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Abstract: In this work, we report the synthesis of a monoclinic hydroxyapatite [Ca10(PO4)6(OH)2]
(hereafter called HA) prepared by the sol-gel method assisted by ultrasound radiation at room
temperature. The characterization of both the monoclinic and the hexagonal phases were performed
by powder X-ray diffraction (PXRD) and using synchrotron radiation (SR). The measurement of the
piezoelectricity was performed by piezoresponse force microscopy (PFM). The synthesis produced
a mixture of monoclinic and hexagonal hydroxyapatite (HA). We also discuss the importance of
stabilizing the monoclinic phase at room temperature with ultrasound irradiation. The existence
of the monoclinic phase has important advantages in terms of showing piezoelectric properties for
applications in the new medical rehabilitation therapies. Rietveld refinement of the PXRD data from
SR indicated the monoclinic phase to be of about 81%. Finally, piezoelectric force microscopy was
used to distinguish the phases of hydroxyapatite by measuring the average piezoelectric coefficient
deff = 10.8 pm/V.

Keywords: hexagonal/monoclinic hydroxyapatite; sol-gel synthesis; piezoelectricity; piezoelectric
properties; crystal growth

1. Introduction

Nowadays, the development and synthesis of advanced and functional materials for biomedical
applications is one of the leading challenges in materials science [1–4]. Significant progress has recently
been made in surgical reconstruction [5,6] and the use of prostheses to treat the loss or failure of
an organ or bone tissue [7,8]. We know that natural bone is made of 65 wt% carbonate hydroxyapatite
(HA), 20 to 30 wt% organic matrix and 10% water [7]. The synthetic (HA) has chemical and mechanical
properties like the inorganic component in the rigid matrix of bone [9,10]. Both crystallographic and
chemical studies have shown that synthetic HA is likely to naturally occur in inorganic components
found in the bone matrix and teeth. Because of this close similarity, there has been an extensive
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research effort to employ synthetic HA as a bone substitute and/or replacement in several biomedical
applications [11,12].

The HA can usually be found in two crystallographic forms, the hexagonal phase having the
P63/m space group with unit cell parameters a = b = 9.432 Å, c = 6.881 Å, and the monoclinic phase,
with the space group P21/b and a = 9.421 Å, b = 2 Å, c = 6.881 Å, β = 120◦ as unit cell parameters [10].
However, it has been reported that powder X-ray diffraction (PXRD) structural results at room
temperature can be better explained considering the existence of two monoclinic phases: the crystal
class 2/m (centrosymmetric) and the polar crystal class 2 (non-centrosymmetric) [13].

It has been shown that the orientation of the OH groups is fundamental to determine the final
structure in HA. This hydroxyl ion channel runs parallel to the c-axis; when the OH groups lie along the
direction of the OH channels the hexagonal phase is usually present, whereasthe OH groupsoriented
in a preferential direction of the screw axes have non-centrosymmetric structures described by the
monoclinic phase;as we already know, one symmetry condition for piezoelectricity to be found in
a crystal is the existence of a non-centrosymmetric structure [14].

Although the structural differences between monoclinic and hexagonal HA are very small, they
are sufficient to exert a substantial impact on some of their physicochemical properties [9–11]. The novel
medical rehabilitation therapies of bones require smart biomaterials, particularly the piezoelectric ones
because they are mechanical–electrical transductors. Figure 1 shows the unit cells of both phases of
HA, as an arrangement of PO4 tetrahedral units bound by Ca ions [11].

Figure 1. (a) Monoclinic and (b) hexagonal unit cell of HA at 298 K and 673 K, respectively, according
to the results obtained by powder X-ray diffraction by using synchrotron radiation [1].

Although we have used different methods to synthesize the HA, we still have encountered several
difficulties in obtaining only one phase. However, HA is usually synthesized at high temperatures
(around 1000 ◦C), obtaining the hexagonal phase [9,10]. Nonetheless, the sol-gel-assisted ultrasound
method allows us to control the stoichiometry, crystallinity and purity of the obtained sample. This
method was used to synthesize the monoclinic phase of HA at low temperature. In general, the sol-gel
method is the common way to prepare ceramics, composites and mixed doped materials [15,16].

The observation of piezoelectric properties in the monoclinic phase of the HA suggests that the
piezoelectric effect plays an important physiological role in bone growth, bone remodeling and fracture
healing [17,18]. Through piezo response force microscopy (PFM), we were able to measure the local
mechanical deformation of the sample in response to an electric field applied by a conductive tip,
which was the way to obtain an effective piezoelectric coefficient (deff) of the HA. PFM is a determining
technique to understand the contribution of organic materials at nanoscopic scale from the disordered
structure of the piezoelectric materials [10,19,20].
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2. Materials and Methods

2.1. Synthesis

The HA powders were obtained using the sol-gel method assisted by ultrasonic irradiation
based on the methodology of a recently reported publication [21]. Calcium nitrate [Ca(NO3)2·4H2O]
(99.99%, JT Baker, Phillipsburg, NJ, USA) and ammonium dibasic phosphate [(NH4)2HPO4] (99.99%,
JT Baker, USA) were used as the starting reagents. Ca(NO3)2·4H2O (10 g) and (NH4)2HPO4 (2.3 g)
were dissolved in solutions with Trizma base solution (0.1 M) to obtain 50 mL volumetric mixtures.
The solution of (NH4)2HPO4 was stabilized at pH 9 with NH4OH and then adding Ca(NO3)2·4H2O
every 30 min at an interval of 15 s each with a magnetic stirring bar. When the mixture was completed,
we placed the sample under pulsed irradiation over 1 h at intervals of 25 s. The product of the synthesis
(HA) was subsequently washed with deionized water several times in order to eliminate the extra
product from the reaction. The resulting sample was then heated in air using a glass crystallizer at
200 ◦C inside a muffle (Cole Parmer, Vernon Hills, IL, USA) over 2 h until the classic xerogel was
obtained. An ultrasonic processor from Sonics & Materials Inc., (Newton, CT, USA) was used with
a disposable tapered microtip (3 mm) and operated at 500 W and 20 kHz.

2.2. Characterization

2.2.1. X-ray Powder Diffraction (XRPD)

X-ray powder diffraction (XRPD) characterization was initially carried out on a Panalytical
Empyrean diffractometer (2015, Panalytical, Almelo, The Netherlands) operating at 45 kV/40 mA and
using Cu Kα radiation. The diffraction patterns were obtained ranging from 5◦ to 90◦ (2θ) degrees,
with a step size 0.017◦ and scan step time 293.3 s. The sample holder rotates to prevent preferred
orientation effects.

Synchrotron X-ray powder diffraction (SXRPD) analyses were performed using the Huber Kappa
Goniometer installed at the beamline XRD-1 at Elettra Synchrotron, Basovizza, Italy. The experimental
set up consisted of a bending magnet in the light source, a double crystal monochromator Si (111),
a focusing mirror of Pt-coating, and a detector Dectris Pilatus 2 M (DECTRIS Ltd., Baden-Daettwil,
Switzerland). A monochromatized 0.7 Å X-ray beam was utilized with the sampler rotating 180◦

to prevent orientation effects. Rietveld refinement of the XRPD pattern was carried out using
X’PertHighScore Plus 2.2.2® (version 4.7, 2017, Malvern Panalytical Ltd., Almelo, The Netherlands) [22].
Rietveld program on HighScore suite modeled the background by Chebyshev function and the shape
of the peaks were studied using the pseudo-Voigt algorithm. Refinement was performed until close fit
between the observed and the calculated patterns. The crystal Structure of phases was plotted using
Crystal Maker software® (10.2.2, 2018, Crystal Maker Software Ltd., Wales, UK).

2.2.2. Piezoresponse Force Microscopy (PFM)

Atomic force microscopy (2016, AFM Park systems Park XE7, Albany, NY, USA) performed with
a lock-in amplifier SR865A from Stanford Research, controlled by a LABVIEW® program was used
(LabViewer2018, National Instruments, Austin, TX, USA). Pt-coated Silicon AFM tip was also used for
the experiment. The AFM was switched to contact mode for piezoelectric characterization along the
whole experiment. In the resonant PFM mode, an AFM conductive tip got in contact with the sample
under a constant pressure force. Then a potential difference between the tip and the substrate was
applied by an AC voltage at the tip-sample contact resonant frequency, causing deformation in the
surface of the sample due to the converse piezoelectric effect.

The spring constant of the cantilever was 0.26 N/m. The sample analyzed was a powder tablet of
HA compressed by two tons of pressure, with diameter 10 mm and 2 mm thickness. A lead zirconate
titanate (PZT) sample was used as a calibration reference for the PFM. The deff was measured by
varying the AC input, sweeping the voltage from zero to 2 V, with steps of 0.1 V at a fixed point



Crystals 2018, 8, 458 4 of 11

in the sample, acquiring the corresponding PFM resonant peak. The piezoresponse signal of the
probe was deconvoluted in the lock-in amplifier. The response of the signal was plotted with the
LABVIEW Program.

The PFM images were performed using the PinPoint method. This method allowed us to measure
soft and fragile surfaces of the samples without deforming the surface. This technique is based on
positioning and measuring pixel by pixel the force-distance curves, at the same time an AC voltage is
applied, and the PFM measurements are carried out during the contact following the experimental
method suggested by Kalinin et al. [23]. The procedure was performed in 256 × 256 pixel boxes.
To each of the pixels we applied a 1 V of AC voltage and a frequency of 200 kHz. This strategy allowed
us to measure and to obtain the topography, borders and ferroelectric domains of the HA.

3. Results

3.1. Structure

Concerning the structure, Figure 2a,b shows the XRD diffractograms of the PDF files for the
monoclinic and the hexagonal phases respectively.

Figure 2. Calculated powder diffraction pattern using X-ray wavelength of 0.7 Å. (a) Hexagonal
phase (space group176, P63/m) and (b) monoclinic phase (space group 14, P21/b). Crystallographic
information for (a,b) are respectively from References [24,25]. Structural models are shown in the insets.

The Rietveld refinement analyses and quantification of the phases of HA samples wereperformed
using the HighScore Suite program. The refined crystallographic parameters of hexagonal and
monoclinic are in good agreement with the references; the results are shown in Table 1. The indexes (hkl)
shown in Figure 3 correspond to the X-ray powder diffraction file (PDF+4) card number 04-016-1185
(a = 9.4214(8) Å, b = 2 Å, c = 6.8814(7) Å, and γ = 120◦), ICCD PDF4+ #04-007-5086 (a = b = 9.432 Å,
c = 6.881 Å), for monoclinic and hexagonal phases respectively. The quantification of phases by
the Rietveld method clearly shows that the powder sample analyzed is a mixture of monoclinic
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and hexagonal phases. The difference in the percentages of phases obtained between copper and
synchrotron radiation is due to the radiation source and the high-resolution detector used.

Table 1. Rietveld refinement and phase quantification of HA.

Parameter XRD Synchrotron

Rwp (%) 3.5272
Monoclinic 80.94%

a (Å) 9.3822 (2)
b (Å) 6.89224 (8)
c (Å) 18.7962 (6)

Hexagonal 19.06%
a (Å) 9.4758 (7)
b (Å) 9.4758 (7)
c (Å) 6.8919 (4)

Figure 3. (a) Room temperature XRD pattern of HA powder sample collected with λ = 0.7 Å
(synchrotron radiation); (b) Cu Kα (λ = 1.54 Å) patterns. In case of the SR data, there is a better
signal to noise ratio and a larger reciprocal space coverage which permits more reliable phase fraction
analysis from a Rietveld refinement analysis.

According to the bibliography mentioned above [10], the peaks corresponding to the monoclinic
and hexagonal phases based on the diffractogram are not clearly assigned. Through the use of
synchrotron X-ray (SXRPD) and Rietveld refinement we revealed three deconvolved peaks around
θ = 9.8, of which two correspond to the monoclinic phase (100) at 2θ = 9.873 and monoclinic (002) at
2θ = 9.856 and one corresponds to the hexagonal phase at 2θ = 9.785; peaks have not been assigned in
previous publications.

3.2. Local Piezoelectric Properties

In recent years, resonant PFM has become the widely used technique for the characterization of
local piezo-ferroelectric properties in several materials. However, some PFM artifacts can affect the
signal obtained during the PFM measurements. There are different sources of these artifacts, including
electrostatic forces and electrostriction [26,27]. Some strategies have been developed in order to identify
and avoid these artifacts in PFM. One of these strategies was reported by Yuan et al. [28]. This consisted
of comparing the first and second harmonic to obtain the electrostriction signal and the piezoelectric
contributions. In order to obtain quality PFM measurements, we required the first harmonic to be
higher than the second. Measures of the first and second harmonic are shown in Figure 4. Here we
can see that the first harmonic is certainly higher than the second, confirming, therefore, that the
signal measured was due to the piezoelectric properties of hydroxyapatite. Nonetheless, according to
Reference [29], the difference in the phases for piezo-ferroelectric materials needs to be approximately
90◦. These measurements agree with the literature recently published [29].
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Figure 4. Comparative response of the first and second harmonic for the sweep of frequencies with
a voltage of 0.7 V for (a) Monoclinic HAP and (b) Hexagonal HAP.

Synthetic apatites obtained at low temperatures display a number of characteristics including
non-stoichiometry. This fact makes an assessment of stable ionic configuration difficult. Apatites found
in bone are piezoelectric, although true apatites with space group P63/m are not [30]. In order to prove
this assumption, we prepared a hexagonal hydroxyapatite in the same conditions as those used for the
monoclinic synthesis, but the temperature used for this synthesis was 1300 Celsius to guarantee just
the hexagonal phase. This hexagonal hydroxyapatite was analyzed by piezoresponse force microscopy
to be compared with the monoclinic phase, which is piezoelectric. The monoclinic (Figure 4a) is five
times higher in amplitude for the first harmonic values than the hexagonal hydroxyapatite (Figure 4b).
The most important point is that the first harmonic for the hexagonal phase is lower than the second
one demonstrating therefore that the hexagonal phase is not piezoelectric, which is in agreement with
Reference [26]. The change in the polarization plane is determined by the phase domain difference of
90◦, whose rotation is due to the polarization vector. A more general study is observed in Figure 5,
where the first and second harmonic versus the Vac is shown. It is clear that for low Vac values,
the first harmonic is higher than the second. In contrast, for above 1 Vac the inverse behavior was
obtained. Additionally, the phase of the first and second harmonic versus the Vac was compared,
see Figure 6 (the difference of 90◦ is evident between the two harmonics [29]). Based on all these results
and on the experimental PFM measurements, clear piezoelectric properties were demonstrated for the
hydroxyapatite sample.

However, the comparison of the first and second harmonic dependson the VAC applied, as shown
in Figure 5. For this reason, we performed another test to ascertain the ferroelectricity in the
hydroxyapatite sample. Figure 6 also shows the comparison of the first and second harmonic phase.
According to Reference [31], a difference of 90 degrees confirms the existence of piezo-ferroelectric
systems samples. However, the difference for non-ferroelectric samples is yet to be found. Additionally,
some domains and domain walls were obtained by out-plane resonance piezoresponse force
microscopy. Figure 7 shows the dependence of the maximum height of the amplitude with respect to



Crystals 2018, 8, 458 7 of 11

the applied Vac voltage. The adjustment of this straight line can be standardized with the PZT, which
allows to calculate the average value of deff in the pellet of HA by sweeps of voltage and amplitude.
Additionally, some domains and domain walls were obtained by out-plane pinpoint resonance
piezoresponse for microscopy. Figure 8 shows the topography of the powder pellet compressed
up to 2T metric pressure. An isometric view is usually obtained when measuring with the Pinpoint
method, thus showing a rather large roughness due to the size of the grains. Figure 9 shows the
domains of the surface of the HA comparing two images in contrasting colors, where the borders of
the domains can be seen in the left image while clear domains are observed in the PFM phase.

Figure 5. Values for the first and second harmonic of the PFM cantilever over the surface of HA.

Figure 6. Corresponding phase values for the voltage sweeps of the first and second harmonics of the
PFM tip, where the difference of 90 degrees between the two phases can be seen.
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Figure 7. Representative voltage dependence of the amplitude of HA for H1.

Figure 8. Topography of the Hydroxyapatite obtained by Pinpoint method.Due to the soft sample,
a setpoint of 30 nN–40 nN was used in order to appreciate the shape of the grains on the surface.

There are different methods to synthesize hydroxyapatites. For instance, Bouyer et al. [32] have
synthesized nanometer size hydroxyapatites crystals prepared by a wet chemical precipitation method
at different temperatures. By using this method, they took into account the effect of different synthesis
parameters on the morphology such as the phase and the rheological properties of the colloidal
HA suspensions.

A recent contribution based on modeling using crystallographic data by Uskokovic shows the
importance of the hydroxyl ion channel, which runs directly through the center of the basal plane
of the hexagonal lattice parallel to the c-axis. This arrangement of the hydroxyl channel seems to
be responsible for the extraordinary characteristics of the hydroxyapatites [11]; it does not explain
the piezoelectricity effect, but it describes in detail the structure of hydroxyapatites. The hexagonal
space group P63/m is centrosymmetric but is not a piezoelectric group as stated by Cockbain [30].
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Our results based on experimental data using the piezoresponse in the atomic force microscopy have
proved our assumption along this contribution.

Figure 9. (a) The PFM phase and (b) the PFM amplitude of the material.

4. Conclusions

A high percentage of the monoclinic phase of HA was obtained by means of a sol-gel method
assisted by ultrasonic irradiation method. The characterization by synchrotron light showed
a percentage of monoclinic phase of 80.94% with an Rwp = 3.5, in comparison with the Cu-Kα

data. Thanks to synchrotron radiation we were able to differentiate the peak corresponding to the
monoclinic phase from the peak corresponding to the hexagonal phase, a thing that would have been
very difficult to do otherwise.

The use of PFM measurements allowed us to calculate the average piezoelectric coefficient
value deff = 10.8 pm/V, which agrees with the theoretical (d33 = 15.7 pm/V) and the experimental
(d33 = 8.7 pm/V) values reported in the literature [20]. Nonetheless, in the sample, we observed
a difference of 90◦ in the phase signals corresponding to piezo-ferroelectric behavior. This fact confirms
that the piezoelectric phase present in the sample is the monoclinic phase of HA. The pinpoint
technique is a reliable technique to measure soft materials and to obtain high quality PFM images
of domains and domain borders without using additional components from those that are already
measured in the contact mode.
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