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Assisted deposition of nano-hydroxyapatite onto
exfoliated carbon nanotube oxide scaffolds

H. Zanin,a,b C. M. R. Rosa,a N. Eliaz,c P. W. May,d F. R. Marcianoa and A. O. Lobo*a

Electrodeposited nano-hydroxyapatite (nHAp) is more similar to biological apatite in terms of microstruc-

ture and dimension than apatites prepared by other processes. Reinforcement with carbon nanotubes

(CNTs) enhances its mechanical properties and increases adhesion of osteoblasts. Here, we carefully

studied nHAp deposited onto vertically aligned multi-walled CNT (VAMWCNT) scaffolds by electrodeposi-

tion and soaking in a simulated body fluid (SBF). VAMWCNTs are porous biocompatible scaffolds with

nanometric porosity and exceptional mechanical and chemical properties. The VAMWCNT films were pre-

pared on a Ti substrate by a microwave plasma chemical vapour deposition method, and then oxidized

and exfoliated by oxygen plasma etching (OPE) to produce graphene oxide (GO) at the VAMWCNT tips.

The attachment of oxygen functional groups was found to be crucial for nHAp nucleation during electro-

deposition. A thin layer of plate-like and needle-like nHAp with high crystallinity was formed without any

need for thermal treatment. This composite (henceforth referred to as nHAp–VAMWCNT–GO) served as

the scaffold for in vitro biomineralization when soaked in the SBF, resulting in the formation of both car-

bonate-rich and carbonate-poor globular-like nHAp. Different steps in the deposition of biological apatite

onto VAMWCNT–GO and during the short-term biomineralization process were analysed. Due to their

unique structure and properties, such nano-bio-composites may become useful in accelerating in vivo

bone regeneration processes.

1. Introduction

Electrodeposited nano-hydroxyapatite (nHAp) is similar to the
mineral component of natural bone in terms of microstructure
and dimension, and shows excellent biocompatibility, bioactiv-
ity and osteo-conductivity.1–3 Due to these properties, nHAp
has long been evaluated for bone tissue reconstruction.4

However, its poor mechanical properties (e.g. low fracture
toughness and tensile strength) have limited its use in load-
bearing applications and/or large bone defects.5

Several approaches have been examined to impart mechan-
ical integrity to the nHAp without diminishing its bioactivity.5

Various forms of carbon seem attractive candidates in this
regard,1,6 with their unprecedented mechanical properties
(high strength and toughness) and physicochemical properties

(high surface area, electrical and thermal conductivity, and
low mass). In particular, carbon nanotubes (CNTs) and gra-
phene have recently gained much attention.7 Lahiri et al.
quantified the adhesion of osteoblasts (cells that synthesise
bone) to HAp/MWCNTs using a nano-scratch technique.8

CNTs were found to increase the adhesion strength, spreading
and attachment of osteoblasts. The latter was related to their
affinity to conjugate with integrin and other proteins. Balani
et al.9 reported osteoblast growth and proliferation during cell
culture on a HAp/CNT composite prepared by plasma spraying.
Successful growth of the cells was taken as evidence that the
composite was non-toxic. In addition, the CNT significantly
improved both the fracture toughness and increased the crys-
tallinity of the coating.

Rath et al.10 demonstrated improvement of the mechanical
properties of electrophoretically deposited HAp–chitosan com-
posite with 10–15 wt% MWCNT. Im et al.11 also reported
improvement in the mechanical properties of chitosan–HAp
by incorporating single-walled CNTs (SWCNTs). More recently,
Kim et al.12 presented a spark plasma sintering method to
prepare HAp reinforced with the CNT. It was shown that the
addition of the CNT to HAp increased the hardness and frac-
ture toughness by 3 to 4 times, indicating that the CNTs are
good candidates as reinforcements for strengthening the
ceramic matrix.
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Previously, our group13,14 has presented electrodeposition as
an effective, fast and low-cost technique to prepare nHAp layers
onto modified vertically aligned multi-walled carbon nanotubes
(VAMWCNTs). VAMWCNTs are very interesting biocompatible
scaffolds with nanometric porosity and exceptional mechanical
and chemical properties. However, the majority of as-grown
CNTs are superhydrophobic, which limits their application in
aqueous media. To improve wettability, the CNT was functiona-
lized by attaching carboxylic and other oxygen polar groups
using oxygen plasma treatment. These functional groups on the
CNT surface were found to be crucial for nHAp nucleation
during electrodeposition. By adjusting the pH, temperature and
current density, the crystal orientation could be controlled. A
mechanism for the growth of plate-like nHAp on the functiona-
lized CNT was proposed, suggesting that the carboxylic acid/car-
boxylate functional groups directly attached to the CNT were
essential for accelerated hydroxyl ion release and subsequent
deposition of plate-like nHAp crystals. However, to-date, no cor-
relation has been shown between the nHAp crystals synthesized
at pH ∼6 and the biological apatite that forms during short
periods of soaking in the simulated body fluid (SBF).

Kawashita and co-workers15 suggested that the carboxylate
groups facilitate the initial deposition of calcium ions, and that
the attraction of calcium ions is an important initial step in
calcium phosphate formation. Lee et al.16 found that the for-
mation of a poly(dopamine) (PDA) ad-layer on the CNT surface
made it bioactive. This approach enabled efficient interaction
between the CNT and mineral ions (e.g. Ca2+), which facilitated
the mineralization of HAp. PDA-functionalised CNTs highly
accelerated the formation of nHAp when incubated in a SBF,
and exhibited a minimal cytotoxic effect on bone osteoblast
cells compared to pristine or carboxylated CNTs.

Soaking in SBF is one commonly used approach to
induce apatitic calcium phosphate formation on different sub-
strates. The standard SBF (1×) has relatively low calcium ion
and phosphate ion concentrations, requiring up to 1 week for
the nucleation to begin.17 The nucleation and precipitation of
calcium phosphate from SBFs are faster when a concentrated
SBF (e.g. 1.5×) is used.18

While the reinforcement effect of CNTs on HAp8–12,16 and
the low cytotoxicity of the composite material8 have been
demonstrated, very little has been reported on the step-by-step
formation of HAp on MWCNTs. In this work we used exfoliated
VAMWCNTs which have been surface oxidised (VAMWCNT–GO)
as an inducing template for nHAp electrodeposition at pH ∼6,
forming a nHAp–VAMWCNT–GO composite. Furthermore, we
soaked this composite in a concentrated SBF at pH ∼7.4 and
studied the biomineralization process from its early stage until
a dense biological apatite layer was formed.

2. Materials and methods
2.1. Preparation of VAMWCNT–GO scaffolds

VAMWCNT scaffolds were prepared using a microwave plasma
chemical vapour deposition (CVD) chamber operating at 2.45

GHz. More information on this process is provided else-
where.19 The substrates were commercially pure Ti sheets
(10 mm × 10 mm × 0.5 mm) covered with a 10 nm-thick Ni
layer deposited by electron-beam evaporation. The Ni layer was
heated from 350 to 800 °C over a period of 5 min in a N2/H2

(10/90 sccm) plasma, inducing the formation of nanoparticles
which promote the CNT growth. VAMWCNT growth was
initiated by introducing CH4 (14 sccm) into the chamber for
1 min, maintaining a substrate temperature of 800 °C and a
reactor pressure of 30 Torr. After growth, the sample was intro-
duced into a plasma enhanced CVD reactor (−700 V, pulse fre-
quency 20 kHz) with an oxygen flow rate of 1 sccm at a
pressure of 150 mTorr for 2 min.20 This procedure is known
as oxygen plasma etching (OPE), and it is performed in order
to exfoliate the CNTs and to improve their wettability by attach-
ing oxygen functional groups on the VAMWCNT surface.21

2.2. Electrodeposition of nHAp

We electrodeposited nHAp crystals on VAMWCNT–GO
scaffolds using a standard three-electrode cell controlled
by an Autolab PGSTAT 128N potentiostat–galvanostat. The
VAMWCNT–GO scaffold was employed as a working electrode
by inserting it inside a copper/Teflon electrochemical cell,
which exposed a fixed electrode area (∼0.27 cm2) to the solu-
tion, and also established an electrical contact to a copper rod
on the back-side (see Fig. 1). A platinum mesh was used as the
counter electrode, while Ag/AgCl (3 M KCl (aq.)) was used as
the reference electrode. The electrolyte solution used was
0.042 mol l−1 of Ca(NO3)2·4H2O + 0.025 mol l−1 of
(NH4)2HPO4. All chemicals (Sigma Aldrich) were of high
chemical grade. The pH was adjusted to 5.8 and automatically
measured throughout the process of electrodeposition using a
pX1000 real time pH meter (Metrohm). A magnetic stirrer and
a thermostatic bath were used to maintain the process at con-
stant agitation and temperature (∼70 °C), respectively. The
nHAp crystals were produced on the VAMWCNT–GO electrodes
by applying a constant potential of −2.0 V13 for 20 min.
This set-up was chosen to promote stoichiometric nHAp with
a Ca/P ratio of ∼1.67. We shall henceforth refer to this sample
as a nHAp–VAMWCNT–GO composite.

Fig. 1 Schematic representation of the experimental set-up. The
VAMWCNT–GO is drawn enlarged and is not to scale.
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2.3. Bioactivity assay

The SBF (1.5×) solution18 was prepared by dissolving the com-
pounds listed in Table 1 in distilled water. The pH of the solu-
tions was adjusted with a pH meter (Metrohm) to 7.4 by
adding NaOH drops, thus bringing it to the value of blood
plasma.

The nHAp–VAMWCNT–GO composites were immersed in
polyethylene containers with 15 ml of the SBF, placed in a
refrigerated benchtop incubator (Cientec CT-713), and centri-
fuged at 75 rpm at a temperature of 36.5 °C for different
periods of time, from 30 min to 7 days, with the pH being con-
tinuously monitored as before.

2.4. Analytical characterization

The as-grown VAMWCNT, VAMWCNT–GO, and nHAp–
VAMWCNT–GO samples were characterized by several analyti-
cal techniques, before and after biomineralization.

Surface area measurements were carried out using a
Quanta Chrome Nova Win model 1000 for multi-point Bru-
nauer–Emmett–Teller (BET) adsorption using the classical
helium-void volume method. The surface morphology was
characterized by high-resolution scanning electron microscopy
(HRSEM, FEI Inspect F50, JEOL 6330, and Zeiss EVO Ma10)
operated at 20–30 kV. No conductive coating was applied
for better SEM imaging. Structural analyses of as-grown
VAMWCNT and VAMWCNT–GO were performed using high-
resolution transmission electron microscopy (HRTEM, JEOL
3010 operated at 300 kV with a LaB6 filament). A Renishaw
laser Raman spectrometer excited by an argon-ion laser (λ =
514.5 nm) and operated at room temperature was used for
structural analyses of as-grown VAMWCNT and VAMWCNT–
GO. The spot size was 15 µm and the laser power was ∼6 mW.
X-ray photoelectron spectroscopy (VSW H100 spectrometer,
<10−10 Torr base pressure) was used to identify the oxygen-con-
taining groups on the as-grown VAMWCNT and VAMWCNT–
GO surfaces. The semi-quantitative analysis of chemical
elements was done by energy-dispersive X-ray spectroscopy
(EDS) measurements using an Inca Penta FET x3 system
(Oxford Instruments). The estimation of the Ca/P ratio was per-
formed considering Ca (at%) + P (at%) = 100 at%.

A Krüss Easy-Drop system employing the sessile-drop
method was used to evaluate the wettability of samples by
measuring the contact angle (CA) of the as-grown VAMWCNT
and VAMWCNT–GO samples. High-purity deionised water

drops were used for this purpose. Semi-quantitative elemental
analyses of calcium and phosphorus contents in the nHAp–
VAMWCNT and nHAp–VAMWCNT–GO composites, before and
after biomineralization, were carried out with a micro energy
dispersive X-ray spectrometer (μ-EDX 1300, Shimadzu, Kyoto,
Japan), equipped with a rhodium X-ray tube and a Si (Li)
detector cooled using liquid nitrogen. Surface chemical com-
positions of the two composites, before and after biominerali-
zation, were studied by Fourier transform infrared attenuated
total reflection spectroscopy (ATR-FTIR, Perkin-Elmer Spec-
trum Spotlight-400). Structural analysis of the composites,
before and after biomineralization, was performed by X-ray
diffraction (XRD, Philips X-Pert) with Cu-Kα radiation gene-
rated at 40 kV and 50 mA. The crystallite size of the nHAp
phase was calculated based on the peak broadening of the
XRD reflection using the Scherrer equation.13 All XRD patterns
were compared to the carbonated HAp (CHAp) powder sample
standard (JCPDS 00-004-0697). Measurements were performed
in triplicate.

3. Results and discussion
3.1. Exfoliation of carbon nanotubes

Micrographs of the aligned carbon nanotube films are pre-
sented in Fig. 2(a–l). A side view SEM micrograph of the as-
grown VAMWCNTs is shown in Fig. 2(a), revealing a highly
dense forest of tubes, high porosity, and a film thickness of
around 40 μm with a carpet-like structure when viewed from
above. Fig. 2(e, i) are top view SEM micrographs of carpet-like
CNTs showing different areas which expose (e) tips and (i)
tube walls after OPE. Fig. 2(b–d, f, g, j) show higher resolution
SEM micrographs from the OPE-treated material, revealing
defects caused by exfoliation and oxidation of CNT tips and
walls. This effect is more pronounced at the tips because they
are more exposed to the plasma, which causes etch pits.
However, Fig. 2(i, j) demonstrate details of the exfoliation of
the CNT walls, which are more crystalline zones of this
material. From this result we conclude that, although amor-
phous or defective sp2 carbon is expected to be more suitable
for exfoliation, the latter occurs also at highly crystalline CNT
walls to which the OPE has access. TEM micrographs, Fig. 2(h,
k, l), show the CNTs before (h) and after (k, l) OPE. Based on
these micrographs, the interplanar spacing of graphite is
∼0.34 nm, which is not altered by oxygen plasma treatment.

By comparing TEM micrographs before and after OPE,
defects are evidently caused by OPE at the CNT tips and walls.
From these observations we can begin to understand the CNT
exfoliation process. CNTs are hollow tubular structures with
the walls formed by one-atom-thick sheets of carbon, called
graphene.22 Since CNTs are composed of rolled up graphene
sheets, once exfoliated, the ends of these graphene sheets
become exposed.23 This OPE process is always concomitant
with the attachment of oxygen functional groups on the
carbon surface. But, depending on the plasma conditions it
was possible to etch the whole or only part of the nanotubes,

Table 1 Composition of the SBF 1.5×

Compound Concentration (mM)

NaCl 92.877
KCl 2.598
K2HPO4 2.027
CaCl2·2H2O 4.270
MgCl2·6H2O 3.543
NaHCO3 4.099
Na2SO4 0.825
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or simply attach oxygen groups to them without exfoliation
(see Fig. 2 in ref. 20). At higher plasma pressures
(80–180 mTorr), or for longer process times, erosion was com-
plete. With a diffuse plasma or too low pressure, exfoliation
did not occur, but wettability increased significantly because
of the attachment of oxygen groups. The VAMWCNT–GO com-
posites were achieved using quite specific conditions. The
measured BET surface area of the VAMWCNT was around
930 m2 g−1, which seems to be consistent with our estimation
using image analysis of selected micrographs of the highly
dense forest of tubes. This estimation is based on a calculation
of the outer surface area per unit of mass (Sm) of the aligned
MWCNT, considering its density, diameter and length. To this
end, we employed ImageJ software to estimate the number of
tubes per unit of area (N) ∼2.7 × 1015 tubes per m2. This value,
multiplied by the area of each tube (At = 2 × π × r × L) ∼ 2.51 ×
10−12 m2 and divided by the total mass (m) [bulk density
(0.21 g cm−3) × volume (40 cm3)] ∼ 8.4 g, gives a value for Sm =
(N × At)/m ∼ 810 m2 g−1.

The OPE causes structural modification in the VAMWCNT
sample, as evidenced from its Raman spectra. Fig. 3(a, b) show
first- and second-order Raman spectra of VAMWCNT films
before and after OPE, respectively. Deconvolutions were per-
formed using a Lorentzian function for the D and G bands,
and a Gaussian function for the bands around 1250,
1480–1520 and 1622 cm−1 (D′ shoulder).24 The D band is
usually attributed to the disorder and imperfection of the
carbon crystallites.25 The G band is assigned to one of the two
E2g modes corresponding to stretching vibrations in the basal
plane (sp2 domains) of single-crystal graphene.26 In the first-
order spectra, for appropriate fitting, two Gaussian peaks

centred at around 1250 and 1480 cm−1 were added. The origin
of the shoulder is most likely a double resonance process,
because its Raman shift (∼1200 cm−1) is a point on phonon
dispersion curves. These results are reproducible and in com-
plete agreement with our past results.27

Fig. 3(c, d) show C 1s fitted XPS spectra recorded from
VAMWCNT and VAMWCNT–GO samples before (c) and after
(d) OPE. The C 1s curves were deconvoluted into six peaks, at
around 284.1, 285.4, 287.1, 288.7, 290.1 and 291.6 eV.28 The
peaks correspond to aliphatic carbons (sp2 hybridization),
defects, carbon atoms with C–O, –CvO, carbonates and shake-
up peaks (π–π* transitions), respectively.20 From the C 1s
curves we observed the increase of both oxygen-group content
and defects, in agreement with the Raman spectra. This infers
the formation of strong C–O bonds from the oxygen-contain-
ing groups that are situated along the CNT.29 The OPE creates
open-ended termini in the structure, which are stabilized by
–COOH and –OH groups, which remain bonded to the nano-
tubes at the end termini and/or the sidewall defect sites. OPE
increased the oxygen content from ∼5% (Fig. 3(c)) to ∼20%
(Fig. 3(d)) after OPE treatment, which was estimated by the
procedure described by Payne et al.30 From the previous analy-
sis and from the XPS spectra we can conclude that the OPE
attaches oxygen-containing groups on the CNT that improve
its wettability and negatively charge its surface (see also Fig. 4a
in ref. 31). Concerning the surface energy of VAMWCNT and
VAMWCNT–GO samples, the as-grown samples exhibited
superhydrophobic behaviour while the OPE-treated samples
exhibited a superhydrophilic surface. This conclusion is based
on the measurement of the contact angle (CA) between water
drops and the sample surface, as shown in the inset in Fig. 3(c, d).

Fig. 2 SEM (a–g, i, j) and TEM (h, k, l) micrographs of VAMWCNT forest films: (a) as-grown, and (b–l) after oxygen plasma etching.
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The superhydrophobic surface is associated with a CA ∼ 157°,
whereas the superhydrophilic surface shows a CA ∼0°.

The carboxylic acid groups detected by XPS analysis
improved the wettability and also attracted Ca2+ ions from the
aqueous media to the surface, which is very important for HAp
formation. The carboxylate group binds to Ca2+, forming sites
that attract PO4

3− anions, thus eventually forming a continu-
ous calcium phosphate coating during electrodeposition.

3.2. Electrodeposition of plate- and needle-like nHAp onto
VAMWCNT–GO

Fig. 4(a–c) show the electrochemical response of VAMWCNT–
GO, VAMWCNT and Ti electrodes in 0.042 mol l−1 Ca
(NO3)2·4H2O + 0.025 mol l−1 (NH4)2HPO4. Fig. 4(a) compares
cyclic voltammograms (CVs) from VAMWCNT–GO with those
from VAMWCNT and Ti electrodes at pH = 5.8. From these CVs
we can conclude that the oxidised surface at the CNT tips
creates electroactive sites enhancing charge transfer across the
CNT/electrolyte interface.32 As a direct result, VAMWCNT–GO

has both a higher current capacitance and current density
than VAMCNTs or Ti electrodes. Considering VAMWCNTs
before and after OPE, it is clear that OPE enhances the current
stability of VAMWCNT electrodes (Fig. 4(b)) during the poten-
tiostatic electrodeposition of nHAp at −2.0 V vs. Ag/AgCl. Fig. 4
(c) shows a pH decrease to more acidic levels due to an oxi-
dation reaction taking place at the anode (2 H2O(l) → O2(g) +
4H+(aq.) + 4e−), which forms H+ during water splitting.

The pH was measured between the working electrode and
the counter electrode, as illustrated in Fig. 1. The shape of the
current transient is different, and the measured current
density is much higher than those reported by Eliaz and
Sridhar33 for the electrodeposition of HAp on CP-Ti at either
pH = 4.2 or pH = 6.0. However, the applied potential in ref. 33
was −1.4 V vs. SCE (i.e. −1.356 V vs. Ag/AgCl), which resulted
in less hydrogen evolution. The extensive hydrogen evolution
in the present work may be responsible for the noisy and
unsteady current transient. While the kinetics of nucleation is
promoted by the high overpotential, crystal growth is sup-

Fig. 3 (a, b) First- and second-order Raman spectra, (c, d) XPS C 1s energy spectra: (a, c) as-grown VAMWCNT, (b, d) VAMWCNT–GO, with their
deconvoluted peak fits. Insets in (c, d) are images of the contact angle measurements for water drops on the superhydrophobic (c) and superhydro-
philic (d) surfaces.
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pressed by the intensive H2 evolution. As a consequence,
smaller nHAp crystals are formed and the coating is governed
by secondary nucleation processes.

Fig. 5(a–c) show SEM and HRTEM micrographs of nHAp
electrodeposited onto VAMWCNT–GO for 20 min. Fig. 5(a)

shows a top view of the polycrystalline nHAp coating, exhibit-
ing different crystal shapes and orientations. One can notice
many plate- and needle-like nHAp crystals surrounded by exfo-
liated nanotubes. More details of the length (1–3 µm), thick-
ness (1–10 nm) and orientation of these crystals are shown in
Fig. 6. The high level of porosity observed in all structures may
be related either to the formation and entrapment of hydrogen
bubbles during the electrodeposition process, or to the porous
structure of the VAMWCNT–GO electrode. Fig. 5(b) shows that
after 20 min deposition the thickness of the nHAp layer is
about 3 µm, giving a growth rate of 0.15 µm min−1. This
growth rate is much higher than that of the apatite formed by
soaking in the SBF, which could take as long as 3 weeks to
obtain the same thickness.17 Notice that a thin crystalline
nHAp film was deposited on the top surface without affecting
the alignment of the VAMWCNT–GO electrode. Furthermore,
no apatite is apparent on the CNT walls. This indicates a
heterogeneous electron transfer process, as proposed by Banks
and Compton.34 One may argue why HAp is being electrode-
posited mainly on the CNT tips but not on their walls. The fol-
lowing hypotheses may be suggested to explain this
phenomenon: (i) the electrolyte only spreads superficially and
could not penetrate through the highly porous material. This

Fig. 4 (a) Cyclic voltammograms of VAMWCNT–GO, VAMWCNT and
titanium electrodes taken at 100 mV s−1 in 42 mM Ca (NO3)2·4H2O +
25 mM (NH4)2HPO4. Current density (b) and pH (c) transients during
electrodeposition of nHAp on electrodes at −2 V vs. Ag/AgCl and T =
70 °C.

Fig. 5 SEM (a, b) and HRTEM (c) micrographs of plate- and needle-like
nHAp electrodeposited on VAMWCNT–GO composites for 20 min.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 10218–10232 | 10223

Pu
bl

is
he

d 
on

 0
1 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 T
el

 A
vi

v 
U

ni
ve

rs
ity

 o
n 

28
/0

5/
20

15
 2

1:
25

:2
6.

 
View Article Online

http://dx.doi.org/10.1039/c4nr07317g


could be because the VAMWCNT tips are much more hydro-
philic than their walls, or because atmospheric air remained
trapped inside the porous material, or both. (ii) The edge
plane of the graphene sheet is a few orders of magnitude more
electroactive than that of the basal plane, showing also an

accelerated charge-transfer rate. An electrochemical study of
liquid penetration through highly densely packed aligned CNT
electrodes is currently being undertaken in our group.

From the TEM micrographs in Fig. 5(c), the interplanar
spacing of the nHAp crystals is measured as ∼2.8 Å, which can

Fig. 6 SEM micrographs of as electrodeposited nHAp–VAMWCNT–GO (a) before and after soaking in the SBF for (b) 0.5 h, (c) 1 h, (d) 2 h, (e) 4 h, (f )
6 h, (g) 12 h, (h) 1 day, (i) 2 days and ( j) 7 days.
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be related to the (112) and (002) planes, and is consistent with
the crystallite size calculated based on XRD data. The small
crystallite size may be due to a few factors, including the high
density of carboxylate groups on the CNT surfaces, H2 evolu-
tion during electrodeposition, and the abundant supply of
coordination compounds available for complexation. Consid-
ering the latter, calcium and phosphate ions in the aqueous
medium may have led to a very large number of nuclei during
all stages of electrodeposition, favoring the emergence of new
nucleation centers rather than the growth of the existing ones.

As we previously showed, the size of the nHAp crystals is
related to these available nucleation sites.1 The high number
of nuclei facilitates homogeneous nucleation during electrode-
position, leading to precipitation and formation of small-size
apatite on the VAMWCNT–GO electrodes.

3.3. Biomineralization analyses of nHAp–VAMWCNT–GO
composites

The biomineralization process of the nHAp–VAMWCNT–GO
composite after soaking in the SBF was confirmed by SEM ana-
lysis (Fig. 6) before and after soaking in the SBF for times
ranging from 0 to 7 days, allowing the identification of the
individual deposition steps. Fig. 6(a) shows a cross-section
image of nHAp electrodeposited onto VAMWCNT–GO, illustrat-
ing that nHAp forms on the exfoliated CNT tips and that the
length of the nanotubes is about ∼40 µm. This sample was
then placed into the SBF, and from Fig. 6(b) the biomineraliza-
tion process is seen to begin with the clear formation of some
isolated globular-like nHAp on nHAp–VAMWCNT–GO visible
after 30 min of soaking. It is possible to see that needle-like
nHAp starts to change its morphology to sphere-like shapes
during the biomineralization. After 1 h soaking in the SBF, the
isolated globular-like nHAp spreads over the surface, forming
a continuous apatite layer over the entire surface (Fig. 6(c)).
After 2 h, the apatite grows inside a dense pack of CNTs,
spreading down and covering the CNT walls. The strong char-
ging of the sample after 4 h soaking in the SBF during the
SEM measurement indicates that the insulating apatite layer
has covered the whole CNT surface from top to bottom. After
6 h the intrinsic stress in the thicker apatite film causes cracks
at the surface of the composite. Large pores and small grains
increase the dissolution rate, while nanosize pores may act as
preferred sites for early nucleation and growth of apatite crys-
tals.35 This cracking increases up to 2 days, but then starts to
be covered again as new apatite layers overgrow it. After 7 days
(Fig. 6( j)) the composite is consolidated. Thus, soaking in the
SBF is confirmed to be a simple and efficient method to cover
the entire CNT matrix, including the tube walls.

Fig. 7 shows (a) the transient of the Ca/P ratio, (b) the Ca
and P concentrations, (c) the oxygen content, and (d) the pH
during soaking in the SBF. The “control” in this figure is as-
electrodeposited nHAp, which had the stoichiometric compo-
sition of Ca/P = 1.67 (the chemical formula of HAp is
Ca10(PO4)6(OH)2). Calcium is a common ion in SBFs and bio-
active materials, and plays an important role in the process of
dissolution/precipitation. Its release from the surface of the

substrate to the adjacent electrolyte triggers the formation of
the biologically active layer and stimulates bone growth.36–38

The isoelectric point of HAp in water is at pH values ranging
between 5 and 7,39 and is lower than the pH of the SBF, which
is ∼7.4. Therefore, on immersion in the SBF, the HAp could
exhibit a negative surface charge by exposing hydroxyl and
phosphate groups.40 This negative charge on the surface of the
HAp is beneficial in the specific interaction with the positive
calcium ions in the fluid, consequently forming a CHAp.41

This electrodeposited nHAp was found to be an efficient
inducer of nucleation of biological-like apatite in the SBF
because it provides many hydroxyl terminals (negative charges)
at the surface.

When the nHAp–VAMWCNT–GO is soaked in the SBF, the
negatively charged surface preferentially adsorbs Ca2+, thus
promoting apatite nucleation on a calcified surface.42 The
adsorption of Ca2+ ions from the solution may be associated
with the initial formation of hydroxycarbonated apatite.43,44

During the first hour of incubation, the Ca/P ratio increases
due to Ca deposition, forming Ca-rich amorphous calcium
phosphate, which promotes the positive charging of the
surface.45 Next, the Ca-rich CHAp starts to attract negative
phosphate and carbonate ions from the SBF. After one hour,
the concentration of Ca starts to decrease while that of P starts
to increase (Fig. 7(b)).46 Longer incubation in the SBF pro-
motes the formation of a Ca-deficient CHAp layer, with a Ca/P
ratio of about 1.55 after 48 h. A slight increase in the oxygen
concentration at long incubation periods (Fig. 7(c)) is also
observed. This can be explained in terms of OH− formation at
long incubation periods, which is consistent with the FTIR
results explained below (Fig. 8). The balance between the
hydroxyl groups on the surface and in solution would affect
the pH locally. Fig. 7(d) shows the pH variation of the SBF over
time during soaking of nHAp–VAMWCNT–GO. In the first
30 minutes, the alkalizing effect can be attributed to both the
release of hydroxyl ions from the surface of nHAp–VAMWCNT–
GO, which react with H+ in the electrolyte and the dissociation
of CaCl2·2H2O, which release Ca2+ and Cl− ions into the
medium. Also, the dissociation of K2HPO4 in water releases an
extremely strong base OH− to the medium. Under these con-
ditions, the Ca2+ cations attract both the H2PO4

− anions and
OH− anions, forming HAp (Ca5(PO4)3(OH)) nuclei. Removal of
hydroxyls during HAp production together with CO3

2− pro-
duction increases the acidity of the medium as the reactions
proceed. After few days of soaking in the SBF medium, Ca-
poor CHAp formation eventually becomes favorable and the
pH becomes more alkaline, reaching ∼7.25 due to many salt
ions (e.g. Mg2+ and Cl−) remaining in solution.

Fig. 8 shows the ATR-FTIR spectra of nHAp–VAMWCNT–GO
before and after soaking in the SBF for periods up to 7 days.
The absorption bands were found to fit those reported else-
where for nHAp.47,48 In these spectra, the multiplets located
around 1000 cm−1 are attributed to phosphate (PO4

3−) modes.
The band at 1090 cm−1 and the doublet at ∼1024 cm−1 are
assigned to components of the triply degenerate ν3 antisym-
metric PO stretching mode. The 961 cm−1 band is assigned to
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νl, the non-degenerate PO symmetric-stretching mode. The
bands at ∼600 and 562 cm−1 are assigned to components of
the triply degenerate ν4 OPO bending mode, whereas the band
at 466 cm−1 is assigned to components of the doubly degene-
rate ν2 OPO bending mode.47

Carbonate bands are detected at 879 and 1420 cm−1.49 Both
the intensity and the area of these bands increased with the
time of immersion in the SBF, thus showing that carbonate
formation is favourable. The carbonate (CO3

2−) originates from
the NaHCO3 in the medium, which decomposes to NaH +
CO3

2−, increasing the pH. The presence of CO3
2− functional

groups suggests that carbonate ions are incorporated into the
biomimetic apatite and form CHAp.50

Furthermore, a band at 635 cm−1, which is attributed to (δ)
OH− groups,48 reduces during the biomimetic apatite coating
formation, which is consistent with carbonate formation. Crys-
tallization of the amorphous CHAp film takes place by incor-
poration of OH− and/or carbonate anions from solution to
form a mixed hydroxyl-carbonate layer. The observed bands at
3400 (not shown) and 1640 cm−1 in all spectra correspond to
water adsorption during the biomimetic apatite formation.33

Fig. 7 EDS semiquantitative chemical analyses of the Ca/P atomic ratio (a) concentrations of Ca, P (b) and O (c) in nHAp–VAMWCNT–GO soaked in
the SBF between 30 min and 7 days. Each point is the average of three samplings in different regions on the surface. (d) pH transient during incu-
bation in the SBF.

Fig. 8 ATR-FTIR spectra of biomimetic apatite coating on the nHAp–
VAMWCNT–GO substrate as a function of time being soaked in the SBF.
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The intensity ratio between the carbonate band (1420 cm−1)
and the phosphate band (598 cm−1), IC/IP, was used to estimate
the carbonate ion content, (% y), in the nHAp lattice for the
case of B-type substitution, according to eqn (1).35

%yCO3 ¼ 10:134
IC
IP

� �
þ 0:2134 ð1Þ

Fig. 9 shows the carbonate content of nHAp–VAMWCNT–
GO before and after soaking in the SBF. As-grown nHAp–
VAMWCNT–GO contains ∼3.8% carbonate. However, this value
increased to ∼4.8% after 7 days soaking.

The formation of the Ca-rich layer is assumed to take place
by consecutive accumulation of the calcium ions, which makes
the Ca-rich layer acquire and increase positive charge. The
CHAp on the HAp therefore interacts specifically with the
negative phosphate ions in the fluid to form a Ca-poor layer.
This type of Ca-poor apatite has been observed as a precursor,
which eventually crystallizes into bonelike apatite on various
bioactive ceramics.51–54 The solubility of hydroxyapatite is
lower than other calcium phosphate phases in water, and
therefore thermodynamically the Ca-poor CHAP could be
stabilized by transforming into a crystal phase of apatite in the
SBF.36 Once formed in the SBF that is supersaturated with
respect to the apatite, the apatite grows spontaneously, con-
suming the calcium and phosphate ions, incorporating minor
ions such as sodium, magnesium and carbonate, and thereby
developing bone-like compositional and structural character-
istics. During the biomineralization in the SBF solution,
calcium carbonate and amorphous calcium phosphate form
on the surface due to the migration of Ca2+, CaO3

2− and PO4
2−

by ion transfer channels, and all these events lead to the for-
mation of new apatite crystals that are similar to those in bone
tissue.55

Fig. 10 shows the XRD spectra of nHAp–VAMWCNT–GO
before and after soaking in the SBF for up to 7 days. The
VAMWCNT–GO shows characteristic C (sp2 hybridization) and

Ti (substrate) crystallographic structures. We used three Joint
Committee on Powder Diffraction Standards (JCPDS) cards to
index all reflections: 04-0697 for HAp, 024-0033 for CNT and
044-0951 for Ti. Table 2 shows the crystallite size of the two
most intense planes, showing that both peaks slightly shift to
higher angles after soaking in the SBF solution. In addition, as
a result of soaking, a CHAp phase forms. This phase is some-
what more brittle and weaker.56 The peak centred at 2θ ∼ 32°
is typical of the hexagonal structure (p63 m) and is assigned to
the (002) plane of HAp. The peak centered at 2θ ∼ 26.1° related
to the (112) plane is the strongest reflection in the XRD
pattern. A new phase was detected by observing the shift in the
characteristic HAp peaks toward higher angles. The shift of
peak positions and the change in crystallite size are consistent
with alternating formation of Ca-rich and Ca-deficient apatites
during incubation in the SBF. Peak positions are related to the
interplanar spacing, d, for a given (hkl) reflection given by the
hexagonal unit cell dimensions calculated using Bragg’s Law,
λ = 2dhklsinθhkl, where (1/d2) = (4/3){(h2 + hk + k2)/a2} + (l2/c2),
where a = 9.423 Å and c = 6.883 Å.

The pattern shows all the Bragg peaks corresponding
characteristically to CHAp, showing its structural integrity.57

Though it is noticed that there is no major difference between
CHAp and HAp, still there is a slight change observed in their
unit cell parameters.

The calculated interplanar spacing presented in Table 2 is
consistent with the TEM data. Also, the shift and decrease in
crystallinity of HAp clearly indicate the occurrence of bonding
between HAp particles and composites. Most of the HAp peaks
show a clear shift after composite formation. Thus, a compari-

Fig. 10 X-ray diffractograms of biomimetic apatite coating on the
nHAp–VAMWCNT–GO composite demonstrating the effect of soaking
time in the SBF. Carbonated-apatite is indexed with respect to JCPDS
card 00-004-0697.

Fig. 9 Total carbonate content in nHAp : VAMWCNT–GO before and
after soaking in the SBF for up to 7 days.
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son of the FTIR analysis has indicated that there is a chemical
bonding at the interface between the nanoparticles and the
consolidated composite.58

The results of XRD are consistent with the SEM, EDS and
FTIR data, and show that apatite, indeed, formed on the
surface of the VAMWCNT–GO composite. This coated compo-
site has a potential use in biological applications. Moreover,
these data allow us to hypothesize the mechanism of nHAp
formation on VAMWCNT–GO, as discussed in section 3.4.

3.4. Proposed mechanism of nHAp–VAMWCNT–GO
composite formation

Fig. 11 presents schematically the steps of nHAp–VAMWCNT–
GO preparation and biomineralization, as we envision them.
The first two images on the left show as-grown VAMWCNT and
VAMWCNT–GO.

Table 2 The change in interplanar spacing and crystallite size for two
reflections of carbonated hydroxyapatite as a function of soaking time in
the SBF

Sample

(2θ)
Peak
(112)

d
(Å)

Crystallite
(Å)

(2θ)
Peak
(002)

Crystallite
(Å)

d
(Å)

0 31.96° 2.80 617 26.04° 697 3.42
30 min 31.99° 2.80 449 26.05° 540 3.42
60 min 31.99° 2.80 547 26.05° 540 3.42
2 h 31.97° 2.80 547 26.1° 488 3.41
4 h 32.08° 2.79 617 26.1° 540 3.41
6 h 32.02° 2.79 706 26.1° 609 3.41
12 h 32.05° 2.79 617 26.1° 697 3.42
24 h 31.99° 2.80 826 26.1° 697 3.41
48 h 32.00° 2.80 411 26.1° 443 3.41
72 h 32.00° 2.80 617 26.1° 697 3.41
7 d 32.09° 2.79 547 26.1° 961 3.41

Fig. 11 Proposed in vitro biomineralization process of precipitation of CHAp on nHAp–VAMWCNT–GO composites.
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3.4.1 Mechanism of nHAp formation on VAMWCNT–GO by
electrodeposition. The electrodeposition of HAp is taking
place in parallel with extensive hydrogen evolution, which
reduces precursor compounds from both the solution and the
electrode surface. The initial pH of the solution was 5.8, which
reduced to 5.6 after 20 min of deposition due to the formation
of acidic species. Once hydroxyl ions are generated on the
VAMWCNT–GO electrode, an acid–base reaction takes place,
forming H2PO4

− and HPO4
2−, which are major species in the

precipitation of calcium phosphates on electrode surfaces.
Mixing (NH4)H2PO4 and Ca(NO3)2 produces NH4NO3, see

eqn (2). This compound is slightly acidic and very soluble,
which does not contribute to precipitation during deposition
of nHAp:

2ðNH4ÞH2PO4 þ CaðNO3Þ2 ! 2NH4NO3 þ Ca2þ þ 2H2PO4
�

ð2Þ
The precipitation of HAp requires OH− ions, which origi-

nate from water splitting:

2H2Oþ 2e� ! H2 þ 2OH� at the VAMWCNT–GO cathode; and

ð3Þ

2H2O ! O2 þ 4Hþ þ 4e� at the Pt anode ð4Þ
Some of the OH− produced at the cathode (4) is consumed

during electrodeposition of HAp as follows:

10Ca2þ þ 6H2PO4
� þ 14OH� ! Ca10ðPO4Þ6ðOHÞ2 þ 12H2O

ð5Þ
Combining eqn (3) through (5), we have HAp on VAMWCNT–
GO, with H2 (cathode) and O2 (anode) evolution and decrease
of pH of the solution due to the formation of H+.

During electrodeposition, the combination of Ca2+, H2PO4
−

and OH− forms HAp nuclei (Fig. 11c–e), which will accelerate
the deposition of the coalesced film of plate-like and needle-
like apatites (Fig. 11f). This apatite film, when soaked in the
SBF, shows bioactivity by forming a globular-like CHAp.

3.4.2 Mechanism of CHAp formation on the nHAp–
VAMWCNT–GO bio-scaffold by SBF immersion. The globular-
like CHAp phase forms as a result of electrostatic forces
between positive calcium ions eqn(6) in the SBF and the nega-
tively charged surface of electrodeposited HAp. The electro-
deposited film exposes to the solution negative hydroxyl and
phosphate components in its crystal structure due to its iso-
electric point of about 5–7, which is lower than the pH of the
SBF (∼7.4 and fairly stable for long time). This negatively
charged surface attracts ions from the dissociation presented
in eqn (6) through (8), which balance for more alkaline pH.
Under these conditions, the Ca2+ cations bond to nHAp–
VAMWCNT–GO and attract both the H2PO4

− anions and OH−

anions from the medium, forming HAp (Ca5(PO4)3(OH)) nuclei
(Fig. 11h, i). Removal of hydroxyls during HAp production
together with CO3

2− production increases the acidity of the
medium as the reactions proceed. The formation of Ca-rich
CHAp progressively changes the surface charge, inducing

PO4
3− and CO3

2− competitive adsorption. The consequence is
the formation of Ca-poor CHAp, which has been documented
to take place in the process of apatite formation on various
bioactive ceramics (Fig. 11j, k).

CaCl2 ! Ca2þ þ 2Cl� ð6Þ

K2HPO4 ! 2Kþ þHPO4
2� ð7Þ

HPO4
2� þH2O ! H2PO4

� þ OH� ð8Þ

NaHCO3 ! Naþ þHCO3
� ð9Þ

HCO3
� þ OH� ! CO3

2� þH2O ð10Þ

4. Conclusions

This paper describes a novel method of forming a nHAp–
VAMWCNT–GO composite. The first stage is the exfoliation of
vertically aligned multi-walled carbon nanotubes (VAMWCNTs)
by oxygen plasma etching (OPE), which attaches oxygen-con-
taining groups onto the tips of the CNTs and renders them
hydrophilic. Following this step, plate-like and needle-like
nano-hydroxyapatite (nHAp) films can be electrodeposited,
thus forming a nHAp–VAMWCNT–GO composite. This compo-
site is bioactive in the SBF, forming either calcium-rich or
calcium-poor layers, depending on the incubation period,
which consolidates into a thick, dense composite after approxi-
mately one week. A method for deposition of apatite is
described. The nHAp–VAMWCNT–GO composite is character-
ized by a bioactive surface, which could accelerate bone for-
mation and implant fixation, while being a cheap material.
Further investigation is required to verify cytotoxicity and
in vivo bioactivity. This is already underway in our group, and
its results will be in the subject of a future publication.
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