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Abstract

Biphasic calcium phosphate substituted cerium (BCP/Ce) is a potential material for osteoporotic bone filler. Synthesis of BCP/Ce was 

conducted by the sol-gel method. This work aimed to study the influence of cerium as a precursor on the crystal structures, surface 

properties, and agglomeration of BCP/Ce. A series of samples were prepared by various Ce percentages (0.5–16%) and a constant 

molar ratio of (Ca + Ce)/P = 1.2. A structural study by Rietveld refinement calculation confirmed that synthesis without Ce produced 

BCP that contained hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP) at a ratio of 93:7. The presence of Ce increased β-TCP 

content to 73% for the use of Ce 8%. None of Ca in the HA structure was replaced by Ce. Otherwise, Ce replaced Ca in β-TCP structure 

by isomorphic substitution at the Wyckoff site of 6a (0,0,-0.085) or Ca (4) position. As the maximum occupancy of Ca (4) = 43%, about 

17% of that was substituted by Ce for the use of 14% Ce. Ce was found in two states as Ce3+ and Ce4+ ions with Ce3+/Ce4+ ratio > 1. 

The presence of Ce on the particle surface caused a change in the particle shape, from plate-like to spherical. The particle size decreased 

to <100 nm with the increase of Ce content. The rise of Ce content in BCP decreased the luminescent property due to the increase of 

oxygen vacancies. The negative value of Zeta potential confirms that BCP/Ce surface can accommodate bone cell proliferation.
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1 Introduction
Biphasic calcium phosphate (BCP) contains hydroxyapatite 
( HA, Ca10(PO4)6(OH)2 ) and β-tricalcium phosphate ( β-TCP, 
β-Ca3(PO4)2 ) has been widely studied as a bone substitute 
material due to its high bioactivity [1–4]. HA, the most sta-
ble calcium phosphate compound in a physiological envi-
ronment is combined with β-TCP that can be dissolved by 
osteoclast cell activity [5, 6]. The ions released from β-TCP 
dissolution can be used to form a new bone structure [7], 
whereas HA acts as a template [8, 9]. The combination of 
HA and β-TCP can overcome the mechanical strength gap 
between the host and implant, especially in cases of low 
bone density treatment such as osteoporotic bone [10–13].

Substituting ions into BCP structure for various purposes 
has been extensively studied, such as substituting Ca2+ with 
Eu3+ to generate a luminescent property, Mg2+ to improve 
calcium phosphate nucleation on the BCP surface, Mn2+ to 
increase BCP's density, and Fe3+ to improve BCP's biolog-
ical behaviors and generate magnetic properties  [14–17]. 
On the other hand, cerium oxide ( CeO2 ) has been studied 
as a potential material for the therapy of diseases caused by 
a high level of reactive oxygen species (ROS), such as oste-
oporosis, due to its antioxidant properties [18]. Cerium has 
two oxidation states, 3+ (Ce3+ ion) and 4+ (Ce4+ ion), with a 
subsequent low Ce3+/Ce4+ reduction potential (~1.52 V) that 
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allows the interchange of Ce3+ and Ce4+ state as a regen-
erative process in a high ROS environment. Combining 
with Ce, BCP may be applied as a bone substitute mate-
rial with a regenerative antioxidant property. The spheri-
cal shape of BCP/Ce particles is beneficial when used as a 
powder component of injectable calcium phosphate cement 
(CPC) [19, 20]. Since a change in the atomic arrangement 
will affect the material properties, BCP with Ce (BCP/Ce) 
should be modified to sustain the BCP structure. Oxygen 
vacancies due to the charge difference of Ca and Ce will 
produce catalytic reaction spots, a site where the reduction 
of ROS level may proceed [21, 22]. 

Literature studies have collected several facts, includ-
ing substituting 5% Ce into hydroxyapatite (HA) struc-
ture produced HA/Ce with a Ce3+/Ce4+ ratio of 1.81. 
That ratio decreased to 0.48 after HA/Ce was exposed 
to ROS, indicating that Ce in the HA structure can gen-
erate antioxidant properties  [23]. The HA/Ce properties 
are depended on the synthesis method. Hydrothermal [24] 
and coprecipitation  [25] methods produced HA/Ce par-
ticles with a shape and size that were not supported the 
proposed property  [24], and only a small amount of Ce 
(XCe = 0.05) was substituted into the HA structure  [25]. 
Nandha Kumar  et  al.  [26] have reported research on Ce 
addition while synthesizing β-TCP with a simple deposi-
tion method. Besides, up to 100% addition, only 0.23% of 
Ca in the β-TCP structure was substituted by Ce. The reac-
tion tended to produce CeO2 instead of β-TCP/Ce. 

The Ca2+, Ce3+, and Ce4+ have ionic radii of 0.106, 0.114, 
and 0.097 nm, respectively [27], and the electronegativity of 
Ca and Ce are 1.00 and 1.12, respectively. These facts make 
the substitution of Ca in the BCP structure with Ce theoreti-
cally possible. However, the crystal lattice of HA and β-TCP 
are hexagonal with Hermann-Mauguin symmetry space 
group (H-MSSG) of P63/m (COD-1011242) and rhombohe-
dral with H-MSSG of R 3 c (COD-1517238), respectively. 
Meanwhile, CeO2 is fluorite cubic with H-MSSG of F m -3 
m (COD-4343161) [28, 29]. The difference in crystal lattice 
and space group needs a proper synthesis method to gen-
erate isomorphic substitution. Due to the charge difference, 
substituting Ca2+ with Ce3+ and Ce4+ may cause a  change 
in the chemical and surface properties of BCP [30]. 

In this work, BCP/Ce synthesis as a potential osteopo-
rotic bone filler was carried out by the sol-gel method. Based 
on the previous work [31], the molar ratio of (Ca + Ce)/P 
was kept constant at 1.2 due to the hope that the composi-
tion of resulted BCP contains more β-TCP than HA. A slow 
reaction process, low drying temperature, and relatively 

low firing temperature supported by the similarity of Ce3+ 
and Ca2+ properties would allow a maximum isomorphic 
substitution. According to the importance of surface mor-
phology in bone tissue engineering, cetyltrimethylammo-
nium bromide (CTAB) surfactant was used as a morpholo-
gy-directing agent. Shiba et al. [32] found that the present 
of CTAB affects the morphology of HA due to HA crys-
tal nucleation occurred on the surface of CTAB micelles 
with the interaction sequence CTA+–PO4

3––Ca2+. Cationic 
N from CTAB interacts with Ca2+ ions in the a plane of 
HA crystals, and interacts with OH– or PO4

3– in the c plane 
of HA crystals produced rod-like shape particles. First, 
the influence of cerium on the vibrational energy of the 
phosphate group was analysed by FTIR. Then, the crystal 
structure of BCP/Ce was obtained by X-ray diffractome-
ter and the Rietveld refinement method was performed by 
MAUD software. Lastly, the change in some properties, 
i.e. luminescent, morphology, and zeta potential, due to 
the presence of Ce were studied.

2 Experimental
2.1 Preparation of BCP/Ce Powder
Synthesis of BCP/Ce was conducted by sol-gel method. 
About 6.804 g (50 mmol) of KH2PO4 (Merck, 1.37039.1000) 
and 0.0164  g (0.045  mM) of CTAB (Sigma Aldrich, 
A6284.0100) was dissolved in double distilled water to pro-
duce 50 ml of solution I. The weight of CTAB was adjusted 
to its critical micelle concentration of 0.9 mM. In another 
glass flask, a certain amount of Ca(NO3)2 · 4H2O (Merck, 
1.02121.0500) and Ce(NO3)3 · 6H2O (Merck, 1.02271.0100) 
were dissolved in double distilled water that contained 
0.0164 g (0.045 mM) CTAB to produce 50 ml of solution II. 
The concentration of Ca2+ + Ce3+ in solution II was main-
tained constant for all synthesis, whereas the concentration 
of Ce3+ (% molar to Ca2+, then written as Ce) was varied to 
yield ten different compositions. The precursors' concen-
tration, along with their sample codes for all ten composi-
tions, is presented in Table 1, and the same codes are used 
throughout the paper. 

The reaction was conducted by slowly adding solution I 
into solution  II with gentle stirring at room temperature 
(25 °C). The solution was added with NH4OH 32% (Merck, 
1.05426.2500) to adjust pH > 9. Stirring was continued for 
1 hour, and then the mixture aged 48 hours. The formed 
precipitate was washed with double distilled water until the 
washing filtrate was neutral, dried in an electric oven at 
40 °C for 48 hours, and then continued by firing in the elec-
tric furnace at 800 °C for 30 minutes in an air atmosphere. 
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2.2 Characterization
The crystal structure was characterized by an X-Ray 
Diffractometer (XRD) (Shimadzu type XRD-6000) 
equipped with monochromatic Cu Kα radiation oper-
ated at  40  kW (λ  =  1.54  Å) and scanned in the range 
of 3°  ≤  2θ  ≤  80° with a scan speed of 3°/minute 
(a  scan step degree of 0.02°). The MAUD 2.94 soft-
ware by Lutterotti  et  al.  [33] was used to perform 
quantitative phase analysis through Rietveld refine-
ment. The standard Crystallography Information File 
(CIF) for HA (COD-1011242), β-TCP (COD-1517238), 
and CePO4(COD-1538086) were obtained from the 
Crystallography Open Database (COD) website [34–36]. 
The space group numbers for HA and CePO4 are 176 and 
14, respectively. While the space group number of β-TCP 
is 161 with 18 independent atomic positions: 5 Ca posi-
tions (3 in site 18b and 2 in site 6a at one-half occupancy), 
3 P positions (2 in site 18b and 1 in site 6a), and 10 O posi-
tions (9 in site 18b and 1 in site 6a). 

The structure refinement sequence was elaborated as 
follows. The entire phase's structural parameters were 
opened to fit the peak position in the first step. Second, 
the peak height for each phase was optimized from the 
grain texture and Ce substitution for Ca in β-TCP. Third, 
all crystallite sizes were opened for peak width refine-
ment. Lastly, these three steps were repeated to obtain 
more precise values. Every calculation had a maximum of 
50 iterations with a fourth-grade polynomial background, 
and phase composition parameters were free released. 
The crystal structure was visualized by Vesta software.

The functional groups of synthesized products were 
identified with Fourier Transform-Infrared (FT-IR) spectro-
photometer (Shimadzu Prestige 21) through a KBr pellets 

method at a wavenumber range of 400–4000 cm−1. X-ray 
photoelectron spectroscopy (XPS) was measured with 
Thermo VG Scientific (UK) Multilab 2000 spectrometer. 
Surface morphology and element distribution were observed 
by Scanning Electron Microscope (SEM) (Hitachi type 
SU3500) with a Secondary Electron and Energy Dispersive 
X-ray (EDX) detector. All samples were coated with gold 
in  a thickness of 1 nm by using Hitachi MC1000 sputter 
ion. The particle shape was observed with Transmission 
Electron Microscope (TEM) (JEOL type JEM-1400) using 
ethanol as a dispersant. The luminescent property was ana-
lyzed with Fluorescence Spectrometer (FS) (Hitachi F-2700 
FL Spectrophotometer), by emitter at λ  =  250  nm. Zeta 
potential measurement was carried out with the Zetasizer 
Nano (Malvern type ZEN 5600). Measurements were con-
ducted at room temperature and pH 7. The samples were 
prepared by diluting in 1% tween 80  (v/v) solution and 
homogenized in an ultrasonic chamber.

3 Results and discussion
3.1 FT-IR analysis
FT-IR spectra of BCP/Ce0 - BCP/Ce12 are shown in Fig. 1. 
Meanwhile, the spectra of BCP/Ce14 - BCP/Ce16 were not 
presented due to the similarity pattern with BCP/Ce12. 
For BCP/Ce0, the specific vibrational energy of phosphate 
groups appears as sharp peaks at 1095 and 1033 cm−1, which 
is attributed to v3 asymmetric bending P-O. At 972 cm−1, 
it  is confirmed as v1 stretching P-O [37]. Bending vibra-
tion (v4) O-P-O appears at 601 and 570  cm−1  [27,  38]. 
A  broad peak at 3441  cm−1 indicates the presence of the 
hydroxyl group or entrapped water. A peak reinforces this 
peak at 1643 cm−1, which belongs to the bending vibration 
energy of H2O [26]. The presence of Ce in the product influ-
ences the PO4

3− group environment so that the vibrational 

Table 1 Sample code and reactants composition*

Sample Code Ca(NO3)2 · 4H2O (g) Ce(NO3)3 · 6H2O (g) [Ce] (%)

BCP/Ce0 14.169 - 0

BCP/Ce0.5 14.098 0.130 0.5

BCP/Ce1 14.027 0.261 1

BCP/Ce2 13.885 0.521 2

BCP/Ce4 13.602 1.042 4

BCP/Ce8 13.035 2.084 8

BCP/Ce10 12.752 2.605 10

BCP/Ce12 12.469 3.126 12

BCP/Ce14 12.185 3.647 14

BCP/Ce16 11.902 4.169 16
* KH2PO4 was kept constant at 6.804 g and 
Ce concentration = Ce / (Ca + Ce) × 100%)

Fig. 1 FTIR spectra of BCP/Ce0 - BCP/Ce12 samples
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energy of PO4
3− slightly changes. The v3 asymmetric bend-

ing P-O shifts from 1033 cm−1 to 1049 cm−1, and the peak 
of v1 stretching P-O shifts from 972 to 976 cm−1 for BCP/
Ce4 - BCP/Ce12 [37]. The peak of v4 bending O-P-O shifts 
from 570 to 555 cm−1 for BCP/Ce4 - BCP/Ce12. The Ce-O 
stretching vibrations should appear at 2930 and 2840 cm−1, 
but this study's intensity is too small. Ce-O-Ce vibrations 
between 1180 and 1054 cm−1 overlapped with the asymmet-
ric bending P-O peak [39].

3.2 XRD analysis
Fig.  2 shows the diffractogram patterns of all products. 
The patterns show that at low Ce concentrations, peaks 
similar to the specific peaks of HA (JCPDS no. 090432) 
and β-TCP (JCPDS no. 090169) appear. Meanwhile, 
at  high Ce concentrations, apart from HA and β-TCP 
peaks, CePO4 peaks also appeared (JCPDS no. 32199). 
Due to the electron density of CePO4 , the diffractogram 
displayed CePO4 peaks with high intensity compared to 
the peaks of HA and β-TCP [26].

Quantitative information was acquired through refin-
ing XRD data using MAUD software to study the prod-
ucts' phase, composition, cell parameters, and crystallite 
size. The refinement of BCP/Ce0.5 and BCP/Ce10 can be 
seen in Fig.  3. The refinement for BCP/Ce0.5 yielded χ2 
(goodness of fit parameter) = 1.33 and Rw (residual fac-
tors) = 15.14%. The value of Rw, which is higher than the 
ideal calculation (<15%), also occurs in BCP/Ce0 (Table 2). 

This phenomenon was noted by Bohner et al. [30], stating 
that the Rietveld refinement using published XRD β-TCP 
data often resulted in a mismatch. It can happen due to the 
crystal structure with a lower group space than R3c or the 
presence of superlattice (a longer-range order).

Synthesis without Ce (BCP/Ce0) produced HA as 
the major product, in which the HA: β-TCP ratio was 
counted at 93:7 (Fig. 4 (a)). This result differs from previ-
ous research [31], in which the same condition produced 
β-TCP as the major product. This may be due to the pres-
ence of CTAB in the synthesis process. The cation CTA+ 
in CTAB micelles acted as a nucleation site for HA crys-
tal  [32]. The HA crystal grew as the sample was heated 
at 800  °C for 30  minutes. It is known that HA crystal 
begins to form at 600  °C  [40]. In the BCP/Ce0 sample, 
HA has cell parameters a = 9.435 Å, c = 6.882 Å, and lat-
tice volume = 531 Å3. Whereas β-TCP has cell parameters 
a = 10.489 Å, c = 37.268 Å, and lattice volume = 3551 Å3 
(Table 2). The β-TCP cell parameter is greater than COD-
1517238 data and similar to the analysis result with a 
high-resolution neutron powder diffraction [41].

The fit of diffractogram peaks at low Ce content (BCP/
Ce0.5 - BCP/Ce8) showed that the products contain HA and 
β-TCP, while at high Ce content (BCP/Ce10 - BCP/Ce16), 
the products contain HA, β-TCP and CePO4 (Fig.  4  (a)). 
The addition of Ce significantly increases the β-TCP con-
tent, in which by the addition of 0.5% Ce (BCP/Ce0.5), 
the ratios of HA: β-TCP changed to 65:35. The maximum 
percentage of β-TCP was obtained in BCP/Ce8 (73%). 
The CePO4 concentration is higher as the concentration of 
Ce in the reactants increases.

For all Ce concentrations, no Ca in the HA structure was 
found to be substituted by Ce. Therefore, the lattice crys-
tal parameters of HA are relatively identical. However, dif-
ferent phenomena happened to β-TCP crystals. Among the 
five positions of Ca in the β-TCP crystal, Ce tends to replace 
Ca (4) position in Wyckoff site 6a or coordinate (0,0,-0.085) 
(Fig. 5) due to its lower occupancy factor (0.43), higher iso-
tropic thermal parameter, and lower bond valence than the 
other Ca position [41]. The same phenomenon happened to 
Mg substituted BCP, in which Mg2+ ions tend to incorporate 
into whitlockite rather than HA  [4]. The Rietveld refine-
ment showed that the substitution starts to be detected at 
synthesis using 8% Ce (BCP/Ce8) (Fig. 4 (b)). As the Ce 
concentration increase, the occupancy of Ce at the Ca (4) 
tends to increase as well. As the maximum occupancy of 
Ca at Ca (4) is 43%, about 17% of that can be replaced by 
Ce for BCP/Ce14 sample. This value is much greater than 

Fig. 2 Diffractogram patterns of BCP/Ce compared to standard HA, 
β-TCP, and CePO4
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Table 2 Rietveld refinement result by using MAUD

Sample
HA β-TCP CePO4

Rietveld 
agreement factors

a (Å) c (Å) Lattice 
volume (Å3) a (Å) c (Å) Lattice 

volume (Å3) a (Å) b (Å) c (Å) β (°) Lattice 
volume (Å3) χ2 Rw (%)

BCP/Ce0 9.439 6.883 531 10.475 37.261 3541 - - - - - 1.40 17.25

BCP/Ce0.5 9.430 6.881 530 10.454 37.401 3540 - - - - - 1.33 15.14

BCP/Ce1 9.430 6.884 530 10.459 37.414 3544 - - - - - 1.29 14.16

BCP/Ce2 9.430 6.884 530 10.465 37.451 3552 - - - - - 1.20 13.36

BCP/Ce4 9.430 6.885 530 10.474 37.485 3561 - - - - - 1.18 13.01

BCP/Ce8 9.428 6.885 530 10.482 37.520 3570 - - - - - 1.21 12.50

BCP/Ce10 9.439 6.890 532 10.493 37.553 3581 6.777 6.980 6.448 103.32 297 1.23 13.25

BCP/Ce12 9.436 6.890 531 10.487 37.548 3576 6.769 6.978 6.442 103.35 296 1.20 12.49

BCP/Ce14 9.439 6.885 531 10.488 37.536 3576 6.770 6.977 6.445 103.28 296 1.28 13.17

BCP/Ce16 9.440 6.888 532 10.491 37.536 3578 6.769 6.982 6.444 103.28 296 1.31 13.19

Fig. 3 Rietveld refinement by using MAUD for BCP/Ce0.5: before the refinement (a), after the refinement (b); and for BCP/Ce10: before the 
refinement (c), after the refinement (d)

(a) (b)

(c) (d)
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(a)

(b)

(c)

Fig. 4 Product's composition (a), the substitution of Ce into Ca (4) 
position (b), and crystallite size (c)

(a) (b)

Fig. 5 Lattice crystal of β-TCP (a) and BCP/Ce (b) (P = purple cirle, 
O = red circle, Ca = blue circle, Ce = green circle)

the amount of Ce substituted into the β-TCP structure 
in the study of Nandha Kumar et al. [26], which only suc-
ceeded in replacing Ca with Ce as much as 0.23%.

The presence of Ce slightly changes the lattice param-
eters a and c and the lattice volume of β-TCP due to the 
slight difference in ionic radii  [42] (Table  2). For the Ce 
concentration of 0.5–32%, the size of a = 10.454–10.493 Å, 
c = 37.401–37.553 Å and lattice volume = 3540–3581 Å3. 
The BCP/Ce10 sample produced the largest lattice vol-
ume. The lattice volume is related to biocompatibility. 
The larger the crystal lattice, the lower the density, mak-
ing it easier to degrade. The small difference in the crystal 
lattice parameters of β-TCP proves that the substitution of 
Ce into the β-TCP structure is isomorphic. The crystallite 
size of β-TCP fluctuates to the Ce concentration, which is 
66–162 nm. Ce allowed β-TCP crystal to grow until 162 nm 
at BCP/Ce1. Crystallite size β-TCP < 100 nm was obtained 
in BCP/Ce10 - BCP/Ce16 samples. It can be said that syn-
thesis produced a non-uniform trend for β-TCP with 
change in doping concentration. The crystallite size of HA 
and CePO4 is almost the same for all samples (Fig. 4 (c)). 

3.3 XPS analysis
XPS analysis was performed to study the chemical change 
and Ce oxidation state on the product surface due to the 
Ce content (Fig. 6 (a)). The binding energy of O 1s, Ca 2p, 
and P 2p for BCP/Ce0, BCP/Ce4, and BCP/Ce10. The XPS 
spectra show that the photoemission of O 1s, Ca 2p, and P 
2p for the three samples have the same binding energy value. 
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Fitted curves of the BCP/Ce0 sample are shown in Fig. 6 (b). 
The  asymmetric peak of O 1s photoemission is indicated 
by the O-P (531.2 eV) and O-Ca (532.2 eV) [43]. Doublet 
peaks of Ca 2p photoemission are displayed at 350.9 eV and 
347.4 eV, confirming Ca 2p1/2 and Ca 2p3/2 orbitals. The sym-
metric peak of Ca 2p photoemission at 133.4 eV is indicated 
the binding energy of the PO4 tetrahedron  [26]. The same 
binding energy of O 1s, Ca 2p, and P 2p for BCP/Ce0, BCP/
Ce4, and BCP/Ce10 indicates the substitution of Ca with Ce 
in the β-TCP structure occurs isomorphically. For BCP/Ce4 
and BCP/Ce10 samples, specific peaks of Ce 3d are seen at 
the binding energy of 875.0–922.0 eV. The intensity of Ce 
3d peaks of the BCP/Ce10 sample is higher than BCP/Ce4's 
following the Ce content in BCP/Ce. 

The deconvolution of Ce 3d peaks is shown in Fig.  7. 
For BCP/Ce4, 9 peaks are identified, in which 5 peaks (u, v", 
u", v", u''') belong to Ce4+ and 4 peaks (v°, u°, v', u') belong 
to Ce3+ (Table 3). The main characteristic peaks for Ce4+ 3d5/2 
(u") and Ce4+ 3d3/2 (v") appear at binding energy of 917.4 and 
898.2 eV. Whereas the characteristic peaks for Ce3+ 3d3/2 (u°) 
and Ce3+ 3d5/2 (v°) appear at binding energies of 900.0 and 

881.8 eV. For BCP/Ce10, 10 peaks are identified, 6 peaks 
(v, u, v", u", v''', u''') are confirmed as Ce4+ and 4 peaks (v°, 
u°, v', u') are confirmed as Ce3+. The  Ce4+ 3d5/2 (u''') and 
Ce4+ 3d3/2 (v''') peaks appear at binding energy of 917.5 and 
897.4 eV, meanwhile Ce3+ 3d3/2 (u°) and Ce3+ 3d5/2 (v°) peaks 
appear at binding energy of 900.2 and 881.8 eV. This bind-
ing energy value is similar to previous studies [23, 26, 44]. 
The peak intensity ratio of Ce3+/Ce4+ was calculated from the 
ratio of area under peak Ce3+ 3d5/2 (v°) and Ce4+ 3d5/2 (u'''). 
For BCP/Ce4 and BCP/Ce10 samples, the ratio of Ce3+/Ce4+ 
was counted as 2.49 and 2.15, respectively. This means that 
BCP/Ce surface can act as a regenerative antioxidant.

3.4 SEM-EDS analysis
Analysis with SEM at a magnification of 50,000  times 
shows a significant difference in particle morphology 
for BCP/Ce0 and BCP/Ce4-BCP/Ce12 (Fig. 8). BCP/Ce0 
contains plate-like shape particles with a dimension of 
<100 nm width and about 50–300 nm length. For the BCP/
Ce4, spherical particles have a 150–300 nm diameter, but 
plate-like particles with a size of <100  nm also appear. 

Fig. 6 XPS spectra of BCP/Ce0, BCP/Ce4, and BCP/Ce10 (a) and fitted curves of BCP/Ce0 (b)

(a)

(b)
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The  number of plate-like particles decreases as the Ce 
concentration of reactant increases to 8% at the BCP/Ce8. 
The image of the BCP/Ce10 is dominated by spherical par-
ticles with a diameter of <100 nm. Particles with the most 
uniform shape and size were found in the BCP/Ce12.

The uniform particle formation was driven by the strong 
interaction of Ca2+ ions with cationic N of CTAB mole-
cules. The effective nucleation occurred on the surface 
of the CTAB micelles. Then the particles grew between 
the micelles. CTAB has acted as a morphology-directing 
agent in previous research [32]. SEM image of BCP/Ce4 - 
BCP/Ce12 showed that Ce's presence in  β-TCP struc-
ture caused a change in particle shape from plate-like to 
spherical, with particle size inversely proportional to Ce 
content. The number of plate-like particles decreases as 
the Ce concentration increase. Particles of BCP/Ce10 are 
detected to have the smallest diameter of <100 nm, while 
the refinement resulted in an average crystallite size of 
113.26 nm. The change of the particle shape from plate-like 

to spherical indicates that Ce3+ and Ce4+ ions tend to be 
on the lattice surface [45]. Ce3+ ions have a slightly larger 
diameter (0.107 nm) than Ca2+ ions (0.100 nm) [21], so dis-
tortion occurs to the particle surface, and the particle size 
becomes smaller as the Ce content increases. 

Analysis of element composition on synthesized BCP/
Ce surfaces was conducted with EDS, and the result is pre-
sented in Fig.  9. Ca substitution with Ce into the β-TCP 
structure causes a change in surface element composition. 
The O concentration tends to increase at BCP/Ce4 and BCP/
Ce8 and then falls below the O concentration on β-TCP for 
BCP/Ce10 and BCP/Ce12. The Ca concentration decreases 
for BCP/Ce4, BCP/Ce8, and BCP/Ce10 due to Ce's pres-
ence. The P concentration relatively does not change for all 
samples. The Ce concentration in the synthesized BCP/Ce 
surface increased with the increase in the reactant solution.

The Ca/P and (Ca + Ce)/P ratio of synthesized BCP/Ce 
can be seen in Table 4. BCP/Ce0 has a Ca/P molar ratio 
of 1.68, close to the HA molar ratio of 1.67. The presence 
of Ce reduces the Ca/P ratio, but the (Ca + Ce)/P ratio is 
still close to the HA molar ratio. This indicates that Ce is 
mainly found on the surface. Different data were shown 
by BCP/Ce12 samples where the ratio of Ca/P and ratio 
(Ca + Ce)/P > of the molar ratio of HA, which indicates that 
at higher Ce, Ca and Ce are more exposed to the surface. 

Element mapping on the surface of the BCP/Ce4 and 
BCP/Ce10 can be seen in Fig. 10. Consistent with EDS data, 
on BCP/Ce surface, Ca element (red dots), P element (blue 
dots), and Ce element (yellow dots) are evenly distributed 
on the surface. O element (green dots) looks unevenly dis-
tributed with the increase of Ce content. Ca Substitution 
with Ce in the β-TCP structure caused a change in surface 
element composition. Element mapping indicates that Ce 

Table 3 The binding energy of Ce 3d for BCP/Ce4 and BCP/Ce10

Peak
Binding Energy (eV)

BCP/Ce4 BCP/Ce10

V - 883.2

U 901.3 901.7

v" 886.5 887.5

u" 906.8 905.4

v''' 898.2 897.4

u''' 917.4 917.5

v° 881.8 881.8

u° 900.0 900.2

v' 885.4 885.7

u' 904.0 903.9

(a) (b)

Fig. 7 The fitted curve of Ce 3d for BCP/Ce4 (a) and BCP/Ce10 (b)
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was distributed evenly on the BCP/Ce surface. The sub-
stitution of Ca2+ ions with Ce3+ and Ce4+ ions was com-
pensated with oxygen vacancies. This is confirmed by 

mapping the oxygen element showing an uneven surface 
as the Ce concentration increased. The rough surface may 
act as a catalyst site where the oxidation-reduction reaction 
occurs [21]. This data indicated that BCP/Ce has an attrac-
tive surface reactivity. The Ca2+ ions were replaced by Ce3+ 
and Ce4+ ions at the lower Ce concentration. In contrast, 
the excess Ce tends to form CePO4 rather than substitute 
as much Ca is available at the higher Ce concentration. 
The EDS data showed that the Ce content on the BCP/
Ce10 surface was 2.92%, while the measurement with 
XPS counted 3.28 ± 0.18%.

3.5 TEM analysis
Further morphology analysis with TEM gave a consis-
tent result with SEM analysis. The SAED pattern indi-
cated that BCP/Ce0 particles have high crystallinity. 
BCP/Ce4 has a more apparent SAED pattern than BCP/
Ce10, or the crystallinity of BCP/Ce4 is greater than 
BCP/Ce10. The surface distortion changed ions arrange-
ment leading to a decrease in crystallinity, as confirmed 
by the SAED pattern (Fig.  11). For biomaterial applica-
tions, low crystallinity supports biocompatibility due to 
the increase of bio-resorption property  [46]. The spher-
ical shape of BCP/Ce particles is beneficial when used 
as a powder component of injectable calcium phosphate 
cement (CPC) [19, 20]. The spherical shape may produce 

Table 4 Ce content, Ca/P ratio, and (Ca + Ce)/P ratio on the sample surface

Sample [Ce] (%) Ca/P Ratio (Ca + Ce)/P Ratio

BCP/Ce0 0.00 1.68 1.68

BCP/Ce4 0.79 1.61 1.66

BCP/Ce8 1.35 1.54 1.64

BCP/Ce10 2.92 1.45 1.64

BCP/Ce12 3.45 1.70 1.92

Fig. 8 SEM image of BCP/Ce0 (a), BCP/Ce4 (b), BCP/Ce8 (c), BCP/Ce10 (d), and BCP/Ce12 (e)

(a) (b) (c)

(d) (e)

Fig. 9 Element composition on the product surface
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(a)

(b)

Fig. 10 Element mapping on BCP/Ce4 (a) and BCP/Ce10 (b) surface

(a) (b) (c)

Fig. 11 TEM image and SAED pattern of BCP/Ce0 (a), BCP/Ce4 (b), and BCP/Ce10 (c)

smaller friction between particle-particle and particle-sy-
ringe walls so that the viscosity of CPC paste becomes 
lower. The particle size of BCP/Ce10 may support its 

biocompatibility because minerals in human bones have 
dimensions of 40  nm in length, 10  nm in width, and 
1–3 nm in thickness [47].
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3.6 SF analysis
The photoluminescent test was carried out for BCP/
Ce4 and BCP/Ce10 using an emitter at λ  =  250  nm. 
Peaks that are specific to Ce's emission have appeared 
at λmax of 330–400  nm (near UV region) (Fig.  12  (a)). 
The emission of light's wavelength depends on the emit-
ter's wavelength  [22]. Peak deconvolution can be seen 
in Fig. 12  (b),  (c), in which, for both samples, deconvo-
lution produced four peaks. For the BCP/Ce4, the four 
peaks appear at λmax at 336.3, 345.5, 366.8, and 388.5 nm. 
Whereas for the BCP/Ce10, λmax appears at 336.3, 345.8, 
368.4, and 397.6 nm. These results are almost the same as 
the emission phenomena of HA/Ce  [25], and Ce substi-
tuted calcium pyrophosphate (CPP/Ce) [48]. 

Emitter light causes electrons Ce3+ ions to be excited 
from 4f orbitals to 5d orbitals. Then unstable condition 
in 5d orbitals drives the electrons to recombine to initial 
orbitals by emitting light in the near UV region. The inten-
sity of emission light is not proportional to the Ce con-
tent. The BCP/Ce4 exhibits the highest luminescent inten-
sity. This happens since Ce's substituting Ca ions into the 
β-TCP structure generates oxygen vacancies or crystal 
defects  [22]. As a result, when the electrons are excited 
to 5d orbitals, some are trapped in oxygen vacancies or 
crystal defects and do not experience direct recombination 
to the 4f orbitals. The higher the Ce3+ ions concentration, 
the more oxygen vacancies or crystal defects are available, 
and the less emission intensity is released. Moreover, the 
lower the photoluminescence intensity, the more photo 
excited and electrons can participate in the redox reaction. 
As reported by Huang et al.  [49], a similar phenomenon 
occurs for HA/Ce samples.

3.7 Zeta potential testing
For the BTCP/Ce0 sample, the Zeta potential value is 
0.56 mV, which means that the particles tend to agglomer-
ate in the water. The substitution of Ce causes the average 
Zeta potential value to change from positive to negative, 
or the surface is negatively charged, except for the BTCP/
Ce0.5 sample (Fig.  13). All BTCP/Ce samples also have 
low stability in water because the Zeta potential is below 
40 mV, which is in the range of 0.71–(−6.14) mV. The neg-
ative value of Zeta potential is very supportive if BTCP/
Ce is used as a powder component in the production of 
CPC. Positive charge ions such as Ca2+ in body fluids will 
easily be attached to the CPC surface. The attachment of 
Ca2+ ions will be followed by PO4

3– ions so that the resorp-
tive-formative process can be done and new bone tissue 

(a)

(b)

(c)

Fig. 12 Photoluminescent spectra of BCP/Ce4 and BCP/Ce10 (a), 
deconvolution peaks of BCP/Ce4 (b) and BCP/Ce10 (c)
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