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Abstract
The effect of titanium hydride on the formation of nanoporous TiO2 on Ti during anodization has been investigated by X-ray photoelectron

spectroscopy, grazing incident X-ray diffraction, transmission electron microscopy and scanning electron microscopy. Titanium hydride (TiH2)

was formed after cathodization, profoundly impacting the formation of nanoporous TiO2 on Ti by anodization. Oxide layer and nanocrystal

structure were observed after anodization with cathodic pretreatments. A multi-nanoporous TiO2 layer was formed on the titanium. The titanium

hydride is a nanostructure. The nanostructure is directly changed to nanoporous TiO2 by a dissolution reaction during anodization. The nanoporous

layer is difficult to form without cathodization. The nanostructural TiH2 is important in forming a nanoporous TiO2 layer. Anodization treatment

with cathodic pretreatment not only yields a titanium surface with a multi-nanostructure, but also transforms the titanium surface into a

nanostructured titanium oxide surface.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium and its alloys have been widely applied in dental and

orthopedic implants such as prostheses used as joint replace-

ments, because they have excellent biocompatibility, superior

mechanical strength and high corrosion resistance [1–3]. Though

commercially titanium-based implants with native oxide films

have been long-term clinical success, enhancement of integration

between bone and an implant may still be expected in clinical

application. Variousapproaches have been utilized to increase the

surface roughness of implants and thus promote bone–tissue

integration [6–18]. Topographic characteristics of implants range

from millimeters to nanometers are believed to affect the
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biological response of the host [4,5]. Titanium-based implants

with porous layers induced bony ingrowth into the porous

structure [6]. As mentioned above, the porous structure is able to

improve bone integration. However, the porous oxide layer on Ti

cannot easily be produced in the absence of a TiH2 layer during

immersion in alkaline solutions. The formation of porous TiO2 on

Ti has also been confirmed by presence of TiH2 as a critical factor

[7,8]. However, porous TiO2 was prepared by immersing Ti in an

alkaline solution for a long period. In the present study, hydrogen

and oxygen was incorporated into Ti by cathodization before

anodizing. Additionally, nanoporous TiO2 was formed by

submerging hydrogen-charged Ti in an alkaline solution for a

short period. Titanium with nanoporosity and high biocompat-

ibility was developed and investigated clearly. Hydrogen

charging has been used to pretreat the Ti surface. However, it

isno evident that the formationof nanoporous layer is related with

nanostructure with electrochemical pretreatments [7,8]. This
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Fig. 1. XRD spectra of Ti with and without cathodic pretreatment.

Fig. 2. Bright field (BF) TEM image and selected area diffraction pattern

(SADP) of Ti with 5 A/cm2-cathodic pretreatment.
study investigates exactly how titanium hydride affects the

formation of nanoporous TiO2 on Ti during anodization by X-ray

photoelectron spectroscopy, grazing incident X-ray diffraction,

transmission electron microscopy and scanning electron micro-

scopy. Specimens are evaluated by electrochemical measure-

ments and material analyses to elucidate the microstructure and

surface properties of Ti with and without electrochemical

treatments.

2. Experimental procedure

The substrate was a Grade II CP-Ti sheet. The Ti was cut into

sheets with a diameter of 14.5 mm and a thickness of 1 mm

(BioTech One Inc., Taipei, Taiwan). The specimens were

mechanically polished using 1500 grit paper and further

polished using diamond abrasives through 1 mm. The speci-

mens were finished with colloidal silica abrasives through

0.04 mm. All specimens were degreased and pre-pickled in acid

by washing in acetone, processing in through 2% ammonium

fluoride, a solution of 2% hydrofluoric acid and 10% nitric acid

at room temperature for 60 s. Finally, the specimens were

etched in an aqueous mixture of HF (2 vol%) and HNO3

(4 vol%) at room temperature for several seconds, and then

washed in distilled water in an ultrasonic cleaner. Subsequently,

titanium underwent cathodic polarization at a constant current

for 10 min in 1 M H2SO4 solution at 298 K. The cathodic

charging current density was kept from 0.1 to 5 A/cm2. A

platinum plate was used as a counter electrode in this process.

Chemically etched titanium was treated by anodization at a

constant current of 15 A/cm2 for 10 min in 5 M NaOH solution

to form a multi-nanoporous TiO2 layer on the titanium surface.

The specimens with and without anodization were compared

with the specimens that had undergone cathodization before

anodizing. The variations in the phase transformation and the

microstructure were observed by transmission electron micro-

scopy (TEM) and grazing angle X-ray diffractometry

(GIXRD). X-ray photoelectron spectroscopy (XPS) was

conducted to determine the chemical states and the oxide

thickness. Depth profiles of oxide thickness were performed by

continuous sputter etching with 3 keV Ar ion. Measuring area

was at a diameter of 2 mm � 4 mm. For the determination of the

oxide thickness, the relation d = votd, where d is the film

thickness, vo the sputtering rate and td the sputtering time when

the oxygen peak amplitude at the metal-oxide interface has

decreased to 50% of its steady state value in the oxide. To be

precise, calibration of the sputtering rate was double-checked

by two reference materials of 92 nm of TiO2 and 100 nm of

SiO2. The reference TiO2 film was deposited on (1 0 0) Si by

RF sputtering system. By using Ellipsometry, the reference

TiO2 film was characterized as 92 nm in the oxide thickness and

2.2 in the refractive index with the values between 2.0 for

amorphous type and 2.5 for anatase type of TiO2 crystal

structure. With the quoted two reference materials, the

sputtering rate is about 0.1 nm/s. To assess the experimental

standard deviation of the oxide thickness measured in the

present study, the depth profile was performed on the randomly

selected three specimens before and after treatments. The
multi-nanoporous Ti surfaces were determined by scanning

electron microscopy (SEM).

3. Results and discussion

Fig. 1 displays GIXRD spectra of titanium with and without

hydrogen charging. For Ti without hydrogen charging, only

reflections of Ti peaks are observed and the structure is

crystalline. Moreover, numerous reflection peaks, excluding Ti

peaks, are obtained from Ti with cathodic polarization. The

crystalline structure of hydrogen-charged Ti comprises Ti and

TiH2 phases, similar to that reported by Tanaka et al. [7,8].

Fig. 2 presents TEM micrographs and selected area

diffraction patterns (SADP) of Ti with cathodization. The

figure shows a bright-field electron micrograph of the

cathodized Ti, which was taken from the titanium matrix in

the [0 0 1] zone. The figure indicates the presence of a

crystalline hcp structure in the Ti matrix. Fig. 2 also displays an
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Fig. 4. XPS depth profiles of Ti with: (a) 15 A/cm2-anodization and (b) 15 A/

cm2-anodization with 5 A/cm2-cathodic pretreatments.
SADP taken from an area that covers fine titanium hydrides (H)

and titanium matrix (T). The diffraction spots are obtained from

the titanium matrix (not shown). Diffraction ring patterns from

titanium hydrides reveal that the titanium matrix is an ordered

structure and that titanium hydride is polycrystalline. The

titanium hydride is a nanostructure. The microstructures of the

Ti with cathodization were dual phases (titanium and titanium

hydride). Fine titanium hydride was formed by hydrogen

charging. TEM micrographs and selected area diffraction

patterns of pure Ti and the Ti with anodization at various

cathodic current densities were also obtained. The TEM

micrograph clearly demonstrates sharp diffraction spots in the

diffraction patterns of the machined Ti, revealing that the

machined Ti was crystalline. The grain size of the Ti was

slightly smaller after undergoing 0.1 A/cm2 hydrogen-charged

treatment and the average grain size was 50 nm. Diffused rings

dominate the electron diffraction patterns of the 1 A/cm2

hydrogen-charged Ti, indicating that the Ti–O film was

polycrystalline. Moreover, the grain size of the TiO2 film with

5 A/cm2 hydrogen-charged treatment was only �5 nm,

revealing that not only was the nanophase TiH2 formed during

cathodization, but also nanocrystallization was caused by the

hydrogen reactions and the dissolution of titanium hydrides

during anodization.

Fig. 3 displays the O 1s spectra of Ti with various cathodic

pretreatments. Ti reacted with O as the current densities

increased, indicating that titanium oxide compounds were

present on the Ti surface. Huang et al. obtained similar results.

The valence states of Ti4+ and Ti3+ were located at the surface,

indicating that a definite O cavity was present under the surface

[9]. Therefore, the grain size declined and the TiO2 compound

was formed as the duration of electrochemical treatment

increased.

Fig. 4 presents depth profiles of TiO2/Ti following anodiza-

tion and anodization with cathodic pretreatment, respectively.

The thickness of oxide layer on an anodized-Ti and a hydrogen-

charged Ti were further examined by oxygen depth profiles, as

shown in Fig. 4(a–b). The concentration of oxygen was observed

to be high on the treated surface. Moreover, O diffuses toward the

Ti surface after electrochemical treatment, indicating the
Fig. 3. O 1s spectra of Ti with cathodic pretreatment at various current

densities.
formation of a titanium oxide layer. The thicknesses of Ti with

anodization and with anodization with cathodic pretreatment are

200 and 330 nm, respectively. It is evident that bone-implant

contact and bone volume were higher for Ti implants with

electrochemical treatments than for pure Ti implants [10,11]. It

reveals that a high degree of bone contact and bone formation are

achieved with titanium implants which are modified with respect

to oxide thickness.

Fig. 5 displays the surface morphologies of the titanium with

electrochemical treatments. Fig. 5(a) presents the surface

morphology of Ti after anodization at a current density of 15 A/

cm2. The microporosity is obvious. Nanoporous structures were

observed on the surface, when the current density of cathodic

pretreatment was between 0.1 and 5 A/cm2. A nanoporous Ti

surface was obtained after the Ti was treated at 15 A/cm2 for

anodization with cathodic pretreatment at 5 A/cm2, as shown in

Fig. 5(b). A microporous structure is typically obtained by

immersion in NaOH solution at high temperature for a

long period [11–15]. A multi-nanoporous structure and a

thicker titanium oxide layer were observed following anodiza-

tion with cathodic pretreatments. As is widely believed, the
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Fig. 5. Surface morphology of Ti with: (a) 15 A/cm2-anodization and (b) 15 A/

cm2-anodization with 5 A/cm2-cathodic pretreatments.
biocompatible improvement of implants is attributable to the

thicker oxide layer and porosity, which enhances the adhesion

between artificial bone and genuine bone [18].

Based on the above investigation, the formation mechan-

isms of porous TiO2 on Ti sheets with and without treatments

were discussed clearly as follows: Ti sheets undergo a

hydrogen absorption reaction. The hydrogen was present on

their surfaces. The depth of penetration of hydrogen was

limited to the vicinity of the surface (1–5 nm) and the amount

of hydrogen was extremely low (ppm). Hydrogen is present

because of penetration into the interior during mechanical

polishing or chemical etching in the mixture of HF and HNO3

[7,8,22]. The amount of hydrogen is too low to form a large

amount of the nano-TiH2 phase [8]. Accordingly, the surface

does not have a porous structure, and native titanium oxide is

thin (1–5 nm). The barrier capability of TiO2 films against

metal ions diffusion can be improved by incorporating oxygen

into the Ti surface and increasing the thickness of the oxide

using surface treatment. Adding impurities, such as N and O,

and increasing the thickness of the oxide have been reported to

improve the properties of TiO2 [16,17]. Increasing the

thickness of the titanium oxide layer on Ti increased the
albumin/fibrinogen adsorption ratio by a factor of six [18].

Doping Ti2O5 into TiO2 ceramics has also been reported to

improve the biocompatibility of the material [19]. The TiO2

layer formed by anodic treatment has a thick oxide layer with a

thickness of �140 nm and a microporous structure. The oxide

growth behaviors appear to have reduced the anodic forming

voltage in acetic acid and sodium hydroxide by increasing the

electrolyte temperature. The redox reaction was exothermic.

Anodization involves a change of enthalpy of DH > 0 in the

system. Therefore, increasing the temperature favors the

reactants as the temperature of the electrolyte rises. Hence,

increasing the temperature of the electrolyte inhibits the

formation of the oxide film because the thickness of the anodic

oxide film is generally limited to less than 200 nm [20]. The

redox reaction dominates the formation of the oxide layer, and

the penetration and reaction of hydrogen result in the formation

of microporous structures. Furthermore, the absorbed hydro-

gen and cathodization may induce the formation of TiH2. As

the TiH2 is produced on the surface, it is dissolved by

anodization and formed nanopores. Even though the Ti surface

was initially covered with native oxides, the TiH2 layer was

formed after cathodic treatment in sulfuric acid. Anodizing

treatment can form a TiO2 layer with a nanoporous network.

The formation and dissolution of nano-TiH2 are believed to be

related to the thickness of the TiO2 layer formed by

anodization. This fact explains why the thickness of the

TiO2 layer obtained by anodization without cathodic pretreat-

ment is just half of that obtained with cathodic pretreatment. A

porous layer is reportedly obtained at a high temperature

during a long duration [7,8,12,21]. Hydrogen must be absorbed

or nano-TiH2 formed to generate the nanoporous TiO2 layer

during anodization treatment with cathodic pretreatment. The

nanophases and nanocrystallization dominate the formation of

the nanoporous network and the amorphous-like TiO2 layer. A

highly biocompatible TiO2/Ti implant produced under such

conditions.

4. Conclusion

This investigation examined the effectiveness of titanium

hydride as a sacrificial barrier on titanium. Nanostructural

effects and oxidation were observed because of the phase

transformations and the dissolution reactions of nanophase

titanium hydride. The structure of the TiO2 layer changed

from polycrystalline to amorphous-like. Moreover, a multi-

nanoporous layer was found on the titanium after anodization

with cathodic pretreatments. The thickness of the TiO2 layer

was 330 nm. TiO2/Ti sheets after anodization with cathodic

pretreatment are thicker and more porous than as-machined

Ti, cathodic Ti and anodic Ti sheets. The TiH2 is important in

forming multi-nanoporous TiO2 layers. Cathodization

involved the hydrogen evolution on both titanium and the

hydrogen-charged titanium. Anodization was applied to

dissolve nano-TiH2 and form a thicker nanoporous TiO2

layer. We believe that the presence of the TiH2 phase on

titanium is critical to preparing a multi-nanoporous TiO2

layer.
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