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This paper studies the structural and photoluminescent properties of hydroxyapatite (HA) and europium-doped hydroxyapatite
(HA:Eu) synthesised by the hydrothermal method and sintered by the spark plasma sintering (SPS) technique. HA and HA: Eu
powders, synthesised at pH of 10, 11 and 12, were characterised by means of infrared spectroscopy, X-ray diffraction, scanning
electron microscopy, Raman spectroscopy and luminescence spectroscopy. The HA and HA:Eu samples were sintered using
the SPS technique at 900 and 1200 °C. It was determined that the HA and HA:Eu powders crystallised in the hexagonal
phase, which is stable until 900 °C. The presence of Eu’" ions tended to stabilise the hexagonal phase of hydroxyapatite at
1200 °C. Undoped hydroxyapatite sintered at 1200 °C revealed a significant amount of tricalcium phosphate (f-TCP) as
a result of its decomposition. By increasing the heat treatment temperature, different emission lines ("D,—~'F,, °D,~'F, and

°D,—'F, transitions) were obtained due to calcium site substitution by the europium ions in the HA structure.

INTRODUCTION

Among bio-ceramics for use in biomedical appli-
cations, hydroxyapatite (Ca,,(PO,);(OH),) is the most in-
vestigated, since it is the main inorganic component of
human tissues such as bones and teeth [1]. Hydroxyapatite
(HA) is the most stable calcium phosphate compound in
body fluids under physiological conditions [2]. Therefore,
HA is widely used as a biomaterial in orthopaedic and
dental applications; moreover, nanosized hydroxyapa-
tite with excellent biocompatibility and thermal stabi-
lity also has its possible applications in bioimaging and
nanomedicine [3]. Recently, HA has been proposed to
be useful in applications such as gene transfection [4, 5],
hyperthermia therapy [6], drugs delivery [7, 8] and mo-
lecular imaging [9]. For these purposes, it is necessary
to functionalise the hydroxyapatite nanoparticles by in-
corporating organic dyes, quantum dots, and rare earth
elements [10, 11].

Various studies have demonstrated that Eu*" and
Gd*" dopants can affect bone metabolism and might
be useful for treating bone density disorders such as
osteoporosis [12]. Euions are used as doping activators in
other calcium-based materials because of their low level
of toxicity, photostability, high thermal and chemical
stabilities as well as their high quantum luminescence
yield [13, 14].

Over the past decades, gel systems [15], liquid-
solid-solution synthesis [16], molten salt synthesis [17],
electrochemical deposition [18], hydrolysis [19] and
hydrothermal routes [20] have been used for prepa-
ring HA with a controlled structure and morphology.
Among these methods, it is worth mentioning wet che-
mical methods, which have the advantages of controlling
the morphology and particle size. These methods have
demonstrated the precise control over the microstruc-
ture and morphology of some ceramics [21]. A typical
wet process, normally carried out at room tempera-
ture to temperatures higher than the boiling point of
water, involve the dropwise addition of one reagent
to another under stirring [22]. Of the wet processes,
the hydrothermal method is the most promising and
convenient method since different parameters (solvent,
pH, concentration, temperature reaction time, surfactant
and others) can be tuned in order for it to result in the
desired phase and morphology of the HA. Additionally,
the hydrothermal approach is also known as an efficient
method to synthesise defect-free single crystals of high
crystallinity with narrow particle size distribution and
tunable morphology [23].

Due to the importance of hydroxyapatite as a bio-
material, a large number of research studies have been
carried out on manufacturing HA products by sintering
methods, which can be classified as non-pressure and
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pressurised, the conventional hot-pressing (HP) and the
spark plasma sintering (SPS) techniques, respectively
[24]. Although SPS has been widely used to consolidate
samples to high densities for metal and engineering
ceramics [25, 26], there are few reports on the application
of this technique to produce dense ceramics for
biomedical engineering and luminescent applications.
During the SPS process, a strong electromagnetic field
is produced in the gaps left by the particles, which will
eventually trigger the chemical potential at the surface
of the oxide, promoting their consolidation. Thereby,
the chemical reactions take place during this process.
Munir et al. [27] stated the use of lower temperatures
and shorter holding times allows sintering nanometric
powders to near theoretical density values with little
grain growth. The effect of the applied pressure leads
a particle re-arrangement which contributes to the
improved sintering. Recently, Cuccu et al. [28] reported
a fully dense material of hydroxyapatite without
secondary phases using SPS at 900 °C; the sintered
product, consisting of sub-micrometre hydroxyapatite
grains, displayed optical transparency and good
mechanical properties.

It is well known that one of the main disadvantages
of the thermal processing of HA is related to its ther-
mochemical instability. In fact, HA decomposition takes
place when high temperature conditions are encountered
during the condensation of the powders. Consequently,
negative effects on the mechanical and biological cha-
racteristics of HA appear [29, 30]. In this context, SPS
sintering is a suitable method to obtain ceramic products
with a high density under lower sintering conditions and
a shorter processing time compared to other methods
such as hot pressing.

In the present study, both the structural and photo-
luminescent properties of HA and HA:Eu powders syn-
thesised by the hydrothermal method are presented.
A detailed comparison of their HA and HA:Eu counter-
parts sintered by SPS is also presented.

EXPERIMENTAL

In the HA and HA:Eu syntheses, commercial-grade
calcium nitrate tetrahydrate CaNO,4H,0 (Mallinck-
rodt 99 %) and diammonium hydrogen phosphate
(NH,),HPO,, (Baker Analyzed 98.7 %) were used in
hydrothermal method as starting materials. Europium
oxide, Eu,0;, was used as the starting material for
doping.

First, an (NH,),HPO, solution at 0.5 M was added
dropwise to a CaNO;4H,0O solution at 0.5 M; during
the addition, the Ca solution was kept under stirring
at 50 °C. (For the doped samples, a europium ions at
10 mol. % (via addition of Eu,0,) was incorpora-
ted into the Ca solution). Then, the combined solu-
tions were adjusted to pH = 10, 11 and 12 usinga 1.5 M

NaOH solution. After setting the pH, the solutions we-
re aged in the mother liquor at room temperature for
15 hours. Subsequently, the final solution was poured into
a Teflon®-lined autoclave at 200 °C for 15 hours. Once
the hydrothermal reaction finished, the autoclave was
cooled to room temperature. The powders obtained
were washed by means of centrifugation at 4000 rpm,
15 min, and distilled water was used for each wash,
three washing cycles were employed. Finally, these
powders were dried in an oven at 120 °C for 15 hours.

A total of 1.5 g of undoped hydroxyapatite (HA)
and europium-doped hydroxyapatite at 10 mol. %
(HA:Eu) powders were used for sintering in a SPS1050
model DR. SINTER"™ machine. The powder was placed
into a graphite disk of a 10 mm internal diameter in
order to obtain the final sintered material. The powders
were sintered at either 900 °C or 1200 °C for further
investigation. All of the SPS experiments were carried
out at 20 MPa mechanical pressure (P), 6 min of hol-
ding time (t,) and a 75 °C'min™ heating rate. The SPS
parameters such as mechanical load, vertical displace-
ment, temperature, current and voltage between the
machine electrodes were recorded in real time.

The X-ray diffraction patterns were recorded at
room temperature on a Bruker d§ advance eco diffrac-
tometer, using Cu Ka radiation (A = 1.54184 A). To de-
termine the crystalline phase of the samples, a 26 scan
ranging from 4°-60° was used. The infrared spectra
were obtained at room temperature with a Perkin Elmer
spectra two spectrophotometer. The spectra were recor-
ded at 32 scans in the 4000 - 450 cm™ range. The SEM
micrographs were recorded using a Jeol JSM-IT100
scanning electron microscope operating under a low
accelerating voltage (5 kV) and a high vacuum. A secon-
dary electron detector (High-Sensitivity Low-Vacuum
SE detector) and backscattered electron detector were
used. Raman spectra were recorded using a T64000
Jobin-Yvon confocal micro-Raman Spectrometer with
a 514 nm wavelength line green laser excitation source
(Coherent model 70C5 Ar') operating at 800 mW.
The emission and excitation spectra were recorded on
a Hitachi F-7000 fluorescence spectrophotometer at
room temperature.

RESULTS AND DISCUSSION

Structural characterisation of the HA
obtained by the hydrothermal method

It has been stated that HA can be obtained at
different pH values; however, the basic media (pH > 9)
was preferred because it has been reported that well-
crystallised HA can be obtained at pH values between
10 and 12 [31]. Therefore, to evaluate the synthesis con-
ditions of HA as a function of pH, three different pH
values were tested (10, 11 and 12).
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Figure 1 showsthediffractionpatterns ofthe HA syn-
thesised at different pH values. The diffraction profile of
the samples corresponds to a hexagonal structure which
matches very well with the JCPDS (Joint Committee on
Powder Diffraction Standards) File No: 09-432 (space
group P6;/m). All of the XRD patterns do not present
additional peaks beyond those of the hexagonal phase.
Therefore, no secondary phase was detected. According
to the XRD pattern, a better crystalline HA was obtai-
ned at pH = 11, since the splitting of the peak located at
20 = 32.84° corresponding to the (300) plane was ob-
served.

In order to identify the functional groups, FT-IR
analyses were conducted. The infrared spectra were in-
terpreted according to the data from the literature [32].
All of the infrared spectra of the powders in Figure 2
revealed hydroxyapatite formation, as all of the typical
absorption bands appeared. In particular, the absorption
band located at 1089 cm™ and 1025 cm™ can be assigned
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Figure 1. XRD patterns of the HA powders synthesised at pH

10, 11 and 12.
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Figure 2. The FT-IR spectra of the HA powders synthesised at
pH 10, 11 and 12.

to the asymmetric stretching vibrations of the P-O
band. The absorption band located around 962 cm™ can
be attributed to the symmetric stretching of P—O.
Sadat-Shojai et al. [22] demonstrated that the anio-
nic sites within the HA crystals are very susceptible to
carbon dioxide originating from the atmosphere; in fact,
these carbonate ions (CO;™) can substitute for hydroxy
or phosphate groups. Besides this, they also found

c)pH=12

Figure 3. SEM micrographs of HA as-synthesised at pH = 10,
11 and 12.
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small amounts of CO,> groups when the samples were
synthesised at pH = 9, due to the solubility of CO, in
alkaline solutions. Despite this reported behaviour, in
this research using basic conditions at pH = 10, 11 and
12, no absorption bands belonging to the groups were
detected.

According to the literature, there is a similarity
between the X-ray patterns of OCP (octacalcium
phosphate, Cay(HPO,),(PO,),5H,0), and HA at high
angle regions; in order to avoid the misidentification
between these phases, researchers have suggested the
use of IR spectra as an alternative for detecting the
presence of OCP [33]. In particular, peaks appearing
at 1193 and 868 cm™ have been assigned to the OH in-
plane bending and P—(OH) stretching modes of groups
in the OCP structure, respectively [34]. However, those
absorption bands were not identified. Thus, likely,
at most, only a very small amount of OCP could be
present in the HA samples as an impurity. Finally, the
absorption bands centred at 630 cm™" are attributed to
the vibrational mode of the hydroxyl group.

As seen in the SEM micrographs of the as-syn-
thesised HA powders (Figure 3), the HA powders
obtained at pH 10 are constituted of agglomerated rod-
shaped particles. These particles are about 100 - 200 nm
in diameter and 300 - 600 nm in length. It is clear
that these powders are not homogeneous particles in
size. Changing the pH, it was possible to modify the
particle agglomerations, morphology and the particle
size homogeneity, since the pH affects the superficial
charge of particles. Thus, the HA particles present
different agglomeration, particles size homogeneity and
morphology. The rod-shaped particles similar to pH 10,
around 100 - 150 nm in diameter and 300 - 500 nm
in length are seen for the HA powders synthesised at
pH = 11. At pH 12, the rod-shaped morphology of HA
is transformed into spherical particles with a diameter
around 70 - 120 nm, it is clear that the agglomeration
of the HA particles synthesised at pH 12 is higher when
compared to the HA powder obtained at pH 10 and 11.
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Figure 4. Temperature and sample shrinkage time profiles
recorded during the consolidation of the powders by SPS.

Structural and optical characterisation of HA
and HA:Eu synthesised by the hydrothermal
method and sintered pellets by SPS

Figure 4 depicts the common outputs of the samp-
le shrinkage (3) and temperature profiles recorded du-
ring the SPS sintering process (at 900 °C, 75 °C min’,
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Figure 5. XRD patterns of the as-synthesised, heat-treated and
sintered HA:Eu (10 mol. % Eu) powders.
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tp =6 min and P =20 Mpa) of the HA powders. Normally,
the sample densification improves as the sintering
temperature increases, but it is clear that europium
affects the HA behaviour during the sintering process,
since different shrinkage values were reached.

The undoped HA powders sintered at 900 °C (HA
900S) reached a constant shrinkage at 7.2 mm in 16 min,
as did the powders sintered at 1200 °C (HA1200S).
Both samples of undoped hydroxyapatite had the same
shrinkage value at each sintering temperature; this
effect could be related to the phase transformation of
HA into B-TCP and the arrangement of the powders
before the sintering process. Meanwhile, the europium-
doped HA powders (HA:Eu900S) developed shrinkage
stability around 8 mm at 14 min and the HA:Eul200S
reached a constant shrinkage (about 8.8 mm) at 16 min.
The HA:Eu samples did not present a phase transition
like the HA samples did. Thus, higher shrinkage values
were reached.

Figure 5 shows the diffraction patterns of the
undoped and europium-doped hydroxyapatite. All of
the as-synthesised samples mainly crystallised in the
hexagonal phase; this crystalline phase matched with
the JCPDS card no. 09-432. No second phase related
to the Eu®" ion appeared, therefore, the Eu®" ion was
successfully incorporated into the HA structure. This
result can be understood in terms of the very small
difference in ionic radii between Ca and Eu, 1.80 A
and 1.85 A, respectively; therefore, hydroxyapatite is
a suitable matrix for incorporating europium ions [35].
In order to compare the structural stability of HA
and HA:Eu, the powders were annealed at 700 °C for
3 hours, since this temperature promotes crystallisa-
tion. The heat-treated powders at 700 °C presented
a small presence of B-TCP which can be confirmed by
the (300), (217) and (220) planes located around 26 =
= 29.62°, 31.09° and 34.34°, respectively. On the other
hand, a better crystalline hexagonal phase was reached
when the europium-doped HA was annealed at 700 °C
for 3 hours (HA:Eu700).

Because of their similarity in the XRD patterns
at the high angle region, there is a misidentification
possibility between the OCP and HA structures. In par-
ticular, the OCP structures have a characteristic peak
located at 260 = 4.7° in addition to the absorption
bands discussed in the FT-IR results. However, the
characteristic peak located around 4.7° was not found, as
shown in Figures 5a and b. Thus, it confirms the proper
identification of the HA structure. The OCP stability
decreases as the temperature and pH increase [33], as
a result, the OCP phase in the heat-treated powders
at 700 °C will decrease since recent thermodynamic
analyses have shown that OCP is a metastable phase of
HA [36]. Cuccu et al. [28] also reported B-TCP formation
by thermal decomposition (> 800 °C) of the calcium-
deficient HA (CDHA). Besides the chemical preparation
route, B-TCP can be obtained by calcining bones; for
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this reason, B-TCP is also called “bone ash” [37]. At
higher temperatures, f-TCP is transformed into o-TCP,
which is stable at temperatures between 1180 - 1400 °C.

Therefore, the sintering temperature in the SPS
technique causes decomposition of the HA powders at
elevated temperatures of 900 °C and 1200 °C. After the
sintering process at 900 °C, the undoped HA powders
presented extra diffraction peaks when compared with
the hexagonal structure of HA. These peaks match

with the B-TCP phase (JCDPS data file no. 09-348).
At 1200 °C, the sintered HA powders (HA1200S) had
more diffraction peaks than the sintered powders at
900 °C, suggesting a decomposition of HA and the
transformation of B-TCP into a-TCP. On the other hand,
the sintered europium-doped HA at 900 and 1200 °C,
(HA:Eu900S and HA:Eul200S, respectively) presented
very similar diffraction patterns to each other, which are
associated with the hexagonal phase of HA (Figure 5b).
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c) HA
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Ca
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Figure 8. Micrograph of the as-synthesised HA and HA:Eu (10 mol. % Eu) powders.
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Thus, it is evidenced that europium dopant stabilises
HA, since the presence of o-TCP and B-TCP could not
be detected.

The infrared spectra in Figure 6 presents the
ATR-FTIR spectra of the HA and HA:Eu samples.
Figures 6a and b depict the broader absorption bands
located around 1030 cm™ as a function of the sintering
temperature. As noted above, the temperature promo-
tes the decomposition of HA. Therefore, the broader
absorption band is related to the presence of B-TCP and
the increasing crystallite size due to the temperature
effect. The absorption bands are assigned to the vibra-
tions of the phosphate group and are located around 1090
and 1022 cm™' (v;), 961 cm™" (v1), 602 and 560 cm ™" (v,).
The absorption bands centred at 630 cm™ are attributed
to the vibrational mode of the hydroxyl group.

Raman spectroscopy provides complementary in-
formation to the FT-IR analysis, since it describes
variations in the mineral crystallinity [38]. Thus, the
heat-treated and sintered HA powders were analysed to
describe their structural characteristics. The positions
of all the peaks in Figure 7 are in good agreement with
the hexagonal HA phase [39]. The peak centred at
961 ¢cm! corresponds to the v; mode, the peaks located
in the position of 390 - 470 cm ™" are assigned to the v,

¢) 3.128 g-cm™/900 °C

mode, the bands between 560 and 625 cm™' to the v,
mode, and the bands between 1010 and 1100 cm™' to the
v; mode, and all of these vibration modes (v, v, v; and
v,) correspond to the group. Finally, the OH symmetric
stretching mode is centred at 3572 cm ™.

In order to evaluate the morphology and compo-
sition of the samples, the ceramic powders were ana-
lysed by SEM-EDS analysis. Figure 8 shows the EDS
analysis of the undoped and europium-doped HA. All
the atoms associated with the Ca, P, O and Eu atoms
of hydroxyapatite are presented in the EDS mapping,
these zones confirm the homogeneous composition,
indicating that the dopant ions were well incorporated
into the HA matrix. The HA and HA:Eu morphology
are constituted by rod-like particles that appeared to
be affected by europium, as a reduction in the particle
size was detected (around 70 - 120 nm in diameter and
200 - 500 nm in length).

The grain size affects the flow stress for the grain
boundary sliding, and hence, the porosity of the sintered
changes, as shown in Figure 9. As a result, the density of
the sintered samples changed. The apparent density of
the sintered samples was calculated using Archimedes’
principle. The HA:Eu sintered powders likely had a
higher density than the HA sintered powders because

4

d) 3.135 g-cm/900 °C

Figure 9. Micrograph of the sintered HA and HA:Eu (10 mol. % Eu) powders.
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of their structural stability, since a lower response of
the secondary phase was found in the XRD analysis.
As expected, the density of the samples increased as
the temperature of the sintering process increased. The
density values were very close to that of the theoretical
density of HA (3.16 g-cm™), reaching relative densities
of 99.81 %, 99.19 %, 99.19 % and 99.5 % for HA900S,
HA1200S, HA:Eu900S and HA:Eul200S, respectively.
The sintered HA powders present a white colour,
while the sintered HA:Eu powders changed their colour
due to the europium doping. For both of the samples, HA
and HA:Eu opaque sintered materials were obtained, this
finding agreed with the sintered HA material containing
an additional phase obtained for Cuccu et al [28]. Thus,
the opaque sintered HA could be associated with the HA
decomposition. On the other hand, they also obtained
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Figure 10. Photoluminescence spectra of the heat-treated

(700 °C) and sintered HA:Eu (10 mol. %) powders a) excitation
b) emission.

a transparent sintered material corresponding to HA
without a secondary phase. In this work, although the
europium dopant stabilised the hexagonal structure of
HA, the transparent sintered material was not obtained.
This result suggests that the chemical composition
of the samples affect the lack of transparency in the
sintered material; furthermore, the use of different SPS
machines, particle size and morphology affect the final
features of the sintered material.

Figure 10 shows the excitation and emission spec-
tra of the europium-doped heat-treated and sintered HA
powders excited at 394 nm. The heat-treated HA:Eu
presents two broad emission peaks centred at 592 nm
and 616 nm. These peaks correspond to the typical
’D,—'F, and *D,—F, transitions of the Eu*" ion (Figure
10b). These characteristic emission bands correspond to
the europium ions occupying the Ca*" (I) sites [40,41].

The emission peak position and the emission
intensity of the Eu’" transitions lines depend on the
local symmetry in the nanocrystal [42]. According to
the findings [43], europium-doped hydroxyapatite syn-
thesised at low temperature presents emission lines attri-
buted for Ca®* (I) substitution similar to the emission
spectrum of the heat-treated HA:Eu shown in Figure 11.

The temperature used in the sintering process
modified the europium emission spectra, i.e., at 900 and
1200 °C, a new intense peak at 574 nm corresponding
to the *D,—'F, transitions was observed. This peak
indicates the presence of Eu’" in other calcium sites of
symmetry [44] as result of Eu®" migration from Ca®*
(I) to Ca®* (II), which was activated by the diffusion
process. Similar observations were reported by Silva et
al. [45], who studied the migration of Eu®" from Ca*' to
Ca*" (II) by calcining of europium-doped samples and
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Figure 11. Characteristic emissions from the Eu** (I) and Eu’**
(II) centres.
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found a change in the emission spectra when powders
were annealed at 800 °C for 3 hours, while at 600 °C
no change was reported. These findings are in complete
agreement with the results of this research since the
europium doped HA at 700 °C for 3 hours (HA:Eu700)
presents the emission peaks centred at 592 nm and
616 nm, which are characteristic with the europium ion
occupying the Ca*" (I) site. On the other hand, a complete
migration of the Eu*" ions could be achieved at 900 °C,
since the emission spectrum of the europium-doped
hydroxyapatite at 1200 °C presented similar emission
peaks. This means that most of the europium ions were
located at the Ca®* (II) site. Normally, similar emission
lines of Eu*" ions are obtained for HA:Eu prepared by
combustion synthesis [41], and the heat-treated samples
(at temperatures more than 800 °C) [44, 46]. The
emission lines and the calcium sites are described in
Figure 11. The emissions at 590 nm and 574 nm are the
characteristic lines of the Eu**(I) and Eu*" (II) centres,
respectively.

CONCLUSION

Undoped and europium-doped hydroxyapatite
powders were obtained by a hydrothermal method.
The HA and HA:Eu powders were sintered by SPS.
Detailed structural analyses demonstrated the hexa-
gonal phase of the HA powders changed into B-TCP
as a function of the sintering temperature. Europium
stabilised the hexagonal phase of hydroxyapatite. The
europium ions also led to the reduction of grain size
changing the density of the sintered samples. The
temperature in the sintering process promoted the
migration of Eu®" from Ca®'(I) to Ca?"(I) changing the
emission lines of the europium ions.
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