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The paper describes an investigation of phase decomposition of
apatite lattice doped with rare earth ions (cerium, samarium,
and holmium) at temperatures ranging from 25–1200 °C. The
rare-earth ion-doped apatite minerals were synthesized using
the sol-gel method. In situ high-temperature powder X-ray
diffraction (XRD) was used to observe the phase changes and
the lattice parameters were analyzed to ascertain the crystallo-
graphic transformations. The expansion coefficient of the
compounds was determined, and it was found that the c-axis
was the most expandable due to relatively weak chemical
bonds along the c-crystallographic axis. Differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) were
used to examine the decomposition properties of the materials.

Due to rare earth ion doping, the produced materials had
slightly variable decomposition behaviour. The cerium and
samarium ions were present in multiple oxidation states (Ce3+,
Ce4+, Sm3+, Sm2+), whereas only Ho3+ ions were observed. Rare
earth ion substitution affects tri-calcium phosphate proportion
during decomposition by regulating concentrations of vacan-
cies. X-ray photoelectron spectroscopy (XPS) analysis indicated
that cerium and samarium ion-doped apatite yielded only 25%
tricalcium phosphate during decomposition. This finding ad-
vances our understanding of apatite structures, with implica-
tions for various high-temperature processes like calcination,
sintering, hydrothermal processing, and plasma spraying.

1. Introduction

The apatite supergroup encompasses minerals characterized by
a generic chemical formula of IXM12

VIIM23 (
IVTO4)3X (with Z=2),

where they can chemically manifest as phosphates, arsenates,
vanadates, silicates, and sulphates. While the maximum space
group symmetry is P63/m, numerous members of this super-
group exhibit lower symmetry levels due to cation ordering and
deviations from the ideal topology. These deviations may lead
to an increase in the number of independent sites within the
structure. The diverse array of ions that can occupy pivotal sites
[M=Ca2+, Pb2+, Ba2+, Sr2+, Mn2+, Na+, Ce3+, La3+, Y3+, Bi3+;
T=P5+, As5+, V5+, Si4+, S6+, B3+; X=F, (OH), Cl] gives rise to a
multitude of compositions, each potentially classified as distinct
mineral species.[1,2] These minerals are categorized based on the
detection of elevated concentrations of OH � , F � , Cl � , or Br �
ions in the natural minerals. Apatite minerals are essential in
the formation of various rocks such as metamorphic, igneous
and sedimentary rocks, as well as in biological tissues such as
bones and teeth. Because of the high concentrations of
phosphorus, the mineral is a primary source for fertilizer

manufacturing, phosphoric acid, and for bone and dental tissue
restorative materials.[2–4]

Apatite compounds exhibit a distinctive structural arrange-
ment characterized by discrete phosphate tetrahedra (AO4)
interconnected by the cation polyhedra, which collectively form
layered structures.[5] Apatite-type structures have two cationic
sites, namely 4 f and 6 h both having different local symmetry
and coordination number.[5] The ratio of ions residing at these
sites is 4 f:6 h=2 :3. The versatility of calcium-ion-based apatite
stems from its distinctive capacity for ionic substitution, active
surface characteristics, and the degree of crystallinity.[6,7] These
characteristics give calcium apatite its multifunctional nature,
enabling it to be used in a variety of applications, including
drug delivery systems, bioceramics and coatings, bone regener-
ation and implants, diagnostic imaging (contrast agents for
medical imaging techniques) and wastewater treatment etc.[8]

Advancing our understanding of the intricate relationship
between processing, microstructure, and property is crucial. The
process dependent structure-property relationship is of para-
mount importance in determining the targeted applications of
tailored apatite minerals. For instance, the production of
apatite-based materials, which have uses in waste remediation,
lighting, and biomaterials, requires high-temperature
processing.[8–10]

The Ca/P ratio, structural substitution and the gas composi-
tion affects the phase stability of apatite structure while
heating.[11–15] Notably, the substitution of calcium and
phosphate significantly decrease thermal stability, leading to
phase instability at temperatures below 900 °C. The anions in
the hexagonal axis, OH in HAp, F in FAp and Cl in ClAp are the
last to leave upon heating, and prevention of the loss of these
groups ensures high temperature stability.[16] The stability of
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apatite is determined by the anion position in the hexagonal
axis and decreases in the following order F>Cl>OH.

The current work examines the phase transformation
properties of apatites containing rare-earth ions (Ce3+, Sm3+,
and Ho3+) over a wide temperature range (25–1200 °C). The
inclusion of rare earth ions, namely Ce3+, Sm3+, and Ho3+, in the
study serves to examine their synergistic effects on phase
transformation within the apatite lattice. These ions were
chosen based on their varying size and electronegativity to
understand the influence on phase stability of apatites. The
dilute solid solutions of rare earth and F� ions are investigated
with reference to their phase stability when such apatite
minerals are in equilibrium with aqueous phase media (pH 5.5–
7.1 in human body).[17] The impact of rare earth ion substitution
on the thermal expansion and phase transitions and decom-
position of apatites has been investigated using the high
temperature in situ X-ray diffraction. Using thermogravimetric
analysis (TGA) we analysed the effect of temperature and
multivalent-RE-ion induced dimensional changes in apatite
minerals. The changes in the structure of apatites after heat
treatment were investigated by high-resolution X-ray photo-
electron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR) analysis. There are reports available regard-
ing the investigations on the thermal stability of apatite
structures with a wide range of substitutions such as transition
metal ions, halogens etc.[16] However, the investigations pertain-
ing to the effect of rare-earth ions on phase stability are limited.
The present investigation aims to improve our understanding
on phase decomposition mechanism that is influenced by the
substitution of Ca2+ ions with selected rare earth ions and in
the presence of fluoride ion. The analysis of phase decom-
position is relevant in controlling the structure and properties
of bioceramic during manufacturing, thermal barrier coatings,
refractory materials, gas sensing at elevated temperatures and
molten salt reactors.

Experimental Section

Synthesis of Apatites

The rare earth-doped hydroxyapatite (strontium doped (2 mole%)
OH-bearing fluorapatite) was synthesized by the sol-gel process.[17]

The host matrix was doped with 2 mole% of Ce in place of Ca, and
2 mole% of phosphate was replaced with fluorine. Further to study
the effect of increased concentration of doping on the structural
properties, the prepared apatites were double, and triple-doped

with other rare earth ions (Sm3+, Ho3+). The various compositions
synthesized are listed in Table 1. In a typical synthesis procedure,
calculated quantities of calcium nitrate, strontium nitrate, and
cerium nitrate were dissolved in 1000 ml of distilled water (solution
A) followed by heating to 45 °C. In a separate beaker, an aqueous
solution of ammonium fluoride and ammonium phosphate were
prepared in 1000 ml (solution B) by adding their calculated
amounts. After stabilising the temperature of solution, A to 45 °C,
solution B was added dropwise to it while maintaining the basic pH
(9–10) of the solution. The final solution was stirred for 1 h at 45 °C.
During the whole synthesis procedure, the top of the beaker was
sealed to prevent the ingress of CO2 into the mineral solution. The
precipitates formed were allowed to age for 24 h at room temper-
ature. The precipitates obtained were filtered using filter paper
(Whatman grade 44 with pores of 3 μm), washed several times with
distilled water, and then freeze-dried.

Experimental Techniques

The high temperature phase transitions were examined by using
in situ X-ray diffraction analysis. The experiments were performed in
a high temperature chamber Anton Paar HTK 1200 N placed on a
powder diffractometer Panalytical X’Pert Pro, with a temperature
range of 25 [room temperature (RT)] °C to 1200 °C. The scans were
recorded from 20° to 70° with a scan step of 0.013°.

Using the fluorapatite, OH� , F� bearing crystal structure (04-015-
6661), Rietveld refinement of the powder X-ray diffraction (PXRD)
data was performed from 20°–70° using high-score software. The
Bragg reflections were modeled by a pseudo-Voigt peak shape
function, and the lattice dimensions, 1/x profile backdrop, zero
error, scale factors, and four-coefficient Chebychev polynomial were
all successively tuned.

Transmission electron microscopy (FEI Tecnai TF20: FEGTEM Field
emission gun TEM/STEM equipped with HAADF detector) was used
to characterize the surface topography and size of the undoped
and rare earth ions doped nanostructures.

The apatite decomposition reactions and related phase transition
during the heating of the materials in the air atmosphere were
investigated using a simultaneous thermal analyzer (PerkinElmer®,
STA 8000) equipped with thermogravimetric analysis (TGA)
capacity. Every thermal experiment was conducted at a heating
rate of 10 °C/min, with a temperature range of 30–1200 °C. For
keeping the apatite mineral uncontaminated from the crucible
material in STA, alumina crucible was chosen.

For vibrational spectroscopic analysis of apatite minerals, the Bruker
Vertex 70 v FTIR spectrophotometer equipped with an attenuated
total reflectance (ATR) head was employed for characterising the
differences in the molecular vibrations in the apatite compositions.

The X-ray photoelectron spectroscopy experiments were performed
on a SPECS Flex Mod UHV-XPS system at a pressure of around

Table 1. Materials synthesized for the investigation and their corresponding Ca/P ratio.

S.No. Materials synthesized Formula Ca/P ratio

1. FA (OH and Sr bearing) Ca4.98Sr0.02(PO4)3OH0.98F0.02 1.66

2. FA (OH and Sr bearing)
Ce=2 mole%

Ca4.96Sr0.02Ce0.02(PO4)3OH0.98F0.02 1.65

3. FA (OH and Sr bearing)
Ce=2 mole%, Sm=1 mole%

Ca4.95Sr0.02Ce0.02Sm0.01(PO4)3OH0.98F0.02 1.65

4. FA (OH and Sr bearing)
Ce=2 mole%, Ho and Sm=1 mole%

Ca4.94Sr0.02Ce0.02Sm0.01Ho0.01(PO4)3OH0.98F0.02 1.64
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1x10� 9 mbar. The system has a SPECS Phoibos 150 hemispherical
analyzer with 1D delay line detectors and a SPECS XR-50 M Al
anode X-ray source. The samples were measured in medium area
mode with the slits fully open. The Al anode (1486.7 eV) was used
at a power of 400 W and 15 kV with a spot size of 3.5 mmx1 mm.
Powdered samples were pressed lightly into pellets and attached to
standard omicron sample plates via double-backed sticky tape.
Samples were charge neutralized during measurement with an
electron flood gun with a current of 75 μA and an energy of 4 eV.
Measurements were taken using SPECS lab Prodigy software and
analyzed using CasaXPS.

2. Results and Discussion

2.1. Chemical and Structural Analysis

The XRD patterns of Ca4.98Sr0.02(PO4)3OH0.98F0.02,
Ca4.96Sr0.02Ce0.02(PO4)3OH0.98F0.02,
Ca4.95Sr0.02Ce0.02Sm0.01(PO4)3OH0.98F0.02 and
Ca4.94Sr0.02Ce0.02Sm0.01Ho0.01(PO4)3OH0.98F0.02 (referred to as FA,
FACe, FACeSm and FACeSmHo, respectively) are shown in
Figure 1(i).

The XRD patterns show fundamental diffraction peaks that
were indexed with JCPDS no. 04–015-6661, indicating a
hexagonal crystal structure (P63/m space group). Upon detailed
structural analysis, a shift in the diffraction peaks towards a
lower angle was observed, suggesting the substitution of rare
earth ions in the lattice (as shown in Figure 1(ii)). This behaviour
can be attributed to the difference in ionic radii between Ca2+

Figure 1. (i) The Rietveld refinement of the powder X-ray diffraction (PXRD) data carried out for room temperature XRD patterns for (a)FA; (b) FA: Ce; (c) FA:
CeSm; (d) FA: CeSmHo; (ii) Enlarged XRD pattern of (a) FA; (b) FA: Ce; (c) FA: CeSm; (d) FA: CeSmHo. X-ray diffraction patterns indicate rare earth ion
substitution, shown by peak shift to the lower angle.(iii) Typical schematic crystal structures of pristine fluorapatite for compositions FA.
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(~1.06 Å) and rare earth ions such as Ce3+ (1.15 Å), Sm3+

(1.10 Å), and Ho3+ (1.04 Å) ions.[18–20] Due to the solution
processing method, the obtained particles might be very small
and exhibit some amorphous characteristics. The assessment of
crystallinity was performed using XRD data for the four
compositions: FA, FA: Ce, FA: CeSm, and FA: CeSmHo, resulting
in values of 85.41%, 87.67%, 90.42%, and 87.37%, respectively.
The phosphate tetrahedra in the apatite compounds are linked
to one another by cation polyhedra, which form quasi layer.[5]

Typical schematic crystal structure of FA is shown in Fig-
ure 1(iii).

Figure 2(i) and (ii) present the results of morphological
investigations of FA and FACeSm respectively. The rod-like
morphology of formed particles is evident for both samples
from TEM (Figure 2 (i) and (ii) a, b) and STEM images (Figure 2(i)
and (ii) f, g). The dimensions of the rods are ~10 nmx50 nm. The
calculated value of d spacing, 0.36 nm and 0.38 nm for FA and
FACeSm nanoparticles respectively correspond to (002) plane,
obtained from the interplanar spacing of the lattice fringes in
HRTEM images (Figure 2 (i) and (ii) d). Figures 2(i) and (ii) c
display the polycrystalline selected area electron diffraction
(SAED) pattern obtained from the nanorods. The elemental
composition of formed samples is verified by Energy Dispersive
X-ray Spectroscopy (EDX) (supplementary Figure S2(i–iv)). The
presence of rare earth ions along with other elements in the
EDX of doped FA confirm their effective doping in the apatite
structure. The atomic percentages of various elements in the
samples are in good agreement with that of the theoretically
estimated one. The FTIR spectra of the prepared materials are
shown in Figure S3(i)(ii) before and after heat treatment. Across
all apatites, similar peaks corresponding to the PO4

3� ion bands
are observed. Specifically, the v4 band is identified around 561
and 603 cm� 1, and the v1 band around 965 cm� 1. The highest
peak, attributed to the v3 PO4

3� ion band, is found around

1020 cm� 1. Additionally, the OH� 1 ion band is observed at
approximately 3400 cm� 1.[17] Formation of carbonates were not
observed.

In the apatite structure there are two distinct cationic
positions (4 f and 6 h) having different coordination numbers
and local symmetry.[5] The ionic radii of Ca2+ cation, CaI and CaII
sites are 1.06 Å and 1.18 Å[5] respectively. The Apatite structure
has a distinct structural feature of accepting numerous
isomorphic substitutions while still maintaining its hexagonal
space group P63/m. The preferred site for Sr substitution is CaI,
as it only marginally distorts site I coordination configuration at
lower concentrations and is energetically more favorable than
mixed sites or site II.[21,22] The cerium and samarium ions prefer
the CaII position whereas the holmium ion prefers CaI position
to balance the bond valence of CaI.

[20] The Rietveld refinement
was used to analyze the powder diffraction data of the samples
from 25–500 °C. The Rietveld refinement of PXRD data of FA,
FACe, FACeSm and FACeSmHo was performed at (a) 100 °C; (b)
200 °C; (c) 300 °C; (d) 400 °C; (e) 500 °C (supplementary Fig-
ure S1). The lattice parameters obtained for FA, FACe, FACeSm,
and FACeSmHo from RT to 500 °C are shown in Table 2, 3, 4 and
5 respectively. The RT lattice parameters of the prepared
materials were found to increase with an increasing number of
dopant ions may be due to the increasing number of ions
getting accommodated to these sites. The refinement parame-
ters for all the compositions at RT are shown in table ST1 in the
supplementary section.

2.2. Influence of Ca/P Ratio on the Thermal Stability of
Apatite

A useful and popular method for analyzing materials under-
going structural changes and phase transitions that take place

Table 2. The lattice parameters of FA from RT to 500 °C.

Temperature [°C] a [Å] αa x106, [K� 1] c [Å] αc x106, [K� 1] V [Å3]

RT 9.411(3) 6.6 6.890(1) 12.1 528.513(2)

100 °C 9.421(1) 6.895(3) 529.890(2)

200 °C 9.430(1) 6.902(2) 531.584(1)

300 °C 9.435(4) 6.905(1) 532.423(3)

400 °C 9.441(3) 6.920(1) 534.232(2)

500 °C 9.447(2) 6.931(2) 535.670(1)

Table 3. The lattice parameters of FACe from RT to 500 °C.

Temperature [°C] a [Å] αa x106, [K� 1] b [Å] αc x106, [K� 1] V [Å3]

RT 9.430(1) 8.9 6.900(1) 12.1 531.381(3)

100 °C 9.440(3) 6.906(1) 533.032(1)

200 °C 9.453(3) 6.910(2) 534.880(3)

300 °C 9.463(1) 6.917(1) 536.424(2)

400 °C 9.468(2) 6.931(3) 538.062(1)

500 °C 9.478(3) 6.940(1) 540.014(4)
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inside a material when it is exposed to high temperature is
in situ high-temperature X-ray diffraction.[8,10–15] The thermal
stability of the apatite structure is dependent on the Ca/P ratio,
with any deviation from the stoichiometric value (1.667)

influencing its thermal stability.[14] High-temperature treatment
of these materials leads to the annealing of defects, accom-
panied by an increase in crystallite size, ultimately resulting in
the formation of stoichiometric apatite crystallites.

Figure 2. (i): (a), (b) TEM images indicating rod shaped particles are produced; (c) SAED diffraction pattern indicates polycrystallinity in the nanoparticles; (d)
HRTEM image shows the lattice fringes; (e), (f) STEM images of undoped FA nanoparticles.(ii): (a), (b) TEM images; (c) SAED diffraction pattern; (d) HRTEM
image; (e), (f) STEM images of undoped FACeSm nanoparticles. The rod-shaped particles with a polycrystalline nature were produced.
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In instances where there is an absence or imbalance of
calcium or phosphate ions (Ca/P¼6 1.667), the apatite structure
tends to decompose, giving rise to its stoichiometric form and
impurity phases.[14] Apatite exhibiting calcium deficiency (Ca/
P=1.6) tends to form the Ca3(PO4)2 phase, whereas an excess of
calcium cations (Ca/P=1.7) typically leads to the formation of
CaO following high-temperature sintering. In our study, non-
stoichiometric apatites were prepared, varying the Ca/P ratio
from 1.66–1.64 in FA to FACeSmHo. The specific Ca/P ratios for
the synthesized materials are detailed in Table 1. The atomic
percentages obtained from EDX (supplementary figure S2(i)-(iv))
are also in close agreement with the theoretically estimated
value. The Ca/P ratio obtained from EDX for FA, FACe, FACeSm
and FACeSmHo is also found to decrease from 1.66 to 1.64.

The temperature dependency of the crystal structure
parameters (atomic coordinates, bond lengths, bond angles,
etc.) and the lattice characteristics (unit cell parameters,
interplanar spacings) can be used to characterize the crystal’s
thermal expansion. A quantitative measure of thermal deforma-
tion (thermal expansion) is the thermal expansion coefficient.
The apatite family has large thermal expansion coefficients.[23]

Rise in temperature causes crystals to distort. The thermal
expansion coefficient is most commonly used to explain
thermal fluctuations in the unit cell characteristics and the unit
cell volume. The thermal expansion characteristics of hexagonal
phases were investigated by examining the temperature
dependencies of their unit cell parameters, as outlined in
Table 2–5. These parameters were subjected to fitting proce-
dures using linear or quadratic equations. Notably, the unit cell
parameters and the volume exhibited a compatibility with
linear fitting, might be due to the presence of rare earth ions
and fluorine in the lattice (Figure S4(i)–(iii)). Equation (1) shows
the relationship between the change in temperature and the
thermal expansion coefficient (αa).

aa ¼
1
a

� �
da
dT

� �

(1)

The thermal expansion coefficients (TECs) were investigated
for FA, FACe, FACeSm, and FACeSmHo along the crystallo-
graphic “a” and “c” axes up to 500 °C. Table 2–5 documents
these TEC values. The introduction of cerium ions into the CaII
lattice site leads to a noticeable expansion along the “a”
crystallographic axis. However, the impact on the “c” axis
expansion is negligible, indicating anisotropic thermal expan-
sion behaviour. When samarium ions are additionally intro-
duced into the CaII lattice site along with cerium, the unit cell
undergoes expansion in both the “a” and “c” directions. This
suggests a synergistic effect of cerium and samarium doping on
the lattice expansion. Interestingly, the inclusion of holmium
ions in the CaI lattice site of the triple-doped material results in
a reduction of the thermal expansion coefficient. This reduction
can be attributed to the comparatively smaller size of holmium
ions, leading to a shrinkage in the overall lattice volume. It is
plausible that this shrinkage effect is counterbalanced by the
presence of cerium and samarium ion doping, which tends to
promote an overall expansion in the lattice structure.

The investigation revealed a distinctive anisotropic behav-
iour in the lattice expansion of the prepared samples, with
increased sensitivity along the “c” crystallographic axis. This
phenomenon stems from non-uniform changes in lattice
parameters in different directions and can be ascribed to
various underlying factors, one of which pertains to the relative
strength of chemical bonds along specific crystallographic axes.
The spatial arrangement of PO4

3� tetrahedral units within the
unit cell warrants consideration. These tetrahedral units are
organized in sets of three, adopting a distinctive “pinwheel”
configuration around the central CaII ion. This unique geometric
disposition imparts distinct mechanical responses along various

Table 4. The lattice parameters of FACeSm from RT to 500 °C.

Temperature [°C] a [Å] αa x106, [K� 1] b [Å] αc x106, [K� 1] V [Å3]

RT 9.430(1) 11.1 6.880(1) 18.2 529.860(1)

100 °C 9.435(3) 6.887(3) 530.941(3)

200 °C 9.443(2) 6.900(2) 532.844(1)

300 °C 9.449(4) 6.909(1) 534.192(2)

400 °C 9.459(1) 6.919(2) 536.690(4)

500 °C 9.479(2) 6.941(1) 540.213(2)

Table 5. The lattice parameters of FACeSmHo from RT to 500 °C.

Temperature [°C] a [Å] αa x106, [K� 1] b [Å] αc x106, [K� 1] V [Å3]

RT 9.440(2) 6.6 6.870(1) 15.2 530.220(1)

100 °C 9.443(5) 6.881(1) 531.433(2)

200 °C 9.455(1) 6.891(3) 533.532(3)

300 °C 9.466(2) 6.910(2) 536.342(2)

400 °C 9.473(3) 6.922(3) 537.910(1)

500 °C 9.477(3) 6.944(2) 539.724(3)
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crystallographic axes, thus contributing to the observed aniso-
tropic behavior.[8]

Upon heating beyond 500 °C, the synthesized materials
undergo phase transformation. The details of phase trans-
formations at different temperatures are illustrated in Figure 3–
7. Figure 3 and Figure 7 (a) show the XRD patterns and TGA-
DSC curve of FA respectively. The in situ XRD at 600 °C shows a
phase separation in the material with the formation of two
distinct phases. The identified compositions are likely
Ca9.37Sr0.63(PO4)6(OH)0.98� 2xF0.02Ox and
Sr7.3Ca2.7(PO4)6(OH)0.98� 2xF0.02Ox because of close agreement of
the XRD data with Ca9.37Sr0.63(PO4)6F2 (ICDD-01-079-1459) and
Sr7.3Ca2.7(PO4)6(OH)F2 (ICDD-01-078-1715). The phase transforma-
tion continues at 720 °C with increasing amounts of oxyapatites
being formed at higher temperatures. As can be seen from
Figure 7(a), the loss of adsorbed water was the primary source
of the weight loss, which occurred when the temperature was
raised from room temperature to 130 °C. Weight loss of around
7.6% was observed in the temperature range of 130–585 °C due
to removal of lattice water. The weight loss of 1.17% further
continued till 720 °C. In the range of 800–1000 °C, the oxy-
apatites decomposed into β-tricalcium phosphate. The increas-
ing amount of βCa3(PO4)2 (mp-531132) was formed between
800–1000 °C (as observed from the XRD pattern). When the
temperature was above 1000 °C, βCa3(PO4)2 reacted with oxy-
apatite to form αCa3(PO4)2 (mp-1197377). During the cooling
process the αCa3(PO4)2 reacted with
Ca9.37Sr0.63(PO4)6(OH)0.98� 2xF0.02Ox to form (Ca9.98Sr0.02(PO4)6(OH)2
(ICDD-01-077-9004) and Sr7.3Ca2.7(PO4)6F2 (ICDD-01-078-1715)
and small amount of Ca3(PO4)2 (mp-753711), which is slightly
more dense form of αCa3(PO4)2.

Upon the addition of rare earth ions to the apatite structure,
the decomposition behaviour changed slightly. Figure 4 and
Figure 7(b) show the XRD patterns (from 600 °C to 1200 °C) and
TGA-DTA curve FACe respectively.

FACe phase separates at 600 °C leading to the formation of
two different apatites Ca9.37Sr0.63(PO4)6(OH)0.98� 2xF0.02Ox and
Sr7.3Ca2.7(PO4)6(OH)0.98� 2xF0.02Ox. Figure 7(b) shows that when the
temperature was raised from room temperature to 130 °C, the
sample lost approximately 4.22% of its weight due to the loss
of adsorbed water. The reduced amount of water loss observed
in comparison to FA might be due to the presence of the lesser
amount of adsorbed water in FACe in comparison to FA (also
evident in FTIR analysis (supplementary Figure S5(ii)). In the
temperature range of 130–585 °C, lattice water was lost leading
to a weight loss of approximately 8.82%. The incorporation of
cerium ions might be causing instability in the structure. The
weight loss of 0.8% was observed further till 740 °C. The weight
loss has decreased in this region might be due to the
interaction of cerium ions with OH which decelerates the
weight loss process. An increasing amount of βCa3(PO4)2 was
formed between 800–1000 °C (as observed from the XRD
pattern) due to the decomposition of oxyapatites. When the
reaction temperature was above 1000 °C, βCa3(PO4)2 reacts with
oxyapatites to form αCa3(PO4)2. During the cooling process the
αCa3(PO4)2 reacted with Ca9.37Sr0.63(PO4)6(OH)0.98-2xF0.02Ox to form
stochiometric apatites (Ca9.98Sr0.02(PO4)6(OH)2 and
Sr7.3Ca2.7(PO4)6F2 and considerable amount of βCa3(PO4)2.

With the addition of samarium ions to FACe in FACeSm, the
adsorbed water loss was found to be 5.35% when the temper-
ature changed to 125 °C, which is comparable to FACe (Fig-
ure 7(c)). It is observed from Figure 5, FACeSm phase separated

Figure 3. The XRD pattern of FA at various temperatures: a) 600 °C, b) 700 °C, c) 800 °C, d) 900 °C, e) 1000 °C, f) 1100 °C, g) 1200 °C; h) room temperature after
cooling. After cooling to RT small amount of Ca3(PO4)2 is formed along with stochiometric apatites.
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Figure 4. The XRD pattern of FACe at various temperatures: a) 600 °C, b) 700 °C, c) 800 °C, d) 900 °C, e) 1000 °C, f) 1100 °C, g) 1200 °C; h) room temperature after
cooling.

Figure 5. The XRD pattern of FACeSm at various temperatures: a) 600 °C, b) 700 °C, c) 800 °C, d) 900 °C, e) 1000 °C, f) 1100 °C, g) 1200 °C; h) room temperature
after cooling.
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at 600 °C leading to the formation of two different apatites
Ca9.37Sr0.63(PO4)6(OH)0.98� 2xF0.02Ox and
Sr7.3Ca2.7(PO4)6(OH)0.98� 2xF0.02Ox. The loss of lattice water between
130–543 °C lead to weight loss of 1.49%. The weight loss of
0.16% was observed further till 770 °C. The decomposition of
oxyapatites took place at a much lower temperature (600–
700 °C) in comparison to FA and FACe might be due to the
instability caused by rare earth ions in the lattice. An increasing
amount of βCa3(PO4)2 was formed between 700–1000 °C (as
observed from the XRD pattern) due to the decomposition of
oxyapatites. When the temperature was above 1000 °C,
βCa3(PO4)2 reacted with oxyapatites to form αCa3(PO4)2. During
the cooling process the αCa3(PO4)2 reacts with
Ca9.37Sr0.63(PO4)6(OH)0.98� 2xF0.02Ox to form stochiometric apatites
(Ca9.98Sr0.02(PO4)6(OH)2 and Sr7.3Ca2.7(PO4)6F2 and considerable
amount of βCa3(PO4)2.

It can be seen from Figure 6 and 7 (d) that the increasing
amount of rare earth ions is making the apatite structure
unstable. The adsorbed water loss was found to be minimal for
FACeSmHo (4.11%) when the temperature changes to 125 °C.
The loss of lattice water happened in the temperature range of
130–580 °C and the weight loss was found to be about 3.87%.
The weight loss of 0.54% was observed further till 770 °C.

The decomposition of oxyapatites took place at a much
lower temperature (600–700 °C), which might be due to the
instability caused by rare earth ions in the lattice. An increasing
amount of βCa3(PO4)2 was formed between 700–900 °C (as
observed from the XRD pattern) due to the decomposition of

oxyapatites. Around 1000 °C, βCa3(PO4)2 reacted with oxyapatite
to form αCa3(PO4)2. Between 1000–1200 °C, the oxyapatite
further decomposed to αCa3(PO4)2, βCa3(PO4)2 and Ca4P2O9

existed along with oxyapaptites. The αCa3(PO4)2 phosphate was
formed at a much lower temperature in FACeSmHo in
comparison to the other materials synthesized. The rare earth
ions have different sizes than the calcium sites which creates
stress in the lattice leading to slightly different decomposition
pathways. During the cooling process the αCa3(PO4)2 reacted
with Ca9.37Sr0.63(PO4)6(OH)0.98� 2xF0.02Ox to form stochiometric
apatites (Ca9.98Sr0.02(PO4)6(OH)2 and Sr7.3Ca2.7(PO4)6F2 and a small
amount of Ca3(PO4)2. The comparison of phase transformations
of all the samples prepared is shown in Figure 8.

Figure 9 displays the TEM results of FACeSm samples after
heat treatment. Figures 9 (a) and (b) indicate growth in the
crystallite size after heat treatment, and the particles with
distorted morphology and a size of approximately 200 nm were
formed. Furthermore, the high-resolution TEM image of the
formed particles displays lattice fringes from both
(Sr7.3Ca2.7)(PO4)6F2 and Ca9.98Sr0.02(PO4)6(OH)2 as shown in Fig-
ure 9(c). These particles exhibit high crystallinity, and the ring
pattern was indexed to Ca9.98Sr0.02(PO4)6(OH)2. Additionally, the
SAED pattern confirmed the presence of βCa3(PO4)2 in the heat-
treated sample. XRD and TEM results are in good agreement
with each other.

Figure 10, S5 (i) and (ii) show a comparison between the
FTIR spectra of heat-treated and pristine FA, FACe, FACeSm, and
FACeSmHo nanoparticles. The asymmetric bending vibration of

Figure 6. The XRD pattern of FACeSmHo at various temperatures: a) 600 °C, b) 700 °C, c) 800 °C, d) 900 °C, e) 1000 °C, f) 1100 °C, g) 1200 °C; h) room
temperature after cooling.
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the PO4
3� group were observed at 603 cm� 1 and 567 cm� 1

(supplementary Figure S5 (i)). The peaks observed at 1037 cm� 1

and 1092 cm� 1 corresponded to the antisymmetric stretching
vibration of the PO4

3� group, while the peak at 962 cm� 1 was

attributed to the symmetry stretching vibration of the PO4
3�

group (Figure 10). Additionally, the stretching and bending
vibrations of OH � groups within the apatite structure were

Figure 7. (a) TGA and DSC curves for FA. The formation of oxyapatites, βCa3PO4 and α Ca3PO4 is observed around 585 °C, 834 °C and 1027 °C respectively; (b)
TGA and DSC curves for FACe; (c) TGA and DSC curves for FACeSm; (d) TGA and DSC curves for FACeSmHo. The loss of adsorbed water is the least in
FACeSmHo compared to FA, FACe, and FACeSm samples.

Figure 8. Comparison of phase transformation of FA, FACe, FACeSm, FACeSmHo as a function of temperature. Apatite structures tend to opt for slightly
different pathways for phase decomposition in the presence of rare earth ions.
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identified at approximately 3572 cm� 1 and 635 cm� 1,
respectively[24,25] (supplementary Figure S5(ii)).

Figure 10 depicts that as rare earth ions were incorporated
into the apatite structure (from FA to FACeSmHo), the
stretching vibrations of PO4

3� ion (962 cm� 1, 1037 cm� 1 and
1092 cm� 1) shifted to higher wavenumbers. This shift can be
attributed to the increased strain in the crystals caused by rare
earth ions, which alters the local electric field environment
around PO4

3� ions. After undergoing heat treatment, the
vibrational bands of PO4

3� ions became narrow and shifted

towards lower wavenumbers. This indicates the formation of
stoichiometric apatite with improved crystallinity. The presence
of tricalcium phosphate can be confirmed from the additional
bands that appear around 560 cm� 1 and 593 cm� 1 in the spectra
after heat treatment in figure S5(i) in the supplementary
section.[25]

The intensity of the adsorbed OH� band from FA to
FACeSmHo was reduced by the presence of rare earth ions
(supplementary Figure S5(ii)). The increased amount of rare
earth ions tends to make the crystal surface more electro-

Figure 9. TEM images of FACeSm after being heat treated at 1200 °C are shown in (a) and (b). The particles show significant grain growth due to the heat
treatment. A high-resolution TEM image of the nanoparticles after heat treatment is shown in (c). The HRTEM analysis revealed the presence of lattice fringes
from (Sr7.3Ca2.7)(PO4)6F2 (marked in green) as well as lattice fringes from Ca9.98Sr0.02(PO4)6(OH)2 (marked in red). The particles formed are highly crystalline, as
observed from the well-defined ring pattern in the selected area electron diffraction pattern (d). The rings can be indexed to Ca9.98Sr0.02(PO4)6(OH)2 (marked in
white), and the presence of tricalcium phosphate is also observed (marked in orange).

Figure 10. Comparison between the FTIR spectra of heat-treated and pristine FA, FACe, FACeSm, and FACeSmHo nanoparticles. The stretching vibrations of
PO4

3 � ions are shifted to higher wavenumbers due to increased strain in the crystals caused by rare earth ions.
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negative, which leads to the unavailability of electrons for the
hybridization of OH� ions. As a result, the hydration layer
intensity decreases in rare earth ion-doped FAs.

X-ray photoelectron spectroscopy (XPS) was employed for
surface composition analysis. A representative survey XPS
spectrum was performed for both heated and unheated
samples (supplementary Figure S6, S7). The spectra exhibit
expected peaks corresponding to Ca, P, and O elements.
Notably, a small C 1s peak is consistently observed in all tested
samples, attributed to “adventitious carbon.” This carbon
presence, stemming from impurity hydrocarbon adsorption,
was utilized for binding energy calibration. To address sample
charging, the binding energy of adventitious carbon was set at
284.6 eV.[26] Additionally, the survey spectrum reveals the
presence of rare earth ions cerium, samarium, and holmium, in
the analyzed samples.

The apatite crystallizes into a hexagonal system with the
space group P63/m. It features an almost compact assembly of
phosphate ions (PO4)

3� and two types of tunnels. The tunnel I is
wider and has a symmetry of 6 h, with cations in site I and a
coordination number of seven. Tunnel II is narrow and has a
symmetry 4 f, containing cations localized in site II, with a
coordination number of nine.[27] High-resolution X-ray photo-
electron spectroscopy (XPS) was utilized to analyze individual
peaks. Figure 11 illustrates the high-resolution XPS spectra of
Ca 2p for all samples, both before and after heat treatment.
Within each spectrum, the distinct contributions of Ca 2p3/2 and
Ca 2p1/2 are discernible. The measured spin-orbit splitting δ(Ca
2p3/2 – Ca 2p1/2) is 3.5�0.2 eV for the various compounds.

[28] The
peaks of Ca 2p3/2 for the as-synthesized FA, FACe, FACeSm, and
FACeSmHo were observed at 347.3 eV, 347.1 eV, 347.2 eV, and
347.0 eV, respectively (Figure 11). This peak can be attributed to
calcium bonds characteristic of apatite and calcium binding

with carbonate due to carbon species adsorbed from air. A
slight variation in the binding energy value is observed with an
increasing number of rare earth ions. After heat treatment, the
Ca 2p3/2 and Ca 2p1/2 envelopes became broad. The peaks were
deconvoluted into two peaks (peak I and peak II) shown in
Figure 11. The binding energy values of the peaks fitted are
listed in supplementary Table ST2. Peak I can be assigned to Ca
coordination to the OH group of apatite structure and
carbonate group due to carbon species adsorbed on the
surface, while peak II can be assigned to coordination with the
phosphate group of tri-calcium phosphate.[29]

The XPS spectra of the O 1s envelope of the synthesized
samples were analyzed and fitted with three distinct peaks
(supplementary Figure S8). The oxygen binding energy from
the (OH)� 1 groups of the apatite structure is represented by
peak I, which is centered at 531.4 eV. The oxygen binding
energy from the (PO4)

3� of the apatite structure is represented
by peak II, which is centered at 532.4 eV. The oxygen of
adsorbed water on the apatite surface is responsible for peak III,
which is centered at 533.4 eV. Following heat treatment, the
oxygen binding energy from the (OH)� 1 groups of the apatite
structure was found to be centered at (i) 531.35 eV, and the
oxygen binding energy from the (PO4)

3� of the apatite structure
was found to be centered at (ii) 532.3 eV (supplementary
Table ST3). The peak corresponding to the oxygen of adsorbed
water on the apatite surface disappeared after heat treatment.
There is a slight variation in the peak positions of peaks I, II, and
III with the increasing number of rare earth ions in the apatite
structure. The analysis of the P 2p envelope (supplementary
Figure S9) revealed P 2p3/2 component at 132.6 eV, attributed to
the P� O bonds of the apatite. Following heat treatment, a slight
shift in the binding energy occurred, indicating changes in the

Figure 11. Comparison of High-resolution XPS spectra of Ca 2p of FA, FACe, FACeSm, and FACeSmHo before and after heat treatment.
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environment of the P� O bonds within the apatite structure
(supplementary Table ST4).

2.3. Determination of Oxidation States of Rare Earth Ions in
the Apatite Lattice

The oxidation state and chemical environment of rare earth
ions (cerium, samarium, and holmium) in the apatite structure
were determined using high-resolution XPS spectra. Figure 12
shows the comparison of the high-resolution XPS spectra of
cerium ions in the samples synthesized before and after heat
treatment.

A quantitative assessment was conducted to discern
changes in the cerium oxidation state. This involved performing
curve-fitting on the X-ray photoelectron spectroscopy (XPS)
spectra using multi-peak Gaussian/Lorentzian functions applied
to the peak features. The deconvolution results of the cerium
3d XPS spectra of FA, FACe, FACeSm, and FACeSmHo before
and after heat treatment are shown in Figure 12. There is
evidence of the coexistence of the Ce3+ and Ce4+ states (as a
Ce4+/Ce3+ redox pair). Five doublets (v for Ce 3d5/2 and u for Ce
3d3/2) were formed by deconvoluting the Ce 3d envelope. Ce3+

species include v0, v, u0, and u; Ce
4+ species include v', v”, v”', u',

u”, and u”'. Ce 3d5/2 level peaks are located in the energy range
between around 877 and 903 eV. Two peaks at 881–882 and
885–886 eV were assigned to the Ce3+ state, whereas three
peaks at 882–883, 889–890, and 898–899 eV were attributed to
the Ce4+ oxidation state.[27,30]

By determining the peak area of the u(0) v(0) and u(v) in
relation to the area of the total Ce 3d region, the Ce3+/(Ce3+ +

Ce4+) ratio present in the samples was calculated.[31–33] The
dynamic interchange between Ce3+ and Ce4+ oxidation states
is enabled by the generation of oxygen vacancies, allowing
cerium ions to adapt their electronic configuration without
structural modifications. Cerium ions readily fine-tune their
electronic states to suit the surrounding conditions, manifesting
oxygen vacancies or lattice defects through the loss of oxygen
or its electrons. Ce4+ with its low formation energies for surface
vacancies plays a vital role in oxidation, while Ce3+ and electron
redistribution within lattice oxygen vacancies facilitate reduc-
tion processes. Importantly, the addition or removal of oxygen
atoms during oxidation or reduction minimally disrupts the
arrangement of cerium ions, ensuring the preservation of the
apatite structure.[27] The calculated percentage of Ce3+ and Ce4+

of as-synthesized and after-heat treatment are shown in
Table 6.

The uniqueness of samarium originates from the constant
competition between its two stable valence states, Sm2+ and
Sm3+. In Figure 13, the Sm 3d envelope is displayed. The Sm
3d5/2,3/2 peaks from 1085.2–1111.9 eV were attributed to Sm3+,
with additional peaks between 1096–1121.5 eV for Sm2+3d5/2,3/

2.
[34] The Sm 3d XPS spectra were analyzed and fitted into two
doublets, with ’v’ indicating Sm 3d5/2 and ’u’ indicating Sm 3d3/2.
The values ’v0’ and ’u0’ are associated with Sm

3+ species, while
’v’ and ’u’ are associated with Sm2+ species. The percentage of
Sm3+ and Sm2+ was calculated similarly as was done for Ce3+ in
the previous section. The percentages of Sm3+/Sm2+ peaks for
both as-synthesized samples and after-heat treatment are
displayed in Table 7. The electronic charges required for the
formation of Sm3+ and Sm2+ ions in the apatite matrix are
caused by oxygen-related vacancies. In addition to the effect of

Figure 12. Comparison of High-resolution Ce 3d XPS spectra of FACe, FACeSm, and FACeSmHo before and after heat treatment. Cerium ions are present in
Ce3+ and Ce4+ oxidation states.
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charged defects/vacancies, it is probable that the chemical
environment supplied by the oxygen species present in the
apatite matrix itself favored the coexistence of Sm3+/Sm2+

ions.[35,36]

The XPS analysis of Ho 3d spectra revealed its existence as
Ho3+ in the lattice before and after heat treatment. The
spectrum of Ho 3d5/2,3/2 with spin-orbit splitting δ=40.1 eV is
observed at a weighted average binding energy of 1352.2 eV
(supplementary Figure S10).[37,38]

3. CaP Phase Distinction Using X-Ray
Photoelectron Spectroscopy Results

The samples formed after heat treatment were a mixture of
stochiometric apatites and tricalcium phosphates as observed
from XRD results. Ca/P XPS ratios were used to identify the

amount of stoichiometric apatite and tricalcium phosphate
formed after heat treatment. Table 8 shows the calculated Ca/P
atomic ratios, derived directly from the XPS data using atomic
sensitivity factors. These ratios serve as a quantitative measure,
enabling the determination of the proportions of tricalcium
phosphate and stoichiometric apatite formed during the cool-
ing process.[26]

The calculated Ca/P ratio of the heat-treated samples was
each equated to a linear Equation (2)

Ri ¼ xRTCP þ ð1 � xÞRSFA (2)

where ‘Ri
’ is the measured ratio for species ‘i’ (FA, FACe, FACeSm,

FACeSmHo) after heat treatment. ‘x’ is the mole fraction of
tricalcium phosphate formed and ‘(1-x)’ of the stochiometric
apatite present in the species ‘i’. Figure 14 shows the molar
fractions of tricalcium phosphate and stoichiometric apatite
generated in FA, FACe, FACeSm, and FACeSmHo. The amount
of tricalcium phosphate produced after heat treatment for FA,
FACe, FACeSm, and FACeSmHo was 34%, 32%, 25%, and 30%,

Table 6. Percentage of Ce3+ and Ce4+ present in the apatite lattice before
and after heat treatment.

Sample/sample con-
dition

As synthesized After heating

FACe Ce3+ =33.4%;
Ce4+ =66.5%

Ce3+ =30.1%;
Ce4+ =70.9%

FACeSm Ce3+ =47.7%;
Ce4+ =52.2%

Ce3+ =45.3%;
Ce4+ =54.6%

FA CeSmHo Ce3+ =34.1%;
Ce4+ =65.9%

Ce3+ =23.3%;
Ce4+ =76.6%

Figure 13. Comparison of High-resolution Sm 3d XPS spectra of FACeSm and FACeSmHo before and after heat treatment. Samarium is present in Sm3+ and
Sm2+ oxidation states. The Sm2+ ions have increased after heat treatment.

Table 7. Percentage of Sm3+ and Sm2+ present in the apatite lattice
before and after heat treatment.

Sample/sample
condition

As synthesized After heating

FACeSm Sm3+ =80.2%;
Sm2+ =19.8%

Sm3+ =68.7%;
Sm2+ =31.3%

FACeSmHo Sm3+ =69.4%;
Sm2+ =30.6%

Sm3+ =60.8%;
Sm2+ =39.1%
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respectively. It is noteworthy that the inclusion of rare earth
ions in the lattice resulted in a reduction in the percentage of
tricalcium phosphate in the rare-earth-doped samples. This
observation underscores the influence of rare earth doping on
the phase composition of the synthesized materials, a crucial
aspect in tailoring the properties of the apatite structure.

4. Plausible Mechanism for the Formation of
Tricalcium Phosphate

The XPS analysis revealed that holmium existed solely in the
Ho3+ oxidation state within the apatite lattice, while cerium and
samarium ions exhibited multiple oxidation states (Ce3+, Ce4+,
Sm2+, Sm3+). The presence of multiple oxidation states within
the lattice was attributed to the charge compensation principle.
In the FACe lattice, approximately 36.5% of cerium was
identified as Ce3+ and 66.5% as Ce4+. The introduction of two
Ce3+ oxidation states resulted in the creation of an oxygen
vacancy within the apatite lattice for charge compensation.
Similarly, one Ce4+ ion caused the formation of one oxygen ion
vacancy. The concentration of Ce4+ ions correlated with an

increased number of vacancies in the lattice, resulting in more
oxygen vacancies as the Ce4+ ion concentration rose.

Jun-Ming Liu conducted Monte Carlo simulations, discover-
ing the critical role of vacancies in the phase separation of
binary alloys.[39] As the temperature increased, more Ce3+ ions
were converted to Ce4+, leading to an increased number of
vacancies. These vacancies played a role in regulating the
kinetics of phase separation and influencing the local environ-
ment surrounding calcium ions. The self-aggregation and
segregation of these vacancies onto two-phase boundaries
eventually led to the formation of tricalcium phosphate.

In the case of FACeSm, the addition of samarium resulted in
47.7% of cerium ions existing as Ce3+ and 52.2% as Ce4+, while
Sm3+ and Sm2+ were present at percentages of 80.2% and
19.8%, respectively. Notably, the addition of samarium ions
increased the Ce3+ ion concentration within the lattice. Upon
heating, a slight increase in Ce4+ ion concentration (Ce3+ =

45.3%; Ce4+ =54.6%) occurred, along with an increase in the
Sm2+ ion concentration (Sm3+ =68.7%; Sm2+ =31.3%). Sm2+

ions did not lead to vacancy formation due to their charge
equivalence with Ca2+. The interplay between Ce3+ ion
oxidation and Sm3+ ion reduction controlled the formation of
vacancies. The reduced number of vacancies in FACeSm
resulted in a lesser amount of tricalcium phosphate formation
after heat treatment.

Furthermore, the ionic radii of the rare earth (RE) ions
played a significant role in the stabilization and decomposition
at high temperatures. The small size of the Ho3+ ion caused
minimal lattice stress but led to the production of more
vacancies than in FACeSm, ultimately increasing the production
of tricalcium phosphate in FACeSmHo after heat treatment.

5. Conclusions

Apatites containing rare earth ions (cerium, samarium, and
holmium) were synthesized through a sol-gel process and rod-

Table 8. The Ca/P atomic ratios calculated using XPS in the synthesized
materials.

Unheated Ca/P ratio Heat treated Ca/P ratio

FA 1.66�0.04 FA 1.60�0.09

FACe 1.65�0.02 FACe 1.59�0.09

FACeSm 1.65�0.02 FACeSm 1.62�0.03

FACeSmHo 1.65�0.02 FACeSmHo 1.61�0.05

Figure 14. Amount of tricalcium phosphate and stoichiometric apatite formed after heat treatment. The FACeSm contains the least amount of tricalcium
phosphate.
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shaped particles were produced. The study revealed that
adding rare earth ions to the apatite structure had a significant
impact on the decomposition process and the creation of lattice
vacancies. As a result, tri-calcium phosphate formation was
affected, leading to varying levels of tri-calcium phosphate in
different samples after cooling to room temperature. The
FACeSm sample had the lowest percentage (25%) of tri-calcium
phosphate, while the FA, FACe, and FACeSmHo samples
showed percentages of 34%, 32%, and 30%, respectively. The
present study provides a comprehensive understanding of how
apatite structures respond to high-temperature conditions in
the presence of rare earth ions. The knowledge can significantly
improve the utilization of apatite-based materials in various
high-temperature processes such as calcination, sintering,
hydrothermal processing, and plasma spraying. This study
demonstrates the versatility and adaptability of apatite-based
materials in industries where stability and high-temperature
performance are crucial such as ceramic manufacturing, thermal
barrier coatings, and high-temperature catalysts.
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