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Abstract

Using the recently developed stochastic surface walking global optimization method, this
work explores the potential energy surface of TiO, crystals aiming to search for likely
phases with higher photocatalytic activity. Five new phases of TiO; are identified and the
lowest energy phase transition pathways connecting to the most abundant phases (rutile and
anatase) are determined. Theory shows that a high-pressure phase, a-PbO,-like form (TiO,II)
acts as the key intermediate in between rutile and anatase. The phase transition of anatase

to rutile belongs to the diffusionless Martensitic phase transition, occurring through a set

of habit planes, rutile(101)//TiO,I1(001), and TiO,II(100)//anatase(112). With regard to the
photocatalytic activity, three pure phases (#110, pyrite and fluorite) are found to possess the
band gap narrower than rutile, but they are unstable at the low-pressure condition. Instead,

a mixed anatase-TiO,II phase is found to have good stability and narrower band gap than
both parent phases. Because of the phase separation, the mixed phase is also expected to
improve the photocatalytic performance by reducing the probability of the electron-hole pair
recombination.
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1. Introduction

Titania is an important material with a wide application in
technology. Its photoactivity, in particular, has attracted much
attention, not least because of the high stability under photon-
radiation, but also adequate efficiency for water oxidation
[1-9]. To date, the nature of the photoactive sites of titania
polymorphs at the solid-liquid interface remains largely elu-
sive. There are a number of stable phases for TiO, in nature,
including the well-known minerals rutile, anatase, and brookite
and two high-pressure forms, a monoclinic baddeleyite-like
form (MI phase [10]) and an orthorhombic a-PbO,-like form
(TiO,II phase [11]). It has been a long-standing puzzle that
single crystal rutile and anatase have poorer photoactivity
compared to polymorphs, which were attributed to more or
different sites in polymorphs that commonly contain a mixture
of different phases, often rutile and anatase [12—-16]. Here, a
recently developed global optimization method is utilized for
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exploring TiO, crystal potential energy surface (PES) aiming
to identify interesting new phases and their connection to the
common TiO, phases, which might be of potential signifi-
cance for the design of photocatalysts.

Owing to the presence of multiple stable phases, the solid-
to-solid phase transition has been exploited commonly in the
synthesis of TiO, nanostructures [17]. Under ambient condi-
tions, the metastable anatase and brookite phases convert to
rutile upon heating for large particles, while the rutile phase
reverts to anatase phase for small nanoparticles due to the
lower surface energy of anatase. This phase transition pro-
vides profound influences on the physiochemical proper-
ties, including photoactivity. Recently, Ohno et al [13]. and
Bickley et al [12]. found a clear synergistic effect for the pho-
tocatalytic activity of P-25 TiO, powder (anatase to rutile ratio
is about 4:1). Similarly, Zhang et al [14]. pointed out that the
presence of the phase junction between anatase and rutile can
greatly enhance the photocatalytic activity by up to four times
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as evidenced by Raman spectroscopy and high-resolution
TEM. Since these experimental evidences indicate the impor-
tance of phase transition, in particular for the photocatalytic
mechanism on the composite, the atomic structure of the phase
junction and the transition mechanism have triggered enor-
mous interests in the last decades. Through well-controlled
synthesis, Penn, Banfield, and coworkers have observed that
the anatase {112} twin junction initiates the phase transfor-
mation [18, 19], which has been confirmed in recent molec-
ular dynamics studies [20] and light-induced phase transition
from anatase to rutile [21]. In general, the mechanism of rutile
to anatase phase transition has been much discussed in the lit-
erature, the phase transition between the other phases of TiO,
are not well documented.

Inspired by these experimental findings, one may conceive
that better photocatalysts are likely present constituted by
unknown phases of TiO,, either with single component and
multiple components (mixed phases). For this purpose, theo-
retical methods might be an ideal explorative tool to identify
the new phases interesting as photocatalysts. In this work, we
utilized the recently developed global optimization method,
namely the stochastic surface walking (SSW) method [22, 23],
for exploring the phases of TiO, crystal and sampling tran-
sition pathways between them. Several new TiO, phases are
identified, and according to the phase transition pathway the
mixed phase material is also constructed, which shows unex-
pected electronic structure. Their potential as photocatalysts is
discussed in the context of experimental findings.

2. Calculation Method

2.1. SSW-crystal method for PES exploration

The recently developed SSW method [22, 23] with appro-
priate modifications to include the lattice degrees of freedom
(SSW-crystal) is utilized to explore the PES of TiO, crystal.
The SSW algorithm features an unbiased PES exploration
ability using the second derivative information. The method
originates from the bias-potential driven constrained Broyden
dimer (BP-CBD) method for transition state (TS) searching
developed in the group [22, 24], in which the barrier of reac-
tion is surmounted by adding consecutively Gaussian bias
potentials and the reaction coordinate (the direction where
Gaussian is added) is refined continuously using the biased
constrained Broyden dimer (biased-CBD) method. Different
from the BP-CBD method, each SSW step (from one min-
imum to another) will choose a random direction and perturb
structure along the direction that is always refined using the
biased-CBD method. At the end of the SSW step, a structure
selection module, e.g. in Metropolis Monte-Carlo scheme,
is applied to accept/refuse the new minimum. The detail of
the methodology can be found in a previous aticle [22, 23].
The SSW parameters utilized in this work is as follows: the
Gaussian width is 0.6 A; the number of Gaussian is 10.

For the pathway sampling between TiO, phases, first, we
start from one single phase, the initial state (IS) phase, and uti-
lize the (SSW-crystal) method to explore all the likely phases
nearby. The structure selection module is utilized to decide
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Figure 1. The probability density, g(E) of minima for TiO, (using
classical MA potential) at zero and 20 GPa pressure using SSW-
crystal method in combination with Wang—Landau algorithm;
Symmetry symbol is labeled.

whether to accept/refuse once a new minimum is reached.
If a new phase different from the IS phase is identified, we
record/output the IS structure and the final state (FS) phase
(a new phase) of the current SSW step. Then, the program
will return back to the IS by rejecting the new minimum to
continue the phase exploration. On the other hand, if the new
minimum identified is the same as the starting phase (e.g. the
same symmetry but a permutation isomer with varied lattice),
the program will accept the new isomeric structure and con-
tinue the structure exploration. Second, we repeat the whole
procedure until a certain number of IS/FS pairs are collected,
typically a few hundred. The maximum number of the minima
nearby visited is set as 10* in this work. Third, we utilize the
variable-cell double-ended surface walking method (variable-
cell DESW [25]) to identify the TSs explicitly for all the IS/FS
pairs [24, 26], which is confirmed using numerical frequency
analysis. The low energy pathways are thus determined
according to the located TSs using the calculated barrier being
the energy difference between the TS and the IS. It should be
mentioned that for every interested phase of TiO,, we need
to repeat the above procedure to obtain the connectivity of
the phase until the whole reaction network containing all the
important phases is completed.

2.2. Calculation details for TiO, system

Both the classical potential using Matsui—-Akaogi (MA) inter-
atomic potential [27] and density functional theory (DFT) cal-
culations have been utilized for TiO, systems. The classical
potential calculations are mainly for sampling exhaustively
the likely phase transition pathways and the latter are to refine
and obtain the accurate energetics for the lowest energy path-
ways and water splitting kinetics. The MA potential has been
demonstrated to describe reasonably well the phase diagram
of TiO, at different pressure conditions [27, 28]. It should
be mentioned that due to the huge amount of possible reac-
tion pathways between different phases, the classical simu-
lations are essential for the initial screening of the reaction
pathways (up to 10* pathways sampled for each phase), and
they provide a low energy database of the reaction coordinates
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Table 1. DFT calculated bulk energy per TiO; unit (E/eV), the relative band gap (AE,/eV), the coordination number of Ti (Cr;) and the op-
timized lattice parameters (length in A) for the TiO, phases identified from SSW-crystal.

Name E* AEg* a b ¢ o° pe A Space Group Cri
Anatase [46] -0.099 0.36 3.80 3.80 9.78 90 90 90 I4)/amd (#141) 6
Brookite [47] -0.054 0.52 9.28 5.52 5.19 90 90 90 Pbac (#61) 6
11 [48] -0.018 0.79 4.59 5.60 4.93 90 90 90 Pbcn (#60) 6
Rutile [49] 0.000 0.00 4.66 4.66 2.97 90 90 90 P4y/mnm (#136) 6
Lepidocrocite [40] 0.072 1.13 3.74 3.03 11.96 90 90 90 Pmmn (#59) 6
MI [50] 0.093 0.55 4.88 4.92 5.15 90 100.59 90 P2,/c (#14) 7
#61 0.144 0.19 9.59 4.90 5.05 90 90 90 Pbca (#61) 7
#7 0.207 0.34 9.53 4.97 4.96 90 95.71 90 Pc(#7) 7
OI [28] 0.255 0.31 9.45 4.99 4.86 90 90 90 Pbca (#61) 7
#88 0.270 0.67 4.717 4.77 10.96 90 90 90 I4,/a (#88) 6
#110 0.513 -0.29 491 491 9.76 90 90 90 I4;cd (#110) 6
#159 0.534 0.51 6.86 6.86 5.61 90 90 120 P31c (#159) 7
Pyrite [39] 0.648 -0.12 4.90 4.90 4.90 90 90 90 Pa3 (#205) 6
Fluorite [51] 0.810 -0.71 4.84 4.84 4.84 90 90 90 F3m (#225) 8

*The energy and the band gap of rutile is set as reference.

(IS/FS pairs) for the phase transition; based on this, the first
principles calculations can then be performed to compare the
energetics between different pathways.

The DFT calculations of bulk TiO, phases are performed
using the CASTEP package [29] with plane wave basis set
[30] and ultrasoft pseudopotentials [31]. The generalized gra-
dient approximation method, known as GGA-PBE was used as
the exchange—correlation functional [32, 33]. A kinetic cutoff
energy of 340eV was used and Monkhorst-Pack k-point sam-
pling with approximately 0.04 A"! spacing was utilized for all
of the calculations. The DFT calculations on the phase transi-
tion pathways are performed using the SIESTA package [34]
with optimized numerical double-{ polarization basis set [35,
36] at the GGA-PBE exchange-correlation functional level.
The energy cutoff for the real space grid used to represent the
density was set as 150Ry. An energy shift of 0.01 eV was used
to determine the orbital-confining cutoff radii. For all the lat-
tice studied, the k-point mesh utilized was Monkhorst—Pack
(4 x 4 x 4) set, which is verified to be enough to obtain good
energetics.

3. Results and discussion

3.1. TiO, phases from SSW-crystal/Wang—-Landau method

Since our aim is to identify the interesting TiO, phases that
might be of potential application in photocatalysis, we start our
simulation with exploring the TiO, PES by combining SSW-
crystal method with Wang—Landau (WL) flat histogram algo-
rithm [22, 23, 37]. In the WL algorithm, the density of states
(DOS) is generated by performing a set of random walks in
energy space with a probability proportional to the reciprocal
of the density of states. By modifying the estimated DOSs in
a systematic way, a flat histogram over the allowed range of
energy can be produced, and the DOSs will simultaneously
converge to the true value. For exploring the phases of TiO,
crystal, about 107 minima are visited by SSW to reach the flat
histogram in Wang—Landau DOS. The Wang—Landau DOS is
shown in figure 1 for TiO, crystal (24 atoms/cell) at 0 GPa

and at 20 GPa. All the major phases identified with a relatively
large DOS are labeled in figure 1. The other common phase,
e.g. brookite, has also been identified but with very low DOS.
We found that the SSW-crystal/WL method identifies all the
major known phases of TiO, and also a number of new phases
that have not been reported previously in literatures.

Rutile (P4,/mnm, #136), TiO,II (Pbcn, #60) and anatase
phases (I4;/amd, #141) have the largest DOS at zero pres-
sure. By elevating to 20 GPa, the presence of TiO,II increases
together with the other known high-pressure phases, namely
OI (Pbca, #61), MI (P2,/c, #14), fluorite (Fm3m, #225), OIl
(Pnma, #62) phases [38], and pyrite (Pa3, #205). (Note that
the MA potential tends to over-stabilize the pyrite phase
[10, 28, 39]). The SSW-crystal also identifies several new
phases with large DOSs, namely /4,/a (#88), Pnam (#62),
Pn2;m (#31), 14;cd (#110), Pbca (#61), Pc (#7) and P3;c
(#159), which, to the best our knowledge, were not discov-
ered previously in experiments.

DFT calculations at zero pressure are then utilized to verify
the stability of these phases, which confirms that #88, #110,
#61, #7, #159 are stable phases at zero pressure, while #31 and
#62 turn out to be a layered structure known as lepidocrocite
typed structure [40] (Pmmn, #59) after structural optimiza-
tion. The lattice parameters of the crystal structures optimized
are listed in table 1 and the structures of them are shown in
figure 2. Our calculated structures for the known phases are
in good agreement with results from experiments and the pre-
vious theoretical works [39, 41-43]. It has been reported that
the DFT calculations including the hybrid functionals predict
wrongly the order of relative stability for anatase and rutile,
although the energy difference is very small [39, 44, 45]. This
is as also found in this article: anatase is 0.099eV per TiO,
unit more stable than rutile.

For the new phases, #110 and #88 contain only 6-coordi-
nated Ti (Tig.) and 3-coordinated O (Os.), similar to rutile,
anatase, brookite, pyrite, and TiO,II; #159, #61, and #7 have
Ti;., and both Oz, and Oy at the equivalent concentration,
similar to the known phases at high pressures, such as OI, OII,
and MI. It might be mentioned that the new phase #61 (Pbca,
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Figure 2. DFT optimized bulk phase structure identified from SSW-crystal global optimization. Gray and red spheres represent Ti and O

atoms, respectively.

a=9.60; b=4.90; C:S.OSA; a = f=y=90.0° is different from
the high-pressure OI phase despite the same symmetry group.
It is only 0.144eV/(TiO,) less stable than rutile at 0 GPa and
0.036eV/(TiO,) less stable than MI at 15 GPa.

3.2. Phase transition pathway between TiO, phases

With all the major minima of TiO; crystal gleaned from SSW-
crystal method, we are at the position to sample the pathways
that can link one particular phase to its nearby phases. This
is essential for understanding the phase connectivity, where
the lowest energy pathway between phases matters from
kinetics. Due to the complexity of the PES, the pathway sam-
pling was carried out using the classical MA potential with
12 atoms per cell (TisOg) to generate the database of possible

pathways. For each sampling, i.e. starting from one particular
phase, 10000 SSW steps were performed to collect the path-
ways (see Section 2 for calculation method). The DFT cal-
culations were then utilized to examine a number of selected
low energy pathways, from which the lowest energy reaction
pathway is obtained. The DFT lowest energy pathway for the
major phases is shown in figure 3. It should be mentioned that
the size of the unit cell can limit the phase space of crystal
and thus the barriers reported here should be considered to
be the maximum limit for the phase transition. We expect
that the connectivity relationship between the phases should
be invariant with the increase of the unit cell, which is deter-
mined by the structure similarity of the phases.

Figure 3 shows that the lowest barrier transition channel
leaves the rutile phase via two common high-pressure phases,
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Figure 3. The DFT lowest energy connectivity map of the major
phases at zero pressure. The energy unit is eV per TisOg cell. The
energy of rutile is set to zero. *lepidocrocite typed layered structure
(Pmmn, #59).

MI and TiO»II, ending with the anatase phase. Since MI is sig-
nificantly unstable at the ambient pressure, TiO,II is the key
intermediate between anatase and rutile. Figure 3 also shows
that fluorite is just next to anatase and the layered lepidocrocite
is close to rutile, both with high barriers at zero-pressure condi-
tions. Our results for the connectivity between the phases are
consistent with the experimental observation. By elevating the
pressure to 2.5-7 GPa at ambient temperature, both rutile and
anatase phases will transform to TiO,II phase, to MI at 12 Gpa
[52, 53]. The metastable fluorite phase can be found at 48 GPa
and 1900-2100K using anatase as a starting material [54]
because it is accessible only kinetically, according to figure 3.

As photocatalysis concerns generally the stable phases
at the ambient condition, we now pay more attention to the
rutile-to-anatase phase transition (R-to-A), which exhibits
clear characteristics of diffusionless transformation, the so-
called martensitic transformation. The energy profile for
R-to-A shown in figure 3 starts from a rutile monoclinic lattice
(a=b=551,c= 4.6510\, a=p=90°y=06561°), bypasses
the intermediate MI phase with a monoclinic lattice (a = 5.04,
b =4.84, c = 492A, a = = 90°, y = 80.13°) and TiO,II
orthorhombic lattice (a =5.58,b=4.92,c = 4.5710\, a=pf=y
= 90°), and finally ends at an anatase monoclinic lattice (a =
5.55,b=5.38,c= 5.37A, a=y=90° f=61.46°). The overall
barrier is 0.84 eV/cell from DFT, related to the highest TS in
between the rutile and TiO,II.

By closely inspecting the atomic structure change during
R-to-A, we can identify the habit plane of the phase transi-
tion (on which the atoms shift neither upward nor downward
from the surface plane). From rutile to TiO,II (R-to-II), the
transition occurs along the rutile [101] direction ((101) is a
ridged facet with the dihedral angle being 67.6° from (110);
[hkl] direction with respect to the reciprocal space) and the
TiO,II [001] direction, i.e. the orientation relationship being
rutile(101)/TiOoI1(001),  rutile[010]/TiO,I1[100].  Both
rutile(101) and TiO,II(001) surfaces are corrugated and
expose O,. atoms and Tis.. As shown in figure 4, we found
that these planes show surprising compatibility in the atom
registration between phases. The phase transition can follow
the martensitic transition mechanism.

From anatase to TiO,II (A-to-II), the transition initiates
along the anatase [112] direction ((112) is a stepped facet with

. _*d
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Figure 4. The surface structures of rutile (101), TiO,II (001) and
(100) and anatase (112) at different view angles as labeled in the
figure ([hkl] direction with respect to the reciprocal space; irr:
irrational direction). Ti atom: grey: O atom: red.

a dihedral angle being 41.2° from anatase (101)), and ends at
the TiO,II [100] direction, i.e. the orientation relationship being
anatase(112)//TiO,II(100), anatase[-110]//TiO,I1[010]. These
two surfaces are highly ridged (see figure 4), each ridge being
a one-dimensional chain of TiO, (also exposing Tis. and Oy, on
the top of the chain). Unlike in R-to-II transformation where
the high-pressure phase MI (containing Tiy.) appears, the low-
coordinated O,. and Tis. appear at the TS during the A-to-1I
pathway. The density at the TS is 5.7 percent larger compared
to anatase and 5.7 percent lower compared to TiO,I1. It is worth
noting that the A-to-II pathway has a comparable but lower
barrier (0.70eV) than that of the R-to-II pathway (0.84eV).
It is implied that TiO,II as an intermediate phase in between
anatase-rutile may be isolated and observed under certain con-
ditions. TiO,II has been found to grow at the grain boundaries
of rutile ores in nature [11], and under lab synthetic conditions,
experiments have shown the appearance of the intermediate
phase during the anatase to rutile transformation [53].

The R-to-A phase transition mechanism can therefore be
summarized as a pathway starting from rutile(101), ending
at anatase(112) via the intermediate TiO,II (001) and (100).
These surfaces (habit planes) have close lattice match in gen-
eral, i.e. all unit cells are rectangular with similar lattice con-
stants (rutile(101): 5.50 x 4.63 A; TiO,I1(001): 4.56 x 5.57A;
TiO,11(100): 4.93 x 5.57A and anatase(112): 5.37 x 5.57A).
The similar surface area, the local coordination and the
compatible atomic registration between these surface pairs,
rutile/TiO,II and TiO,Il/anatase, imply the favorable ener-
getics of the three phases in forming the junction. Indeed, by
knowing the compatible surfaces, we can readily construct the
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Figure 5. Band structures for selected TiO, phases. The anatase-TiO,II mixed-phase is constructed according to the mechanism illustrated
in figure 4: one unit cell of the mixed phase contains 8-layer anatase and 4-layer TiO,II phase (8 A-41I). The energy zero is set as the VBM.

phase junction between the phases by slightly compressing/
expanding the lattice relatively (<4%) and shifting the atomic
layers (will be illustrated in the next section).

It is worth comparing the R-to-A phase transition mecha-
nism identified here with the knowledge obtained previ-
ously. We notice that the stepped anatase {112}, where the
phase transformation starts, has been observed during phase
transformation by both experiment and MD simulations.
Experimentally, Penn et al [19] found that by using anatase
particles as a seed, the attachment of separated particles occurs
mainly via the {112} and {001} surfaces, which is the initial
step towards the phase transformation from anatase to rutile.
Using high-resolution TEM, they even observed the atomic
structure of anatase{112}-twin junction and a few layer of a
newly emerged phase freezing in between the {112 }-twin junc-
tion. The structure of the new phase is not well resolved, often
termed as brookite-like phase in literatures. Using a few nano-
sized anatase particles as the model, Zhou et al [20]. using
classical MD simulations also confirmed that {112} twin-like
anatase plays a key role in the anatase-rutile transformation.

Our current mechanism of phase transition agrees generally
with the previous findings and provides a detailed quantitative
description on the lowest energy pathway. While the presence of
the intermediate TiO,II in the mixed rutile-anatase materials has
not been confirmed in experiments, we suggest that this might be
partly due to the fact that TiO,II phase can be regarded as a phase
of half brookite and half anatase, and it is difficult to distinguish
the phase in experiments. On the other hand, TiO,II being a high-
pressure phase is not stable thermodynamically, and kinetically
it may also have a short residence time during phase transition
because the barriers of A-to-II and II-to-R are close.

3.3. Single phase or mixed phases for photocatalysis

It is of our interest to examine the photoactivity of the identi-
fied TiO, phases. While a number of factors may influence the

photoactivity of material, such as the band gap, the local sur-
face structure, and even the spatial charge separation ability of
material [55-57], here we will focus on the band gap of the
TiO, phases, which is a key measure for the optical properties
of material. Because of the large band gap of the abundant
TiO, phases (> 3eV for rutile and anatase), it is desirable to
identify new materials with narrower band gap allowing the
visible light adsorption.

It should be mentioned that the current DFT functional
such as PBE tends to underestimate the band gap of TiO,.
For example, the band gap of rutile measured in experiment
is ~3.0eV, while our DFT calculated value is only 1.79eV.
Therefore, it is perhaps more appropriate to compare the
band gap relatively between different phases. Indeed, it is
known in experiments that the band gap of anatase is ~3.2¢V,
0.2eV larger than rutile, and consistently the relative band
gap of anatase is calculated to be 0.36eV from DFT (PBE
functional). We have also examined the relative band gap of
anatase using hybrid DFT calculations at HSEO6 functional
in CP2K/QUICKSTEP [58] package, which produces a value
of 0.42eV, indicating the DFT at the level of PBE functional
is accurate enough for assessing the relative band gap (as also
found previously in nanocrystals [55]). In figure 5, we have
shown the calculated band structure for selected phases using
DFT (PBE) and the relative band gap (AEg) with respect to the
rutile phase have been listed in table 1.

From the calculated band structure, we found that there are
only three phases, namely, #110, pyrite and fluorite that have a
band gap smaller than the rutile phase. The new phase #110 has
a band gap of 0.29eV less than the rutile. The high-pressure
phase fluorite has a band gap of 0.71eV less than the rutile,
indicating this phase has much improved visible light adsorp-
tion ability. Unfortunately, all three phases are very unstable
at the ambient pressure. The #110 phase is the most stable
among the three phases, but it is already at least 0.513eV per
TiO, unit less stable than rutile phase. These results imply that
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while it might be difficult to synthesize these pure phase TiO,
materials in a large quantity at the ambient condition due to
the thermodynamics, the growth of a thin-layer TiO; structure
of these interesting phases may still be kinetically feasible.

On the other hand, the band structure of a mixed phase,
anatase-TiO,lI, does show an unexpected band structure fea-
ture. This mixed phase can be constructed by gluing the two
phases together using the orientation relationship of phase
transition mechanism previously discovered. We studied one
such an example of a mixed phase with one unit cell con-
taining 8-layer anatase and 4-layer TiO,lI phase (8 A-41I1, see
figure 5). We notice that the band gap of anatase and TiO,II are
both larger than rutile phase from DFT by at least 0.36eV (see
table 1). However, quite unexpectedly, the mixing of the two
phases yields a new material with the band gap being smaller
than both parent phases, and is only 0.1eV larger than rutile.
Energetically, this mixed phase is also very stable, which is
only 0.06eV per TiO; unit less stable than anatase. Because of
the natural phase separation in the mixed phase, it is expected
that the photocatalytic performance can be improved due to
the decreased probability of electron-hole pair recombination.
These indicate that the anatase-TiO,II mixed phase is thermo-
dynamically stable and may have an improved photoactivity
compared to the parent phases, considering that the ratio of
the phases can be further tuned. Our results provide one plau-
sible explanation for the recent observation that the TiO, com-
posites have higher photoactivity than single phases [59, 60].
Further studies are continued in the group to examine the pho-
toactivity of mixed phases.

4. Conclusion

This work represents a bottom—up attempt to search for new
phases of TiO, via SSW-crystal global optimization method.
A database of TiO, phases is established by combining SSW-
crystal with the Wang-Landau method to explore the PES and
five new phases are identified. The geometrical structure and
electronic structure are analyzed. For the stable phases at the
low pressure, the lowest energy phase transition pathways are
then determined by using the SSW-crystal pathway sampling
and the variable-cell DESW method for TS location.

The high-pressure TiO,II phase is found to be the key inter-
mediate between the two most abundant phases, rutile and
anatase. The transition pathway initiates from rutile(101), ends
at anatase(112) via intermediate TiO,II(001) and TiO,II(100)
surfaces. These habit planes, rutile(101)/TiO,II(001) and
TiO,(100)/anatase(112), are corrugated and exhibit closely
matched lattices, the same atomic coordination, and the sim-
ilar atomic registration.

The band structures of all the phases are calculated,
showing that three phases—namely, #110, pyrite, and fluo-
rite—have the band gap narrower than rutile phase. However,
theses phases are much more unstable at the ambient-pressure
condition than rutile. On the other hand, one mixed phase—i.e.
the anatase mixed with TiO,II phase—is examined and found
to exhibit good stability and unexpected electronic structure
property. The band gap of the mixed phase is narrower than

both parent phases, which approaches to that of rutile. Our
results suggest that the mixed phase of TiO, with tunable
composition could be an exciting new area to explore for the
design of photocatalysts.
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