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Abstract
Zn-substituted hydroxyapatite (ZnHA) has been studied as a biomaterial with enhanced biological activity, which is

related to its crystal structure and micromorphology. We investigated the inner contacts at the sites of Zn-substitu-
tion, crystal structure conversion behavior and variation of morphology in ZnHA. The composition of samples with
different Zn/(Zn+Ca) molar ratios (0 mol%, 1 mol%, 5 mol%, 10 mol% and 20 mol%) was characterized by means of
X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR). The morphologies of samples were ex-
amined with scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM).
The Zn2+ ion distribution was analyzed by means of X-ray photoelectron spectroscopy (XPS). From the XRD and
FTIR data, it could be observed that the crystallinity of the precipitates decreased with increasing content of Zn2+ ions,
with the formation of amorphous phase when the concentration of Zn2+ ions exceeded 10 mol%. SEM and HRTEM
results showed that the morphologies changed from nano-needle clusters to nanospheres with increasing concentra-
tion of Zn2+ ions. According to the XPS results, at low Zn concentrations (0 – 5 mol% Zn), the Zn2+ ions only occupied
the Ca(II) sites. However, with the increase in the concentration of Zn2+ ions, Zn2+ ions also gradually occupied the
Ca(I) sites. Hence, we can conclude that the change in morphology and crystal structure is affected by the Zn2+ ions
occupying the different Ca2+ ions sites.
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I. Introduction
Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is the main in-

organic component in human bones and tooth enamel. It
has been widely used for repairing and replacing damaged
parts of human bones owing to its osteoconductive prop-
erty, bioactivity, lack of irritation, chemical stability and
biocompatibility 1 – 3. As a consequence, it is a well-known
bioceramic material.

To study the effects of different elements on the proper-
ties of HA, several ionic substitutions (Fe3+, Mg2+, Zn2+,
Sr2+, CO3

2-) have been made in pure HA 4 – 8. Zn has
been proven to enhance the biological activity of HA as
a trace element 9. The concentration of Zn in human bone
is 125 – 250 ppm 10. According to Yuan’s study, the ability
of bone marrow mesenchymal stem cells (MSCs) to dif-
ferentiate into osteoblasts is quite sensitive to the physical
composition and chemical properties of materials 11. Zn-
doped apatite with a special composition and crystal struc-
ture can promote the formation of new bone by increasing
the growth rate of the osteoblasts and can also stimulate
collagen production 12, 13. Moreover, these properties are
affected by the different crystallinity and morphology of
Zn-doped HA 14, 15.

Zn2+ (0.074 nm) has a similar ion radius to that of Ca2+
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(0.1 nm) and can replace Ca2+ in HA 16. Different tech-
niques have been used to synthesize Zn-substituted HA,
e.g. electrochemical 17, microwave irradiation 18, plas-
ma spray 19, aqueous precipitation 20, and sol-gel tech-
niques 21. Owing to the simplicity, controllability and
product stability, aqueous precipitation is one of the easi-
est methods to prepare Zn-substituted HA.

The structure and properties of Zn-doped HA have been
previously studied based on Density Function Theory
(DFT) calculations 22, 23. Based on these studies, Ca(I) and
Ca(II) sites are the two kinds of Ca2+ sites in a HA lat-
tice. In a Ca(I) site, Ca2+ ions coordinate with nine oxygen
atoms to form a Ca1O9 polyhedron. In a Ca(II) site, Ca2+

ions coordinate with six oxygen atoms and one hydroxyl
group to form a Ca1O7 polyhedron. However, the influ-
ence of Zn occupying different Ca sites on the morphol-
ogy and crystal structure conversion of ZnHA has been
analyzed less with experimental methods.

In the present study, the morphology and crystal struc-
ture have been analyzed by means of XRD, FTIR, SEM,
and HRTEM. In our work, we have used the XPS method
to analyze the Zn2+ substituted sites. XPS has been used
for the first time as an experimental method in the analysis
of Zn2+ substitution. Here, we demonstrate that the mor-
phology and crystal structure of ZnHA change when Zn2+

ions occupy different Ca2+ ions sites with increasing Zn2+

content.



82 Journal of Ceramic Science and Technology —Yangyang Wang, Tao Wang Vol. 12, No. 2

II. Experimental

(1) Preparation of Zn-substituted HA powder

Stoichiometric ZnHA [(Ca+Zn)/P=1.67] powders were
synthesized by means of aqueous precipitation with dif-
ferent Zn/(Zn+Ca) molar ratios. All the chemical reagents
used in the preparation of ZnHA samples, including zinc
nitrate (Zn(NO3)2), calcium nitrate (Ca(NO3)2) and di-
ammonium hydrogen phosphate ((NH4)2HPO4) were
analytically pure. Zn(NO3)2 and Ca(NO3)2 were dis-
solved in deionized water to prepare the 0.5 M-Ca-/Zn-
containing solution, while the pH was adjusted to 10 with
ammonia solution. Then this mixed solution was poured
into a round-bottom flask. In the next step, 500 ml of 0.3 M
(NH4)2HPO4 solution was added slowly into the above-
mentioned mixed solution, the pH was kept at 10 by the
ammonia solution, and the mixed solution heated at 60 °C
for 2 h in a water-bath bed while being constantly stirred
with a Teflon stirring bar. Next, the mixed solution was
kept at room temperature for 48 hours for aging. After ag-
ing, the product was filtered and washed repeatedly with
deionized water until neutral. Finally, the product was
freeze-dried to obtain dry powders in a vacuum freeze
dryer. Zn-substituted HA powders were prepared with
different Zn/(Zn+Ca) molar ratios, i.e. 0 mol%, 1 mol%,
5 mol%, 10 mol% and 20 mol%, the synthesized pow-
ders were labeled HA, Zn1-HA, Zn5-HA Zn10-HA and
Zn20-HA, respectively.

(2) Material characterization

The phase crystallinity of the synthetic samples was char-
acterized by means of X-ray diffraction (XRD, Bruker
D8) using CuKa (40 mA, 40 kV). The 2h range is from 10°
to 80° with a scanning speed of 2.0° (2h)/min.

The chemical composition of the synthetic samples
was examined by means of Fourier transform infrared
spectroscopy (FTIR, NEXU670) with the transmittance
mode. The standard KBr pellet technique was employed.
The measurements were recorded 64 times for the spectral
range of 400 – 4 000 cm-1.

A field-emission scanning electron microscope (FESEM,
FEI Quanta 200) was used to analyze the morphology of
the synthetic samples. The powders were suspended in
ethyl alcohol with the ultrasonic method, and then de-
posited on an aluminum wafer. Owing to the poor conduc-
tivity of ZnHA, it must be coated with gold to increase its
conductivity and to obtain higher image resolution. Thus,
the surface of the samples was coated with a gold layer by
means of a gold-spraying instrument (108 Auto/SE).

The detailed morphologies of the synthetic samples were
observed with a high-resolution transmission electron mi-
croscopy (HRTEM, FEI Tecnai 20). The crystallinity of
the samples was analyzed by means of selected area elec-
tron diffraction (SAED).

The elemental composition of the synthetic powders and
the atomic binding energy were characterized by means of
X-ray photoelectron spectroscopy (XPS, PHI5000) with
monochromatic AlKa (1486.7 eV) radiation (15 kV, 25 W)
and a beam size measuring 100 μm in diameter.

III. Results and Discussion

(1) Material composition

Fig. 1 shows the XRD patterns of the synthetic ZnHA
with various Zn2+ ion concentrations. Within the com-
positions, the intensity of the XRD peaks widened, indi-
cating that the crystallinity of the synthesized ZnHA sig-
nificantly decreased with increasing concentration of the
Zn2+ ions. For the HA, Zn1-HA and Zn5-HA samples,
diffraction peaks at 2h = 25.8° and 31.9° were consistent
with the characteristic diffraction peaks of pure hydrox-
yapatite (JCPDS #00 – 009 – 0432) and kept the hexagonal
crystal structure. No other significant peaks were detec-
ted.

The lattice parameters (a, c) of synthesized samples are
shown in Table 1; they have been calculated with MDI Jade
6.5 software. The crystallite size was estimated with Scher-
rer’s equation. Compared to pure HA, the values of the
lattice parameters (a, c) decreased when Zn2+ ions substi-
tuted Ca2+ ions in the HA lattice. This is because the ion-
ic radius of Zn2+ is smaller than that of Ca2+. When Zn2+

substituted Ca2+, the cell volume became smaller. In addi-
tion, the crystallinity of ZnHA also decreased with the in-
crease in the Zn2+ ion concentration. As the concentration
of Zn2+ ions increased above 10 mol%, the amorphous
phase appeared with a characteristic halo from 25.0° to
35.0°, which was consistent with an earlier study of amor-
phous calcium phosphate (ACP) 24. That is because the
crystal structure of ZnHA changed from long-range order

Fig. 1: XRD patterns of HA with various Zn2+ ions concentrations.

Table 1: Effects of Zn-substituted concentration on the
ZnHA lattice parameters.

Sample a(nm) c(nm) Crystal-
linity (%)

HA 9.4116 6.8706 95

Zn1-HA 9.4101 6.8609 90

Zn5-HA 9.3777 6.8579 55
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to disorder without consistent crystal orientation. Thus,
no obvious diffraction peak can be detected with XRD.
Therefore, those lattices parameters could not be calculat-
ed when the Zn2+ ion concentration exceeded 10 mol%.
This implies that Zn2+ ions can stabilize the amorphous
calcium phosphate phase in aqueous solution in these con-
ditions.

Fig. 2: FTIR spectra of the synthetic ZnHA samples with different
Zn-substituted concentrations.

Fig. 2 shows the FTIR spectra of the synthetic ZnHA
samples with various Zn2+ ion concentrations. The broad
bands at 2 800 – 3 600 cm-1 and 1 631 cm-1 were ascribed
to absorbed water. The band at 2 325 cm-1 was associated
with the absorbed carbon that may come from the carbon
dioxide in the air. The bands at around 603, 725, 1039 and
1 093 cm-1 were related to the different vibrational modes
of the phosphate groups. With increasing Zn2+ ion con-
centration, the distinction between two PO4

3- stretching
peaks (565 and 603 cm-1) became obscure and they grad-
ually changed into a single peak, which was caused by the
different local electrical field between the amorphous and
crystalline phase 25. It suggests that the crystallinity of the
HA has decreased and the ACP phase has formed with in-
creasing Zn2+ fraction, which agrees with the XRD results.

(2) Morphology and crystallinity
Fig. 3 shows the size and morphologies of the synthet-

ic ZnHA samples. As shown in Fig. 3(a), the nano-nee-
dle particles were pure HA, with a length ranging from
100 – 200 nm and width of about 20 nm. As the Zn2+

ion concentration increased, the morphologies changed to
nanospheres with diameters around 50 – 100 nm, which
were inclined to agglomerate, as illustrated in Fig. 3(d).
Like the results above, this indicates that the size and mor-
phologies of the ZnHA were affected by the Zn2+ ion dop-
ing content.

Fig. 3: SEM micrographs illustrating typical particle morphology of pure and Zn-substituted HA samples (a) HA, (b) Zn5-HA, (c) Zn10-HA,
(d) Zn20-HA.
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The detailed morphologies and crystallinity of the syn-
thetic ZnHA were investigated by means of HRTEM and
SAED. It could be observed that the morphologies of
the ZnHA particles changed from nano-needle particles
to nanosphere agglomerations with increasing Zn2+ con-
tent. In Fig. 4(a), the size of HA nano-needle particles
was about 25 nm in diameter and 150 nm in length. The
size of the particles decreased, and those particles were
inclined to agglomerate significantly as the Zn2+ concen-
tration increased. The particles changed to nanospheres
with diameters measuring around 50 – 100 nm, as illus-
trated in Fig. 3(d). These HRTEM examinations of HA
nanospheres were consistent with the results of the SEM
observation. It implies that Zn2+ ions can affect the nu-
cleation and growth of HA in liquid, a similar finding to
that in Kumar’s study 26. The crystallinity of these samples
was further revealed by SAED patterns (Fig. 4, inserts).
As shown in Fig. 4(c), the observation of a halo diffraction
ring indicated the formation of amorphous phase. Accord-
ing to the diffraction pattern, the crystallinity of the HA
decreased significantly with increasing Zn2+ ion concen-
tration.

During the transformation of ACP to HA, the substitu-
tion of Zn2+ ions for Ca2+ ions obstructed the atomic re-
arrangement in HA lattice. Thus, amorphous ZnHA was
kept stable in aqueous solution.

The produced phases changed from crystalline HA to
ACP with the increasing fraction of Zn2+ ions. As de-
duced from the combination with XRD data, Zn2+ ions
inhibited the growth of the apatite crystals in a-axis and

c-axis direction. In aqueous media, ACP is formed first.
Then it is spontaneously converted to other calcium or-
thophosphates. In the next step, the calcium orthophos-
phates act as seeds or templates to facilitate apatite nucle-
ation and crystal growth. Finally, the HA is formed. For
pure HA, the crystal grows along the preferred direction.
Thus, it achieves needle-like morphology. For ZnHA, the
nucleation process of the calcium orthophosphates needs
to overcome the lattice distortion energy caused by the
different ionic radius between Zn2+ and Ca2+. So, the
ACP phase is preserved without any preferred direction.
Finally, it achieves nanosphere morphology. Therefore,
the morphologies changed from needle-like particles to
nanospheres.

(3) Zn2+ ion distribution
Fig. 5 presents the XPS general spectrum of ZnHA sam-

ples with different Zn2+ ion concentrations. The peak for
phosphorus (P 2p, P 2s), oxygen (O 1s) and calcium (Ca 2p,
Ca 2s) could be observed in Zn-substituted HA. On the
other hand, the major peak assigned to Zn 2p1 and Zn 2p3
was observed at a binding energy value of around 1044 eV
and 1022 eV, in agreement with the findings reported by
Moulder 27. With the addition of Zn2+ ions, the Zn 2p1 and
Zn 2p3 peaks increased, whereas the Ca 2p and Ca 2s peaks
decreased. These results suggest that the synthesized sam-
ples were Zn-substituted hydroxyapatite, demonstrating
that the Zn2+ ions were structurally incorporated into the
HA lattice in the place of Ca2+ ions with increasing Zn2+

ion content.

Fig. 4: TEM images and the corresponding SAED patterns of the ZnHA samples (a) HA, (b) Zn5-HA, (c) Zn10-HA.
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Fig. 5: X-ray photoelectron general spectrum of ZnHA samples.

Fig. 6 depicts the separated spectral fitting data of the
Zn 2p peak in the total XPS spectra of ZnHA with dif-
ferent Zn2+ concentrations. Based on previous research,
Ca(I) and Ca(II) sites are the two kinds of Ca2+ sites
in HA lattice 28. Ca(I) ions coordinate with nine oxygen
atoms to form a Ca1O9 polyhedron. Ca(II) ions coordi-
nate with six oxygen atoms and one hydroxyl group to
form a Ca1O7 polyhedron. According to the study by
Guo, the binding energy of Sr2+ ions occupying Ca(I)
and Ca(II) sites can be divided into two different peaks 29.
Thus, combined with the separated spectral, the lower
peaks (1021.66, 1044.80 eV) and higher peaks (1022.66,
1045.78 eV) were related to the atomic binding state of
Zn2+ ions occupying the Ca(II) sites and Ca(I) sites, re-
spectively. At low Zn concentrations (0 – 5 mol% Zn), the
Zn2+ ions only occupied the Ca(II) sites. However, when
the Zn content exceeded 10 mol%, one partial Zn2+ ion
occupied the Ca(I) sites. Moreover, at high Zn concen-
trations (10 – 20 mol% Zn), the Zn2+ ions occupied both
Ca(II) sites and Ca(I) sites. As analyzed above, the sepa-
rated fitting data of Zn 2p can be used to analyze the occu-
pying sites of Zn2+ in a HA lattice.

In combination with these analyses above, the crystal
structure and morphology of ZnHA are related to the
Zn2+ ions occupying different Ca sites. As the Zn2+ ion
concentration increases, the degree of crystallinity in the
ZnHA decreases. When the Zn2+ concentration is be-
low 5 mol%, Zn2+ ions occupy merely Ca(II) sites of
the HA lattice. ZnHA maintains a similar crystal struc-
ture and nano-needle morphology to that of pure HA.
When the Zn concentration is above 10 mol%, Zn2+

ions occupy both Ca(I) and Ca(II) sites. Moreover, as
the content of Zn2+ increases, the Zn2+ ion occupying
ratio of Ca(I) sites to Ca(II) sites increases. The amor-
phous phase appears and the morphology of HA changes
from needle-like particles to nanospheres. These results
show that the process of Zn2+ ions occupying the Ca(I)
sites promotes the formation of amorphous phase and
the change in morphology. Zn2+ ions occupy Ca(I) sites
preferentially. As a result, we can speculate that Zn2+

ions occupying Ca(I) sites play the leading role in the

Fig. 6: The separated X-ray photoelectron spectroscopy of Zn 2p
in ZnHA (a) Zn5-HA, (b) Zn10-HA, (c) Zn20-HA.

amorphous formation process and the transformation of
the morphology. In the future, we shall continue to study
the influence of Zn2+ ions occupying different Ca sites on
the physical, chemical and biological properties of ZnHA.

IV. Conclusions
Zn-substituted nano-hydroxyapatite can be obtained

with an aqueous precipitation method. With the increas-
ing Zn2+ content, the crystallinity of ZnHA decreased and
morphology of ZnHA powder changed gradually. Zn2+

ions inhibit the nucleation and growth of apatite, which
is caused by the increase in lattice distortion energy. With
low Zn addition (0 – 5 mol% Zn), ZnHA maintains the
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same crystal structure of HA and nano-needle morpholo-
gy, as Zn2+ ions occupy merely Ca(II) sites of the HA lat-
tice. With a higher Zn2+ addition (10 – 20 mol% Zn), Zn-
HA transforms into an amorphous state with nanosphere
morphology, with Zn2+ ions occupying both Ca(I) and
Ca(II) sites. As a result, the change in the morphology and
crystal structure of ZnHA can be mainly attributed to the
Zn2+ occupying Ca(I) sites in the HA lattice.
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