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ABSTRACT: We present a step-by-step theoretical protocol
based on the first-principles methods to reveal the insight into
the origin of the high photocatalytic activity achieved by the
mixed-phase TiO,, consisting of anatase and rutile. The
interfacial geometries, density of states, charge densities,
optical absorption spectrum, electrostatic potential, and band
offsets have been calculated. The most stable mixed-phase
structures have been identified, the interfacial tensile strain-
dependent electronic structures have been observed, and the
energy level diagram of band alignment has been given. We
find that the geometrical reconstruction around the interfacial

area has a negligible influence on the light absorption of the heterojunction and the interfacial sites seem not to dominantly
contribute to the band-edge states. For the most stable heterojunction, the calculated valence-band maximum and conduction-
band minimum of rutile, respectively, lie 0.52 and 0.22 eV above those of anatase, which agrees well with the experimental
measurements and other theoretical predications. The good match of band energies to reaction requirements, large driving force
for the charge immigration across the interface, and the difference of electrostatic potentials around the interface successfully
explain the high photocatalytic activity achieved by the mixed-phase TiO,.

KEYWORDS: mixed-phase TiO,, band alignment, interfacial geometries, electronic properties, band offsets,

separation of photogenerated carrier

I. INTRODUCTION

The discovery of the photolysis of water on the surface of TiO,
by Fujishima and Honda in 1972 has launched four decades of
intensive research into the underlying chemical and physical
processes involved." TiO, has been widely studied as one of the
most promising semiconductor photocatalysts for its various
applications in photocatalysis and photoelectrochemistry due to
its superior photocatalytic activity, chemical stability, low cost,
and nontoxicity.”™'> It is now clear that the photocatalytic
performance of TiO, is strongly sensitive to its crystalline form.
Two major crystalline phases of TiO, commonly used in
photocatalytic reactions are anatase and rutile with a band gap
of 32 and 3.0 eV, respectively.'”'* Anatase is generally
regarded as the more photochemically active than rutile due to
its lower rates of recombination and higher surface absorptive
capacity.15

Recent investigations have been focused on the mixed-phase
TiO, materials because they have been demonstrated to exhibit
higher activity than either single-phase."®™>* To explain the
synergetic effect between anatase and rutile, several efforts have
been carried out.*>° Now, it is widely recognized that the
high photocatalytic activity of mixed-phase TiO, materials is
because the photogenerated charge carriers can be driven to the

different phases by the band bending, and subsequently, the
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oxidation and reduction reaction sites are spatially separa-
ted.'®'7*'73* However, there are some disputes and disagree-
ments in the direction of interfacial charge transfer, energy
band alignment, and the role of the interfacial sites on the
interfacial electron transfer. Conventionally, it was thought that
the anatase is the active component in mixed-phase TiO, with
rutile serving passively as an electron sink due to the higher
activity of the pure anatase phase than the rutile phase. The
experiments on the electron paramagnetic resonance (EPR)
spectroscopy'® did not support that conclusion and showed
that the photoinduced electrons actually transfer from the rutile
to anatase. This observation was explained by the lower energy
trap states in the anatase caused by the distorted interfacial
sites, and these sites were further proposed as catalytically
reactive hot spots.'® A later experiment® alternatively
concluded that mixed-phase materials have no significantly
different activity in phase composition and specific surface area,
but the photocatalytic activity is dominantly determined by the
interconnection between anatase and rutile particles: the
greater the interconnection, the greater the photocatalytic
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activity. Recently, several groups®"**** have experimentally and
theoretically proposed an opposite energy band alignment in
mixed-phase TiO,. They found that both the valence- and
conduction-band edges of rutile located higher in energy level
than those of anatase. Because of the higher valence-band
maximum (VBM) and conduction-band minimum (CBM) of
rutile, photogenerated electrons preferentially move from rutile
to anatase and holes from anatase to rutile. This kind of band
alignment explains the direction of charge transfer observed by
EPR experiments'®"” but may call into question about the
assumption of the roles of low energy anatase trapping sites
played on the charge transfer across the interface. It, therefore,
requires an additional theoretical investigation on the micro-
scopic atomic-scale geometrical features of the interface and
their effects on the electronic properties of the junction.

The objectives of this paper are, therefore, two-fold. One is
to shed light on details about the interfacial geometries. We will
show how the atomic rearrangement in the interfacial area
occurs when the materials of two different phases are brought
together, how the atomic rearrangement affects the structural
stability and electronic properties, and whether the interfacial
sites dominantly contribute to the band-edge states of mixed-
phase junctions. Another objective is to give a detailed
knowledge about the electronic properties of the hetero-
structures and to further demonstrate the insight into the
higher photocatalytic activity achieved by a mixed-phase
junction. These properties are revealed via the calculations of
total density of states (DOS), partial DOS (PDOS) yielded by
projecting the total DOS onto the individual constituents of
heterostructures, the optical absorption spectra, charge
densities and the band offsets, etc. In particular, we investigate
how the energy bands are affected by the tensile strain of the
interfaces. The band offset, which describes the relative position
of energy levels on both sides of the interface,® is one of the
most important quantities to characterize an interface with such
a staggered energy band alignment and a key garameter for
tuning the carrier transport across a junction. 2313937 The
valence-band offset (VBO) has been thus measured by X-ray
photoelectron spectroscopy and calculated by density func-
tional theory (DFT).>"**** The conduction-band offset
(CBO) has also been calculated, and a value of 0.24 eV is
obtained.>" In this work, both VBO and CBO are directly
evaluated by the potential-line-up method®*™* to provide
further evidence for a staggered energy band alignment at the
anatase and rutile interface. Meanwhile, we will investigate the
localized DOS of different atomic layers along the junction to
elucidate the effect of interfacial sites on the photocatalytic
activity of the mixed-phase junction. Usually, the photocatalytic
activity of the heterogeneous materials is largely related to the
interfacial sites of the materials.

The paper is organized as follows: Section II briefly
introduces the theoretical methods and the computational
details. In section III, the calculated results are presented and
analyzed. Finally, a concluding remark is given in section IV.

Il. COMPUTATIONAL DETAILS

The first-principles calculations are performed using the projected
augmented wave (PAW) plane-wave basis, implemented in the Vienna
Ab initio Simulation Package (VASP).*'~* An energy cutoff of 400 eV
is employed, and the atomic positions are optimized using a conjugate
gradient scheme without any symmetric restrictions until the
maximum force on the each of them is less than 0.02 eV A™". The
pure-phase anatase and rutile are modeled with 8 X 8 X 4 and 8 X 8 X

10 grids for the k-point sampling, respectively. The mixed-phase
heterostructures are modeled with a 4 X 2 X 1 grid for the k-point
sampling. The generalized gradient approximation (GGA) DFT
exchange-correlation (XC) functional Perdew—Burke—Ernzerhof
(PBE)* is employed for the geometrical optimization and the
calculations of density of states (DOS) for all the heterostructures. A
more accurate hybrid DFT XC functional HSE06***® presented by
Heyd, Scuseria, and Ernzerhof is adopted to perform the electronic-
structure calculations for the most stable heterostructure. The hybrid
functional HSEO6 includes a fraction « of the screened short-range HF
exchange to improve the derivative discontinuity of the Kohn—Sham
potential for integer electron numbers. The default value of @ in
HSEO6 is set to be 0.25. In the study, we set a = 0.21 since we find
that this value can yield exact agreement between the computed and
experimental direct band gaps for both the pure-phase anatase and
rutile.

In the investigation of the mixed-phase heterostructures, the
periodically repeated supercells are used to keep the translational
symmetry, in which two interfaces with the equivalence in terms of
stoichiometry and geometry are involved in order to avoid electric
fields due to unbalanced charges, and the adjacent interfaces are
sufficiently separated to well present the isolated interface config-
uration. The charge depletion layer in the interface is revealed by the
average electrostatic potential technique.*® In this approach, the
original space-dependent electrostatic potential V(7) can be calculated
by solving the Poisson equation based on the electron density given by
the DFT calculations. The plane-averaged potential V(z) across the
interface is obtained by

— 1
V(i) == [ V(¥) dx dy
S [ (1)

where S represents the area of a unit cell in the plane parallel to the xy
plane. The bulklike oscillations in the V(z') with respect to the z
coordinate in two phases can be further suppressed by the
macroscopic average potential V(z), which is given by

1 272
V(z) = — V(') dz'
L
z—L/2 (2)

where L is the oscillation period of V(z').

On the basis of the macroscopic average V(z), the band offsets of
the mixed-phase junctions can be further performed.>”~*° The valence-
band offset AEyp is given by

AEypo = ‘=/mixed + (EVBM - ‘=/>ana - (EVBM - ‘7)ruc (3)
where AV,

mixed Tepresents the difference of V(z) between two
components in the mixed-phase junction, and the last two terms
represent the difference between VBM energy (Eygy) and V(z) of the
corresponding isolated component in the model. The similar strategy
can be used for the calculation of AEqg0.

lll. RESULTS AND DISCUSSION

A. DOS Spectra of Pure-Phase Anatase and Rutile. To
access the accuracy of different DFT XC functionals on the
electronic structures of bulk materials, we calculate the DOS
spectra of the pure-phase anatase and rutile by different DFT
XC functionals. Figure 1 shows the calculated results. Explicitly,
PBE underestimates the band gaps of both anatase and rutile.
However, it provides the correct band gap difference of the two
materials, which agrees exactly with the experimental value of
0.2 eV. DFT+U provides the accurate band gap for anatase, but
a calculated band gap of 2.7 eV for rutile is lower than the
experimental value of 3.0 eV."’ Clearly, the experimentally
measured band gaps of 3.2 and 3.0 eV for anatase and rutile are
exactly yielded by the hybrid functional HSE06. However, the
calculations with HSE06 are computationally expensive. We
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Figure 1. Total DOS of pure-phase anatase and rutile by PBE, DFT
+U, and HSEO06.

will, therefore, apply PBE for the geometrical optimizations and
the calculations of DOS spectra for all the heterostructures and
only apply HSEO6 to calculate the electronic properties of the
stablest heterostructure.

B. Interfacial Atomic Configurations of Mixed-Phase
TiO,. The local structures of surface and interfacial sites are
critical for photocatalytic processes since these sites were
thought to be the loci of the transfer and subsequent trapping
of photogenerated charge carriers. At first, we, therefore,
investigate the interfacial geometrical structures and the
structure—property relationships of heterogeneous materials.
The interfaces will be represented here by periodically
alternating slabs of two phases. To construct the interfaces,
one should follow the fundamental condition that the interface
model should be electrically neutral and stoichiometric.*” The
mixed-phase junction between anatase and rutile is composed
of well-matched lattice fringes between the (101) plane of
anatase and the (111) plane of rutile, which has been indicated
by the previous experimental work.*® To identify possible
stacking at the interface, we analyze the atomic-layer stacking of
the (101) plane of anatase and the (111) plane of rutile. It is
found that there are two different terminations possible, cleaved
along the (101) plane of anatase and the (111) plane of rutile,
respectively, as shown in Figure 2. The two different
terminations of anatase are referred to as Al and A2, and
those of rutile are referred to as R1 and R2. They all maintain
stoichiometry. The (101) plane of anatase has a surface cell size
of 5.44 A x 3.77 A with ¢ = 110.3° and the (111) plane of
rutile has a surface cell size of 5.46 A X 5.46 A with ¢ = 107°.
For the minimum in-plane lattice mismatch between the
anatase (101) and rutile (111), we have considered a 1 X 3
surface supercell (corresponding to a surface supercell size of
544 A x 11.3 A with ¢ = 110.3°) for anatase and a 1 X 2
surface supercell (corresponding to a surface supercell size of
546 A X 10.9 A with ¢ = 107°) for rutile, respectively. Since
each termination of anatase can, in principle, be combined with

any terminations of rutile, there are four possible variances of
the interfaces.” In our study, we denote these four different
interfaces as A1—R1, A1-R2, A2—R1, and A2-R2. To keep the
computational cost low, we only choose three interior angles
(107, 108.7, and 110.3°) of surface supercells to construct the
interface models of the mixed-phase TiO,. In order to maintain
the volume of supercells the same, the surface supercells of
anatase and rutile are compressed and expanded about 1%,
respectively. The models have 5 + 7 layers of surfaces of two
phases, which can mimic the interface by our calculations, in
principle, and the total content of the interface supercell model
is TiggO120-

The four relaxed heterostructure configurations are shown in
Figure 3. From the optimized geometries, we find that the rutile
phase around the interface of Al1—R1 has an obvious
reconstruction in the course of structural relaxation. The
obvious reconstruction around the interfaces of A1-R2 and
A2—RI1 are not observed. A1—R2 possesses much poorer
coordination in the interfacial area than A2—RI1, and two
different phase materials in A1—R2 are, therefore, weakly
bonded. The structure A2—R2 combined with two less stable
terminations of anatase (101) and rutile (111) has a
complicated interface, and more reconstructions are observed
in the course of structural relaxation. The relative stability of an
interface is reflected by its formation energy. The lower the
interfacial formation energy, the more stable the interface
structure. For a repeated slab model, the interfacial formation
energy can be expressed as”* 2 E; = (1/(2A)) By — nEa
— mE,,), where E,, is the total energy of the slab supercell,
and n and m are the numbers of TiO, units of the different
phase components in the supercell, respectively. A denotes the
interface cell area, and E,, and E , denote the total energies
per formula unit of bulk anatase and rutile, respectively. Figure
4 shows the calculated interfacial formation energies of the four
types of junctions with different interior angles ¢ of surface
supercells. The most stable structure is A2—R1 with ¢ = 108.7°.
In contrast, the structure A2—R2 shows less stability. The
structures A1—R1 and A1—R2 are slightly unstable config-
urations compared with A2—R1. In the following calculations,
we mainly focus on the stable heterostructures formed by the
A2—-R1 interface.

C. Structure—Property Relationship of the Most
Stable Mixed-Phase Heterostructures. First, the hetero-
structures A2—R1 with three different interior angles (107,
108.7, and 110.3°) of the surface supercell are optimized by
maintaining the volumes of supercells. Then, their DOS and
PDOS are calculated. The variation of DOS and PDOS via the
interior angles is displayed in Figure S, which reveals the
structure—property relationship and the role of the strain
around the interface played on the electronic properties.
Compared with the total DOS of pure-phase anatase and rutile,

anatase (101)

rutile(111)

o
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P ehp
)

‘aaS o
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Figure 2. Different terminations of the (110) plane of rutile and the (101) plane of anatase (front view and side view).
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Figure 3. Relaxed interfaces of heterostructures with the interior angle ¢ = 108.7° (front view and side view).
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Figure 4. Calculated interfacial formation energies of relaxed
heterostructures with different interior angles.
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Figure 5. DOS and PDOS of periodic slab model of the

heterostructures with different interior angles (¢ = 107, 108.7, and
110.3°) by PBE.

the lineshapes of valence-band tops of mixed-phase hetero-
structures are explicitly similar to that of the pure-phase rutile,
whereas the conduction-band bottoms are similar to that of the
pure-phase anatase. There are a few interesting features in
PDOS spectra of the heterostructures. Obviously, the valence-
band top of rutile is higher than that of anatase for A2—R1
structures at three different interor angles. This means that the
valence-band edges of the heterostructures have the character-
istics of the rutile phase component. Meanwhile, we observe
that the interior angle has a significant effect on the conduction-
band bottoms of A2—RI1 heterostructures. At 107°, the
conduction-band bottoms of two phases are almost the same.

As the interior angle increases, the conduction-band bottom of
the anatase phase slightly moves to the lower position at energy
levels, whereas that of the rutile phase moves to the higher
energy position, leading to that the edges of both the valence
and the conduction bands of rutile are higher than those of
anatase. The tensile strain around the interface plays a role on
the electronic properties of the heterostructures, and it can act
as a parameter to tune the band offsets of the heterostructures.
To have an accurate band alignment for the heterostructures,
we take the most stable structure of A2—R1 with 108.7° as an
example to calculate its DOS spectrum and band offsets by the
HSEO06 functional. Figure 6 shows the calculated total DOS and

tot
anatase

6 5 4 3 -2 -1 0 1 2 3 4 5 6
Energy(eV)

Figure 6. Total DOS and PDOS of periodic slab model of A2—R1
with ¢ = 108.7° by HSE06.

PDOS of this structure. Like the result yielded by PBE, HSE06
also produces the DOS spectrum with its CBM and VBM
mainly having the characteristics of anatase and rutile phases,
respectively. The calculated band gap of the heterostructure by
HSEO06 is about 3.0 eV, and those of anatase and rutile phase
components are about 3.5 and 3.2 eV, respectively. The slight
increasing of around 0.2 eV on the band gaps of both the
heterostructure and its two components is due to the quantum-
size effect. In order to keep the overall computational cost low,
in our interface model, we only contain 5 + 7 layers of surfaces
of two phases.

To investigate the effect of the structural reconstruction near
the interface on the electronic properties, we calculate the local
DOS (LDOS), which is the DOS associated with the atomic
layers along the junction, as plotted in Figure 7. Obviously, the
band edges are mainly contributed by the atoms located on the
layers in a deeper region, not those at the interface. It means
that the interface does not yield the defectlike states. In order to
visualize these states in the band edges in real space, we
extracted the contribution of Kohn—Sham states within the
given energy window to form the charge densities. The real-
space charge-density distribution are shown in Figure 8. One
can see that there is a little charge density localized in the
vicinity of the interface. The states that contributed to the tails
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Figure 7. LDOS spectra of the layers around the interface.

anal rutl rut2 rut3 rut4

gn@; g%

ana3 ana2

N ﬁi 3L % =%
C}.f} ‘. _‘75‘(} 4 J
:&Q'Jf‘ P800 5 Tol

Figure 8. States around the tails of the valence-band top (energy
window 0.4 eV) and the conduction-band bottom (energy window
0.15 eV).

of the valence-band top have two dumbbell shapes typical for p
orbitals, and these at the conduction-band bottom have four
dumbbell shapes typical for d orbitals. It means that the
valence-band top has the characteristics of 2p, orbitals of O
atoms in the rutile phase and the conduction-band bottom
possesses the characteristics of d orbitals of Ti atoms in the
anatase phase.

The appearance of tails at the valence-band top of the rutile
phase is caused by the stronger overlap between the O 2p,
orbitals compared to those in anatase, leading to a substantial
splitting of the resulting energy bands, as indicated by Pfeifer et
al.** The tails appearing at the conduction-band bottom of the
total DOS of the heterostructure are all contributed from the d
orbitals of Ti in the anatase phase component, which indicates
that the d orbitals of Ti in the anatase phase have lower energy
than those in the rutile phase. To explain the phenomenon, we
display the tetragonal primitive cells of TiO, in the anatase and
rutile crystal structures in Figure 9. Every Ti atom in the two

12889

U

Figure 9. Tetragonal primitive cells of TiO, in the anatase and rutile
crystal structures.

crystal structures is 6-fold coordinated by oxygens. However,
these configurations of the coordinations in the two crystal
structures are slightly different. For the rutile crystal structure,
there are four oxygens located in the same plane and the other
two oxygens are located perpendicular to that plane, whereas,
for the anatase crystal structure, two oxygens are bent upward
and the other two oxygens are bent downward from the plane,
respectively, and the last two oxygens are perpendicular to the
plane. The different coordination configurations may affect the
energy level of d orbitals of Ti. From Figure 8, the coordination
configurations of Ti that belong to the anatase around the
interface are changed by relaxation, resulting in the higher
energy of d orbitals than that of Ti in a deeper region. We
suggest that the coordination configuration in the anatase phase
has lower symmetries than that in the rutile phase, resulting in
the energy level splitting of the d orbitals of Ti, and some d
orbitals of Ti in anatase have lower energy than those in the
rutile phase. The tails at the conduction-band bottom are all
contributed from the d orbitals of Ti in the anatase phase.

D. Photocatalytic Mechanism of Mixed-Phase Hetero-
structures. It is well-known that the optical absorption
property of a semiconductor photocatalyst, a key factor in
determining its photocatalytic activity, is strongly related to its
geometrical and electronic structures. We thus calculate the
optical absorption spectrum of the mixed-phase TiO, by
computing the complex dielectric function, and the results are
shown in Figure 10. For the comparison, the optical adsorption
spectra of two components are also shown. We find that there

10 1 1 Il

mixed-phase
8 anatase
2 °7 rutile
2
o
5 6-
[=]
(8]
c
S 44
I3
[=]
8
< 24
0 v v T T

4
Photon energy(eV)

Figure 10. Optical absorption curves of the heterostructure and its
two-phase composite particles by PBE.
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is no obvious change for the adsorption curve of the
heterostructure in comparison with the summation of the
adsorption of two components, anatase and rutile, which
suggests that the orbital overlap and the electronic transitions
between anatase and rutile are negligible, and the direct one-
step electronic injection from rutile to anatase seldom takes
place by the photoexcitation. The structural reconstruction
around the interface thus plays a small role in the light
absorption of the heterostructure, and the optical absorption in
the heterostructure takes place within anatase and rutile,
respectively.

To get an insight into the bonding and charge separation in
the vicinity of the interface, we first calculate the difference of
the plane-averaged charge (PAC) density of the whole supercell
and the sum of PACs of two constituents (individual slabs),
obtained after removal of one or the other part. The result
shown in Figure 11 manifests that the junction has a quite

1.0 1 i 1 i 1 i 1 i
—A2-R1
int
0.5
anatase rutile
& 001
<C
o
-0.5 o
1.0 4
1 M 1 v L] v L] v
10 15 20 25

Coodinate along Z direction (/i)

Figure 11. Difference and integral charge transfer of the PAC for A2—
R1 with ¢ = 108.7°.

significant charge rearrangement taking place in the vicinity of
the interfaces. The charge rearrangement induces the electric
field in the junction region. These induced electric fields
facilitate the separation and transfer of photogenerated carriers
when they diffuse to the junction regions.

To quantitatively assign the band alignment of different
phases in the junction according to the intrinsic energy-level
alignments of anatase or rutile, we have carried out the
separated computational analysis on the mixed-phase junction,
and the corresponding anatase and rutile components of the
junction. The valence-band offset AEy4 can thus be calculated
from eq 3 with the values listed in Table 1. As an example,
Figure 12a displays the electrostatic potential profile for the
mixed-phase junction. It is seen that the built-in potential is
localized in the regime with a width of 10 A, and the potentials

out of this regime well represent the properties of the bulk
anatase and rutile phases. Figure 12b displays the schematic
diagram of the energy-level alignment of the anatase and rutile,
and the corresponding VB offsets are 0.52 eV, in agreement
with the experimental observation and the previous studies.”>>'
The CB offset is 0.22 eV, which is smaller than that we
expected, and the underestimation may be caused by the strain
and misfiting of the lattices of two phases. As we analyzed
above, the conduction-band bottom is mainly contributed by
the d orbitals of Ti of the anatase phases, which is sensitive to
the structural configurations. Since both the VB and the CB
edges of rutile are higher than those of anatase, the
photogenerated electrons upon irradiation of the mixed-phase
heterostructure tend to transfer to anatase, whereas the holes
transfer to rutile. Meanwhile, the existing electric field in the
junction region would hinder electrons and holes to recombine.
As a result, the photogenerated electrons and holes can be
spatially distributed in two different phases and the charge
recombination is inhibited, which is of great benefit for
enhancing activity in the photocatalytic reactions.

It is noted that, in the photocatalytic water splitting, the band
gap of the photocatalyst is required to be sufficiently large to
overcome the character of the water-splitting reaction, and the
reduction potential (Vi /y, = 4.44 V) for H to H, and the
oxidation potential (Vo /H,0 = 5.67 eV)> for H,0 to O,
should be located inside the band gap. Figure 12b clearly shows
that the reduction level is below the CB about 0.35 eV, while
the oxidation level is in the gap. This reveals that the oxidation
process is energetically favored and the reduction is permitted
with a relatively high driving force. Briefly, from the
thermodynamic aspect, the junction is a good candidate as
photocatalyst for water splitting as the experimental work has
indicated.

IV. CONCLUDING REMARKS

We have performed a step-by-step protocol based on the first-
principles calculations to investigate the geometrical and
electronic properties of mixed-phase TiO,. Starting from the
calculations on DOS spectra of pure-phase anatase and rutile
with different DFT XC functionals, we access the accuracy of
the DFT XC functional on the electronic structures of bulk
materials and find that both PBE and HSE06 can produce the
correct relative band gaps of anatase and rutile. However, PBE
greatly underestimates the band gaps of bulk TiO,. HSE06 with
a = 021 yields the exact band gaps of pure-phase anatase and
rutile.

Then, on the basis of an experimental observation, we
construct the mixed-phase heterostructures by interfacing the
(101) plane of anatase and the (111) plane of rutile. The most
stable mixed-phase heterostructures have been identified by the
geometrical optimization and the subsequent calculations on
the interfacial formation energies. We have also observed that
the conduction-band offsets of the heterostructures are

Table 1. Band Gaps for Bulk Anatase and Rutile Phases, the Components for the Calculation of VB and CB Offsets from eq 3,
and the Obtained VB and CB Offsets for Mixed-Phase Junction®

EE2 EEP TN (Bvem = Vet
HSE06 32 3.0 125 10.13
PBE 20 1.8 —145 14.61
“Units: eV.

Evert = Vana AEygo (Ecav — Vit (Ecav — Vana AEcpo
11.9 0.52 14.48 13.01 0.22
12.55 0.61 16.21 14.55 0.21
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Figure 12. Schematic diagram of electronic potential profile (a), and the band offsets (b).

dependent on the interfacial tensile strain. As the interior angles
between two composite structures change, the calculated
conduction-band offsets of the heterostructures vary. The
tensile strain around the interface plays a role on the electronic
properties of the heterostructures, and the strain can act as one
of the parameters to tune the band offsets of the
heterostructures.

With respect to the hybrid functional HSE06, we calculated
the density of states, charge density, optical absorption spectra,
and band offsets of the most stable heterostructure. The
calculated VBM and CBM of rutile lie 0.52 and 0.22 eV above
those of anatase, respectively, which agrees with previous
studies by Scanlon et al,*' Deak et al,** and Pfeifer et al.>* The
states in the valence-band top and conduction-band bottom
have the characteristics of O 2p, orbitals of rutile and Ti d
orbitals of anatase, respectively. The lower symmetry of the
configurations of 6-fold coordinated Ti atoms in anatase than
those in rutile explains why the CB bottom of anatase lies lower
in energy than that of rutile. Our calculated band alignment
agrees well with experimental measurements and other
theoretical predications, and it is favorable for the photo-
generated holes in VB to transfer from anatase to rutile and the
electrons in CB to transfer from rutile to anatase. The
calculated charge depletion layer has a width of about 10 A
around the interface, and the internal field induced in the
interface region would further enhance photogenerated charge
carrier separation. The good match of band energies to reaction
requirements and large driving force for the charge immigration
across the interface successfully explain the origin of the high
photocatalytic activity achieved by the mixed-phase systems.
Meanwhile, we find that the interfacial sites in the mixed-phase
TiO, have neglecting contributions to light absorption and they
also do not dominantly contribute to the states of band edges.
The states of band edges are mainly contributed by the atoms
in the deep region of the junction, not those near the interfaces,
which means that the interfacial sites may not be the loci of the
transfer and subsequent trapping of photogenerated charge
carriers.
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