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A B S T R A C T

This present work focuses on the synthesis of cerium-doped hydroxyapatite (Ce/HAp-US) using an ultrasonic-
assisted sol-gel technique under varying concentration of Ce from 0.5% to 2.0%. The preparative method utilized
the stoichiometric molar ratio of Ca to P of 1.67 where the Ce/HAp samples were calcined at 600 °C for 2 h. The
structural properties of Ce/HAp samples were characterized by various techniques including X-ray absorption
near edge spectroscopy (XANES), X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy (FT-
IR), transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX). Results from the
XANES spectra of xCe/HAp samples at the Ce L3-edge reveal that the dominant species of cerium was Ce4+ along
with some Ce3+, which have been incorporated into the HAp lattice. Results of the EDX analysis show that the
Ca/P molar ratio of xCe/HAp decreased with an increase in Ce content. XRD analysis confirms that Ce3+ and
Ce4+ were partially incorporated into the hexagonal framework of HAp and rhombohedral structure of β-tri-
calcium phosphate (β-TCP). FT-IR measurements identified the main functional groups of Ce/HAp to be hy-
droxyl (OH−), phosphate (PO4

3 - ) and carbonate (CO3
2 - ). The morphology obtained from TEM analysis illustrates

that pure HAp-US is composed of very fine spherical particles. By incorporating Ce ions into the HAp lattice, the
presence of dense dark spots, possibly the loaded Ce species, were observed.

Introduction

Synthetic hydroxyapatite (HAp), with chemical formula of
Ca10(PO4)6(OH)2, is considered to be an essential macroporous in-
organic element found in human hard tissues that include dentine,
enamel, and bones [1]. In addition, it has a very similar crystal-
lographic and chemical structure with the bone mineral that is typically
composed of 25–75% HAp by weight with a calcium-to-phosphate
stoichiometric ratio of 1.67 [2–3]. In general, the inorganic portion of
bones are composed of crystalline HAp nanoparticles that are 20–30 nm
in width, 100 nm in length and 3–6 nm in thickness while enamel of the
teeth contains 95% HAp that are submicron in size [4]. HAp materials
are characterized by several excellent properties such as bioactivity,
osteointegrity, non-toxicity, biocompatibility, osteoinduction, osteo-
conductivity, high affinity for pathogenic microbes, satisfactory ion

exchange capability with heavy metals, selective adsorption of proteins
and organic compounds, and capacity to directly interact and form
chemical bonds with human hard tissues [5–9]. Thus, there is a wide
application of HAp in the biomedical field such as dentistry [10],
maxillofacial reconstruction [11], craniofacial augmentation [12],
tissue scaffolding materials [13], ossicular chain reconstruction in
otolaryngological surgery [14], and coating of metallic implants [15].
Moreover, HAp is also utilized in non-medical applications such as
chemical sensors in liquid chromatography columns [16], catalysts
[17], gas sensors [17], drug delivery system [18] and adsorbent in
wastewater treatment [19]. However, pure HAp polycrystals in its bulk
form, display poor bending strength, brittleness, reduced fatigue re-
sistance and low toughness [20], which prevents its utilization in me-
chanical load bearing applications. Other limitations of pure HAp in-
clude slow dissolution rate [21], chemically weak properties in acidic
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systems [22] and low antibacterial capacity [23].
Recently, the development of nano-sized HAp has attracted atten-

tion due to improved functional properties such as smaller grain size,
large surface area, better mechanical strength, enhanced surface re-
activity, bioactivity and osteoblast cell adhesion [24–25]. Most im-
portantly, these characteristics are favorable for implant-cell interac-
tion in vivo [26]. Another method that would help overcome the
disadvantages of pure HAp is through substitution of Ca2+ ion with
various metal ions such as Ag+, Al3+, K+, Ce3+, Mg2+, Zn2+, La3+,
Sr2+, Y3+ and In3+ [27–29]. Ionic substitutions affect the crystallinity,
lattice parameters, composition and morphology of HAp materials that
would lead to the improvement of properties such as chemical and
mechanical stability, cytocompatibility, solubility, bioactivity and an-
tibacterial property [30–34].

Cerium (Ce) is characterized with its partially filled electron orbital
at 4f and 5d subshells. Depending on the chemical environment, Ce
could attain valence states at +3 and +4 after it has undergone ex-
citation [35]. Ce can act in a manner similar to calcium (Ca2+), wherein
it accumulates in bones in small amount and stimulates metabolic ac-
tivity in organisms [36,37]. The Ce ion exists in two forms, Ce3+ and
Ce4+ where its unique ability to switch between oxidation states could
cause the redox-active cerium nanoceria (CeO2) to exhibit antibacterial
and antioxidant activities [38]. The reduction of CeO2 from Ce4+ to
Ce3+ occurs due to the creation of oxygen vacancies without changing
its structure. Moreover, there is a wide application of Ce in medicine
such as catheters, healing of burn wounds and dentistry [27,39,40].
Previous studies synthesized Ce-doped HAp using hydrothermal tech-
nique [41,42], Ce4+ doped HAp via sol-gel method [23,38,43] and co-
precipitation method [16], Sr/Ce-doped HAp via microwave irradiation
method [44], Ce-doped HAp/polylactic acid coating via chemical pre-
cipitation method [45] and Au/Ga-doped HAp through ultrasonic-as-
sisted precipitation method [46].

Among the numerous techniques, the sol-gel method has been
widely utilized in the synthesis of HAp nanoparticles due to its cost-
effectivity, ease of handling and application to complex shapes during
coating, requirement of lower sintering temperature, desired surface
morphology, simple to set-up and precursor mixing occurs at the mo-
lecular level that would result to excellent homogenous HAp particles
[47–49]. In addition, HAp particles prepared by the sol-gel method are
characterized by high purity and crystallinity and occurrence of less
agglomeration where the proper stoichiometry between Ca and P is
easily attainable [50–52].

Numerous industrial activities have employed the ultrasonic-as-
sisted method for the synthesis of nanomaterials. Ultrasound utilizes
acoustic cavitation effect in a medium that would result in enhanced
dissolution of reagents and improved rate of reaction between solid and
liquid reactants [53–55]. Moreover, ultrasound lowers the induction
period of crystallization, which refers to the time of formation and
growth of the critical nucleus [56]. Other advantages of ultrasound
include formation of nano-sized HAp particles that are uniform and
spherical in shape with a high crystalline fraction, high specific area
and minimal agglomeration [55]. Varadarajan et al. (2014) observed
that ultrasonication of calcium-deficient HAp can increase the degree of
nano-crystallinity characterized by its increased crystal aspect ratio and
needle-like morphology [25]. Kurtjak et al. (2017) concluded that ul-
trasonic-assisted precipitation method could provide good distribution
of nanogold and gallium-doped HAp [46].

In this study, the effect of varying Ce loading (range of molar
fractions: 0, 0.5, 1.0, 1.5, 2.0) on xCe/HAp nanoparticles prepared
using an ultrasonic-assisted sol-gel technique was investigated. The
synthesized HAp nanoparticles were characterized using X-ray absorp-
tion near edge spectroscopy (XANES), X-ray powder diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), transmission electron
microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX).
Thus, the effect on the structural properties when Ce3+ and Ce4+ ions
are incorporated into HAp was evaluated. Results would yield crucial

information for further studies in the biomedical applications of Ce-
containing HAp synthesized using the ultrasonic-assisted sol-gel
method.

Materials and methods

Materials

All chemical reagents were of analytical grade and utilized without
further purification. Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O,
99.9 wt%), di-ammonium hydrogen phosphate ((NH4)2HPO4, 99.0 wt
%), and ethanol (C2H5OH, 99.7–100%) were procured from QREC
while cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 99.0 wt%) was
purchased from Acros.

Synthesis of HAp and xCe/HAp

The HAp nano-particles with the chemical formula,
Ca1−xCex(PO4)6(OH)2, denoted as xCe/HAp were synthesized by using
a sonochemical method similar to that of Utara et al. [57]. There was no
adjustment of pH made throughout the synthesis of HAp. A pre-de-
termined mass of Ca(NO3)2·4H2O dissolved in 100mL of C2H5OH and
(NH4)HPO4 dissolved in 25mL of DI water are poured into a 500mL
beaker, where the mixture is magnetically stirred at 25 °C for 30min.
Then, Ce(NO3)3·6H2O in 25mL of DI water was slowly added into the
mixture in a drop-wise method and stirred continuously for 30min.
Then, the mixture was transferred into a 100mL Schlenk flask (dia-
meter 5.0 cm) and was irradiated using the following conditions: fre-
quency of 25 kHz, ultrasonication time of 30min, and temperature of
25 ± 1 °C. The reactor was controlled using a thermocouple probe
(Agilent U1185A; J-Type). The mixture was continuously stirred using a
hotplate at 100 °C until dry. Finally, calcination was carried out by
heating the dried samples to 600 °C at 3 °C/min where temperature of
600 °C was maintained for 2 h, which would yield the synthesized HAp
powder. Various compositions of xCe/HAp (x=0, 0.5, 1.0, 1.5 and 2.0)
without ultrasonic irradiation are denoted as HAp-nUS, 1.0Ce/HAp-
nUS, 2.0Ce/HAp-nUS while samples synthesized with ultrasonic irra-
diation are represented as HAp-US, 0.5Ce/HAp-US, 1.0Ce/HAp-US,
1.5Ce/HAp-US and 2.0Ce/HAp-US.

Characterization techniques

The spectra and valence state of Ce were analyzed using Ce L3-edge
XANES in the fluorescent mode at 25 °C using the beamline 5.2 of the
Synchrotron Light Research Institute (Thailand). Each Ce/HAp-US
sample was pressed into a frame covered by polyimide tape and
mounted onto a sample holder. The normalization of the XANES spectra
such as data fitting and background correction was carried out using the
ATHENA program and compared to the reference materials such as Ce
(NO3)3·6H2O and CeO2 as Ce3+ and Ce4+, respectively. The crystal
phase identification and purity of HAp and xCe/HAp were evaluated
using an XRD (D8 Advance Series 2, Bruker, Germany) with an accel-
erating voltage of 40 kV, current of 35mA, range of 2 θ from 20° to 60°
and Cu Kα radiation (λ=1.54184 Å). The functional group of the
prepared samples was determined using a FT-IR spectroscope
(Spectrum two-Perkin Elmer) in the range of 500–4000 cm−1. The
shape, particle size, and distribution of HAp particles were measured by
TEM (JEM-2100 Jeol) with an accelerating voltage of 200 kV where
samples were dispersed in methanol, sonicated for 10min in order for
the uniform distribution of the particles in the solution. Elemental
analysis of the weight and atomic percentages of Ca, P, O, and Ce and
Ca/P ratio were determined using EDX analysis (S-3000 N HITACHI).
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Results and discussion

XANES analysis

To determine the valence state of the Ce species in the HAp struc-
ture, the Ce L3–edge XANES spectra were investigated. Fig. 1A shows
the characteristic of XANES fingerprint for Ce(NO3)3·6H2O and CeO2. In
the white line peak of Ce(NO3)3·6H2O, a single absorption maxima at
5728.31 eV is observed that refers to the electronic transition of 2p3/
2→ (4f1) 5d. On the other hand, the CeO2 spectrum are comprised of
two peaks that are located at 5732.52 and 5739.24 eV, which are at-
tributed to the 2p3/2→ (4f1L) 5d and 2p3/2→ (4f0) 5d transitions, re-
spectively. The “L” indicates that an electron in the 2p orbital of oxygen
was transferred to the 4f orbital of a Ce atom [58] and the energy
difference between the two peaks is about 7 eV, which is similar to that
reported in the literature [59]. In Fig. 1B, the XANES spectra of Ce/
HAp-US samples showed two peaks confirming that the valence state of
Ce varied between +4 and +3, which depended mostly on the degree
of oxygen deficiency. Based from the inset of the peaks, it can be ob-
served that the intensity of the spectra of Ce/HAp-US samples slightly
decreased as the Ce loading was increased from 0.5 to 2.0% that could
be attributed to the concentration effect.

To identify the changes in the Ce oxidation state, a quantitative
analysis was carried out by curve-fitting the XANES spectra using multi-
peak Gaussian functions that was applied to the peak features [59,60].
Fig. 2 shows the deconvolution result of Ce L3-edge XANES spectra of
the 0.5Ce/HAp-US sample. It could be observed that there is the

coexistence of Ce3+ and Ce4+ states (as a Ce4+/Ce3+ redox couple).
The valence state of Ce4+ was determined to be the dominant form on
the surface of Ce-substituted HAp samples where Ce3+ readily under-
goes oxidation to form Ce4+ in the presence of oxygen during calci-
nation. The fractions of Ce3+ and Ce4+ states in the samples were
computed using Eqs. (1) and (2):

= ++ + + +[Ce ]  A(Ce )/[A(Ce )  A(Ce )]3 3 3 4 (1)

= ++ + + +[Ce ]  A(Ce )/[A(Ce )  A(Ce )]4 4 3 4 (2)

where A(Ce3+) and A(Ce4+) are the total integrated peak areas corre-
sponding to the Ce3+ and Ce4+ XANES signals, respectively [59].

Results indicate that all the Ce-substituted HAp-US samples contain
about 17–18% of Ce3+ where there is no significant difference observed
in the Ce3+content under varying Ce loading (Table 1). The occurrence
of Ce3+ in HAp samples could be attributed to the thermal reduction of
Ce4+ to Ce3+ during high calcination temperature (600 °C). The con-
version of Ce4+ into Ce3+ could be due to the electron acceptance of
Ce4+ from an adjacent oxygen anion such as PO4

3− or some other
electron contributor [61–62]. Moreover, conversion to Ce3+ is attrib-
uted to the presence of an oxygen defect or oxygen vacancy at the
surface [63]. Similar results were obtained by Li et al. (2015) where an
increase of calcination temperature in air from 400 to 600 °C caused a
gradual increase in the ratio of Ce3+/Ce4+. It can be inferred that the
calcination temperature at 600 °C played a vital role in the transfor-
mation of Ce4+ to Ce3+, which has a positive effect on the catalytic
performance over a wide temperature range [64].

Fig. 1. Normalized XANES spectra of (A) reference standard materials (B) Ce/
HAp-US samples.

Fig. 2. Curve-fitting of Ce L3 XANES spectra of 0.5Ce/HAp-US sample with
multi-peak Gaussian functions.

Table 1
Lattice parameters of xCe/HAp samples obtained from XRD analysis and per-
centage of Ce3+ obtained from XANES analysis.

Samples Lattice parameters (nm) Ce3+ (%) D (nm)

a c

HAp-nUS 0.9447 ± 0.0036 0.6895 ± 0.0006 – 63.7
HAp-US 0.9412 ± 0.0024 0.6884 ± 0.0001 – 51.6
1.0Ce/HAp-nUS 0.9435 ± 0.0075 0.6901 ± 0.0031 – 52.9
2.0Ce/HAp-nUS 0.9442 ± 0.0105 0.6926 ± 0.0004 – 63.7
0.5Ce/HAp-US 0.9451 ± 0.0042 0.6879 ± 0.0004 17.81 52.9
1.0Ce/HAp-US 0.9427 ± 0.0065 0.6913 ± 0.0022 18.21 52.9
1.5Ce/HAp-US 0.9438 ± 0.0137 0.6925 ± 0.0005 17.75 45.5
2.0Ce/HAp-US 0.9432 ± 0.0239 0.6929 ± 0.0002 18.33 63.7
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Powder XRD analysis

Fig. 3 illustrates the phase composition and lattice parameter of
HAp and xCe/HAp (under various concentration of Ce) after calcination
at 600 °C for 2 h. All xCe/HAp samples exhibited the typical hexagonal
crystalline behavior of HAp (space group P63/m) with corresponding
peaks of 2 θ at 25.8° (0 0 2), 31.8° (2 1 1), 32.9° (1 1 2), 34.1° (2 0 2),
39.8° (3 1 0), 46.7° (2 2 2) and 49.5° (2 1 3) (JCPDS No. 09-0432).

In general, the spectra collected from the Ce/HAp samples are si-
milar to those obtained from pure HAp sample. However, the addition
of Ce into HAp structure causes the peaks to shift and slightly broaden.
Moreover, the relative intensity of all diffraction peaks was observed to
slightly decrease with increasing amount of Ce in HAp. This implies a
decrease in crystallinity with increasing Ce content, which could be due
to a different charge compensation mechanism during the substitution
of Ca2+ by Ce3+ or Ce4+ [60]. In addition, this indicates that the Ce/
HAp samples are not simple composites of individual HAp and Ce
oxides. Rather, it takes the form of a HAp solid solution with Ce3+ or
Ce4+ embedded in its crystal structure. The ease of substitution of Ce3+

or Ce4+ with Ca2+ in the lattice could be attributed to the ionic radii of
Ce3+ (0.114 nm) and Ce4+ (0.097 nm), which are comparable to that of
Ca2+ (0.106 nm) [61,63]. In all xCe/HAp samples, the formation of
secondary phases such as β-tricalcium phosphate (β-TCP, Ca3(PO4)2)
were observed, which could be correlated to the peaks at 2θ=27.6°,
29.4° and 31.0° (JCPDS No. 09-0169). In addition, calcium oxide (CaO)
was detected at 2θ=38.2° (JCPDS No. 09-0169).

In a general hexagonal crystal system, the relationship between the
crystal plane index and interplanar distance (dhkl) is given by Eq. (3)
[65]:

⎜ ⎟= ⎡
⎣⎢

+ + + ⎛
⎝

⎞
⎠

⎤
⎦⎥

1
d

4(h k  hk)
3a

l
chkl

2 2

2

2

2

1/2

(3)

where h, k and l are the miller indices of the crystal plane, and a and c
are the lattice parameters. Based on Table 1, the values of “a” and “c” of
the as-synthesized HAp-nUS and HAp-US are close to those of stoi-
chiometric HAp (JCPDS Card No. 09-0432; a=0.9418 nm and
c=0.6884 nm). When Ce3+ and Ce4+ were partially incorporated into
HAp, the a and c values slightly increased due to the marginal distortion
caused by the substitution of Ce3+ and Ce4+ in the crystal lattice
structure of HAp [66]. Results confirm that cerium ions (Ce3+/ Ce4+)
were partially incorporated into the HAp lattice during synthesis.

The average crystallite size D (nm) of the sample is calculated using
the Scherrer equation:

= λ
β θ

D k
cos (4)

where λ is the wavelength of Cu Kα radiation (λ=0.15418 nm), β is
the full width at half maximum intensity value for the diffraction peak
under consideration (radian), θ is the diffraction angle of the corre-
sponding reflection (o), and k is the broadening constant varying with
crystal habit. For the quantitative determination, the peak at (0 0 2) was
selected in the calculation of the crystallite size of HAp powders due to
its adequate resolution and absence of interferences. As shown in
Table 1, it can be observed that the crystallite size of HAp-nUS
(63.7 nm) is higher than HAp-US (51.6 nm). In general, effect of ul-
trasonic irradiation leads to the lower crystallite size with the exception
of 2.0Ce/HAp-US, which displayed the largest crystallite size.

Regarding the substitution mechanism, the lattice of the HAp gen-
erally contains two Ca atoms with different crystal configurations de-
noted as Ca(1) and Ca(2). The Ca(1) atoms occupy the columnar sites
and are nine-fold coordinated. The Ca(2) atoms are located in the
channels that pass through the 3D network of the PO4

3 - tetrahedra that
are coordinated seven-fold [61]. The effective ionic radii of Ca2+ for Ca
(1) and Ca(2) are 0.118 and 0.106 nm, respectively. Moreover, the ra-
dius of Ce3+ and Ce4+ is 0.107 and 0.097 nm, respectively [62]. Pre-
vious reports have shown that foreign ions with larger radius and
smaller charge preferentially occupies the Ca(1) site while compact Ca
(2) would be substituted with foreign ions that have smaller radius and
greater charge [67,68]. In the present study, the difference in size of
ionic radii suggests that Ce4+ should predominantly favor substitution
in the Ca(2) site while Ca(1) site would be occupied preferentially by
Ce3+ since it has a larger ionic radii than Ce4+.

FT-IR analysis
In Fig. 4(a–b), the FT-IR spectra of HAp-nUS and HAp-US samples

are represented by the following peaks: 3575 and 638 cm−1 refer to the
stretching and bending of -OH group, 609 and 570 cm−1 represent the
bending mode of the phosphate (O-P-O) group, and 1099 and
1038 cm−1 refer to the asymmetrical and symmetrical stretching modes
of P-O and PO4

3− [69–71]. The weak absorption bands at 3575 and
638 cm−1 in pure HAp indicate the existence of physisorbed water
molecules.

As shown in Fig. 4(c–h), the -OH bands at 3575 cm−1 were observed
to weaken within the range from 3474 to 3486 cm−1. This is due to the
disturbance in the electrical balance in HAp caused by the substitution
of Ce3+/ Ce4+ for Ca2+, where some of the -OH were converted into
O2− in order to balance the charges [72]. The peaks located around
1302–1512 cm−1 are due to the stretching vibration of C-O of carbo-
nate (CO )3

2 - that is attributed to the dissolution of atmospheric CO2 into

Fig. 3. XRD patterns of samples: (a) HAp-nUS, (b) HAp-US (c) 1.0Ce/HAp-nUS
(d) 2.0Ce/HAp-nUS, (e) 0.5Ce/HAp-US, (f) 1.0Ce/HAp-US, (g) 1.5Ce/HAp-US
and (h) 2.0Ce/HAp-US. [* β-TCP, ΔCaO].

Fig. 4. FT-IR spectra of samples: (a) HAp-nUS, (b) HAp-US (c) 1.0Ce/HAp-nUS
(d) 2.0Ce/HAp-nUS, (e) 0.5Ce/HAp-US, (f) 1.0Ce/HAp-US, (g) 1.5Ce/HAp-US
and (h) 2.0Ce/HAp-US.
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the aqueous solution during synthesis. Moreover, CO2 from air reacts
with surface -OH ions of HAp-nUS and HAp-US samples to form CO3

2 -

and water [73–75]. The peak intensity of P-O and PO4
3− at 1099 and

1038 cm−1 was observed to diminish within the range of
1047–1090 cm−1 due to increasing Ce content, which causes variation
and weakened bonds of PO4

3− in the HAp lattice structure [72].

TEM and EDX analysis

Fig. 5 illustrates the TEM images of synthesized HAp and Ce/HAp
powder samples under various Ce compositions. Based from Fig. 5(a–b),
the morphology of HAp-nUS exhibits agglomeration of large, oval-
shaped particles while HAp-US consists of very fine spherical particles.
Ce/HAp (Fig. 5(c–e)) shows several dark spots with diameter of less
than 5 nm, which could be comprised of loaded Ce species. The nano-
particles were densely distributed on the HAp surface where the density
of dark spots increased with increasing Ce loading from 1.0 to 2.0%.
Darker spots indicated agglomeration of HAp and Ce particles resulting
from the replacement of Ca2+ with Ce4+ and Ce3+. This supports the
XRD result that Ce4+ and Ce3+ could be partially incorporated into the
HAp structure. The morphology of HAp-US and Ce/HAp-US samples
shows uniform dispersion of Ce particles onto the HAp surface, which

implies that ultrasonic radiation was effective in the synthesis of Ce/
HAp. The nano-sized HAp and distribution of Ce nanoparticles could
have a great impact on improving the mechanical properties of Ce/HAp
materials [76].

The chemical composition of HAp and xCe/HAp was analyzed using
EDX and the results are shown in Table 2. The theoretical weight per-
centages of Ca, P, O and Ce in all samples are found within the range of
26.58–36.0%, 15.44–17.65%, 34.55–39.47% and 6.64–23.25%, re-
spectively. It was determined that the measured weight percentages of
the elements are in the range of 21.21–29.65%, 11.59–16.24%,
38.80–45.61% and 5.34–21.49%, respectively. In general, the mea-
sured weight percentages of Ca, P and Ce have smaller values when
compared to the theoretical weight percentages with the exception of O
atom. It was observed that the measured oxygen weight fractions are
higher than the expected values due to the atmospheric contamination
by oxygen and water vapor. Moreover, the oxygen contamination
caused the weight fractions of Ca, P and Ce to decrease further.
Meanwhile, the percentage of Ce content increased with increasing Ce
loading while the presence of carbon can be attributed to the carbon
tape mounted onto SEM stub for the analysis. The EDX analysis shows
the presence of Ca and P atoms where the Ca/P molar ratios of HAp-
nUS and HAp-US samples were found to be 1.60 and 1.77, respectively.

Fig. 5. TEM images of (a) HAp-nUS, (b) HAp-US, (c) 1.0Ce/HAp-US (d) 1.0Ce/HAp-US and (e) 2.0Ce/HAp-US.
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When compared with the stoichiometric HAp ratio (1.67), the higher
value of Ca/P ratio of synthesized HAp-US could be attributed to the
substitution of PO4

3− by CO3
2− whereas the lower value of HAp-nUS

indicated calcium-deficient HAp [77,78]. The Ca/P molar ratios of Ce/
HAp-nUS samples were observed to be 1.68 and 1.41 for 1.0Ce/HAp-
nUS and 2.0Ce/HAp-nUS, respectively. Besides, the Ca/P molar ratios
of Ce/HAp-US samples were found to be 1.65, 1.65, 1.47 and 1.33 for
0.5Ce/HAp, 1.0Ce/HAp, 1.5Ce/HAp and 2.0Ce/HAp, respectively. This
implies that the increased deficiency in Ca2+ was due to the higher
amount of Ce3+ and Ce4+ that could have been incorporated into the
HAp lattice.

Conclusions

In the present work, nano-sized Ce/HAp particles were successfully
synthesized through an ultrasonic-assisted sol-gel technique. The sam-
ples were characterized using XANES, XRD, FT-IR, TEM and EDX. In the
synthesized xCe/HAp, XRD confirmed the formation of mixed phases of
HAp, β-TCP and CaO. Moreover, the lattice parameters were observed
to slightly increase due to the substitution of Ca2+ (0.106 nm) with
Ce3+ (0.114 nm) and Ce4+ (0.097 nm). FT-IR measurements revealed
that the partial incorporation of Ce3+ and Ce4+ into the hexagonal
framework of HAp and β-TCP caused the reduced peak intensity of
main functional groups such as OH− and PO4

3− groups. The mor-
phology of pure HAp is composed of very fine spherical particles while
xCe/HAp particles reveal many well-distributed dark spots with sizes
less than 5 nm. Moreover, the increasing of Ce loading leads to an in-
crease in the density of dark spots. Results of the EDX analysis illu-
strated that the molar ratio of Ca/P of xCe/HAp particles decreased
with increasing Ce content from 0.5% to 2.0%. In general, results show
that Ce3+ and Ce4+ coexisted in the crystal structure of HAp where the
Ce-substituted HAp samples contained Ce3+ within the range of
17–18%.
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