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Preparation of brookite-type titanium dioxide particle layer
on titanium surfaces via hydrothermal treatment and evaluation
of in vitro apatite-forming ability
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In this study, we prepared a brookite-type titanium dioxide particle layer on the surface of titanium substrates
via hydrothermal treatment in aqueous urea solutions containing sodium chloride (NaCl) and examined its
in vitro apatite-forming ability. Increasing the urea concentration suppressed the formation of anatase-type
titanium dioxide on the titanium substrate, forming a particle layer composed of pure brookite-type titanium
dioxide. The size and packing density of brookite-type titanium dioxide particles formed on the titanium sub-
strate increased with the NaCl concentration in a 7.0mol·dm¹3 urea solution. When titanium substrates hydro-
thermally treated in aqueous solutions of 7.0mol·dm¹3 urea and 2.0mol·dm¹3 NaCl were soaked in a simulated
body fluid for various periods up to 7 d, the substrate surface was densely covered with hemispherical apatite
particles (5.3¯m in diameter) within 3 d, indicating that the brookite-type titanium dioxide particle layer had an
excellent apatite-forming ability comparable to that of the anatase-type titanium dioxide particle layer.
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1. Introduction

Ti and its alloys are widely used as implant materials
in orthopedics and dentistry because of their excellent
mechanical properties, corrosion resistance, and biological
safety.1) However, titanium implant materials have low
osteoconductivity and do not easily bond with bone tis-
sue.2) Hydroxyapatite (HAp) or carbonate apatite is similar
to the inorganic components found in human hard tissues
such as teeth and bones, and spontaneously bonds to bone
tissue.3,4) Therefore, to achieve bonding of titanium-based
implants to bone tissue, it is effective to coat their surfaces
with HAp particles5) or impart an apatite-forming ability
on their surfaces.6) The combination of chemical treatment
with an acidic hydrogen peroxide aqueous solution and
heat treatment is one of the techniques used to impart the
apatite-forming ability to metallic titanium surfaces. Nano-
crystalline titanium dioxide particle layers formed on the
titanium surface using this method induce apatite nucle-

ation in simulated body fluid (SBF; Kokubo solution6)).7,8)

Polymorphs of titanium dioxide include anatase (tetrago-
nal), rutile (tetragonal), and brookite (orthorhombic).9,10)

There are many reports on the in vitro apatite-forming
ability of titanium dioxide particle layers composed of ana-
tase and rutile phases.7,8,11,12) Among the titanium dioxide
polymorphs, brookite has not been extensively studied for
biomaterials applications. Brookite-type titanium dioxide
has been synthesized via hydrothermal treatment of aque-
ous solutions of water-soluble titanium complexes13,14) or
aqueous solutions of hydrolyzed products from titanium
compounds such as titanium sulfate [Ti(SO4)2], titanium
tetrachloride (TiCl4), titanium trichloride (TiCl3), and
tetrabutyl titanate [Ti(OBu)4].15–18) It has been synthesized
via hydrothermal treatment of metallic titanium powder in
an aqueous sodium fluoride solution.19) The hydrothermal
synthesis of pure brookite-type titanium dioxide from
the various aforementioned titanium sources has been
achieved using aqueous solutions of urea14) or ammonium
hydroxide (NH4OH) in the presence of sodium chloride
(NaCl).17,18) The objectives of this study were to deter-
mine the optimal solution composition for the formation of
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brookite-type titanium dioxide particle layers on metallic
titanium substrate surfaces via hydrothermal treatment in
aqueous urea solutions with various NaCl concentrations
and to evaluate the in vitro apatite-forming ability of the
brookite-type titanium dioxide particle layers.

2. Materials and methods

2.1 Polishing and cleaning of titanium
substrates

Pure titanium (cp-Ti) disk (15-mm diameter, 1-mm
thickness, GC. Corp. Tokyo, Japan) was polished using a
water-resistant SiC polishing paper (#1000) and ultrapure
water for 6min, followed by ultrasonic cleaning three
times for 10min in acetone and once for 10min in ultra-
pure water.

2.2 Preparation of aqueous urea solutions
containing NaCl

Urea, (NH2)2CO powder (Nacalai Tesque Inc. Kyoto,
Japan) was dissolved in ultrapure water to prepare 0.5–7.0
mol·dm¹3 aqueous urea solutions. 7.0mol·dm¹3 aqueous
urea solutions were prepared by varying the concentration
of NaCl (Nacalai Tesque Inc. Kyoto Japan) from 0 to
2.0mol·dm¹3.

2.3 Hydrothermal treatment of titanium
substrates

Titanium specimens were placed in a 100-cm3 polytetra-
fluoroethylene (PTFE) cylindrical container, which was
then filled with 20 cm3 of aqueous urea solutions, and the
PTFE container was sealed in a pressure-resistant stainless
steel cylindrical container (HU-100, Sanai Kagaku Co.
Ltd. Nagoya, Japan). The sealed pressure-resistant con-
tainer was then stored in a drying oven at 180 °C for 24 h.
After hydrothermal treatment, the titanium specimens were
sonicated three times in ultrapure water for 10min.

2.4 Characterization of surface structure
The surface structures of titanium specimens after hy-

drothermal treatment were analyzed using thin-film X-ray
diffraction (TF-XRD). TF-XRD measurements were per-
formed using an X-ray diffractometer (XBPert-ProMPD,
PANalytical, Co. Ltd., Netherlands) with CuK¡ radiation
(­ = 0.15418 nm), operating at 45 kV and 40mA, in the
2ª scanning mode at an incidence angle (ª) of 1.0°. A step
size of 0.02° held at 4.00 s/step was used over the mea-
surement range of 2ª = 20–40°.

2.5 Evaluation of in vitro apatite-forming
ability

The titanium specimens were immersed in 30 cm3 of
Kokubo’s SBF, which had an ion concentration similar to
that of human blood plasma (Na+ 142.0, K+ 5.0, Mg2+

1.5, Ca2+ 2.5, Cl¹ 147.8, HCO3
¹ 4.2, HPO4

2¹ 1.0, SO4
2¹

0.5mmol·dm¹3).6) The SBF was prepared by dissolving
reagent grade chemicals, such as NaCl, NaHCO3, KCl,
K2HPO4·3H2O, MgCl2·6H2O, CaCl2, Na2SO4, and NH2C-
(CH2OH)3 (Nacalai Tesque Inc. Kyoto, Japan) in ultrapure

water. The pH was adjusted to 7.40 with tris(hydroxy-
methyl)aminomethane and 1mol·dm¹3 HCl at 36.5 °C.
After immersion for 1, 3 and 7 d, the specimens were re-
moved from the fluid, washed with ultrapure water, and
then dried in air. The weight of each specimen was mea-
sured before and after immersion in the SBF using an elec-
tronic balance (XSR205DUV, Mettler-Toledo International
Inc. Switzerland). The surface structure of the titanium
specimen after immersion in SBF was analyzed using TF-
XRD. High magnification scanning electron microscopy
(SEM) images of titanium specimens after hydrothermal
treatment were obtained using a field emission (FE)-SEM
(JSM-IT800, JEOL Ltd., Tokyo, Japan; accelerating volt-
age of 5 kV, working distance 4mm). The specimens were
coated with high-purity osmium for FE-SEM observation
using a Neoc-STB osmium coater (Meiwafosis Co. Ltd.,
Tokyo, Japan). The surface morphology of the specimens
after immersion in SBF was examined using SEM (VE-
9800, Keyence Corp., Osaka, Japan; accelerating voltage
of 8 kV, spot diameter of 5mm, working distance 8mm).
Before observation with the SEM, the specimens were
coated with platinum to a 30-nm thickness using an ion-
beam sputter coater (E-1030, Hitachi Co., Tokyo, Japan).
The diameter and surface coverage of the deposited hemi-
spherical apatite particles (n = 40) were measured for
SEM images using image analysis software (ImageJ, ver-
sion 1.54g, Wayne Rasband, NIH, Bethesda, MD, USA).

3. Results

3.1 Appearance and surface morphology of
titanium specimen after hydrothermal
treatment

Figure 1 shows digital photographs of titanium speci-
mens after hydrothermal treatment at 180 °C for 24 h with
aqueous solutions of various urea concentrations, indicat-
ing the surface color of the specimens for each concen-
tration: (a) yellow at 0.5mol·dm¹3, (b) reddish purple at
1.0mol·dm¹3, (c) gray at 3.0mol·dm¹3, (d) green at 5.0
mol·dm¹3, and (e) gray at 7.0mol·dm¹3.

3.2 Surface structure of titanium specimen
after hydrothermal treatment

Figure 2 shows the TF-XRD patterns of titanium speci-
mens after hydrothermal treatment at 180 °C for 24 h with
aqueous solutions of various urea concentrations together
with the Miller indices (hkl) of the XRD peaks based on
the ICDD-JCPDS-card. Diffraction peaks attributed to
substrate-derived titanium 100 and 002 (PDF#44-1294)

Fig. 1. Digital photographs of titanium specimens after hydro-
thermal treatment at 180 °C for 24 h in aqueous solutions with
various urea concentrations: (a) 0.5mol·dm¹3; (b) 1.0mol·dm¹3;
(c) 3.0mol·dm¹3; (d) 5.0mol·dm¹3; (e) 7.0mol·dm¹3.
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were observed at 2ª = 35.1 and 38.5° for all specimens.
Diffraction peaks attributed to anatase 101, 004 (PDF#21-
1272) were clearly observed at 2ª = 25.3 and 37.8° for
titanium specimens treated with aqueous solutions of 0.5
and 1.0mol·dm¹3 urea. Diffraction peaks attributed to ana-
tase 101, 004 (PDF#21-1272) and brookite 120, 111, 121,
012 (PDF#29-1360) were observed for titanium specimens
treated with aqueous solutions of 3.0 and 5.0mol·dm¹3

urea. Diffraction peaks attributed to brookite 120, 111,
121, 012 (PDF#29-1360) were observed at 2ª = 25.3,
25.7, 30.9 and 36.3° for titanium specimens treated with
aqueous solutions of 7.0mol·dm¹3 urea. As the urea con-
centration increased, the intensity of the diffraction peak
corresponding to brookite increased, while the intensity of
the diffraction peak corresponding to anatase decreased
significantly, indicating that pure brookite-type titanium
dioxide was formed in the 7.0mol·dm¹3 urea aqueous
solution.

Next, we investigated the effect of the addition of NaCl
to an aqueous urea solution on the formation of brookite-
type titanium dioxide on titanium substrates via hydro-
thermal treatment. Figure 3 shows digital photographs of
titanium specimens after hydrothermal treatment at 180 °C
for 24 h in 7.0mol·dm¹3 urea aqueous solutions with vari-

ous NaCl concentrations, indicating that the surface color
of all specimens was gray. These titanium specimens were
designated as N0, N1, and N2 according to the NaCl
concentration (0, 1.0, 2.0mol·dm¹3, respectively).
Figure 4 shows SEM images of titanium specimens

hydrothermally treated in 7.0mol·dm¹3 urea aqueous solu-
tions with various NaCl concentrations. All specimens
exhibited nano-sized particles with characteristic morphol-
ogy. Specimen N0 showed densely precipitated irregu-
larly shaped particles smaller than 100 nm. Specimen N1
showed rectangular prism shaped particles approximately
100 nm in size. Specimen N2 showed dense precipitation
of large secondary particles formed by the aggregation of
irregularly shaped nano-particles. These results indicate
that the size and packing density of particles increased
with the NaCl concentration.
Figure 5 shows the (a) TF-XRD patterns measured in

the 2ª scanning mode and (b) XRD patterns measured in
the 2ª/ª scanning mode (b) of titanium specimens after
hydrothermal treatment at 180 °C for 24 h in 7.0mol·dm¹3

urea aqueous solutions with various NaCl concentrations.
Diffraction peaks attributable to titanium and brookite

Fig. 2. TF-XRD patterns of titanium specimens after hydro-
thermal treatment at 180 °C for 24 h in aqueous solutions with
various urea concentrations: (a) 0.5mol·dm¹3; (b) 1.0mol·dm¹3;
(c) 3.0mol·dm¹3; (d) 5.0mol·dm¹3; (e) 7.0mol·dm¹3.

Fig. 3. (A) Digital photographs of titanium specimens after
hydrothermal treatment at 180 °C for 24 h in 7.0mol·dm¹3 urea
aqueous solutions with various NaCl concentrations: (a) 0
mol·dm¹3; (b) 1.0mol·dm¹3; (c) 2.0mol·dm¹3.

Fig. 4. SEM images of titanium specimens hydrothermally
treated in 7.0mol·dm¹3 urea aqueous solutions with various
NaCl concentrations.

Fig. 5. (a) TF-XRD patterns measured in the 2ª scanning mode
and (b) XRD patterns measured in the 2ª/ª scanning mode for
titanium specimens after hydrothermal treatment at 180 °C for
24 h in 7.0mol·dm¹3 urea aqueous solutions with various NaCl
concentrations.

Hayakawa et al.: Preparation of brookite-type titanium dioxide particle layer on titanium surfaces via hydrothermal treatment and

evaluation of in vitro apatite-forming abilityJCS-Japan

26



were observed for all specimens. Figure 6 shows the
intensity ratios of diffraction peak of brookite (hkl) to
Ti(100) calculated from the profile-fitting and decompo-
sition results of XRD patterns shown in Fig. 5(b). As the
NaCl concentration increased, [Ibrookite(120)/ITi(100)] and
[Ibrookite(012)/ITi(100)] increased.

3.3 Surface structure of titanium specimens
after immersion in SBF

Figure 7 shows the TF-XRD patterns of titanium speci-
mens hydrothermally treated in 7.0mol·dm¹3 urea aque-
ous solutions with various NaCl concentrations after
immersion in SBF for 1–7 d. For titanium specimen N0,
diffraction peaks attributable to apatite 002, and 211
(PDF#09-0432) were observed at 2ª = 26° and 32° after
soaking in SBF for 7 d. For specimens N1 and N2, diffrac-
tion peaks corresponding to apatite were observed after
soaking in SBF for 3 d. The intensity of the diffraction
peaks attributable to apatite increased with the immersion
time.

3.4 Weight gain of titanium specimens after
immersion in SBF

The weight gain caused by SBF immersion reflects the
deposition of apatite particles. Figure 8 shows the weight
gain results of SBF immersion experiments for titanium
specimens hydrothermally treated in 7.0mol·dm¹3 urea
aqueous solutions with various NaCl concentrations. The
weight of all specimens increased with immersion time.
This result is consistent with the increased intensity of the
diffraction peaks assigned to apatite in the XRD patterns
shown in Fig. 7.

3.5 Surface morphology of titanium speci-
mens after immersion in SBF

Figure 9 shows SEM images of titanium specimens
hydrothermally treated in 7.0mol·dm¹3 urea aqueous solu-
tions with various NaCl concentrations after immersion in
SBF for 1–7 d. The diameter and surface coverage of the
deposited hemispherical particles were summarized in
Table 1. For specimens N0 and N1, the surface morphol-
ogy after 1 d of SBF immersion was identical to that of the
substrate surface before SBF immersion. For specimen N0,

Fig. 6. Diffraction peak intensity ratios of brookite (hkl) to
Ti(100) as a function of NaCl concentration for titanium speci-
mens hydrothermally treated at 180 °C for 24 h in 7.0mol·dm¹3

urea aqueous solutions.

Fig. 7. TF-XRD patterns of titanium specimens hydrothermally treated at 180 °C for 24 h in 7.0mol·dm¹3 urea
aqueous solutions before and after immersion in SBF for 1–7 d.: (a) N0; (b) N1; (c) N2.

Fig. 8. Weight gain due to SBF immersion of titanium speci-
mens hydrothermally treated in 7.0mol·dm¹3 urea aqueous solu-
tions with various NaCl concentrations.
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hemispherical particles and the substrate surface were ob-
served after soaking in SBF for 7 d. After soaking speci-
men N1 in SBF for 3d, approximately 90.4% of the N1
specimen surface was covered with hemispherical particles
approximately 7.2-¯m in diameter. After soaking speci-
men N2 in SBF for 1 d, hemispherical particles with diam-
eter of approximately 2-¯m or less were observed. After
3d of immersion, approximately 93.6% of the N2 speci-
men surface was covered with hemispherical particles
approximately 5.3-¯m in diameter. These hemispherical
particles were smaller and more densely formed than those
in specimens N0 and N1.

4. Discussion

4.1 Effect of urea and NaCl on the formation
of titanium dioxide

As urea concentration increased, the intensity of the dif-
fraction peak corresponding to anatase decreased signifi-
cantly, whereas that of the diffraction peak corresponding
to brookite did not decrease. (Fig. 2) This indicated that
high concentrations of urea inhibited the formation of
anatase but not brookite. Under hydrothermal conditions,
the decomposition of urea produced NH4OH and H2CO3,
followed by the dissociation of these reaction products
to form OH¹ and CO3

2¹ ions. These byproducts give the
aqueous solution weak basicity (pH 9–10), depending on
the initial concentration of urea. Weakly basic aqueous
solutions are advantageous for the formation of brookite-
type titanium dioxide on titanium substrates. With in-

creasing NaCl concentration, the diffraction peak intensity
ratios of brookite TiO2(hkl) to Ti(100), i.e., [Ibrookite(120)/
ITi(100)] and [Ibrookite(012)/ITi(100)], increased. (Fig. 6) This
suggests that the addition of NaCl to the aqueous urea
solutions promoted the formation of brookite-type titanium
dioxide particles while inhibiting the formation of anatase-
type titanium dioxide particles due to the high concen-
tration of urea.

4.2 In vitro apatite-forming ability of brookite-
type titanium dioxide particle layer

From the TF-XRD analysis (Fig. 7), weight gain caused
by SBF immersion (Fig. 8), and SEM observation (Fig. 9)
of the titanium specimens after immersion in SBF, more
apatite particles were deposited on the titanium specimens
hydrothermally treated with aqueous urea solutions of
higher NaCl concentrations. This is attributed to the in-
crease in the size and packing density of brookite-type
titanium dioxide particles formed on the surface of the
titanium specimens owing to the increase in NaCl concen-
tration. It has been suggested that the lattice matching
between the thermodynamically stable surface of crystal-
line TiO2 (anatase and rutile) and apatite is important for
inducing apatite nucleation in SBF8,20) and that the hydrat-
ed TiO2 particles exhibits Ti-OH groups involved in the
nucleation of apatite.21,22) Gong and Selloni reported that
the most stable brookite TiO2(210) surface of all brookite
surfaces appears as a distorted anatase TiO2(101) surface
and that the surface energy of brookite TiO2(210) exceeds
that of the most stable anatase TiO2(101).23,24) Holmström
et al. reported a model for the surface hydration struc-
ture of brookite TiO2(210), which has a higher degree of
hydroxylation than anatase TiO2(101).25) Therefore, the
strong hydroxylation of brookite surfaces is expected to
have an in vitro apatite-forming ability comparable to that
of anatase surfaces.
In the apatite formation process proposed by Uetsuki

et al.26) according to results confirming the existence of
virtual nucleation sites, the total number of hemispherical
particles corresponds to the number of active sites in-
volved in the primary nucleation process of apatite on the
surface. Hayakawa et al. proposed a two-dimensional
close-packed model for a hemispherical apatite particle
layer and derived the following equation for the density of
active sites for apatite nucleation and growth:27)

Active-site density ðsite number=m2Þ
¼ ð

ffiffiffi

3
p

r2Þ�1 ð1Þ
where r represents the diameter of hemispherical apatite
particles estimated via SEM image analysis.
SEM images of the surfaces of the chemically prepared

titanium dioxide layers after immersion in SBF were ex-
tracted from previously published reports.28–33) Since the
maximum surface coverage of hemispherical particles on
a flat substrate calculated using the close-packed model
is 90.6%, it is essential to extract SEM images with the
surface coverage of 90% or higher from the reports. As
shown in Fig. 10, the particle diameter increases mono-

Fig. 9. SEM images of titanium specimens hydrothermally
treated in 7.0mol·dm¹3 urea aqueous solutions with various
NaCl concentrations after immersion in SBF for 1–7 d.

Table 1. Particle diameter and surface coverage

Sample code
Particle diameter

(¯m)
Surface coverage

(%)

N0-7d 9.4 « 2.7 26.9
N1-3d 7.2 « 0.7 90.4
N1-7d 7.8 « 1.4 92.8
N2-3d 5.3 « 0.8 93.6
N2-7d 5.7 « 0.8 95.1
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tonically with the immersion time in SBF until the close-
packed structure is formed. After the formation of close-
packed structure, the narrow gaps between hemispherical
particles inhibit further lateral particle growth along the
specimen surface, causing the rate of increase in particle
diameter to decrease to 15% or less.

When the surface coverage exceeds 93%, new particles
formed on the surface of existing particles or adjacent
particles fused to form larger particles (see Fig. 9, N1-7d,
N2-7d), making the close-packed model inapplicable.
Therefore, these large particles observed on the hemi-
spherical particle layer must be excluded from the cal-
culation of particle diameter. In addition, specimens with
low apatite-forming ability were excluded from analysis
because they failed to form the close-packed structure,
resulting in large particles sparsely distributed on the spec-
imen surface. Considering the above conditions, the diam-
eters of the hemispherical apatite particles were estimated
via SEM image analysis to calculate the active-site density.
The calculated active-site density is plotted as a function
of the diameter of the hemispherical apatite particles in
Fig. 11. When a larger number of apatite nuclei formed
heterogeneously on the surface of the titanium dioxide
layer, the surface tended to be coated with smaller-
diameter hemispherical apatite particles. However, titani-
um dioxide coatings fabricated on non-titanium substrate
surfaces have a lower active-site density, i.e., rutile-type
titanium dioxide coatings prepared on PTFE (1.17 ©
1010m¹2)28) and anatase-type titanium dioxide coating
prepared on titanium alloy (Ti6Al4V) substrate via liquid
phase deposition technique (4.21 © 109m¹2).27) In con-
trast, the calculated active-site density of anatase-type tita-
nium dioxide particle layer prepared via the hydrothermal
oxidation was 2.95 © 1011m¹2 (anatase + GRAPEμ),29)

which is the maximum value in Fig. 11. This result indi-
cates that the ability to induce apatite nucleation can be
amplified by parallel alignment of hydrothermally oxi-
dized cp-Ti substrates separated by sub-millimeter gaps
(GRAPEμ).29) Furthermore, it was suggested that diameter
of hemispherical particles of the close-packed structure
depends not only on the immersion time in SBF but also
on the active-site density.

The calculated active-site density of the surface of
N2(3d) was 2.13 © 1010m¹2, which exceeded that of
N1(3d) (1.11 © 1010m¹2). The brookite-type titanium
dioxide particle layer prepared via hydrothermal treatment
(N2) exhibited a moderate amount of active sites between
the titania hydrogel derived from the sodium titanate layer

prepared via chemical treatment with an NaOH aqueous
solution and subsequent heat treatment at 600 °C (2.85 ©
1010m¹2)30,31) and the anatase-type titanium dioxide par-
ticle layer prepared via chemical treatment with an H2O2/
HCl aqueous solution and subsequent heat treatment at
400 °C (1.84 © 1010m¹2) (anatase).32)

5. Conclusions

Commercially pure Ti substrates were hydrothermally
treated in aqueous urea solutions with various NaCl con-
centrations. TF-XRD analyses of the titanium specimens
confirmed that the formation of anatase-type titanium di-
oxide was suppressed by increasing the urea concentration,
whereas the formation of brookite was not. XRD and SEM
analyses revealed that the size and packing density of
brookite-type titanium dioxide particles formed on the
titanium substrate increased with the NaCl concentration
in a 7.0mol·dm¹3 urea solution. In vitro evaluation of the
apatite-forming ability revealed that the brookite-type
titanium dioxide particle layer was densely covered with
hemispherical apatite particles within 3 d, indicating that it
had an excellent apatite-forming ability comparable to that
of the anatase-type titanium dioxide particle layer.
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