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Different titanate nanostructures were deposited on the surface of NiTi by a hydrothermal process using
5-20 M NaOH at 90-150 °C for 6-72 h. SEM and XRD analyses revealed that different structures such as
nanoflakes, nanorods, nanograins, nanofibers, microwhiskers, etc., were formed. As the processing time was
increased, the nanoflakes evolve into nanofibers or microwhiskers. Compared with pristine NiTi, the new
surfaces displayed different degrees of hydrophilicity. A formation mechanism adopting the growth unit
model of anion coordination-polyhedra is proposed. The general formation of titanate nanostructures can
be visualized as a sequence of nucleation, formation, and combination of the growth units. The excellent
controllability of this process with precise accuracy offers incredible potential in the surface modification of

NiTi biomedical materials for medical applications.
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1. Introduction

Titanium and its alloy are frequently used in orthopedic
implants and bone replacements because of their excellent
mechanical strength, high chemical stability, and attractive
biocompatibility. In particular, NiTi alloys with shape memory
and superelastic properties are widely used in clinic applica-
tions (Ref 1). However, release of Ni from NiTi SMA due to its
high Ni contents can cause allergenic and toxic reactions.
Moreover, NiTi shape SMA has the tendency to corrode in the
physiological environment thereby accelerating this release.
Hence, it is necessary to improve the corrosion resistance of
NiTi to mitigate Ni release to gain wider acceptance in the
biomedical field (Ref 2-4). Nanostructures have recently been
reported to have a significant influence on cell adhesion and
proliferation (Ref 5-8). For instance, sodium titanate nano-
structures not only exhibit good biocompatibility but also
induce the formation of bone-like apatite (Ref 9-11). Present
research indicates that it is a promising way to overcome the
limitation of NiTi SMA in biomedical applications.
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Low-temperature hydrothermal synthesis has attracted much
attention due to the simple procedures and lower production
costs. Most research activities have focused on the synthesis of
dispersive sodium titanate using TiO, powders and alkaline
media (Ref 12-18). Although the fabrication of sodium titanate
on the NiTi is attracting more attention (Ref 19-22), the growth
mechanism is relatively not well understood. In order to
construct desirable NiTi surface to satisfy application demands,
it is imperative to establish the growth mechanism that enables
the controlled hydrothermal formation of sodium titanate on
NiTi SMA.

In this work, various types of sodium titanate nanostructures
are fabricated on NiTi by a hydrothermal process and the
effects of the hydrothermal conditions including temperature,
duration, and alkali concentration on the nanostructural char-
acteristics are investigated. A mechanism for the formation of
the controllable hydrophilic NiTi SMA surface (Ref 23) is also
postulated.

2. Experimental Details

2.1 Preparation of Samples

A commercially available NiTi (50.8 at.% Ni) SMA plate
for medical applications (Beijing Gee SMA Technology Co.
Ltd, Beijing, China) with a martensite initiation temperature
(M) of —12.8 °C and austenite finish temperature (4y) of
33.4 °C was cut into small rectangular blocks with dimensions
of 10 x 10 x 1 mm. The samples were chemically polished for
several minutes using a solution of H,O, HF, and HNOj; with a
5:1:4 ratio. They were then ultrasonically washed in acetone for
10 min and deionized water for 10 min.

2.2 Experimental Design for Hydrothermal Synthesis

The orthogonal trial of L; ¢ (4-5) was used to investigate the effect
of three factors (temperature, duration, and alkali-concentration)
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on sodium titanate nanostructure. As shown in Table 1, new
hydrothermal conditions: 180 °C-72 h-10 M were used whereas
the concentration of NaOH was fixed.

2.3 Microstructural Characterization

The morphology of the sodium titanate nanostructures on
the NiTi SMA surfaces was examined by field-emission
scanning electron microscopy (SEM, Sirion 2000, FEI Co.,
Denver, CO, USA) at 20 kV after the surfaces were coated with
gold. X-ray diffraction (RAD IIA, Rigaku, Japan) with a Cr K,
source operated at 40 kV and 25 mA was used to determine the
phase composition.

Table 1 Orthogonal test table

Factors

Concentration

Levels of NaOH, mol/L Temperature, °C Duration, h

1 5 90 6
2 10 120 12
3 15 150 44
4 20 180 72

2.4 Water Contact Angle Measurement

The samples were ultrasonically washed in acetone for
10 min and deionized water for 10 min, then dried at room
temperature. The surface contact angles were measured using
the liquid drop method on a contact angle goniometer
(JC2000B, China). A 10 pL droplet of deionized water was
put onto the sample surface to measure the contact angle. More
than three samples were tested to obtain the average values
along with the standard deviation.

3. Results

3.1 Sodium Titanate Nanostructures

Figure 1 depicts the SEM images of sodium titanate
nanostructures fabricated by the hydrothermal reactions show-
ing various types of sodium titanate nanostructures on the
surface of NiTi SMA substrates for a fixed time duration. Short
nanorod-like structures appear after hydrothermal treatment at
90 °C-6 h-5 M, as shown in Fig. 1(a). The features have
diameters of 30-50 nm and lengths of 100-200 nm. With
increasing temperature and concentration, the surface changes
completely to a nanoflake-like structure (Fig. 1b) with heights

(a)

(d)

Fig. 1 Surface morphology of hydrothermally treated NiTi surface under different conditions. (a) 90 °C-6 h-5 M; (b) 120 °C-6 h-10 M;

(c) 150 °C-6 h-15 M; and (d) 180 °C-6 h-20 M
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0f 200-600 nm, lengths of 0.5-1 um, and widths of 80-120 nm.
These nanoflake structures continue to transform into nanocube
structures as the temperature and concentration reach 150 °C
and 15 M, respectively. As shown in Fig. 1(c), the nanocube
layer covers the substrate due to dehydration of titanates and
cracks occur during the hydrothermal reaction. When the
temperature and concentration are increased to 180 °C and
20 M, respectively, the nanostructures disappear and a compact
sodium titanate layer covers the NiTi substrate, as shown in
Fig. 1(d).

Figure 2 illustrates the transformation of the titanate nano-
structures when the concentration is fixed. Compared with
Fig. 1(b), as the temperature and time duration are increased to
150 °C and 72 h, respectively, nanoflake structures are replaced
by nanorod structures. The nanorod structures can be found to
have covered the entire surface (Fig. 2a, b). The average length
of the titanate nanofibers is in the sub-millimeter range whereas
the average diameter is on the nanometer scale. Haimin et al.
(Ref 19) reported that titanate nanotubes were synthesized by
hydrothermal treatment of metal titanium foil in 10 M NaOH
solution at 150 °C for 2 h. At the same temperature and NaOH
concentration, the titanate nanostructure exhibits a similar
morphology for different durations. Hence, the time duration
has little influence on the morphology of titanate structures at
the early stage of the hydrothermal treatment. When the

temperature reaches 180 °C, NiTi substrates are totally covered
by sea urchin-like structure (Fig. 2¢). The size of the titanate
structures is observed to change from nanoscale to microscale,
as shown in Fig. 2(d). The average length of the microwhiskers
is several tens of micrometers and the average diameter is about
500 nm.

3.2 XRD and EDS Analyses

The XRD patterns of the product obtained by the reaction
between titanium dioxide and aqueous sodium hydroxide are
shown in Fig. 3 revealing complicated surface phase compo-
sitions including major Na,Ti;Og and minor NiTi, NayTisO1,.
Previous results show that the compositions of produced
titanate are different due to various hydrothermal processing
parameters such as temperature, time duration, and NaOH
concentration (Ref 15, 19, 20, 22). Na,Tiz;O;, Na,Ti,Os,
Na,TigO;3 are the products shown in these reports. Yongjie
et al. (Ref 24) have confirmed that NasTi;Og can also be
fabricated by a hydrothermal process. The reaction 3TiO,
+4NaOH — NayTizOg + 2H,0 occurs when the NaOH solu-
tion and titanium oxide mass ratio is 4:1. Moreover, Na,Ti;0g
nanotubes are produced using the optimal parameters of
220 °C-4 h-10 M. Comparing Fig. 3(a) to (d), the composi-
tions of sodium titanates show tiny changes with increasing

(c)

Fig. 2 Morphologies of hydrothermally treated NiTi substrate surface at different temperatures. (a) 150 °C-72 h-10 M; (b) high magnification

of (a); (c) 180 °C-72 h-10 M; and (d) high magnification of (c)
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Fig. 3 XRD patterns acquired from hydrothermally treated NiTi
under different conditions. (a) 90 °C-6 h-5 M; (b) 120 °C-6 h-10 M;
(c) 150 °C-6 h-15 M; (d) 180 °C-6 h-20 M; (e) 150 °C-72 h-10 M;
and (f) 180 °C-72 h-10 M

temperature and NaOH concentration for a fixed time duration
of 6 h. In contrast, the content of Na,Ti3;Og changes as the NiTi
diffraction peak decreases from Fig. 3(a) to (b) but increases
afterward in Fig. 3(d). When the duration and temperature are
increased for a fixed NaOH concentration, the diffraction peaks
of Na,TizOg change, as shown in Fig. 3(b), (e), and (f). Some
peaks of Na,Ti3;Og which are present in Fig. 3(f) are completely
absent in the other structures are correspond to layered titanates
with a monoclinic (C2/m) lattice, which are also observed when
titanate nanotubes transfer into nanoribbon by the other scholar
(Ref 25). Meanwhile, the content of NiTi continues to decrease,
implying that increasing the temperature and time duration may
increase the content of NayTizOg in the range of ~15 M. The
reduced NiTi phase leads to diminished Ni release and it is an
important criterion for NiTi implants. EDS results show at the
early stage of reaction (~6 h) titanate sodium layer is too thin
to prevent the exposure of NiTi substrate, which leads to the
strong Ni, Ti peaks (Fig. 4a to d). It is because different NaOH
concentrations exhibit different reactions efficient in each
hydrothermal treatment (Ref 24). The highest Na/Ti atomic
ratio 1.03 means the optimal NaOH concentration in this study
is 15 M, which is also presented in XRD results as products in
this concentration exhibit decrease in NiTi peak compared to
Fig. 4(a), (b), and (d). However after 72 h hydrothermal
treatment Na,Ti;Og becomes the main hydrothermal product
with an atomic ratio Na/Ti~ 1.3, which is close to atomic ratio
of Na4Ti303.

3.3 Wettability

The contact angles measured on the titanate nanostructures
reflect the surface hydrophilicity, as shown in Fig. 5. Our
results reveal different degrees of hydrophilicity for samples
treated under different conditions. Sodium titanates have
recently been reported to be hydrophilic because their unique
chemical structures enable easier adhesion of hydroxyl and
water (Ref 22). However, XRD shows only small changes in
the titanate composition albeit the large variations in the contact
angles. Hence, the surface morphology, not chemical structure,
plays the more important role in the surface wettability.
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4. Discussion

4.1 Formation Mechanism of Titanate Nanostructures

The growth process essentially includes three steps:

Transport of growth units from the growth medium.
Diffusion and incorporation of growth units on the
surface.

3. Advancement of the surface leading to growth.

N —

Therefore, the structures of the surface and growth units are
the controlling factors of the morphology of crystal. Here, we
particularly focus on the effects of the growth units by using a
model of anion coordination-polyhedra, which was first
proposed by Zhong (Ref 23, 26, 27). This model hypothesizes
that in the crystallization procedure, cations exist in the form of
complexes with ligands such as OH™ ions. The growth unit is
defined as the complex in which the coordination numbers are
equal to that of the formed crystal. In the titanate crystal, the
coordination number of Ti is six, and so the growth units of
the titanate crystal are [Ti(OH)s]*~ (Fig. 6i). Formation of the
growth unit is described in more detail in the following.

First, when the hydrothermal treatment generates a high
pressure in the reaction kettle and the concentration of free
OH™ in the solution is increased due to the rising temperature.
This yields a short distance of supersaturation between the NiTi
surface and solution. At the same time, Ti loses electrons near
the nucleation sites (Fig. 6iia) and combines with free OH™
forming the structural unit [Ti(OH)6]2’ octahedron on the
surface, as shown in Fig. 6(iib) and Eq 1:

Ti*" + 60H™ — Ti(OH)>~ (Eq 1)

Afterward, in the supersaturated solution, on account of diffu-
sion of ions and deregulation movement among molecules
and ions, the structural units [Ti(OH)s]*~ are bonded together
forming the cluster Ti,;0,3(OH)Y ="~ as shown in
Fig. 6(iic) and Eq 2. Several Ti(OH)¢ combine to form a
growth unit with certain dimensions and size.

Ti,, O, (OH)\"*2=4"~(Crystal) + Ti(OH)Z~

— Tip 10,43 (OH) 2442 4 31,0 (Eq 2)

The different connection modes of the same structure of
Ti-O octahedrons may produce various shapes on the bottom
and form different geometric configurations afterward accord-
ing to the growth direction. Two parameters, concentration of
free OH™ ions and energy stability, strongly influence the
formation of the growth units. As described before, supersat-
uration of free OH™ at the interface is the driving force for the
generation of Ti-O octahedrons. The higher NaOH concentra-
tion means more free OH ™ in the solution and it leads to a
higher possibility for Ti*" icons combining with OH™ and
generation of structural units on the NiTi surface. Meanwhile,
as the structural units are bonded together to form the growth
unit, energy is required to stabilize the complex with several
Ti-O octahedrons. The calculated results of different connection
models (Ref 28) indicate that the requirement for stable energy
increases if the number of Ti-O octahedrons is increased or the
geometric configurations vary. In the early stage of the
hydrothermal reaction, the characteristics of growth units
structure control predominantly the morphology of the sodium
titanate nanostructures and this is the reason why the titanate
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Fig. 4 EDS results acquired from hydrothermally treated NiTi under different conditions. (a) 90 °C-6 h-5 M; (b) 120 °C-6 h-10 M;
(c) 150 °C-6 h-15 M; (d) 180 °C-6 h-20 M; (e) 150 °C-72 h-10 M; and (f) 180 °C-72 h-10 M

evolve from one-dimensional nanorods to three-dimensional
nanocubes with increasing NaOH concentrations and temper-
ature for a fixed hydrothermal treatment time of 6 h. Never-
theless, the exact procedures are complicated because other
reactions occur with time at high temperature. Figure 6 is a
schematic illustration of the formation of three typical sodium
titanates with a fixed NaOH concentration of 10 M. After
combination of the growth units, flake-like structures appear
due to the limited NaOH concentration (Fig. 6iid). If the

2604—Volume 21(12) December 2012

temperature is kept at 120 °C, titanate nanoflakes continue to
grow, as shown in Fig. 6(iiia). In contrast, if the temperature is
raised, other reactions occur when the time is significantly
increased. The unsaturated links at the edge of the titanate
flakes give rise to asymmetrical surface tension leading to the
conversion into tubular structures (Ref 21, 29). When the
temperature is lower, the short tubes continue to grow longer
and occasionally asymmetrical tension emerges again causing
bending in the long nanofibers (Fig. 6iiib). In another way,
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when the temperature is high enough to provide sufficient
energy for the short tubes to aggregate (Ref 30), the tubular
structures are lengthened and thickened by combining with
each other, finally morphing into microscale sea urchin-like
microwhiskers, as shown in Fig. 6(iiic).

4.2 Hydrophilicity

The influence of the surface morphology of different sodium
titanate nanostructures on wettability can be analyzed by the
Wenzel model as follows (Ref 31):
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Fig. 5 Hydrophilicity of hydrothermally treated NiTi substrate
under different conditions. (a) 180 °C-6 h-20 M; (b) 150 °C-6
h-15 M; (c¢) 120 °C-6 h-10 M; (d) 90 °C-6 h-5 M; (e) 150 °C-72
h-10 M; and (f) 180 °C-72 h-10 M

(@) ()

(Eq 3)

where 0,, is the apparent contact angle, 0. is the Eigen con-
tact angle, and oy, Oy, Oy, are the solid-vapor, solid-liquid,
liquid-vapor interface tension, respectively.

In this model, the surface roughness positively affects the
wettability because the Eigen hydrophilicity of the sodium
titanates leads to cosf, > 0 (Ref 32). The surface morphologies
are simplified by considering a geometry of square pillars of
size a x a, height of H, and spacing of b arranged in a regular
array (Ref 33), as shown in Fig. 7. Here, r is defined as the
surface roughness factor, as shown in Eq. 4:

cosby = r(0gy — 0g)/01y = rcos O,

a

Fig. 7 Simplified NiTi surface by using Wenzel model
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Fig. 6 Schematic diagram depicting the formation of sodium titanate. (i) [TiOg]®~ structural unit; (ii) formation of the growth unit on the
substrate: (a) formation of nucleation sites because Ti loses electrons; (b) Ti*" combining with free OH™ to form the structural unit [Ti(OH)]*~

octahedron on the surface; (c) structural unit [Ti(OH)s]*>~ bonded together
flake-like structure; (iii) formation of sodium titanate with different
(c) microwhiskers
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forming the cluster Ti,. 0, 3(OH){"%~*"*2"; (d) appearance of the
morphology: growth process of (a) nanoflakes; (b) nanofibers;
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(a+b)* +4aH
=

@tb? (Ea4)

where ff = b/a and y = H/a. The equation cos,, = rcosb, is
rewritten as follows:

2
4aH
lat b - Aat g — |1+
(a+b) (1+B)

cos Oy, =

(Eq 5)

As shown in Eq 5, vy and B are the key parameters to control

the hydrophilicity on the NiTi surface. The apparent contact

angles decrease when the morphology varies due to the

increased height/width ratio. This model provides the founda-
tion to control the hydrophilic properties of NiTi SMA.

5. Conclusion

Various types of sodium titanate nanostructures are fabri-
cated on the surface of NiTi SMA under different hydrothermal
conditions such as temperature, time duration, and NaOH
concentration. XRD spectra disclose that Na,Ti3Og is the major
constituent of the reaction product. In the early stage of the
hydrothermal treatment, the formation mechanism of titanates
is correlated to the free OH™ concentration and energy
stabilization. The alkali concentration and hydrothermal tem-
perature affect the shape and size of the titanate nanostructures.
As the reaction time is increased, other reactions may lead to
the formation of nanorods or even sea urchin-like structure.
Controllability of the surface hydrophilicity can be achieved by
varying the surface morphology of the sodium titanate nano-
structures. For example, increasing the height/width ratio
significantly reduces the contact angles.
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