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Abstract

Superhydrophilic vertically aligned multi-walled carbon nanotubes were used as substrate to direct hydroxyapatite
electrodeposition. Conventional Nickel/Titanium alloys were used for comparison. Results show that the bath
temperature and the hydrophobicity control affect the hydroxyapatite/carbon nanotube composites obtained by
electrodeposition. These results were proved using X-ray diffraction, Energy-dispersive X-ray spectroscopy, field
emission gun scanning electron microscopy and Raman spectroscopy.
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Introduction

Vertically-aligned multi-walled carbon nanotubes (VACNTS) are
arousing interest from researchers in biomedical area due to their
exceptional combination of mechanical properties, chemical properties,
and biocompatibility [1]. Hydrophilic surfaces are generally favorable
to cell attachment and biomineralization of bone tissues [2]. In order
to create novel nanobiomaterials that mimic bone, it is essential to
develop strategies for crystallization under physiological, structural,
and morphological friendly conditions. Studies on biomineralization
mechanisms have aimed to develop a detailed understanding of
interfacial interactions associated with biomineralization and template-
directed crystallization [3].

Hydroxyapatite (HA) is a form of calcium phosphate that bears close
chemical resemblance with the mineral component of bones and teeth
[4]. It promotes tissue adhesion and bone growth by spontaneously
forming a biologically active bonelike apatite layer over its surface [5].
Thus, HA is classified as one of the best biocompatible and bioactive
materials many biological applications such as bone repair scaffolds
[6]. However, its poor mechanical properties such as brittleness and
low wear resistance have limited the use of bulk HA coating in implant
applications [7]. To tackle this problem, HA composites reinforced
with polymers have been used [8,9] with the objective of reinforcing
phases in order to achieve the desired mechanical properties.

There is a growing interest in controlling HA crystal nucleation,
crystallinity, and growth to assemble composite material which is
analogous to those produced by nature, involving biomineralization
process [10]. Poor crystallinity can directly affect factors governing
natural precipitation of apatite formation to promote natural
osteointegration [11]. Therefore, the development of crystalline nano-
biomaterials is of particular interest in regenerative medicine.

Some investigations have been performed on the synthesis of
HA and carbon nanotubes (CNTSs) using various methods, such as
simulated body fluid (SBF) [12], composite coatings obtained by
electrophoresis [13], and more recently, aerosol deposition [14]. Sol-
gel methods have been used to obtain CNTs/HA hybrid composites.

However, these methods consist in dispersing CNTs in HA solution
[15] and a thermal treatment is necessary to obtain crystalline HA.
Vertically-aligned CNT (VACNT) film has been used as scaffold to
direct HA deposition. Lifang et al. [16] showed that VACNTSs were
efficient templates to grown HA films using plasma-enhanced chemical
vapor deposition and radio-frequency sputtering deposition, however,
the authors clearly showed that the Ca- and P-rich layer consists of
a carbonate-containing HA with disordered structure and thus poor
crystallinity.

For the preparation of HA coatings by electrochemical synthesis,
several factors have to be considered, such as substrate morphology,
solution composition, P¥, and deposition temperature. These factors
directly affect the purity, crystallinity, stoichiometry, morphology, and
mechanical strength of the resulting coatings [17,18].

We have recently shown a new method to obtain crystalline
HA/VANCT composites using direct electrodeposition process
[19]. Hence this study focuses on how electrochemical experimental
conditions, wettability of surfaces, and electrodeposition time can
affect crystallinity, thickness, particle size, and morphology of HA
films on VACNT. Differences in HA crystal growth were evaluated by
X-ray diffraction (DRX), Energy-dispersive X-ray spectroscopy (EDX)
and field emission gun scanning electron microscopy techniques.
Superhydrophilic VACNT films significantly stimulate the nHA crystal
formation without any thermal treatment only in bath temperature at
70°C.
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Materials and Methods

Synthesis of vertically aligned multiwalled carbon nanotubes
films

The VACNTSs were produced as a thin film, using a microwave
plasma chamber (2.45 GHz) [20-22]. The substrates were 10 mm
titanium squares, covered by a thin nickel layer (10 nm) deposited by
an e-beam evaporator. The nickel layer was pre-treated to promote
nanocluster formation, which forms the catalyst for VACNT growth.
The pre-treatment was carried out for 5 min in plasma of N,/H,
(10/90sccm), at a substrate temperature around 760°C. After pre-
treatment, CH, (14 sccm) was inserted into the chamber at a substrate
temperature of 760°C for 2 min. The reactor was kept at a pressure of
30 Torr during the whole process.

VACNT functionalized by polar
superhydrophilicity

groups to obtain

Functionalization of the VACNT tips by the incorporation of
oxygen-containing groups was performed in a pulsed-direct current
plasma reactor with an oxygen flow rate of 1 sccm, at a pressure of 85
mTorr, -700 V and with a frequency of 20 kHz [23].

A chemical surface modification was calculated using liquids
with different surface tensions and polarities as shown and calculated
elsewhere [23].

Hydroxyapatite electrodeposition process on VACNT

The electrodeposition of HA crystals on VACNT films was
performed using 0.042 molL' Ca(NO,),4H,0 + 0.025 molL"
(NH,).2HPO, electrolytes (P" =4.7). The electrochemical measurements
were made using a three-electrode cell coupled to Autolab PGSTAT 302
equipment. Superhydrophilic and as-grown VACNT films were used as
working electrode, and the geometric area in contact with electrolytic
solution was 0.27cm? A platinum coil wire served as auxiliary electrode
and Ag/AgCl electrode was used as reference electrode. A cyclic
voltammetry study was carried out using the previously described
solution in order to determine the parameters for electrodeposition
of HA films on superhydrophilic and as-grown VACNT. The cyclic
voltammogram was obtained by scanning the potential between 0.5
and -2.5 V at a scan rate of 10 mV s™. Based on the cyclic voltammetry
results, HA films were produced applying a constant potential of -2.0
for different electrodeposition conditions, for periods of 20, 30, and 120
min; and batch temperatures at 23 and 70°C. All these parameters and
conditions were used to evaluate the crystal formation and evolution
current differences of HA electrodeposition process.

Characterization of functionalized VACNT and HA crystals

SEM (field emission gun, JEOL JSM-6330F) was used to observe
the structure of VACNTs and HA crystal morphologies. The elemental
composition of the coating was investigated by energy-dispersive
x-ray. The structural analysis of HA crystals was performed by DRX
diffractometer (X-Pert Philips) with Cu Ka radiation generated at 40
kV and 50 mA. Raman spectroscopy (Renishaw micro-Raman model
2000 with Ar laser, A = 514.5 nm) measurements were carried out to
analyze the chemical composition of HA coatings.

Results and Discussion

The electrochemical deposition temperature (hydrothermal
processing) was varied to improve the HA content of the coatings. The
transient of cathodic current may be divided in two periods. Initially, a

rapid increase of cathodic current due to electric double-layer charging
was observed.

Figure la and Figure 1b show the difference between evolutions of
the current as a function of deposition time of HA on superhydrophilic
VACNT films in 23 and 70°C (bath temperature). NiTi alloys were
used as control.

A rapid increase of cathodic current due to electric double-layer
charging (region 1) was observed (Figure la) for all the substrates.
However, no cathodic current difference between NiTi and
superhydrophilic VACNT was observed when the temperature of the
solution was kept in 23°C (approximate value of 0.25 mA). We observed
higher current values when the temperature of the solution was kept at
70°C. By comparing superhydrophilic VACNT and NiTi alloys, it was
clearly observed a higher current value for superhydrophilic VACNT
serving as an electrode (-0.60 mA).

During the second period (region 2), the current value slowly
decreased to a limit value, indicating that hydroxyl ion generation
process due to the reduction of water and dissolved oxygen on
nonuniform superhydrophilic VACNT (a better description about this
phenomena is follow discussed in equations 1-7). In this stage, bath
temperature and superficial area were both essential to determine the
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Figure 1: (a) Current-time profile during the deposition of HA films on
superhydrophilic VACNT films and NiTi alloys in 0.042 molL' Ca(NO,),.4H,0 +
0.025 molL-* (NH,),HPO, solution. Applied potential of -2.0 V (vs. Ag/AgCl), and
solution temperature kept at 23 and 70°C. (b) Differences of average current
evolution of HA films electrodeposition on superhydrophilic VACNT films and
NiTi alloys in solution temperature kept at 23 and 70°C.
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Figure 2: SEM images of direct electrodeposition of HA on superhydrophilic
VACNT films at two bath temperatures (a-b) 23 and (c-d) 70°C. (b) Details
of amorphous phosphate formed at 23°C and (d) HA crystals formed on
superhydrophilic VACNT at 70°C.

Figure 3: SEM images show the direct electrodeposition of HA on
superhydrophilic VACNT films in different times at 70°C. (a.1 and b.1) 20, (a.2
and b.2) 30, and (a.3 and b.3) 120 minutes.

difference in current values of superhydrophilic VACNT substrates.
The superhydrophilic VACNT substrates had current values three times
higher than (-1.0 mA) NiTi surfaces. After around 10 min, the current
decreased to a limit value, which indicates that the OH" ion generation
process was limited by diffusion (region 3) due to a monolayer of
HA crystal formation on superhydrophilic VACNT films. In an
electrochemical process, involving the formation of HA, the hydroxyl
ion generation on the surface of interest is one of the fundamental
parameters to control HA characteristics. Hydroxyl ions induce the

acid-base reactions to form PO, and HPO,?, which are responsible for
leading calcium phosphate precipitation on superhydrophilic VACNT
films. All the reactants needed for Ca-P formation, including Ca*?, PO,?,
HPO,?, and OH ions, are available [24,25].

The different current among temperatures and substrates are
evident. This difference could, in principle, be related to the high
concentration of ions in the solution at 70°C, which increases the
driving force for diffusion-related phenomena [26]. It is well-known
that changes in the surface state of substrate, in the overpotential,
may affect the shape of current transient significantly [27]. Current
transients may represent different electrochemical processes that take
place. The SEM images show the different shape of current transients,
which represent a difference in the nature of HA crystal formed.

These electrodeposition process of HA films with increasing
deposition temperature can be explained by three factors. First, the
solubility HA decreases with increasing temperature [27]. Thus, the
particle nucleation rate will also increase, making Ca- P formation more
likely to occur close to superhydrophilic VACNT films. Film deposition
over bulk precipitation requires the hydroxide to diffuse away from
the surface. Second, a higher deposition temperature encourages
the deposition of more crystalline film. Ban and Maruno previously
reported that the deposition temperature up to 37°C is required to
obtain crystalline Ca-P films [28]. Third, as the temperature increased,
fewer hydrogen bubbles were found to attach to VACNT surface, so
Ca-P film was less damaged. A possible explanation for attachment of
fewer hydrogen bubbles is that they are held on the substrate surface by
surface tension, and this force decreases with increasing temperature.

HA crystal electrodeposition on superhydrophilic VACNT was
performed at different times. Figure 3 shows HA crystal morphologies
and density on superhydrophilic VACNT films after 20 (a.1 and b.1),
30 (a.2 and b.2), and 120 (a.3 and b.3) minutes of electrodeposition at
70°C. Nevertheless, only HA crystal density differences were observed.
Details of this lower density can be seen after 20 minutes (Figure 3b.1)
due to CNT exposition (white arrows). All images show that HA crystal
exhibits polygonal and plate-like shapes. The high level of porosity
observed in all the structures may be related to the formation of bubbles
during the electrodeposition process. The coating surface exhibits
different crystal characteristics and orientation. Regular flake-like
structures diverge from the center toward the periphery. The lamellar
and plate-like crystal shapes do not show any regular orientation.
Details of crystal (length of 1-3 pm and thickness of 1-3 nm) shape
and orientation appear in all the images regardless of electrodeposition
time. The SEM recordings showed that HA crystals are formed on
superhydrophilic VACNT films, which suggests that both the presence
of superhydrophilic and nanostructure tip characteristics of VACNT
affect nucleation and crystal growth of HA crystals. Morphological
changes can be attributed to interactions between oxygen-containing
groups and nano-topography of superhydrophilic VACNT films.

The elemental composition of coating was investigated by EDS
analysis of HA crystals grown on superhydrophilic VACNT (Figure
4) at 23 and 70°C. The intense peak of Ca, P, and O only shows the
presence of strong HA crystal coating over the substrate. The Ca/P
ratio determined from the analysis at 70°C was 1.64. The Ca/P value
obtained at 23°C was 0.93 (amorphous phase). The value presented
by HA crystals obtained from bath temperature at 70°C was near
stoichiometric HA (1.67) presented in bone tissue [29]. EDS analysis
also confirmed the bioactivity and biomineralization process of
VACNT/HA composites.
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Figure 4: Energy-dispersive x-ray spectrum of HA electrodeposited on
superhydrophilic VACNT films at (a) 70 and (b) 23°C.
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Figure 5: X-ray diffractograms of HA crystals directly formed on superhydrophilic
VACNT after electrodeposition two bath temperatures (a) 23 and (b) 70°C.
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Figure 6: Raman spectra of HA crystals obtained on the superhydrophilic
VACNT in solution temperature kept at (a) 23 and (b) 70°C.

A comparison between x-ray diffraction patterns of HA/VACNT
obtained at 23°C (a) and HA/VACNT composites at 73°C (b) are
shown in Figure 5. Diffraction peaks of VACNT films were observed
in both diffractograms. No crystalline phase was observed by HA/
VACNT composites obtained at 23°C (Figure 5b). Apatite formation
is deduced from the presence of several characteristic x-ray reflection
peaks in diffraction pattern shown in Figure 5b. The main diffraction
peaks of HA appear at 26 values of 25.9° for reflection (002), at 31.9°
(triplet) for reflections (211), (112) and (300), and at 34.0° for reflection
(200) [30]. This observation backs up the finding on the presence of HA
crystals strongly oriented along the c-axis [30].

Figure 6 shows the Raman spectra of HA obtained on the
superhydrophilic VACNT films in solution temperature kept at 23
and 70°C. The sharp band at 961cm™ is characteristic of crystalline
HA [31]. The amorphous calcium and phosphorus grown on
superhydrophilic VACNT in solution (23°C) do not show crystalline
HA phase; it only shows the large peaks and a higher luminescent
background characteristic to amorphous phase of CO* and PO*. The
film was calculated using deconvolution of lorentizian curves. The
higher crystallinity is evident due to the lower band film of 12.5cm
! presented by hidroxyapatite crystals grown on superhydrophilic
VACTN in solution (70°C). These findings were associated with the
FEG-SEM images to prove the higher crystallinity of HA grown on
superhydrophilic VACNT films in solution (70°C).

Liao etal. [32] suggested that dispersed VACNT provides abundant
sites for the nucleation of HA in phosphate solution. They showed that
bamboo-like structure can be associated to nucleation sites for HA
formation. In comparison to the by Liao et al., we have shown that only
tip structures of superhydrophilic VACNT films were associated with
nucleation of HA crystals. The results are absolutely reproducible and
the films are homogeneous throughout the whole deposition surface.

The mechanism of formation HA crystals on superhydrophilic
VACNT films are proposed and discussed. The addiction of (NH,)
H2PO4 and Ca (NO,) produce NH,NO, by equation (1), a very soluble
compound [33] whose ions do not participate in the HA reaction
deposition.

2(NH,)H,PO, + Ca(NO,), > 2NH,NO, + Ca>* + 2H,PO,’ (1)
2H,0 +2e > H, + 20H" (2)

The production of HA needs OH' ions that come from water
molecules hydrolyses. The main equation to produce HA becomes as
shown in equation (3).

10Ca?* + 6H,PO, +140H" > Ca (PO,) (OH), + 12H,0 3)

The production of OH" jons according to equation (3) induces
to acid-base reactions leading to production of PO,” and HPO,
? according to equation (4) and (5) respectively. Probably, water
reduction (equation (2)) occurs in the crystallographic site, where
PO, and OH will be discharged by equations (6) and (7), that are
the results of equation (2) and (4) addition and equation (2) and (6)
addition respectively. Equations (6) and (7) explain the large quantity
of H, produced in the experiment.

H,PO, + OH > HPO> + H,0 (4)
HPO,> + OH > PO + H,0 (5)
H,PO, + H,0 +2e- > HPO,> + H, + OH" (6)
HPO/> + H,0O +2e-> PO + H, + OH (7)
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It means that Ca*? cations are transported to the interface from the
OH- anions when diffused through the electrolyte [16]. This condition
is satisfactory to obtain more homogeneous crystals with activation and
it confirms that the drop of electric field on deposited areas promotes
deposition on defect regions [16]. In this case, the superhydrophilic
VACNT tips can be considered as active sites of defects to crystals
grown.

The process for the deposition of HA is originated by an increase
of pH in the interface electrolyte/substrate due to ionic charge transfer
producing a direct deposition onto substrate. Previous precipitation
of calcium phosphate and adsorption of the particles to the substrates
induced by electrostatic forces (indirect deposition) may occur.
Nevertheless, the preference of a direct growth mechanism can be
inferred from several observations (P¥, ions concentration, temperature
and environment). Three hypothesis about HA electrodeposition
process were proposed by other authors [33-36]. The first one is that
no charge evolution has been reported for HA particles in basic media
[16], which exclude electrostatic forces as responsible for a hypothetical
indirect deposition. The second point is associated to adherence of
the coatings obtained at low voltages and high temperature, which
is related to the diffusion of Ca and specially P through Ti substrate.
HA coatings obtained by indirect deposition at higher voltages with
sequential sintering temperatures produces also HA films with good
adherence. The third point states that the low voltages applied in our
experiment lead to current densities comparable to those used by
other authors in acidic electrolytes. However, longer times for indirect
deposition have been reported [36].

The great novelty of this paper is the direct growth of crystalline HA
crystals on superhydrophilic VACNT after the bath control. Generally,
the rate of HA crystallization increased with both the current density
and the temperature. We have shown that the higher current density
observed by superhydrophilic VACNT was sufficient to grown HA
crystals without any thermal or surface treatment. The key factor to
obtain such crystalline HA crystals was control of superhydrophilic
behavior of VACNT films. The same experiments were performed on
as grown VACNT films with typical superhydrophobic character and
no HA crystals were grown (data not shown). The large surface area
of superhydrophilic VACNT enables the interaction of electrolytes
and polar functional groups, thereby controlling the crystal growth.
The superhydrophilicity itself is very important due to solution
wetting of VACNT surface. However, other key characteristic may
decisively contribute to HA crystals growth, such as nanostructured
tips, -COOH terminal groups, and bamboo-like structures. The
superhydrophilicVACNT films obtained from oxygen plasma treatment
is modified by the inclusion of polar oxygen surface terminations that
may contribute to the hydroxyl ion generation, which is essential in HA
electrodeposition process.

Conclusion

The presented results showed that superhydrophilic VACNT
films are efficient for growth of HA crystals using an electrodeposition
process, and the control of bath is essential to obtain HA with a high
degree of crystallinity. Superhydrophilic VACNT films were able
to nucleate HA crystals for electrodeposition within twenty minutes
resulting in the formation of HA/VACNT nanocomposites.
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