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Abstract. There are three main crystal forms of TiO2 in nature: rutile, anatase and brookite. In this paper, 
the GGA-PBE method of density functional theory was used to study the H2O molecules adsorbed (110) 
surface of these three kinds of titanium dioxide. H2O molecules tend to polymerize into dimmers due to the 
increase of H-O bond length on the surface of rutile than anatase. The lowest adsorption energies of H2O 
molecules adsorbed on these three structures are −5.479, −0.085 and 4.278 eV, respectively. H2O molecule is 
most likely to be adsorbed on the (110) surface of anatase. As for H2O molecules adsorbed in the (110) surface 
of these structures, rutile exhibits the smallest changes of both host TiO2 and H2O molecules. 
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1. Introduction 

Water is the lubricant of life and a necessary condition for 
the existence and development of human life on earth. For 
water molecules adsorbed on the material surface, the 
physical and chemical properties of the material and water 
molecules would change somewhat, which may be useful 
for material modification in materials science. It also 
helps certain oxides become catalysts for certain 
processes (especially photoelectric transformation) [1]. 
Since Fujishima and Honda [2] discovered experimentally 
in 1972 that titanium dioxide electrodes catalyze the 
dissociation of water and produce hydrogen under 
ultraviolet light irradiation, many physics and chemists 
have devoted themselves to understanding the mechanism 
of this novel catalytic process [3-10]. Vittadini et al. [11] 
calculated the adsorption structure and adsorption energy 
of water on the anatase (101) and (001) surfaces using the 
DFT method. Schaub et al. [12] studied the water 
dissociated and adsorbed at the oxygen defect sites on 
(110) surface of rutile with combination of STM 
experiments and DFT calculations. By using the CASTEP 
method, Lindan et al. [13-14] revealed that water on (110) 
surface of rutile exists not only at the surface of the 
adsorption but also with the non-dissociation adsorption 
method, and the potential energy changes of the 
adsorption process were also calculated and analyzed.  

In order to clarify the above problems, in this work, 
the plane wave pseudopotential density functional method 
(CASTEP) is adopted for the studies of adsorption of 

water molecules on the (110) surface of three forms of 
TiO2, which would likely enrich the current highlight of 
the theoretical researches on TiO2 clusters with adsorbed 
water molecules. 

2. Computational methods 

Calculations are based on the spin-polarized DFT using 
generalized gradient approximation (GGA) for exchange-
correlation potential prescribed by Perdew, Burke and 
Ernzerh of (PBE)[15], implemented in CASTEP package. 
The Grimme’s DFT-D [16] correction is introduced for 
the accurate treatment of van der Waals dispersion. A 
Fermi smearing of 0.005 Ha and a global orbital cutoff of 
10 eV are employed. For Brillouin zone (BZ) sampling, a 
3 × 3 × 3 k - point mesh is applied, since convergence with 
respect to the number of k - points is vital to generate 
reliable results. Convergences in energy, force and 
displacement are set as 2 × 10−5 eV/atom, 0.05 eV/Å and 
0.002 Å, respectively.   

3. Results and discussions 

3.1 Structural optimization of H2O molecule 
Water is an inorganic substance and its constituent 
elements are hydrogen and oxygen. The hydrogen bonds 
of water molecules have the same number, so the 
interaction between hydrogen bonds could form multiple 
hydrogen bonds in three-dimensional space. The 
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abnormal interaction between water molecules makes 
water have some special physical properties. A dynamic 
hydrogen bond network could be formed between water 
molecules. The existence of liquid water molecules is 
mainly in the form of molecules (H2O)n. It can be seen 
from Figure 1 that there are 4 water molecules connected 
near each water molecule.  

 

 

Figure 1: The structure of H2O molecule 
The structural data of H2O molecule are calculated and 
showed in Table 1, and the density of states for H2O 
molecule is also displayed in Fig.2.   

Table 1: Original structure data of H2O molecule 

 H2O  
dH1-O1(Å) 0.975  
dH2-O1(Å) 0.975  
dH1-H2(Å) 1.540  
ΘH-O-H(°) 104.086  

Enthalpy(eV) -468.592  
Frequency(cm-1 ) 5009.959  

Energy(eV) -467.899  

 

Figure 2 That a peak locates at around −2 eV 
It can be seen from Figure 2 that a peak locates at around 
−2 eV, indicating the corresponding electronic state 
arising from the oxygen 2s and 2p orbitals. There is no 
charge state in the position from -17 to -7 eV, 
corresponding to the forbidden energy region. In the 
middle of -7 to 1 eV, there are three obvious peaks, 
accounting for three allowed energy regions. Moreover, 
the electronic states in this energy range originate mainly 
from oxygen 2p orbital. It is worth mentioning that the 
electronic states near 0 eV come from only the oxygen 2p 
orbital. However, there is no electronic state distribution 
in the range of -5 to -3 eV and around -1.5 eV, indicating 
two forbidden regions. In general, there are 7 peaks in the 
water molecule, associated with 7 allowed regions. In 
addition to a more obvious dense distribution of charge 
states around -18 eV, other electronic states locate mainly 
in the ranges of -7 to 1 eV and 5 to 11 eV. 
 
 
 
 

3.2 Structural optimization of TiO2 
There are three crystal structures of TiO2 in nature: rutile, 
anatase and brookite. Consisting of interconnected TiO2 

octahedra, rutile and anatase exhibit higher catalytic 
activity, especially the latter. But there is also a difference 
between the two structures in the way of the octahedra 
connecting with each other. The three crystal structures 
are shown in Figure 3.   
 

 

Figure 3: The structure of TiO2. (a) anatase, (b) rutile, (c) 
brookite 
 
There are two ways to connect octahedral, i.e., coedge and 
common vertex, as shown in Figure 4. 
 

 

Figure 4: The connection method of TiO2. (a) coedge, (b) 
common vertex 
 

The Ti-O-Ti angle, distances between Ti-O atoms, 
enthalpy and frequency of these three structures are 
shown in Table 2. 

Table 2: The three crystal structures of TiO2 

  TiO2 

 
θTi-O 
(°) 

 
dTi-

O(Å) 
Enthalpy(eV) 

frequency(cm-

1 ) 
rutule 90 2.046 -4961.862 519.849 

anatase 77.588 2.004 -4962.006 563.967 
brookite 85.325 2.208 -1984.806 867.207 

In the three structures, the angle between the Ti-O-Ti link 
of the rutile structure is 90°, larger than those for both 
anatase and brookite. The lengt of the Ti-O bond in rutile 
is longer than that of anatase, which may indicate that the 
structure can be more compact around the Ti4+ in the 
former. As for the enthalpy and frequency, anatase and 
rutile are similarly small, whereas brookite has much 
higher enthalpy and frequency. 

3.3 H2O molecule adsorbed on TiO2(110)  
There are many possibility positions of the adsorption of 
H2O molecules on TiO2(110). Three possible positions 
(above, in and below) are calculated for H2O molecules 
adsorbed on (110) surface of TiO2, as shown in Figure 5. 
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Figure 5: The structure of H2O molecule adsorbed on (a-c) 
anatase, (d-f) brookite and (g) rutile TiO2(110) surface.  
Using density functional theory (DFT) plane wave 
pseudopotential method, it could be clearly understanding 
the various changes in the structure of TiO2 with the 
adsorbed H2O molecules. The useful data, i.e., hydrogen-
oxygen bond length, hydrogen-hydrogen bond length, Ti-
O-Ti angle, distance between Ti-O atoms, enthalpy, and 
adsorption energy for the three kinds of TiO2 structures 
are displayed in Table 3, 4 and 5, respectively. H2O 
adsorbed on (110) surface of anatase with three possible 
positions, and all the H-O bonds of water molecules are 
elongated. The H-H bond increases significantly only 
when H2O is adsorbed within the crystal. Comparing the 
adsorption energy, it can be seen that while H2O adsorbed 
above the surface and in the titanium dioxide crystal are 
negative. While the adsorption energy of H2O adsorbed 
below the surface of titanium dioxide is positive, 
indicating that H2O is least likely to be adsorbed below 
the (110) surface of TiO2.  

When H2O was adsorbed on the structure of brookite, 
the change of the H2O molecule adsorbed below the 
surface of TiO2 is not obvious, but the changes of the H2O 
molecule adsorbed above the (110) surface of titanium 
dioxide are compared. Comparing the changes of titanium 
dioxide, it was found that the situation is just the opposite. 
The adsorption of H2O molecules below TiO2(110) makes 
the structure of titanium dioxide atoms change greatly. It 
can be seen that the adsorption energy adsorbed in the 
titanium dioxide crystals is negative, indicating that this 
adsorption position is favorable, while the adsorption 
energy of H2O molecule below TiO2(110) is positive, 
means the H2O molecule is least likely to be adsorbed 
with this situation. 

In the rutile structure, the adsorption of H2O molecule 
does not significantly change the structure of titanium 
dioxide, but regardless of the angle or the distance 
between titanium and oxygen atoms are reduced, which 
means the titanium dioxide atoms are closer together 
while H2O molecule titanium adsorbed on it. Similarly, 
the changes of the H2O molecule themselves is not 
obvious. It is worth to mention that the structure of H2O 
molecule is basically not distorted while it adsorbed above 
TiO2(110) surface. The adsorption energy of H2O 
molecule adsorbed above the (110) surface of rutile is 
4.278 eV, which shows that this kind of adsorption is 
impossible.  

 

 

Table 3: H2O molecule adsorbed on (110) surface of anatase. 

anatase TiO2(110)  

 

dH1

-O1 
(Å
) 

dH1

-O1 
(Å
) 

d 

H1-

H2 

(Å
) 

θTi-O 

(°) 

d 

Ti-O 

(Å
) 

enthal
py 

(eV) 

Eads 

(eV) 

initial    
77.5
88 

2.0
04 

−496
2.006 

 

relax
ation 

   
125.
057 

1.9
90 

−743
8.898 

 

ab
ove 

1.0
02 

0.9
81 

1.6
19 

115.
932 

2.1
74 

−951
1.773 

−0.9
35 

in 
2.4
48 

0.9
78 

2.4
97 

108.
671 

1.7
97 

−951
2.663 

−5.4
97 

belo
w 

1.0
14 

0.9
77 

1.6
18 

52.8
65 

3.4
56 

−951
1.195 

8.41
7 

Table 4: H2O molecule adsorbed on (110) surface of 
brookite. 

brookite TiO2(110)  

 
dH1-

O1 
(Å) 

dH1-

O1 
(Å) 

d 

H1-

H2 

(Å) 

θTi-O 

(°) 

d 

Ti-O 

(Å) 

enthalp
y 

(eV) 

Eads 

(eV) 

initial    
76.05

8 
2.2
30 

−1984.
006 

 

relaxat
ion 

   
122.1

90 
1.8
90 

−2976.
733 

 

in 
2.4
49 

0.9
79 

2.4
48 

76.76
5 

2.3
60 

−3023.
647 

9.811 

below 
0.9
78 

0.9
79 

0.1
57 

66.74
9 

3.5
52 

−3023.
605 

−0.08
5 

Table 5: H2O molecule adsorbed on (110) surface of 
rutile. 

rutile TiO2(110)  

 
dH1-

O1 
(Å) 

dH1-

O1 
(Å) 

d 

H1-

H2 

(Å) 

θTi-O 

(°) 

d 

Ti-O 

(Å) 

enthalp
y 

(eV) 

Eads 

(eV) 

initial    
90.0
00 

1.9
56 

−4961.
802 

 

relaxat
ion 

   
79.9
13 

1.9
78 

−9483.
536 

 

abo
ve 

0.9
78 

0.9
79 

1.6
12 

68.7
27 

1.6
82 

−9953.
024 

4.27
8 

4. Conclusions 

Structural and electronic properties as well as the activity 
of H2O molecule adsorbed on (110) surfaces of three 
forms of TiO2 were calculated by DFT method of GGA-
PBE. Based on the analysis, the following conclusions 
could be drawn: 
(1) For the three forms of titanium dioxide, anatase may 

exhibit the best photocatalytic activity. Both rutile 
and anatase are tetragonal crystal systems, with the 
local rhombic symmetry for the host Ti4+ sites, while 
brookite belongs to orthorhombic structure. 

(2) As TiO2 bulks are cleaved from (110) surface, the 
symmetries are reduced to C222 (D2-6), P21 (C2-2) 
and PMM2 (C2V-1), respectively, for anatase, 
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brookite and rutile. At the same time, this operation 
also makes the arrangements of Ti and O atoms more 
compact, and the bonds between these two kinds of 
atoms are also strengthened. 

(3) For H2O molecule adsorbed on anatase structure, the 
possible adsorption position is the center of the 
system. Under the influence of external factors, the 
H2O molecule adsorbed above the (110) surface 
prefers to decomposing. In the brookite structure, 
H2O molecule tends to be adsorbed below the surface, 
and H2O molecule is also easiest to be decomposed.  
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