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a b s t r a c t

We experimentally and theoretically evaluated the effect of Ti substitution in hydroxyapatite (HAP) on
the band gap. For samples, we used 10 mol% of Ti-substituted HAP (Ti-HAP) and normal HAP powder,
synthesized by the co-precipitation method, with typical anatase-TiO2 photocatalytic powder. The Ti-
HAP and HAP powder showed a hexagonal apatite structure by X-ray diffraction. The experimentally
obtained optical band gap energies of Ti-HAP, HAP and TiO2 powder measured by diffuse reflectance
spectroscopy were 3.65 eV, >6 eV, and 3.27 eV, respectively. Depending on total energy evaluation and
eywords:
hotocatalysis
and gap
irst principles
itanium substitution
ydroxyapatite

structure optimization by the first principle density functional calculation, the Ti position in the apatite
structure was predicted to be at columnar, Ca(I), site with a Ca(I) site deficiency. In Ti-HAP, Ti 3d orbital
hybridized with O 2p orbital and formed an internal state in the HAP band gap. It caused absorption-edge
lowering of Ti-HAP. Based on the band structure, we proposed a photocatalytic model of Ti-HAP as a two-
step excitation model. Moreover, acetaldehyde gas decomposition of Ti-HAP by UV with VIS irradiation
appeared to be enhanced compared with when UV irradiation alone was used. We confirmed the validity
of the proposed model.
. Introduction

Hydroxyapatite (HAP) is one of the primary constituents of the
iological hard tissues, and has been of interest in the industrial,
edical and dental fields. Synthetic HAP finds many applica-

ions as an adsorbent for chromatography to separate protein
nd enzymes, a catalyst for dehydration and dehydrogenetion of
lcohols, methane oxidation, and artificial teeth and bones [1–6].
erfect HAP crystal is a monoclinic-type compound. However, typ-
cal HAP, which has a lattice deficiency, is a hexagonal-type ionic
ompound that has the P63/m space group, with 44 atoms per unit
ell. The chemical formula of HAP is Ca10(PO4)6(OH)2. The Ca ions
re separated into two inequivalent sites, one is a columnar site
long the c axis [hereafter, “Ca(I)”], and the other is located around
H [hereafter, “Ca(II)”] [1]. Since HAP has a complicated structure,
any kinds of cations can be induced into the apatite crystal struc-

ure. Therefore, substituting cations in HAP can be done easily. Up to

ow, numerous cations were examined to substitute Ca ions in HAP
7–9]. On the other hand, Wakamura et al. prepared Ti-substituted
ydroxyapatite (Ti-HAP), in which the Ca ions had been substituted
y 10 mol% of Ti ions, and reported that Ti-HAP showed photocat-

∗ Corresponding author. Tel.: +81 46 250 8166; fax: +81 46 250 8235.
E-mail address: mtsukada@labs.fujitsu.com (M. Tsukada).

381-1169/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.01.017
© 2011 Elsevier B.V. All rights reserved.

alytic activity for near ultraviolet (UV) light, similar to anatase-TiO2
[10]. As for the photocatalytic properties of HAP, Nishikawa et al.
have reported the generation of •OH and O2

•− radicals on HAP
after heat treatment at 200 ◦C and UV irradiation, and indicated the
photocatalytic decomposition of methyl mercaptane and dimethyl
disulfide under UV irradiation [11–16]. However, they were using
a deep UV (254 nm) light source for the irradiation. Such phenom-
ena require higher photon energy than does Ti-HAP. Therefore, the
photocatalytic activity of Ti-HAP seems to be a new phenomenon
caused by Ti substitution of HAP.

After the paper by Wakamura et al., several papers were pub-
lished concerning Ti substitution in HAP and the photocatalytic
activity of Ti-HAP [17–20]. However, precise structural analysis has
not been performed for Ti-HAP, so that the location of the Ti ion
in the apatite structure is not yet clear. Moreover, band gap eval-
uation of Ti-HAP, which is very important for understanding its
photocatalytic properties, has not been done yet either. Few studies
have been conducted to evaluate the band gap of apatite materials
including HAP. In one paper, the band gap of HAP was reported to
be 3.95 eV by photoluminessence measurement [21]. Recently, the

number of studies related to the electronic structures of HAP by first
principles calculations using the density functional theory (DFT)
has been gradually increasing [22–32]. In some of these papers,
the band gap of HAP was calculated and reported to be around
4.51–5.4 eV [23–25]. However, these values are larger than the

dx.doi.org/10.1016/j.molcata.2011.01.017
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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xperimental value of the band gap which was reported in Ref. [21].
n general, it is well known that a DFT calculation underestimates
he value of the band gap compared with the true band gap. There-
ore, it is impossible to interpret the band gap related electronic
tructure of HAP by depending on the experimental and theoret-
cal results that have been obtained up to now. Moreover, there
ave been no studies conducted, either theoretically and experi-
entally on Ti-HAP, which is the target of this study. As a result,

he photocatalytic mechanism of Ti-HAP remains unclear.
In this study, we evaluated the band gap of Ti-HAP both exper-

mentally and theoretically. At first, we confirmed the crystal
tructure of Ti-HAP to be a hexagonal structure, to determine the
ase model structure for the first-principles calculations. Next,
e experimentally measured the band gap and calculated the

lectronic structure by using the first-principle density functional
heory (DFT) method. Moreover, we proposed a photocatalytic

odel of Ti-HAP. Lastly, we experimentally evaluated the photo-
atalytic activity of Ti-HAP to confirm our photocatalytic model. In
ddition, we also evaluated HAP and anatase-TiO2 in the same way
o compare and understand the photocatalytic properties of Ti-HAP.

. Experimental and computational procedure

.1. Materials, crystal structure and band gap evaluation

We obtained the HAP and Ti-HAP powders from Taihei Chem-
cal Industrial Co. Ti-HAP was prepared experimentally based on
ef. [10]. The anatase-TiO2 powder (ST-21) we used is a product
f Ishihara Sangyo Kaisha Ltd. Ti-HAP powder, in which 10 mol%
f Ca was substituted by Ti, was synthesized using the typical co-
recipitation method in the similar way of HAP. Both HAP and
i-HAP were calcined at 650 ◦C in 1 h by the authors. The details
f the Ti-HAP preparation are described in Ref. [10]. The particle
ize of all materials was less than 100 nm. The crystal structures of
he prepared HAP and Ti-HAP powders were identified by the X-ray
iffraction (XRD) method (RINT 1500, Rigaku) using Cu K� radiation
60 kV, 200 mA). The band gap energy was evaluated with diffuse
eflectance spectra using a UV–VIS spectrophotometer with an
ntegrating sphere (UV-3101PC, Shimazu). The wavelength range

as 200–2500 nm. The reflection spectra were measured and trans-
ormed into an absorption coefficient using the Kubelka–Munk
unction, and the value of the band gap was determined by extrap-
lation.

.2. Structure model and computational method

The electronic structure of Ti-HAP, HAP and anatase-TiO2 was
valuated using a first principles pseudopotential calculation via
he DFT method by using the Advance/PHASE code [33]. The gen-
ralized gradient approximation functional of Perdew, Burke, and
rnzerhof was used to calculate the exchange-correlation energy
34]. The wave function was expanded in a plane wave basis set up
o an energy cutoff of 500 eV. Integration over the Brillouin zone
as performed using the Monkhorst-Pack method with a 2 × 2 × 3
esh. For geometrical optimization, all atoms were allowed to

elax until their forces converged to less than 5 × 10−4 hartree/bohr
0.026 eV/Å). Furthermore, the total and projector density of states
DOS) was calculated using the tetrahedron method for integration
ver the Brillouin zone with a 4 × 4 × 6 mesh. The lattice parameter
nd bond angle of HAP and Ti-HAP were defined as a = b = 9.4172 Å,

= 6.8799 Å, ˛ = ˇ = 90◦, and � = 120◦, respectively. In the case of
natase-TiO2, the lattice parameter was defined as a = b = 3.7845 Å,
= 9.5413 Å, ˛ = ˇ = � = 90◦, and the k point mesh was set to 8 × 8 × 4.
ther parameters for calculations were same as those of HAP and
i-HAP.
Fig. 1. XRD patterns of HAP and Ti-HAP powders. Inset shows enlarged diffraction
patterns between 2� of 35–39.5◦ . The arrows in the inset indicate the peak position
of the monoclinic phase.

2.3. Photocatalytic activity for acetaldehyde gas decomposition

The photocatalytic activity was estimated from the decomposi-
tion of acetaldehyde vapor under UV, VIS and UV + VIS irradiation.
The light source was Xe lamps (LA-251Xe, Hayashi Watch Works
Co., Ltd.). The UV light (1.25 mW/cm2) was obtained by cutting
VIS with a color filter (UV-D36A, Asahi-Glass Co., Ltd.). VIS light
(36,200 lux) was also obtained by cutting UV with a color filter
(Y-43, Asahi-Glass Co., Ltd.). Moreover, UV + VIS light was made
by mixturing the above-mentioned UV and VIS light. The sam-
ple weight was decided on by adjusting the surface area of the
sample powders to a constant value of 85.5 m2 using the BET
(Brunauer–Emmett–Teller) method. The samples were allowed to
settle at the bottom of a 500 cm3 cylindrical glass vessel sealed
with a quartz top plate with 5 mm thick, using an O-ring. A mixed
gas (N2, 80%; O2, 20%) was introduced into the vessel through the
gas inlet to replace the air with the mixed gas, and then acetalde-
hyde vapor was injected into the vessel to obtain 1% acetaldehyde
concentration of initial atmosphere in the vessel. The vessels were
kept in a dark environment until an adsorption equilibrium was
achieved. Then, the sample powders were irradiated for 3 h. The
concentration of CO2 in the vessel was measured every 1 h with a
0
750650550450350250

Wavelength (nm)

Fig. 2. Diffuse reflectance spectra of HAP, Ti-HAP and anatase-TiO2 powders.
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ig. 3. Estimated Ti-HAP unit cell structures: (a) Ti-substituted Ca(I), (b) Ti-substitu
nd the dashed circles indicate the possible Ca-deficient positions.

. Results and discussions

.1. XRD patterns and band gap of HAP and Ti-HAP

The XRD patterns of HAP and Ti-HAP powders are shown in
ig. 1. The inset in Fig. 1 shows enlarged diffraction patterns
etween 2� of 35.0–39.5◦. Both powders were revealed to be a sin-
le phase of an apatite structure. And in Ti-HAP, no TiO2 phase was

ormed during synthesis. The arrows in the inset indicate the peak
osition of the monoclinic phase of HAP [22]. No monoclinic related
eak appeared. Therefore, both HAP and Ti-HAP have a hexagonal
tructure.
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Fig. 4. Density of states: (a) Ti-HAP [Model-3], (b) Ti-HAP [Model-6
a(II) visualized by using VESTA [35]. The solid line indicates the solid line unit cell,

Diffuse reflectance spectra of HAP, Ti-HAP and anatase-TiO2
powders are shown in Fig. 2. The reflection edge wavelength of
Ti-HAP was smaller than that of anatase-TiO2. On the other hand,
the reflection edge of HAP was out of our measurement range. In
the case of anatase-TiO2, the reflection in the VIS range was imper-
fect and there seemed to be small absorption in the VIS range. The
measured band gap energies, which were obtained from the diffuse
reflection spectra, are listed in Table 1. Since the measured band gap

energy of TiO2, 3.27 eV, was similar to a generally known value of
3.2 eV [35], this measurement seems to be reliable. The measured
band gap energy of HAP was greater than 6 eV. This means that the
band gap of HAP exceeds the measuring limit of the equipment.
Since the DFT-calculated band gaps of HAP reported in references
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], (c) HAP, and (d) anatase-TiO2. 0 eV indicate the Fermi level.
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Fig. 5. Optimized unit cell structure of Ti-HAP visualized by VESTA [35]: (a) Model-3, (b) Model-6.

Table 1
Band gap energy of HAP, Ti-HAP and anatase-TiO2 measured by diffuse reflectance
spectroscopy.

Materials Band gap energy (eV)

w
g
b
b
T
i
t
r

3

i
m

F

Table 2
Calculated total energy and band gap energy of estimated Ti-HAP structures.

Structure Ti position Ca deficient Total energy (Ry) Band gap (eV)

Model-1 Ca(I) Ca(II) −697.3991 1.94
Model-2 Ca(I) Ca(II) −697.4000 1.82
Model-3 Ca(I) Ca(I) −697.4065 2.74
Model-4 Ca(II) Ca(I) −697.3809 1.94
HAP >6
Ti-HAP 3.65
Anatase-TiO2 3.27

ere around 4.51–5.4 eV as mentioned above, our measured band
ap is quite reasonable, considering the underestimation of the
and gap energy produced with the DFT calculation. The measured
and gap energy of Ti-HAP was 3.65 eV. This is larger than that of
iO2; however, it appears that Ti-HAP exhibits photocatalytic activ-
ty in the near-ultraviolet region. It was reported in Ref. [10] that
he photocatalytic activity of Ti-HAP was lower than TiO2, and the
esults of this study seem to confirm the contents of Ref. [10].
.2. Calculated band gap and density of states

At first, we started calculation of Ti-HAP depending on the chem-
cal formula of Ca9Ti(PO4)6(OH)2 defined in Ref. [10]. However, it

ay be impossible to maintain the charge neutrality by only sub-
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ig. 6. Total and projector DOS of Ti-HAP [Model-3]; 0 eV indicate the Fermi level.
Model-5 Ca(II) Ca(II) −697.3918 1.80
Model-6 Ca(II) Ca(II) −697.4252 2.95

stituting Ca2+ with Ti4+. Accordingly, there was a possibility of a
Ca deficiency existing at the nearest neighboring position of the
Ti atom. We therefore defined the chemical formula of Ti-HAP as
Ca8Ti(PO4)6(OH)2. Moreover, it was difficult to determine the Ti
position simply, because the Ca ion can easily be exchanged with
various cations [7–9]. Zhu et al. evaluated the occupation of the
metal ion in HAP and concluded that ions with a larger radius and
larger electronegativity than the Ca ion seemed to occupy the Ca(II)
site [36]. Ti has a larger electronegativity than Ca. However, its ionic
radius is smaller. Therefore, it seems possible that Ti can occupy
both the Ca(I) and Ca(II) site. Six Ti-HAP structure models were then
premised as shown in Fig. 3 visualized with VESTA software [37].
Fig. 3(a) shows Ti-substituted Ca(I) site, and three capable Ca defi-
cient positions are indicated with the dashed circles from Model-1
to -3. In Fig. 3(b), the Ti-substituted Ca(II) site and Ca deficient are
indicated as Model-4 to -6 in the same manner in Fig. 3(a).

The total energy and band gap energy in the six premised struc-
tures are listed with the Ti and Ca-deficient position in Table 2.
Among the structures in which Ti was substituted in the Ca(I) site,
Model-3 shows the lowest total energy and seems to be the most
stable. With the Ca(II)-substituted structure, Model-6 seems to be
the most stable. Therefore these two models seem to be possi-
ble Ti-HAP structures. The above-mentioned two structures have
band gap energies of 2.74 and 2.95 eV, respectively. The calculated
band gap of anatase-TiO2 was 2.23 eV, which was similar to the
value shown in Refs. [38–40]. The band gap of Model-3 and Model-
6 is larger than that of the theoretically calculated anatase-TiO2.
This relative tendency of variation is similar with the experimen-
tal results shown in Table 1. The DOS of the Model-3 and Model-6
structures of Ti-HAP are shown in Fig. 4(a) and (b) compared with
HAP and anatase-TiO2 [Fig. 4(c) and (d)]. Although the band gap
energy of HAP was 4.95 eV in Fig. 4(c), new states were formed in
between the valence band and the conduction band when Ti were

substituted into HAP as shown in Fig. 4(a) and (b) of Ti-HAP. These
states decreased the band gap energy and seemed to contribute to
the absorption edge increasing to near UV range.
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The optimized unit cell structures of Ti-HAP, Model-3, and
odel-6, are shown in Fig. 5. In Model-6, two OH ions were dis-

ocated and formed one H2O molecule and one oxygen atom. It is
ossible for crystallohydrate to exist on the surface of Ti-HAP. How-
ver, when considering the heat treatment at 650 ◦C, it does not
eem to be a real hydroxyapatite-based structure, which has H2O
olecule in all unit cells after heat treatment. Therefore, Model-
seems to be the most appropriate structure of photocatalytic

i-HAP.
Fig. 6 shows the total and projector DOS of O 2p and Ti 3d orbital

f Model-3. The DOS of O 2p indicates the sum of DOS from the nine
earest neighboring O atoms around the Ti atom. Ti 3d and O 2p

orm a hybrid orbital. However, since these states were very nar-
ow, the hybrid orbital was caused by weak covalent bonding of the
i atom and O atoms. Such hybrid orbital seems to reduce the band
ap energy and photo-absorption edge of Ti-HAP compared with
AP. However, the hybrid orbital does not exist in the conduction
and. Therefore, photocatalytic activity may not occur only with
ingle photon absorption.
Following on from the above discussion, in Ti-HAP, a scenario of
hoto-induced excitation is considered as follows: the electron in
he valence band can be excited to hybridized states by absorption
f the near UV photon and then subsequently excited to the con-
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ig. 8. Photocatalytic activity of (a) Ti-HAP and (b) anatase-TiO2 powder; decomposition
IS cut (≥400 nm), Quantity of light: UV: 1.25 mW/cm2, VIS: 36,200 lux.
f (a) Ti-HAP and (b) anatase-TiO2.

duction band by absorption of an additional photon. The schematic
model of this scenario is shown in Fig. 7 with the anatase-TiO2
model. In consideration of Fig. 7(a), we anticipated that it would be
possible for the second excitation to occur with the absorption of
the VIS photon.

3.3. Photocatalytic activity for acetaldehyde gas decomposition
by UV and VIS

To confirm the above discussed photocatalytic model and expec-
tation of Ti-HAP, we evaluated acetaldehyde gas decomposition
with UV and VIS light. The results are shown in Fig. 8. CO2 concen-
tration resulting from acetaldehyde gas decomposition of Ti-AHP
was smaller than that of anatase-TiO2. This is because, as shown in
Table 1, the band gap of Ti-HAP is larger than that of anatase-TiO2.
Moreover, the band gap of Ti-HAP exceeded the range of VIS. There-
fore, almost no decomposition had occurred through irradiation of
VIS in Fig. 8(a). However, both UV and VIS were irradiated simul-

taneously on Ti-HAP, and the CO2 concentration resulting from the
gas decomposition increased and exceeded that when UV irradia-
tion alone was applied.

As Fig. 8(b) indicates, anatase-TiO2 also shows additional gas
decomposition by UV + VIS irradiation compared with UV irradia-

432104
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UV+VIS

VIS

Time (h)

(b) anatase-TiO2
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of acetaldehyde to CO2 by photo irradiation. Band pass filters: UV cut (≤420 nm),
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ion alone. The anatase-TiO2, evaluated in this study, showed an
ncrease in the CO2 concentration through irradiation of VIS. It
eems that, as shown in Fig. 2, reflection of anatase-TiO2 in the VIS
rea was smaller than that of Ti-HAP and HAP. Then, it may be pos-
ible for small acetaldehyde gas decomposition to occur through
IS irradiation to anatase-TiO2. Therefore, the photocatalytic phe-
omenon of Ti-HAP by UV + VIS irradiation seems to be different

rom that of anatase-TiO2.
Depending on the above results and discussion, our estimated

tomic structure and photocatalytic model of Ti-HAP seems to be
onfirmed. However, in this study, the adapted atomic structure
f Ti-HAP was premised only with DFT calculations, and so it is
mportant to determine the Ti position in Ti-HAP experimentally.
xperimental efforts to identify Ti positions are being conducted
sing the neutron diffraction technique and X-ray absorption fine
tructure (XAFS) analysis.

. Conclusions

In summary, we evaluated the band gap of Ti-HAP experi-
entally and theoretically in comparison with anatase-TiO2. The

xperimental band gaps of HAP, Ti-HAP, and anatase-TiO2 were
reater than 6 eV, 3.65 eV, and 3.27 eV, respectively. The DFT-
alculated band gaps of HAP, Ti-HAP, and anatase-TiO2 were
.95 eV, 2.74 eV, and 2.23 eV, respectively. By comparing optimized
nit cell structures, in Ti-HAP, Ti seems to substitute the Ca(I) site
ith the Ca(I) site deficient. In Ti-HAP, Ti 3d orbital hybridized with

he O 2p orbital and formed a lower state in the HAP band gap.
t caused the absorption-edge lowering of Ti-HAP. The photocat-
lytic activity of Ti-HAP was enhanced with UV + VIS irradiation
ompared with only UV irradiation.
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