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A B S T R A C T

The understanding on defect-related photoluminescence (PL) properties of hydroxyapatite (HA) particles has a
fundamental importance in the technological field for the development of new non-toxic biomedical and optical
devices. However, the mechanisms responsible for this intrinsic PL in HA are not completely elucidated in the
literature yet. In the present paper, stoichiometric and calcium-deficient HA nano- and micro-particles were
synthesized by chemical precipitation. The influence of structural and morphological features on the intrinsic PL
and electronic structure of this material were investigated by varying the addition rate of the phosphate pre-
cursor (0.15, 7.00 or 600.00 mL/min) and pH (4.5–5.0 or 9.5–10.0) value adopted in the precipitation. The
results indicated that the structural order at long- and short-range varied with the synthesis conditions and
particle shapes (rods, needles, plates, and rices). The blue and green PL emissions were attributed to defects
(bulk, surface and interface) in the samples. These defects promoted the formation of additional energy levels
within the band gap, as revealed by using two distinct excitation wavelengths for photoemission measurements.
The energies of these wavelengths (~ 3.54 and ~ 2.98 eV at 350 and 415 nm, respectively) were lower than the
band gap energies of HA samples (from 5.59 to 5.72 eV). A general model was proposed to explain the occur-
rence of self-activated PL in HA structure.

1. Introduction

The development of new compounds with highly efficient and
tunable optical properties has become increasingly challenging for in-
dustry. In special, scientists and engineers have focused significantly on
investigating and optimizing inorganic solids that consist of lumines-
cent centers. Various optical devices, such as fluorescent lamps, light-
emitting diodes, luminescent pigments, and sensors, which are based on
these systems, have been obtained [1–4]. In the biomedical field,
fluorescent materials, such as metal chalcogenide quantum dots, noble
metal particles, lanthanide-based materials, etc, are promising candi-
dates for bioimaging and monitored drug delivery because of their in-
tense, stable, and tunable emissions [5–8]. However, the production of
luminescent materials composed of environmentally friendly and non-
toxic particles remains challenging.

In the last few decades, apatite-type materials have been used as
hosts for different luminescent centers, especially transition metals and
lanthanides [9,10]. In particular, hydroxyapatite (HA) is typically

doped with Eu3+ and Tb3+ for biomedical approaches, owing to the
luminescence properties of these lanthanide elements, and the bio-
compatibility, drug-loading efficacy, and cell-internalization capability
of the final material [11–18]. However, intense self-activated photo-
luminescence (PL) processes are expected in HA samples because of the
presence of high densities of structural and superficial defects arising
from chemical synthesis at low temperatures [19]. Previous studies
have demonstrated the application of these HA systems as fluorescent
agent for bioimaging and biolabeling [20,21], monitored drug delivery
systems [22,23], white-light emitting diodes [24] and so on. Although
less investigated than Ln3+-doped HA and other fluorescent systems,
HA with self-activated PL can be technologically advantageous in terms
of cost, and non-toxicity; however, the mechanisms responsible for in-
trinsic PL in HA are not completely elucidated in the literature.

Stoichiometric HA [SHA, Ca10(PO4)6(OH)2] is composed of phos-
phate clusters ([PO4]), typically forming a hexagonal crystal pattern
that is described by space group P63/m [25]. Ca species occupy distinct
crystallographic sites in this structure, and the corresponding general
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formula of SHA is given as Ca(1)4Ca(2)6(PO4)6(OH)2. Ca(1) sites form
columns on the ternary axes of the structure, which are surrounded by
nine O atoms belonging to PO4 tetrahedra, thereby resulting in [CaO9]
clusters. Ca(2) sites are located at the corners of equilateral triangles
and hence, form the hexagonal channels of the structure. These species
are surrounded by six O atoms that comprise the [PO4] clusters and one
OH group inside the channel, thereby leading to [CaO7H] clusters. The
hexagonal character of the HA lattice can be retained, even in the
presence of various ionic substitutions and vacancies [26–28]. This
feature is also evidenced by the fact that HA exists in the non-stoi-
chiometric, Ca-deficient form, which is typically represented as
Ca10−x(HPO4)x(PO4)6−x(OH)2−x (0< x<1)(Ca-dHA) [29]. Ca-dHA
has distinct chemical properties compared to SHA; for example, its
higher solubility leads to an increase in the bioresorption rate in vivo
[30]. Moreover, vacancies in Ca-dHA lead to changes in the electronic
structure and density of e′–h• pairs [31] which, in turn, may affect the
intrinsic PL emission.

Various mechanisms have been proposed in order to explain the
intrinsic PL of HA [21,32,33]. However, the effect of the degree of
structural order-disorder, chemical composition, and morphological
features, on the self-activated PL and electronic structure of HA parti-
cles, remains unclear. Moreover, several synthesis methods have been
employed to obtain HA [34]. One of these methods, chemical pre-
cipitation, can be used to obtain distinct particle shapes and introduce
several types of defects into the structure, in order to understand its PL.
Recently, our research group reported the effect of different heat
treatment temperatures on the intrinsic PL of HA nanorods [35]. In the
present study, SHA and Ca-dHA with distinct sizes and shapes were
synthesized via chemical precipitation. The influence of pH and addi-
tion rate of phosphate precursor on the structural ordering (long- and
short-range), morphological features, and PL properties of these mate-
rials were investigated in detail.

2. Experimental section

2.1. Materials and methodology

Calcium nitrate tetrahydrate [Ca(NO3)2·4H2O] (99%, Sigma-
Aldrich) and di-ammonium phosphate [(NH4)2HPO4] (98+%, Strem
Chemicals) were used as starting precursors. The pH of the solutions
was controlled by adding ammonium hydroxide [NH4OH] (ACS, Acros).
Milli-Q water was used as the solvent. Two main groups were synthe-
sized via chemical precipitation in a: (1) basic environment with ad-
dition of NH4OH (pHfinal = 9.5–10.0), and (2) acidic environment
without addition of NH4OH (pHfinal = 4.5–5.0). Moreover, in order to
obtain distinct particle shapes, the addition rate of the phosphate pre-
cursor in aqueous solutions containing Ca2+ ions, was varied. Table 1
lists the main experimental parameters. The samples were all synthe-
sized at 90 °C.

2.2. Synthesis using injection pump

In this step, well-crystallized particles were obtained by slowly
mixing the precursors using an injection pump. Firstly, 50 mL of an
aqueous solution containing 1.0 mmol of Ca2+ ions, and 12 mL of an
aqueous solution containing 0.6 mmol of the phosphate precursor were
prepared; these were referred to as solution 1 and solution 2, respec-
tively. In order to obtain the sample prepared in a basic environment,
the pH of both solutions was adjusted to 9.5–10.0 by adding NH4OH.
The samples were prepared by adding solution 2 to solution 1, at an
approximate addition rate of 0.15 mL/min. The mixture was then ri-
pened for 2 h. The milky suspensions obtained were repeatedly washed
with Milli-Q water and ethanol, and centrifuged (8000 rpm) in order to
eliminate residual groups. The resulting powders were dried at 80 °C for
24 h under air atmosphere. The samples prepared with and without
addition of NH4OH were referred to as BIP (Basic – Injection Pump) and
AIP (Acid – Injection Pump), respectively.

2.3. Synthesis using peristaltic pump

This synthetic route was based on our previous study published
[35]. The experimental procedure was similar to that used for the
synthesis via IP; however, the solutions were mixed at a moderate ad-
dition rate (7 mL/min) of phosphate precursor by using a peristaltic
pump. Moreover, solutions 1 and 2 consist of 50 mL of aqueous solution
containing 10 mmol of Ca2+ ions and 100 mL of aqueous solution
containing 6 mmol of the phosphate precursor, respectively. The as-
prepared samples were referred to as BPP (Basic – Peristaltic Pump) and
APP (Acid – Peristaltic Pump).

2.4. Synthesis by one-batch step

This procedure was used to obtain poorly crystallized samples. The
experimental parameters were similar to those described by the PP. The
only difference adopted was the mixture of both solutions, which was
performed by one-batch step; the addition rate of the precursor was ~
600 mL/min. The as-prepared samples were referred to as BOB (Basic –
One Batch) and AOP (Acid – One Batch).

2.5. Characterization

The chemical composition of the prepared samples was determined
via inductively coupled plasma-atomic emission spectrometry (ICP-
AES) using a Thermo Scientific iCAP 6500 (USA) analyzer. The samples
were structurally characterized by X-ray diffraction (XRD) in a
Shimadzu XRD–6000 (Japan) diffractometer using Cu-Kα radiation (λ
= 0.154184 nm). Data were collected over 2θ ranging from 20° to 70°,
and at a step scan rate and step size of 0.2°/min and 0.02°, respectively.
The peak broadening of the reflection was used to determine the
crystallographic domain size (Xs) of the samples, from the Scherrer
equation [36]:

=
×

×
X λ

β θ
0.9

cosS
(1)

where λ is the wavelength of the x-rays and θ is the Bragg angle of
the analyzed peak; β is the line broadening and is estimated from:

= −β ββ observed
2

instrumental
2

(2)

where βobserved is the observed broadening, as determined from the full
width at half maximum (FWHM), and βinstrumental is the instrumental
broadening, as determined from FWHM of a well-crystallized SiO2

(quartz) external standard. In HA samples, Xs along perpendicular di-
rections can be estimated by using the (002) and (300) diffraction
peaks; this estimation is based on the assumption that the typical crystal
growth (i.e., along c planes) occurs and the length of the crystal

Table 1
Experimental parameters employed in the chemical precipitation of HA.

Sample group Sample
label

Mixture
method

Addition rate of
phosphate
precursor (mL/min)

pHfinal

With addition of
NH4OH

BIP Injection
pump

0.15 (Slow) 9.5–10.0

BPP Peristaltic
pump

7.00 (Moderate) 9.5–10.0

BOB One batch 600.00 (Rapid) 9.5–10.0
Without

addition of
NH4OH

AIP Injection
pump

0.15 (Slow) 4.5–5.0

APP Peristaltic
pump

7.00 (Moderate) 4.5–5.0

AOB One batch 600.00 (Fast) 4.5–5.0
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corresponds to the a planes [37].
The morphological features were examined by using a field-emis-

sion scanning electron microscope (FE-SEM) in a Carl Zeiss Supra 35-VP
(Germany) microscope operated at 5 kV. Fourier transform infrared
spectroscopy (FTIR) was performed at room temperature using a Jasco
FT/IR–6200 (Japan) spectrophotometer operated in absorbance mode.
Spectra were recorded at a resolution of 4 cm−1, over wavenumbers
ranging from 400 to 4000 cm−1. These measurements were performed
on 12-mm-diameter pellets, which were composed of 1 wt% of each
sample mixed with 99 wt% of KBr (≥ 99%, Sigma-Aldrich). Micro-
Raman spectroscopy was performed by using a Horiba Jobin-Yvon
IHR550 (Japan) spectrometer coupled to a CCD detector and a Melles
Griot argon-ion laser (USA), operated at 514.5 nm with maximum
power of 200 mW. UV–vis spectroscopy was performed by using a
Varian Cary 5G (USA) spectrophotometer operated in diffuse-reflection
mode. PL spectroscopy was conducted at room temperature by using a
Thermal Jarrel Ash Monospec 27 (USA) monochromator coupled to a
Hamamatsu R955 (Japan) photomultiplier. A Coherent Innova 200 K
krypton ion laser (USA) (λexc = 350 and 415 nm) was used as an ex-
citation source. These two excitation wavelengths were used to reveal
the band structures in HA samples. The incident laser beam on each
sample was maintained at a maximum power of 15 and 7 mW, re-
spectively.

3. Results and discussion

3.1. Composition and structural analyses of prepared samples

The composition of HA samples is strongly dependent on the
synthesis conditions, and these samples may exist as either SHA (Ca/P
= 1.67) or Ca-dHA (1.50 ≤ Ca/P< 1.67) [38]. Table 2 shows the
chemical composition, as determined via ICP-AES. As can be seen, the
Ca/P ratios of samples synthesized in a basic environment (BIP, BPP,
and BOB) are similar to those of SHA. The Ca/P ratios of the samples
synthesized without NH4OH (AIP, APP, and AOB) are similar to those of
Ca-dHA. These results confirm that the experimental methodology
employed in our study is effective in preparing SHA and Ca-dHA sam-
ples.

The occurrence of HA as a single phase, or simultaneously with
other orthophosphate phases, is also strongly dependent on the synth-
esis parameters [39]. Fig. 1(a) and (b) shows XRD patterns of the pre-
pared samples. The diffraction peaks can all be perfectly assigned to the
pure hexagonal HA phase (space group P63/m), in good agreement with
the results reported in Inorganic Crystal Structure Data (ICSD) base No.
26204 [25]. It is important to emphasize that HA lattice can accom-
modate high densities of vacancies without undergoing significant
structural changes. Therefore, both Ca-dHA and SHA structures have
similar XRD patterns.

The XRD peaks of both groups (with and without the presence of
NH4OH) narrowed, in general, with decreasing addition rate of the
phosphate source. This indicates that the size and degree of long-range
ordering of the particles depend on the rate of addition. As such, the
samples prepared by injection pump (BIP and AIP) exhibit a higher
degree of crystallization or periodicity in the lattice than the other
samples. This structural behavior is also manifested as changes in the

Ca–O and P–O bond lengths of [CaO9], [CaO7H], and [PO4] clusters,
respectively, in both groups of samples.

The crystalline nature of these samples was investigated via the
crystallographic coherence domain sizes (Xs). Table 3 shows Xs the
values (estimated from Eq. (1)) associated with the (002) and (300)
crystallographic planes, and the corresponding (002)/(300) aspect
ratio. Values ranging from 36.57 to 58.75 nm and from 15.02 to
40.69 nm for the (002) and (300) planes, respectively, confirm the
presence of nanocrystalline HA. Moreover, in both cases, slow rates of
addition yield larger domains than high rates. Analysis of the (002)/
(300) ratios reveals that SHA obtained in a basic environment crystal-
lizes anisotropically along crystallographic direction c. Similar Xs be-
haviors were observed for the Ca-dHA samples prepared in an acidic
environment. However, this group consisted of more anisotropic do-
mains than the group obtained in a basic environment.

FTIR and Raman spectroscopies of solids can also be used to identify
phases and reveal the short-range ordering in materials [40]. According
to experimental and theoretical data, the SHA unit cell (whose

Table 2
Composition of the as-prepared samples as determined via ICP-AES.

Sample Ca (%m/m) P (%m/m) Ca/P

BIP 31.30 18.60 1.68
BPP 34.40 20.61 1.67
BOB 34.80 20.81 1.67
AIP 32.90 20.31 1.62
APP 32.60 21.00 1.55
AOB 31.10 19.30 1.61

Fig. 1. XRD patterns of samples obtained at different addition rates of the phosphate
source, for (a) pHfinal = 9.5–10.0 and (b) pHfinal = 4.5–5.0.

Table 3
Xs values of distinct crystallographic orientations of the as-prepared samples.

Addition rate With addition of NH4OH Without addition of NH4OH

Xs (002)

(nm)
Xs (300)

(nm)
Xs (002) /
Xs (300)

Xs (002)

(nm)
Xs (300)

(nm)
Xs (002) /
Xs (300)

Slow 58.75 40.69 1.44 52.85 27.82 1.89
Moderate 44.14 24.80 1.78 44.61 19.80 2.25
Fast 36.57 15.02 2.36 39.78 11.49 3.46
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symmetry is described by space group P63/m (C6h)) is composed of 44
atoms, which yield 132 internal and lattice modes [41,42]. Most of the
active modes give rise to bands in the FTIR and Raman spectra of SHA,
which correspond to librational and stretching modes of OH groups and
internal vibrations of [PO4] clusters [43,44].

Fig. 2(a) and (b) shows the FTIR and Raman spectra of samples
precipitated in a basic environment (pHfinal = 9.5–10.0); the main
modes are listed in Table S1. The detected bands are characteristic of
SHA samples [41,44]. In other words, the bands associated with the ν1
symmetric and ν3 asymmetric stretching modes of [PO4] clusters, as
well as the ν2 and ν4 bending modes, were all identified. Bands corre-
sponding to OH librational and symmetric stretching vibrations were
also present in all the spectra.

The bandwidth of the vibrational spectrum has been used to de-
termine the degree of short-range ordering in HA [45]. In this study, the
samples prepared in a basic environment exhibit relatively well-defined
FTIR and Raman-active bands, which are indicative of short-range
structural ordering. Several bands, corresponding to the ν3 stretching
vibration of [PO4] clusters, occur at wavenumbers from 1000 to
1100 cm−1, and the differences between the samples are especially
noticeable in this range. The samples may be written as BOB<BPP ≈
BIP, i.e., in ascending order of the sharpness of the bands in the FTIR
spectra. Therefore, in a basic environment, rapid addition rates of the
phosphate precursor lead to poor crystallization of the HA samples and
hence, low degree of short-range ordering of [PO4] clusters in the lat-
tice.

Fig. 3(a) and (b) shows FTIR and Raman spectra collected from
samples synthesized in an acidic environment (pHfinal = 4.5–5.0). Ac-
tive bands, which correspond to Ca-dHA, occur in both spectra [29].

The identified bands and their respective vibrational modes are all
listed in Table S2. The bands associated to [PO4] clusters (ν3PO4 →
FTIR; ν4PO4 → Raman) in Ca-dHA samples prepared in an acidic en-
vironment were less resolved than those of the samples prepared in a
basic environment. This behavior is attributed to changes in the local
symmetry and/or increased disorder in HA [45,46]. Moreover, the in-
tensity of the bands associated with O–H bonds (νLOH → FTIR) de-
creased in the FTIR spectra, and the vibrational modes arising from the
protonation of [PO4] clusters (HPO4 in Fig. 3(a) and (b)) occurred in
both spectra [47]. These results confirm that Ca-dHA is formed under
the present synthesis conditions, with Ca ionic vacancies (VCa) main-
taining the electroneutrality of the structure. Therefore, the pH and
addition rate of phosphate both play a key role in the formation and
organization processes of [CaO9], [CaO7H] and [PO4] clusters in the
hexagonal HA structure.

3.2. Morphological analysis

Fig. 4(a)–(c) shows FE-SEM micrographs of samples prepared in the
basic environment. As Fig. 4(a) shows, the BIP sample is composed of
several hexagonal prism-like microparticles. Increasing rates of addi-
tion of the phosphate precursor resulted, however, in a reduction in the
particles sizes and changes in their shapes. BPP and BOB samples are
formed by rod-like microparticles and rice-like nanoparticles, respec-
tively (Fig. 4(b) and (c)). The dimensions of the particles are listed in
Table 4.

Fig. 4(d)–(f) shows FE-SEM micrographs of the as-prepared samples
without the addition of NH4OH. As in the case of the samples prepared
in a basic environment, the particle sizes decreased with increasing

Fig. 2. (a) FTIR and (b) Raman spectra of as-prepared samples obtained in a basic en-
vironment (pHfinal = 9.5–10.0), at different addition rates of the phosphate source.

Fig. 3. (a) FTIR and (b) Raman spectra of as-prepared samples obtained without addition
of NH4OH (pHfinal = 4.5–5.0) and at different addition rates of the phosphate source.
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addition rate of the phosphate source. The AIP (Fig. 4(d)) and APP
(Fig. 4(e)) samples are composed of needle- and plate-like micro-
particles, respectively. The particles in APP samples are, however,
smaller than the particles in AIP sample. The AOB sample (Fig. 4(f))
prepared by one-batch step is composed of needle-like microparticles.
These particles are the smallest of all particles formed in this group of
samples. As Table 4 shows, for the same rate of phosphate addition, the
samples prepared without NH4OH undergo more anisotropic crystal-
lization than those prepared in a basic environment, corroborating with
Xs estimations in this work.

3.3. Formation mechanisms of SHA and Ca-dHA particles

During synthesis under alkaline conditions, SHA is the most ther-
modynamically stable phase [48], owing to the significant concentra-
tion of deprotonated PO4

3- and OH- ions in the solution. However,
amorphous Ca phosphate will precipitate first and is then slowly con-
verted to Ca-dHA. This temperature-dependent stage is critical for the
formation of SHA. In the case of chemical synthesis performed at room
temperature, Ca-dHA is formed after only several hours. At tempera-
tures above 90 °C, however, this phase crystallizes almost in-
stantaneously, although an aging step is still required for the transition
from Ca-dHA to SHA [49,50]. In our reactions performed at 90 °C (basic

conditions), 2 h of aging were needed to convert Ca-dHA to SHA, even
in samples prepared at a rapid rate of phosphate addition. The crystal
shape and size constitute main differences among the samples. There-
fore, the particle shape and size depend on the method of addition,
indicating that this parameter plays a key role in the nucleation and
growth processes. The BIP sample exhibited a good degree of long-
range structural ordering and the corresponding particles have similar
shapes to those that comprise the hexagonal HA structure [37]. In this
case, the addition of the phosphate precursor (by means of an injection
pump) resulted in a low nucleation rate and hence, a dominant growth
stage. During this synthesis, drops containing PO4

3- ions fall into a sa-
turated solution that consist of Ca2+ ions, and nucleation is thereby
initiated. The precursor ions also can gradually accumulate on the
surface of the previously formed nanocrystals in the solution, resulting
in the growth of hexagonal prism-like microparticles. In addition, the
growth process of these microstructures is controlled by oriented at-
tachment between the nanocrystals followed by Ostwald ripening [51],
when the system has reached an equilibrium condition. Hence, the self-
assembly is a common phenomenon in laboratory and physiological
systems for HA samples [52,53], such as the complex hierarchical
structure on tooth enamel [54].

The crystal growth mechanism that operates in the BIP sample may
also takes place in the BPP sample that was prepared at a slightly higher
addition rate of phosphate by using a peristaltic pump. However, this
slightly higher rate resulted in a change in the crystal shape (i.e., to rod-
like microparticles), indicating that nucleation dynamics have sig-
nificant effect on the subsequent growth stages. On the other hand, in
the case of the BOB sample, a high density of crystallization nuclei is
formed, owing to abrupt precipitation and high supersaturation. This
formation leads, in turn, to the formation of several rice-like nano-
particles. Spontaneous collisions and mutual interactions (via oriented
attachment) between these nanoparticles, result in the formation of
complex structures (self-assembly of nanoparticles). Moreover, the
formation of HA lattice, via rapid Coulomb interactions between PO4

3-

Fig. 4. FE-SEM micrographs of samples
prepared at pHfinal = 9.5–10.0 [(a) BIP
(injection pump), (b) BPP (peristaltic
pump), and (c) BOB (one-batch addition)],
and at pHfinal = 4.5–5.0 [(d) AIP (injection
pump), (e) APP (peristaltic pump), and (f)
AOB (one-batch addition)].

Table 4
Shapes and approximate size of particles in the HA samples.

Sample Shape Length (µm) Width (nm)

BIP Hexagonal prism 0.7–2.5 70–200
BPP Rod 0.3–0.6 40–80
BOB Rice 0.05–0.06 12–25
AIP Plate and needle 0.5–5.5 30–200
APP Plate and needle 0.5–3.5 30–200
AOB Needle 0.2–0.7 20–50
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and Ca2+ ions, leads to long- and short-range (albeit slight) structural
disorder, as evidenced by XRD patterns and vibrational spectroscopies,
respectively.

For samples prepared without the addition of NH4OH, the acidic
environment provided the ideal kinetic condition for the formation of
other intermediary phosphate phases, which nucleate first in the aqu-
eous system. Synthesis of SHA is difficult in this environment, and Ca-
dHA is the only final product obtained. The plate-shaped particles and
the [PO4H] that comprise the AIP, APP, and AOB samples indicate,
therefore, that octacalcium phosphate (OCP, Ca8(HPO4)2(PO4)4·5H2O,
Ca/P = 1.33) may have precipitated prior to Ca-dHA [55]. In principle,
OCP hydrolyses to Ca-dHA in aqueous solutions, in which [PO4H] de-
protonation occurs. One of the two crystallographically non-equivalent
[PO4H] clusters, present in OCP, may maintain the protonation char-
acter [47]. The XRD, FTIR, and Raman results confirmed that OCP
transitioned to the Ca-dHA phase. This interpretation is supported by
ICP-AES data, which revealed that the Ca/P ratios correspond to dif-
ferent stoichiometry from that of OCP (Table 2).

OCP crystallizes to a triclinic structure, whose symmetry is de-
scribed by the space group P1; this structure consists of alternating
apatite-like layers and hydrated layers parallel to the (100) plane [56].
The faces of the OCP crystals, corresponding to these planes, are more
hydrated than other faces and hence, the adhesion of Ca2+ and
HxPO4

x−3 is prevented. Therefore, crystals tend to growth in c-axis, and
(100) faces are predominant in the final crystal shape. There are two
(100) faces in OCP, which lead to growth of plate-like particles [57].
Morphological aspects may be retained after transition to Ca-dHA, as
evidenced by the shape of the nanoparticles obtained in an acidic en-
vironment. The difference in size and ordering of the species in Ca-dHA
particles of AIP, APP, and AOB samples is attributed to similar factors
cited for samples synthesized in a basic environment. The rapid addi-
tion of phosphate precursor (AOB) leads to an increase in the nucleation
rate and a decrease in the time allowed for accommodation of the
species in the structure. However, the growth step is dominant in
samples obtained by using a peristaltic pump (APP) and an injection
pump (AIP), and therefore these samples accommodate the species
more efficiently than their AOB counterpart.

A schematic of all the samples obtained in the present study is
shown in Fig. 5. The particle shapes are shown compared with those
revealed in the FE-SEM images of each sample. Moreover, a magnified
view of the main diffraction peaks indicates that the peaks narrow, in
general, with increasing crystallization of the samples.

3.4. Photoluminescence and electronic structure

The spontaneous formation of donor and acceptor levels within the
band gap (lattice polarization), which are responsible for radiative and
non-radiative transitions involving e′–h• pairs, may be induced by the
presence of defects. These defects include vacancies, dislocations,
stresses and strains in the crystalline lattice, stacking faults, twin
boundaries, distortions in the atomic bonds, cracks, pores, etc [58,59].
The factors that lead to the formation of these defects in solid matrices
vary with the synthesis and processing technique used in the prepara-
tion of materials. Experimental parameters, such as sample type
(powder, thin film, pellet), pressure, temperature, time, reaction
medium (solid or liquid), atmosphere, etc., also have an effect on defect
formation [60]. Therefore, control of the types and total density of
defects formed in a material is difficult.

Defects related to the loss of symmetry in [CaO9], [CaO7H] and
[PO4] clusters may exist in HA, owing to synthesis in an aqueous so-
lution at relative low temperatures [30]. The loss of symmetry results
possibly from the presence of VCa in the Ca clusters. This is expected
since Ca species are loosely arranged in the lattice and have significant
mobility [29,61,62]. In this study, VCa in the Ca-dHA samples (AIP,
APP, and AOB) obtained in acidic environments, result from the ab-
sence of some Ca atoms from their respective sites in the apatite

structure (ionic vacancy). VCa may have also originated from dis-
placement of Ca species from their equilibrium positions (interstitial
vacancy). These interstitial vacancies stem mainly from the poor ar-
rangement of HA species in the lattice, owing to the crystallization
process. In our samples synthesized in a basic environment, VCa inter-
stitial vacancies are more easily formed than VCa ionic vacancies be-
cause of the synthesis conditions (especially in the case of the BOB
sample) and the low density of protonated [PO4] clusters. These in-
terstitial vacancies may also form in both studied groups, owing to
distortions resulting from neighboring vacancies, such as those in hy-
droxyl groups [61,63]. [PO4] clusters are more stable than Ca clusters,
and define the hexagonal HA structure, but may be distorted (symmetry
loss) in the lattice. This distortion stems from changes in the P–O bond
lengths and O–P–O bond angles; these changes are induced by the
protonation in Ca-dHA [29] or long- and short-range structural dis-
order, and are manifested in the XRD (Fig. 1(a) and (b)), FTIR and
Raman spectra (Figs. 2(a) and (b) and 3(a) and (b)). Considering these
situations, we propose a model (see Fig. 6) based on the Kröger-Vink
notation [64] to clarify the influence of VCa and disordered [PO4]
clusters on the polarization process of the HA lattice. The [PO4],
[CaO9], and [CaO7H] clusters shown in Fig. 6(a) are considered ideal
(i.e., defect-free). Ionic and interstitial vacancies in both basic and
acidic environments are denoted in Fig. 6(b)–(d). In these figures,
V O[ ]Ca

x
9 and V O H[ ]Ca

x
7 are neutral Ca vacancies; ′V O[ ]Ca 9 and ′V O H[ ]Ca 9

are Ca vacancies that received one electron; ″V O[ ]Ca 9 is a Ca vacancy that
received two electrons; PO[ ]d

x
4 and PO[ ]d4

• are distorted/disordered
phosphate clusters, where x and • denote a neutral state and a cluster
with one hole (positive charge), respectively. These equations sum-
marize the polarization effects resulting from the formation of va-
cancies, in which there is a charge transfer from perturbed to un-
perturbed clusters (structural order-disorder), i.e., formation of e′–h•

pairs [65]. For example, electronic transference from the PO[ ]d4
• cluster

(perturbed) to the ″V O[ ]Ca 9 cluster (unperturbed).
In addition to the VCa and [PO4] distortions that are characteristic of

the bulk and surface, other superficial and interfacial defects, such as
grain boundaries, pores, cracks, etc., also occur in HA [66]. In principle,
independent of the kinds of defects, they are able to promote a non-
homogeneous charge distribution, as a consequence of the symmetry
break induced by the delocalization of electronic densities associated
with [CaO9], [CaO7H] and [PO4] clusters. Additional energy levels may
occur within the forbidden zone or band gap, owing to this phenom-
enon [31,61,63]. Therefore, the band structure in HA samples may be
revealed by combining the results of UV–vis measurements with PL
spectra.

Fig. 7 shows the UV–vis spectra of the as-prepared samples. The
linear portion (i.e., the tail) of these spectra was extrapolated, by using
the modified Kubelka-Munk equation [67] (adopting n = 1/2 for in-
direct transitions [68]) to estimate the band gap energies (Eg) of each
sample. The samples all presented high Eg values (from 5.59 to
5.72 eV), which are similar to those reported for HA [12,68]. The Eg of
the as-prepared samples varied only modestly with the synthesis
parameters. However, the lowest Eg of the BOB sample (~ 5.59 eV)
suggests that this sample has the highest density of intermediary energy
levels within the forbidden zone; these levels results from several types
of defects (structural, surface and interface).

The influence of some parameters on the PL of HA, has been pre-
viously investigated. Zhang et al. [33] reported that impurity carbon
dioxide radical anions (CO2

•-), located in the interstitial sites of the HA
lattice, have a significant effect on the self-activated PL. Deshmukh
et al. [21] described that discrete energy levels, arising from electrons
trapped on the surface of HA nanorods, are able to improve the intrinsic
PL of this material. Bystrova et al. [32] correlated experimental data
and theoretical calculations, in order to explain the role of defects, in
the organization of the band structure and PL activity of HA crystals;
defects such as OH vacancies and H internodes were considered in that
study. Recently, our research group experimentally demonstrated a
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critical role of distinct defects, including entrapped impurities (H2O,
NH4

+, HA…H+, and CO3
2-) and OH vacancies, on the structural order-

disorder and intrinsic PL of heat treated HA samples (from 200 to
800 °C) [35]. In the present study, behind the pH value, it was ex-
perimentally investigated the effect of the addition rate of phosphate
precursor and the distinct particle shapes as well as the formation of
defects, for example, ionic and interstitial VCa vacancies, and distortions
in [PO4] clusters on the PL response of our as-prepared HA samples.

Fig. 8(a) and (b) shows the PL spectra obtained at room temperature
(from all samples) and at excitation wavelengths of 350 and 415 nm.
These spectra have a broad profile, indicating that the emissions cover a
large part of the visible electromagnetic spectrum. In this case, count-
less energy states are involving in the electronic transitions. As the
UV–vis spectra (Fig. 7) showed, the Eg values (from 5.59 to 5.72 eV) of
the samples are all higher than the excitation energies (~ 3.54 and ~
2.98 eV at 350 and 415 nm, respectively). This indicates that band-to-
band electronic transitions have negligible influence on the final PL.
The explanation for this optical phenomenon is attributed to the oc-
currence of additional energy levels within the forbidden zone; these
levels arise from interface, surface and bulk defects. In previous studies
[69], additional levels were attributed to bulk and surface energy
states, reinforcing the present interpretation. Moreover, these energy
states are referred to as deep- or shallow-level defect states [70]. The
deep levels occur near the middle of the band gap and give rise to green,
yellow, orange, and red PL emission at room temperature. On the other
hand, the shallow levels occur near the edge of the conduction band
(CB) and/or valence band (VB). Those located near the CB edge play a
crucial role in violet and blue PL emissions [71]. The maximum in-
tensities in the PL spectra of the SHA and Ca-dHA samples (Fig. 8(a) and
(b)) occur at wavelengths between 440 and 540 nm, which correspond

Fig. 5. Schematic of the experimental conditions, final particle
shapes, and XRD patterns obtained in the present study.

Fig. 6. Model based on the Kröger-Vink notation for the polarization process of the HA
lattice: (a) ordered clusters of the HA structure, (b–d) formation mechanisms of Ca va-
cancies.
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to blue/green regions of the visible electromagnetic spectrum. There-
fore, the observed emissions encompass both shallow- and deep-level
defect states.

The spectra have similar profiles, although the emission intensities
are different. These differences result from variations in the con-
centration of defects located mainly in the bulk (ionic and interstitial
VCa, and distortions in [PO4] clusters). However, compared to those of
Ca-dHA samples, PL spectra of SHA samples (especially the BOB
sample) were slightly shifted toward higher wavelengths, irrespective
of the excitation energy employed, as shown in Fig. 9(a)–(d). This shift
is attributed to the effect of interface and surface defects. Moreover,
rapid supersaturation occurs and several stable nuclei are formed, with
increasing addition rate of the phosphate precursor. In the sequence,
these nuclei interact, forming the nanoparticles. This process occurs
very rapidly, thereby resulting in a high density of irregularities or
defects (such as cracks, broken bonds, distortions in the [PO4] clusters,
and VCa) on the surface of these nanoparticles. In addition, HA nano-
particles can rotate and/or collide with each other along the same
crystallographic orientation (oriented attachment). Defects are formed
in the interface region between the nanoparticles, in the case of an
imperfect attachment [72].

As shown in previous sections, intrinsic defects have a significant
impact on the electronic recombination mechanisms. The PL spectra
(collected at both excitation wavelengths) were therefore deconvo-
luted, in order to determine (qualitatively) the contribution of each
component or visible-light emission center; this deconvolution was
performed by using the PeakFit software (4.05version), and the results
are shown in Figs. S1 and S2. The PL profiles were all well-described by
the Voigt area function; five components were needed for the spectra
collected at an excitation wavelength of 350 nm, whereas six were re-
quired for those obtained at 415 nm. These components remained in the
same position, depending on the excitation wavelength. The obtained
data are listed in Tables S3 and S4. As the tables show, blue emission

centers, which occur at 467 and 475 nm for excitation at 350 and
415 nm, respectively, constitute high percentages of the area; the same
holds true for green emission centers, which occur at 496 nm, for both
excitation wavelengths. This confirms that the deep- and shallow-level
defect states, located approximately in the middle and near to the CB,

Fig. 7. UV–vis spectra of the samples synthesized in the present study: (a) BIP, (b) BPP,
(c) BOB, (d) AIP, (e) APP, and (f) AOB.

Fig. 8. Non-normalized PL spectra obtained at room temperature for SHA and Ca-dHA
samples at an excitation wavelength of (a) 350 nm and (b) 415 nm.

Fig. 9. Normalized PL spectra obtained at room temperature. SHA samples prepared in a
basic environment and at an excitation wavelength of (a) λexc = 350 nm and (c) λexc =
415 nm. Ca-dHA samples prepared in an acidic environment and at an excitation wave-
length of (b) λexc = 350 nm and (d) λexc = 415 nm.
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respectively, of the forbidden zone, contribute significantly to the
electronic recombination mechanisms. The BOB sample excited at
415 nm, exhibited a different trend, i.e., in addition to the green com-
ponent, the yellow also accounted for high percentages of the area.
Therefore, deep energy levels within the band gap of this sample result
mainly from the effect of surface and interface defects.

The surface and interface defects, distortions in [PO4] clusters, and
ionic and interstitial VCa (found in both bulk and surface), can change
the electronic structure of HA samples. Moreover, some surface states,
which are intrinsic to the crystal termination or arising from crystalline
surface defects, induce changes in the final physicochemical properties
of any material [73]. A single crystal can be composed of various
crystallographic planes with their respective surface energies [74].
These intrinsic surface energies play an important role in the formation
and organization of localized empty and occupied energy states within
the band gap [75].

Considering the UV–vis and PL results, we proposed a single-band
structure model (see Fig. 10) to explain the PL behavior of our SHA and
Ca-dHA samples. The central idea was mainly based on some papers
published in the literature [32,61,63,68,69], and in the effect of
structural order-disorder. In this model, the forbidden band gap consists
of several empty and occupied intermediary energy levels, which arise
from defects (bulk, surface, and interface) (Fig. 10(a)). We believe that
the shallow levels near the CB edge are created mainly by VCa, which
are associated with Ca 3p and 4s states. The deep levels and shallow
levels near the VB edge are dominated by the states of the [PO4]
clusters, i.e., P 3s, 3p and O 2s, 2p states, respectively. During the ex-
citation process at room temperature, electrons located at low energy
levels near the VB absorb the photon energies (hν) and, consequently,
are promoted to intermediary energy levels near the CB (Fig. 10(b)).
The energies arising from these electronic transitions are converted to
photons (hν′) (hν> hν′) (radiative recombination) (Fig. 10(c)), when
the electrons return to lower energy states. In addition, the broad and
intense PL spectra of the HA samples are attributed to the numerous
photons generated by electronic transitions, which involve various
energy states. The transitions between very close energy levels may
result in a non-radiative recombination process.

In future study, we will perform theoretical calculations based on
these experimental data, in order to fully explain the present results.

4. Conclusions

Nano- and micro-particles of SHA and Ca-dHA were obtained via the
chemical precipitation method, owing to the effectiveness of this syn-
thetic route and the appropriate choice of experimental parameters
(addition rate of the phosphate precursor and pH environment). The as-
synthesized samples were characterized by means of ICP-AES, XRD,
FTIR and Raman spectroscopies. The intense and well-defined diffrac-
tion peaks revealed that all HA samples have a structural periodicity at
long-range, while the presence of structural order at short-range, i.e.,
clusters corresponding to the local coordination of Ca and P atoms, was
confirmed via FTIR and Raman spectra. Moreover, there was a slight

loss of resolution of the vibrational bands associated with [PO4] clusters
in HA synthesized in a basic environment. These results can be asso-
ciated to distortions in the structural order at short-range. In addition,
bands corresponding to the vibrations associated with [PO4H] clusters,
which are typically from Ca-dHA, occurred in both FTIR and Raman
spectra of the samples synthesized in an acidic environment.

The particle size and shape (rods, needles, plates, and rices) varied
with the addition rate of the phosphate precursor and the pH employed
during the precipitation. The PL spectra of the as-prepared samples
exhibited broad band profiles, and with maximum emissions located at
the blue and green regions of the visible electromagnetic spectrum.
Moreover, the SHA and Ca-dHA samples presented higher Eg (from 5.59
to 5.72 eV) than those corresponding to the excitation wavelengths (~
3.54 and ~ 2.98 eV at 350 and 415 nm, respectively) used in the PL
measurements. This behavior is attributed to the existence of a high
density of intermediary energy levels (shallow and deep levels) in the
forbidden band, owing to the presence of bulk, surface and interface
defects.
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