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Abstract Calcium hydroxyphosphate (Ca;¢(PO,)s(OH),,
HAP) nanorods have been successfully synthesized by a
simple and mild hydrothermal treatment in the presence of
polyvinylpyrrolidone (PVP). A complex of calcium nitrate
(Ca(NOs3),) and Na,HPO, was used to supply the calcium
and phosphate ions during the reactions. The synthesis of
pure HAP nanorods was under near neutral condition. The
morphology and structure of the samples were character-
ized by transmission electron microscope (TEM), scanning
electron microscope (SEM), X-ray diffraction (XRD), and
Fourier transform infrared (FT-IR) spectroscopy analysis.
The nanorods were uniform with diameter of 20-25 nm
and length ranging from several hundreds of nanometers to
several micrometers. The influence of different experiment
conditions, i.e., the PVP concentration, molar ratio of Ca>"
to HPO427, reaction time, and temperature, on the mor-
phology of the nanorods was investigated. The formation
mechanism of rod-like HAP and effects of PVP on the
crystal nucleation and growth have also been discussed.

Introduction

One dimensional inorganic nanomaterials, such as nano-
tubes, nanowires, nanobelts, and nanorods, have recently
attracted much attention because of their potential appli-
cations in electronics, optoelectronics, and memory devices
[1-3]. In the past decade, template methods including
porous alumina polycarbonate membranes, carbon nano-
tubes, microemulsions, and aqueous surfactant media by
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using a seeded growth process have been used for the
synthesis of one dimensional nanocrystals [4—7]. Among
the methods mentioned above, surfactant-based templating
systems show great promise in obtaining nanocrystalline
material because of their high efficiency in controlling the
particle morphology [8-10].

Among inorganic nanomaterials, calcium phosphates
(CaP) are the most ubiquitous family of bioceramics, which
are well known for their use in biological applications.
Owing to their chemical and structural similarity to the
mineral part of bones, several forms of CaP especially bio-
active ones, such as calcium hydroxyphosphate (HAP), are
used as substitute materials for bones in orthopedic, dental,
and maxillofacial applications [11, 12]. In addition, HAP can
be used as drug delivery agent, delivering anti-tumor agents
and antibodies in the treatment of osteomyelitis that is often
treated by excision of necrotic tissue and irrigation of the
wound [13]. Potential usage of HAP as a protein delivery
agent was also examined [14]. These promising applications
have driven the development for various methods to syn-
thesize HAP nanostructures. Somiya’s group has pioneered
the hydrothermal synthesis of single crystal hydroxyapatite
[15, 16]. Ahn et al. [17] reported nanostructure synthesis of
hydroxyapatite-based bioceramic in the presence of yttria
stabilized zirconia, prepared by chemical precipitation. Wu
and Bose [18] used template system to synthesize hydroxy-
apatite nanocrystalline with high surface area and little
agglomerated porous morphology, where mono-dodecyl
phosphate ((C1,H,50)P(O)(OH),) was used as the surfac-
tant. Koutsoukos et al. [19], on the other hand, prepared
hydroxyapatite nanocrystalline from simulated milk ultra-
filtrate (SMUF) solutions. Calcium phosphate nanofilaments
with different lengths and widths were synthesized in reverse
micelles by Mann et al. [20]. Rod-shaped HAP powder is
highly preferred in most of the research as motivated by
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imitating the microstructure of teeth. In other words, rod-like
nano-HAP powder is believed to be the most favorable
“building block “to construct dental material, for example,
successful synthesis of the mesoporous hydroxyapatite using
cationic surfactant as template through a hydrothermal
method [21] and preparation of ultrahigh-aspect-ratio
hydroxyapatite nanofibers in reverse micelles under hydro-
thermal conditions [22]. However, strict reaction conditions
or complicated instrumentation in the aforesaid methods are
involved. For this reason, it is of great importance to develop
inexpensive HAP synthesis methods to control the crystal
morphology and grain size. In this paper, we report a simple
and mild hydrothermal route to synthesize stable hexagonal
HAP nanorods. The surface-regulating polymer PVP is used
as a capping agent to regulate the nucleation and crystal
growth of HAP crystal. The formation mechanism of rod-
like HAP and effects of PVP on the crystal nucleation and
growth have also been discussed.

Experimental details
Materials

All of the reagents were analytical grade and used without
any further purification. Na,HPO,4-12H,0, Ca(NOs),-4H,O0,
ethanol, and polyvinylpyrrolidone (PVP, 30000 g mol™")
were purchased from Shanghai Sinopharm Chemical
Reagent Co. Ltd.

Preparation of HAP nanorods

The synthesis of pure calcium hydroxyphosphate was
based on the following reaction:

6Na;HPO, + 10Ca(NO3), +2H,0
— Calo(PO4)6(OH)2+ 12N3NO3 + 8HN03

In a typical synthesis, two identical solutions were prepared
by dissolving 0.15 g of PVP in 20 mL of distilled water
(the concentration of PVP was 2.5 x 107* mol L™").
Then, 0.708 g of Ca(NOs3),-4H,0 and 0.716 g of Na,H-
PO4-12H,0 were added into one of the two solutions,
respectively. The two solutions as-obtained were mixed
together and stirred for 30 min, the mixture was then
transferred into a 50 mL stainless Teflon-lined autoclave
and heated at 180 °C for 24 h. The resulting suspension
was naturally cooled to room temperature, and washed with
distilled water and ethanol several times. Finally, the
samples were dried at 50 °C for 12 h. Further experiments,
in which the the PVP concentration, molar ratio of Ca*t to
HPO427, reaction time, and temperature were varied, were
also conducted to determine the roles of the surfactant
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PVP, the concentration of reactants, the temperature, and
time.

The influence of different experiment conditions, i.e.,
the PVP concentration, molar ratio of Ca’" to HPO42_,
reaction time, and temperature, on the morphology of the
nanorods was investigated.

Characterization

The crystallinity and phase purity of the products were
examined by powder X-ray diffraction (XRD) on Rigaku
D/max 2500V PC diffractometer with Cu-Ko radiation.
The morphologies and microstructures of the as-synthe-
sized samples were investigated by transmission electron
microscope (TEM, JEOL 2010, and Hitachi Model H-800),
scanning electron microscope (SEM, JEOL FESEM JEM-
6700F), and energy dispersive spectrometer (EDS, JEOL
2010) attachment. Fourier transform infrared (FT-IR)
spectroscopy analysis was carried out on a Magna FT-IR
760 spectrophotometer.

Results and discussion

The XRD pattern of the HAP nanorods as-synthesized
shows characteristic peaks of phase-pure HAP crystalline
structure, which is consistent with the standard database
(1997, JCPDS 73-1731) (Fig. 1a). Furthermore, all dif-
fraction peaks can be indexed to the hexagonal HAP unit
cell with lattice constant a = b = 0.9400 nm, and ¢ =
0.6930 nm. Despite being calcined in a furnace at 800 °C,
the XRD pattern of the HAP nanorods remains unchanged,
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Fig. 1 XRD patterns of the HAP nanorods obtained (a) at 180 °C,
(b) the HAP nanorods were calcined in 800 °C
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Fig. 2 FTIR spectrum of the calcium phosphate nanorods obtained
with [PVP] = 1.36 x 10™* mol L™!, [Ca®>T)/[HPO,*"] = 3/2 at
180 °C

which indicates the high stability of the HAP nanorods
(Fig. 1b).

Figure 2 shows the FT-IR spectrum of the nanorods with
the characteristic phosphate absorption bands at ca. 1094,
1029, 959, 602, and 562 cm~'. The broad peaks for inor-
ganic phosphate at 1020—1100 cm ™" assign to v3 PO, anti-
symmetric stretching, 959 and 634 cm™ ! are v; PO,
antisymmetric stretching, 602 and 562 cm™' are vy PO,
antisymmetric deformation. The spectrum also shows
hydroxide absorption bands at about 634 and 3600 cm™ ',
typically observed in a HAP FT-IR spectrum.

The TEM and SEM images of HAP nanorods obtained
in typical synthesis are shown in Fig. 3, the nanorods have
an average diameter of 20-25 nm and length up to several
micrometers (Fig. 3a). The inset of Fig. 3b shows the
enlarged SEM image of the HAP nanorods.

Fig. 3 a TEM and b SEM
images of HAP nanorods, the
inset in b shows the nanorods
enlarged image

Further experiments were carried out to investigate the
effect of various reaction conditions on the morphology
and structure of the products. We found temperature is an
important factor for the sample morphology (Fig. 4). At
140 °C, though the product was rod-like, its length and
diameter were not uniform, as shown in Fig. 4a. When the
temperature increased to 160 °C, the nanorods became
longer, and the diameter of the nanorods turned to be more
uniform, a typical TEM image is presented in Fig. 4b. The
uniform nanorods with diameter of 20-25 nm and length
up to several micrometers could be obtained at a higher
temperature (180 °C) (Fig. 4c). Further increasing the
temperature to 220 °C did not lead to any increment in
length, however, the samples began to congregate and short
and thick nanoplates were obtained (Fig. 4d). The synthesis
reaction is believed to be an endothermic reaction, the
reaction and Ostwald ripening were incomplete at 140 °C,
hence, the products with bad-defined morphology were
obtained. On the other hand, when the temperature was too
high (i.e. 220 °C), the nanorods tended to congregate in
order to decrease surface energy, that resulted in the for-
mation of thick and asymmetrical nanorods.

From the experiment, we find the morphologies of the
HAP nanocrystals can be improved by the hydrothermal
treatment observably.

The TEM images of the HAP nanocrystals obtained with
different PVP concentration are shown in Fig. 5. Figure 5a
is the TEM micrograph of the synthesized HAP powders
without PVP. It is clear that the product consists of two
kinds of particles. The typical one is rod-like, which is at
least 200 nm in length and has an aspect ratio of 10 or
more, and is not prevailing in quantity. Instead, numerous
immature particles are found. Although the immature par-
ticles have a tendency to preferentially grow along one
direction they are not classified as rod-like particles in this
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Fig. 4 TEM micrographs of HAP obtained with different hydrothermal treatment temperatures for 24 h. ([Ca*")/[HPO4 ™) = 372,
[PVP] = 1.36 x 10~* mol L™, pH = 6-7) a 140 °C, b 160 °C, ¢ 180 °C, d 220 °C

paper. When the concentration of PVP increased to 0.91 x
107* mol L™", the TEM micrograph of the synthesized
HAP powders was shown in Fig. 5b. Although some
immature particles could still be observed, the number of
them is far less than that in Fig. S5a. Meanwhile, the typical
size of the rod-like particles in Fig. 5b is found to be larger
than that in Fig. 5a. Further increasing the concentration of
PVP to 1.36 x 10™* mol L™}, except for some rod-like
particles of about 400 nm in length, the typical size of the
rod-like particles in Fig. 4c is 20-25 nm in diameter and
several micrometers in length. Hence, uniform HAP nano-
rods can be obtained at 1.36 x 10~* mol L™'. Because
HAP nanorods could still form without the presence of PVP,
the formation of the rod-like morphology should be resulted
from the growth habit of HAP along the c-axis. But the
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particles in Fig. 4c exhibited a rod-like morphology with a
higher aspect ratio, which indicated that PVP greatly
facilitated the formation of HAP nanorods with a high
aspect ratio. The exact role of PVP is supposed that it has
similar effect as the collagen matrix in the biomineraliza-
tion process does, i.e., it acts as a surface-regulating poly-
mer to result in the rod-like morphology of the HAP crystal.
The role of PVP lies in the combination of two effects: (1)
spatial effect, and (2) electrostatic and hydrogen bond
effects. PVP has a polyvinyl skeleton with polar group, the
N—C=0 group in PVP maybe preferentially adsorb on the
faces parallel to the (001) axis direction of HAP nano-
crystal, leading to preferential growth along the (001)
direction, which is in favor of the directional growth of
nanorods with high aspect ratio. Because the O-H groups
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Fig. 5 TEM micrographs of
HAP obtained with
hydrothermal treatment for 24 h
at 180 °C, ([Ca**V/

[HPO,> 1 =3/2,pH = 6-7) a
[PVP] =0molL™', b

[PVP] = 091 x 107* mol L™!

are abundantly located on the surface of HAP crystal, the
hydrogen bond will be formed between PVP and HAP,
which prevent the aggregation of the nanorods and the
growth along the direction vertical to the c-axis [23].
Therefore, in a low concentration of PVP solution, little of
immature nanorods could be still found.

Figure 6 shows the morphologies of the HAP nano-
crystals obtained with different molar ratios of Ca(NO3), to
Na,HPO,. When the molar ratio was kept at 1/2, a mass of
short rod-like nanocrystals was obtained (Fig. 6a). Gener-
ally increasing the molar ratio, the length of the rod-like
nanocrystals also increased (Figs. 4c). But further incre-
ment of the molar ratio to 2/1 resulted in the decrease in
length with relatively less effect on the diameter (Fig. 6b).

N\ P

In our experiment, we found that when the molar ratio
varied between 1/2 and 3/2, not only the length of the
sample increased, but also the sample turned to pure HAP.
At a low molar ratio, excessive Na,HPO,4 not only elimi-
nates HNOs5; as by-product of the synthesis but also
hydrolyzes to form NaOH. NaOH is known to disfavor the
anisotropic growth [24] and could selectively adsorb on
certain crystal surfaces, hence resulted in the formation of
short nanorods. By increasing the molar ratio, the amount
of NaOH gradually decreased and the length of the rods
increased accordingly. When the molar ratio reached 3/2,
surplus of Na,HPO, could be eliminated by HNOj3; and no
NaOH was formed, so the uniform HAP nanorods were
obtained. Further increasing the molar ratio to 2/1, HAP

Fig. 6 TEM micrographs of HAP obtained with hydrothermal treatment for 24 h at 180 °C, ([PVP] = 1.36 x 10™* mol L™!, pH = 6-7)

a [Ca®*)/[HPO,>"] = 1/2, b [Ca®T)/[HPO,> ] = 2/1
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Fig. 7 The XRD pattern of HAP obtained with [Ca>*]/[HPO,>"] =
2/1 hydrothermal treatment to 180 °C for 24 h

and brushite (CaHPO,4-2H,0) were formed as final prod-
ucts and the XRD pattern of the product is presented in
Fig. 7. The synthesis of the sample is based on the fol-
lowing reaction:

Na,HPO, + Ca(N03)2—|— 2H,0
— CaHPO4-2H,O + 2NaNOj;

(at room temperature) (1)

4Ca(NO3),+ 6CaHPO,-2H,0
— Cay(POy4)s(OH), + 8HNO; + 10H,0
(during hydrothermal route) (2)

A00m

The anisotropic growth of the product may result in the
morphology change.

Hydrothermal treatment time was another factor that
affected the product morphology. As shown in Fig. 8, when
the treatment time was 8 h (Fig. 8a), the length and the
diameter of the nanorods obtained were not uniform. As
reaction time prolonged, the length of the nanorods signif-
icantly increased, whereas the diameter decreased. Optimal
reaction time was found to be 24 h, long and thin HAP
nanorods were obtained (Fig. 4c). Further increasing the
reaction time resulted in the decrease of length and forma-
tion of thick rods (Fig. 8b). In our experiment, the transition
of brushite into HAP was affected by hydrothermal treat-
ment time. When the time was too short, the reaction 2 was
incomplete, so the final sample contained both brushite and
HAP, the morphology of which was bad defined. As reaction
time increased, the purity and uniformity of HAP nanorods
were improved. On lengthening the time to 48 h, the lateral
capillary forces along the length of a nanorod became
higher, compared with the width, hence forcing the side-by-
side alignment of nanorods to thick rods [25].

The typical experimental parameters and representative
results mentioned above are listed in Table 1.

With a view to obtain a more comprehensive under-
standing of the structure transformation and morphology
evolution of the HAP nanocrystals, the calcium phosphate
system represents one of the most complex families of
materials due to the existence of a number of phosphate
compounds. Furthermore, the stability of each phosphate is
affected by not only small compositional changes but also
the reaction conditions including the solvent, precursors,
temperature, time, pressure, pH value, and the complexing

Fig. 8 TEM images of HAP samples obtained at 180 °C, [Ca>")/[HPO,*"] = 3/2, [PVP] = 1.36 x 10~* mol L™, with hydrothermal

treatment fora 8 h, b 48 h
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Table 1 The experimental parameters and representative results
obtained under different reaction conditions

PVP/ Ca*"/ T t Product morphology
(*107*M)  HPO,*~ (°C)  (h)

2.5 1/1 140 24 Non-uniform nanorods
2.5 1/1 160 24 More uniform nanorods
2.5 1/1 180 24 Uniform nanorods

2.5 171 220 24 Nanorods 4 nanoplates
0 1/1 180 24 Nanorods + nanoparticles
091 1/1 180 24 Nanorods (main)

1.36 1/1 180 24 Nanorods

2.5 172 180 24 Short nanorods

2.5 3/2 180 24 Short nanorods

2.5 2/1 180 24 Brushite occurred

2.5 1/1 180 24 Non-uniform nanorods
2.5 1/1 180 24 Thick nanorods

agents used for controlling the reaction kinetics [26]. The
possible growth procedure of the HAP nanorods in our
experiment is described as follows: in the beginning, when
the as-obtained Ca(NO3), and Na,HPO, solutions were
mixed, reaction 1 occurred. An amorphous precursor
phase, brushite with a Ca/P molar ratio of unity, was
obtained. During hydrothermal treatment, solution-medi-
ated crystal growth and phase transformation occurred,
then HAP crystal nuclei formed. The synthesis of HAP
nanoparticles was based on reaction 2, and Ca/P ratio of
1.5 was used for the reaction. Taking into account the HAP
lattice constants (a = 0.9400 A and ¢ = 6.930 A) and the
hexagonal symmetry with the space group P63/m, its unit
cell will be arranged along the c-axis. The growth habit of
HAP along the c-axis can be found from Fig. 5a without
PVP, which has also been proved by the previous work.
When HAP nucleated from the solution, the growth habit
emerged simultaneously. PVP in the solution will greatly
prompt this growth habit. During the growing process, PVP
can be desorbed into water because of the unstable surface
adsorption. Along with desorption of PVP, the crystal
growth is corporately controlled by Ostwald ripening and
oriented attachment process. Followed by increasing
hydrothermal treatment time, the HAP crystal nuclei
stacked into well-organized arrays up to nanometers in
dimension, long HAP nanorods were obtained after 24 h.
However, prolonged treatment time resulted in the forma-
tion of thick nanorods.

Conclusion

In summary, we have successfully prepared pure HAP
nanorods using a simple and mild hydrothermal treatment

method in the presence of PVP under near neutral condi-
tion. In the crystallization process, the oriented attachment
and the effect of PVP were vital for the regulation of the
nucleation and crystal growth of rod-like HAP crystal. The
formation behavior mechanism is introduced to explain the
great tendency of HAP crystal to preferentially grow along
the c-axis direction. The reaction temperature, molar ratio
of Ca®* to HPO42_, and hydrothermal treatment time are
also critical toward obtaining controlled morphology and
grain size of HAP crystals. We believe that the HAP
nanorods might have abroad application in the field of
biological and medicine.
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