has been used during these measurements.
With further RuO2 deposition, and for all other samples, no
charging occurred during measurement. The determination of
barrier heights and band alignment is therefore not affected by
charging effects.
The energies of the valence band maxima with respect to the

Fermi energy (EF − EVB) are 3.2 ± 0.05 and 3.3 ± 0.05 eV for
the uncoated anatase substrates and 2.9 ± 0.05 and 3.1 ± 0.05
eV for the uncoated rutile substrates, respectively. These values
are very close to the band gaps of anatase and rutile and do
therefore correspond to Fermi level positions near the
conduction band minima. In the course of the experiments,
the Ti 2p emission lines are progressively shifted toward lower
binding energies with increasing coverage. From the Ti 2p
binding energies, the change of EVB is directly obtained using
the binding energy differences ΔETi 2p,VB (Figure 1). The
obtained EVB as a function of coverage for all four experiments
are displayed in Figure 2.
For both substrates, the shifts of the Ti 2p binding energies,

which correspond to band bending in the substrates, are larger
for RuO2 deposition compared to the deposition of ITO. This
has to be expected from the larger work function of RuO2. It is
noted, however, that the difference of the Fermi level positions
at the RuO2 and ITO interfaces is smaller than the difference of
their work functions. This is caused by interface dipole
contributions to the energy band alignment.24 In all four
experiments, the binding energy shifts saturate after 1−2 nm
overlayer thickness, indicating that the electronic barrier is
completed before the substrate emissions are fully attenuated
by the deposited film. The saturation values of EF − EVB are 0.7
± 0.1 eV higher for anatase compared to those for rutile. This is
the case for both contact materials, indicating transitivity of
energy band alignment. Further support for the transitivity of
band alignment can be found in the Supporting Information.
Applying the transitivity rule, the different Fermi level

positions at the interface can be assigned to an offset between

Figure 1. X-ray photoelectron spectra of the core-level emission lines
O 1s and Ti 2p as well as the valence bands of anatase and rutile. The
corresponding binding energy differences between the core levels and
the valence band maxima are indicated.

The Journal of Physical Chemistry Letters Letter

dx.doi.org/10.1021/jz402165b | J. Phys. Chem. Lett. 2013, 4, 4182−41874183



the valence band edges of anatase and rutile of ΔEVB = 0.7 ±
0.1 eV, with the VBM of rutile being higher than that of anatase
(see Figure 2). Using literature values for the band gaps of
rutile and anatase,12,13 a conduction band discontinuity of ΔECB
= 0.5 ± 0.1 eV results. This means that the valence and the
conduction band edges of rutile are both higher in energy than
their corresponding counterparts in anatase in direct contact of
the two materials. This corresponds to a staggered type-II
energy band alignment between anatase and rutile close to
those reported by Deaḱ et al. and by Scanlon et al.15,16

In previous work, it has been suggested that the valence band
discontinuity between oxides is small when the valence band
states are predominantly formed by O 2p states (so-called
common anion rule alignment).17 This was concluded from the
observation that higher-lying valence bands have only been
observed when cation orbitals contribute to the valence band
states. Examples are PbTiO3,

25 Bi2O3,
26 and BiFeO3

26 with 6s
orbitals or Fe2O3

26 and Cu2O,
27 with 3d orbitals contributing

to the valence band states. The common anion rule28 can be
traced back to the fact that in the bond orbital approximation of
LCAO theory (linear combination of atomic orbitals), the
valence band maximum energy of tetrahedrally coordinated
semiconductors depends predominantly on the energy of the
anion p orbital.17,29 The rutile modification of TiO2 is a clear
exception from the common anion rule alignment as the higher
valence band maximum cannot be related to contributions of Ti
states to the valence bands. It is therefore important to
understand whether this exception is caused by the presence of

strong interface dipoles or by a particular bonding config-
uration.
To gain further insight regarding the origin of the band

discontinuity at the rutile/anatase interface, we analyzed the
electronic structure on a DFT level (see the Experimental
Section and the Supporting Information for details). Compar-
ison of the density of states (DOS) of rutile and anatase (see
Figure 3a) yields a valence band discontinuity of 0.63 eV and a
conduction band discontinuity of 0.39 eV, both in very good
agreement with the experimentally determined values (see
Figure 2). Further inspection of the valence band structure
shows that for the most part, the DOSs of rutile and anatase are
very similar except for the appearance of “tails” at both the
valence band top and bottom in the case of rutile. This suggests
that the valence band offset is intimately related to these
features.
The band structure of rutile shown in Figure 3b

demonstrates that the tails originate from a pronounced
splitting of the topmost and bottommost levels in the vicinity
of the Γ point, which is entirely absent in anatase (see Figure
S12 in the Supporting Information). The electronic origin of
this feature can be clarified with the help of a Wannier function
analysis,30−32 which yields one sp2- and one pz-like orbital for
each oxygen atom, as can be seen in Figure 3c,d. The three
lobes of the sp2 orbital are oriented along the O−Ti bonds,
whereas the pz-like orbital is oriented perpendicular to the sp2

plane. The projection of the band structure on this set of states
yields the relative admixture illustrated by the color coding in
Figure 3b. This analysis reveals that the topmost valence band
near Γ, where a pronounced separation from the other valence
states occurs, is virtually exclusively of pz character and thus can
be interpreted as a lone-pair orbital, in agreement with resonant
photoemission experiments.33 The lone-pair orbital does not
participate in the O−Ti bond, and the splitting of the level can
consequently be understood in terms of a LCAO picture.34 The
σ-like overlap of the lone-pair orbitals of neighboring O atoms
explains the downward dispersion of the band away from the
center of the Brillouin zone Γ.
The Wannier basis generated in the same fashion for anatase

resembles the one for rutile insofar that a decomposition into
sp2- and pz-like orbitals is obtained (see Figure S12 in the
Supporting Information). Unlike the case of rutile, however, the
pz-like orbital does not play a prominent role near the valence
band edges, and the band structure also does not exhibit a
splitting of states around the Γ point. The difference between
the two types of behavior originating from the respective
orientation of the ensemble of pz-like orbitals in the two
different crystal structures is clearly seen in a comparison of the
Wannier function analysis (see Figures S11(f) and S12(f) in the
Supporting Information). In rutile, the pz-like orbitals are much
closer to each other, suggesting stronger interaction and
overlap, which results in a larger splitting of the corresponding
energy bands and consequently in a higher valence band
maximum energy and the appearance of the tail at the top of
the valence band. We have thus established a direct connection
between the crystal structures of rutile and anatase, their
electronic structures and, most significantly in the present
context, the valence band offset between the two phases.
The concept of doping limits of semiconductors states that

limits of the Fermi level position are on a similar energy level
with a proper energy band alignment of materials.35−37 Such a
behavior has been explicitly demonstrated using Fermi level
measurements and energy band alignment for (Ba,Sr)TiO3 and

Figure 2. (top) Evolution of the Ti 2p core-level binding energies with
increasing RuO2/ITO film thickness on anatase and rutile substrates.
The constant ΔETi 2p,VB are subtracted, whereby the evolution of EVB is
obtained. (bottom) Energy band diagrams for anatase/RuO2 and
rutile/RuO2 interfaces derived from the evolution of the binding
energy. The Fermi level positions in the bulk and at the interface are
derived from the upper graph from the substrates and after saturation
of energy shifts, respectively. The band alignment at the rutile/anatase
interface is obtained using transitivity from the figure by omitting the
central RuO2 layer and the band bendings. The resulting valence and
conduction band discontinuities at the rutile/anatase interface derived
from the photoemission experiment are indicated by superscript E, and
those from DFT calculations are indicated by superscript T.
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Pb(Zr,Ti)O3.
25 A lower conduction band minimum would

therefore allow a higher electron concentration. Within this
concept, the obtained alignment with a lower conduction band
in anatase agrees with the higher electron concentrations, which
can be achieved in anatase, for example, by Nb doping
compared to rutile.38

The presented experiments and electronic structure calcu-
lations consistently reveal a staggered energy band alignment
between anatase and rutile, with the valence band maximum of
rutile at 0.7 ± 0.1 eV (experimental) or 0.63 eV (theoretical)
above that of anatase. Transitivity of energy band alignment has
been demonstrated explicitly using two different conducting
oxides as contact materials, which gives confidence that the
experimentally determined alignment is not corrupted by
defect-induced Fermi level pinning.22,39 The obtained band
alignments support previous studies by Deaḱ et al.15 and
Scanlon et al.16 Moreover, the analysis of the electronic
structure shows that the higher valence band maximum of rutile
is caused by the stronger overlap between the O 2pz orbitals in
rutile compared to those in anatase, leading to a substantial
splitting of the resulting energy bands. The staggered band
alignment explains the enhanced photocatalytic activity of
mixed phase TiO2 particles

4−9 as it provides a driving force for
separation of photoexcited charge carriers. Within the concept
of general doping limits,35−37 the staggered alignment of the

energy bands also explains the higher electron concentrations,
which have been obtained with anatase compared to rutile
TiO2.

38

■ EXPERIMENTAL SECTION

Sample preparation as well as all XPS measurements were
performed using the Darmstadt Integrated System for Materials
Research (DAISY-MAT).37 This system permits thin film
deposition by magnetron sputtering and characterization via
monochromatic XPS (Physical Electronics PHI5700, Al Kα, hν
= 1486.6 eV) without breaking vacuum. Binding energies are
recorded with respect to the Fermi energy, which is calibrated
using a sputter-cleaned Ag foil.
Thin films of TiO2 and RuO2 were deposited using reactive

magnetron sputtering from metallic Ti and Ru targets,
respectively. ITO deposition was performed by radio frequency
magnetron sputtering from a ceramic ITO (10 wt % SnO2)
target. Rutile single crystals with a (001) orientation (CrysTec,
Germany) were used. To prevent charging of the poorly
conducting anatase and rutile substrates during the XPS
measurements, a 100 nm thick platinum film with a central
hole of 1 mm diameter was deposited onto the surface.40

Charging occurred only for one of the rutile crystals after
adsorbate removal and after the very first RuO2 deposition step.
This charging does not affect the determination of the band

Figure 3. (a) Comparison of the DOSs of rutile and anatase. The energy scales have been aligned based on the electrostatic potential at the Ti cores.
(b) Band structure of rutile where the color scale indicates the respective admixture of oxygen-centered (c) sp2- and (d) pz-like orbitals. In (c), only
one of the three individual Wannier functions that contribute to the sp2-like orbital is shown. The remaining lobes are oriented along the other two
O−Ti bonds.
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alignment, which is derived from spectra with thicker
overlayers, where no charging occurred. Before stepwise
deposition of the contact materials, the surfaces were cleaned
from adsorbates by heating in an oxygen atmosphere (p = 0.5
Pa, T = 500 °C, t = 3.5 h).20

Calculations were carried out within DFT using the projector
augmented wave method41,42 as implemented in the Vienna ab
initio simulation package.43−46 Electronic states down to the Ti
3p and O 2s shells were treated as part of the valence. All
calculations were carried out at the experimentally determined
lattice parameters47 and employed a plane wave cutoff energy
of 400 eV as well as a Γ-centered 6 × 6 × 6 k-point mesh. A
range-separated hybrid exchange−correlation (XC) functional
(HSE06)48 was employed that has been found in earlier
studies15,16 to produce band structures and energy gaps in very
good agreement with experiment and G0W0 calculations.49,50

The results obtained with other XC functionals are similar, as
shown in the Supporting Information. The energy scales of
rutile and anatase were aligned based on the electrostatic
potential at the Ti sites. On the basis of convergence tests, we
estimate the numerical error of the computed band offsets to be
less than 50 meV. Maximally localized Wannier functions30

were employed to interpolate the eigen energy spectra on very
dense k-point grids31,32 and to interpret the nature of chemical
bonding in rutile and anatase. Wannier functions were rendered
with the XCRYSDEN software.51
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(15) Deaḱ, P.; Aradi, B.; Frauenheim, T. Band Lineup and Charge
Carrier Separation in Mixed Rutile−Anatase Systems. J. Phys. Chem. C
2011, 115, 3443−3446.
(16) Scanlon, D. O.; Dunnill, C. W.; Buckeridge, J.; Shevlin, S. A.;
Logsdail, A. J.; Woodley, S. M.; Catlow, C. R. A.; Powell, M. J.;
Palgrave, R. G.; Parkin, I. P.; Watson, G. W.; Keal, T. W.; Sherwood,
P.; Walsh, A.; Sokol, A. A. Band Alignment of Rutile and Anatase
TiO2. Nat. Mater. 2013, 12, 798−801.
(17) Klein, A. Energy Band Alignment at Interfaces of Semi-
conducting Oxides: A Review of Experimental Determination Using
Photoelectron Spectroscopy and Comparison with Theoretical
Predictions by the Electron Affinity Rule, Charge Neutrality Levels,
and the Common Anion Rule. Thin Solid Films 2012, 520, 3721−
3728.
(18) Waldrop, J. R.; Grant, R. W.; Kowalczyk, S. P.; Kraut, E. A.
Measurement of Semiconductor Heterojunction Band Discontinuities
by X-ray Photoemission Spectroscopy. J. Vac. Sci. Technol., A 1985, 3,
835−841.
(19) Chambers, S.; Ohsawa, T.; Wang, C.; Lyubinetsky, I.; Jaffe, J.
Band Offsets at the Epitaxial Anatase TiO2/n-SrTiO3(001) Interface.
Surf. Sci. 2009, 603, 771−780.
(20) Gassenbauer, Y.; Schafranek, R.; Klein, A.; Zafeiratos, S.;
Hav̈ecker, M.; Knop-Gericke, A.; Schlögl, R. Surface States, Surface
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