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in on water dissociation on
reduced rutile TiO2(110) surface
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The effect of external uniaxial strain on water dissociation on a reduced rutile TiO2(110) surface has been

theoretically studied using first-principles calculations. We find that when the tensile strain along [1�10] is

applied, the energy barrier of water dissociation substantially decreases with the increase of strain. In

particular, water almost automatically dissociates when the strain is larger than 3%. Besides, the water

dissociation mechanism changes from indirect to direct dissociation when the compressive strain is

larger than 1.3% along [1�10] or 3% along [001]. The results strongly suggest that it is feasible to engineer

the water dissociation on the reduced rutile TiO2(110) surface using external strain.
1 Introduction

Titanium dioxide has attracted wide attention due to its
promising applications in heterogeneous catalysis, solar cells,
gas sensors, photocatalysis, environmental remediation etc.1–7

The aqueous environment is one major application area for
TiO2 and the (110) surface is the most stable surface for rutile
TiO2. The interaction between water and the TiO2(110) surface
has been extensively studied in recent years.8–10 A bridging
oxygen vacancy is one of the most common defects on the
surface, and plays a critical role in surface reactions.6,9–16

Previous experimental studies showed water splitting at the
bridging oxygen vacancy on the reduced TiO2(110) surface, in
which hydroxyl was formed.6,12,13,17–20 Later, theoretical studies
showed that water dissociation on a bridging oxygen vacancy
chose an indirect pathway. Initially, a hydrogen from water
transfers to a neighbor in-plane oxygen (Oip) and then hops to
the neighbor bridging oxygen (Obr). The obtained barrier ener-
gies of water dissociation range from 0.16 to 0.39 eV, using
different theoretical methods.13,18,20–22

External strain is an important factor which may inuence
molecule adsorption and dissociation, since it is unavoidable in
the fabrication of nanostructures and thin lms.23–27 For the
TiO2 surface, experimental studies have shown that when
surface strain is applied through formation of subsurface Ar-
lled cavities, surface strain values are up to 4%.25 The effect
of strain on hydrogen adsorption on rutile TiO2(110) has been
investigated using scanning tunnelling microscopy (STM),
which revealed that the adsorption energy of hydrogen on the
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local surface is lower than that on the protrusions.28 On the
other hand, theoretical studies showed that external strain
could effectively tune the type of surface oxygen vacancies,
diffusion pathways and barriers of the oxygen vacancies, and
even surface morphologies.29–31 The adsorption and dissocia-
tion of water on a stoichiometric rutile TiO2(110) surface under
external strain has been studied, and the results clearly indi-
cated that external strain can engineer the surface adsorption
and dissociation of water.32 However, the effect of strain on
water dissociation on a reduced surface has not been investi-
gated yet.

In this paper, we systematically studied water dissociation
on a reduced rutile TiO2(110) surface under external uniaxial
strain. We found that when tensile strain along [1�10] is applied,
the energy barrier for water dissociation substantially decreases
with increasing strain. In particular, water almost automatically
dissociates when the strain is larger than 3%. In contrast, the
dissociation path for water changes from an indirect path to
a direct path when 1.3% compressive strain along [11�0] is
applied. On the other hand, the energy barrier is steady against
tensile strain along [001], and the dissociation mechanism also
changes from an indirect path to a direct path when 3%
compressive strain along [001] is applied. The results strongly
suggest that it is possible to engineer water dissociation on the
reduced rutile TiO2(110) surface using external strain.
2 Computational methods

Calculations are based on density functional theory in the PW91
generalized gradient approximation,33,34 using the Vienna ab
initio simulation package code with projector augmented wave
pseudopotentials.35,36 An energy cutoff of 500 eV is used for
expanding the Kohn–Sham wave functions in order to correctly
account for the effects of surface stress. The rutile TiO2(110)
RSC Adv., 2021, 11, 8485–8490 | 8485
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surface is modeled as a (2 � 3) supercell slab with x and y along
[1�10] and [001] directions, respectively. The slab contains ve
O–Ti–O trilayers (Ti60O120) and a vacuum with thickness of 15�A,
with a G-centered 1 � 3 mesh, which has been tested to be well
converged. The positions of atoms in the bottom trilayer were
xed to mimic the bulk, and the other atoms were relaxed until
the forces were converged to 0.01 eV �A�1. In order to model
reduced TiO2(110) surfaces, a bridge oxygen is removed from
one side of the slab, the oxygen vacancy density is 1/6, which is
enough to obtain the inuence of the oxygen vacancy on the
water dissociation.13,21 The nudged elastic band (NEB) method37

is used to obtain an accurate dissociation barrier for water. A (1
� 4) supercell with a 4� 2 k-mesh sampling is used to check the
[001] direct convergence. The difference is 40 meV at maximum
in the dissociation barrier energies of water in an indirect path
when the [1�10] strain is applied.

In our previous work we demonstrated that spontaneous in-
plane polarization does occur on the TiO2(110) surface when
uniaxial tensile strain is applied, furthermore, the polarization
and paraelectric surface have the same surface chemistry for
water adsorption.38 Therefore, we use a paraelectric surface
when compressive strain or no strain is applied, and use
a polarized surface when tensile strain is applied; due to the
paraelectric surface being metastable, it will spontaneously
relax to the polarized structure.
Fig. 2 Energy profiles corresponding to the dissociation pathways in
Fig. 1(b). The direct (a) and indirect (b) dissociation pathways. The
energies are measured relative to the IS configuration.
3 Results and discussion

As shown in Fig. 1, water adsorption on a reduced rutile
TiO2(110) surface preferentially takes place at a bridging oxygen
vacancy site, the coverage (q) of water is 1/6, which is the initial
state (IS) for dissociation. Then water dissociates at the oxygen
vacancy site and forms a pair of hydroxyl groups, which is the
nal state (FS). There are two pathways for water dissociation on
the surface, which are marked by colored arrows in Fig. 1(b). In
the direct path, a hydrogen from water directly jumps onto the
neighboring Obr in the same row. And in the indirect pathway,
the hydrogen atom rst jumps onto adjacent Oip, then hops to
the neighboring Obr.
Fig. 1 Configurations of water adsorption on a reduced rutile
TiO2(110) surface. Stereoscopic view (a) and top view (b). Blue and
green arrows to (b) represent the direct and indirect dissociation paths
for water, respectively.

8486 | RSC Adv., 2021, 11, 8485–8490
The energy proles of water dissociation and some opti-
mized geometrical structure of transition states are presented
in Fig. 2. The transition state of the direct path is denoted as TS0,
where the hydrogen is between two neighboring Obr atoms. We
also locate two transition states along the indirect pathway. The
rst transition state is denoted as TS1, and the geometrical
structure is a hydrogen atom already removed from the water
molecule and close to Oip. The second transition state is
denoted as TS2, the hydrogen atom leaves the Oip and moves
closer to the neighbouring Obr. The energy barriers of the two
paths are shown in Table 1. It is obvious that the energy barrier
of the indirect pathway is lower than that of the direct path,
which means that water dissociation on the reduced surface
proceeds via the indirect pathway. The obtained results are in
good agreement with previous results.13,18,20–22

The scaling relations limit the catalysis reaction, but this
limitation could be broken by strain, as the binding energy is
Table 1 Energy barrier (Eb) and the difference of the surface stress
between transition states and the initial state in this work. The units
are eV and eV/(1 � 1). The subscripts 11 and 22 denote the [11�0] and
[001] directions, respectively

Images Eb Ds11 Ds22

TS0 0.41 0.18 0.36
TS1 0.30 �0.95 �0.09
TS2 0.32 �1.10 0.13

© 2021 The Author(s). Published by the Royal Society of Chemistry
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determined by the coupling of the adsorbate-induced eigen-
stress with the external strain.27 The energy prole of molecule
dissociation can be predicted according to the surface stress
prole along the dissociation pathway when external strain is
applied,32 and the intrinsic surface stress can be expressed as,29

sab ¼ 1

AL

vðALgLÞ
v3ab

¼ vgL

v3ab
(1)

where AL is the area of the surface in an unstrained state, and gL

is the Lagrangian surface energy per unit area with an
unstrained state. The subscripts a and b denote the directions
along the surface. The energy prole of molecule dissociation
can be predicted by eqn (2)

Ei ¼ E0
i + AL(Ds

i3) (2)

where Ei is the energy at the ith conguration along the disso-
ciation pathway under externally applied strain. E0i is the energy
at the ith conguration in an unstrained state, Dsi is the change
of surface stress between the ith and initial state conguration
with unstrained surface. AL is the surface area occupied per
water molecule when no strain is applied.

We obtained the difference of surface stress between tran-
sition states and initial state, which are shown in Table 1. It is
Fig. 3 Variation of the energy profiles for the direct (a and b) and indirec
and c) and [001] (b and d). The energies are measured relative to the co

© 2021 The Author(s). Published by the Royal Society of Chemistry
clearly seen that the values of TS1 and TS2 along [1�10] are �0.95
and �1.10 eV/(1 � 1), which are much larger than the others,
indicating that the energy barriers of TS1 and TS2 substantially
decrease with increasing tensile strain along [1�10]. By
substituting the data into eqn (2), the decreasing rates of TS1
and TS2 can be obtained as 0.057 and 0.066 eV per 1% tensile
strain, respectively. When the tensile strain is larger than 5.6%,
the dissociation barrier will disappear, which suggests that
water will automatically dissociate on the reduced TiO2(110)
surface when sufficient large tensile strain along [1�10] is
applied. In contrast, the energy barrier of the indirect path
increases with compressive strain increase, while that of the
direct path changes a little for DsTS

0
11 ¼ 0:18eV=ð1� 1Þ : There-

fore, water dissociates through the direct path instead of the
indirect pathway when compressive strain is applied along
[1�10]. We also observed that the Ds of the transition states
changes little under strain along [001], which suggests that the
energy barrier of dissociation varies little with strain along
[001].

To demonstrate the predicted variation of dissociation paths
under external strain, we rst calculated the energy proles
under uniaxial strain in the range �4% to 4% using the nudged
elastic band (NEB) method, the tensile and compressive strain
t (c and d) dissociation path under external uniaxial strain along [11�0] (a
nfiguration IS. The 3 ¼ 0.01, 0.03 are presented only in (c).

RSC Adv., 2021, 11, 8485–8490 | 8487
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are marked by positive and negative signs, respectively, as
shown in Fig. 3. Firstly, we investigated the inuence of strain
on water dissociation on surfaces when strain is applied along
[1�10]. The direct and indirect paths are shown in Fig. 3(a) and
(c), respectively. It is worth noting that the energies of TS1 and
TS2 along the indirect path substantially decrease simulta-
neously with increasing tensile strain. It is obvious that when
the tensile strain is larger than 2%, the energy barrier of TS1
overtakes that of TS2 and becomes a new maximum point. As
the tensile strain continues to increase to 3%, the energy barrier
of the indirect dissociation path decreases to 0.02 eV. The
results clearly indicate that water almost automatically disso-
ciates on a reduced TiO2(110) surface when 3% tensile strain is
applied. The energy barrier of the indirect path has a huge
increase with compressive strain along the [1�10]. In contrast,
the energy barrier of the direct path changes slightly.

Next we investigate the inuence when strain is applied
along [001]. The energy proles of direct and indirect paths are
shown in Fig. 3(b) and (d), respectively. When the strain is in the
range from�4% to 4%, the energy barrier of the direct path is in
the range 0.28 to 0.40 eV and the energy barrier of the indirect
path is 0.28 eV to 0.35 eV. Compared with the strain along [11�0],
the inuence of the strain along [001] on water dissociation on
a reduced TiO2 surface is weaker.

In order to get a more intuitive view of the effect of the
external uniaxial strain on water dissociation on rutile reduced
TiO2(110) surface, the variation of the energy barrier of each
transition state along two dissociation paths are shown in Fig. 4.
The solid symbols and lines denote the energy barrier of the
most favorable dissociation path under the strain. Firstly, we
study the inuence of the strain along [1�10]. It is obvious that
the energy barrier of the direct path changes a little under strain
along [11�0], while that of the indirect pathway varies tremen-
dously. It is worth noting that when the tensile strain is applied,
the energy barrier of the indirect pathway is always lower than
that of the direct pathway, the energy barrier of the indirect
pathway substantially decreases with increasing strain.
Fig. 4 The dissociation energy barriers of the different pathways
under an external uniaxial strain along [11�0] (a) and [001] (b). Blue and
green symbols denote the direct and indirect path, respectively.
Triangles and diamonds mark the TS1 and TS2 along the indirect path.
Solid symbols and lines denote the energy barrier of the most favor-
able dissociation path on the reduced TiO2(110) under the external
uniaxial strain.

8488 | RSC Adv., 2021, 11, 8485–8490
Especially, when 3% tensile strain is applied, the energy barrier
is obtained as 0.02 eV, which suggests that water almost auto-
matically dissociates on the strained surface via the indirect
pathway. It is worth mentioning that when the tensile strain is
larger than 2%, the TS1 becomes a new saddle point of the
indirect pathway, rather than TS2. In contrast, when compres-
sive strain is applied, the energy barrier of the indirect pathway
substantially increases with increasing strain. Specically, when
the strain is larger than 1.3%, the direct pathway becomes the
energetically favorable dissociation pathway due to the lower
energy barrier than that of the indirect path.

Next we investigate the inuence of strain along [001].
Obviously, the energy barriers of the two pathways change
a little under tensile strain, water dissociation via the indirect
pathway is the as same as the one on the nonstrained surface. In
contrast, when compressive strain is applied, the energy barrier
of the direct pathway decreases with increasing strain, but that
of the indirect pathway increases, in particular, when 3%
compressive strain along [001] is applied, the dissociation path
for water changes from the indirect path to the direct path, the
same as that of 1.3% compressive strain along [1�10]. By
comparing the prediction and calculation results, we found that
the predicted results slightly overestimate the energy barrier for
the tensile strain along [11�0], which is due to the larger space for
atoms to relax.

We also compare the geometries before and aer the strain
is applied, we found that the geometries of adsorbates rarely
changed aer compressive strain is applied. In contrast, when
tensile strain is applied, the adsorbates on the surface get
a slight deection, the deecting direction is along the surface
polarization direction.

4 Conclusion

In summary, the effect of external uniaxial strain on water
dissociation on a reduced rutile TiO2(110) surface has been
theoretically studied by using rst-principles calculations. We
found that tensile strain along [1�10] can greatly promote the
dissociation of water. In particular, water almost automatically
dissociates when the strain is larger than 3%. Moreover, the
dissociation path changes from an indirect path to a direct path
when the compressive strain is larger than 1.3% along [11�0], or
3% along [001]. The results strongly suggest that this is
a possible way to engineer water dissociation on a reduced rutile
TiO2(110) surface using external strain, and the external strain
also can be used to improve other chemical reactions on
a reduced TiO2(110) surface.
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Z. Dohnálek, Imaging intrinsic diffusion of bridge-bonded
oxygen vacancies on TiO2(110), Phys. Rev. Lett., 2007, 99,
126105, DOI: 10.1103/PhysRevLett.99.126105.

15 J. Zheng, Y. Lyu, R. Wang, C. Xie, H. Zhou, S. P. Jiang and
S. Wang, Crystalline TiO2 protective layer with graded
oxygen defects for efficient and stable silicon-based, Nat.
Commun., 2018, 9, 3572, DOI: 10.1038/s41467-018-05580-z.

16 S. M. Wu, X. L. Liu, X. L. Lian, G. Tian, C. Janiak, Y. X. Zhang,
Y. Lu, H. Z. Yu, J. Hu, H. Wei, H. Zhao, G. G. Chang, G. Van
Tendeloo, L. Y. Wang, X. Y. Yang and B. L. Su, Homojunction
of oxygen and titanium vacancies and its interfacial n–p
effect, Adv. Mater., 2018, 30(32), 1802173, DOI: 10.1002/
adma.201802173.

17 I. M. Brookes, C. A. Muryn and G. Thornton, Imaging water
dissociation on TiO2(110), Phys. Rev. Lett., 2001, 87, 266103,
DOI: 10.1103/PhysRevLett.87.266103.

18 S. Wendt, J. Matthiesen, R. Schaub, E. K. Vestergaard,
E. Lægsgaard, F. Besenbacher and B. Hammer, Formation
and splitting of paired hydroxyl groups on reduced
TiO2(110), Phys. Rev. Lett., 2006, 96, 066107, DOI: 10.1103/
PhysRevLett.96.066107.

19 G. Ketteler, S. Yamamoto, H. Bluhm, K. Andersson,
D. E. Starr, D. F. Ogletree, H. Ogasawara, A. Nilsson and
M. Salmeron, The nature of water nucleation sites on
TiO2(110) surfaces revealed by ambient pressure X-ray
photoelectron spectroscopy, J. Phys. Chem. C, 2007,
111(23), 8278–8282, DOI: 10.1021/jp068606i.

20 S. C. Li, Z. Zhang, D. Sheppard, B. D. Kay, J. M. White, Y. Du,
I. Lyubinetsky, G. Henkelman and Z. Dohnalek, Intrinsic
diffusion of hydrogen on rutile TiO2(110), J. Am. Chem.
Soc., 2008, 130(28), 9080–9088, DOI: 10.1021/ja8012825.

21 S. Kajita, T. Minato, H. S. Kato, M. Kawai and T. Nakayama,
First-principles calculations of hydrogen diffusion on rutile
TiO2(110) surfaces, J. Chem. Phys., 2007, 127(10), 104709,
DOI: 10.1063/1.2768951.

22 J. Oviedo, R. Sánchez-de Armas, M. San Miguel and
J. F. Sanz, Methanol and water dissociation on TiO2 (110):
the role of surface oxygen, J. Phys. Chem. C, 2008, 112(46),
17737–17740, DOI: 10.1021/jp805759y.

23 M. Mavrikakis, B. Hammer and J. K. Nørskov, Effect of strain
on the reactivity of metal surfaces, Phys. Rev. Lett., 1998, 81,
2819–2822, DOI: 10.1103/PhysRevLett.81.2819.

24 M. Lazzeri and A. Selloni, Stress-driven reconstruction of an
oxide surface: The anatase TiO2(001) � (1 � 4) surface, Phys.
Rev. Lett., 2001, 87, 266105, DOI: 10.1103/
PhysRevLett.87.266105.
RSC Adv., 2021, 11, 8485–8490 | 8489

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00251a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 8

/1
6/

20
25

 2
:5

4:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
25 D. V. Potapenko, Z. Li, J. W. Kysar and R. M. Osgood,
Nanoscale strain engineering on the surface of a bulk TiO2

crystal, Nano Lett., 2014, 14(11), 6185–6189, DOI: 10.1021/
nl5024194.

26 D. J. Shu, F. Liu and X. G. Gong, Simple generic method for
predicting the effect of strain on surface diffusion, Phys. Rev.
B: Condens. Matter Mater. Phys., 2001, 64, 245410, DOI:
10.1103/PhysRevB.64.245410.

27 J. H. Alireza Khorshidi, J. Violet and A. A. Peterson, How
strain can break the scaling relations of catalysis, Nat.
Catal., 2018, 1, 263–268, DOI: 10.1038/s41929-018-0054-0.

28 D. V. Potapenko, G. T. Gomes and R. M. Osgood, Correlation
of H adsorption energy and nanoscale elastic surface strain
on rutile TiO2(110), J. Phys. Chem. C, 2016, 120(38), 21373–
21380, DOI: 10.1021/acs.jpcc.6b05129.

29 D. J. Shu, S. T. Ge, M. Wang and N. B. Ming, Interplay
between external strain and oxygen vacancies on a rutile
TiO2(110) surface, Phys. Rev. Lett., 2008, 101, 116102, DOI:
10.1103/PhysRevLett.101.116102.

30 Z. W. Wang, D. J. Shu, M. Wang and N. B. Ming, Diffusion of
oxygen vacancies on a strained rutile TiO2(110) surface, Phys.
Rev. B: Condens. Matter Mater. Phys., 2010, 82, 165309, DOI:
10.1103/PhysRevB.82.165309.

31 L. Jia, D. J. Shu and M. Wang, Tuning the area percentage of
reactive surface of TiO2 by strain engineering, Phys. Rev.
Lett., 2012, 109, 156104, DOI: 10.1103/
PhysRevLett.109.156104.
8490 | RSC Adv., 2021, 11, 8485–8490
32 L. Yang, D. J. Shu, S. C. Li and M. Wang, Inuence of strain
on water adsorption and dissociationon rutile TiO2(110)
surface, Phys. Chem. Chem. Phys., 2016, 18, 14833–14839,
DOI: 10.1039/C6CP01106C.

33 J. P. Perdew, K. Burke and M. Ernzerhof, Generalized
gradient approximation made simple, Phys. Rev. Lett.,
1996, 77, 3865–3868, DOI: 10.1103/PhysRevLett.77.3865.

34 F. Allegretti, S. O’Brien, M. Polcik, D. I. Sayago and
D. P. Woodruff, Adsorption bond length for H2O on
TiO2(110): a key parameter for theoretical understanding,
Phys. Rev. Lett., 2005, 95, 226104, DOI: 10.1103/
PhysRevLett.95.226104.

35 G. Kresse and D. Joubert, From ultraso pseudopotentials to
the projector augmented-wave method, Phys. Rev. B:
Condens. Matter Mater. Phys., 1999, 59, 1758–1775, DOI:
10.1103/PhysRevB.59.1758.
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