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The adsorption of Ca
2+

 on rutile (101) surface and (110) surface was investigated via theoretical and 

experimental method. The adsorption energy of Ca
2+

 on the bare rutile (101), the bare (110) surfaces, 

the hydroxylated rutile (101) and the hydroxylated rutile (110) surfaces, were calculated using the 

Cambridge Sequential Total Energy Package (CASTEP). In order to verify the theoretical results, the 

immersion experiments in calcium chloride solution with different pH values were carried out. The 

inductively coupled plasma optical emission spectroscopy (ICP/OES) results demonstrated that in the 

solution with pH 7.4, there are more Ca
2+

 adsorbed onto R (110) surface than that onto R (101) 

surface, which should result from the higher Ca
2+

 adsorption ability as shown in the theoretical results. 

The results of immersion test demonstrate that the pH value has a positive effect on the Ca
2+

 

adsorption on (101) or (110) planes of rutile films. 
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1. INTRODUCTION 

In the nature, there are three crystallographic phases of TiO2, rutile, anatase, and brookite. The 

rutile form is widely used as a white pigment and opacifier[1] in paints and cosmetics. TiO2 is also 

used widely as a catalyst support, and a biocompatible interface for medical implants, or the gas 

sensors. The chemisorption properties of titanium dioxide are of great interest to both fundamental 

research and technological applications, particularly in the fields of heterogeneous catalysis, 

photocatalysis[2-5].  
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Crystal structure of the titania layer has an important influence on its in vitro bioactivity[6], 

which can be evaluated by examining the apatite formation ability in the simulated body fluid (SBF) 

[7]. Uchida et al. [8] found that titania particles with amorphous structure did not induce apatite 

formation on their surfaces, while those with an anatase or rutile structure could induce apatite 

formation in SBF. They believed that the epitaxy of the apatite crystal could be facilitated by the 

crystalline planar arrangement in titania crystal structures. The apatite precipitation on three single-

crystal rutile substrates: (001), (110), and (100) and a polycrystalline rutile substrate in phosphate 

buffered saline (PBS) solutions was studied by Lindberg et al.[9], it is found that the speed of 

hydroxylapatite (HA) deposition on different crystal faces of rutile were different. 

Rutile has been extensively studied and widely used in many biomedical applications[10]. The 

rutile (110) crystal surface (hereafter called R (110)) is the most stable rutile surface, some 

researches[11, 12] and our previous works[13] indicated that by controlling the electrochemical 

parameters during the anodic spark oxidation, a high orientation degree of rutile (101) crystal surface 

(hereafter called R (101)) could be produced, leading to good apatite-forming ability and improving 

epitaxial growth. As we know, the deposition of calcium ions is the first and most crucial step of the 

apatite nucleation on ceramic supports from ionic solution, and this process is believed to initiate the 

growth and formation of bone-like material on the surface of biocompatible implants. Since R (101) 

may be of importance to good apatite-formatting ability, it is necessary to study the Ca ions adsorption 

on R (101) surface in detail. Ca ions adsorption on R (110) surface was studied in some papers [14-

16], however, there are few published literatures on the specific study of Ca ions adsorption on R (101) 

surface, besides, there are few published literatures on the comparison of Ca ions adsorption between 

R (110) and R (101) surface. 

In this paper, the Ca
 
ions adsorption on R (110) or R (101) surfaces was investigated, including 

bare R (110), bare R (101) surface, and both surfaces covered with hydroxyl groups via first-principles 

calculations based on density functional theory (DFT).  To verify the theoretical results and investigate 

the effect of pH values in the Ca
2+

 adsorption, two types of calcium chloride aqueous solution with 

different pH values were prepared and immersion experiments were carried out.  

 

 

 

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS 

2.1. Sample preparation 

Rutile titania thin films were prepared via the anodic spark oxidation process, and the detailed 

procedure was described in our previous study[13]. The degree of rutile (101)-preferred orientation  

(denoted as γ) was calculated by the ratio of relative diffraction intensities of the rutile (101) to rutile 

(110) peaks. According to the JCPDS file (no. 21-1276)[17], The γ value of a standard rutile powder is 

0.5. Two samples were chosen to compare their experimental differences of Ca ions adsorption: 

Sample one is named as AOS250 and the γ was 1.48, larger than the γ of standard rutile powder (0.5), 

indicating that the AOS250 sample has a (101)-preferred orientation. Sample two was named as 
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AOS2M with γ = 0.67, representing a (110)-preferred orientation. The XRD patterns and SEM 

micrographs of AOS250 and AOS2M were presented in Fig. 1 and Fig. 2, respectively. 

 
Figure 1. XRD patterns of AOS2M and AOS250  

 

 
 

Figure 2. SEM micrographs of AOS2M and AOS250 

 

2.2  Computational details 

All geometrical structures were calculated via CASTEP module of Materials Studio software 

(MS5.5). The generalized gradient approximation (GGA)[6] with spin-polarized Perdew-Wang 1991 

(PW91) [10] formulation was used to treat the exchange-correlation function, which has been shown to 

work well for surfaces[18]. CASTEP calculated the properties of crystals and surfaces by combing 

pseudopotentials with a plane wave basis [19]. The value of basis set correction[20] dEtot/d log(Ecut) 

can be used to indicate the convergence of the calculations with respect to the value of cut-off energy. 

According to the results of convergence tests in this study, the value of dEtot/d log(Ecut) for the 340 eV 
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cut-off energy was smaller than 0.1 eV/atom, therefore, this value of Ecutoff is sufficient to acheive 

good convergence for the adsorption energy calculations of Ca on rutile crystal surfaces [8]. The 

convergence of k-points is achieved with a 4 × 4 × 1 grid[21], as the equilibrium geometry parameters 

and the value of the total energy showed insignificant variations after increasing the number of k-

points from 4 × 4 × 1 to 5 × 5 × 1 or 6 × 6 × 1. Therefore,  it can be concluded that this value of k-

point was sufficient to calculate the correct energy values for the cases tested in this study[14, 22]. 

Periodic boundary conditions were used in the bulk and surface slab models. The Ultrasoft Vanderbilt 

Pseudopotentials (US-PP) with a plane basis set was used to describe the interaction between electrons 

and ions. In the following calculations, the slab model was used to study the interaction between Ca 

ion and the R (110) or R (101) surfaces. The 1 × 2 × 2 super cells of R (110) and 1 × 4 × 1 super cells 

of R (101) were used so as to avoid the interaction of large-size molecules with each other. There were 

8 Ti and 14 O atoms existed in the R (110) model and there were 12 Ti and 20 O atoms existed in the 

R (101) model. These models contained all the typical features of the R (110) and R (101), which has 

been widely used [23-26]. The surface sizes of R (110) and R (101) are 6.495 Å × 5.866 Å and 6.495 

Å × 11.732 Å, respectively. The valence states considered in all the calculations were Ti-3s23p63d24s2, 

Ca-3s23p64s2, H-1s1and O-2s22p4.  The Broyden–Fletcher–Goldfarb–Shanno (BFGS) method was 

used in order to optimize the structures. The convergence criteria for the Ca
2+

 adsorption energy 

calculation and geometric optimization of TiO2 surfaces were set as following: (a) an energy tolerance 

of 1 × 10
-5

 eV/atom; (b) a self-consistent field tolerance of 1 × 10
-6

 eV/atom; (c) a maximum 

displacement tolerance of 1.0 × 10
-3

 Å; (d) a maximum force tolerance of 0.03 eV/ Å. Tests on the 

stability of the structure and the relative energies with the increasing of the accuracy of the parameters 

were performed, which justified the selection of these parameters. All slab models were separated by a 

vacuum space of 20.0 Å to avoid the interactions beween the Ca atom and the images of the slab in the 

neighboring cells, as it is reported that vacuum space larger than 10 Å is enough to avoid the 

interactions[27]. The atoms in the bottom layer of the rutile crystal surfaces were fixed while the Ca 

atom and the upper atomic layer of the rutile crystal surfaces were fully relaxed during the 

optimization process in all of the calculations so as to reduce computational cost[28, 29]. The 

adsorption energy of the Ca ion on the rutile crystal surface was calculated according to the equation 1: 

Eads = E (Ca+TiO2surface)-(ECa+ETiO2 surface)                               (1) 

Where ETiO2 surface is the energy of the clean TiO2 surface, ECa is the energy value of a Ca atom, 

and E(Ca+TiO2surface) is the total energy of adsorbed Ca on the TiO2 surface. In this paper, ECa was 

calculated by computing the total energy of a large unit cell with a single Ca atom in the middle. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Bulk and surface properties 

3.1.1 Bulk properties 

To ensure the validity of the computational results, the calculated bulk lattice constants and 

surfaces energies were compared with data of other literatures. The lattice constants predicted in this 
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paper are a = 4.593 Å and c = 2.959 Å for rutile, which are in good agreement with the experimental 

values(a = 4.594 Å and c = 2.958 Å)[9]. The lattice parameters of R (110) and R (101) surface slab 

used in our computations were compared with those of other published literatures [27], demonstrating 

that the parameters of our surface slabs of both R (110) and R (101) were accurate and suitable for the 

Ca
2+

 adsorption calculation. 

There are two kinds of titanium atoms[30] existed in the R (110) (Fig. 3a and Fig. 3b). First, a 

fivefold (5f) pentacoordinated titanium atom, which is under coordinated relative to its bulk structure 

(noted Ti5f). Second, a sixfold (6f) titanium atom, which is under coordinated relative to the surface 

bridging oxygen atoms (noted Ti6f). Two kinds of oxygen atoms exhibited in R (110), one is 

prominent from the surface around 1Å and is only doubly coordinated (noted Ob for “bridging” 

oxygen), another is localized in the surface plane and is threefold coordinated (noted Os for “surface” 

oxygen). 

The R (101) (Fig. 3c and Fig. 3d) is the third face naturally existed in rutile powder [25]. There 

are two kinds of atoms existed in R (101) surface. First, a twofold oxygen atom with two different Ti–

O bond lengths, noted O(2f); second, a fivefold (5f) pentacoordinated titanium atom, noted Ti(5f). 

 

 
Figure 3. a) Top view of R (110) after geometric optimization. b) Side view of (a). c) Top view of R 

(101) after geometric optimization. d) Side view of (c). Ca, green; H, white; Ti, grey; O, red. 

The color code in the following figures remains the same. 
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3.1.1 Surface properties 

The surface energies of our slab models were calculated via equation (2),  

)2/()( SENEE bulkslabsurf                                           (2) 

where Ebulk is the reference energy for a TiO2 unit in bulk phase and Eslab is the total energy of 

the supercell, S is the surface area of one side of the slab depending on the considered face and N is the 

number of TiO2 units in the supercell. All atomic positions were able to relax during calculations. The 

surface energy of R (110) was 0.74 J/m
2
 and 1.11 J/m

2
 for R (101), which were in good agreement 

with the results calculated from GGA in the literature(0.73[27], 0.81 [31] in J/m
2
 for R (110), 1.03[25] 

in J/m
2
 for R (101)). 

 

3.2 The effect of hydroxyl group in the Ca
2+

 adsorption 

A large body of literature work [32-36] suggested that there were two features existed in the 

HA nucleation mechanism. The first feature is that the initial step of the nucleation process is the 

deposition of Ca
2+

 onto the substrate and then the deposition of phosphate groups with formation of a 

calcium phosphate phase. The second feature is that the Ca
2+

 deposition is only possible in the 

presence of hydroxyl groups on the substrate surface[10, 15]. Recently, a series of theoretical  and 

experimental investigations have demonstrated the importance of hydroxyl groups in the nucleation 

mechanism of apatite[11, 15, 35, 37], and the pretreatments of the surface leading to the binding of 

hydroxyl groups on the ceramic are effective to induce formation of a stable apatite layer. Therefore, 

the effect of hydroxyl groups during the Ca
2+

 adsorption process was studied via theoretical and 

experimental method in this study. 

 

3.2.1 Theoretical study on the effect of hydroxyl groups on the Ca
2+

 adsorption 

Two types of R (110) and R (101) surface slab models were presented in this work: the 

hydroxylated surfaces and the bare surfaces in order to investigate the effect of hydroxyl groups during 

the adsorption process. The bare R (110) and bare R (101) surface models were presented in Fig. 3, the 

hydroxylated R (110) and hydroxylated R (101) surface models were given in Fig. 4, the models of 

Ca
2+

 adsorption on hydroxylated R (110) and hydroxylated R (101) surfaces were presented in Fig. 5. 

The atoms of hydroxylated surfaces that used in the calculations were presented in Fig. 6. Two 

optimization processes were executed for Ca
2+

 adsorption on all surface models (bare surfaces and 

hydroxylated surfaces) .Firstly, an optimization process for the original surface models to obtain an 

equilibrium state; Secondly, the Ca atoms were added on the pre-optimized surfaces followed by a new 

optimization process so as to obtain the final equilibrium state. The models shown in Figs. 3, 4, 5 are 

in equilibrium after geometric optimization. The adsorption energy of Ca
2+

 on different R (110) and R 

(101) surfaces were presented in Table 1. All values of the adsorption energy calculated in this study 

were negative as Table 1 presented. The results indicated that all four surfaces can induce Ca 

adsorption and the ability of rutile surfaces to induce Ca adsorption, including the bare rutile surfaces 
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(surfaces without any modification), is consistent with previous reports[38, 39]. It is obvious that the 

absolute values of adsorption energy of Ca
2+

 on bare R (110) or hydroxylated R (110) were higher than 

that on bare R (101) or hydroxylated R (101) respectively, which means the adsorbed structures of 

Ca
2+

 on bare R (110) or hydroxylated R (110) are more stable than that of Ca
2+

 on bare R (101) or 

hydroxylated R (101). 

 

 
 

Figure 4. a) Side view of the hydroxylated R (110) after geometric optimization. b) Top view of (a). c) 

Side view of the hydroxylated R (101) surface after geometric optimization. d) Top view of (c).  

 
Figure 5. a) Top view of Ca

2+
 adsorption model on hydroxylated R (110) surface. b) Side view of (a). 

c) Top view of Ca
2+

 adsorption model on hydroxylated R (101) surface. d) Side view of (c). 
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Figure 6. a) The labels of the atoms used in the calculation for hydroxylated R (110) surface. b) The 

labels of the atoms used in the calculation for hydroxylated R (101) surface. 

 

Table 1. Adsorption energy between different R (110) and R (101) surfaces and the Ca atom (unit:eV) 

 

Substrates E(Ca+TiO2Surface) ETiO2surface ECa Eads 

Bare R(110)  -19970.71 -18967.66 -999.52 -3.53 

Bare R(101) -29010.84 -28008.11 -999.52 -3.21 

Hydroxylated R(110) -13404.65 -12401.52 -999.52 -3.62 

Hydroxylated R(101) -20964.65 -19961.79 -999.52 -3.33 

 

The analyses of the electronic density of state (DOS) were carried out so as to investigate the 

bonding details of the adsorbed Ca
2+

 on hydroxylated R (110) and hydroxylated R (101) surfaces.  

 

 
 

Figure 7. DOS(TDOS，PDOS) of the Ca
2+

 adsorption on hydroxylated R (110) surface. 
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Figure 8. DOS(TDOS，PDOS) of the Ca
2+

 adsorption on hydroxylated R (101) surface. 

 

The partial density of states (PDOS) and the total density of state (TDOS) of Ca
2+

 adsorption 

on hydroxylated R (110) and R (101) were presented in Fig. 7 and Fig. 8. The TDOS and PDOS of all 

the atoms of R (110) and R (101) have similar shapes. In both situations, the antibonding states above 

the Fermi level mainly comes from Ca4s and Ti3d and partially from H1s in the energy range of 0–2 

eV. There are overlapping peaks existed between the PDOS of the Ca2p and O2s, as well as the PDOS 

of the Ca3d and O2p. There may be substantial hybridization existed between the Ca3d and O2p[14]. 

The DOS results of both situations demonstrated that the main bonding occurs between Ca and O. 

In order to demostrate the electron transfers and interactions among different atoms during Ca
2+

 

adsorption on R (110) and R (101) surfaces, the population analysis was performed using a projection 

of the plane wave states onto a localized basis set. The Mulliken formalism[40] was used to analyze 

the projected states. The overlapping populations between the Ca atoms and O atoms on both 

hydroxylated R (110) and hydroxylated R (101) surfaces were presented in Table 2. A large positive 

value indicates a bonding state between the Ca and O atoms; a large negative value indicates an 

antibonded state between them; a value close to zero indicates that there is no significant interaction 

between the electron populations of the Ca and O atoms[41]. In the case of Ca
2+

 adsorption on 

hydroxylated R (110) surface, the values of overlapping populations between Ca and O3 or O11 were 

found to be relatively high (two bonds with the same population of 0.18), indicating a weakly 

covalence in the bonds between O3–Ca and O11–Ca. On the other hand, the overlapping populations 

between Ca and H were found to be -0.01 ~ -0.03, indicating that they were in an antibonded state. In 

the case of hydroxylated R (101) surfaces, there were strong bonds between the O and Ca atoms too. 

The overlapping population between O10 or O13 and Ca were 0.16 and 0.14, respectively, There also 

existed antibonding interactions between H and Ca with the value of overlapping population in the 
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range of -0.01 ~ -0.04. The detailed population results were presented in table 2. The results 

demonstrate that the bond between O and Ca is the main factor of Ca
2+

 adsorption, it also reveals that 

there are stronger Ca-O bond on hydroxylated R (110) surface (two bonds with the same population of 

0.18) than that on hydroxylated R (101) surface (one bond with population of 0.16 and the other of 

0.14). 

 

Table 2. The bond population and the distances of atoms on the hydroxylated R(110) and R(101) after 

Ca
2+

 adsorption 

 

Surface Bond bond population Distance(Å) 

R(110)OH O 11 --  Ca 0.18 2.17 

R(110)OH O 3 --   Ca 0.18 2.20 

R(110)OH O 1 --   Ca 0.07 2.37 

R(110)OH O 9 --   Ca 0.04 2.46 

R(110)OH O 13 --  Ca 0.04 2.39 

R(110)OH H 1 --   Ca -0.03 2.85 

R(101)OH O 10 --  Ca 0.16 2.13 

R(101)OH O 13 --   Ca 0.14 2.20 

R(101)OH O 4 --   Ca 0.09 2.22 

R(101)OH H 1 --   Ca -0.02 2.31 

 

3.2.2 Experimental study on the effect of hydroxyl groups on the Ca
2+

 adsorption  

The hydroxyl groups play a crucial role in the adsorption of calcium, and the following apatite 

nucleation. In this study, ICP/OES method is used to analyze the changes of Ca
2+

 concentration during 

the adsorption process. The pH value of the CaCl2 aqueous solution was measured by a PHS-3C pH 

meter (Rex Instrument Factory, Shanghai, China). All samples were immersed in calcium chloride 

aqueous solution at 37ºC in a shaking bath. In Order to investigate the effect of hydroxyl group on the 

Ca
2+

 adsorption, calcium chloride aqueous solution with the same Ca
2+

 concentration and pH value as 

blood plasma (2.5 × 10
-3

 mol/L for Ca
2+

 concentration[42], pH about 7.4[43, 44]) was used in the 

immersion test. The Ca
2+

 concentration values of the calcium chloride aqueous solution during the 

immersion were presented in Fig. 9 (dashed lines with pH 7.4). After 6 hours of immersion, the Ca
2+

 

concentration of the solution with AOS2M was slightly lower than that with AOS250; After 12 hours 

and 24 hours immersion, it can be clearly observed that the Ca
2+

 concentration of the solution with 

AOS2M was lower than that with AOS250; demonstrating that the AOS2M sample has stronger Ca
2+

 

adsorption ability than that of AOS250, and (110) orientated sample has better Ca
2+

 adsorption ability 

than that of (101) orientated sample. 

 

3.3 The effect of pH values in the Ca
2+

 adsorption 

It is reported that the adsorption of Ca
2+

 should be favored by raising the pH value of the 

solution[15] because of the increase of the hydroxyl groups in the solution. To investigate the effect of 
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pH values in the Ca
2+

 adsorption, two types of calcium chloride aqueous solution with different pH 

values were prepared. Both types of solution had the same Ca
2+

 concentration as blood plasma as 

reported in the literatures[45]. Solution one was prepared by dissolving calcium chloride in double 

distillated water and pH value was about 5.6. Solution two was prepared by dissolving calcium 

chloride in double distillated water and then Ca(OH)2 solution was used to raise the pH of the solution 

to about 7.4. The Ca
2+

 concentration values of both types of solution during the immersion test were 

presented in Fig. 9. It can be observed that in the solution of pH 5.6, the Ca
2+

 concentration of the 

solution with AOS2M is lower than that with AOS250 after 6 h, 12 h and 24 h immersion. Moreover, 

there was obviously more Ca
2+

 existed in solution one (with pH about 5.6) compared with that in 

solution two (with pH about 7.4) after 6 h, 12 h and 24 h immersion, confirming that raising the pH 

value of the solution is favor of the adsorption of Ca
2+

 on both (110) and (101) planes of rutile films.  

 

 
 

Figure 9. Ca
2+

 concentration of the CaCl2 aqueous solution during the immersion. 

 

 

 

4. CONCLUSIONS 

Theoretical calculations demonstrate that the calcium ions adsorption ability on hydroxylated R 

(101) and hydroxylated R (110) surfaces are different from on bare R (101) and R (110) surfaces: the 

adsorption ability of calcium ions on hydroxylated R (110) surface is stronger than hydroxylated R 

(101) surface because of stronger Ca-O bond, which may result from the existence of hydroxyl groups. 

Experimental results demonstrate that in the calcium chloride aqueous solution with pH 7.4, there were 

more Ca ions adsorbed onto R (110) surface than that of R (101) surface after 6 h, 12 h and 24 h 

immersion. The pH value has a positive effect on the Ca
2+

 adsorption in chloride aqueous solution. 

These experimental and theoretical results determine that with the existence of hydroxyl groups, R 
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(110) surface demonstrates better Ca
2+

 adsorption ability than that of R (101) surface, which might 

accelerate the HA deposition speed on rutile titanium dioxide substrate. 
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