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Abstract. XRD pattern of rutile TiO2 bulk and surface energy of possible terminated (110) 

planes were investigated using the DFT+U method. The (110) surface was demonstrated to be 

the most popular facet of rutile TiO2, which is in good agreement with the data of the JCPDS 

card No. 21-1276. The difference in surface energy among possible terminated (110) planes is 

attributed to the structure of the top and bottom atomic layers. We have found that the P5 plane 

is the most stable. It represents a structure of the (110) surface. The rutile TiO2 (110) surface has 

a calculated surface energy of 0.98 J/m
2
. The value compares well with previous publications. 

Besides, DFT calculations were also performed. In comparison with DFT+U, the surface energy 

obtained from the DFT calculation for the (110) surface is very small, about 0.48 J/m
2
. 
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1. INTRODUCTION 

Fields of photocatalysis, photovoltaics, sensors, cosmetics, coating materials, and self-

cleaning surfaces become extremely active thanks to the partial contribution of TiO2. This is a 

consequence of the semiconductor’s interesting characteristics. TiO2 has high chemical stability, 

abundance, low cost, high activity, strong oxidizing ability, corrosion resistance, nontoxicity, 

and biocompatibility [1]. TiO2 naturally exists in three crystallographic phases: rutile, anatase, 

and brookite [2]. The thermodynamically most stable form at ambient conditions is rutile [3]. 

Rutile surfaces play an important role in the above applications. Various phenomena, such as 

catalytic activity, adsorption, and chemical interaction, take place on surfaces. The study on 

surfaces helps interpret properties and phenomena, and then design new materials. Before 

investigating surface properties, the construction of a surface from a bulk needs to be performed 

precisely. Any small mistake in this step leads to a series of errors in subsequent calculations on 

the surface. Therefore, the stage of creating a surface from bulk is crucial for studies on the 

surface. In calculations, the standard structure of a surface is a slab. A slab is an infinite two-
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dimensional system standing for the facet of interest. The remaining dimension perpendicular to 

the facet is a vacuum. The vacuum height should be thick enough so that there is no interaction 

between adjacent slabs. Experiments indicated that the (110) surface is the most popular surface 

of rutile TiO2 [4 - 5]. A question emerging is how to construct the surface from rutile TiO2 bulk. 

Strong electron correlation effects of d orbitals cause a challenge in theoretical studies on 

the structure and properties of rutile TiO2 bulk as well as surfaces [6]. There are several 

solutions to the problem, in which DFT+U is one of the effective methods and has a reasonable 

computational cost. The value of Hubbard U affects the accuracy of the results from calculations 

on TiO2 bulk and surfaces. Our previous publication demonstrated that the combination of Ud 

and Up parameters enlarges the band gap and limits the deviation of lattice constants of TiO2 

bulk from the experiment [7]. We also showed that a (Ud = 7 eV, Up = 10 eV) pair is one of the 

best choices for rutile TiO2 bulk. How does the pair (Ud = 7 eV, Up = 10 eV) affect the surface 

energy of the rutile TiO2 (110) surface? 

To provide insights into the details of how to build rutile TiO2 (110) surface from bulk and 

the effect of the (Ud = 7 eV, Up = 10 eV) pair on the surface energy, we have investigated rutile 

TiO2 bulk and (110) surface. All calculations were implemented with the DFT+U approach. 

Firstly, we optimized the rutile bulk. The X-ray diffraction was then calculated to find the most 

popular surface of the rutile TiO2. From the relaxed bulk, we built possible (110) planes with 

different terminations. Finally, the energy surface was determined for each terminated (110) 

plane to find the most stable structure of the (110) surface. Besides, we carried out DFT 

calculations to compare with the results of the DFT+U calculations. 

2. COMPUTATIONAL METHODS 

All calculations were performed using the Vienna Ab initio Simulation Package (VASP) 

[8]. Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation 

(GGA) was used to treat the exchange-correlation interaction [9-11]. Thresholds of 10
-6

 eV and 

0.01 eV Å
-1

 were applied for energy and atomic force, respectively. The augmented-wave 

(PAW) approach was employed for core electrons. Meanwhile, valence electrons of Ti (3d
2
4s

2
) 

and oxygen (2s
2
2p

4
) were presented by plane waves with a cutoff energy of 450 eV [12]. In this 

paper, the DFT+U was performed in the formulation of Dudarev [13] with Ud = 7 eV, Up = 10 

eV and J = 0 eV. The Brillouin zone was sampled using 644   and 147   G-centered 

Monkhorst-Pack grids [14] for surface and bulk relaxations, respectively. A vacuum thickness of 

12 Å was found to be enough to eliminate interaction between periodic images. 

3. RESULTS AND DISCUSSION 

3.1. The rutile TiO2 bulk 

Bulk rutile TiO2 is tetragonal (P42/mnm) with lattice constants a, c, and an internal 

parameter u standing for the distance between Ti and O atoms [15]. In the crystal, a Ti
4+

 ion is 

surrounded by six O
2-

 anions and each anion is surrounded by three Ti
4+ 

ions. The bulk is 

represented by a unit cell containing two Ti
4+ 

and four O
2- 

ions. Bulk optimization using the 

DFT+U method yielded lattice constants a = 4.671 Å, c = 3.068 Å, and u = 0.305 Å, which were 

in line with the experimental results (a = 4.587 Å, c = 2.954 Å and u = 0.305 Å) [16]. In 

addition, the results from DOS calculations on the relaxed bulk demonstrated a bulk band gap of 

2.92 eV, in good agreement with the experimental value [17]. 
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(a) (b) 

Figure 1. XRD patterns of rutile TiO2 bulk from DFT+U (a) and DFT (b) calculations. 

From the optimized structure of TiO2 bulk, we calculated XRD patterns based on the 

DFT+U method. The results are shown in Fig. 1a. The XRD pattern exhibits strong diffraction 

peaks at the 2θ positions of 27.04°, 35.05°, and 53.13°. The peaks correspond to (110), (101), 

and (211) crystal surfaces, respectively. Besides, the pattern possesses peaks with low intensity, 

which stand for Miller indices of (111) at 2θ = 40.18°, (220) at 2θ = 55.75°, and (301) at 2θ = 

67.58°. There is a good agreement between the calculated XRD pattern and the JCPDS card No. 

21-1276 [5] (Table 1).  

To compare with the results obtained from the DFT+U method, corresponding calculations 

were performed using the DFT method. The relaxed bulk has lattice constants a = 4.644 Å, c = 

2.966 Å, and u = 0.304Å, closer to the experiment than the DFT+U calculations. However, the 

computed band gap from the DFT method is only 1.67 eV. The underestimation of the band gap 

is known as a disadvantage of the DFT approach in strongly correlated systems. The positions of 

primary peaks in the XRD pattern from the DFT calculation are shown in Table 1. 

Table 1. Comparison of positions of main peaks in the XRD patterns obtained from DFT and                      

DFT+U calculations. 

 Method           

                    Plane 

2-theta (2θ) (°) 

(110) (101) (111) (211) (220) (301) 

DFT 27.2 35.99 41.07 53.99 56.10 68.48 

DFT+U 27.04 35.05 40.18 53.13 55.75 67.58 

Deviation 0.16 0.94 0.89 0.86 0.35 0.9 

Exp. [5] 27.5 36.1 41.3 44.2 55.5 68.5 

Here, deviation is defined as the difference in magnitude between the corresponding 2-theta 

angles from the two methods. The data in Table 1 indicate that the discrepancy in the XRD 

patterns is very small. The largest deviation is about 0.94°. The analysis of the two XRD 

patterns indicates that the (110) crystal plane is the most stable plane. Therefore, we chose the 

(110) plane for further study on surface. 

3.2. Possibile terminated (110) planes 

Rutile TiO2 (110) surface was built from relaxed bulk with bulk-terminated lattice 

constants in DFT+U calculation. It can be seen that there are six different kinds of termination 

for cutting (110) surface (Fig. 2. P1-a), which results in six terminated (110) planes. Each plane 
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corresponds to one atomic layer. The (110) planes are labeled as P1, P2, P3, P4, P5, and P6, 

respectively (Fig. 2). Here, the P1, P2, P4, and P5 planes are terminated with the dangling bond 

of oxygen, whereas the P3, P6 planes are terminated with dangling bonds of Ti2O2 plane [18].  

All (110) planes are in the forms of slabs with the same size as shown in Fig. 2. P1-b. Each 

slab consists of 4 trilayers in which atoms in the two bottom trilayers were fixed to their 

positions in the bulk. The total number of atoms in the slab is 24 atoms. 

 

 
   

P1-a P1 P2 P3 

 

 

 

  
 

P1-b P4 P5 P6 

Figure 2.  Possible terminated (110) planes. 

To find the most stable structure of the (110) surface, we calculated the surface energy of 

all the possible terminated (110) planes. The difference in the total energy between the slab 

(Eslab) and the bulk phase (Ebulk) with the same number of TiO2 units as the slab, divided by the 

total exposed area, is regarded as surface energy. Thus, the surface energy is revealed in the 

following expression: 
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here, rel

slabE , rel

bulkE  are the total energy of a slab and bulk unit cell after relaxation, respectively. 

relno

slabE 

is the energy of the unrelaxed slab. The ratio of the number of atoms in the slab to those 

in bulk is N. A is the surface area of the slab. The factor of 2 presents that each slab contains two 

surfaces. The results of calculations on surface energy are summarized in Table 2. 

Table 2. The surface energy of the possible terminated planes. 

Plane )/( 2mJEsurf
  Plane )/( 2mJEsurf

 

P1 2.91  P4 2.89 

P2 1.00  P5 0.98 

P3 3.35  P6 3.06 

The smaller the surface energy, the more stable the plane. From Table 2, it can be seen that 

P5 has the lowest surface energy, about 0.98 J/m
2
, followed by the P2 plane, with 1.00 J/m

2
. The 

surface energy of the P6 and P3 planes is quite large, approximately 3.06 and 3.35 J/m
2
, 

respectively. Therefore, the P5 plane is the most stable plane. In other words, the P5 plane just 

represents the rutile (110) surface. The surface energy of the P5 plane may compare to previous 

studies using the DFT+U approach, 0.95 J/m
2 

[19], 0.86 J/m
2 

[20]. The surface energy of the 

possible (110) planes relates to their structures. The difference in structures comes mainly from 

the top and bottom atomic layers of each slab. The structures of these atomic layers of the six 

slabs are summarized in Table 3. 

Table 3. Structures of the top and bottom atomic layers of slabs. 

Plane (slab) Ions in top atomic layer Ions in bottom atomic layer 

P1 Two Ti
4+

and two O
2-

 ions One O
2-

 ion (middle oxygen) 

P2 One O
2-

 ion (middle oxygen) One O
2-

 ion (edge oxygen) 

P3 One O
2-

 ion (edge oxygen) Two Ti
4+

 and two O
2-

 ions 

P4 Two Ti
4+

 and two O
2-

 ions One O
2-

 ion (edge oxygen) 

P5 One O
2-

 ion (edge oxygen) One O
2-

 ion (middle oxygen) 

P6 One O
2-

 ion (middle oxygen) Two Ti
4+

 and two O
2-

 ions 

Examining the structure of the atomic layers of the slabs (Table 3) shows that P1 and P4 

have similar structures: the top atomic layer contains two Ti
4+

 and two O
2-

 ions, and the bottom 

layer is composed of one O
2-

 ion. The distinction between P1 and P4 is only one O
2-

 ion in the 

bottom layer: one is middle oxygen, and one is edge oxygen. In the same way, P3 and P6 

possess similar structures. By comparison, the top and bottom atomic layers of both P2 and P5 

are O
2-

 ions: one middle oxygen and one edge oxygen. We have three kinds of structural pairs: 

P1 and P4; P3 and P6; P2 and P5. Thanks to similar structures, the surface energy of (110) 

planes in each pair must be near. Indeed, as we can see in Table 2, the surface energy of P1 and 

P4 are 2.91 and 2.89 J/m
2
, respectively. Similarly, P2 and P5 have the surface energy of 1.00 and 

0.98 J/m
2
, respectively. Values of 3.35 and 3.06 J/m

2
 are the surface energy of P3                             

and P6, respectively. 
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In addition, we also performed DFT calculations on the surface energy of the P5’ plane 

which corresponds to the P5 plane. The P5’ plane was constructed from relaxation rutile TiO2 

bulk using the DFT calculation. Computed lattice constants of the P5’ plane are a’= 6.497 Å,               

b’ = 2.959 Å. The energy surface of 0.48 J/m
2
 is demonstrated for the P5’ plane. The value is 

consistent with other publications, 0.5 J/m
2 

[21], 0.42 J/m
2 

[22], 0.4 J/m
2 

[23], which could be 

compared with the experimental surface energy [24]. Therefore, in comparison with the DFT 

approach, the DFT+U method leads to an increase in surface energy of approximately two times. 

4. CONCLUSIONS 

We examined rutile TiO2 bulk and (110) surface using both DFT+U and DFT approaches. 

The procedures for determining the main facets of the bulk and the most stable structure of the 

(110) surface were shown in detail. XRD patterns from DFT+U and DFT calculations indicated 

the most popular facet of rutile TiO2. From relaxed bulk, possible (110) planes were constructed 

with different terminations. The results of the surface energy of all the possible (110) planes help 

to determine the most stable structure of the (110) surface. We also realized that both DFT+U 

and DFT methods give the same results of XRD, whereas the surface energy obtained from the 

DFT+U method for the (110) surface is twice that from the DFT method. We hope the present 

work provides useful and fundamental knowledge to know and understand how to determine the 

primary facets of bulk to construct and find out the most stable structure of a surface. The work 

is also expected to be the basis for further studies on surfaces. 
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