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27First-principles calculations were performed for CO3
2� ions in hydroxyapatite in order to investigate the

28atomic structures and thermodynamic stability of CO3
2� and its related defects. Two different chemical

29equilibrium conditions in high-temperature and aqueous-solution environments were considered, and
30atomic and ionic chemical potentials for the individual chemical equilibrium conditions were evaluated
31to calculate defect formation energies. It was found that A-type CO3

2� (substituting OH�) is energetically
32more favorable than B-type CO3

2� (substituting PO4
3�) in the high-temperature environment, whereas

33B-type is preferred to A-type in the aqueous solution environment. This result successfully reproduces
34experimentally observed trends. In the formation of A-type and B-type CO3

2�, OH� vacancies or protons
35(interstitial or substitutional) act as charge-compensating defects.
36� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
37

38

39

40 1. Introduction

41 Human bones are composed of organic collagen fibers and inor-
42 ganic hydroxyapatite (Ca5(PO4)3OH, HAp) crystals. The inorganic
43 component of biological HAp contains a variety of trace ions in
44 the crystal lattice, which have a close relationship with the biolog-
45 ical properties of HAp such as solubility and biocompatibility. Of
46 the trace ions in HAp, carbonate ions (CO3

2�) are most abundant,
47 and it is thus important to understand the physical and chemical
48 properties originating from the CO3

2� present in HAp.
49 According to previous experiments, it was reported that there are
50 two possible locations of CO3

2� in HAp, the hydroxyl-group (OH�)
51 site and the phosphate-ion (PO4

3�) site. Conventionally, the former
52 case (OH� substitution) is termed A-type substitution, while the
53 latter is B-type substitution. Which of these two types of CO3

2�

54 substitution is preferred is dependent on the synthesis processes
55 used. For instance, when HAp is produced by high-temperature pro-
56 cesses such as solid-state reactions and subsequent sintering, CO3

2�

57 tends to be situated at OH� sites (A-type substitution). On the other
58 hand, low-temperature synthesis processes involving solution
59 reactions result in CO3

2� ions at PO4
3� sites (B-type substitution).

60 Biological HAp mainly contains B-type substituted CO3
2�.

61Since CO3
2� has a planar triangular shape and substitutes OH�

62ions or tetrahedral PO4
3� ions, the two different types of CO3

2� sub-
63stitution may strongly affect the crystallinity of HAp and its resul-
64tant solubility. Therefore, it is necessary to understand the detailed
65atomic structure around CO3

2� in HAp. For this purpose, experimen-
66tal structural analyses of carbonated Hap have been performed by
67using X-ray and neutron diffraction with Rietveld analysis and Fou-
68rier transform infrared (FTIR) spectroscopy [1–7]. In the case of A-
69type substitution, X-ray diffraction and FTIR spectroscopy revealed
70that the triangular plane of CO3

2� is almost parallel to the c axis and
71its apical direction is parallel or perpendicular to the c axis [1,2].
72For B-type CO3

2�, it was reported that the positions of the CO3
2�

73plane correspond to one of the side planes of an original PO4
3�

74tetrahedron and/or normal to the c axis [3]. Carbonated HAp with
75a mixture of A- and B-type substitution was also investigated, and
76was proposed to have a different orientation of CO3

2�[4–6].
77In addition to CO3

2� atomic configurations, CO3
2� has a different

78ionic charge from OH� and PO4
3� and thus the presence of charge-

79compensating defects has to be taken into account. In order to
80address this issue, first-principles calculations are a powerful tool,
81and have already been applied for CO3

2� in HAp [8–11]. However,
82most of the previous calculations focused on CO3

2� configurations
83in individual A- or B-type substitution cases. Astala and Stott stud-
84ied A- and B-type CO3

2� substitutions using first-principles density
85functional theory (DFT) calculations [10]. The authors evaluated
86the defect formation energies for various charge-compensating
87mechanisms, and showed that CO3

2� at the PO4
3� site (B-type) with
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88 a charge-compensating proton at a Ca2+ site is energetically the
89 most stable. However, the chemical potentials used there were
90 described by a combination of chemical potentials for several
91 stable intermediate compounds. In order to investigate the depen-
92 dence of CO3

2� stability in HAp on processing conditions, it is
93 straightforward to evaluate the defect formation energies by using
94 atomic and ionic chemical potentials reflecting chemical equilib-
95 rium conditions in high-temperature and aqueous-solution
96 environments.
97 In this study, systematic first-principles DFT calculations were
98 performed for CO3

2� defects in HAp, and the defect formation ener-
99 gies under high-temperature and aqueous-solution environments

100 were evaluated. In order to investigate the effects of temperature
101 and solution pH on the defect formation energies explicitly, stan-
102 dard and temperature-activity dependent terms of atomic and
103 ionic chemical potentials for constituent elements were evaluated
104 with first-principles total energies and experimental thermody-
105 namic data. Our methodology to evaluate atomic and ionic chem-
106 ical potentials described by functions of temperature and solution
107 pH is intuitive and advantageous for revealing how the A- or B-
108 type preference of CO3

2� in HAp depends on the chemical environ-
109 ment. Based on the results, the physical and chemical origins of A-
110 and B-type CO3

2� substitution preference are discussed.

111 2. Computational procedure

112 2.1. Electronic structure calculations and supercell

113 All calculations in the present study were performed by the pro-
114 jector augmented wave method implemented in the VASP code
115 [12–15]. For the exchange–correlation potentials, the generalized
116 gradient approximation parameterized by Perdew, Burke and
117 Ernzerhof was used [16], and 3p64s2 for Ca, 3s23p3 for P, 2s22p4

118 for O, 1s1 for H, and 2s22p2 for C were treated as valence electrons.

119Wave functions were represented by plane waves up to a cut-off
120energy of 400 eV. For structural optimization, all atomic positions
121were optimized until all atomic forces became <0.02 eV Å�1.
122In the present study, two kinds of apatites, HAp and OAp
123(oxyapatite, Ca10(PO4)6O), were treated as host crystals with
124CO3

2�-related point defects therein. OAp is known as dehydrated
125HAp, and tends to form at high temperatures prior to the formation
126of tricalcium phosphate (TCP, Ca3(PO4)2) [17]. As noted below, this
127behavior was used to investigate the stability of CO3

2� defects in the
128high-temperature form of HAp. Fig. 1 shows the crystal structure of
129hexagonal HAp (space group P63/m) and OAp (P�6). In the case of
130HAp, OH� ions are located along the c axis (OH� column), whereas
131only O2� ions are present in the column of the OAp crystal struc-
132ture due to loss OH� and H+ ions (dehydration). Although there
133are several possibilities for the OH� arrangement in HAp, it was
134found from our previous study [18] that an arrangement of –HO–
135HO–HO– is most stable. The calculated lattice parameters of HAp
136based on structural optimization were a = 9.54 Å and c = 6.90 Å,
137and those of OAp were a = 9.59 Å and c = 6.88 Å. In both cases,
138the calculated values were in good agreement with experimental
139data [19,20]. Based on the optimized crystal structures, supercells
140were constructed by doubling the hexagonal unit cells along the c
141axis, so that the numbers of supercells for HAp and OAp were 88
142and 82 atoms, respectively. In the present supercell calculations,
143a 2 � 2 � 2 k-point mesh was used for Brillouin zone integration.
144In order to check the supercell size effect, test calculations with
145352-atom HAp supercells (2 � 2 � 2 extension of the hexagonal
146unit cell in all directions) were performed for a defect complex of
147an A-type substitutional carbonate ion and an OH� vacancy. It
148was found that the difference in formation energy between the
149smaller (88 atoms) and the larger supercell is <0.02 eV per defect,
150which indicates that the supercell size does not affect the following
151discussion and conclusions. Note that the illustrations of atomic
152structures in this paper were performed by using VESTA [21].
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Fig. 1. Schematic illustrations showing the crystal structures of (a) HAp and (b) OAp. The numbers in the figure indicate different atomic sites. HAp in (a) has two non-
equivalent Ca sites (Ca(1) and Ca(2)), one P site, four different O sites (O(1)–O(4)) and one H site, whereas OAp in (b) has four non-equivalent Ca sites (Ca(1)–Ca(4)), two
different P sites (P(1) and P(2)) and seven non-equivalent O sites (O(1)–O(7)). In addition, the PO4

3� groups are represented by the tetrahedra.
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