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Abstract  Hydroxyapatite nanorods aligned with ultrahigh crystallinity and high-yield were
successfully synthesized through a hydrothermal approach. In this experiment, a new composition of
cetyltrimethylammonium bromide ((CH3(CH,);sN"(CH;);Br’) was designated as CTAP)/Ca(NO;),/
(NHy4),HPO4/NaOH and distilled water under hydrothermal condition, to synthesize single crystal
HAp nanorods with diameter of 20 + 10 nm and length of 80 + 20 nm, was introduced. Crystal phases
were determined by X-ray diffraction (XRD). Scanning electron microscope (SEM) was applied to
investigate the morphology. The microstructure of the HAp products were further observed by
transmission electron microscope (TEM) and high resolution transmission electron microscope
(HRTEM) with energy-dispersive X-ray spectroscopy (EDX). The purity and chemical composition
of the as-synthesized powder was analyzed by FTIR and inductively coupled plasma atomic emission
spectroscopy (ICP).

Keywords Nanorods, Hydroxyapatite, Hydrothermal Synthesis, Crystallinity, Biomaterials and
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1. INTRODUCTION

Hydroxyapatite (Ca;o(PO4)s(OH),, HAp), is the
prime constituent of inorganic mineral which is
contained in tooth and body tissues. HAp has been
used extensively as an artificial bone substitute,
in different medical application, due to its
biocompatibility, bioactivity, osteoconductivity,
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nontoxicity, non-immunognicity and non-
inflammatory behavior [1]. The characteristics of
HAp is determined by its morphology, crystallite
size, purity, stoichiometry and structure [2-4].
Therefore, many significant synthesis methods
have been invented and improved to prepare HAp
with controllable properties [4-13]. Especially
for nanoscale HAp, there are a lot of especial
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behaviours. For example, most Hap materials are
implanted in the form of granules and rod [14];
HAp nanophase ceramic has clearly improved the
osseointegrative properties [15]; the efficiency of
a catalyst supported by nanoscale HAp could also
be improved [16]; HAp nanoparticles have an
interesting potential as gene and carrier system
[17,18]. Nevertheless, due to low reliability,
especially in wet environments, the HAp
bioceramic cannot be used for heavy load-bearing
application, like artificial teeth and bones. Thus,
despite their favourable biological properties, the
poor mechanical properties of HAp bioceramics
have severely hindered their clinical application
[19-21]. Therefore, a number of studies have been
focused on the improvement of the mechanical
properties of HAp bioceramic [22,23] and studies
have shown that the mechanical properties of the
ceramics could be reinforced remarkably by one
dimensional (1-D) nanoscale building blocks,
such as nanorod, nanofibers and nanotubes [24-
27]. HAp powders can be synthesized by a variety
of methods such as solid-state reaction, chemical
precipitation and hydrothermal technique [28-30].
Solid-state reactions usually give a stoichiometric
and well-crystallized product, but they require
relatively high temperatures and long heat-
treatment time. Moreover, the sintering ability of
such powder is usually low and ultimately results
in a lower mechanical properties of the sintered
matrixes [30]. In the case of chemical
precipitation, nanometer size powders can be
prepared. However, their crystallinity and Ca/P
ratio, mainly depends on the preparation
conditions and in many cases are lower than well-
crystallized stoichiometric HAp [30]. The
hydrothermal technique usually gives HAp
powders a high degree of crystallinity and a Ca/P
ratio close to the stoichiometric value [30].
Among the reported studies, however, little work
has been done with the preparation of single-
crystal hydroxyapatite nanorods. In this work, the
hydrothermal technique was developed for the
formation of ultra-high crystalline hydroxyapatite
nanorods. The nanorods are interestingly
crystallined as single crystal with hexagonal
heads. These high-quality  hydroxyapatite
nanorods represent a well-defined nanoscale
structure needed for both fundamental studies and
clinical applications.
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2. EXPERIMENTAL

All the reactants, Ca(NO;), (99 % MERCK),
(NHy),HPO4 (99 % Alfa), and NaOH (96 %
Aldrich), were of reagent grade and used without
further purification. In a typical experiment, an
alkali solution, cetyltrimethylammonium bromide
((CH3(CH2)15N+(CH3)3BI:, CTAB)/Ca(NO3)2/
NaOH/(NH4),HPO, and distilled water, was
selected for this study. As a typical synthesis, two
identical solution were prepared by dissolving
CTAB (2 g) in 50 ml (0.2 M, 2.36 g) of Ca(NO;3),
and 50 ml (0.12 M, 0.79 g) of (NH4),HPO,. The
mixing solution was stirred for 30 min until it
became transparent. Next, 2 ml of 1 M NaOH
aqueous solution and 10 ml of distilled water were
added to the solution, respectively. After
substantial stirring, the two optically transparent
alkali solutions were mixed and stirred for another
30 min. The resulting alkali solution was then
transferred into a 30 ml stainless Teflon-lined
autoclave and was heated at 150°C for 18 h. The
resulting suspension was cooled to room
temperature right after the heating and was then
stored at a constant temperature of 50°C. After 18
hours, samples were collected and washed several
times with distilled and then deionized water. For
these experiments, a Siemens D500 powder
diffractometer with the Ka,, radiation of copper
(L =1.5406 A), was used and X- ray diffraction
patterns were recorded in an angular range of
20 = 20-60°. The obtained HAp nanorods were
characterized with scanning electron microscope,
energy-dispersive X-ray spectroscope (SEM/EDX,
XL30). The powder product was further
investigated using Fourier transform infrared
(FTIR) spectroscope in a Bruker-IR spectrometer
from 500 to 4000 cm™ using the KBr technique
and operating in the transmittance mode. The size,
distribution and morphology of the samples were
analyzed by field emission gun (FEG) transmission
electron microscope (TEM), selected area electron
diffraction (SAED) observation on a Philips
CM200 transmission electron microscope operated
at 200 kV. TEM samples were prepared by
dispersing the nanorods in ethanol and collecting
them on lacey carbon, Cu mesh TEM girds. When
HAp damages under the electron beam, small
voids are seen within the nanorods giving them a
porous appearance [31]. For this reason, all TEM
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micrographs were taken, protecting them from
even the minimum exposure of electron beam, and
no evidence of any electron-beam-induced
decomposition damage of the HAp was observed.
Finally, the Ca/P impurity ratio of synthesized
HAp powders were determined by inductively
coupled plasma (ICP) method.

The crystallite size of the powder was evaluated
from the peak broadening of XRD patterns based
on Scherrer’s formula as follows [32]:

- FWI%SIX )
.cos

In which D is the crystallite size (nm), A is the
wavelength of the monochromatic X-ray beam
(A= 0.154 056 nm for CuKa radiation), FWHM is
the full width at half-maximum for the diffraction
peak under consideration (rad), and 6 is the
diffraction angle (deg).

3. RESULTS AND DISCUSSION

The XRD patterns in Figure 1 show that the as-
synthesized HAp sample at 150°C for 18 h is the
hexagonal phase with cell constants a=9.22 A and
c = 6.885 A, which are very close to the values in
the literature [33]. It is interesting to know that
HAp was obtained at such a low temperature.
According to recent research the temperature at
which a HAp nanocrystal changes from the
amorphous phase to the hexagonal phase when
treated with the hydrothermal method was up to
150°C, and a nearly complete hexagonal phase was
obtained at 150°C. The shapes of the strong
diffraction peaks indicates that the samples are
fairly well high crystallized. The crystallinity of
HAp powders were synthesized via hydrothermal
method which was much higher than those
synthesized via normal chemical precipitation [34],
sol-gel [35] or normal micromulsion methods [36],
and it was attributed to the hydrothermal treatment
in the synthetic process [37]. The XRD results
showed that the bioceramic were composed of
highly crystalline and single phase HAp, and no
obvious impurity phase could be found. The shape
of the diffraction peaks suggests that the sample
could be well crystallized. The broadened nature of
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these diffraction peaks implies that, the grain sizes
of the samples are of nanometer scale. Estimating
from the Debye-Scherrer formula, the average
grain size is 20 = 10 nm.

FTIR analysis revealed the presence of carbon
on the surface of the HAp. Figure 2 shows the
transmittance of infrared spectrum of synthetic
HAp in the 4000-650 cm™ region. A narrow band
located near 965 cm” (962 cm™ in Figure 2)
represents the v, mode of PO, ions in apatite. The
main signal of phosphate appears in the triply
degenerate v; domain (1000-1100 cm™). The
absorption band at 3570 cm’ confirmed the
presence of OH™ groups. The v, peak of COs™ is
located at 870 cm™, shows the absorption has
resulted from out-of plane stretching. The v; mode,
near 1400 cm’', is the strongest IR peak for
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Figure 1. XRD pattern of the as-synthesized HAp nanorods.
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Figure 2. The FTIR spectrum of the HAp nanorods.
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carbonate. This peak is actually composed of two
bands (1454 and 1421 cm™, in Figure 2) [38,39].
The shape of the v; signal and the absence of the
C-O absorption bands at 700 cm™ indicate that no
calcite was associated with the HAp. Carbonate
ions can substitute for either OH or PO,> ions in
the apatite structure (type A CO;” or type B CO;™)
[40,41]. The FTIR results, further confirm that the
as-synthesized powders are pure HAp.

Figure 3a is the scanning electron microscopic
(SEM) image of the as-synthesized HAp obtained
at hydrothermal condition, which display nanorods
with excellent uniformity. In Figure 3b, the as-
synthesized HAp sample shows a typical
outstanding morphology, high ordered nanorod
structure and high aspect ratio.
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Figure 3. SEM images of (a) as-synthesized HAp obtained at
hydrothermal condition and (b) high aspect ratio nanorods.
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resolution transmission electron microscope
(HRTEM) was used to characterize the HAp
nanorods and HAp single crystals, and typical
TEM are shown in Figure 4. Figure 4a clearly
shows that the product consists of single crystal
nanostructures 20 = 10 nm in diameter and about
80 £ 20 um in length, which are “sub-60 nm HAp
nanorods” in this paper. The yield of the prepared
nanorod hydroxyapatite estimated by TEM
observations is about 99.9 % relative to the samples
on copper grids, and the much less contents of the
obtained product are nanoparticles (Figure 4b).
Thus, the high yield efficiency of this approach for
the synthesis of HAp can be concluded, with a
ultrahigh crystallinity (Figure 4c) and an excellent
yield rather than previous works.

In further investigation, the HAp nanorods were
analyzed by HRTEM in detail, and all
nanoparticles showed uniform lattice fringes,
meaning that no amorphous product was formed.
Figure 4d is the HRTEM image of a single crystal
HAp nanorod, which clearly indicates that, the
HAp nanorod structurally is a uniform single
crystalline with ultra-high crystallinity. The
interplanar spacing values are calculated from
Bragg’s diffraction equation using the diffraction
ring diameter and the camera length of the
transmission electron microscope. The calculated
results indicate the fringe spacing about 0.34 nm
observed in Figure 4d agrees with the separation
between the 002 lattice planes of hexagonal phase
and nanorods which have grown in 001 direction.
The EDS spectrum of the nanorod shows that these
are only elemental O, Ca and P except the elements
of C and Cu, which come from the supported grid
for TEM measurement (Figure 4e¢). The atomic
ratio of Ca to P according to EDS semi-qantitative
assessment is about 1.67, which was equal to the
theoretical value. Those results are in good
agreement with the results of ICP.

The histogram in Figure 5a,b indicate that the
as-synthesized HA nanorods have diameters of
20 £ 10 nm and lengths of 80 = 20 nm, which have
suitable aspect ratio from the view point of
mechanical properties.

There were some peculiar results in this work
which were observed in selected areas of electron
diffraction (SAED) pattern. Figure 6 shows the
evolution of SAED pattern obtained using a small
aperture size in order to ensure the examination of
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Figure 4. TEM images of (a) single crystal nanostuctures; (b) high yield efficiency; (c) ultrahigh crystallinity;

(d) HRTEM and (e) energy dispersive X-ray analysis (EDAX)
of the obtained hydroxyapatite products.
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Figure 5. (a) Histogram of the nanorod diameter distribution
and (b) histogram of the nanorod length distribution.

the cross sectional area, belonging to a selected
small region of; single crystal and was ca. 0.1 um
in size. This was also done to prevent the
contribution of streak and ring distortion of the ED
patterns arising from the expected mosaicity of the
sample.

SAED observations was performed in the long-
axis of the HAp nanorod. The diffraction pattern
from area A showed clear spot (Figure 6a)
corresponding to an apatite structure with high
crystallinity. So, all diffraction patterns from the
long-axis of the same nanorod sample showed the
same geometry, it was concluded that the apatite
fibers preferentially grew along the c-axis to
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develop the a(b)-plane of hexagonal HAp. The
patterns obtained were indexed to the hexagonal
lattice of hydroxyapatite viewed along the <110>
zone, and the flat surface is (110) (the lower right
insert in Figure 6b).

At the same time, SAED patterns of the samples
were consistent with the ultra-high crystallinity,
and the diffraction spot could be indexed as the
hexagonal phase. This result was in good
agreement with the result of XRD.

According to the studies by Xiong, et al [42]
and Yao, et al [43], a probable mechanism of
formation of HAp might be explained as the
following: firstly, the CTAB formed rod-like
micelles in which water phase solution containing
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Figure 6. (a) Individual HAp nanorod (b) A single nanorod
selected for undertaking intensive characterization by SAED.
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Ca®" or PO, was enwrapped. Because of the
concentration difference between the inside (water
phase) and outside (oil phase) of the rod-like
micelles, the Ca’" or PO, transferred to the
surface of the micelles and CTAB-Ca®" or CTAB-
PO,’ rod-like micelles were formed. When the
PO,’” containing solutions were added into the
Ca** contained solutions, HAp clusters were
preferentially condensed on the rod-like micellar
surface. The micelles acted as nucleating sites for
the growth of HAp crystals. During the
hydrothermal stage, CTAB-HAp complexes
formed and coalesced to form a stable 1-D nanorod
structure.

4. CONCLUSION

HAp nanorods with ultra-high crystallinity in the
diameter range of 20 = 10 nm with a high purity
have been  successfully synthesized by
hydrothermal condition. This simple approach
should promise us a future large-scale synthesis of
this nanostructured material, for many important
applications in  nanotechnology, for both
fundamental/clinical studies in a controlled
manner. Our HRTEM observation interestingly
illustrated that, the rods are highly stained single
crystal with prefered oreintation. As a matter of
fact, this special structure guarantees its usage in
biomaterial world, with outstanding structure.
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