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Abstract. This paper presents the synthesis of cerium doped hydroxyapatite using low
concentrations of cerium (xCe = 0.01, 0.03 and 0.05) by an adapted sol-gel method.
The structural and optical properties of the obtained powders have been studied by
X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR) and
Photoluminescence (PL) measurements. The cerium ions successfully substituted the
calcium ions from the hydroxyapatite structure without inflicting any structural
alterations. With the increase of dopant concentration in the sample a decrease of the
mean particle size was observed. Also, the vibrational peak intensities decreased
while the intensity of the photoluminescence excitation bands increased in intensity
when the cerium concentration increased from xCe = 0.01 to xCe = 0.05. Taken
together, the results suggest that even low concentration of cerium influence the
properties of hydroxyapatite but do not cause any structural alterations.
Key words: cerium, hydroxyapatite, structural and optical properties.

1. INTRODUCTION

The human bone matrix is formed of an organic part consisting of collagen
fibers and an inorganic part consisting mainly of a biological mineral,
hydroxyapatite [1–2]. Understanding the structure of the natural hard tissue is the
first step in creating a synthetic replacement that could be used in orthopedic
surgeries. Doctors and researchers alike have tried to find a substitute for the
human bone due to the great number of orthopedic surgeries that involve the use of
grafts or metallic implants. In this context, the field of tissue engineering (TE) has
undergone a constant development in the last decades. Scientists involved in this
kind of research have tried to create a synthetic material that could mimic the
structure and properties of natural bone tissue, being able to facilitate the natural
regeneration process [1, 3–5]. One of the most popular biomaterial used in many
biomedical applications is hydroxyapatite (HAp). Due to its resemblance to the
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inorganic component of bone and teeth, synthetic hydroxyapatite which has the
chemical formula Ca10(OH)2(PO4)6 has already been used clinically as a coating
material for metallic implants or as a remineralization material for dental enamel
[6–8]. However, in spite of the fact that synthetic hydroxyapatite is very similar to
the natural composite material, having outstanding properties such as an excellent
bioactivity, biocompatibility and osteoconductivity [6, 9–10], it lacks the
mechanical strength needed in heavy load-bearing applications [11] and the
antibacterial properties [6, 12–14]. Therefore, scientists thought of improving the
existing properties of HAp by substituting the Ca2+ ions from its structure with
other metal ions which possess the properties that HAp requires in order to better
fulfill its role as bone replacement material. In this context, researchers have
focused on the rare earth elements, which are already being used in other fields,
being constituents of permanent magnets, rechargeable batteries and catalysts [15].
Among the rare earth elements, much attention has been paid to cerium (Ce 3+) due
to its antibacterial properties and its ability of preventing caries [6, 16–20]. Also, it
has been used as a luminophor agent in the structure of ceramic powders in order to
be used for dental applications because if the ceramic does not have fluorescent
properties, it will have a grayish appearance which is not adequate in dentistry [21–
22]. Furthermore, recent studies revealed that cerium has a beneficial effect on
primary mouse osteoblasts in vitro while cerium oxide nanoparticles have the
ability of acting as neuroprotective agents [23–25]. Moreover, it has already been
demonstrated that cerium behaves similar to calcium in the human body,
suggesting that compounds with Ce are able to stimulate the metabolism [26–28].
Due to the similar values of electronegativity and ionic radius between Ce
and Ca, the replacement of Ca2+ ions by Ce3+ ions is possible. Therefore, the
introduction of Ce ions in the lattice of HAp may improve the synthetic HAp by
adding the properties of Ce to its already existing properties.
In this paper we report the synthesis of hydroxyapatite nanopowders doped
with various concentration of cerium (xCe = 0.01, 0.03 and 0.05) by an adapted solgel method. The structural and optical properties of the obtained powders were also
reported.
The obtained powders were investigated by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR) and Photoluminescence (PL)
measurements in order to obtain information about their structure and optical
properties.
2. MATERIALS AND METHODS
2.1. SAMPLES

In this paper we report de preparation of Cerium doped hydroxyapatite (with
chemical formula Ca10-xCex(PO4)6(OH)2, [Ca + Ce]/P = 1.67) powders by an
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adapted sol-gel method. The Cerium concentration used were: xCe = 0.01, 0.03 and
0.05. In order to obtain the Ce:HAp powders, an appropriate amount of P2O5 was
added in an alcohol solution. Moreover, the Ca(NO3)2·4H2O and Ce(NO3)3·6H2O
were also dissolved in absolute ethanol. The two solutions were mixed together
under vigorous stirring for 1 day in order to obtain a gel. Afterwards, the gel was
dried at 80°C for 24 h and ground thus obtaining the cerium doped hydroxyapatite
nanopowder.
2.2. SAMPLE CHARACTERIZATION

X-Ray Diffraction (XRD). The X-ray diffraction patterns were recorded in
the 2θ range 20o–70o using a Bruker D8 Advance diffractometer, with nickel
filtered Cu K (λ = 1.5418 Å) radiation, and a high efficiency one-dimensional
detector (Lynx Eye type) operated in integration mode.
Fourier Transform Infrared Spectroscopy (FTIR). The Fourier transform
infrared spectroscopy (FTIR) studies have been performed using a Spectrum BX
Spectrometer. The powders were prepared as follows: 1% of the powder was
mixed with 99% KBr. The obtained mixture was pressed with a load of 5 tons for 2
min in order to obtain 10 mm diameter tablets. The spectrum was recorded in the
400 to 4000 cm-1 spectral region.
Photoluminescence (PL). The fluorescence emission spectra were obtained
by using a HORIBA Scientific Fluorolog-3 spectrofluorometer (model FL32iHR320 with Hamamatsu R-928 PMT).
3. RESULTS AND DISCUSSIONS

Figure 1 shows the XRD patterns of the hydroxyapatite doped with various
concentrations of cerium (xCe = 0.01, 0.03 and 0.05) (Ce:HAp) powders. From Fig.
1 we can see that the Ce:HAp samples exhibits diffraction peaks which are
assigned to the characteristic plane of pure HAp with hexagonal structure. The
diffraction patterns are in good agreement with the card (JCPDS No. 9-432).
Moreover, other peaks associated with impurities have not been observed in any of
the XRD patterns of Ce:HAp with xCe = 0.01, 0.03 and 0.05. The average crystal
size of the synthesized Ce:HAp powders was determined by (211) peak
broadening, using the Scherrer formula,
D = k/cos ,
where k is a constant chosen to be 0.9,  is the wavelength of monochromatic
X-ray beam equal to 0.15418 nm for CuK radiation,  is the full width at half
maximum (FWHM) for the diffraction peak under consideration (in radians) and 
is the diffraction angle (o). The particle size decreased when the concentration of
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cerium increased. The average crystal size of Ce:HAp with xCe = 0.01 is
25.45 ± 0.1 nm while for Ce:HAp with xCe = 0.03 and xCe = 0.05 the crystal size
(D) is 22.86 ± 0.1 nm and 18.95 ± 0.1 nm, respectively.

Fig. 1 – XRD patterns of Ce:HAp samples (xCe = 0.01, 0.03 and 0.05).

In Fig. 2 are presented the FT-IR deconvoluted spectra of cerium doped
hydroxyapatite (xCe = 0.01, 0.03 and 0.05) in 4, 3, 2 and 1 regions of PO43-. In
order to obtain a satisfactory fit (for all the samples) seven components have been
used in the spectral region of 450–700 cm-1. The main vibrational bands presented
in this region are attributed to 2 and 4 vibrations of PO43- functional group. On
the other hand, in the spectral region of 900–1200 cm-1 six components have been
used in order to obtain a satisfactory fit. The bands observed in this region
correspond to 1 and 3 vibrations of PO43- group [29].
The main band presented in the 2 region is at 470 cm-1. The bands associated
to the 4 mode are identified at 566 and 602 cm-1. The vibrational bands at around
960 cm-1 are attributed to 1 vibration of PO43- group. Also, in the FTIR spectra
were identified bands which correspond to 3 vibration of PO43- group in the
1020–1140 cm-1 spectral region [30–35].
In addition, the presence of hydroxyapatite is proved by the presence of the
band at around 630 cm-1 [30–32].
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Fig. 2 – FTIR deconvoluted spectra of Ce:HAp powders
(with xCe = 0.01, 0.03 and 0.05).

It was noticed that the increase of cerium concentration in the samples leads
to the decrease of the vibrational band intensity. It can also be observed that doping
of the hydroxyapatite with cerium ions did not cause the appearance of any other
additional vibrational bands associated with cerium or other impurities.
In Fig. 3 are presented the excitation spectra obtained for the Ce:HAp
powders (λem = 385 nm). The excitations spectra exhibit one important band at 222
nm for Ce:HAp powders with xCe = 0.01, 224 nm for Ce:HAp powders with xCe =
= 0.01 and at 226 nm for Ce:HAp powders with xCe = 0.05 respectively. This
excitation band is assigned to the 5d-4f transitions of Ce3+ ions [36].
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Fig. 3 – Excitation spectra of Ce:HAp (with xCe = 0.01, 0.03 and 0.05) powders (λem= 385 nm).

It is obvious that the intensity of the excitation band increases with the
increase of Cerium concentration in the powders [37]. Moreover, in the excitation
patterns it was observed the displacement of the excitation band with the increase
of Ce in the samples [38–39].
The results reported in this paper shown the successful substitution of Ca 2+
ions with Ce3+ ions in the hydroxyapatite structure. Moreover, the structural and
optical properties of Ce:HAp powders were influenced by Cerium concentration.

4. CONCLUSIONS

The aim of our study was to obtain and to characterize cerium doped
hydroxyapatite nanopowders with various concentration (xCe = 0.01, 0.03 and
0.05). The samples were synthesized by an adapted sol-gel method. The XRD
investigations revealed that de average crystal size varies with cerium
concentration. On the other hand, the intensity of vibrational bands decrease with
the increase of cerium concentration in the samples. Moreover, it was noticed that
the luminescence of the samples increases exponentially with the cerium
concentration.
All the results presented in this paper confirm the successful substitution of
Ca2+ ions with Ce3+ ions. Their integration in the hydroxyapatite matrix did not
lead to any structural alteration, hexagonal HAp being the only phase found.
However, the presence of the cerium ions causes the modification of the mean
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crystal size, which decreases with the increase of cerium concentration, determines
a decrease of the vibrational bands intensities in the FT-IR spectra and an increase
of the PL excitation bands. It can be concluded that cerium present in the Ce:HAp
samples alters, even at low concentrations, the properties of hydroxyapatite without
modifying its structure.
This results confirm the formation of biocompatible fluorescent hydroxyapatite with controlled nanoscale particle size and a considerable capability for
applications in various biomedical fields such as drug delivery and release or
imaging and therapy.
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