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Introduction

I Bioactivity and apatite-forming ability

The defects and replacements of organs and tissues of the human body are a very
frequent occurrences due to the infection, disease or health problems [1]. The above
problems can be overcoming through the clinically applicable treatment or reconstruction
methods wusing various biomaterials with excellent osteoconductive, tissue
procompetitive and osteoinductive properties [2, 3]. It was most desirable for implant
materials to possess the bone-bonding ability with the surrounding hard tissues and
perform the expected biological functions. Such superior bone-bonding ability exhibited
by direct contact between the living bone and the implant can be referred as bioactivity,
and is expected to improve not only the initial fixation of the implant device but also the
long-term function.

Some ceramic biomaterials categorized as bioactive materials exhibit the bone-
bonding ability. They included bioactive glass (Bioglass®), glass-ceramics and
composites, hydroxyapatite and other resorbable calcium phosphates [4-6]. The first
discovery of bioactive glass containing sodium oxide (Na20O), calcium oxide (CaO),
phosphorous pentoxide (P2Os) and silica (Si0O2) was made by Hench et al. [7] in 1971.
The ability to regenerate a bond with the surrounding tissues and bones constitutes an
important factor of bioactive glass. In fact, Bioglass® can bond to the host bones or tissues

via the hydroxyapatite layer induced by the dissolution of bioactive glass and subsequent



formation of hydrated silica gel layer on the surface [6, 7]. Soluble silica, calcium ions
and phosphate ions were dissolved from the bioactive glass and can improve the
osteogenic properties with the surrounding bone matrix and tissues [8]. Several kinds of
bioactive glass containing the conventional silicates (Bioglass® 45S5), borated-based
glasses [9-13], and phosphate-based glasses [14-17] have been reported in the recent
years.

On the other hand, alumina ceramic and zirconia ceramic are categorized as bioinert
ceramics which have been used in the prosthetic and dental application due to their
excellent performance in the mechanical properties such as hardness, resistance and wear
behavior [18, 19]. Though they both exhibited excellent mechanical performance, the
above bioinert ceramics showed the weak bonding ability with surrounding tissues [20]
when they were inserted into the body. Hydroxyapatite is the most widely used calcium
phosphate-based bioceramics. They have the similar inorganic phase with the mineralized
tissues as well as show excellent biocompatibility [21, 22]. An important indicator of the
bioactivity of bioactive materials is their ability to form bone-like apatite layers [23] on
their surface after being soaked in Kokubo’s simulated body fluid (SBF), which has ion
concentrations similar to human blood plasma.

The present study is about the surface modification to provide metallic biomaterials
such as titanium and its alloys with bone-bonding ability. In the next section, the recent

biomedical application of metals will be introduced briefly.



II Titanium and its alloys for biomedical application

Recently, biomedical implants and devices have assumed great attention in the
application of dentistry due to the rise in the aging population or the growing in the
osteoporosis-related fracture among people of all age [24, 25]. Commercially pure
titanium (cpTi) and its alloys are widely used in biomedical implants and reliable devices
owing to their superior mechanical properties such as high fracture and corrosion
resistance, together with adequate strength [25-29]. In addition, the Ti-based implants are
considered to have the acceptability with bony tissues in the human environment due to
their low electrical conductivity [29]. Some elements such as niobium (Nb), zirconium
(Zr), and (Ta) have been developed for fabrication of the orthopedic implants with better
mechanical property because the existence of important alloying component [30-33].
Unfortunately, the above-mentioned metal implants cannot attach and bond to the bony
tissue without any modification because they are categorized as the bioinert materials
[34-36]. The implantation failure is determined when the metal implants fail to form firm
bonds with the bony tissues.

To overcome the failure of implantation, one attempt was to improve the fixation of
metal implants with the bony tissue [37]. For example, the rough surface of metal
implants has been pointed out according to Cochran et al. [38] to improve fixation
between metal and the surrounding tissues or bones by acid-etching methods [38, 39]. It

has been demonstrated that the roughened surfaces of metal implants have improved



contacts with bony tissues than the smooth surfaces. However, it still needs a long period
of time for the metals after the implantation to bond with the surrounding tissues, and the
bonds between implants and tissues are weak.

To further develop the bone-bonding ability of metal implants, hydroxyapatite layers
have been applied to cover the implants by the plasma spraying and sol-gel method [40,
41]. Unfortunately, the hydroxyapatite layers obtained by the above-mentioned way tend
to peel off the implant surface after the long-term implantation and they cannot be
regenerated after peeling off. Thus, a lot of surface modifications have been applied to
provide the surface of titanium or other metal materials with the in vitro apatite-forming
ability. In the following section, the current status of the in vitro apatite-forming ability

of titanium or its alloys will be introduced.

III  In vitro apatite-forming ability of titania and titanates

The characteristic property of titanium must be relied on the titanium oxide layers
on its surface, which was the first time to be indicated by Tengvall et al. [42]. Except for
a coating layer of hydroxyapatite, crystalline titania polymorphs (anatase and rutile) were
recognized as the common bioactive ceramics layers that induced bone-like apatite
formation in SBF as described below. Titania have been prepared on the surface of silica
glass [43] or mixed with bioactive glass [44] which have been proved to induce apatite

deposition after being soaked in SBF for more than 3 d. The surface structure of deposited



layers on metallic implants is highly relied on the treatment process.

Chemical modifications on the titanium substrate with hydrogen peroxide (H20»)
solution can lead to the formation of amorphous titania layers on the surface [45-48]. This
kind of amorphous titania layers can transfer to anatase layers after heat or aging
treatment, which can induce apatite deposition within 5 d. Sol-gel methods have been
reported to generate the titania gel layers on the surface of metal substrate by Peltola et
al. [49, 50] and Uchida et al. [51], and their apatite deposition have been shown in their
reports. As described by Uchida et al. [51], the anatase layers deposited much apatite
particles due to small lattice mismatching between anatase and apatite crystal. Either heat
treatment alone or combining other methods like alkali or acid treatment [51-53] have
been employed to obtain titania layers on the surface of titanium and its alloys.

Kokubo’s group [54] employed 10 M NaOH aqueous solution for alkali treatment
on the titanium alloys. They further optimized the treatment conditions, 3-15 M NaOH
aqueous solution at 60 or 80°C for 1-7 days and subsequent heat treatment at 500-700°C
for 1h. They reported that the as-prepared titanium alloys with 5 M NaOH and thermal
treatment at 600°C can get optimum rate of apatite deposition in SBF [55]. The alkali
treatment can lead to the formation of sodium titanate hydrogel layers on the surface, and
Na ions of these sodium titanate hydrogel layers can exchange with H3O" ions in SBF to
form Ti-OH groups. Those Ti-OH groups induced the nucleation of apatite on the surface
[52-55]. Same modification with the alkaline solution also was applied on the tantalum

and zirconium metals [56-59]. The induction time for apatite deposition on the surface of



various substrates modified with various preparation methods was summarized in Table.
1. However, the significant issue of the alkali treatment was that the formation of Ti-OH
groups was dependent on the chemical stability of sodium-involved layers on Ti,
Ti6Al14V, Ta and Zr substrate. Indeed, thermal treatment was involved in most of surface
modifications. This kind of heat treatment was considered to destroy the Ti-OH groups
on the surface [43].

In spite of the bioactivity of titanium, its alloys and other metals subjected to surface
modifications according to the above description, better surface modifications to produce
bioactive layers with further enhancement in vitro apatite formation and bioactivity are

still needed for biomedical applications.

IV Methods for improving bioactivity and antibacterial property of titania

For improving the success rate of implantation, the following strategies have been

proposed to improve the bioactivity and antibacterial property of titania:

Surface topography related to the degree of roughness of titania layers

Chang et al. [60] pointed out previously that titania layers with porous surface
morphology is related to the cell adhesion, proliferation and differentiation. Furthermore,
it has been shown that cell adhesion to the material is strongly related to surface roughness

[61]. On the other hand, the surface with microtopography or latterly nanotopography [62,



63], or surface with high surface to volume ratio [64] have been documented strongly
affected the cell adhesion. The conclusions of the above discussion were that rough titania
surface or titania with nanostructures on its surface were proved to have enhanced cell
adhesion or bone growth. Therefore, when the titania layers are prepared with the
mentioned surface structures, the similar in vivo behavior of them is expected to obtain.
In this regard, the titania layers with broad kind of surface structures should be tried to
prepare and discuss their bioactivity.

Considering the above conclusions, the titania nanostructures are expected to be
synthesized on the surface of metal implants, and in vitro bone-like apatite-forming

ability of titania nanostructures is also promising to investigate.

Titania layers with exposed high surface energy facets

Titania with a higher surface energy and highly reactive facets also attracted much
research interest [65-67]. The photocatalytic activity of titania layers with exposed high
surface energy have been explored in many reports. Some researchers, for example, Yang
et al. [65] and Ohno et al. [66] have proposed that for the different atomic arrangements
on facets with higher surface-free energy, such as anatase {001} facet (0.90 J/m?) and
rutile {011} facet (1.58 J/m?), which lead to the dislocation of electrons and holes, the
dislocation phenomena may modify or promote their photocatalytic property. As pointed
out by Sutiono et al. [67], they strongly insisted that titania layers consisting of anatase

and [101]-oriented rutile have enhanced photocatalytic activity. It can be confirmed that



titania provided with exposed high surface energy was expected to improve their activity.
The surface energies for various facets of rutile phase titania computed from periodic
discrete Fourier transform (DFT) calculations have been reported as follows: it increases
in the order of Esurr (110) < Egut (100) < Egurf (101) < Egurr (001). The most commonly
available rutile would be one of the stable facets with a lower surface energy, such as
rutile {110} (0.60 J/m?) [68]. We [69] have previously synthesized titania layers with
rutile specific surface facets on titanium substrate via chemical treatment, and discussed
their ability to induce apatite in vitro. They indicated that the excellent apatite-forming
ability of the titania with exposed rutile (101) plane was due to the small lattice
mismatching between rutile (101) plane and apatite. There is one important problem that
has not been solved: how to prepare pure rutile with exposed (101) plane on the surface
of metal implants. Therefore, it is very promising to prepare pure rutile layers with

specific facets like {101} facets for getting the improved bioactivity.

Titania layers incorporating antibacterial agents

When metal implant was entered into the human condition, diseases were highly
possible to occur due to the subsequent accumulation of bacteria on their surface [70].
Therefore, the titania layer is highly desirable to prepare for offering the antibacterial
activity and stopping the occurrence of infection on the implants. Organic [71] and
inorganic agents [71-77] have been used to enhance the antibacterial property of the

implants. As indicated by Brayner et al. [78], inorganic agents have an enhanced safety



and stability when they were compared to organic antibacterial agents. The inorganic
metal elements such as silver (Ag) [72, 73], copper (Cu) [74, 75] and zinc (Zn) [76, 77]
have widely used for antibacterial application due to their excellent stability, and broad-
spectrum antimicrobial property. Dizaj et al. [79] have reported the antibacterial property
of metal nanoparticles, and indicated the particle size of metal nanoparticles was strongly
related to the antibacterial property.

On the basis of the above knowledge, an attempt for improving the success rate of
implantation of metal implants was to incorporate antibacterial inorganic metal particles
on the surface of titania layer, which were proved to be bioactive. Moreover, it is highly
possible that titania layers could provide higher bioactivity when they exist together with

inorganic metal particle with smaller size.

V  Structure of the present thesis

Chapter 1 describes a simple treatment at low temperature to prepare rutile nanorod
arrays on the titanium substrates. The detailed approach involved a chemical treatment in
the treating solution at 80°C for 3 days and followed aging treatment in the ultra-pure
water at 80°C for 1 days. As-received commercially available pure titanium substrates
were ultrasonically cleaned in ultra-pure water and acetone, respectively. After the
treatment, the highly ordered rutile nanorods were formed on the surface of titanium

substrate. The surface morphology and structure of formed titania layers on the substrates



were modified by changing the concentration of titanyl sulfate in treating solution. The
possible mechanism for the formation of rutile nanorods on the surface of titanium
substrates was proposed.

Chapter 2 describes the facile chemical approach to fabricate titania layers on the
Nb, Zr, Ta and Ti6Al4V alloy substrates. In the chemical approach, titania layers were
formed on the Nb, Zr, Ta and Ti6Al4V alloy substrates by soaking them in treating
solution. After the chemical treatment, rutile layers with exposed (101) plane were formed
on the surface of Ta and Ti6Al4V alloy substrates. However, Nb substrate can deposit
the anatase layers on the surface after the chemical treatment, no deposited layer can be
obtained on the surface of Zr substrate. The influence of substrate on the formation of
titania layers was discussed. Besides, the possible growth model for anatase layers on Nb
substrate was proposed in this chapter.

Chapter 3 describes the in vitro apatite-forming ability of rutile layers prepared on
the cpTi substrate and Ti6Al4V alloy substrate. Soaking in SBF for various periods was
employed to examine the in vitro apatite deposition behavior of rutile nanorod arrays on
the cpTi and Ti6Al4V alloy substrate. Rutile layers on the cpTi and Ti6Al4V alloy can
deposit apatite in SBF within 1 d. The behavior of apatite nucleation and growth on rutile
nanorod arrays for the cpTi and Ti6Al4V alloy substrates was investigated.

Chapter 4 describes the photo-deposition method for fabricating the silver (Ag)
particles on the rutile nanorod arrays. The silver nitrate solution (AgNO3) was used to

deposit the Ag particles on the rutile layers under ultraviolet (UV) irradiation. The photo-
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deposition behavior of Ag on rutile layers and cpTi substrate was investigated depending
on the photo-deposition time. The effect of various metallic substrates (cpTi, Zr, Nb and

Ta substrates) on the photo-deposition behavior was discussed.

11



[6¢] Py eIU0DIIZ PAJeIPAH (AW §) HOEN wnruod.IzZ
[LS] M sare[ejuR) WNIpos aul[[eIsAI) (Do 00S) ¥8dH + (JAWS 0/2°0) HOEN
wnpejue],
[96] M T UM [930IpAH 9¥e[eIUE [ WNIPOS (NwWS 0/2°0) HOBN
[ss] p¢ djeUR)L[, WNIPOS (Do 009) 189H + (NW §) HOBN
APIVILL
(5] My o[y + dJeUR)L], WNIPOS (Do 009) 189H + (AW O0T) HOBN
PI djeur)l [, UOS0IPAH 1e9H+ POV + HO®BN
(¢S]
Pl ajeue) |, ue30IpAH POV + HOBN
[0s] pPC Suidy + [98-108
[15] [os] M T UM BIURIL], 180 + [93-]0S wnrue)y,
[03-]0S
[6t] [9t] [St] PC aseeuy
1eoH / SuIdY + ZQH
(8] mg (Do 0SL) 189H
mooﬁouowoam oEEL QOEOS@GH mo(:c‘osbm ooﬁtﬂw Uoﬁﬂoz ﬁoﬂw.ﬁmmwum oﬁwbmﬁsm

(Aep :p poom :m) soponae paysiqnd woxyy JgS S.0qnyoOI Ul uonewIoy anede 10 owr} uononpuy [ A[qe L.

12



[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

References

MM. Stevens, “Biomaterials for bone tissue engineering,” Mater Today, 2008, 11 (5),
18-25.

C. Laurencin, Y. Khan, SF. EI-Amin, “Bone graft substitutes,” Expert Rev Med Devices,
2006, 3(1), 49-57.

PV. Glannoudis, H. Dinopoulos, E. Tsiridis, “Bone substitutes: an update,” Injury, 2005,
36(3), S20-S27.

SM. Best, AE. Porter, ES. Thian, J. Huang, “Bioceramics: past, present and for the future,”
J Eur Ceram Soc, 2008, 28(7), 1319-1327.

VA. Dubok, “Bioceramics- yesterday, today, tomorrow,” Powder Metall Met Ceram,
2000, 39(7-8), 381-394.

LL. Hench, “Bioceramics: From concept to clinic,” J Am Ceram Soc, 1991, 74(7), 1485—
1510.

LL. Hench, RJ. Splinter, WC. Allen, TK. Greenlee, “Bonding mechanisms at the interface
of ceramic prosthetic materials,” J Biomed Mater Res, 1971, 5(6), 117-141.

LL. Hench, JM. Polak, “Third-generation biomedical materials,” Science, 2002,
295(5557), 1014-1017.

MN. Rahaman, DE. Day, BS. Bal, Q. Fu, SB. Jung, LF. Bonewald, AP. Tomsia,

“Bioactive glass in tissue engineering,” Acta Biomater, 2011, 7(6), 2355-2373.

[10]W. Huang, MN. Rahaman, DE. Day, Y. Li, “Mechanism of converting silicate, borate,

and borosilicate glasses to hydroxyapatite in dilute phosphate solution,” Phys Chem

13



Glasses: Eur J Glass Sci Technol B, 2006, 47(6), 647—658.

[11]W. Huang, DE. Day, K. Kittiratanapiboon, MN. Rahaman, “Kinetics and mechanisms of
the conversion of silicate (45S5), borate, and borosilicate glasses to hydroxyapatite in
dilute phosphate solution,” J Mater Sci—Mater M, 2006, 17(7), 583-596.

[12]A. Yao, DP. Wang, W. Huang, Q. Fu, MN. Rahaman, DE. Day, “In vitro bioactive
characteristics of borate-based glasses with controllable degradation behavior,” J Am
Ceram Soc, 2007, 90(1), 303-306.

[13]Q. Fu, MN. Rahaman, H. Fu, X. Liu, “Bioactive glass scaffolds with controllable
degradation rates for bone tissue engineering applications. 1. Preparation and in vitro
degradation,” J Biomed Mater Res A, 2010, 95(1), 164—171.

[14]EAA. Neel, DM. Pickup, SP. Valappil, RJ. Newport, JC. Knowles, “Bioactive functional
materials: a perspective on phosphate-based glasses,” J Mater Chem, 2009, 19(6), 690—
701.

[15]K. Franks, I. Abrahams, JC. Knowles, “Development of soluble glasses for biomedical
use Part I: In vitro solubility measurement,” J Mater Sci—-Mater M, 2000, 11(10), 609—
614.

[16]V. Salih, K. Franks, M. James, GW. Hastings, JC. Knowles, 1. Olsen, “Development of
soluble glasses for biomedical use Part II: The biological response of human osteoblast
cell lines to phosphate-based soluble glasses,” J Mater Sci—-Mater M, 2000, 11(10), 615—
620.

[17]1. Ahmed, M. Lewis, 1. Olsen, JC. Knowles, “Phosphate glasses for tissue engineering:

14



Part 2. Processing and characterization of a ternary-based P>Os-CaO-Na,O glass fiber
system,” Biomaterials, 2004, 25(3), 501-507.

[18]FA. Al-Sanabani, AA. Madfa, NH. Al-Qudaimi, “Alumina ceramic for dental
applications: a review article,” Am J Mater Res, 2014, 1(1), 26-34.

[19]EE. Daou, “The zirconia ceramic: strengths and weaknesses,” Open Dent J, 2014, 8, 33—
42,

[20]T. Thamaraiselvi, S. Rajeswari, “Biological evaluation of bioceramic materials-a review,”
Trends Biomater Artif Organs, 2004, 18(1), 9-17.

[21]CA. Van Bitterswijk, SC. Hesseling, JJ. Grote, HK. Koerten, K. De Groot, “The
biocompatibility of hydroxyapatite ceramic: a study of retrieved human middle ear
implants,” J Biomed Mater Res, 1990, 24(4), 433-453.

[22]H. Yuan, K. Kurashina, JD. de Bruijn, Y. Li, K. De Groot, X. Zhang, “A preliminary
study on osteoinduction of two kinds of calcium phosphate ceramics,” Biomaterials, 1999,
20(19), 1799-1806.

[23]T. Kokubo, H. Kushitani, S. Sakka, T. Kitsugi, T. Yamamuro, “Solution able to reproduce
in vivo surface-structure changes in bioactive glass-ceramics A-W,” J Biomed Mater Res,
1990, 24(6), 721-734.

[24]DD. Bombag, M. Brojan, P. Fajfar, F. Kosel, “Review of materials in medical application,”
RMZ Mater Geoenviron, 2007, 54, 471-499.

[25]JT. Scales, GD. Winter, HT. Shirley, “Corrosion of orthopaedic implants, screws, plates

and femoral nail-plates,” J Bone Joint Surg, 1959, 41B, 810-820.

15



[26]S. Guo, X. Qu, X. He, T. Zhou, B. Duan, “Powder injection molding of Ti-6Al-4V alloy,”
J Mater Process Technol, 2006, 173(3), 310-314.

[27]R. Adell, U. Lekholm, B. Rockler, PI. Branemark, “A 15-year study of osseointegrated
implants in the treatment of edentulous jaw,” Int J Oral Surg, 1981, 10(6), 387—416.
[28]TP. Chaturvedi, “An overview of the corrosion aspect of dental implants (titanium and

its alloys),” Ind J Dent Res, 2009, 20(1), 91-98.

[29]1M. Niinomi, “Mechanical properties of biomedical titanium alloys,” Mater Sci Eng A,
1998, 243(1-2), 231-236.

[30]A. Ito, Y. Okazaki, T. Tateishi, Y. Ito, “In vitro biocompatibility, mechanical properties,
and corrosion resistance of Ti-Zr-Nb-Ta-Pd and Ti-Sn-Nb-Pd alloys,” J Biomed Mater
Res, 1995, 29(7), 893—-899.

[31THM. Grandin, S. Berner, M. Dard, “A review of titanium zirconium (TiZr) alloys for use
in endosseous dental implants,” Materials, 2012, 5(8), 1348—1360.

[32]N. Eliaz, “Corrosion of metallic biomaterials: a review,” Materials, 2019, 12(3): 407.

[33]Y. Li, C. Yang, H. Zhao, S. Qu, X. Li, Y. Li, “New developments of Ti-based alloys for
biomedical applications,” Materials, 2014, 7(3), 1709—1800.

[34]HM. Kim, F. Miyaji, T. Kokubo, T. Nakamura, “Bonding strength of bonelike apatite
layer to Ti metal substrate,” J Biomed Mater Res, 1997, 38(2), 121-127.

[35]WQ. Yan, T. Nakamura, K. Kawanabe, S. Nishigochi, M. Oka, T. Kokubo, “Apatite
layer-coated titanium for use as bone bonding implants,” Biomaterials, 1997, 18(17),

1185-1190.

16



[36]WH. Song, YK. Jun, Y. Han, SH. Hong, “Biomimetic apatite coatings on micro-arc
oxidized titania,” Biomaterials, 2004, 25(17), 3341-3349.

[37]Y. Shibata, Y. Tanimoto, “A review of improved fixation methods for dental implants.
Part I: surface optimization for rapid osseointegration,” J Prosthodont Res, 2015, 59(1),
20-33.

[38]DL. Cochran, RK. Schenk, A. Lussi, FL. Higginbottom, D. Buser, “Bone response to
unloaded and loaded titanium implants with sandblasted and acid-etched surface: a
histometric study in the canine mandible,” J Biomed Mater Res, 1998, 40(1), 1-11.

[39]C. Aparicio, FJ. Gil, C. Fonseca, M. Barbosa, JA. Planell, “Corrosion behaviour of
commercially pure titanium shot blasted with different materials and sizes of shot
particles for dental implant applications,” Biomaterials, 2003, 24(2), 263-273.

[40]HM. Kim, YH. Koh, LH. Li, S. Lee, HE. Kim, “Hydroxyapatite coating on titanium
substrate with titania buffer layer processed by sol-gel method,” Biomaterials, 2004,
25(13), 2533-2538.

[41]L. Sun, CC. Berndt, KA. Gross, A. Kucuk, “Material fundamentals and clinical
performance of plasma-sprayed hydroxyapatite coatings: a review,” ] Biomed Mater Res,
2001, 58(5), 570-592.

[42]P. Tengvall, H. Elwing, I. Lundstrom, “Titanium gel made from metallic titanium and
hydrogen peroxide,” J Colloid Interface Sci, 1989, 130(2), 405-413.

[43]P. Li, C. Ohtsuki, T. Kokubo, K. Nakanishi, N. Soga, K. De Groot, “The role of hydrated

silica, titania, and alumina in inducing apatite on implants,” J] Biomed Mater Res, 1994,

17



28, 7-15.

[44]HH. Beherei, KR. Mohamed, GT. El-Bassyouni, “Fabrication and characterization of
bioactive glass (45S5)/titania biocomposites,” Ceram Int, 2009, 35(5), 1991-1997.

[45]XX. Wang, S. Hayakawa, K. Tsuru, A. Osaka, “Bioactive titania-gel layers formed by
chemical treatment of Ti substrate with a H,O»/ HCI solution,” Biomaterials, 2002, 23(5),
1353-1357.

[46]JM. Wu, S. Hayakawa, K. Tsuru, A. Osaka, “Crystallization of anatase from amorphous
titania in hot water and in vitro biomineralization,” J Ceram Soc Jpn, 2002, 111(2), 78—
80.

[47]1XX. Wang, S. Hayakawa, K. Tsuru, A. Osaka, “A comparative study of in vitro apatite
deposition on heat-, H,O»-, and NaOH-treated titanium surfaces,” J Biomed Mater Res
A, 2001, 54(2), 172—-178.

[48]R. Rohanizadeh, M. Al-Sadeq. RZ. Legeros, “Preparation of different forms of titanium
oxide on titanium surface: effects on apatite deposition,” J Biomed Mater Res A, 2004,
71(2), 343-352.

[49]T. Peltola, H. Pétsi, H. Rahiala, I. Kangasniemi, A. Yli-Urpo, “Calcium phosphate
induction by sol-gel-derived titania coatings on titanium substrates in vitro,” J Biomed
Mater Res, 1998, 41(3), 504-510.

[50]T. Peltola, M. Jokinen, H. Rahiala, H. Piétsi, J. Heikkild, I. Kangasniemi, A. Yli-Urpo,
“Effect of aging time of sol on structure and in vitro calcium phosphate formation of sol-

gel-derived titania films,” J Biomed Mater Res, 2000, 51(2), 200-208.

18



[51]M. Uchida, HM. Kim, T. Kokubo, S. Fujibayashi, T. Nakamura, “Structural dependence
of apatite formation on titania gels in a simulated body fluid,” J Biomed Mater Res A,
2003, 64(1), 164-170.

[52]S. Nishiguchi, S. Fujibayashi, HM. Kim, T. Kokubo, T. Nakamura, “Biology of alkali-
and heat-treated titanium implants,” J Biomed Mater Res A, 2003, 67(1), 26-35.

[53]DK. Pattanayak, S. Yamaguchi, T. Matsushita, T. Kokubo, ‘“Nanostructured positively
charged bioactive TiO> layer formed on Ti metal by NaOH, acid, and heat treatments,” J
Mater Sci-Mater M, 2011, 22(8), 1803—1812.

[54]HM. Kim, F. Miyaji, T. Kokubo, T. Nakamura, “Preparation of bioactive Ti and its alloys
via simple chemical surface treatment,” J Biomed Mater Res, 1996, 32(3), 409—-417.
[55]M. Wei, HM. Kim, T. Kokubo, JH. Evans, “Optimising the bioactivity of alkaline-treated

titanium alloy,” Mater Sci Eng C, 2002, 20(1-2), 125-134.

[56]T. Miyazaki, HM. Kim, F. Miyaji, T. Kokubo, H. Kato, T. Nakamura, “Bioactive
tantalum metal prepared by NaOH treatment,” J Biomed Mater Res, 2000, 50(1), 35-42.

[57]T. Miyazaki, HM. Kim, F. Miyaji, T. Kokubo, H. Kato, T. Nakamura, “Effect of thermal
treatment on apatite-forming ability of NaOH-treated tantalum metal,” J Mater Sci-Mater
M, 2001, 12(8), 683-687.

[58]H. Kato, T. Nakamura, S. Nishigushi, H. Fujita, T. Miyazaki, F. Miyaji, HM. Kim, T.
Kokubo, “Bonding of alkali- and heat-treated tantalum implants to bone,” J Biomed
Mater Res, 2000, 53(1), 28-35.

[59]M. Uchida, HM. Kim, F. Miyaji, T. Kokubo, T. Nakamura, “Apatite formation on

19



zirconium metal treated with aqueous NaOH,” Biomaterials, 2002, 23(1), 313-317.

[60]CH. Chang, HC. Lee, CC. Chen, YH. Wu, YM. Hsu, YP. Chang, TI. Yang, HW. Fang,
“A novel rotating electrochemically anodizing process to fabricate titanium oxide surface
nanostructures enhancing the bioactivity of osteoblastic cells,” J Biomed Mater Res A,
2012, 100(7), 1687-1695.

[61]L. Le. Guehennec, MA. Lopez-Heredia, B. Enkel, P. Weiss, Y. Amouriq, P. Layrolle,
“Osteoblastic cell behaviour on different titanium implant surfaces,” Acta Biomater, 2008,
4(3), 535-543.

[62]F. Variola, JH. Yi, L. Richert, JD. Wuest, F. Rosei, A. Nanci, “Tailoring the surface
properties of Ti6Al4V by controlled chemical oxidation,” Biomaterials, 2008, 29(10),
1285-1298.

[63]MJ. Dalby, D. McCloy, M. Robertson, CDW. Wilkinson, ROC. Oreffo, “Osteoprogenitor
response to defined topographies with nanoscale depths,” Biomaterials, 2006, 27(8),
1306-1315.

[64]A. Tavangar, B. Tan, K. Venkatakrishnan, “Synthesis of bio-functionalized three-
dimensional titania nanofibrous structures using femtosecond laser ablation,” Acta.
Biomater, 2011, 7(6), 2726-2732.

[65]HG. Yang, CH. Sun, SZ. Qiao, J. Zou, G Liu, SC. Smith, HM. Cheng, GQ. Lu, “Anatase
Ti0, single crystals with a large percentage of reactive facets,” Nature, 2007, 453, 638—
641.

[66]T. Ohno, K. Sarukawa, M. Matsumura, “Crystal faces of rutile and anatase TiO, particles

20



and their roles in photocatalytic reactions,” New J Chem, 2002, 26(9), 1167-1170.

[67]1H. Sutiono, AM. Tripathi, HM. Chen, CH. Chen, WN. Su, LY. Chen, H. Dai, BJ. Hwang,
“Facile synthesis of [101]-oriented rutile TiO> nanorod array on FTO substrate with a
tunable anatase—rutile heterojunction for efficient solar water splitting,” ACS Sustainable
Chem Eng, 2016, 4 (11), 5963-5971.

[68]H. Perron, C. Domain, J. Roques, R. Drot, E. Simoni, H. Catalette, “Optimisation of
accurate rutile TiO2 (110), (100), (101) and (001) surface models from periodic DFT
calculations,” Theor Chem Acc, 2007, 117(4), 565-574.

[69]F. Xiao, GQ. Jiang, JY. Chen, ZL. Jiang, XZ. Liu, A. Osaka, XC. Ma, “Apatite-forming
ability of hydrothermally deposited rutile nano-structural arrays with exposed {101}
facets on Ti foil,” J Mater Sci, 2018, 53(1), 285-294.

[70]JW. Costerton, PS. Stewart, EP. Greenberg, “Bacterial biofilms: a common cause of
persistent infections,” Science, 1999, 284 (5418), 1318-1322.

[71]1B. Mahltig, D. Fiedler, A. Fischer, P. Simon, “Antimicrobial coating on textiles-
modification of sol-gel layers with organic and inorganic biocides,” J Sol-Gel Sci
Technol, 2010, 55(3), 269-277.

[72]EIL Alarcon, K. Udekwu, M. Skog, NL. Pacioni, KG. Stamplecoskie, M. Gonzalez-Béjar,
N. Polisetti, A. Wickham, A. Richter-Dahlfors, M. Griffith, JC. Scaiano, “The
biocompatibility and antibacterial properties of collagen-stabilized, photochemically
prepared silver nanoparticles,” Biomaterials, 2012, 33(19), 4947-4956.

[73]S. Mei, H. Wang, W. Wang, L. Tong, H. Pan, C. Ruan, Q. Ma, M. Liu, H. Yang, L.

21



Zhang, Y. Cheng, Y. Zhang, L. Zhao, PK. Chu, “Antibacterial effects and
biocompatibility of titanium surfaces with graded silver incorporation in titania
nanotubes,” Biomaterials, 2014, 35(14), 4255-4265.

[74]X. Zhang, X. Huang, L. Jiang, Y. Ma, A. Fan, B. Tang, “Surface microstructures and
antimicrobial properties of copper plasma alloyed stainless steel,” Appl Surf Sci, 2011,
258(4), 1399-1404.

[75]X. Zhang, Y. Ma, N. Lin, X. Huang, R. Hang, A. Fan, B. Tang, “Microstructure,
antibacterial properties and wear resistance of plasma Cu-Ni surface modified titanium,”
Surf Coat Tech, 2013, 232, 515-520.

[76]K. Huo, X. Zhang, H. Wang, L. Zhao, X. Liu, PK. Chu, “Osteogentic activity and
antibacterial effects on titanium surfaces modified with Zn-incorporated nanotube
arrays,” Biomaterials, 2013, 34(13), 3367-3478.

[77]1Q. Du, D. Wei, S. Liu, S. Cheng, N. Hu, Y. Wang, B. Li, D. Jia, Y. Zhou, “The
hydrothermal treated Zn-incorporated titania based microarc oxidation coating: surface
characteristics, apatite-inducing ability and antibacterial ability,” Surf Coat Tech, 2018,
352 (25), 489-500.

[78]R. Brayner, R. Ferrari-lliou, N. Brivois, S. Djediat, MF. Benedetti, F. Fiévet,
“Toxicological impact studies based on Escherichia coli bacteria in ultrafine ZnO
nanoparticles colloidal medium,” Nano Lett, 2006, 6(4), 866—870.

[79]SM. Dizaj, F. Lotfipour, M. Barzegar-Jalali, MH. Zarrintan, K. Adibkia, “Antimicrobial

activity of the metals and metal oxide nanoparticles,” Mater Sci Eng C, 2014, 44, 278—

22



284.

23



Chapter 1

Chemical deposition of rutile nanorod arrays on titanium substrates from titanyl

sulfate and hydrogen peroxide solution at low temperature

1.1. Introduction

The preparation of nanometer-scale titania in form of rods [1-4] and tubes [5, 6] has
been studied in a number of reports. In particular, titania nanorod arrays have attracted
much attention for their specific properties like excellent photochemical stability and high
biocompatibility as photocatalytic devices and biomedical implants [1-4]. For example,
Wu et al. [1] have fabricated TiO2 nanorod arrays on the titanium substrate via an acid
pretreatment at 60°C and a subsequent chemical oxidation method at 80°C, and they
reported that those titania nanorods showed extremely high photocatalytic activity.

Anatase, rutile and brookite are three kinds of titania crystal phase. Rutile phase has
been prepared by Ohno et al. [7] for the photocatalytic oxidation and reported that its
oxidation was more active than anatase. The enhanced efficiency for dye-sensitized solar
cells of rutile phase have been reported by Lv et al. [3]. In addition, current studies [4, §]
for in vitro apatite deposition have emphasized the importance of rutile. Wu et al. [§]
proposed that the complicated surface morphology and nanosized rutile crystallites can

induce the apatite in vitro effectively. For the above reason, further work is still required
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to develop a detailed understanding of bioactivity, focusing on pure rutile layers.

A hydrothermal method at 160°C involving titanyl sulfate (TiOSO4) was developed
to fabricate the titania polymorphic layer containing anatase and rutile on the surface of
commercially available pure titanium (cpTi) plates with H>O; pre-treatment, and in vitro
apatite deposition of titania polymorphic layer have been demonstrated [4, 9] by soaking
them in Kokubo’s simulated body fluid. However, the above hydrothermal method have
a limit in producing the pure rutile phase on the cpTi substrates. For overcoming this
problem, a reasonable method is needed to design for fabricating the pure rutile nanorod
arrays.

The chemical treatment with H>O; at 80°C has been reported by Wu et al. [10] to
produce an amorphous titanium oxide gel or anatase layer with low crystallinity on the
surface of cpTi substrate. The titania layers with high crystallinity can be developed after
the followed aging treatment in ultra-pure water at 80°C. Considering the above
background, the aging treatment is reasonable to improve the crystallinity of titanium
oxide.

In the present chapter, a successful chemical approach in TSs at 80°C for 3 d together
with an aging treatment in ultra-pure water at 80°C for 1 d was developed to fabricate
pure rutile nanorod arrays on the surface of cpTi substrate. These TSs contained titanyl
sulfate (TiOSOs), hydrogen peroxide (H20:), and nitric acid (HNO;). The possible
growth mechanism of rutile nanorods was illustrated. The investigation into the possible

mechanism of rutile nanorod arrays will develop a way to fabricate a series of nanorod
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structures.

1.2. Experimental

1.2.1. Preparation of titania layers on titanium substrate

Employed cpTi substrates were supplied by GC Corp. (Tokyo, Japan). They were
polished using SiC (#1000) abrasive sandpaper to obtain a smooth surface and were then
ultrasonically cleaned in ultra-pure water and acetone for 5 min, respectively. The latter
cleaning cycle was repeated three times.

An appropriate amount of reagent-grade TiOSO4 (Maikun Chemical Company,
Shanghai, China) was added to a solution containing 15 mol-m H,O». After stirring for
about 10 min, the solution became clear. Then, the pH value of clear solution was adjusted
to 0.70 by using the HNOs. The final molar content of TiOSO4 (0.10, 0.14 and 0.18
mol-m~) and H>O; (15 mol-m™) in the treating solutions (TSs) was achieved.

The cleaned cpTi substrates were soaked in polypropylene bottles, which were filled
with 30 mL of TS, and then those bottles were kept in a constant-temperature oven at
80°C for 3d. After that, the treated cpTi substrates were ultrasonically cleaned in ultra-
pure water for 15 min. Finally, samples were soaked in ultra-pure water at 80°C for 1 d,

and then were dried at room temperature.
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1.2.2. Characterization for the titania layers

The surface structure of titania layers thus derived was examined with a thin-film X-
ray diffraction (TF-XRD, X’Pert-ProMPD, PANalytical, Almelo, the Netherlands: Cu
Ka, A=0.15418 nm, 45 kV—40 mA), where all data were collected in step-scan mode
(step size: 0.02° in 20, counting time: 1 s per step) with a constant X-ray incident angle
of 1.0° in 6. The chemical structure of titania layers deposited on the samples was
characterized by Fourier transform infrared (FT-IR) spectrometry (Thermo Nicolet model
Nexus 470, Thermo Fisher Scientific Inc., Chicago, IL, USA) with a deuterium triglycine
sulfate detector, where spectral data were measured using the KBr disc method. Surface
morphology of those titania layers with aging treatment was observed by a Field-emission
scanning-electron microscopy (FE-SEM; JSM-6701F, JEOL, Ltd., Tokyo, Japan), where
those substrates were coated with highly pure osmium for FE-SEM observation by using

a Neoc-STB Osmium Coater (Meiwa Fosis Co. Ltd., Osaka, Japan).

1.3. Results

1.3.1. Surface structure on chemically treated cpTi substrates before and after
aging treatment

Fig. 1.1 shows TF-XRD patterns of chemically treated cpTi substrates in various
TSs at 80°C for 3 d. The samples of 0.10 mol'm= TiOSO4 TS showed the diffraction

peaks of a-titanium (ICDD-JCPDSPDF#44-1294) at 26= 35°, 38°, and 40°, which were
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assigned to the (100), (002), and (101) planes. No other diffraction peaks except for
titanium can be detected on this samples. It is indicated that titania layers cannot be
fabricated on the surface of chemically treated cpTi substrates in 0.10 mol-m™ TiOSO4
TS. Increasing the concentration of TiOSOs4 in the TS resulted in the appearance of
diffraction peaks at ca. 27° and 36°, which corresponded well with the (110) and (101)
planes of rutile titania (ICDD-JCPDSPDF#21-1276). 0.14 and 0.18 mol-m™3 TiOSO4 TSs
in Fig. 1.1 gave the similar TF-XRD patterns on the cpTi substrates. No other diffraction
peaks except for rutile and titanium was detected from samples of 0.14 and 0.18 mol-m™>
TiOSO4 TSs, indicating that the surface structure was pure rutile phase. In addition, it can
be clearly observed that the intensity of the diffraction peak corresponding to rutile (101)
decreased in sample of 0.18 mol'-m= TS compared with that of 0.14 mol-m~ TiOSO4 TS.

Fig. 1.2 shows the TF-XRD patterns of cpTi substrates after the chemical treatment
in various TSs at 80°C for 3 d after the aging treatment in ultra-pure water at 80°C for 1
d. A strong intensity of diffraction peak at 25° and a weak peak at 36° were observed on
the sample of 0.10 mol-m™= TiOSO4 TS, which were attributed to the (101) plane of
anatase and (101) plane of rutile, respectively. By comparing the TF-XRD patterns of the
sample of 0.10 mol'm~ TiOSO4 TS before and after the aging treatment, it can be found
that aging treatment induced the formation of titania polymorphs. Aging treatment caused

no significant change on the samples of 0.14 and 0.18 mol-m~ TiOSO4 TSs.
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1.3.2. Chemical structure on chemically treated cpTi substrates before and after
aging treatment

For showing the influence of the aging treatment on the molecular structure, FT-IR
absorption spectra of deposited layers on the chemically treated cpTi substrates in 0.10
mol'm~ TiOSO4 TS before and after the aging treatment was illustrated in Fig. 1.3. This
sample showed a strong absorption band at around 1630-1618 cm™! which was assignable
to the H-O—H bending of physisorbed H>O. A very strong absorption band at around 488
cm™!, which was attributed to the vibration of Ti—O bonds in amorphous titania gel can
be seen on the sample before the aging treatment. In addition, two weak adsorption peaks
were detected at around 887 cm™!' and 694 cm™', which can be assigned to the O-O
stretching vibration for physisorbed H>O>[12] and the vibration of Ti—O—O bonds [12,13],
respectively. The intensity of those peaks were decreased and even disappeared after the
aging treatment. Meanwhile, a broad adsorption band in the range from 700 to 500 cm ™!,
and a peak at around 542 cm™!, were assigned to the framework vibration of anatase lattice.
On the basis of those results, it is suggested that an amorphous titanium oxide layer was
formed on the chemically treated cpTi substrate in 0.10 mol'm= TiOSO4 TS, and aging
treatment yielded anatase layer on the surface.

Fig. 1.4 illustrates the FT-IR absorption spectra of titania layers deposited on the
chemically treated cpTi substrates in 0.14 and 0.18 mol-m~ TiOSO4 TSs before and after
the aging treatment. It showed no clear difference in the samples of 0.14 and 0.18

mol-m~ TiOSO4 TSs before the aging treatment. Both samples gave a strong absorption
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band corresponding to the H-O—H bending of physisorbed H>O. The absorption peaks
were detected at around 461 and 526 cm™ | in spite of the type of samples, this is which
were assigned to Ti—O stretching vibration. Furthermore, three absorption bands were
found at 1061, 1124 and 1198 cm™!, which corresponded to the S-O stretching. An
absorption band at 603 cm™! was attributed to the O—S—O bending vibrations in sulfate
anion. Aging treatment led to the disappearance of the absorption bands corresponding to
S—O stretching and O—S—O bending vibrations in sulfate anion on the sample of 0.18
mol-m= TiOSO4 TS. The FT-IR spectra of chemically treated cpTi substrate in 0.14

mol-m~ TiOSO4 TS remained unchanged after the aging treatment.
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Fig. 1.1 TF-XRD patterns of chemically treated cpTi substrates in 0.10, 0.14 and 0.18

mol'm~ TiOSO4 TSs at 80°C for 3 d.
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Fig. 1.3 FT-IR absorption spectra of deposited layers on chemically treated cpTi

substrates in 0.10 mol'm~ TiOSO4 TS before and after aging treatment at 80°C for 1 d.
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1.3.3. Surface morphology of chemically treated cpTi substrates after aging

treatment

The surface morphology of chemically treated cpTi substrates in 0.10, 0.14 and 0.18
mol-m= TiOSOs TSs after the aging treatment was shown in Fig. 1.5. It is found that the
resulting titanium substrates yield rough surfaces. The 0.10 mol'm= TiOSO4 TS in Fig.
1.5 (a) shows some clusters made up of "rod-like" structures. The estimated width of
those rods was around 30 nm in high magnification of Fig. 1.5 (a"). Those nanorods were
stacked randomly, and their degree of growth orientation was low. Based on the TF-XRD
patterns in Fig. 1.2, those nanorods consisted of anatase and rutile. On the other hand,
0.14 and 0.18 mol'm~ TiOSO4 TSs in Fig. 1.5 (b, b") and (¢, ¢’) gave highly oriented
rutile arrays according to Fig. 1.2. The growth direction of rutile nanorods with width of
less than 20 nm was perpendicular to the surface of cpTi substrates. By comparing the
Fig 1.5 (b") and (¢'), the width of nanorods on the samples of 0.18 mol-m~ TiOSO4 TS
seemed slightly larger that of 0.14 mol'm~ TiOSO4 TS. The estimated density of the
nanorod arrays, which is defined as the number of nanorods per unit area was
approximately 4.5x102, 1.0x10%, and 1.3x10° um for chemically treated cpTi
substrates in the 0.10, 0.14 and 0.18 mol'm~ TiOSO4 TSs, respectively. Therefore, the
chemically treated cpTi substrates in the 0.18 mol'm~ TiOSOs TS showed the densest

nanorods.
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1.3.4. Cross-sectional investigation of chemically treated cpTi substrates after

aging treatment

The cross-sectional images of the chemically treated cpTi substrates in 0.10, 0.14,
and 0.18 mol'm~ TiOSO4 TSs after aging treatment are shown in Fig. 1.6. The middle of
each figure was defined as the interface between deposited layer and cpTi substrate. The
deposited layers existed above the interface. Titania layers were formed on the samples
0f 0.10, 0.14, and 0.18 mol-m™ TiOSO4 TSs. 0.10 and 0.14 mol'm> TiOSO4 TSs in Fig.
1.6 (a) and (b) yielded many nano-size pores on the bottom of deposited layers, whereas
very dense layers were observed on the surface of cpTi substrates in 0.18 mol'm~ TS.
The thickness of dense and porous layers obtained in TSs was shown in Fig 1.6 (a-c). The
increment in the concentration of TiOSO4in TS caused the decrement in the thickness of
porous layer and a rise in that of dense layer. In the high magnification in Fig. 1.6 (a’-c’),
it can be clearly seen that the 0.10 and 0.14 mol-m~ TSs gave a multilayer structure. Pores
can be confirmed on the bottom of multilayer. Bilayer structure was fabricated on the
samples of 0.18 mol'‘m™ TS. The top surface of bilayer and multilayer was the thin

nanorod layer. Rods on the samples of 0.18 mol'-m= TS seemed to pack tightly.

1.3.5. Growth orientation of rutile nanorods

To determine the growth orientation of rutile nanorods, the XRD patterns obtained
in 20 and 20/0 scan mode of chemically treated cpTi substrates in the 0.18 mol'm= TS
after the aging treatment were shown in Fig. 1.7. When the incident angle was increased

from 1° to 3°, the intensity of diffraction peaks corresponding to (101) and (110) plane
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of rutile phase was enhanced in the TF-XRD patterns of 20 scan mode. The depth of
deposited layer which can be detected by XRD measurement was increased when the
incident angle was increased from 1° to 3°. In 26/0 scan mode, the diffraction peaks which
can be attributed to the (110), (101), (111) and (211) planes of rutile were detected. And
a strong intensity of diffraction peak which was assignable to the (002) plane of rutile
was observed. The rest diffraction peaks corresponded well with a-Ti. The relative
intensity ratio of diffraction peaks corresponding to the (101) and (110) plane (I (o1y/ I
(10)) was ca. 7.1, which was higher than the value of 2.2 in our previous report [4].
Therefore, rutile crystals on the samples of 0.18 mol'm= TS were forced to grow along
c-axis.

On the basis of above results and analysis, an amorphous titanium oxide layer was
produced on the chemically treated cpTi substrate in 0.10 mol'm= TS, and aging
treatment can give the appearance of anatase layer together with the elimination of Ti-O-
O-H, Ti-O-0O bonds. Pure rutile nanorod arrays were fabricated on the cpTi substrates
after being soaked in 0.14 and 0.18 mol'm™ TSs. 0.18 mol'm= TS gave the rutile

nanorods with high rod density.
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Fig. 1.7 XRD pattern in 26/0 scan mode and TF-XRD patterns in 26 scan mode (incident
angles of 1° and 3°) of chemically treated cpTi substrate in 0.18 mol'm™ TS after aging

treatment.
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1.4. Discussion

H>O, pre-treatment of cpTi substrates gave an amorphous layer on the titanium
substrate as reported in previous studies [4.9], and it has been reported that nano-
crystalline titania layers grew on the amorphous layer. In addition, aging treatment
induced the formation of anatase layers on the H,O-oxidized cpTi substrates [16,17].
Our results of samples obtained in 0.10 mol-m™ TS indicated that the amorphous titanium
oxide layer existed on the surface before the aging treatment, and aging treatment gave
the titania nanorods mainly consisting of anatase. Those results were similar with that of
Wu et al. [16,17]. Therefore, the interaction of H>O on the cpTi substrates should be
responsible for the formation of amorphous titanium oxide layer with Ti-O-O bonds on
the cpTi substrate in TS. The amorphous titanium oxide layer was transformed to the
anatase layer after the aging treatment. As shown in the cross-sectional SEM images in
Fig. 1.6, multilayer containing rod, dense and porous layer can be found on the samples
of 0.10 mol'm~ TiOSO4 TSs after the aging treatment. The porous layer can be regarded
as an indicator of the formation of the amorphous titanium oxide layer in TS.

Wu et al. [18] reported that rutile phase was expected to produce in a titanium (I'V)
solution with a low pH value. Inada et al. [19, 20] have successfully fabricated rutile
powders in TiOCl; starting solution with a low pH value at 50°C or 100°C. Yamabi et al.
[21] have reported the formation of titania in anatase or rutile phase on the surface of

glass must be dependent on the pH value of TiOSOjs treating solution. They demonstrated
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that TiOSO4 solution whose pH value was less than 1 resulted in the preferential
deposition of rutile phase from Ti complexes. In our present work, the formation of pure
rutile nanorods on the chemically treated cpTi substrates in 0.14 and 0.18 mol'm~
TiOSO4 TSs can be explained by considering the pH and TiOSO4 concentration of the
TSs. Ti ions in the 0.14 and 0.18 mol'm~ TiOSOs TSs (pH value=0.7) favor the
production of Ti-complex species, which will dehydrate to form rutile. In TF-XRD
patterns in Fig. 1.2 and cross-sectional images in Fig. 1.6 (b), rutile nanorods can be found
on the top surface of porous layer. 0.18 mol'm= TS favored the formation of rutile
nanorods with high rod density, and the thickness of the porous layer was remarkably
decreased with the increase in TiOSO4 concentration. On the basis of above results and
discussion, the possible growth mechanism of rutile nanorod was illustrated in Fig. 1.8.
When the cpTi substrates were soaked in TS, an amorphous titanium oxide layer is
produced firstly owing to the chemical interaction of H>O; in TS. Ti-complex species in
the TS result in the nucleation of rutile on the amorphous titanium oxide layer, the rate of
rutile nucleation depends on the concentration of TiOSO4 in TSs. The rutile grows by
consuming the amorphous titanium oxide layer and its growth orientation is perpendicular
to the cpTi substrate.

The amorphous titanium oxide layer remains on the chemically treated in the 0.10
mol-m™ TiOSOs4 TS because only a little rutile nucleus can be produced, and then is
transformed into anatase nanorods during the aging treatment. Thus, titania nanorods

mainly consisting of anatase were found on the samples of 0.10 mol'-m~ TiOSOs TS after
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the aging treatment. In 0.14 and 0.18 mol'm™ TiOSOs TS, the rutile nucleation are
accelerated. The nucleation and growth of rutile are accompanied by the consumption of
the amorphous titania gel layers due to their transformation into rutile. As a result, a
thinner titanium oxide layer were observed on the samples of 0.14, and 0.18 mol'm~
TiOSO4TSs.

The differences in the thickness of porous layer and rutile rod density on the samples
of 0.14 mol'm= TiOSO4 TS and 0.18 mol'm=> TiOSOs TSs can be explained by the
following discussion. In 0.18 mol-m~ TiOSOs TS, the rate of rutile nucleation and growth
is increased on the amorphous titania gel layer, where the nucleation and growth of rutile
nanorods exceeds the formation of the porous layer. So, 0.18 mol'm~ TiOSO; TS yields
dense rutile nanorod arrays with high rod density. In the Fig. 1.1 and 1.2, 0.14 mol'm™3
TS gave the stronger diffraction intensity of rutile. The above findings suggest that
density of rutile rods depends on the concentration of TiOSO4 in the TSs. The rutile rod
density could be improved by optimizing the TiOSO4 concentration in the TSs.

In Fig. 1.4, aging treatment removed sulfate bands on the samples of 0.18 mol-m™
TS, whereas sulfate bands still remained on the sample of 0.14 mol-m= TS after the aging
treatment. According to Fig. 1.6, it is suggested that water molecule during the aging
treatment cannot enter into the porous structures on the bottom due to the hindrance of
the upper dense layer. Therefore, the sulfate ions are expected to keep in the porous

structure of chemically treated cpTi substrate in 0.14 mol-m™ TS after the aging treatment.
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[1]

1.5. Conclusion

Titania nanorod structures were obtained on the surface of commercially titanium
substrates via a chemical treatment in various TSs including TiOSOs, H>O>, and HNO3
at 80°C for 3 d followed by an aging treatment in the ultra-pure water at 80°C for 1 d.
The random titania nanorods with the phase composition of anatase and rutile grew on
the surface of chemically treated cpTi substrate in 0.10 mol-m= TiOSO4 TS after the aging
treatment. Pure rutile nanorod arrays were deposited on the chemically treated cpTi
substrates in 0.14 and 0.18 mol'm~ TiOSO4 TSs. Those highly ordered rutile nanorods
were forced to grow perpendicular to the surface of cpTi substrate. Multilayer consisting
of nanorod, dense and porous layer was obtained on the samples of 0.10 and 0.14 mol'-m~
3TiOSO4TSs, whereas 0.18 mol-m= TiOSO4 TS gave the bilayer containing nanorod and
dense layer. The thickness of porous layer decreased and that of dense layer increased
with the increase in the TiOSOs concentration. The formation of rutile nanorods was
resulted from the nucleation and growth of rutile on the amorphous titania gel layer,

accompanied by consumption of the amorphous titania gel.
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Chapter 2

Chemical deposition of rutile on various metallic substrates from titanyl sulfate and

hydrogen peroxide solution at low temperature

2.1. Introduction

In the past decade, commercially available pure titanium and some titanium-based
alloys have been widely applied in the orthopedic and dental implants [1-4]. Many
researchers have developed bioactive layers on titanium substrates [5, 6] and its alloys
like Ti6Al4V alloys [7, 8] via various methods and examined the in vitro apatite
deposition on the layer.

Nb (Niobium), Zr (Zirconium), Ta (tantalum) and their alloys have attracted a lot of
attention because they showed the excellent mechanical property, biocompatibility and
non-toxicity as metallic implants [9-13]. Furthermore, Nb, Zr and Ta metals are well
known to have the similar chemical and mechanical properties with Ti metal. However,
the above metallic substrates cannot form a bond with bony tissues without any surface
modification. In the chapter 1, we have successfully prepared pure rutile layers on the
surface of cpTi substrates by soaking the substrates in 0.14 mol'm~ TiOSO4 TS. The
chemical treatment in 0.14 mol-m~ TiOSO4 TS is expected to be suitable to give titania

(rutile, anatase or titania polymorphs) layers on the surface of Nb, Zr, Ta and Ti6Al4V
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alloys.

In this chapter, Nb, Zr, Ta and Ti6Al4V alloy substrates were used as substrates, and
then the chemical treatment in 0.14 mol-m= TiOSO4 TS as described in the chapter 1 was
choose to deposit layers on the surface of Nb, Zr, Ta and Ti6Al4V alloys. The effects of
the substrate on the surface structure of deposited layers was examined. The possible
growth mechanism of deposited layers on the Nb, Zr, Ta and Ti6Al4V alloys substrates
was discussed. Ti pieces before and after the chemical modification in 0.14 mol-m~
TiOSO4 TS was selected as a control group in order to compare the surface structure of

other modified metallic substrates (Nb, Zr, Ta and Ti6Al4V alloy substrates).

2.2. Experimental

2.2.1. Materials

A sheet of pure niobium (Nb, 99.9%), zirconium (Zr, 99.2%), tantalum (Ta, 99.95%)
and titanium pieces (Ti, 99.5%) which were purchased from The Nilaco Co. Ltd. (Tokyo,
Japan) were cut into specimens of 10 x 10 x 0.1 mm? in size, respectively. Ti6Al4V alloy
discs (12® x 1 mm), which were purchased from Teijin-Nakashima Medical Co. Ltd.
(Okayama, Japan) were ground with the sandpaper 1000 grit to get smooth-textured
surface. Nb, Zr, Ta pieces and Ti6Al4V alloys were ultrasonically washed in acetone and
ultra-pure water, respectively. The washing process was repeated for 3 times. The non-

treated substrates were denoted as NT-samples.
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2.2.2. Preparation of chemically treated samples

The chemical treatment was performed by soaking the NT-samples in the bottles
filled with 30 mL treating solution (TS), heated to 80°C and held for 3d. Reagent grade
TiOSO4 (Maikun Chemical Company, Shanghai, China) was dissolved into a solution
containing 15 mol'm= H,O; to yield a concentration of 0.14 mol-m~ TiOSOs4 solution,
and then its pH value was adjusted to 0.7 by using the nitric acid (HNO3). After the
chemical treatment, samples were washed with ultra-pure water by using the ultrasonic

machine for 15 min, and dried at room temperature (denoted as CT-samples).

2.2.3. Structural characterization

An optical investigation (Canon EOS x7i) was carried out to observe the surface of
NT-/CT-samples. Thin film X-ray diffraction (TF-XRD) were performed to analyze the
surface structure of samples before and after the chemical treatment. TF-XRD spectra
(TF-XRD, X’Pert-ProMPD, PANalytical, Almelo, the Netherlands: Cu Ko, A=0.15418
nm, 45 kV—40 mA) were recorded in step-scan mode for 20 from 20°— 45° at a rate of
0.02°/1s. The change in the weight of samples before and after the chemical treatment
was measured by using an electronic balance (ATX 224, Shimadzu, Kyoto, Japan) with

a 0.1 mg precision.
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2.3. Results

2.3.1. Surface structure of Nb and Zr substrates

Table 2.1 shows the photo-images and the weight change of Nb and Zr substrates
before and after the chemical treatment in 0.14 mol-m™ TiOSOs TS. The chemical
treatment caused significant differences on the surface of the Nb substrate. Chemical
treatment gave a yellow color on the surface of Nb substrate. In addition, it was evident
that the weight of Nb substrates was reduced after the chemical treatment. However, no
significant changes in the surface color and weight of Zr substrates can be found.

Fig. 2.1 shows the TF-XRD patterns of Nb and Zr substrates before and after the
chemical treatment in 0.14 mol-m= TiOSO4 TS at 80°C for 3d. The diffraction peak at
25.1° and a weak peak around 37.8°, which were respectively ascribed to (101) and (004)
plane of anatase (ICDD-JCPDS PDF#21-1272), were clearly detected on the surface of
CT-Nb substrate. It is obvious that the intensity of diffraction peak at 38.6° corresponding
to Nb decreased after the chemical treatment. It is indicated that pure anatase phase was
formed on the surface of CT-Nb substrate. However, the diffraction peaks at 35.0° and
38.5° which were assignable well with the Zr (ICDD-JCPDS PDF#01-072-5842) was
clearly observed on the Zr substrate before and after the chemical treatment. It is

suggested that no deposited layer was formed on the Zr substrate after chemical treatment.

2.3.2. Surface structure of Ta, Ti6Al4V alloy and Ti substrates

The photo-images and weight change of Ta, Ti6Al4V alloy substrates and Ti piece

52



before and after the chemical treatment are shown in Table 2.2. A gray film with some
cracks was formed on the CT-Ta substrate. Chemical treatment gave a brown color on
the surface of Ti6Al4V alloy and Ti substrate. In addition, it is clearly seen that Ta,
Ti6Al4V alloy and Ti substrate gained the weight after the chemical treatment. The
gained weight of substrates was increased in the order: Ta < Ti6Al4V < Ti.

TF-XRD patterns for the Ta, Ti6Al4V alloy and Ti substrates before and after the
chemical treatment are shown in Fig. 2.3. The diffraction peak at 35.7° and 41.1°
corresponded to the (101) and (111) plane of rutile (ICDD-JCPDS PDF#21-1276),
indicating that the precipitate on the Ta substrate consisted of pure rutile phase. CT-
Ti6Al4V alloys gave the diffraction peaks corresponding to (110), (101) and (111) planes
of rutile. It is suggested that pure rutile phase was successfully produced on the CT-
Ti6Al4V alloy substrate after chemical treatment. The diffraction peaks at 27.1°, 35.7°
and 41.1° corresponded well to (110), (101) and (111) planes of rutile on the CT-Ti
species. No other diffraction peaks except for titanium can be observed in Fig. 2.2 (c).
This means that pure rutile can be confirmed on the CT-Ti species. The TF-XRD patterns
of CT-Ti6Al4V alloy were very similar to that of CT-Ti species. The intensity for (101)
plane of rutile was increased in the order: Ta < Ti6Al4V < Ti.

On the basis of the above results, pure rutile layers with the exposed {101} facets
can be successfully prepared on the Ta and Ti6Al4V alloy substrates after the chemical

treatment.
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Table 2.1 Photo-images and weight change of Nb and Zr substrates (10 x 10 x 0.1 mm?®)

before and after the chemical treatment

Substrate NT CT Weight change / g

-0.0005

Zr
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Fig. 2.1 TF-XRD patterns of Nb (a) and Zr substrates (b) before and after the chemical

treatment in 0.14 mol'm= TiOSOs TS at 80°C for 3d. [J: niobium, O : zirconium.
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Table 2.2 Photo-images and weight change of Ta (10 x 10 x 0.1 mm?), Ti6Al4V alloy

(12® x 1 mm) and Ti substrates (10 x 10 x 0.1 mm?®) before and after the chemical

treatment
Substrate NT CT Weight change / g
Ta 0.0004
Ti6Al4V 0.0005
Ti 0.0007
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2.4. Discussion

According to the present experimental results, pure rutile layers was prepared on the
surface of Ta and Ti6Al4V alloy substrates. The results of Ta and Ti6Al4V alloy substrate
after the chemical treatment in a 0.14 mol-m™= TiOSO4 TS was extremely similar to that
of cpTi substrate in chapter 1. This strongly suggests that a growth mechanism of rutile
layers on the Ta and Ti6Al4V alloy substrate is similar to the mechanism for cpTi to
provide rutile layers. As presented schematically in the chapter 1, rutile nucleation
occurred on the amorphous titania layer of cpTi substrate due to the H,O» oxidation.
According to the above, it is supposed that Ta and Ti6Al4V alloy substrates produce the
amorphous oxide layer under the treating solution containing TiOSO4, HNOj3 and H20»,
and then the Ti complexes in TS contribute to the rutile nucleation on the amorphous
oxide layer. The growth of rutile proceed at the expense of amorphous oxide layer. The
diffraction intensity of (101) plane for rutile was increased in the order: Ta < Ti6Al4V <
Ti as shown in Fig. 2.2. One possible explanation is that not only TiOSO4 but also the
metal substrates can provide Ti complexes for rutile nucleation on the surface of Ti and
Ti6Al4V alloy substrates. However, the above description does not apply to the Nb
substrate.

In Fig. 2.1, note that only diffraction peaks assignable to (101) and (004) plane of
anatase can be indicated on the Nb substrates. The weight of Nb substrate was decreased
after the chemical treatment. This result indicates that Nb substrates are oxidized by H>O»

in TS and Nb ions are eluted from the substrate. It is adequate to propose that the eluted
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Nb ions are supposed to form the complicated Ti-Nb complexes in the treating solution,
leading to the nucleation of anatase. The possible mechanism of the anatase layer

formation on the Nb substrate was illustrated in Fig. 2.3.
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2.5. Conclusion

Anatase layers were prepared on the Nb substrate with the facile chemical treatment.
However, pure rutile layers with the exposed {101} facets were successfully formed on
the surface of Ta and Ti6Al4V alloy substrates. It should be emphasized that the intensity
of diffraction peak corresponding to (101) plane for rutile was reduced in the order
Ti >Ti6Al4V >Ta. The concentration of Ti in the treating solution can be responsible for
the decreased order. Nb ions released from the Nb substrates in the treating solution form

Ti-Nb complexes, leading to nucleation of anatase on the surface of Nb substrate.
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Chapter 3

In vitro apatite formation on highly ordered rutile nanorod arrays on cpTi and

Ti6Al4V alloy substrates

3.1. Introduction

In the recent years, hydroxyapatite (HA) coatings have been widely applied on the
metallic implants for the biomedical application, which have the ability to bond with the
bony tissues [1-3]. Several coating methods like sol-gel methods [5], electron-beam
deposition [6], and thermal spraying treatment [7, 8] have been successfully to form the
HA coating on the surface of substrates. However, among the above techniques each one
has some disadvantages. For example, extremely high temperature was employed in the
thermal spraying treatment, which may cause the particular weakness in the fatigue
resistance of HA coatings [8]. On the other hand, recent research has shown that the in
vitro deposition of bone-like apatite layers on the surface is one of the most promising
way for evaluating the bioactivity of implants [9-11].

Titanium and some of its alloy (Ti6Al4V) are widely used as biomedical implants
due to their excellent biocompatibility. For improving the bone bonding ability of those
metallic implants, titanium oxide layer has been prepared on the surface. It has been

shown that the titania layer covering titanium and its alloys induced the apatite deposition
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in Kokubo's simulated body fluid (SBF), which has similar inorganic ion concentrations
with human blood plasma [12].

The possible factors of titania layers in inducing apatite nucleation and growth in the
conventional SBF have been investigated recently. Shozui et al. [13, 14] showed that in
vitro apatite-forming ability depends on the metallic substrates. In addition, for some
titanium alloys (Ti6A14V), the effects of aluminum species released into the SBF cannot
be ignored in the apatite nucleation and growth [15]. For preventing the release of
aluminum species from the Ti6Al4V alloy substrates, a liquid-phase-deposited titania
coating was applied to cover the Ti6Al4V alloy substrates [16]. In this case, properly
designed gaps (GRAPE technology [16-18]) were required to provide the apatite-forming
ability of titania coating on Ti6Al4V alloy substrates. Nevertheless, if the liquid-phase
deposition cannot provide very thick titania coating, the inhibiting effect of the aluminum
species derived from the substrates may not be eliminated completely.

The importance of rutile layer in inducing apatite deposition has been demonstrated
by Xiao et al. [19]. Xiao et al. [19] indicated that the excellent apatite-forming ability of
rutile was contributed to the small lattice mismatch between oxygen atoms on specific
facets of rutile and apatite. As proposed by Wu et al. [20], a complicated surface
morphology and nanosized rutile crystallites were also the important keys in effectively
inducing apatite formation in vitro. Rohanizadeh et al. [21] have reported that a rutile
layer produced by H»O: oxidation together with a subsequent heat treatment also

exhibited the excellent apatite-forming ability, and this rutile layer showed the strong
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binding force with deposited apatite layer.

Titania micro/nanostructures on Ti or Ti-based metals also draw a lot attention in
the apatite deposition [17, 19, 22-24]. The advantage of titania nanotubular arrays by the
anodization method in inducing apatite formation was reported [24, 25] in recent year.
For example, Tsuchiya et al. [24] indicated the titania nanotubular can provide excellent
apatite-forming ability in vitro because nanotubular structures own a very large surface
area. Though the apatite formation on the titania rods have been reported by some studies
[18, 19], the effect of titania rods in inducing apatite nucleation and growth has been
rarely discussed. On the basis of the above, a detailed understanding of the mechanism
via which the nucleation and growth of apatite are induced on rutile rods is necessary.

In the earlier report [26], dense and thick pure rutile nanorod arrays were
successfully prepared on the entire surface of a cpTi substrate. If the same dense rutile
layer can be fabricated on the surface of Ti6Al4V alloy substrate, the inhibiting effect of
Al from the Ti6Al4V alloy substrate into the SBF may be highly avoided, which will be
beneficial to deposit apatite layers on their surface in SBF. In this chapter, the chemical
treatment in our previous paper [26] was employed to produce the rutile nanorod arrays
on their surface of cpTi and Ti6Al4V alloy substrates. The effect of rutile nanorod arrays
in apatite nucleation and growth on the cpTi and Ti6Al4V alloy discs was discussed. The
nucleation and growth process of apatite on the rutile nanorod arrays for the cpTi and

Ti6Al4V alloy discs was shown.
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3.2. Experimental

3.2.1. Fabrication of rutile nanorod arrays on cpTi and Ti6Al4V

Titanium discs (15® x 1 mm) and Ti6Al4V alloy discs (12® x 1 mm), which were
respectively provided by the GC Corp. (Tokyo, Japan) and Teijin-Nakashima Medical
Co. Ltd. (Okayama, Japan), were polished using SiC (#1000) abrasive sandpaper to
achieve a smoother substrate. The polished samples were washed ultrasonically in the
ultra-pure water and acetone for 5 min, respectively. The cleaning cycle was repeated
three times.

The chemical treatment in our previous study was employed to produce rutile
nanorod arrays on the cleaned cpTi and Ti6Al4V alloy discs. Briefly, clear treating
solution (TS, pH 0.7) was obtained by mixing 0.14 mol-m™ TiOSO4 (Maikun Chemical
Company, Shanghai, China), 15 mol'm~ hydrogen peroxide (H>O:), and nitric acid
(HNO:s3). The cleaned cpTi or Ti6Al4V alloy discs were loaded in the 30 mL of TS at
80°C for 3 d and then cooled at room temperature. The samples were subsequently placed
in ultra-pure water and cleaned by using the ultrasonic cleaning machine for 15 min. The
aging treatment in 30 mL of ultra-pure water at 80°C for 1 day was employed to improve
the crystallinity of deposited layer. Finally, the treated samples were dried in air at room

temperature, and denoted as CT-specimens (CT-cpTi and CT-Ti6Al4V).

3.2.2. In vitro evaluation of the ability to induce apatite deposition

Kokubo's SBF was prepared as described in the literature [12]; its ion concentration
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was similar to that of human blood plasma. Reagent-grade chemicals of NaCl, NaHCO3,
KCl, KoHPO43H>0, MgCl2*6H,0, CaCl,, and Na,SO4 were sequentially dissolved in
ultra-pure water. (CH,OH)3;CNH,, and 1 mol-dm= HCI were used to adjust the pH to 7.4.
In order to evaluate the apatite-forming ability, the CT- samples according to section 3.2.1
were soaked in 40 mL of SBF at 36.5°C for various periods. And then the samples were

slightly cleaned with ultra-pure water and dried in the air at room temperature.

3.2.3. Structure characterization

The thin-film X-ray diffraction (TF-XRD, X’Pert-ProMPD, PANalytical, Almelo,
the Netherlands: Cu Ka, A= 0.15418 nm, 45 kV—40 mA) was used to investigate the
surface structure of the samples. TF-XRD patterns were measured in the step-scan mode
with a constant X-ray incident angle 6 of 1.0°. The field-emission scanning-electron
microscopy (FE-SEM; JSM-6701F, JEOL, Ltd., Tokyo, Japan) and scanning electron
microscopy (SEM; VE-9800, Keyence Co. Ltd., Osaka, Japan) were used to observe the
surface morphology of samples before and after being soaked in SBF. A Neoc-STB
Osmium Coater (Meiwafosis Co. Ltd., Tokyo, Japan) was used to coat the highly pure
osmium for the FE-SEM observation. A platinum-palladium coating (thickness: 10 nm)
was prepared on the samples with using a sputter coater (Ion Sputter E-1030, Hitachi
High-Technologies Co. Ltd., Tokyo, Japan) for the SEM observation. The SEM images
were analyzed using Image] software (version 1.51, Wayne Rasband, NIH, Bethesda,
MD, USA) to derive the quantity, size, and surface coverage of the deposited apatite

particles.

68



3.3. Results

3.3.1. Surface morphology of CT-cpTi and CT-Ti6Al4V samples

Chemical method was employed to construct titania layers on the cpTi and Ti6Al4V
alloy substrates. Fig. 3.1 shows a set of FE-SEM images of the CT-cpTi and CT-Ti6Al4V
specimens. In low-magnification images (Fig. 3.1 (al) and (bl)), dense and rough
nanorod arrays were found on both samples. Dense nanorod arrays were further
confirmed on the CT-cpTi specimen in Fig. 3.1 (a2). By comparing Fig. 3.1 (al) and (b1),
some pores and gaps with 100—250 nm in size (Fig. 3.1 (b1)) were observed on the surface
of CT-Ti6Al4V specimens as the white arrows shown. More careful observation in (Fig.
3.1 (a3) and (b3)), these layers were made up of rod-like structures. For the CT-cpTi
specimen, the width of those rods was estimated to 21-25 nm, and rods with
approximately 14—20 nm width can be seen on the surface of CT-Ti6Al4V specimen. In
addition, those nanorods grew along the same orientation though the width of those
nanorods on the CT-cpTi and CT-Ti6Al4V specimens was slightly different. In order to
evaluate the density of the nanorod arrays (DA), the number of nanorods per unit area on
the surface of a specimen was calculated. According to FE-SEM images in (Fig. 3.1 (a3)
and (b3)), the DAs on the CT-cpTi and CT-Ti6Al4V specimens were approximately (1.04
+0.06) x10% and (0.70 £ 0.10) x10° um™2. The above results demonstrated that nanorod
arrays were successfully prepared on the surface of CT-cpTi and CT-Ti6Al4V specimens,
denser nanorods with larger size were fabricated on the CT-cpTi substrates.

Fig. 3.2 shows the cross-sectional backscattered electron (BSE) SEM images of the
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CT-cpTi and CT-Ti6Al4V specimens. It presented the thickness of the deposited layers.
In the middle of each figure, the interface line between substrate and deposited layer was
found. The part above the interface line was the deposited layer, and the part below the
line was the substrate (cpTi and Ti6Al4V alloy). As seen in the Figure, the estimated
thickness of layers was presented. The thickness of deposited layer on the CT-cpTi
specimens was 1.8 — 2.6 um. On the other hand, a relatively thin layer with 1.4 —1.7 um

in the thickness can be observed on the of the CT-Ti6Al4V specimen.

3.3.2. Surface structure of CT-cpTi and CT-Ti6Al4V samples

To determine the crystalline phase of CT-cpTi and CT-Ti6Al4V specimens, their
TF-XRD patterns are presented in the Fig. 3.3. The similar TF-XRD patterns of CT-cpTi
and CT-Ti6Al4V specimens were obtained. Both samples gave diffraction peaks at 20
angles of approximately 27°, 36°, and 38°, corresponding to diffraction from the (110),
(101), and (111) planes, respectively, of rutile titania (ICDD-JCPDS PDF#21-1276). The
rest diffraction peaks corresponded to the metallic substrates. Therefore, pure rutile phase
was produced on both samples after the chemical treatment. By comparing, the diffraction

intensity of the (101) planes of rutile was greater on the CT-cpTi specimen.
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Fig 3.3 TF-XRD patterns of CT-cpTi and CT-Ti6Al4V specimens.
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3.3.3. Surface structure and morphology of CT-cpTi and CT-Ti6Al4V after being
soaked in SBF

The TF-XRD patterns of the CT-cpTi and CT-Ti6Al4V specimens after being
soaked in SBF for various periods from 0 to 72 h are illustrated in Fig. 3.4. The diffraction
peaks at 25° and 32° in 20 were assignable to the apatite (ICDD-JCPDS PDF#09-432),
which meant that CT-cpTi and CT-Ti6Al4V specimens can deposited apatite in SBF after
being soaked in SBF for 12h. The diffraction intensity of apatite grew with the increase
in the soaking time. In Fig. 3.4 (a), 30 h was required for the CT-cpTi specimen to detect
the diffraction peaks of apatite, and the soaking time required for showing apatite
diffraction peaks on the CT-Ti6Al4V alloy specimen is at least 48 h. After being soaked
in SBF for 72 h, the intensity of the diffraction peak at approximately 32° on the CT-cpTi
specimen was stronger than that on the CT-Ti6Al4V alloy specimen. TF-XRD
measurements have the limit in detecting the diffraction peak of apatite, therefore the
SEM micrographs of samples after soaking in SBF were required to confirm the induction
time for apatite deposition.

Surface morphology of the samples before and after immersion in SBF for various
periods are indicated in Fig. 3.5. Small hemispherical particles (1-2 pum diameter)
appeared on the surface of the CT-cpTi and CT-Ti6Al4V specimens after being soaked
in SBF for 12 h, implying that CT-cpTi and CT-Ti6Al4V specimens can deposit particles
within 12 h of soaking in SBF. The number of the hemispherical particles was smaller on

the CT-Ti6Al4V specimens. The diameter of those apatite seemed smaller on the CT-
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Ti6Al4V specimens. When the soaking time was increased to 24 h, the number of
hemispherical particles grew on the surface of both samples. In addition, according to Fig.
3.4, those deposited hemispherical particles can be identified as apatite. With the further
increase in the soaking time, the number and diameter of apatite particles was increased.

Finally, the apatite covered the entire surface of CT-cpTi and CT-Ti6Al4V specimens.

3.3.4. Analysis of quantity, size, and surface coverage of apatite

The quantity, size, and surface coverage of the deposited apatite particles was
analyzed with Image] software as illustrate in Fig. 3.6. Fig. 3.6 (a) estimates the
diffraction peak area at 32°. This peak corresponds to the apatite calculated from the TF-
XRD patterns of Fig. 3.4 as a function of the soaking time. In Fig. 3.4, the peak area on
the CT-Ti6Al14V specimens was corrected by considering the apparent surface area of the
CT-cpTi and CT-Ti6Al4V specimens. Here, the induction time for apatite was further
determined. 12—24 h for the CT-cpTi specimen and 30—36 h for the CT-Ti6Al4V
specimen was required for detecting diffraction peak of apatite, respectively. Those
analysis imply that CT-cpTi specimen gave a large amount of apatite on the surface. Fig.
3.6 (b) and (c) show that the number and size of the hemispherical apatite particles on the
CT-cpTi and CT-Ti6Al4V specimens were plotted as a function of the soaking time in
the range of 0—72 h according to the SEM micrographs in Fig. 3.5. Both samples exhibited
similar monotonically increasing behavior of the particle number. More apatite particles
on the CT-cpTi specimen can be confirmed throughout the soaking time in SBF. In

addition, CT-cpTi specimen gave apatite particles with slightly larger in diameter. The
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number and size of the hemispherical apatite particles increased with the soaking time in
the range from O h to 40 h. (Fig. 3.6 (b) and (c)) This implies that the primary and
secondary nucleation and growth of apatite occurred until 40 h.

The number of apatite particles is plotted as a function of the coverage in Fig. 3.6
(d). The CT-cpTi and CT-Ti6Al4V specimens both gave a similar increasing behavior,
though the number of deposited apatite particles on the samples was different. The CT-
cpTi specimen reached the plateau stage around 35% of coverage, while the CT-Ti6A14V
specimen did so around 45% of coverage. The curve in Fig. 3.6 (d) shows a monotonic
increase in the number of particles in the 0—40% coverage range due to the primary and
secondary nucleation and growth of apatite followed by the plateau stage due to the

secondary nucleation and growth of apatite.

76



(a) (b)

HAp (#PDF09-432) HAp(#PDF09-432)
= i A Il||_ o i - 1 - II||
CT-cpTi CT-Ti6AI4V
002 211 002 211 ]
S|72n ‘\ o g Ell=n
g e
T O PN ] 3 JE N S N
> A > [ |
P SR P W R £ L__
G G
E (86 0 ol ,}\M,. £ [36h A A
S| 30h m M s
x =
24 h AN
12 h A h‘
Oh A
| | | | | | | |

20 25 30 35 40 45 20 25 30 35 40 45
20 / degree 20 / degree

Fig 3.4 TF-XRD patterns of CT- cpTi (a) and CT-Ti6Al4V (b) after being soaked in SBF

at 36.5°C for 0, 12, 24, 30, 36, 48, 60 and 72 h.

77



A -
PP e g
2 en

cpTi and CT-Ti6Al4V after being soaked in SBF for
78

Fig 3.5 SEM micrographs of CT

various period at 36.5°C.



(@) (b)

80 300
O CT-cpTi o)
@ CT-Ti6AI4V

250

200
150
100

Number of particles / flame

Diffraction peak area at 32° in 20

I 1 I 1 l 1
0 20 40 60 80 0 20 40 60 80
Soaking time / h Soaking time / h

(d)

300

250
200
150
100

Particle diameter / um

50

Number of particles / flame

0. 1 I 1 l 1 I 1 I 1
0 20 40 60 80 0 20 40 60 80 100
Soaking time / h Coverage / %

Fig 3.6 Thin-film X-ray diffraction peak area at 26=32° corresponding to apatite (a),
number of deposited apatite particles (b), and average diameter of deposited apatite
particles (c) as a function of soaking time in SBF; (d) The number of apatite particles is
plotted as a function of coverage, which is the fraction of the surface covered by the

apatite particles.
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3.4. Discussion

Rutile nanorod arrays on the both CT-cpTi and CT-Ti6Al4V specimens can induce
apatite formation on their surface, in spite of rod density and thickness of rutile layers.
Takadama et al. [27] reported that alkali treatment in NaOH solution was employed to
produce a layer on a Ti6Al4V alloy substrate, the layer induced apatite deposition in vitro
after immersion in SBF for 120 h. They demonstrated that the exchange between Na ions
on the Al and V-free sodium titanate layer and H3O" in the SBF was contributed to the
formation of Ti-OH groups, which were beneficial for apatite deposition. A similar
process of apatite deposition on the Ti substrate with NaOH treatment also has been
reported recently [28]. On the other hand, Yamaguchi et al. [29] have shown that a mixed
acid treatment and subsequent heat treatment were employed to produce a bioactive
surface on the Ti6Al4V alloys. The ability of Ti6Al4V alloys with acid and heat treatment
in depositing apatite was discussed, treated Ti6Al4V alloys did not form apatite in SBF
within three days. In the present chapter, the fact that rutile nanorod arrays fabricated on
both cpTi and Ti6Al4V alloys are effective to deposit apatite within 1d. Besides, the
different behavior of apatite deposition on the CT-cpTi and CT-Ti6Al4V specimens is
noteworthy.

Uchida et al. [30] reported that apatite was formed on titania layers because the
atomic oxygen arrangements in titania crystal structures were suitable for the epitaxy of

the hydroxyl groups of apatite crystals in SBF. As shown by Xiao et al. [19] the crystal

80



lattice matching between rutile and apatite should be responsible for the apatite deposition
in SBF. On the other hand, Li et al. [31] have proposed that the presence of Ti—OH groups
on the titania layers was attributed to the apatite deposition in vitro. They reported that
the number of Ti—OH groups together with the surface charge of titania layers took the
associated responsibility for the apatite-forming ability. Uetsuki et al. [32] revealed that
Ti—OH groups would exist on titania layers in two kinds of states, acidic and basic. That
means, when titania was exposed to the SBF, the positively charged Ti—OH," and
negatively charged Ti—O™ coexisted on the surface of titania. The surface charge of titania
must be dependent on the arrangement of Ti—OH," and Ti—O sites on the surface.
Besides, the surface energy and primary apatite nucleation also were influenced by the
arrangement of Ti—OH>" and Ti—O~ sites. Both Ti—OH," sites and Ti—O~ sites on the
titania surface welcome the positive (calcium ions) and negative (phosphate ions) ions of
SBF to simultaneously form an apatite nucleus. The secondary apatite nucleation and
growth depended on the rate of primary apatite nucleation. As shown in our results, the
rod density of rutile nanorod arrays should be discussed to affect the primary nucleation
and growth of apatite. On the basis of the above results and discussion, the following
points about apatite nucleation and growth on the rutile nanorod arrays can be concluded
as follows.
a) The top surface of rutile nanorod arrays can provide the active sites for apatite
primary nucleation. Those active sites contain the Ti—OH;" sites and Ti—O~ sites of

rutile rods. The number of sites corresponds to the number of deposited
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hemispherical apatite particles on the surface.

b) The density of active sites on the rutile rod arrays determine the rate of primary
apatite nucleation and growth and the frequency of the nucleation.

c) The density of rutile rods and active sites determine the rate of secondary apatite
nucleation and the growth and frequency of the nucleation. The diameter of
hemispherical apatite particles must depend on the secondary apatite nucleation and
the growth.

The possible behavior of apatite formation on the rutile nanorod arrays of CT-cpTi

(a) and CT-Ti6Al4V specimens (b) is illustrated in Fig. 3.7. The induction time for apatite

on CT-cpTi was longer that on CT-Ti6Al4V in Fig. 3.6 (a). In addition, a greater amount

of apatite can be produced on the CT-cpTi substrate. The number of apatite particles (Fig.

3.6 (b)) indicated that the number of active sites for apatite nucleation on the CT-cpTi

specimen was larger than that on the CT-Ti6Al14V specimen. In Fig. 3.6 (d), the maximum

number of apatite particles was greater on the surface of the CT-cpTi specimen.

According to the results, it is indicated that rutile nanorod arrays on the CT-Ti6Al4V

specimen cannot provide many active sites for apatite nucleation and growth. In Fig. 3.1,

the density of rutile nanorods is lower on the CT-Ti6Al4V specimen. The densities of the

rod-like structures are approximately (1.04 + 0.06) x10° and (0.70 + 0.10) 10> um~2 on
the CT-cpTi and CT-Ti6Al4V specimens, respectively. The diameter of rutile nanorods
on both samples was quite close (approximately 20 nm). Therefore, the effective surface

area of each rutile rod for producing the active site was ca. 3.14 x 10* um?. According
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to Fig. 3.6 (b), the number of active sites for apatite nucleation could be estimated when
apatite particles covered the entire surface at 48 h of soaking in SBF. The densities of the
active sites were ca. 0.16 and ca. 0.13 pm2on the CT-cpTi and CT-Ti6Al4V specimens
respectively. Table. 3.1 indicated the possible relation between the rutile rod density (per
square micron) and active-site density (per square micron). Here it is indicated that the
rutile rod density varies as approximately 4.6 x 10*-6.9 x 10* (effective surface area:
14.44-21.66 pm?) on the surface. The active-site density must correspond to the density
of rutile nanorods, and increases as the density of rutile nanorods grows.

Rutile nanorod arrays on the Ti6Al4V specimen provide smaller number of active
sites for primary apatite nucleation. It means that, superior apatite nucleation occurs on
the rutile nanorod arrays for the cpTi substrate in supersaturated SBF because of high rod
density. This implies that a relatively large number of apatite nuclei are provided on the
rutile rod array of the CT-cpTi specimen. The number and diameter of apatite particles
increased with the soaking time in the range from 0 h to 40 h due to the primary and
secondary nucleation and growth of apatite. The secondary nucleation and growth of
apatite on CT-cpTi specimen contributes to the large size of apatite secondary particles.
The CT-cpTi specimen exhibited a stronger intensity of diffraction peaks corresponding
to apatite after being soaked in SBF for 72 h in Fig. 3.4. This intensity could be attributed
to the thick apatite layer on its surface. In addition, thick rutile layers were obtained on
the surface of the CT-cpTi specimen as shown in Fig. 3.2 (a). One possible explanation

for the strong diffraction intensity of apatite is that thick rutile layers with high rod density
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provide more active sites for apatite formation.

In conclusion, cpTi and Ti6Al4V alloys produced the highly ordered rutile nanorod
arrays on the surface after the chemical and aging treatment. The chemically-treated cpTi
and Ti6Al4V alloys deposited apatite within 1 d of soaking in SBF. The dense and thick
rutile nanorod arrays with high rod density on cpTi substrate showed the superior ability
in inducing apatite deposition in vitro. High rod density and thickness of rutile nanorod

arrays should be responsible for the high ability in depositing apatite.
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Table 3.1 Relation between rutile rod density and active-site density for CT-cpTi and CT-

Ti6Al4V specimens.
Samples CT-cpTi CT-Ti6Al4V
Rod density (um) (1.04 £ 0.06) x10° (0.70 £ 0.10) x103
Active-site density (um2) 0.16 0.13
Rods (per active site) 6.1-6.9x10* 4.6-6.1x10*
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3.5. Conclusion

A chemical treatment and subsequent aging treatment were employed to produce the
highly ordered rutile nanorod arrays on the surface of cpTi and Ti6Al4V alloys. The
substrate affect the thickness and rod density of rutile nanorod arrays. The cpTi specimen
favored the formation of rutile rods with high density. Rutile nanorod arrays on the CT-
cpTi and CT-Ti6Al4V alloy specimens induced apatite formation after soaking in SBF
for 1d. However, the behavior of apatite deposition was different between the two
specimens. More deposited apatite particles with larger diameter after three days of
soaking in SBF can be found on the CT-cpTi specimens. The low density of rutile rods
on the surface of the CT-Ti6Al4V alloy specimen is responsible for the inferior ability to
induce apatite nucleation on the CT-Ti6Al4V alloys at an early stage, indicating that the
amount of deposited apatite corresponded to the density of rutile rods. CT-cpTi specimen
showed apatite-forming ability superior to that of the CT-Ti6Al4V alloy specimens

because they own the dense and thick rutile layer with high rod density.
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Chapter 4

Photo-deposition behaviors of Ag on highly ordered rutile nanorod arrays

4.1. Introduction

In recent years, titania layers, especially anatase and rutile, have attracted a lot of
attention as coating layers of implant device due to their in vitro apatite-forming ability,
cell responses, long-term stability and low cost [1-7]. It is commonly known that titania
has three kinds of crystal phase, namely anatase, rutile, and brookite. Recent studies [5-
7] have shown the importance of rutile in inducing apatite formation in vitro. It is widely
accepted that rutile with {110} facets is more stable compared to other facets of rutile.
However, the special facets of rutile, such as rutile {101} facet have been reported to
show the excellent ability in inducing apatite in vitro [6]. In the special field of biomedical
implants, when implants were introduced into the body, their surface is generally sensitive
to infection due to the accumulation of various proteins. This kind of protein
accumulation on their surface may make it appropriate for bacteria production under
physiological conditions [8]. The subsequent accumulation of bacteria on the implant is
still one of the causes of inflammatory diseases [9]. Recent investigation in the property
of noble metals such as Ag or Au incorporated into titania layer have been attracted a lot

of attention due to their good anti-bacterial ability, and satisfactory stability [8,10-12].
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Rai et al. [10] have reviewed that the antibacterial properties of Ag ions, and reported Ag
nanoparticles can also inhibit bacterial attachment onto the implant surface. Bosetti et al.
[11] indicated that in vitro silver-coated material exhibited excellent cells spreading, and
silver is neither genotoxic nor cytotoxic. In vivo studies, implants coated with silver have
no any local or systemic side-effects. Among the above-mentioned noble metal, silver is
a good choice to introduce into titanium or other metal implants for improving their
antibacterial ability or catalytic activity.

We have successfully synthesized pure rutile layers with the exposed (101) on the
cpTi disc by the chemical treatment and the following aging treatment [13]. Since many
studies have reported Ag particles was deposited on pure anatase [14, 15] or anatase
nanosheets with exposed high surface energy [16], there is no clear evidence that pure
rutile nanorod arrays with exposed (101) plane decorated Ag particles. In this chapter, we
prepared pure rutile nanorod arrays with exposed (101) plane according to our previous
report [13] and decorated Ag particles onto the surface of rutile layers by a photo-
deposition method. We demonstrated a series of Ag-decorated rutile layers with various
photo-deposition time on the cpTi substrates. The aim of this study was to discuss the
photo-deposition behaviors of Ag on the rutile layers with exposed (101) plane. In
addition, the effect of various substrates such as niobium (Nb), zirconium (Zr), tantalum
(Ta) and commercially available pure titanium (cpTi) substrates on the photo-deposition

behavior of Ag was shown.
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4.2. Experimental

4.2.1. Materials

A sheet of pure niobium (Nb, 99.9%), zirconium (Zr, 99.2%), and tantalum (Ta,
99.95%) which were purchased from The Nilaco Co. Ltd. (Tokyo, Japan), and cpTi discs
(GC Corp, Tokyo, Japan) were polished by using the sandpaper #1000, then washed in
acetone and ultra-pure water at room temperature. The cleaning process was repeated up
to 3 times. The as-cleaned substrates were denoted as NT-samples (NT-cpTi, NT-Nb,

NT-Zr and NT-Ta).

4.2.2. Preparation of rutile nanorod arrays on cpTi

In brief, rutile layers were prepared on the NT-cpTi discs of size of 15 ®x 1 mm by
soaking them in the treating solution at 80°C for 3 days and then aged in ultra-pure water
at 80°C for 1 day. Treating solutions (TSs) contained titanyl sulfate (TiOSO4; 0.14
mol-m~), 15 mol-m~ hydrogen peroxide (H,0.), and its pH value was adjusted to 0.7 by
using nitric acid (HNO3). The NT-cpTi samples after the chemical and aging treatment

were denoted as CT-sample (CT-cpTi).

4.2.3. Deposition of Ag under the UV-irradiation

A 30 mL of 0.2 mol'm~ AgNOs aqueous solution was placed in a glass petri dish
and then each sample prepared according to section 4.2.2 or each as-cleaned substrate
(NT-cpTi, NT-Nb, NT-Zr and NT-Ta) was held in a glass petri dish, respectively.

Ultraviolet light irradiation was carried out for 0, 30, 60 and 90 min at the room
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temperature using a UV curing apparatus equipped with high pressure Hg lamp
(HLR100T-2, SEN LIGHTS Corp., Osaka, Japan, primary wavelength 365 nm, 170
mW/cm?). After UV irradiation, the substrate was taken out of the glass petri dish, and
slightly washed three times with ultra-pure water. Finally, the substrates were dried in a
constant temperature incubator at 60°C. The NT-cpTi and CT-cpTi substrates in the 30
mL of 0.2 mol'm— AgNOs aqueous solution for 90 min without UV irradiation was
choose as the control group, which were denoted as NT-cpTi WoUV and CT-

cpTi_ WoUV.

4.2.3. Characterization

The change in weight of the samples before and after the UV irradiation was
examined with a precision balance (XSR205DUV, Mettler-Toledo, Switzerland). The
technique of thin film X-ray diffraction (TF-XRD, X’Pert-ProMPD, PANalytical, Almelo,
the Netherlands: Cu Ka,, A=0.15418 nm, 45 kV—40 mA) was used to examine the crystal
structure of the samples, where all data were collected in the 26 scan mode with a step-
scan interval of 0.02°, a counting time of 1 s per step, and a constant X-ray incident angle
0 of 1.0°. The surface morphology of samples after the photo-deposition process for 90
min was observed by using scanning-electron microscopy (SEM, VE-9800, Keyence Co.
Ltd., Osaka, Japan). The samples were coated with Pt-Pd coating (thickness: 10 nm) for
the SEM observation via using a sputter-coater (E-1030, Hitachi High-Technologies Co.

Ltd., Tokyo, Japan).
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4.3. Results

4.3.1. Surface structure of cpTi and rutile after photo-deposition for 0, 30, 60 and
90 min

Fig. 4.1 shows TF-XRD patterns of NT-cpTi (a) and CT-cpTi substrates (b) after the
photo-deposition process for 0, 30, 60 and 90 min. In Fig. 4.1 (a), the intensity of the
diffraction peak at 38° obviously grew with the deposition time. The diffraction peaks at
44° and 64° corresponding to (200) and (220) plane of Ag was detected after the photo-
deposition for 30 min. The diffraction peaks at 35.0°, 38.4°, 40.1° and 52.9° corresponded
well to the titanium (ICDD-JCPDS PDF#44-1294). For the CT-cpTi substrates in Fig. 4.1
(b), the diffraction peaks at 27.2°, 36.2° and 41.3° which are assignable to (110), (101),
and (111) plane of rutile (ICDD-JCPDS PDF#21-1276) were observed clearly. The rest
diffraction peaks were ascribed to the titanium. The intensity of the diffraction peaks at
38°, 44° and 64° corresponding to (111), (200), and (220) plane of Ag clearly increased
with the deposition time, while the intensity of diffraction peak at 36.2° for rutile (101)
reduced. It is noted the diffraction peak for (101) plane of rutile disappeared after the
deposition time of 90 min. In addition, no diffraction peak corresponding to Ag can be
detected on the NT-cpTi and CT-cpTi substrates without UV irradiation.

Fig. 4.2 (a) shows the change in the weight of NT-cpTi and CT-cpTi substrates was
plotted as a function of the photo-deposition time. Both NT-cpTi and CT-cpTi substrates
gained the weight after the photo-deposition process. It is clearly observed that NT-cpTi

substrates gained the more than that of CT-cpTi substrates after the photo-deposition. The
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weight of NT-cpTi and CT-cpTi substrates without UV irradiation remained unchanged.
The peak area of diffraction peak at 38° was calculated in Fig. 4.2 (b). The peak area at
38° for NT-cpTi substrates and CT-cpTi substrates increased with the deposition time. It
is suggested that amount of deposited Ag grew with the deposition time. In addition, the
increased rate of Ag on NT-cpTi substrates was greater than that on CT-cpTi substrates.
XRD patterns obtained in 26/0 scan mode of NT-cpTi and CT-cpTi substrates after
the photo-deposition for 90 min were shown in Fig. 4.3 and Fig. 4.4. NT-cpTi substrate
gave the strong intensity of diffraction peaks corresponding to (002) and (220) plane of
Ag after the photo-deposition process. In the XRD patterns with the range from 37.5° to
39.0° (Fig. 4.4 (b)), a diffraction peak at around 38.2° can be assigned to (111) plane of
Ag on the NT-cpTi substrates. In addition, the intensity of diffraction peaks
corresponding to titanium decreased on the NT-cpTi substrates after the irradiation. In
Fig. 4.4(a), it is obvious that the diffraction peak corresponding to (220) plane of Ag was
detected on the CT-cpTi substrates after the photo-deposition. In addition, a weak
diffraction peak at 44° was ascribed to the (002) plane of Ag. There is no significant
difference in the intensity of other diffraction peaks before and after the photo-deposition
process. Furthermore, a faint diffraction peak around 38.2° attributed to the (111) plane

of Ag can be confirmed in Fig.4.4(b).

4.3.2. Surface morphology of cpTi and rutile after the photo-deposition for 90 min
Fig. 4.5 shows the surface SEM images of NT-cpTi after the photo-deposition

process for 30 and 90 min, respectively. Particle having polyhedral shapes can be clearly
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observed on the surface of NT-cpTi substrate in Fig. 4.5 (a) and (a’). The size of this
particle was around 10 um. After 90 min of the photo-deposition, many particles scattered
on the surface of NT-cpTi substrates in Fig. 4.5 (b). In the higher magnification, those
particles have polyhedral shapes. According to Fig. 4.1 (a), the deposited particles can be
confirmed as Ag particles. Fig. 4.6 shows surface SEM images of CT-cpTi substrates
after the photo-deposition process for 30 and 90 min, respectively. The particles with
around 1 pm in size were randomly deposited on the surface. The shape and size of
deposited particles on the CT-cpTi substrate was significantly different from that on the

NT-cpTi substrate in Fig. 4.5.

4.3.3. Surface structure and morphology of Zr, Nb, and Ta substrates after the
photo-deposition for 90 min

Fig. 4.7 shows the TF-XRD patterns of NT-Zr, NT-Nb, and NT-Ta substrates before
and after the photo-disposition process. After the photo-deposition, it can be seen that the
intensity of all diffraction peaks corresponding to substrates (Zr, Nb, and Ta) was reduced.
A weak intensity of diffraction peak at 44° corresponding to (200) plane of Ag can be
found on the NT-Zr substrates. NT-Nb and NT-Ta substrates gave a very weak intensity
of diffraction peak at 64° corresponding well with (220) planes of Ag. In the TF-XRD
patterns in range of 37.5° and 40°, a weak diffraction peak at 38° was further confirmed
on the NT-Zr, NT-Nb, and NT-Ta substrates, which was ascribed to (111) plane of Ag. It
is indicated that Ag can be formed on the NT-Zr, NT-Nb, and NT-Ta substrates by the

UV-irradiation.
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For further investigating the effect of various substrates on the photo-deposition
behavior of Ag, the XRD patterns obtained in 26/0 scan mode of various metallic
substrates were shown in Fig. 4.8. NT-cpTi substrates obviously yielded the strong
intensity of diffraction peaks corresponding to (200) and (220) plane of Ag after the
deposition for 90 min. Only diffraction peaks corresponding to substrate were detected
on the NT-Zr, NT-Nb, and NT-Ta substrates. In the Fig. 4.8(b), a weak diffraction peak
at around 38° corresponding to Ag was detected on all samples. Table 4.1 shows the
change in the weight (W/mg) of various metallic substrates subjected to the UV-
irradiation for 90 min. The gained weight (GW) of those substrates was increased in the
order: NT-Zr < NT-Ta < NT-Nb < NT-cpTi.

Fig. 4.9 shows the SEM images of NT-Zr, NT-Ta and NT-Nb substrates after the
photo-deposition process for 90 min. In Fig. 4.9 (a), the particles on the surface of NT-Zr
substrate are in the shape of diamond and polyhedron. In Fig. 4.9 (b) and (c), the particles
have irregular polyhedron crystal morphology on the surface of NT-Nb and NT-Ta
substrates. The size of particles on the NT-Nb substrates was larger than that of Zr and
Ta substrates. Those particles were recognized as Ag according to Fig. 4.7.

From the above results, it was found that Ag particles with small size were deposited
on the rutile layer under the UV irradiation. In addition, the ability to deposit Ag particles
on the various metallic substrates under the irradiation was increased in the order: NT-Zr

<NT-Ta < NT-Nb <NT-cpTi.
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Fig. 4.1 TF-XRD patterns of NT-cpTi (a) and CT-cpTi (b) substrates after the photo-
deposition for 0, 30, 60 and 90 min. M : titanium, A: rutile. For comparison, the TF-
XRD patterns of NT-cpTi and CT-cpTi substrates obtained in AgNOs3 solution without

UV irradiation for 90 min was shown.
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Fig 4.2 Change in the weight (a) and the peak area at 38 degree (b) of NT-cpTi and CT-
cpTi substrates after 0, 30, 60, 90 min of photo-deposition. The weight change (red line)
of NT-cpTi and CT-cpTi substrates in AgNOs3 solution without UV irradiation (NT-

cpTi_ WoUV and NT-cpTi_WoUYV) for 0 and 90 min was shown for comparison.
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Fig 4.3 XRD patterns obtained in 26/6 scan mode of NT-cpTi substrates before and after
the photo-deposition time of 90 min. (a): 20-70 degree, (b): 37.5-39 degree. M : titanium.
For comparison, the XRD patterns obtained in 26/6 scan mode of NT-cpTi in AgNO3

solution without UV irradiation for 90 min was shown (red line).

103



(a)

CT-cpTi

90 min

Silver (#PDF04-0783)
I |

26/6 scan mode
002 220
b

v

0 min
A

X-ray intensity / arb.unit

n'l m B/ A

Iy A

(b)

X-ray intensity / arb.unit

Silver

CT-cpTi

Ag-

0 miL//\\,

Without UV_90 min

20 30

40 50 60
26 / degree

70

Without UV_90 min

38.0 39.0
20 / degree

Fig 4.4 XRD patterns obtained in 26/0 scan mode of CT-cpTi substrates in 0.14 mol-m>

TS before and after the photo-deposition time of 90 min. (a): 20-70 degree, (b): 37.5-39

degree. M titanium; A : rutile. For comparison, the XRD patterns obtained in 26/8 scan

mode of CT-cpTi in AgNOs3 solution without UV irradiation for 90 min was shown (red

line).
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Fig. 4.5 SEM images of NT-cpTi substrate after the photo-deposition for 30 (a: x 1000,

a": X 5000) and 90 min (b: x 1000, b": x 5000).
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Fig 4.7 TF-XRD patterns of NT-Zr (a), NT-Nb (b) and NT-Ta substrates (c) before and

after the photo-deposition for 90 min. O : zirconium, []: niobium, and A: tantalum.
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degree, (b): 37.5-40 degree
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4.4. Discussion

Many reports have been studied the possible factors such as irradiation time [17] and
chemical agents in solution [18, 19] that affect the photo-deposition behavior of Ag. In
our present work, the changes in the types of substrates (NT-cpTi, CT-cpTi, NT-Zr, NT-
Nb, and NT-Ta substrates) resulted in the different photo-deposition behavior including
the amount or size of deposited Ag particles. Rutile layers on the CT-cpTi substrate can
deposit less amount of Ag particles than NT-cpTi substrate as shown in Fig. 4.2 (a).
Besides, Ag particles with high crystallinity and large size were formed on the NT-cpTi
substrates in Fig. 4.5. As shown in Fig. 4.1(a), the diffraction peak corresponding to Ag
appeared after the photo-deposition for about 30 min. This result indicates that Ag
particles formed on the surface of NT-cpTi substrates. Fig. 4.1(b) and Fig. 4.2 (b)
indicated that Ag was produced on the CT-cpTi substrates after around 60 min of photo-
deposition. According to the above results, it is supposed that the formation of Ag
particles is prioritized on the surface of NT-cpTi substrates.

The photo-deposition of Ag on the surface of substrates was conducted by two
processes: (1) activation of electrons (¢”) by the UV light and (2) photoreduction of Ag*
to Ag’. When the energy of the photon is greater than the work function of materials, the
e will be excited from the atom. If the photon cannot reach the energy of the work
function, it is hard to enable e~ ejection from the atom. Therefore, the photoelectric effect

plays an important role in the generation of e”. As reported by Michaelson et al. [20], the

109



electron work function of various substrates decreases in the order Ti (4.33 eV) > Nb

(4.30 eV) >Ta (4.25 eV)> Zr (4.05 eV). The high-pressure Hg lamp of UV curing

instrument provide the lines at 365 nm, 315 nm and 254 nm. According to equation (Eq

(1)), energy of the incident photon is 3.40, 3.90 and 4.89 eV at the wavelength of 365 nm,

315 nm and 254 nm for Hg lamp.

E=hv=hx(c+2) (1

Where E is the energy of the incident photon, 4 represents the Planck constant (4 =

6.63x1073* Js), ¢ is the speed of light in a vacuum, ¢ =3x10% m/s. A is the light wavelength.
The work function of rutile has been reported to depend on its crystal faces and treatment

for preparing rutile [21,22]. The work function for rutile was indicated in the previous

paper [21,22]is4.31-6.33 eV. In our case, all NT-samples and CT-cpTi substrates (rutile)
can deposit Ag particles after the UV-irradiation. In case of the 365 and 315 nm

wavelength, no electrons can be ejected due to the low frequency of light. The gained

weight of CT-cpTi was less than that of NT-cpTi substrates after the photo-deposition in

Fig. 4.2 (a). Considering the above discussion, the work function of rutile layers on the

CT-cpTi substrates is 4.33(function work of Ti) —4.89 eV. The electrons will be activated

preferentially on the surface of NT-cpTi substrates and then can be captured by Ag ions

in the aqueous solution. In this case, the aggregated rate of Ag into the large particles will

be accelerated on the NT-cpTi substrates. Owing to high work function of rutile, the

activated rate of electrons is so slow that photoreduction of Ag ions is inhibited on the

rutile. Therefore, the Ag particles with small size would be deposited on the rutile. In
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addition, the basic Ti-OH groups can be generated on the surface of titania by the UV
irradiation as indicated by some researchers [23,24]. Wang et al. [25] have reported that
the addition of PEG resulted in the formation of Ag with smaller size, they indicated that
PEG acquired OH radicals on the surface of ZnO. Therefore, one other possible
explanation for deposited Ag particles with small size is that Ag ions in the AgNO;
solution capture the H of Ti-OH groups and the pH value of solution is increased, which
may be adverse for the photoreduction from Ag ions to Ag.

However, the work function of metal materials (Ti (4.33 eV) > Nb (4.30 eV) > Ta
(4.25 eV) > Zr (4.05 eV)) cannot be accounted for the results that the weight of metal
substrates decreases in the order: NT-cpTi> NT-Nb > NT-Ta > NT-Zr. In this regard, the
work function of Ag (4.26 eV [26]) should be took into consideration. Therefore, it is
supposed that deposited Ag on the NT-Ta and NT-Zr substrates are unstable, the ¢ from
the Ag can be activated, leading to the adverseness changes from Ag ions to Ag. In other
word, the deposited Ag particles are transferred to the Ag ions, which would cause that

NT-Ta and NT-Zr substrates gain less weight than that of NT-cpTi and NT-Nb substrates.
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Table 4.1 Weight change of various substrates by the photo-deposition of Ag for 90 min

Substrates NT-cpTi CT-cpTi NT-Zr NT-Nb NT-Ta

Weight
1.65+0.02 0.037£0.04 0.019£0.01 0.060+0.04 0.025+0.02
change / mg
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4.5. Conclusion

The NT-cpTi and CT-cpTi substrates deposited Ag under the UV- irradiation for
about 30 min. The Ag particles with size in the range of 5-10 um having polyhedral
shapes were deposited on the surface of NT-cpTi substrates, and some particles with
about 1um in size were formed on the rutile layers of CT-cpTi substrates after the 30
min of UV-irradiation. The size and number of deposited Ag particles were increased
with the photo-deposition time. The difference in the size and amoint of Ag particles
was owing to the different electric photoelectric effect of Ti and rutile. NT-Zr, NT-Ta
and NT-Nb substrates provided them with ability to deposit Ag under the UV-
irradiation for 90 min. However, the weight gain of various substrates after the photo-
deposition for 90 min increased in the order of NT-Zr < NT-Ta < NT-Nb < NT-cpTi.
It is supposed that the Ag ions are released from the deposited Ag on the surface of
NT-Ta and NT-Zr substrates due to the relatively higher work function of Ag under

the UV light.

References

[1] Y. Oshida, “Bioscience and bioengineering of titanium materials,” 2" ed, USA:
Elsevier, 2013, Ch. 1. 1-7.

[2] AW. Tan. B. Pingguan-Murphy, R. Ahmad, SA. Akbar, “Review of titania nanotubes:

114



[3]

[4]

[3]

[6]

[7]

[8]

[9]

fabrication and cellular response,” Ceram Int, 2012, 38(6), 4421-4435.

VB. Damodaran, D. Bhatnagar, V. Leszczak, KC. Popat, “Titania nanostructures: a
biomedical perspective,” RSC Adv, 2015, 5: 37149-37171.

S. Minagar, CC. Berndt, J. Wang, E. Ivanova, C. Wen, “A review of the application
of anodization for the fabrication of nanotubes on metal implant surfaces,” Acta
Biomater, 2012, 8(8): 2875-2888.

X. Liu, F. Xiao, S. Hayakawa, A. Osaka, “The fabrication of nanostructured titania
polymorphs layer with high crystallinity and its apatite-forming ability,” Surf Coat
Technol, 2019, 363: 338-343.

F. Xiao, GQ. Jiang, JY. Chen, ZL. Jiang, XZ. Liu, A. Osaka, XC. Ma, “Apatite-
forming ability of hydrothermally deposited rutile nano-structural arrays with
exposed {101} facets on Ti foil,” J Mater Sci. 2018, 53(1): 285-294.

JM. Wu, JF. Liu, S. Hayakawa, K. Tsuru, A. Osaka, “Low-temperature deposition of
rutile film on biomaterials substrates and its ability to induce apatite deposition in
vitro,” J Mater Sci—Mater M, 2007, 18(8), 1529-1536.

X. He, X. Zhang, X. Wang, L. Qin, “Review of antibacterial activity of titanium-
based implants surfaces fabricated by micro-arc oxidation,” Coatings, 2017,7(3), 45.
LJA. Heitz-Mayfield, GE. Salvi, “Peri-implant mucositis,” J Clin Periodontol, 2018,

45, S237-S245.

[1I0]M. Rai, A. Yadav, A. Gade, “Silver nanoparticles as a new generation of

antimicrobials,” Biotechnol Adv, 2009, 27(1), 76-83.

115



[11]M. Bosetti, A. Mass¢, E. Tobin, M. Cannas, “Silver coated materials for external
fixation devices: in vitro biocompatibility and genotoxicity,” Biomaterials, 2002,
23(3), 887-892.

[12]1B. Le Ouay, F. Stellacci, “Antibacterial activity of silver nanoparticles: a surface
science insight,” Nano Today, 2015, 10(3), 339-354.

[13]1X. Liu, T. Yoshioka, S. Hayakawa, “Effect of titanyl sulfate concentration on growth
of nanometer-scale rutile rod arrays on the surface of titanium substrate,” J Ceram
Soc Jpn, 127(8), 545-550.

[14]H. Li, Q. Cui, B. Feng, J. Wang, X. Lu, J. Weng, “Antibacterial activity of TiO»
nanotubes: influence of crystal phase, morphology and Ag deposition”, Appl Surf
Sci, 2013, 284, 179-183.

[15]Y. Luo, S. Yu, B. Li, L. Dong, F. Wang, M. Fan, F. Zhang, “Synthesis of (Ag, F)-
modified anatase TiO; nanosheets and their enhanced photocatalytic activity,” New
J Chem, 2016, 40, 2135-2144.

[16]Z. Jiang, X. Lv, D. Jiang, J. Xie, D. Mao, “Natural leaves-assisted synthesis of
nitrogen-doped, carbon-rich nanodots-sensitized, Ag-loaded anatase TiO: square
nanosheets with dominant {001} facets and their enhanced catalytic applications,” J
Mater Chem A, 2013, 1, 14963-14972.

[17]MV. Sofianou, N. Boukos, T. Vaimakis, C. Trapalis, “Decoration of TiO; anatase
nanoplates with silver nanoparticles on the {101} crystal facets and their

photocatalytic behavior,” Appl Catal B, 2014, 158-159, 91-95.

116



[18]X. You, F. Chen, J. Zhang, M. Anpo, “A novel deposition precipitation method for
preparation of Ag-loaded titanium dioxide,” Catal Lett. 2005; 102(3-4), 247-250.

[19]Z. Jiang, Q. Ouyang, B. Peng, Y. Zhang, L. Zan, “Ag size-dependent visible-light-
responsive photoactivity of Ag-TiO> nanostructure based on surface plasmon
resonance,” J Mater Chem A, 2014, 2, 19861-19866.

[20]HB. Michaelson, “The work function of the elements and its periodicity,” J Appl
Phys, 1970, 48, 4729-4733.

[21]A. Imanishi, E. Tsuji, Y. Nakato, “Dependence of the work function of TiOx(rutile)
on crystal faces studied by a scanning auger microprobe,” J Phys Chem C, 2007,
111(5), 2128-2132.

[22]S. Kashiwaya, J. Morasch, V. Streibel, T. Toupance, W. Jaegermann, A. Klein, “The
work function of TiO»,” Surfaces, 2018, 1, 73—89.

[23]YP. Guo, HX. Tang, Y. Zhou, DC. Jia, CQ. Ning, YJ. Guo, “Effect of mesoporous
structure and UV irradiation on in vitro bioactivity of titania coatings,” Appl Surf Sci,
2010, 256(16), 4925-4952.

[24]K. Uetsuki, S. Nakai, Y. Shirosaki, S. Hayakawa, A. Osaka, “Nucleation and growth
of apatite on an anatase layer irradiated with UV light under different environmental
conditions,” J Biomed Mater Res A, 101(3), 712—719.

[25]). Wang, XM. Fan, K. Tian, ZW. Zhou, Y. Wang, “Largely improved photocatalytic
of Ag/tetrapod-like ZnO nano-compounds prepared with different PEG contents,”

Appl Surf Sci, 2011, 257(17), 7763-7770.

117



Summary

The present thesis has developed a facile chemical treatment combining an aging
treatment to fabricate nanometer-scale rutile rod arrays on titanium substrate or other
metallic substrates, like niobium, zirconium, tantalum and Ti6Al4V alloys. In addition,
their bioactivity has been investigated in terms of in vitro apatite-forming ability.
Preparation and characterization of Ag photo-deposited on the rutile nanorod arrays and
other metallic substrates, like titanium, niobium, zirconium, and tantalum have been
demonstrated and their photo-deposition behavior under the UV-irradiation have been

examined and discussed.

Chapter 1 has described the treatment to fabricate the nanometer-scale titania rods
on the surface of titanium substrates. The fabrication process is a combination of a
chemical treatment with a titanyl sulfate concentration-controlled treating solution (0.10,
0.14 and 0.18 mol-m™*) including hydrogen peroxide and nitric acid, and subsequent aging
treatment in the ultra-pure water at 80°C for 1 day. The chemical treatment was proceeded
up to 3 day at 80°C. After the aging treatment, random or highly ordered, nanorod arrays
of rutile or titania are prepared on the surface of titanium substrates. The surface
morphology and thickness of rutile/titania layers are dependent on the titanyl sulfate
concentration in the treating solution. 0.10 mol-m= TiOSOs TS provided randomly

packed aggregates of oriented anatase and rutile rods, while 0.14 and 0.18 mol-m~
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TiOSO4 TSs yielded highly ordered rutile rods. In order to explain the effect of titanyl
sulfate concentration in the treating solution, the fabrication of rutile nanorods arrays have
been proposed though the following steps:
1. The chemical interaction of titanium substrates with hydrogen peroxide yields
an amorphous titanium oxide layer.
2. The nucleation of rutile must be dependent on the titanium complexes in the
treating solution.
3. The growth of rutile proceeds at the expense of the amorphous titanium oxide
layer.
It was concluded that proper control in the concentration of titanyl sulfate will be

critical to generate the highly ordered rutile nanorod arrays.

Chapter 2 demonstrated the chemical approach to fabricate rutile layers on the
various metallic substrates including niobium (Nb), zirconium (Zr), tantalum (Ta) and
Ti6Al4V alloys. The fabrication process is similar to that employed in Chapter 1, it
employs chemical treatment in 0.14 mol-m? titanyl sulfate of treating solution to deposit
titania layers on the surface of various metallic substrates. Nb substrate can produce the
pure anatase layer, no deposited layer can be fabricated on the Zr substrate, whereas the
pure rutile layers with exposed {101} facet were formed on the surface of Ta substrate
and Ti6Al4V alloys. The X-ray diffraction intensity of {101} facets of rutile increased in
the order of Ta < Ti6Al4V alloy< Ti substrate, which were due to the concentration of

titanium complexes in treating solution. Chemical treatment gave a decrease in the weight
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of Nb substrate and a rise in the weight of Ta and Ti6Al4V alloy substrates due to the
formation of rutile layer. Rutile layers fabricated on Ta and Ti6Al4V alloy substrates was
in a similar way with that on Ti. Chemical reaction of substrate with treating solution
gives an amorphous tantalum/titanium oxide layer on the Ta and Ti6Al4V alloys, and
then the rutile nucleation which was derived from treating solution, is expected to occur
at the surface of the amorphous layer. Finally, the rutile layers are formed by consuming
the amorphous layer. The possible process for anatase formation on Nb substrate is that
the complicated Ti-Nb complexes are formed due to the releasing of Nb ions, which favor
the nucleation of anatase.

Chapter 3 showed the highly ordered rutile nanorod arrays were fabricated on the
surface of cpTi and Ti6Al4V alloy substrates via the chemical treatment and following
aging treatment as described in the chapter 1: 0.14 mol-m titanyl sulfate of treating
solution was choose to proceed the chemical treatment. The structure and the in vitro
apatite-forming ability of the chemically treated cpTi specimens and Ti6Al4V alloy
specimen were compared. Both rutile nanorod arrays on cpTi and Ti6Al4V alloy
specimens can be confirmed to deposit apatite particle after being soaked in SBF within
1 day. The cpTi specimens showed superior rate of apatite nucleation and favored the
formation of a large number of apatite particles with lager diameter. Such excellent
apatite-forming ability of cpTi substrate can be attributed to the dense and thick titania
layers with higher rutile nanorod density on the surface. Highly ordered rutile nanorod

arrays will be promising for bone and vascular implants due to their excellent
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biocompatibility, controllable dimensions, and large surface-to-volume ratio. Generally,
the requirements for biomedical implants are good biocompatibility. By changing the
diameter, rod density or thickness of rutile nanorods on the metallic implants, rutile
nanorod arrays on implants can be tailored to achieve extremely stable and excellent
biocompatibility.

Chapter 4 concentrated on the photo-deposition behaviors of Ag on the rutile
nanorod arrays of titanium substrates. Besides, the effect of Nb, Zr, Ta, and cpTi
substrates on the photo-deposition of Ag was discussed. The rutile layer on the cpTi
substrate inhibited the formation of Ag particles, and cpTi substrates favored the
formation of polyhedral Ag particles with larger size. Ag was also successfully fabricated
on the surface of Zr, Ta and Nb substrates after the photo-deposition for 90 min. However,
the intensity of Ag on the Zr, Ta and Nb substrates was weaker than that of cpTi substrates.
The weight gain of various substrates after the photo-deposition for 90 min increased in
the order of Zr < Ta < Nb < ¢pTi. It was considered that the photo-deposition behavior of
Ag on the various substrates can be attributed to the photoelectric effect. In the future
prospects, along with bioactivity if antibacterial property is provided by the titania
incorporating antibacterial agent on the metallic implants, the risk of those implants can
be minimized. The incorporation of the amount or size of Ag particles on the metallic
substrates should be optimized by evaluating their antibacterial activity, compatibility
together with bioactivity.

In summary, those above conclusions were described. Those results indicate that the
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present surface modification on the titanium and its alloy (Ti6Al4V) was effective to
produce the rutile nanorod arrays that can provide excellent in vitro apatite-forming

ability.
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