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Calcium hydroxyapatite Ca10(PO4)6(OH)2 (HAp) is the main 
inorganic part of mineralized tissues,1–3 so synthetic HAp is 
regarded as a promising bone substituent.4–14 In a natural bone 
tissue, HAp crystals constitute plates of nanosized thickness.1,15,16 

Material of similar platelet morphology was synthesized on the 
surface of HAp–tricalcium phosphate ceramics from hexagonal 
bipyramidal HAp single crystals and found to promote primary 
human osteoblast adhesion.17 HAp platelets were shown to 
induce osteogenic differentiation of mesenchymal stem cells.18 

Hence, the preparation of the HAp nanosized plates to develop 
new composites for bone surgery and tissue engineering is a 
challenge in the materials science.

HAp crystallizes in a hexagonal crystal system with two 
major crystal planes. The a plane is enriched by Ca2+ ions and 
therefore is positively charged, the negatively charged c plane is 
enriched by phosphate and OH– ions (Figure 1).1,19 In bio
mineralized collagen fibrils, the HAp crystals expose 
predominantly their a planes, while the most of current laboratory 

methods allows one to obtain rod-like HAp crystals with the side 
a–a faces and the end c planes exposed or, alternatively, 
microspherical needle aggregates, mainly due to faster crystal 
growth along the c axis (see Figure 1).20–26 

Our preliminary attempt to synthesize HAp employed a 
method closely related to the known one.18 Starting from the 
aqueous solutions of CaCl2 and Na2HPO4 at pH 9–10, we 
obtained two HAp samples with virtually identical rod-like 
morphology, X-ray diffraction (XRD) patterns and TEM images, 
despite the difference in the reaction temperature, namely 75 and 
180 °C (for details, see Online Supplementary Materials).

The anisotropy of the HAp crystal planes allows one to 
suggest that the habit of the HAp crystals formed may be affected 
by composition of the reaction mixture. As it was previously 
demonstrated, the employment of the Ca2+ complexes with 
chelating carboxylic acids such as lactic,27 citric,28 or 
ethylenediaminetetraacetic acid (EDTA),29–34 resulted in 
formation of the HAp crystals of various morphology, however 
the influence of reaction temperature and pH was not explored in 
depth. 

Using the CaEDTA chelate complex as a Ca2+ source, we 
performed its reactions with KH2PO4 in aqueous media at 
different pH values and temperatures 100–120 °C.† The chelate 
complex employed is stable at room temperature even in a basic 
medium. On heating, the complex dissociates [reaction (1)] and 
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Figure  1  Crystal structure and crystal planes of HAp.

†	 Ca(OH)2 (37.045 g, 0.5 mol) reacted with Na2EDTA (186.12 g, 
0.5 mol) in water (500 ml in total) resulting in 1 m solution of CaEDTA. 
This solution of CaEDTA (10 ml, 10 mmol), KH2PO4 (0.80 g, 5.9 mmol), 
water (30 ml) and calculated amount of NaOH (0 g for pH 6, 0.28 g for 
pH 9 or 0.50 g for pH 13) were placed into a 50 ml vessel. The vessel was 
closed by a rubber septum with an aluminum cap and heated at 120 °C for 
2 h (the first series) or at 100 °C for 1 h and then at 120 °C for 1 h 
(the  second series). The precipitate formed was washed with water 
(2 × 40 ml), then with EtOH (2 × 40 ml) and dried.
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the Ca2+ ions formed react with phosphate resulting in HAp 
[reaction (2)].

CaEDTA ® Ca2+ + EDTA2–	 (1)

10 Ca2+ + 6 PO4
3– + 2 OH– ® Ca10(PO4)6(OH)2¯	 (2)

In the first series of the hydrothermal synthesis using rapid 
heating to 120 °C and then reaction for 2 h at different pH 
values, HAp microcrystals with pH-dependent morphology 
were obtained. Under alkaline conditions (pH 13), cotton-like 
aggregates of needles having ~1 μm length and ~10 nm width 
were formed [Figure 2(a)]. At pH 9, the size of the needles was 
larger [Figure 2(b)] and at pH 6 the partial formation of plate-
like crystals was detected [(Figure 2(c)]. XRD data of the 
crystaline phases (see Online Supplementary Materials) 
revealed, that at pH 6 the crystals were substantially formed by 
the growth along the a axis rather than c axis, contrary to the 
crystals obtained at higher pH values. Note that the morphology 
of the microcrystals synthesized at pH 6 [see Figure 2(c)] 
resembled the known habit of HAp crystals grown using 
hydrothermal synthesis at 200 °C and pH 11,29 however the 
latter were clearly larger (Figure S6, see Online Supplementary 
Materials).

Unexpected and promising results were obtained in the 
second series of experiments, in which the reaction of CaEDTA 
with KH2PO4 was carried out in two stages, namely at 100 °C for 
1 h and then at 120 °C for 1 h. At pH 13, dandelion-like HAp 
nanostructures were formed [Figure 2(d )]. At pH 9, the habit of 
microcrystals was different [Figure 2(e)] with preservation of 
crystal growth along the c axis (Figure 3). However, at pH 6, a 
substantial crystal growth along the a axis was detected from 
increased intensity of the (100) and (300) peaks [Figure 3(c)] 
with formation of microcrystals having unique platy morphology 
[Figure 2( f )]. 

Data on the XRD patterns for HAp samples obtained at 
different pH values are collected in Table 1 together with 
known data for the HAp films formed from plate-like and rod-
like microcrystals.18 It follows from Table 1 that the crystal 
structure of HAp synthesized at pH 6 is similar to that of platy 
HAp microcrystals with known enhanced osteogenic 
characteristics.18 

In summary, by adjustment of pH for the hydrothermal 
synthesis, we obtained plate-like HAp species with promising 
morphology and crystal structure with potential application in 
the design of HAp-based composites for bone surgery.
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Figure  2  SEM images of HAp microcrystals obtained by mild 
hydrothermal synthesis: the first series at 120 °C for 2 h with pH values of 
(a) 13, (b) 9 and (c) 6 as well as the second series at 100 °C for 1 h then at 
120 °C for 1 h with pH values of (d ) 13, (e) 9 and ( f ) 6.

Figure  3  XRD patterns of HAp microcrystals obtained in the second 
series of the mild hydrothermal synthesis at pH (a) 13, (b) 9 and (c) 6, along 
with (d ) reference HAp sample (JCPDS 09-0432). 

Table  1  Morphology and ratio of characteristic XRD peaks for HAp 
crystals obtained by hydrothermal synthesis under various conditions.

Reaction temperature  
and time

pH Crystal morphology
XRD (300) : (002)  
peaks intensity ratio

120 °C for 2 h 
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  9 rod-like 1.92
13 rod-like 1.40

100 °C for 1 h, 
then 120 °C for 1 h 
(2nd series)

  6 plate-like 5.42
  9 rod-like 1.95
13 rod-like 1.83

ref. 18 plate-like 6.25
ref. 18 rod-like 1.25
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