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ABSTRACT: Pure decahedral anatase TiO, particles with
high content of reactive {001} facets were obtained from
titanium(IV) tetrachloride (TiCl,) using a microemulsions
droplet system at specific conditions as chemical microreactor.
The product was systematically characterized by X-ray
diffraction, field-emission scanning and transmission electron
microscopy (FE-SEM, TEM), N, adsorption—desorption
isotherms, FT-IR and UV-—vis spectroscopy, and photo-
luminescence studies. The obtained cuboids around 90 nm
in size have a uniform and dense surface morphology with a

BET specific surface area of 11.91 m* g~' and a band gap energy (3.18 eV) slightly inferior to the anatase dominated by the less-
reactive {101} surface (3.20 eV). The presence of reactive facets on titania anatase favors the biomimetic growth of amorphous
tricalcium phosphate after the first day of immersion in simulated human plasma. The results presented here can facilitate and
improve the integration of anchored implants and enhance the biological responses to the soft tissues.

B INTRODUCTION

Anatase titanium dioxide (TiO,) is one of the most important
semiconductors, playing a central role in many industrial
applications such as photosplitting of water,' photocatalysis,”
photovoltaic devices,” sensors,” mesoporous membranes,’ gate
oxides in metal-oxide-semiconductor field effect transistors,é
granting,7 and antifogging and self-cleaning coatings.8 Most of
these applications require not only the control of the size and
shape of the nanostructures but also the control of the facets
exposed on the surface. For anatase TiO,, both theoretical and
experimental studies found that minorit;r {001} facets in the
equilibrium state are especially reactive.” Unfortunately, most
synthetic anatase crystals as well as those naturally occurring are
dominated by the less-reactive (101) surface.” Recently, large
high quality anatase crystals with a high percentage of {001}
facets have been synthesized from TiF,, using fluorine atom as
capping agent in severe acidic conditions and a hydrothermal
treatment at 180—200 °C.'°™'? Analogous TiO, anatase
cuboids structures with smaller size were obtained by thermal
oxidation of TiCl, at 1300 °C."

Nowadays, titanium has found applications in biology and
medicine: cytotoxicity toward some tumors under ultraviolet
light excitation'*" or as bone repairing material in orthopedics
and dentistry.'® The use of titanium as biomaterial is possible
because of its very favorable biocompatibility with living tissues,
excellent resistance to corrosion, and superior mechanical
properties.'” However, some of the potential biotechnological
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applications of Ti have a drawback: the lack of bioactivity, as it
does not support cell adhesion and growth.'®

As regards the interaction of bioactive materials with living
bone, an apatite layer is required to be present on the surface of
the material to act as a bonding interface and to enhance the
bioactivity. Titanium containing calcium phosphate (CaP)
coatings are designed to combine the favorable mechanical
properties of titanium and the biological properties of calcium
phosphate ceramics.'*~**

In terms of the coatings microstructure, nanostructure is
considered to be one of the most effective to provide excellent
properties. There are several techniques to produce apatite
coatings, such as plasma spraying,” the sol—gel method,” and
the biomimetic method.”® The biomimetic process to produce
bone-like apatite coating is low temperature technique which
imitates or “mimics” the natural biomineralization during bone
formation in human and animals. Biocompatible apatite
coatings are deposited to the substrates by immersion in
simulated body fluid (SBF).*® TiO, coatings on Ti and Ti
alloys have been also shown to enhance the corrosion resistance
and biocompatibility. TiO, has a tendency to absorb water at
the surface, resulting in formation of titanium hydroxide
groups. The basic Ti—OH groups were reported to induce
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apatite nucleation and crystallization in SBE.*> The apatite,
however, is not biomimetically formed on a single crystal of
TiO, rhombohedral anatase as reported by Li et al.>>*’

In the present study, we report the use of a reverse
microemulsion system to control the morphology of TiO,
crystals during hydrothermal synthesis at 100 °C. We
conducted phase behavior measurements on several systems
to identify the proper synthesis conditions. The mixture was
treated as a pseudoternary system with oil, aqueous, and
surfactant components. n-Heptane was chosen as the oil phase.
The aqueous phase was a TiO, synthesis mixture of water,
TiCl,, and sodium bis(2-ethylhexyl) sulfosuccinate in a molar
ratio of 30:1.7:1. By the application of this simple micro-
emulsion-based synthesis, pure anatase truncated bipyramid
nanocrystallites around 90 nm in size with high proportion of
reactive {001} facets, similar to those previously reported,'®™"?
were obtained. In the second part of our work, we evaluated the
proficiency of the synthesized reactive cuboids to favor CaP
biomimetic growth in a simulated physiological media. Unlike
most CaP coatings prepared at low temperature and by using
supersaturated calcium phosphate solutions®® that lead to
hydroxyapatite (HA) layers, here we demonstrate that reactive
facets on titania anatase favor the biomimetic growth of
amorphous tricalcium phosphate (ATCaP) after the first day of
immersion in simulated human plasma solutions. ATCaP is
biologically present in soft-tissue calcifications,” and the
experiments were performed thinking to the future use of the
tested materials in improved three-dimensional scaffolds that
merge the reactivity of anatase TiO, {001} facets and the
osseointegration of ATCaP.

B MATERIALS AND METHODS

Materials. Sodium bis(2-ethylhexyl) sulfosuccinate (Aero-
sol-OT, AOT, 99% Sigma), n-heptane (Merck, § = 0.684 g
cm™?), and TiCl, (Carlo Erba, 99%, 6 = 1.722 g cm™>) were
used without further purification. For microemulsion prepara-
tion, only triple-distilled water was used.

Methods. Microemulsion System. Experiments were
performed on water/AOT/n-heptane microemulsion systems.
Microemulsion systems of S, = 60 and W, = 30 were prepared,
where W, is the ratio of water to surfactant molar
concentrations and S, is the ratio of oil to surfactant molar
concentration. As the critical micellization concentration
(CMC) of AOT* in both oil and water is low compared
with the concentration used here, it can be assumed that all the
surfactant molecules are localized at the interface between
water and oil. The microemulsions were prepared by mixing the
appropriate amounts of water and AOT in a flask and left
during 3 h to produce the surfactant hydration. Then, oil (n-
heptane) was added, and the system was sonicated to produce
the microemulsion. The resulting microemulsions were placed
in Teflon-stoppered test tubes and left to equilibrate for 24 h at
40 °C before being used. We worked inside the L2 phase
boundary, where the structures of the aggregates are spheres.>'

Microemulsion-Mediated Hydrothermal Synthesis of TiO,
Samples. To obtain the TiO, material, the direct injection of
the titania precursor to the microemulsion followed by a
hydrothermal treatment was performed: 1.4 mL of TiCl, (Ti*"/
AOT = 1.7; water/Ti*" and oil/Ti*" = 35) was added to the
above described microemulsion and left three days at room
temperature under stirring at 600 rpm to follow the reaction

TiCl, + 2H,0 & TiO, + 4HCI

2351

HCI and the excess of nonpolar solvent were eliminated by
evaporation under vacuum. Then, the resulting gel was left for
24 h in an autoclave at 100 °C. The obtained materials were
filtered and washed with triple-distilled water and left to dry at
room temperature. Finally, it was calcined for 7 h at 640 °C in
an air flux.

Characterization. Field Emission Scanning Electron
Microscopy (FE-SEM). Field emission scanning electron
microscopy (FE-SEM) was performed using a ZEISS FE-
SEM ULTRA PLUS. To acquire all the SEM images a
secondary electron detector (In lens) was used. The
accelerating voltage (EHT) applied was 3.00 kV with a
resolution (WD) of 2.1 nm. Local compensation of charge
(by injecting nitrogen gas) or the sample shading was not
necessary. Size distribution and 3D surface plot analysis were
performed by application of Image ] software to SEM
microphotographs.

Transmission Electron Microscopy (TEM). Transmission
electron microscopy was performed using a JEOL 100 CX II
transmission electron microscope, operated at 100 kV with
magnification of 100 000X. Observations were made in bright
field. Powdered samples were placed on 2000 mesh cooper
supports.

X-ray Powder Diffraction. Powder X-ray diffraction (XRD)
data were collected with a Philips PW 1710 diffractometer with
Cu Ka radiation (4 = 1.5418 nm) and graphite monochromator
operated at 45 kV, 30 mA, and 25 °C.

FT-IR Spectroscopy. FT-IR experiments were done in a
Nicolet FT-IR Nexus 470 spectrophotometer. To avoid
coadsorbed water, the samples were dried under vacuum until
constant weight was achieved and diluted with KBr powder
before the FT-IR spectra were recorded.

Nitrogen Adsorption—Desorption Isotherms. The nitrogen
isotherms at 73 K were measured with a Micrometrics model
ASAPS (accelerated surface area and porosimetry system) 2020
instrument. Each sample was degassed at 373 K for 720 min at
a pressure of 107* Pa.

UV-Vis and Fluorescence Spectroscopy. The UV—vis
absorption and fluorescence spectra were recorded at 298 K
by a UV—vis—NIR scanning spectrophotometer (Beckman,
model DU 640) and a Varian Cary Eclipse spectrofluorometer
(under excitation by UV light at 220 nm), respectively, using a
1 cm path length quartz cell. The spectrum was obtained for
the anatase TiO, nanostructures that had been sonicated in
ethanol to yield homogeneous dispersions. Pure ethanol
solution was used as blank. Measurementes were performed
at 298 K

Biomimetic Growth of Calcium Phosphate (CaP) Coating.
To perform the bioactivity assay, the material was kept in
contact with simulated body fluid (SBF) following the standard
procedure described by Kokubo,”® which has a composition
and ionic concentration similar to that of human plasma,
containing Na* (142.0 mM), K* (5.0 mM), Mg** (1.5 mM),
Ca** (2.5 mM), CI” (148.8 mM), HCO* (4.2 mM), HPO,>~
(1.0 mM), and SO,*~ (0.5 mM). The prepared TiO, materials
were soaked in SBF at 37 °C for periods of 1, 3, 6, and 10 days,
then specimens were removed from fluid, rinsed with distilled
water, and dried. The temperature was maintained by placing
the samples in a thermostatted bath throughout the experiment.

B RESULTS AND DISCUSSION

Reactive Microemulsion Precipitation. TiO, crystallites
were generated from titanium(IV) tetrachloride (TiCl,) by a
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reactive microemulsion precipitation process. The crystallo-
graphic structure of the synthesized crystals before and after
annealing has been confirmed by X-ray diffraction, Figure 1a,b.
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Figure 1. X-ray diffraction pattern of the synthesized anatase TiO,
nanopowder (a) as prepared and (b) after hydrothermal treatment
followed by calcination at 650 °C during 24 h in air flux.

The diffraction patterns in Figure 1 clearly indicate that the
sample is a pure anatase phase (tetragonal, I4,/amd, JCPDS
card 21-1272). The absence of diffraction peaks at 27° and 31°
shows that this sample was free from TiO, rutile and brookite
structures. Furthermore, the nonexistence of a diffraction peak
at 30° indicates the presence of long-range ordering in the TiO,
nanoparticles.’> The narrow reflection bands in the annealed
material indicated that the nanopowders exhibit a high degree
of crystallinity, Figure 1b. The anatase lattice parameters were
computed from the XRD spectrum according to the following
equations: 2d sin 0 = 4; (1/d%) = (W*/a®) + (K/b*) + (P/3).?

The obtained parameters are a = b = 0.373 nm and ¢ = 0.948
nm, and these values agree with the literature report (a = b =
0.3728 nm and ¢ = 0.9502 nm*®).

The synthesis method is based on the use of microemulsions
acting as chemical microreactors to control the particles’ sizes
and shapes. An emulsion is generally defined as a
thermodynamically stable system composed of at least three
components: two immiscible liquids (typically water and oil)
and a surfactant.** The stability of the microemulsion, which
affects the success of the synthesis, depends on several process
parameters, in particular the water to oil ratio, the kind and
content of emulsifier, the precursor concentration in the
solution, and the mixing velocity. The prepared microemulsion
system has an S, value 2 and 35 times higher than the W, and
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the Ti*'/surfactant ratio, respectively. In addition, water/Ti*"
and oil/Ti* ratios are 20 times larger than the Ti*/surfactant
ratio. Under these experimental conditions, there is a slow
diffusion of Ti** ions through continuous organic phase in the
aqueous microemulsion droplets. This situation prevents the
TiCl, rapid hydrolysis and favors crystal morphology control.
Scheme 1a shows the region that is chemically adequate for a
precipitation reaction to take place and to form TiO, crystallites
in the water pool, such as a microemulsion interface region.
Fourier-transform infrared (FT-IR) spectroscopic studies have
indicated that the water interior of a microemulsion droplet has
a multilayered structure, consisting of interfacial, intermediate,
and core water.*® In our case, the interfacial layer is composed
of water molecules directly bounded by polar head groups of
AOT. Here the AOT hydrolysis released OH™ and RSO;™ ions
to react with Ti*".

According to the ligand field theory,®® the crystallization of
anatase and rutile TiO, should be via dehydration reaction
among partially hydrolyzed (Ti(OH),CL)* complexes, where x
+y=06.

Several ligands that contain —COO~, —CO, and —SO;~
groups are stronger field ligands than CI™ and OH™ ions and
substitute them in the (Ti(OH),Cl,)* complexes.>”*® The
AOT anion (RSO;”) possesses three oxygen atoms available
for coordination with the metal atom. Sulfite (SO;”) ion
presents the intriguing possibility that, in contrast to its
dianionic relative CO5>, all four of its atoms can in principle
provide coordinate bonds to metal (M) centers.”® The
structures of a number of 1D, 2D, and 3D p-sulfito—metal
coordination polymers have been reported. Among these are
electrically neutral chains and networks, some containing only
metal and sulfite as in the “binary” metal sulfites M,(SO;),
whereas in others, neutral coligands such as H,0, NHj;, and N-
heterocycles are also bonded to the metal; there are also a few
examples of anionic[M,(SO;),]* arrangements. As an example,
Abrahams et al.*” described a very simple generation of the
Cu'(S0,),” ion, in which the metal center is in a tetrahedral
environment of four sulfur donors, and demonstrate that it
provides a versatile building block for the construction of mixed
metal 1D, 2D and 3D coordination structures. So, it can be
supposed that the reaction of RSO3~ anions substitute the Cl™
anions in the hydrolysis process to form (Ti-
(OH)x(RSO3)Z(CI)y_Z)”' complexes and related species, Scheme
1b, with a higher stability than the (Ti(OH)x(Cl)y)Z'
complexes. The coordination of RSO;™ anions leads to the
inhibition of some crystal facets growth and the formation of
small-sized anatase nanocrsytallites embryos with a character-
istic shape (or facets exposed to surface). The concentrated
HCI generated inside the microemulsion droplet pool during
hydrothermal treatment not only should catalyze the nucleation
of anatase but also the crystal growth via condensation of
(Ti(OH),(RSO3),(Cl),..)" complexes.

Yan et. al” prepared nanocrystalline TiO, with different
anatase/rutile ratios at low temperature by the microemulsion-
mediated hydrothermal method. The effect of anions CI™ and
SO,* on the contents of anatase and rutile phases in the TiO,
powders have been successfully controlled by simply changing
the proportion of Cl~ and SO,” in the aqueous phase of the
microemulsion. The content of the anatase phase increases with
increasing concentration of SO, in the aqueous phase of the
microemulsion in some range, and a large amount of SO,* will
only result in the presence of the anatase phase. It was found
that bidentately bonding SO,* species on TiO4" octahedra is
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Scheme 1. (a) Microemulsion Precipitation Reaction Regions and (b) Reaction of RSO;~ Anions Substituting the CI~ Anions
To Form (Ti(OH),(RSO;),(Cl),)" Complexes and Related Species
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the main factor that affects the crystallite phase formation of
TiO, during the preparation process.

Annealing at 640 °C increases the crystallinity of anatase
powder, Figure 1. No phase transition from anatase to rutile
(600 °C, at 1 atm*') was observed because the restrictive
presence of AOT. This implies that the prepared TiO, cuboids
are considerably thermostable.

Structural Studies. Scanning electron microscopy was used
to characterize the surface morphology and sizes of the
particles. Having been synthesized in emulsion droplets, the
anatase TiO, powder mostly had a spherical morphology,
Figure 2a. It was observed that the titania spheres were almost
exclusively composed of mainly decahedral particles, ie.,
truncated bipyramidal nanocrystallites, ranging in size (50—
140 nm height and 60—150 nm width) but with the majority of
90 nm height and 89 nm width, Figure 3a. In addition, the 3D
surface plot of nanocrystals surfaces (Figure 3b) indicated the
existence of a uniform and dense surface morphology. From the
symmetries of the well-faceted crystal structure, Figure 2b, the
two flat squares are identified as {001} facets while the other
eight isosceles trapezoidal surfaces are {101} facets which can
be also revealed from the interfacial angle of 68.3°. The
averaged aspect ratio (B/A),** which is defined by the ratio of
short (B) and long (A) sides, was about 0.66—0.78. On the
basis of SEM and TEM images, the percentage of highly
reactive {001} facets is estimated to be approximately 45%.
Again these values are similar than that of the decahedral
particles prepared by Lu and co-workers, B/A 0.80
corresponding to nearly 40% exposure of {001} facets to the
total exposed facets.'""

The BET specific surface area was found to be 11.91 m” g
by nitrogen adsorption measurements, much less than
commercial anatase (Sigma Aldrich TiO,, 99,7% anatase,
CAS 1317-70-0, particle size <25 nm, and specific surface
200—220 m* g™'). In contrast to the case of regular anatase
TiO, crystals which are usually dominated by the thermody-

-1
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Figure 2. FE-SEM and TEM microphotographs of anatase TiO,
samples: (a) the surface morphology and (b) truncated bipyramid
nanocrystallites. SEM acquisition parameters: EHT = 3.00 kV, WD =
2.1 nm, signal A = in lens.
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Figure 3. (a) Anatase TiO, nanocrystallites size distribution and (b)
surface morphology.

namically stable {101} facets,"® both {101} and {001} facets are
clearly observed in microcrystallites. The appearance of highly
reactive {001} facets, which are thermodynamically unstable
due to the higher surface energy, is probably due to the most
selective adsorption of organic units of AOT on the facets
whose normal direction is [101], and this leads to the
suppression of growth this way.

Photoluminescence Spectroscopy and Band Gap
Energy. The photoluminescence (PL) emission spectrum of
anatase TiO, sample measured at 298 K is shown in Figure 4.

. 364 nm 368 nm
l370 nm

Intensity (a.u.)

4 l287 nm

T T T T 1
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T T
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Figure 4. Photoluminescence (PL) emission spectrum of anatase
cuboids with reactive {001} facets (black line) and commercial anatase
TiO, (titanium(IV) dioxide 325 mesh, >99% anatase, Aldrich) sample
dominated by the less-reactive {101} surfaces (red line).
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At room temperature, a very weak PL spectrum was observed
due to the rapid recombination rate of photoexcited electron/
hole pairs. Commercial anatase shows two bands peaked at 287
nm and at 270 nm. On the basis of findings of Liu et al,® the
peak at 287 nm can be attributed to a direct vertical transition
of photoinduced electrons and holes in TiO,; it is very weak
and disappears when the excitation light energy is lower than
3.87 eV (A = 320 nm). The peak at 270 nm can be assigned to
the band-to-band recombination because it is near-band-edge
luminescence** and/or to the exciton trapped at shallow-level
defects.*® According to Liu et al’s results™ the self-exciton
peaks are inevitable to widen and disappear due to strong
phonon scattering at room temperature, so the band-to-band
recombination is the more reasonable physical cause. Anatase
dominated by the high-reactive {001} surfaces are characterized
by two peaks centered at 364 and 368 nm, corresponding to the
direct and indirect band gap transitions of TiO,, respectively.*
Evaluating the photoluminescence of single-crystalline anatase
TiO, nanofibers with highly reactive (001) facets, Li et al.*®
yielded results similar to ours. However, Mercado et al.*’
indicated that, despite the preponderance of {001} surfaces in
the TiO, nanosheet, samples exhibit a photoluminescence
pattern that peaked at about 530 and 620 nm similar to that of
conventional nanoparticles. They also evaluated photolumi-
nescence defects from TiO, nanotubes with (110) and (100)
facets exposed. Nanotubes exhibit a photoluminescence peak
centered at ~580 nm that is blue-shifted and much weaker in
comparison with the TiO, nanoparticles. They assigned the
broad visible photoluminescence of anatase nanoparticles to
two overlapping distributions: hole trap emission associated
with oxygen vacancies on (101) exposed surfaces, which peaks
in the green, and a broader emission extending into the red
which results from electron traps on undercoordinated titanium
atoms, which are prevalent on (001) facets. Moreover, the 1
pm diameter nanocuboids reported by Yang et al,** in turns,
showed a single broad photoluminescence peak centered at 426
nm. In light of the obtained results, we can state that the
material luminescence is associated to its nanostructure and size
rather than the presence of reactive facets. Nanosheets,”
nanotubes,”” and nanocuboids*® have two large planar
dimensions (diameter, length) showing orange and green
emissions. However, nanofibers*® with only one large
dimension (length) have blue-violet emissions, likewise our
nanoparticles.

Figure Sa shows the absorption spectrum of anatase TiO, in
good agreement with previous results reported in the
literature.*” The absorption was due to the electron transition
from O%antibonding to the lowest empty orbital of Ti*" that is
the electron transition from the valence band to the conduction
band (band—band transition).”® The band gap energy was
estimated by plotting (ahv)™ of the polycrystalline TiO, against
the photon energy (hv), as shown in Figure Sb. Where « is the
absorption coefficient, hv is the photon energy, and E, is the
band gap energy. Because only direct allowed transitions are
considered, m = 2. The adsorption (A) is converted to the
absorption coefficient using the following relationship:>" a =
(2.303 x 10°/Ic)Ap, where A is the adsorption of the sample, p
is the density of anatase TiO, (3.98 g cm™), I is the cuvette
length (1 cm), and c is the concentration of the TiO,
nanocrystals (2 X 107 g cm™). The band gap energy (3.18
eV) was determined by extrapolating the adsorption coefficient
(a) to zero. The obtained value is slightly inferior to the band
gap energy of anatase TiO, dominated by the less-reactive

dx.doi.org/10.1021/1a305080x | Langmuir 2013, 29, 2350—-2358
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Figure 5. (a) Anatase TiO, absorption spectrum. (b) Estimation of band gap energy by plotting (ahv)* vs hv.

{101} surface (3.20 eV°?) and similar to those obtained by Liu
ot al 4953

Biomimetic Growth of Calcium Phosphate (CaP)
Coating. Biomimetic CaP deposition implies mimicking the
natural process of mineralization, but without involving cellular
and organic species. Biomimetic apatite deposition on sol—gel
amorphous titanium oxide could not be detected,>* and Li et
al.> also reported that apatite is not biomimetically formed on
single crystal of TiO, rhombohedral anatase. The formation of
a negatively charged surface composed with Ti—OH is a key
step of inducing growth of new CaP structures in a simulated
body fluid, which for crystalline titanium dioxides can
occur.>>® Certain types of Ti—OH groups in a specific
structural arrangement are effective in inducing apatite
nucleation. Nancollas et al.>* explained that the surface tension
of the metal oxides would influence the apatite epitaxial
nucleation, and Uchida et al.>* assumed that there are specific
atomic arrangements in crystal structures suitable for the
epitaxy of apatite growth. Moreover, Lindgren et al.®® has
investigated some boundary conditions for apatite formation on
crystalline titanium oxide surfaces regarding the influence of
coating thickness, soaking time, and soaking temperature. The
soaking temperature had an effect on the HA formation and
growth on both rutile surfaces and amorphous titanium oxide.

Therefore, it can be inferred that, besides the bulk material,
interface properties are key factors producing the coating.
Consequently, the growth of CaP coating is system and
morphologically specific.

FT-IR spectra, Figure 6, indicate the changes at the surface
composition of TiO, anatase samples after soaking in SBF at 37
°C for 1, 3, 6, and 10 days, respectively. Before treatment, only
the adsorption characteristic band Ti—O-Ti appears in the
400—600 cm™! region, which arises from the lattice vibration of
TiO,>” Surface modifications and the presence of calcium
phosphate phases are noted from the first day of immersion.
The broad adsorption bands around 3500 cm™" and the bands
between 1600 and 1650 cm™' are due the incorporation of
water molecules. The absorption band at 1428 and 1486 cm™
come from carbonate v; modes and are characteristics of a
carbonate in an amorphous phase. The v, mode of carbonate
also gives sharp absorption at 874 cm™'. Since this peak
happens to overlap with the absorption from a P—O(H)
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Figure 6. FT-IR of anatase TiO, surface composition after immersion

in simulated body fluid (SBF).

stretching mode of possible HPO,* ions,*® the presence of
HPO,> ions cannot be excluded under experimental con-
ditions. The strong and broad bands centered at 1056 and 566
cm™! are assigned to the vy P—O stretching and v, bending
modes of the phosphate, respectively. The 1056 cm™! band
appears featureless, also indicating the presence of an
amorphous phase.*® This agrees with the fact that no splitting
in the 566 cm™" band is observed which is another indication of
amorphous calcium phosphate®® presence. Beyond the 3 days
of immersion of the material in SBF, infrared spectra show a
broad band from 3500 to 2500 cm™" masking the carbonate C—
O and the P—O stretching vibration signals. The absorption
band centered at 566 cm™' becomes wider, probably due to the
overlap with the band corresponding to the P—O(H) stretching
mode band of HPO,” ions. SEM microphotographs of anatase
TiO, sample after soaking in SBF 3 days are shown in Figure 7.
Elongated discs of about 1.3 ym length and 0.56 ym width can
be appreciated on TiO, surface (not shown). These discs
present the structure of a viscous gel and have a completely
smooth surface that markedly differs from the rough surface of
titania. From energy-dispersive X-ray spectroscopy (EDX)
analysis, insets to Figure 7, it was confirmed that such structures
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Figure 7. FE-SEM microphotographs of anatase TiO, samples after soaking in SBF for 3 days. Inset: EDX microanalysis of ATP clusters.

corresponded to compounds of Ca, P, and C with an atomic
Ca/P ratio of about 1.5. Gel consistency is associated with a
large amount of hydration water. These are typical character-
istics of the amorphous tricalcium phosphate (ATCaP) phases,
Cay(PO,4),'nH,0, and agrees with the analysis of FT-IR
spectra. The morphology of ACP is still used as a distinctive
feature to detect this phase in various systems.”® The structure
of ATCaP was first determined by Betts and Posner on the
basis of the radial distribution function.* A short-range order
was evident in ATCaP, corresponding to Cay(PO,)s units with
an average diameter of 0.95 nm, often referred as “Posner’s
clusters”. The ATCaP contains a large amount of water;
considered to be present in part in the intercluster space,
allowing the association of Posner’s clusters into large spherical
units of 20—300 nm diameters (see Supporting Information). A
second type of water, more loosely bound, would be simply
adsorbed into these units transforming the disc-shaped
associations into gel-like flocculates®® as we can see from
inspection of Figure 7.

H CONCLUSION

In summary, we report a facile and controllable route for the
synthesis of regular arranged decahedral anatase TiO, particles
with high content of reactive {001} facets using a micro-
emulsions droplet system at specific conditions as chemical
microreactor. The emergence of highly reactive {001} facets,
which are thermodynamically unstable due to its higher surface
energy, is probably due to the selective adsorption of AOT
anion (RSOS’) organic units on the facets whose normal
direction is [101] and to the suppression of the growth at this
way. The obtained cuboids around 90 nm in size are
thermostable and have a uniform and dense surface
morphology with a BET specific surface area of 11.91 m* g™
and a band gap energy (3.18 eV) slightly inferior to the anatase
dominated by the less-reactive {101} facets (3.20 eV). Also, the
particles show ultraviolet A (UVA) photoluminescence
emissions at 364 and 368 nm. When compared to traditional
methods, this procedure appears definitely cheaper and more
easily applicable, as it does not require the use of hydrofluoric
acid or high temperature conditions. Reactive facets on titania
anatase favor the biomimetic growth of amorphous tricalcium
phosphate after the first day of immersion in a simulated
human plasma. Deposition of biomimetic ATCaP on titanium
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oxide surfaces, acting as a bonding layer, might improve
boundlessly the integration of anchored implants and the
biological responses to the host tissues, particularly in thinking
of soft-tissue implants wherein ATCaP is usually biologically
present.

B ASSOCIATED CONTENT

© Supporting Information

TEM microphotographs of cuboids anatase crystals, amorphous
tricalcium phosphate (ATCaP) cluster size distribution, and
anatase TiO, and ATCaP gel-like cluster surface morphology
(SEM microphotographs). This material is available free of
charge via the Internet at http://pubs.acs.org.
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