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Introduction

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is similar to the

inorganic phase of human bone, tooth dentin, and enamel

in chemistry and structure. Thus, synthetic HA ceramic

exhibits excellent bioactivity and biocompatibility, and can

be used as bone graft substitutes and bone fillers. In the last

decade, the synthesis and characterization of HA particles

have attracted extensive interest of research [1–3], and

considerable attention was focused on the syntheses of HA

with controlled morphology, size and crystallinity because

such parameters have strong impact on the in vivo per-

formance of HA [4–13].

A variety of processing routes have been used to syn-

thesize HA such as chemical precipitation, hydrothermal

processing, microwave irradiation, microemulsion, plasma

spraying, sputtering/ion beam deposition, laser ablation,

electrodeposition, and electrophoretic deposition [5–7, 11,

13–25]. Among the several routes, hydrothermal route is

one of the most investigated methods; it can prepare HA

crystals with controlled size and shape by the use of sur-

factants, such as ethylenediamine tetraacetic acid (EDTA),

and so on [4, 6, 18, 19]. However, although the preparation

of HA particles by hydrothermal method have been widely

reported, the orientation and ultrastructure of the prepared

HA particles have been rarely studied [26]. Moreover, it is

not clear whether HA particles were precipitated directly or

by intermediate phases in hydrothermal conditions.

In this article, HA nanoparticles with the length of 50–

150 nm were synthesized by hydrothermal method with

EDTA surfactant. The orientation and ultrastructure of the

as-synthesized nanoparticles were characterized by X-ray

diffraction (XRD) and transmission electron microscopy

(TEM). Octacalcium phosphate (OCP, Ca8H2(PO4)6 �
5H2O), one of the intermediate phases of HA was identified

in the hydrothermally synthesized nanoparticles by high-

resolution transmission electron microscopy (HRTEM).

Experimental

All the reagents were of analytical grade and used without

further purification. In a typical procedure, 50 mL of a mixed

solution of Ca(NO3)2 � 4H2O (0.5 M) and EDTA (0.1 M)

was first prepared and then added dropwise into 50 mL of

Na2HPO4 (0.3 M) under intense stirring. The initial pH of the

mixed solution of Ca(NO3)2 � 4H2O and EDTA was mea-

sured to be 11.5. After mixing with Na2HPO4, the pH of the

new mixed solution was adjusted to 9 by adding NaOH

solution, and then, the mixed solution was magnetically

stirred on a hotplate (60 �C) for 2 h. After that, the mixed

solution was kept in Teflon flasks and sealed tightly for

hydrothermal reactions. The flasks were hold in oven at

120 �C or 180 �C for 12 h. After hydrothermal processing,

white HA precipitates were filtered, washed thoroughly with

deionized water, and oven-dried at 50 �C for 24 h.

Crystal phase of the precipitates was determined by

powder XRD using Cu Ka radiation (X’pert pro-MPD,

PANalytical, the Netherlands). The samples were scanned
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in the 2h range of 3–58o. The precipitates were ultrasoni-

cally dispersed in ethanol to form dilute suspensions, and

then, a few droplets were put on copper grids coated with

amorphous carbon film for further examination by TEM

(JSM2010F, JEOL, Japan). The structure of individual

precipitate was revealed by selected area electron diffrac-

tion (SAED) and HRTEM using an accelerating voltage of

200 kV.

Results and discussion

Calcium phosphate precipitates were produced by hydro-

thermal method in the presence of EDTA. Figure 1 shows

the representative TEM images of the precipitates pro-

duced at different temperatures. It can be seen that the

dominance of the precipitates exhibits plate-shaped or rod-

like morphologies for the 120 �C and 180 �C samples.

However, there is also a small portion of tiny crystals (less

than 50 nm in size) with irregular shape. The size of the

precipitates is in the range of 50–150 nm and the aspect

ratio varies from 2 to 4. The contrast of the precipitates is

very low in electron microscope indicating they have very

small thickness. Thus, heretofore the precipitates are

referred to be plate-shaped. In addition, Fig. 1 indicates

that the temperature increase caused no significant changes

on the morphology and size of the precipitates produced.

Figure 2 shows the representative XRD patterns of the

calcium phosphate precipitates produced at 120 �C and

180 �C. The peaks of the XRD patterns are in good

agreement with the standard JCPDS database (No. 74-

0566) and are readily indexable with the HA, space group

P63/m. No obvious peaks other than those due to HA were

observed, implying that the impurity is none or in a small

amount. Here, it should be mentioned that there has been

some recent controversy as to the correct space group of

HA [27]. The intensity of the XRD peaks, especially the

100, 101, and 211 peaks, for the 180 �C sample was much

stronger than that for the 120 �C sample, which indicated

that the precipitates produced at 180 �C were better crys-

tallized than that at 120 �C.

The crystal structure of the as-produced calcium phos-

phate precipitates was further studied by HRTEM. It con-

firmed that the dominance of the precipitates produced at

120 �C was of HA structure, but a few OCP crystals were

also identified using lattice image and fast Fourier trans-

form (FFT). Figure 3a shows the HRTEM image of the two

calcium phosphate precipitate crystals produced at 120 �C.

The left crystal was plate-shaped and has well-defined

surface contours, whereas the right one was relatively

irregular. The FFTs shown in Fig. 3b and c corresponded,

respectively, to the left and right crystals shown in Fig. 3a.

After carefully measuring the d-spacings and interplanar

angle from Fig. 3a and b, the left crystal was identified as

HA with the [110] zone axis. However, the right crystal

was identified as OCP with the [110] zone axis because

the faint spots in Fig. 3c (indicated by arrows) implied

the *0.938 nm frequency existing in the right crystal

structure. Serious irradiation damage can occur on the as-

produced calcium phosphate crystals during high-magnifi-

cation TEM observation within a few minutes. It was found

that the OCP crystals were more readily damaged than the

HA crystals under the same dose of electron beam irradi-

ation. This was attributed to the fact that OCP contains ten

H2O molecules in one unit cell.

Fig. 1 representative TEM images of the as-produced calcium

phosphate nanoparticles by hydrothermal method with the assist of

EDTA a at 120 �C and b at 180 �C
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Figure 4a shows the representative HRTEM image of an

individual calcium phosphate precipitate produced at

180 �C. The SAED pattern (the inset to Fig. 4a) revealed it

was of HA structure with the [110] zone axis and the lon-

gitude direction of the HA crystal was along its c-axis. It also

shows that the apatite precipitates have well-defined surface

contours. In order to identify the surface contours of the

apatite precipitates, the corresponding FFT of the HRTEM

image in Fig. 4a was shown in Fig. 4b. The analyses of the

HRTEM image and its FFT indicated that the long and short

facets corresponded to HA �110ð Þ and 1�1�1ð Þ plane (indicated

in Fig. 4a), respectively. The measured interplanar angle of
�110ð Þ and 1�1�1ð Þ from Fig. 4 is *131�, which is in good

agreement with the computed value of 130.1�. It is worth

mentioned that most of the apatite precipitates produced at

180 �C have the same surface contours.

It was commonly believed that OCP was a precursor of

apatitic biominerals, and it played an important role in

biomineralization [28, 29]. In recent studies, Eliaz et al.

observed traces of OCP crystals during the electrocrystal-

lization of HA on titanium at pH 4.2 [30]. We found that

OCP was more likely formed on ceramic surfaces than HA

in simulated body fluid and we identified OCP structure

within HA precipitates in animal body [31, 32]. Here, OCP

crystals were confirmed along with HA crystals by

HRTEM analyses in the samples produced at 120 �C. This

indicated that HA crystals may be formed via an OCP

precursor under hydrothermal conditions (pH 9, 120 �C)

with the presence of EDTA complex.

Previous studies reported that HA was the only stable

calcium phosphate phase at pH [7.4 [21, 30, 33]. The

presence of OCP crystals after hydrothermal processing at

pH 9 in this study is not contradicted to this point because

we found that the solution pH was changed to be 4–5 after

hydrothermal processing. Therefore, it might be possible

that OCP crystals were formed after the solution became

Fig. 2 XRD patterns of the as-produced calcium phosphate

nanoparticles

Fig. 3 a HRTEM image of the

calcium phosphate

nanoparticles produced at

120 �C; b and c are

corresponding FFTs of the left

and right crystals, respectively,

in a
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acidic during hydrothermal processing. However, no OCP

crystal was detected in the samples produced at 180 �C.

This is consistent with Nelson et al.’s finding that the solid-

state phase transformation from OCP to HA occurred by

heating OCP crystals up to 150 �C [34].

Conclusions

In this article, we synthesized plate-shaped calcium

phosphate nanoparticles with length in the range of

50–150 nm by hydrothermal method with EDTA at pH 9.

The nanoparticles produced at 180 �C were of HA which

was homogenous in structure and shape. However, OCP

crystals were detected along with HA crystals in the sam-

ples produced at 120 �C. The OCP crystals had less

irregular shape and were more electron beam susceptible in

TEM than the HA crystals.
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