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Abstract

High temperature hydrothermal syntheses, using calcium nitrate tetrahydrate, sodium dihydrogen phosphate and urea as precursors, and

characterization of hydroxyapatite (HAp) whiskers are reported herein. The morphology and chemical composition of the crystals from a monetite

to a hydroxyapatite phase were controlled by varying the starting concentrations of the precursors and the solution pH through the amount of urea

that is decomposed during heating. X-ray diffraction (XRD) analysis, infrared spectroscopy (IR), scanning electron microscopy (SEM), energy-

dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were used to investigate the

products of the syntheses in order to find the optimum reaction conditions for obtaining the desired morphology and phase composition. Different

morphologies ranging from single crystals of monetite through rods and plates of hydroxyapatite with different size distribution to whisker-like

single hydroxyapatite crystal were achieved by simply varying the starting concentration of urea. Structural refinement of the hydroxyapatite

whiskers confirmed a strong preferential orientation along the c-axis direction of the hexagonal crystal structure, which was significantly different

from the usually observed random crystal orientation. TEM and SEM analysis of the apatite whiskers confirmed single crystal structure with the a

c-axis orientation parallel to the long axis of the whiskers, with sizes up to 150 mm in length, 10 mm in width and with a thickness of about 300 nm,

that grew from the same centre of nucleation, forming flaky-like particles.
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1. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2; HAp) has been widely

applied as a biomaterial for the substitution of human bone

tissues because of its excellent biocompatibility and bioactivity,

serving as an alternative to natural bone grafts [1,2]. The

inorganic part of human bone and tooth has chemical and

structural similarities to Ca-deficient hydroxyapatite, whereas

the morphology of HAp can be significantly different in

biological tissues, such as plate-like HAp crystals in bone and

needle-like hexagonal prisms in enamel [3]. Moreover, the bone

mineral crystals also exhibit an elongated c-axis (plate shaped)
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and a preferred orientation in the direction of the principal

stress [4]. The intrinsically different surface reactivity of HAp

crystals induced by the two types of crystal planes, which bear

different charges (a positively charged calcium-rich c-surface

and a negatively charged hydroxyl- and phosphate-rich a-

surface), exhibit selective adsorption of various ions, organic

compounds, and proteins and therefore becomes an important

material for chromatographic uses. In addition, it is expected

that HAp whiskers would be a good matrix for gene delivery

systems with their biocompatibility and biostability [5,6]. The

main limitation of HAp ceramics in orthopedics has been

inferior mechanical properties. It is well known that the fracture

toughness parameter of HAp is lower than that reported for

natural human bones (1 MPa/m2 compared to 2–12 MPa/m2)

[7] and thus, to date, its applications have been limited to areas

where the bones are free of dynamic load, i.e., for non-load
d.
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bearing, craniofacial and periodontal applications, for coatings

[8] or as materials for the scaffolds used for bone tissue

engineering [7,9,10].

One of the most studied methods to improve the mechanical

properties of HAp ceramics and calcium-phosphate cements is

the addition of whiskers [10]. Investigations of HAp with a rod-

like morphology have attracted much attention during the past

few years because of the proved decrease in biocompatibility

and bioactivity when fibrous bio-inert materials, such as SiC, C,

Si3N4, Al2O3 or ZrO2, were used for bioceramic reinforcement

[11,12]. In reinforced polymers, the use of aligned HAp

whiskers instead of HAp powder resulted in an improved

stiffness, strength and toughness and an anisotropy more like

that found in human cortical bone tissue [13]. HAp whiskers

have been synthesized by various methods, mainly by

hydrothermal synthesis [14–16] using wet-chemically prepared

HAp precursors of low crystallinity and irregular morphology

or using gels as the starting materials [17,18], homogeneous

precipitation [19], molten salts synthesis [20], and by liquid–

solid–solution synthesis [21]. The whiskers or fibers prepared

by the solid reaction and in the gel system showed a sensitive

dependence on the preparation conditions, and their crystal-

linity and thermal stability were relatively inferior. Homo-

genous precipitation with a slow reaction rate is a relatively

easy procedure for obtaining uniform HAp particles, but many

precipitated fibrous HAp prepared with a wide range of

compositions and under a wide variety of experimental

conditions had a relatively low crystallinity and were not a

pure HAp phase with a low aspect ratio [22–25].

The aim of the present work was to find the optimum

reaction conditions for the synthesis of monetite and

hydroxyapatite with defined morphology by varying the

starting concentration of the precursors and the pH value of

the solution. This synthesis procedure takes advantage of the

fact that a gradual increase up to different final pH values,

controlled by the concentration of urea, allow pure monetite

and hydroxyapatite single crystals phases with controlled

morphology and size to be obtained.

2. Materials and methods

2.1. Synthesis of monetite powder and hydroxyapatite

whiskers

Apatite crystals with different morphology were synthesized

by a modified hydrothermal method at high temperature via

the direct reaction between calcium nitrate tetrahydrate

(Ca(NO3)2
�4H2O, 99.8%, Carlo Erba) and sodium dihydrogen

phosphate dihydrate (NaH2PO4
�2H2O, Carlo Erba) using urea

((NH2)2CO, Fluka) as a homogeneous precipitation agent

[26,27]. Each synthesis was performed by mixing stoichio-

metric amounts of Ca(NO3)2
�4H2O and NaH2PO4

�2H2O (Ca/

P = 1.67) and varying amounts of urea in 1500 ml of distilled

water in a glass vessel. In order to provide uniform thermal

transport, 1500 ml of distilled water was placed in the gap

between the glass vessel and the stainless-steel vessel. The

reaction temperature was measured by a thermocouple placed
inside a thermo well in the vessel. The initial pH value of the

suspension was 4.5 for all synthesis conditions without

adjustment with an acid. The autoclave was heated up to

160 8C during 1 h and kept at this temperature for 2 h. After this

period, autoclave was left to cool down slowly in 10 h to room

temperature. The formed HAp precipitates were collected from

the solution by vacuum filtration and washed with distilled

water.

2.2. Characterization

The diffraction patterns of the polycrystalline samples (A1,

A2 and A3) were measured using a conventional powder

diffractometer (Philips PW 1050) with Bragg–Brentano

geometry and Cu Ka1,2 radiation (Ni filter). The diffractograms

were recorded at room temperature in the 2Q range 5–708 with

a 2Q step of 0.028 and a counting time of 2 s per data point (for

sample A4 in the 2Q range 8–1208 with a 2Q step of 0.028 and a

counting time of 14 s per data point). A 1/28 source slit and a

0.1 mm receiving slit were used.

The crystal structure refinement was based on the Rietveld

full profile method using a Koalariet computing program based

on the Fundamental Parameters convolution approach to

generate the line profiles [28,29]. This program is appropriate

for processing data obtained from samples with dominant

microstructure parameters [29]. The morphology of the

obtained powders was studied by scanning electron microscopy

(SEM) using a Jeol JSM-5800 at 20 kV and an FIB SEM at

5 kV, transmission electron microscopy (TEM), electron

diffraction (ED) and high-resolution TEM (HRTEM) using

conventional TEM at 200 kV Jeol 200CX and HRTEM at

80 kV. Prior to SEM analysis, the powder samples were coated

with gold using a splutter coater. The chemical composition of

the samples was analyzed using an energy-dispersive spectro-

meter, EDS, with a SiLi X-ray detector (Oxford Instruments,

UK) connected to a scanning electron microscope and a

computer multi-channel analyzer. The measurements were

performed to detect P and Ca. Fourier transform infrared

spectroscopy (FTIR) was performed using a MB Bomen 100

Hartmann and Braun spectrometer in the wave number range

from 400 to 4000 cm�1. The crystalline products (�3 mg) were

thoroughly ground with (�500 mg) potassium bromide powder

(KBr for IR, Merck) in an agate mortar to homogenize the

mixture.

3. Results and discussion

Hydroxyapatite crystals with different morphology were

prepared by the direct reaction between Ca(NO3)2�4H2O and

Na2HPO4 under hydrothermal conditions at 160 8C. The initial

concentrations of the starting reagents are given in Table 1. Four

syntheses were performed with same Ca/P ratio 1.67, while the

concentration of urea varied.

The powder XRD patterns of the synthesized samples are

shown in Fig. 1, from which the phase composition was

determined. It can be observed that sample A1 presented a pure

monetite phase. In XRD pattern, all the peaks are in a good



Table 1

Parameters of hydroxyapatite and monetite synthesis.

Sample Concentration (g) Ca/P (mol) pHinitial pHfinal Phase composition Particles morphology

Ca(NO3)2
�4H2O NaH2PO4

�2H2O Urea

A1 15.17 6.00 0.5 1.01 4.5 3.1 Monetite Large pinacoidal and rod-like crystals

A2 15.17 6.00 1 1.15 4.5 4.2 Monetite, hydroxyapatite Rod-like crystals

A3 15.17 6.00 2 1.42 4.5 5.7 Hydroxyapatite, monetite Plate and rod-like crystals

A4 15.17 6.00 3 1.65 4.5 6.9 Hydroxyapatite Whiskers
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agreement with standard (JCPDS card number 70-1425). A

gradual increase of the pH value due to the higher concentration

of urea led to the formation of a small amount of hydroxyapatite

phase in sample A2, which is evident from its diffractogram

(Fig. 1). A further increase of the amount of urea resulted in the

formation an almost pure hydroxyapatite phase (JCPDS card

number 09-9432), observed in samples A3 and A4 (Fig. 1). The

highly crystalline structure of all the products can be

distinguished. The peaks on the diffractogram, corresponding

to the prism planes (1 0 0), (2 0 0) and (3 0 0), are strong and

sharp in the sample A4, which was synthesized with the highest

concentration of urea in the starting solution.

The formation mechanism of monetite and HAp whiskers

can be explained as follows. Namely, monetite as the more

stable phase under acidic condition below pH 2.7 was formed

first. Increasing the amount of urea in the starting solution led

increases in the pH value of the solution due to urea

decomposition. At elevated temperatures, above 80 8C,

(NH2)2CO continuously decomposes to form carbon dioxide

and aqueous ammonia species. In turn, such in situ released

NH3(aq) gradually increased the pH of the reaction solution to

values wherein HAp becomes the more thermodynamically

stable calcium orthophosphate compound (i.e., less soluble)

and is thus formed. With increasing pH value, the hydro-

xyapatite phase was formed as the more stable phase at pH

>4.8 [30,31].
[(Fig._1)TD$FIG]

Fig. 1. X-ray diffractograms collected from the hydrothermal synthesized

products.
3.1. Structure refinement of HAp whiskers

The X-ray powder diffraction pattern of the A4 sample was

used for structural refinement. It can be observed that this

pattern, due to strong preferential crystallite orientation

(Fig. 2), significantly differed from the usually obtained

patterns of HAp with a random crystallite orientation [20]. No

evident violations of hexagonal symmetry were found on the X-

ray diffraction pattern of the sample. Therefore, the refinement

of the structure was performed in the space group P63/m in the

well-known apatite type crystal structure with following

crystallographic ion positions [28]: Ca2+ located at two

crystallographic positions – one at 6h [xy1 = 4] with the local

symmetry m and the other at the position 4f [1/3 2/3 z] with the

local symmetry 4f; P5+ located at the crystallographic position

6h [xy1 = 4] with the local symmetry m; O2� located at two

different 6h positions [xy1 = 4] with the local symmetry m, and

at the general crystallographic position 12i [xyz] with the local

symmetry 1; OH� located at the crystallographic position 2a

[0 0 1/4] with the local symmetry %6. The starting atomic

parameters for this structure were taken from the refinement in

the space group P63/m obtained using neutron single crystal

data [32]. The atom positions, unit cell, background, crystal

size, micro-strain displacement parameters, thermal B factor

and preferential orientation were allowed to vary. All these

parameters obtained by refinement are given in Table 2.
[(Fig._2)TD$FIG]

Fig. 2. The observed (�), calculated (–) and difference (bottom) X-ray diffrac-

tion data of the A4 sample taken at room temperature. Vertical markers below

the diffraction patterns indicate the positions of possible Bragg reflections.



Table 2

The results of the structural refinement for hydroxyapatite whiskers (sample

A4).

x y z B (Å2)

Ca2+ (6h) 0.2518(2) 0.9939(3) 1/4 0.91(4)

Ca2+ (4f) 1/3 2/3 0.4898(7) 0.83(5)

P5+ (6h) 0.4033(3) 0.3746(3) 1/4 1.00(6)

O2� (1) (6h) 0.3364(4) 0.4751(5) 1/4 0.5(1)

O2� (2) (6h) 0.5961(7) 0.4398(7) 1/4 1.7(1)

O2� (3) (12i) 0.3254(3) 0.2595(4) 0.4383(7) 4.2(1)

OH� 0 0 1/4 1.9(2)

Lattice parameters [Å] a = 9.44415(6) c = 6.8913(26)

Crystal size [nm] 329(18)

Micro-strain [%] 0.133(5)

Preferential orientation 0.4960

Rwp [%] 8.8

[(Fig._3)TD$FIG]

Fig. 3. IR spectra of the hydrothermally synthesized products.
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The crystal structure refinement showed a very developed

preferential orientation of the HAp whiskers (collected in the

reflection mode), which was the cause of the clearly observed

differences between the diffractogram of the obtained HAp

whiskers and that of HAp with a random crystallite orientation

[20]. In addition, as can be observed on the diffractogram

(Fig. 2), very intensive reflections arose from plane close to the

1 0 0 direction, which masked the reflections along the 0 0 1

[(Fig._4)TD$FIG]

Fig. 4. SEM microphotographs of hydrothermal prepared samples wi
direction. Every attempt to prepare a sample in order to obtain a

random distribution of crystallites was ineffective. This

probably means that whiskers overgrow along the c-axis are

arranged naturally in such a way that the plane placed along

0 0 1 direction are lined out perpendicular to the surface of the

sample. The calculated size of the crystallites and TEM

microphotographs indicate that the thickness of the whiskers
th high magnification insets: (a) A1, (b) A2, (c) A3) and (d) A4.



[(Fig._5)TD$FIG]

Fig. 5. SEM microphotographs of hydrothermally prepared HAp whiskers

(sample A4): (a) low and (b) high magnification.
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was around 300 nm. Otherwise, evidence that the half width at

half maximum of the peaks on the diffractogram were not

significantly changed from those of crystal systems in which the

crystallites were developed along the c-axis, indicating that the

crystallites had the same dimensions in all directions.

The FTIR spectra of the hydrothermally synthesized

products are shown in Fig. 3. These spectra confirm the

functional groups present, which provides information about

the phase purity of the sample synthesized under different pH

conditions.

The OH liberation mode at 630 cm�1 can be clearly seen in

the spectra of the A3 and A4 samples. The broad OH stretching

band of water from 2800 to 3600 cm�1 can be observed in the

spectra of all the samples, while the water bending mode at

1640 cm�1 is more expressed in the spectrum of the A1 sample.

The n1 PO4 band, occurring at 960 cm�1, is observed in the

FTIR spectra of the A2, A3 and A4 samples. The triple

degeneracy of the n3 PO4 mode at �1070 cm�1 is not seen in

the spectra of samples A3 and A4 because the band is too

strong. The bands at 1025, 1100 and the weak band at

1145 cm�1 were assigned to HPO4
2� ions and it can be

observed that the band at 1025 cm�1 is more expressed in the

spectra of the A1 and A2 samples. In addition, the intensity of

the band at 875 cm�1, assigned to the acidic phosphate group

(HPO4
2�), decreased with increasing amount of HAp whiskers

present in the powders. In the study of n4 PO4, the two bands at

530 and 550 cm�1 on the low frequency side of n4 were

assigned to HPO4
2�. Bands at 1545 and 1450 cm�1, arising

from CO3
2� ions that replaced some of the OH� ions (A-type),

are visible in the spectra of A3 and A4. Considering the

spectrum of the A3 and A4 samples, it can be concluded

according to the bands which appeared at 1412 and 873 cm�1

that the major fraction of the PO4
3� ions (B-type) had been

replaced by CO3
2�. Additionally, in the spectra of the A3 and

A4 samples, the increase in intensity of the band at

�1450 cm�1 was greater than the increase in the intensity

of the band at �1542 cm�1 [33]. Hence, all four hydro-

thermally derived samples are AB-type carbonated hydro-

xyapatite. These carbonate anions are believed to arise from

the decomposition of urea.

Detailed microstructural studies using SEM and TEM gave

further insight into the shape and size of the formed phases.

The SEM morphologies of the synthesized powders are

shown in Fig. 4. Fig. 4a shows well-developed crystals of

monetite of �10–80 mm in length and �5–20 mm in width. In

the same microphotographs, smaller rod-like crystals of

monetite are also observed. On increasing the amount of urea

(Fig. 4b), the rod-like form of the obtained monetite crystals

became the dominant crystal form. The further increase of the

urea content in the starting solution led to the formation of the

HAp phase that is characterized by plate-like crystal shapes

(Fig. 4c). The large pinacoidal crystals of monetite present in

the samples A1 and A2 (Figs. 4a, b) are not visible in the

microphotographs of sample A3, although XRD analysis

confirmed the presence of a small amount of monetite. In order

to increase the quantity of hexagonal whiskers, a gradual

increase of the pH of the reaction medium was realized by the
addition of more urea to the solution. The formation of flake-

like particles of pure HAp phase, collected from the bottom of

the glass vessel, composed of a large number of whiskers, can

be observed in the microphotographs presented in Fig. 4d. This

SEM observation shows they are �50 and 150 mm in length,

�2 and 10 mm in width. In the same microphotographs, the

presence of cup-like particles with 6th order axes could be seen

in the centre of the flaky particles (Fig. 4d) and in isolation

(Fig. 4d inset). Their formation could be explained by the Wulf

shape theory, which determines the equilibrium shape of a

perfect crystal of one material in contact with a single

surrounding medium. The equilibrium shape is determined by

minimizing the total system energy, which is composed of

contributions from the bulk and surface of the crystal [34].

The whisker morphology of the flaky-like particles of HAp

collected from the middle of the glass vessel is shown in Fig. 5a. It

can be observed in the microphotograph (Fig. 5a inset) that the

above-mentioned hexagonal cup-like form is found in the centre

of the flaky particles. The hydroxyapatite whiskers are formed

from hexagonal cups as a consequence of the fast growing rate of

HAp along the c-axis (Fig. 4d inset). A high magnification

microphotograph of the same sample (Fig. 5b) shows that the

averagewhisker thickness is about 300 nm, which was confirmed

by the Rietvald refinement of the crystal structure. When the



[(Fig._6)TD$FIG]

Fig. 6. Low magnification TEM image of sample A4 (a); TEM image of the HAp whiskers (b); HRTEM image of the HAp whiskers with the lattice plane visible (c)

and the corresponding ED pattern of HAp whiskers (d).
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hydrothermal syntheses were performed at higher temperatures,

intensive decomposition of urea occurred, generating a large

number of nuclei, which should induce the formation of smaller

crystals. Despite these predictions, only highly crystalline HAp

powders with elongations of up to 150 mm were obtained.

Transmission electron microscopy was applied to inves-

tigate the microstructure of the whiskers. A low magnifica-

tion TEM image of dried whiskers of sample A4 is shown in

Fig. 6 inset a. The electron diffraction pattern corresponding

to the centre of the whiskers is shown in Fig. 6 inset d. The

electron diffraction pattern indicates that the whiskers are

single crystals, which was also confirmed by XRD analysis.

The spots of the electron diffraction pattern can be

completely indexed in the HAp hexagonal P63/m space

group using the HAp cell parameters of JCPDS card number

09-9432 (Fig. 6 inset c). A representative HRTEM image

along the [1 1 0] zone axis is given in Fig. 6 inset c, which

confirms the perfect hydroxyapatite structure of the A4

sample. TEM/ED/HRTEM analysis confirms the previous

conclusion derived from XRD structure refinement that the

whiskers of the sample A4 are single crystals oriented with

their axis along the c-axis.

4. Conclusions

Hydroxyapatite whiskers were successfully synthesized

by the hydrothermal method using Ca(NO3)2
�4H2O,

(NH4)2HPO4
�2H2O and urea. The obtained products were

flaky-like hydroxyapatite particles composed from whiskers

that are formed from the centre of hexagonal cup-like

particles. Moreover, structural refinement of the hydroxya-

patite whiskers determined a strong preferential orientation

along the c-axis direction of the hexagonal crystal structure

significantly different from the usually observed random

crystal orientation. Individual TEM analysis of the apatite
whiskers confirmed the single crystal structure with the c-

axis orientation parallel to the long axis of the fibers. It was

also registered by FTIR spectroscopy that the hydroxyapatite

whiskers had partial substitution of both PO4
3� and OH�

groups by carbonate anions. Hydroxyapatite and monetite

crystals with different morphologies and size distributions

could be obtained by controlling the final pH value of the

solution by the addition of different amounts of urea to the

starting solution.
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