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Abstract

Although some types of TiO2 powders and gel-derived films can exhibit bioactivity, plasma-sprayed TiO2 coatings are always

bioinert, thereby hampering wider applications in bone implants. We have successfully produced a bioactive nanostructured TiO2

surface with grain size smaller than 50 nm using nanoparticle plasma spraying followed by hydrogen plasma immersion ion

implantation (PIII). The hydrogen PIII nano-TiO2 coating can induce bone-like apatite formation on its surface after immersion in a

simulated body fluid. In contrast, apatite cannot form on either the as-sprayed TiO2 surfaces (both o50 nm grain size and 450 nm

grain size) or hydrogen-implanted TiO2 with grain size larger than 50 nm. Hence, both a hydrogenated surface that gives rise to

negatively charged functional groups on the surface and small grain size (o50 nm) that enhances surface adsorption are crucial to

the growth of apatite. Introduction of surface bioactivity to plasma-sprayed TiO2 coatings, which are generally recognized to have

excellent biocompatibility and corrosion resistance as well as high bonding to titanium alloys, makes them more superior than many

current biomedical coatings.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Surfaces play an important role in the response of the
biological environment to artificial medical devices such
as implants. The physical, chemical and biochemical
properties of the implant surface control performance-
relevant processes such as protein adsorption, cell-
surface interaction, and cell/tissue development at the
interface between the body and the biomaterials. Nano-
sized surface topography may give biomedical implants
special and favorable properties in a biological environ-
ment. Webster et al. [1–3] revealed that nanophase
ceramics could promote osseointegration that is critical
e front matter r 2005 Elsevier Ltd. All rights reserved.
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to the clinical success of orthopedic/dental implants.
Osteoblast proliferation was observed to be significantly
higher on nanophase alumina, titania, and hydroxyapa-
tite (HA) in comparison to their conventional counter-
parts. Furthermore, compared to conventional
ceramics, synthesis of alkaline phosphatase and deposi-
tion of calcium-containing minerals were significantly
enhanced on osteoblasts cultured on nanophase cera-
mics. We report here our success in producing a
nanostructured, bioactive TiO2 surface using a combi-
nation of nanoparticle plasma spraying and hydrogen
plasma immersion ion implantation (PIII).
Compared to conventional coating techniques includ-

ing the sol–gel method, plasma spraying is a more cost-
effective and flexible means to deposit coatings with
thicknesses ranging from micrometers to millimeters and
it can be performed on large medical components
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possessing a complicated shape such as hip joints. A
plasma-sprayed bioceramic coating, such as HA, can
improve the biological (bone conductivity and biocom-
patibility) properties of artificial implants made of
titanium or titanium alloys. However, clinical use of
plasma-sprayed HA coatings is plagued by their low
crystallinity and poor bonding strength to titanium
alloys. The low crystallinity gives rise to fast dissolution
of the HA coating in contact with human body fluids
subsequently shortening its lifetime [4], whereas the poor
bonding strength results in delamination causing safety
concerns [5].
Plasma-sprayed TiO2 as bonding or composite coat-

ings on Ti alloys has recently shown promising in vivo
corrosion behavior as it acts as a chemical barrier
against release of metal ions from the implants [6,7] in
addition to its excellent biocompatibility [8]. Using UV
illumination, Kasuga et al. [9] demonstrated the forma-
tion of apatite on compacted TiO2 powders in simulated
body fluids (SBF). The bioactivity of TiO2 microspheres
and sol–gel-derived titania films have also been inves-
tigated [10–12], but the bioactivity of plasma-sprayed
TiO2 is relatively unexplored. In fact, in our previous
experiments [13], we could not observe apatite forma-
tion on as-sprayed TiO2 coatings. Here, we report our
new findings on the formation of a bioactive TiO2

surface produced by nanoparticle plasma spraying and
hydrogen PIII.
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Fig. 1. XRD patterns of the original TiO2 powders: (a) nano-sized and

(b) submicro-sized.
2. Materials and methods

Commercially available nano-sized TiO2 powders
(P25, Degussa, Germany) and submicro-sized TiO2

powders (Wuhan Institute of Materials Protection,
China) were made into sphere-like particles of
45–90 mm. The two types of particles were deposited
onto Ti–6Al–4V substrates (10mm� 10mm� 2mm)
using an atmospheric plasma spraying (APS) system
(Sulzer Metco, Switzerland) under the modified spray
parameters. Argon (40 slpm (standard liter per minute))
and hydrogen (12 slpm) were used as primary and
auxiliary arc gases, respectively. The feeding rate of
powders was about 10 g/min using argon (3.5 slpm) as
carrying gas. The arc current and voltage were 600A
and 70V, respectively. The spraying distance was
100mm. Coatings thickness for all specimens was about
100 mm. The surface and cross-sectional structures of the
outermost layers of the as-sprayed TiO2 coating
produced from the nanoparticles were assessed using
cold field-emission scanning electron microscopy (SEM)
using a JEOL JSM-6700F and transmission electron
microscopy (TEM) using a JEM2100F, respectively.
Thin samples were prepared to allow TEM examination
of the coating. Two coatings were first attached along
their surfaces and then cut into a 1mm thick specimen.
The specimen was then attached to a tripod polisher
with glue and polished from both sides until the
thickness of the coating became about 30 mm. Finally,
the thickness of the specimen was further reduced by
employing a low-angle ion-thinning Precise Ion Polish-
ing System (PIPS).
The micro-Raman spectra were acquired in the back-

scattering mode using a DILORyISA LabRAM 010
system equipped with an unpolarized HeNe laser. The
excitation line wavelength was 632.8 nm and the laser
power was 6.4mW. The surface roughness of the as-
sprayed TiO2 coatings was determined using profilome-
try (HOMMELWERKE T-8000, Germany). The value
reported here represents an average of five data points.
Hydrogen was implanted into the as-sprayed TiO2

coating using a multifunctional plasma immersion ion
implanter [14–16]. The plasma chamber was evacuated
to a background pressure of 0.6 mTorr and then high-
purity hydrogen gas was bled into the vacuum chamber
to establish a working pressure of 0.5mTorr. The
instrumental parameters were as follows: pulse voltage
30 kV, pulse frequency 200Hz, pulse duration 30 ms, RF
discharge power 1000W, and implantation time 2 h.
After being ultrasonically washed in acetone and rinsed
in deionized water, the as-sprayed and hydrogen-
implanted TiO2 coatings were soaked in SBF for 2 and
4 weeks at 36.5 1C without stirring to investigate their
bioactivity. The samples were immersed in 40ml SBF
solution which was renewed every 7 days. The experi-
ments were repeated three times for better statistics. The
SBF solution was buffered at pH 7.4 with trimethanol
aminomethane-HCl. The ionic concentrations in the
solution are nearly equal to those in human body blood
plasma [17]. The surface and cross-sections of the
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coating after SBF immersion were observed using SEM.
Energy-dispersive X-ray (EDS) analysis of the cross-
section was conducted using an electron probe X-ray
microanalysis system (EPMA-8705QH2). The phase
characterization of apatite-formed coating was con-
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Fig. 2. XRD patterns of the as-sprayed TiO2 surfaces: (a) nano-TiO2

coating and (b) micro-TiO2 coating.

Fig. 3. Surface SEM views of as-sprayed TiO2 surfaces: (a) nano-TiO2 coating

magnification of (c).
ducted by X-ray diffraction (XRD) employing a
diffractometer of JAPAN-RICOH with Ni-filtered
Cu–Ka radiation (l ¼ 1:5418A). In the X-ray diffrac-
tion experiment the glancing angle of the incident beam
against the surface of the specimen was fixed at 21. A
few micrograms of the Ca–P layer formed on the coating
in SBF were scraped off. This was mixed with KBr and
pressed into plates for structural analysis using Fourier
transform infrared (FTIR) spectroscopy on a Bio Rad
FTS-185.
3. Results and discussions

The XRD patterns of the two original powders
indicate that the primary phase of the nano-sized
powder is anatase (about 80%), while that of the
submicro-sized powder is rutile (about 95%), as shown
in Fig. 1.
The XRD patterns of the as-sprayed TiO2 coatings

synthesized with the two types of powders presented in
Fig. 2 show that both coatings have primarily the rutile
structure with a small amount of anatase and TiO2�x

suboxide (most of it is Ti3O5). The contents of anatase
and suboxide in the coating obtained from the nano-
sized TiO2 particles (referred to as nano-TiO2 coating)
are nearly equal to or slightly higher than those in the
, (b) higher magnification of (a), (c) micro-TiO2 coating, and (d) higher
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Fig. 4. Cross-sectional TEM views of the as-sprayed nano-TiO2 coating: (a) coating surface and (b) coating interior.
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Fig. 5. Raman spectra obtained from the as-sprayed nano- and micro-

TiO2 coatings.

Fig. 6. Surface SEM views of the hydrogen PIII nano-TiO2 coating

after soaking in SBF for 2 weeks.
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coating obtained from the submicro-sized TiO2 powders
(referred to as micro-TiO2 coating). Although the
anatase and rutile contents in the submicro-sized and
nano-sized TiO2 powders are different, the molten TiO2

tends to be rutile and retains a partial anatase structure
because plasma spraying is a rapid heating/cooling
solidification process. The deoxidization of TiO2 is due
to the cooling rate of the molten or partially molten
droplets in excess of 106K/s and low oxygen partial
pressure during plasma spraying.
The surface views of the as-sprayed TiO2 coatings are

displayed in Fig. 3. The nano-TiO2 coating shows a
relatively smoother surface. The average roughnesses of
the as-sprayed nano- and micro-TiO2 coatings are 8.20
and 10.97 mm, respectively. Many protuberances exist on
the surface of the micro-TiO2 coating (Fig. 3c). It is
because the nano-sized powders are more easily melted
during plasma spraying. The high magnification views
indicate that the surface of the nano-TiO2 coating
comprises particles less than 50 nm in size (Fig. 3b),
whereas the surface of the micro-TiO2 coating is made
of particles larger than 50 nm (Fig. 3d). The cross-
sectional TEM views of the as-sprayed nano-TiO2

coating also reveal that the outermost surface is
composed of grains less than 50 nm in size (Fig. 4a)
and are consistent with the SEM results depicted in
Fig. 3a. The thickness of this outer layer is about
500 nm. Unfortunately, these grains are too small to
determine their phase composition (anatase or rutile)
using selected electron diffraction (SAD). In the interior
of the coating, most of the grains exhibit a columnar
morphology with a diameter of about 100–200 nm, as
shown in Fig. 4b. The difference in the crystal growth
between the surface and interior of the coating depends
mostly on the thermal history. During plasma spraying,
the bulk of the coating tends to possess larger columnar
grains due to the continuous heat provided by the
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Fig. 7. Cross-sectional SEM views and EDS analysis of the hydrogen PIII nano-TiO2 coating after soaking in SBF for (a) 2 weeks and (b) 4 weeks.
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plasma and subsequent melt, whereas the surface grains
are subjected to less heating.
The Raman spectra (100–1000 cm�1) obtained from

the as-sprayed nano- and micro-TiO2 coatings are
shown in Fig. 5. The peaks around 152, 200, 390, 510,
and 630 cm�1 corresponding to nano-sized anatase are
observed in both the as-sprayed nano- and micro-TiO2

coatings. In addition, the broad peaks around 350–480
and 530–680 cm�1 observed for the micro-TiO2 coating
contain vibrational peaks around 440 and 610 cm�1 that
correspond to anatase as well as peaks around 510 and
630 cm�1 corresponding to rutile. Therefore, the outer-
most layers of both the as-sprayed nano- and micro-
TiO2 coatings are primarily composed of nano-sized
anatase, while a small quantity of rutile also exists in the
as-sprayed micro-TiO2 coating.
After immersion in SBF for two weeks, the surface of

the hydrogen PIII nano-TiO2 coating was completely
covered by a newly formed layer, as shown in the surface
views (Fig. 6). At a higher magnification, the newly
formed layer exhibits a subtle net-like structure consist-
ing of nano-sized rods. The cross-section views of the
hydrogen PIII nano-TiO2 coating soaked in SBF for two
and four weeks show that the newly formed layer is
Ca–P-rich with a thickness of about 5 mm after two
weeks and about 25 mm after four weeks (Fig. 7). The
XRD and FTIR results (Fig. 8) indicate that the new
layer formed on the hydrogen PIII nano-TiO2 coating
consists of carbonate-containing HA. In contrast, in our
control experiments involving the as-sprayed nano-TiO2

and micro-TiO2 coatings as well as the hydrogen PIII
micro-TiO2 coating and hydrogen PIII polished nano-
TiO2 coating from which the nanostructured surface is
removed, no new precipitates can be observed on the
surfaces after they are soaked in SBF for two weeks, as
shown in Fig. 9.
Our results indicate that only the hydrogen PIII nano-

TiO2 coating with nanostructured surface possesses
carbonate-containing HA formability. It can thus be
inferred that the bioactivity of the plasma-sprayed TiO2

coating depends on two factors: nanostructured surface
composed of enough small particles and hydrogen
incorporation. In fact, our other experiments also show
that apatite can form on the surface of the nano-TiO2

coating in SBF under UV illumination, while it cannot
form on the surface of the micro-TiO2 coating.
It has been suggested that OH groups on ceramic

surfaces are effective in inducing the formation of a
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Fig. 8. Thin-film XRD patterns (a) and FTIR spectrum (b) of the

hydrogen PIII nano-TiO2 coating after soaking in SBF for 4 weeks.
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carbonate-containing HA layer. For instance, gel-
derived TiO2 has been shown to induce surface
carbonate-containing HA formation, but single-crystal
anatase and titania synthesized by hydrothermal meth-
ods cannot [18]. The difference is believed to be due to
the Ti–OH functional groups forming a negatively
charged surface on the titania gel. We also believe this
to be one of the reasons for the surface bioactivity of the
hydrogen PIII nano-TiO2 and the lack of it on the as-
sprayed TiO2 coatings.
The as-sprayed TiO2 coating is highly oxygen

deficient. While the outermost surface of the as-sprayed
TiO2 coating can be immediately reoxidized via oxygen
adsorption after it is exposed to air [19], the subsurface
region in the coating is still oxygen deficient. Therefore,
suboxides such Ti3O5 can be detected by XRD. During
hydrogen PIII, hydrogen ions react with the outermost
bridge oxygen to form Ti–OH bonds because the
reaction is energetically favorable, and two Ti(IV) are
reduced to Ti(III) [20]. Eventually, a hydrogenated
surface forms on the TiO2. When the hydrogen PIII
TiO2 surface is soaked in SBF, Ti–OH reacts with the
hydroxyl ion in the SBF to produce a negatively charged
surface with the functional group Ti–O� as follows:

Ti2OHþOH� ! Ti2O� þH2O:

Adsorption of ions and molecules on the solid surface
is a critical step in crystal growth. The deposition of
calcium ions is the first and most crucial step of
carbonate-containing HA nucleation from an ionic
solution. This process is believed to initiate the growth
of bone-like apatite on the surface of biocompatible
implants [21]. The formation of a negatively charged
surface gives rise to apatite precipitation because
positive calcium ions are attracted from the solution
[18]. Our results show that in addition to hydrogen
implantation that leads to a negatively charged surface,
the formation of a nanostructured surface composed of
enough small particles (o50 nm) is required for the
formation of carbonate-containing HA. The dependence
of the adsorption of molecules and ions on the particle
size has been investigated. Vayssières et al. [22] have
suggested that finer nanocrystalline particles have higher
surface charge densities than larger ones. Zhang et al.
[23] reported a 70-fold increase in the adsorption
coefficient when a variety of organic acids were
adsorbed onto 6 nm compared to 16 nm nanocrystalline
titania particles. Peltola et al. [24] revealed that in gel-
derived TiO2 coatings, the outermost surface (nan-
ometer scale) promoted apatite nucleation when the
peak distance distribution was between 15 and 50 nm,
and when the peak distance was greater than 50 nm, no
significant in vitro bioactivity could be observed. The
observed bioactivity of our hydrogen PIII nano-TiO2

coating stems from a composite effect encompassing a
negatively charged surface after hydrogen PIII as well as
enhanced adsorption onto the nanostructured surface. It
can be demonstrated by thermodynamic analysis that
the surface or interfacial tension diminishes with
decreasing particle size as a result of the increase in
the potential energy of the bulk atoms of the particles
[23]. Smaller particles with increased molar free energy
are more likely to adsorb molecules or ions per unit area
onto their surfaces in order to decrease the total free
energy and to become more stable. The overall effect is a
sufficiently high adsorption coefficient on the nano-TiO2

surface so that carbonate-containing HA can form.
4. Conclusion

Plasma-sprayed TiO2 coatings have been produced
using nano- or submicro-particles. The surface of the
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Fig. 9. Surface SEM views of various TiO2 coatings soaked in SBF for 2 weeks: (a) as-sprayed nano-TiO2 coating, (b) as-sprayed micro-TiO2

coating, (c) hydrogen PIII micro-TiO2 coating, and (d) hydrogen PIII polished nano-TiO2 coating (the nanostructured surface is removed).
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TiO2 coating produced from the nanoparticles comprise
particles less than 50 nm in size, whereas the surface of
the TiO2 coating produced from the submicro-particles
is composed of particles larger than 50 nm. Both
coatings have primarily the rutile structure with a small
amount of anatase and TiO2�x suboxide (most of it is
Ti3O5). However, the phase compositions of their
outermost layer are mostly anatase. After hydrogen
PIII, the nano-TiO2 coating exhibits excellent bioactiv-
ity. The hydrogen PIII nano-TiO2 coating can induce
carbonate-containing HA formation on its surface after
immersion in an SBF. In contrast, carbonate-containing
HA cannot form on either the as-sprayed TiO2 surfaces
(both o50 nm grain size and 450 nm grain size) or
hydrogen-implanted TiO2 with grain size larger than
50 nm. The bioactivity of the plasma-sprayed TiO2

coating depends on a nanostructured surface composed
of enough small particles in addition to hydrogen
incorporation which yields the favorable surface func-
tional groups for carbonate-containing HA formation.
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