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Abstract: As a promising photocatalysis material, TiO, has long been studied by experimental and theoretical methods. The ex-
ternal strain could affect the catalytic reactivity of TiO, significantly due to the difference in surface elastic properties of differ-
ent surface structures with different surface adsorption or defects. This article reviews our recent work by using density func-
tion theory calculations on the effect of strain on the TiO, surface properties, including surface relative stability, surface defects,

surface adsorption and dissociation.
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1. Introduction

Titanium dioxide is a promising photocatalysis material,
which also has wide applications in heterogeneous catalysis,
solar cells, gas sensor, etc'-51, The surface of TiO, has been ex-
tensively studied for many years due to its essential role in
the applications. Especially, surface defects have been proved
to be vital for surface reactivity. For instance, surface oxygen
vacancies are reactive sites for water and other moleculesf®!,
It is desirable to use external field to control the surface pro-
perties in order to improve the surface reactivity of TiO,.

Strain field is unavoidable in fabrication of nanostruc-
tures and thin filml” 8, It has been demonstrated that the
band structure of TiO, can be changed by using strain®. Be-
sides, the surface properties can also be engineered by strain.
We have paid our attention on the strain effect on the sur-
face of TiO, since 2008, and found that the strain can change
many aspects of the surface properties, such as the surface en-
ergy, the distribution of surface defects, surface adsorption
and dissociation['0-15],

In this paper, we review our work on the strain engineer-
ing of the surface properties of TiO,. The following section is
arranged as follows. In the second section, we will first intro-
duce the simple theoretical background on the strain engineer-
ing. In the third section, we will discuss how the strain can be
used to improve the relative percentage of the reactive sur-
face. In the fourth and fifth sections, the thermodynamic and
kinetic properties of oxygen vacancies under strain are re-
viewed, respectively. In the sixth and seventh sections, the ef-
fect of strain on the surface adsorption on stoichiometric and
reduced TiO,(110) are reviewed, respectively.

2. Elastic properties of TiO, surface

The structure and thus the properties of a bulk material re-
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spond to the external strain differently according to its bulk
elastic properties. The bulk elastic properties of TiO, are de-
scribed by six independent elastic constants. The bulk modu-
lus and Young’s modulus can be further calculated by these
independent elastic constants. The results are presented in
Table 1, including our own calculations based on the density
functional theory (DFT)!'31,

Similar to the case of a bulk material, the response of a sur-
face to the external strain depends on the surface elastic prop-
erties. Generally speaking, different surface structures also
have different surface elasticity. Therefore, the thermodynam-
ic equilibrium surface structures would adjust themselves ac-
cording to the external strain, and the surface properties
change with the strain correspondingly.

The surface elastic properties can be described mainly by
the surface stresses and surface elastic constants, which are
defined as follows!],
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Here A_ and y| are the area of the surface and the Lagrangi-
an surface energy per unit area in an unstrained state, respect-
ively. The indices are 1 or 2, denoting the two orthogonal direc-
tions of a surface. To investigate the interplay between extern-
al strain and the surfaces, whether intrinsic or defective, we
first of all calculated the surface energies of stoichiometric or
defective surfaces with variation of external strain, from
which the surface elasticity in different situations are derived
according to Eq. (1). Then, the surface energy under arbitrary
small strain can be calculated according to the continuum
elastic theory. For instance, if the in-plane strains are € and
&, the surface energy can be calculated as follows,
y(€) = y(0) + onen + 0nexn
(2)
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Table 1. The elastic constant Cj, bulk modulus (B), Young’s modulus
along the a axis (Y,), along the in-plane rdirection (Y,), and along the
c axis (Y,) of TiO, rutile and anatase phases, in units of GPa. This table
is adapted from Ref. [13].

Parameter C; Cp, Gz Gss
Rutile

Pw91012 265 179 151 472 116 211 209 369 348 138
Phonon['® 269 189 166 506 105 217 219 386 349 130

C44 C66 B Yc Yr Ya

PBE['7] 261 132 137 456 117 204 187 360 311 182
Expl8l 268 175 147 484 124 190 212 386 354 147
Anatase

PW910121 331 144 141 189 46 59 173 105 264 219
Phonon('® 333 143 140 198 39 57 176 116 278 226
PBE!'7] 311 150 138 191 51 59 172 108 262 199

Table 2. The calculated surface energy and surface mechanical proper-
ties of rutile and anatase phases. y, 0, and S denote surface energy, sur-
face stress, and surface elastic constant, respectively. Subscripts 11
and 22 denote the directions along [100] and [010] for (001) surface,
[010] and [001] for (100) surface, [101] and [010] for (101) surface, [110]
and [001] for (110) surface. The units are in J/m2. This table is adapted
from Ref. [13].

Parameter Y On 0n  Smn Spn Suw
Rutile

(110) 044 252 1.14 -73.81 -17.67 -26.30
(100) 070 -1.74 1.28 -20.64 -2.88 -9.75
(101) 1.03 -0.08 0.16 -24.62 -2538 -21.88
(001) 1.30 1.27 1.27 -8.27 -8.27 -15.80
Anatase

(101) 052 0.77 2.06 41.33 -2.21 9.99
(100) 0.59 1.90 0.82 -1.31 440 -5.06
(001) 1.04 9.58 -2.13 264 2.64 -18.01
(110) 110 -2.09 1.31 -27.74 16.07 -2.17

Under a certain strain, by comparing the surface ener-
gies of different surface structures, one can expect to investi-
gate the effect of strain on the surface thermodynamic or kin-
etic properties.

The surface elastic properties of TiO, are shown in
Table 2, the calculation details of which can be found in Ref.
[13]. The surface elastic constants S of rutile TiO, surface are
always negative, whereas for anatase they are either positive
or negative. Note that the significance of elastic constants of
a surface are different from those in bulk. The elastic con-
stants of a stable material must be positive, whereas negat-
ive surface elastic constants can occur, which means that the
presentation of the surface makes TiO, in nanoscale softer
than its bulk phasel'3l,

It is worthy to note that there is an odd-even oscillation
of the surface properties of the relaxed TiO, in the thin film
slab. For instance, for rutile (110) surface, although the sur-
face energy and the band gap converge in a slab within
about ten trilayers, the surface stresses in the [110] direction
are still in obvious oscillation even when the thickness of the
slab is 14 trilayers, as shown in Fig. 1. The thick-dependent sur-
face stresses can be applied to change the relative stability of
a thin film with different thickness, according to Eq. (2), by
the strain along [110] direction. It suggests that one can select-
ively grow a thin film with a specific atomic layers by apply-

ing a suitable external strain.
3. Improving the percentage of reactive surfaces

Generally speaking, there is an intrinsic controversy
between stability and reactivity in nature. The more reactive
a surface is, the less stable it is, or the higher surface energy
it is. According to the Wulff's theorem, it means that the per-
centage of a reactive surface is usually low. For example, in
equilibrium anatase TiO,, the most reactive (001) surface has
a surface energy much larger than the (101) surface, as
shown in Table 2. As a result, the area proportion of anat-
ase (001) surface is no more than 3%, which strongly limits
the reactive efficiency of TiO, in application as a photocata-
lyst[20-22],

Fortunately, the anatase (001) surface possesses the
largest surface stress among all the surfaces, which is posit-
ive and occurs along the [100] direction. We therefore ex-
pect that the relative stability of (001) surface can be signific-
antly improved by applying an compressive strain along the
[100] direction, and thus its area percentage of anatase (001)
according to Wulff construction. By first principle calculations,
we have verified this!3l, As displayed in Fig. 2(a), under 5% bi-
axial compressive strain or compressive strain along [100],
the area proportion of anatase (001) surface increases more
than five times. In this way the external strain can be used to
enhance the reactivity of TiO, catalyst.

4. Formation of surface oxygen vacancies under
strain

Oxygen vacancies are the most common defects in trans-
ition metal oxide. The reduced materials usually show differ-
ent physical properties compared to the stoichiometric one.
In TiO,, the oxygen vacancy (OV) has a low formation energy,
and it has been experimentally found reactive in the surface re-
action23-39 |n order to investigate the influence of strain on
the bulk and surface properties when different OVs are intro-
duced, we first of all need to understand the responses of the
formation of OVs to different external field3" 32, By using
DFT calculations, we have found that external strain can modi-
fy the type of oxygen vacancy, which further influences the sur-
face reactivity. Hereafter we refer the stoichiometric TiO, as s-
TiO,, while the TiO, with oxygen vacancies as r-TiO,.

There are three types of oxygen atoms, bridging, in-
plane and subbridging oxygen atoms, as shown in Fig. 3. Cor-
respondingly, three different types of OV can be introduced
by removing corresponding different types of oxygen atoms,
namely BOV, IPOV and SBOV. We named different types of
OVs to include the site of the defect. For example, 2-in-plane
OV represents the OV formed by removing an in-plane oxy-
gen atom in the second trilayer.

The OV formation energy can be calculated as follows,

1
Eov =E —Es + 55027 (3)

where Eq, is the energy of the isolated O, molecular, and E,
and Eg stand for the energies of r-TiO, and s-TiO,, respect-
ively.

The OV formation energy as a function of OV depth is
shown in Fig. 4(a). Obviously the 1-bridging OV is the most eas-
ily formed OV defect because of the lowest formation energy.

J Zheng et al.: Regulation of surface properties of photocatalysis material TiO, by strain engineering
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Fig. 1. (Color online) (a—c) Variations of surface energies and surface stresses, as well as (d-f) the electronic structure properties with the slab thick-
ness. Black solid curves and red dashed curves are for the unrelaxed and relaxed surfaces, respectively. The valence band maximum (VBM,(e))
and the conduction band minimum (CBM,(f)) are referenced to the vacuum level. These figures are adapted from Ref. [14].
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Fig. 2. (Color online) (a) The area percentage of anatase (001) facets
with variation of the applied strain. The inset displays the equilibrium
shape of the anatase crystallite. (b-d) The surface energy ratio
y(001)/y(101) and the ratio of 1/cos6 with the variation of the applied
strain. The anatase (001) surface appears only when the surface en-
ergy ratio is smaller than 1/cos6. These figures are adapted from Ref.
[13].

In addition, the in-plane OV formation energy remains al-
most constant at different depth, while the bridging and sub-
bridging OVs formation energies appear a kind of odd-even os-
cillation behavior. With the position of OV going deeper,
both of them tend to approach the formation energy of bulk
OV[33, 34]'

To get the influence of oxygen vacancies on the surface
elasticity, we also calculated the vacancy-induced change of
surface energy,

1
E.—-Es _Eov—3Eo,
Ay = A 0 AL, (4)

where 0 is the density of vacancies and A g is the area per sur-
face unit. The data of the vacancy-induced changes of sur-
face stress Ao and surface elastic constants AS were thus ob-
tained according to Eq. (1). In our calculations, a (2 X 2) super-
cell is used, and the corresponding defect density is 8 = 1/4.
Lower defect density does not change the OV formation ener-
gies Egy evidently. However, the values of Ay, Ao and AS
are proportional to OV density even when the density depend-
ence of Eqy is ignorable, as indicated by Eq. (4).

The value of Ay, Ao and AS induced by oxygen vacan-
cies with 8 = 1/4 are listed in Table 3 and Ao and AS are
shown in Fig. 4(b). It can be seen that the subbridging OV in-
duces more tensile stress in [ﬁO] and less compressive stress
in [001], as well as smaller elastic constants in both direction
than that in the bridging one.

By substituting the data in Table 3 into Eq. (2), a phase dia-
gram can be obtained for the most stable oxygen vacancy in
the first trilayer'l. As shown in Fig. 5, the sub-bridging OV
and the in-plane OV are the most favorable surface OV un-
der the compressive and tensile biaxial strain, respectively. In
contrast, the bridging OV is most favorable when a tensile
strain is applied along [110] and meanwhile a compressive
strain is along [001]. Calculations on the formation of OV in
bulk TiO, also suggest that the OV is more easily formed
when it sits in the titanium-contained (110) plane under
tensile strain along the [110] direction, consistent with the sur-
face situation'2l,

It is worthy to mention that we did not realize until re-
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Fig. 3. (Color online) Schematic of the rutile TiO,(110) surface. The
bridging oxygen (BO), the subbridging oxygen (SBO) and the in-plane
oxygen (IPO) atoms are indicated by the arrows. R, and R; denote the
atomic rows in [110] direction, with surface terminated by the
bridging oxygen atoms or the five-coordinated titanium atoms, respect-
ively. This figure is adapted from Ref. [12].

cently that the incipient ferroelectricity of TiO, is also quite im-
portant for its surface properties. Under tensile strain, it tends
to be more stable in the ferroelectric polarization state with
lower symmetry35-37, However, we calculated the surface
elasticity of OVs without intentionally reducing the sym-
metry. Therefore only if an OV could automatically break the
symmetry, the tensile strain may drive the system to a polariza-
tion statel'3], We recently found that this occurs only when in-
troducing an in-plane OV, whereas in the other cases the polar-
ization state cannot be spontaneously reached although it is
thermodynamically more stable under tensile strain. There-
fore in more accurate calculations of the surface elasticity,
one should take the polarization state into account.

5. Diffusion kinetics of oxygen vacancies

The distribution of defects can also be influenced by the
diffusion kinetics. We have extensively studied the diffusion
properties of OVs in TiO, and the effects of strain on the kinet-
ics'2. We found that the barrier is very high for an OV to dir-
ectly hop along [001] direction, therefore the global energy
barrier for an OV to diffuse either along [001] or [110] is de-
termined by the path from the base planes to the apex posi-
tions of the Ti-O octahedrons. As shown in Fig. 6, this barrier
decreases with increasing density of OV in the [001] direction.
It indicates that the interaction between neighboring OVs facil-
itates the mobility of OVs in the bulk of TiO,.

When a strain is applied along [001] direction or biaxially
along [100] and [010], it would not break the symmetry.
In this case, we found that the diffusion barrier is reduced
by tensile strain and enhanced by compressive strain. If,

26
(a) sg |
3 124 %
3 50 S
3 )
5] >
@ Bridging OV <
In-plane OV 122
42 ¢ A Subbridging OV
0 2 4 6 8 10
Depth (A)

0
e}
<
-4
0
9 -80
-160

0

Depth A
— [170] -- [001]

8 BridgingOV ~ ma In-plane OV 4 Subbridging OV

Fig. 4. (Color online) (a) The formation energy of OV and (b)the
changes of the surface stresses and surface elastic constants induced
by the OV as a function of the OV depth. The depth is defined as the dis-
tance below the unrelaxed 1-bridging O atoms. The dashed horizont-
al line in (a) denotes the bulk vacancy formation energy. Solid or
dashed curves in (b) are to guide the eyes. Ao and AS are in units of
eV/(1x1). These figures are adapted from Ref. [10].

Table 3. Changes of surface energy, surface stress and surface elasti-
city induced by different types of oxygen vacancies. The units are
eV/(1x1). The subscripts 11 and 22 denote the directions along [110]
and [001] direction, respectively. This table is adapted from Refs. [10,
111.

Oxygenvacancy Ay Aoy Aoy ASyn  ASpyp ASuxn
1-bridging 217 051 -1.66 -242 -29.36 -14.76
1-in-plane 240 -5.02 -2.73 -151.01 -34.03 -53.21
1-subbridging 221 150 -0.63 -51.67 -62.98 -44.09
2-bridging 258 043 -0.88 -8.38 -12.66
2-in-plane 244 -551 -295 -157.96 -39.62
2-subbridging 252 018 -041 -3.99 -81.19

however, the strain is just applied in [110] and [110], it would
increase the diffusion barrier of OVs whatever the strain is com-
pressive or tensile. It also results in anisotropic diffusion behavi-
ors along [110] and [110]. Among the two otherwise equival-
ent directions, the bulk OV prefers to diffuse along the one un-
der more compressive or less tensile strain, as indicated in
Fig.7.

The diffusion barrier of OV on the surface is much lower
than that of bulk OV. However, a highest diffusion barrier of
OV occurs between the second trilayer and the third one,
which hinders the OVs in bulk from diffusing to the

J Zheng et al.: Regulation of surface properties of photocatalysis material TiO, by strain engineering
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Fig. 6. (Color online) Energy profiles of OV pathways within the primit-
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ferent oxygen atoms in order for reference of OVs. The notations |, Il
and lll correspond to the paths from OV, to OV,, from OV, to OV; and
from OV; to OV,, respectively. This figure is adapted from Ref. [12].

surfacel'2, Externally applied tensile strain can reduce the en-
ergy barrier of the subsurface OV diffusion, and help to im-
prove the diffusion of OVs from bulk to surfacel'2,

The diffusion of OVs within the (110) surface is also aniso-
tropic. As shown in Fig. 8, the surface bridging OV diffuses
more rapidly along [110], mediated by the in-plane OV, with
an energy barrier much smaller than in the bulk. The in-plane
tensile strain lowers the diffusion barrier along both direc-
tion. With increasing tensile strain along [110], the barrier
along the [110] decreases more significantly than along the
[001] direction. Therefore the tensile strain along the [110] dir-
ection further enhances the anisotropy in the surface diffu-
sionl1],

6. Water adsorption and dissociation energy on
s-Ti0,(110)

Since the hydroxyl ions and protons introduced by wa-
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ter dissociation play key roles in most relevant surface reac-
tions, the adsorption and dissociation of water on TiO, sur-
faces have been extensively studied in the past years. We
have found that the adsorption and dissociation of water on
stoichiometric rutile (110) surface depend on both the cover-
age and the thin film thickness!'¥. The adsorption energy was
calculated as follows,

Emp) = (Ew = Es)/2 = En,0, ()

where Ey, Eg and E, o stand for the total energy of water-ad-
sorbed system, total energy of stoichiometric surface and the
isolated water molecular respectively. The adsorption ener-
gies Ey and Ep correspond to the molecular and dissociation
configurations, respectively. The dissociation energy is
defined as Ep — Ey.

As shown in Fig. 9, both the adsorption and dissociation
of water are energetically more favorable when the thin film
has an odd O-Ti-O trilayers. Especially, when the adsorbed wa-
ter has no neighboring one along the [001] direction, the disso-
ciative water is more favorable on the TiO,(110) surface of a
thin film with three trilayer. This can be easily understood by
referring to Fig. 1(a), since the slab containing an odd num-
ber of layers is less stable and thus more reactive than the
one of even number of layers. With increasing thickness of
the thin film or increasing coverage of the water, both the ad-
sorption and the dissociation of water become less favorable.

The adsorption of water is more energetically favorable
on thin films under tensile strain. Besides, the dissociation bar-
rier of the water also decreases with increasing tensile
strainl'4. Furthermore, the odd—-even oscillation of the dissoci-
ation energy is enhanced by compressive strain, while re-
duced and even reversed by tensile strain. It means that un-
der moderate tensile strain, the dissociation of water is more
favorable on thin films containing even numbers of trilayers.
This can be understood from the thickness-dependent sur-
face stress. As shown in Figs. 1(b) and 1(c), the surface stress
of the (110) thin film are positive. Therefore, tensile strain
should increases their surface energy and thus their surface re-
activity.

7. Adsorption and dissociation on reduced
TiO,(110): Effect of strain via polarization

As mentioned above, the rutile TiO, is a well-known incipi-
ent ferroelectric material. Previous theoretical studies sugges-
ted that the transition can occur under negative pressure or
uniaxial strain. For the most stable TiO,(110) surface, spontan-
eous in-plane polarization is predicted to occur under tensile
strain. This strain-induced in-plane polarization is expected to
play roles in the surface reactivity of the TiO,(110) surface,
which we have just explored!'s],

By studying the adsorption of a series of molecules on
the reduced TiO,(110) surface under tensile strain, we found
that the stabilities of the polarized structure relative to the
non-polarized one are determined by the surface doping
caused by the charge transfer between the adsorbates and
the surface. The polarized structure favors the surface adsorp-
tion, and vice versa, if the adsorbate captures extra electrons
of the reduced TiO, surface and introduces no additional
holes. It is because the free carriers would screen the long-
range Coulomb interactions and suppress the spontaneous po-

J Zheng et al.: Regulation of surface properties of photocatalysis material TiO, by strain engineering
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Fig. 9. (Color online) Adsorption energies per water molecule in (a) mo-
lecular state and (b) dissociative state on the surface with different su-
percell size and different thickness L,. The differences between the ad-
sorption energies of the dissociative state and the molecular state are
shown in (c). The x and y direction of the surface is along [001] and
[110] direction, respectively. These figures are adapted from Ref. [14]
by the permission of PCCP.

larization. The electrostatic interaction between the polar mo-
lecule and the in-plane polarization is of less importance relat-
ive to the effect of the surface doping.

The adsorbates we calculated were a series of chalcogen-
containing molecules, including H,0, H,S, O, and CO,, in mo-
lecular state and dissociative state. Since the molecular adsorp-
tion of H,S is unstable against partial dissociation, we only con-
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Fig. 10. (Color online) The change of the total energy of the s-
TiO,(110) surface induced by the in-plane polarization under strain
along[110] as a function of the doped charge. Negative charge and pos-
itive charge correspond to electron doping and hole doping, respect-
ively. This figure is adapted from Ref. [15] by the permission of PCCP.

sidered the adsorption of H,S in a partial dissociative or com-
plete dissociative state, denoted respectively as (D) and (D,).
The other molecules in molecular and dissociative states are
hereafter denoted as (M) and (D), respectively.

We calculated the total energies of reduced TiO,(110)
after surface adsorption. The energies are denoted as Egl and
Egp for the stable strain-induced polarization state and the
metastable non-polarization state, respectively. The differ-
ence AE, = EZI — E° was calculated to demonstrate the polar-
ization induced changes of the total energies of r-TiO, after sur-
face adsorption. We found that the adsorbates can be clearly
divided into two categories. For H,0O(M, D), H,S(D;, D,) and
CO,(M), AE, follows the variation of AE,, i.e., the energy differ-
ence of r-TiO5(110). For CO,(D) and O,(M), AE, equals approx-
imately AE;, i.e., the energy difference of s-TiO,(110). The
two categories of adsorbates are hereafter denoted respect-
ively as A, and As. O,(D) is intermediate between A, and Ag
since the total energy difference after adsorption of O,(D)
falls between AE, and AE;.

In order to understand the difference between the two dif-
ferent categories of adsorbates, the density of states (DOS) of
r-TiO,(110) with different adsorbates were compared. We
found that the structures have similar AE, if only they have
similar Fermi levels, independent of the specific adsorbates.
The bader analysis shows a consistent variation for the elec-
tronic doping of the surface by surface adsorption as the shift
of the Fermi level does. In brief, the charge transfer between
adsorbates A, and r-TiO,(110) is trivial, so that the surface re-
mains doped with electrons by the oxygen vacancy. Instead,
the adsorbates Ag heal the reduced surface and result into a
neutral surface. Moreover, the adsorption of O,(D) further
dopes holes after healing the reduced surface.

In order to further verify the conclusion, we charged the
polarized and non-polarized s-TiO,(110) surface by simply
adding and removing electrons, and then calculated the en-
ergy difference AEs under the strain applied in [110] direc-
tion without further structural relaxation. As shown in Fig. 10,
AE; has a minimum when the surface is neutral, and in-
creases with the amount of the charge (c) approximately lin-
early. We then plotted the polarization-induced energy differ-
ence of r-TiO,(110), AE, without adsorption and AE, after ad-
sorption, at a preset charge of s-TiO,(110): ¢ = —1.5 for AE; or
AE, with adsorbates A, ¢ = 0 for AE, with adsorbates Ag, and
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¢ = +1.5 for AE, after adsorption of O,(D). We found that
these energy differences match quite well with AEg at the pre-
set values of c. It confirms that the interaction between the
in-plane polarization of TiO, surface and the adsorbate de-
pends mainly on the surface doping by the adsorbate.

8. Summary

In this paper, we have reviewed our work within recent
ten years on the strain engineering of TiO, surface properties.
We found that when suitable external strain is applied in spe-
cific directions, the surface and bulk properties undergo a signi-
ficant change, due to the difference in the elastic properties
of different surface structures. We thus propose that the ex-
ternal strain is a good way to engineer the physical and chem-
ical properties of TiO, and to further improve the catalytic re-
activity. We hope our work will stimulate more experimental
studies.
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