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Abstract

Tb3þ /Gd3þ dual-doped multifunctional hydroxyapatite (Tb3þ /Gd3þ -HAp) nanoparticles with magnetic and luminescent properties were prepared by
the co-precipitation method using CaCl2 and Na2HPO4 � 12H2O as raw materials and CTAB as a template in alkaline conditions. The products were
characterized by X-ray diffractometry (XRD), field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM). Single
hexagonal phase Tb3þ /Gd3þ -HAp nanoparticles were obtained by the co-precipitation method and the products were sphere-like morphology with particle
sizes ranging from 40 to 100 nm. Crystallinity degree of the products decreased with the Tb3þ /Gd3þ substitute increasing. Photoluminescence (PL) and
magnetic properties of the products were also investigated. The results show Tb3þ /Gd3þ -HAp nanoparticles are endowed with strong luminescence at
544 nm and prominent paramagnetic behavior, allowing their potential applications in biological labeling. Gd3þ ions sensitize the 5D4-

7F5 transition
emission of Tb3þ ions in HAp nanoparticles, and the PL emission intensity increases along with increasing concentration of Gd3þ ions. Concentration
quenching occurs when the Gd3þ concentration exceeds 10 mol%. The magnetization level of Tb3þ /Gd3þ -HAp increased steadily with the doping
concentration of Gd3þ ions.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HAp) is of great value and significance because
of its excellent biocompatibility and biological activity [1]. One of
the main structural characteristics of HAp is its ability to
incorporate a wide variety of substitutions for Ca2þ , PO4

3� , and/
or OH� ions in the lattice. The substitution composites of HAp
show potential applications in the fields of dental and bone
pathologies, bioceramics, luminescence, and catalysis [2–5]. Over
past few years, Eu3þ or Tb3þ doped HAp nanoparticles have
attracted extensive attention on the potential applications as
luminescent biological labels due to their excellent spectral
characteristics and biocompatibility [6–13]. Recently, a novel
multifunctional nanostructured system of Eu3þ /Gd3þ dual-doped
HAp was developed that can provide simultaneous image enhance-
ment for magnetic resonance (MR), X-ray and near infrared
reflection (NIR) imaging, together with other essential properties
such as biocompatibility and target specificity [14,15]. Europium
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ions, with f–f intra orbital electronic transitions, lead to the
photoluminescence of doped nanoparticles, and gadolinium can
be used as a contrast agent to provide brighter MR imaging signal.
So far, a number of synthetic routes have been developed for

preparing HAp powers, such as, mechanochemistry synthesis [16],
the co-precipitation method [17], sol–gel process [18], hydrother-
mal reaction [19], microemulsion process [13], and microwave
irradiation [20]. Among those synthetic routes, the co-precipitation
method is a versatile and economic route for the synthesis of
homogeneous and pure HAp. Herein, we report a co-precipitation
synthesis of Tb3þ /Gd3þ dual-doped multifunctional hydroxyapa-
tite(Tb3þ /Gd3þ -HAp) nanoparticles as multifunctional bio-
imaging materials with luminescent and magnetic properties. The
effects of the Tb3þ and Gd3þ doping on the structure, luminescent
and magnetic properties of HAp nanoparticles are investigated.
2. Material and methods

Multifunctional HAp nanoparticles with magnetic and
luminescent properties were prepared by the co-precipitation
ghts reserved.
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Fig. 1. XRD patterns of the pure HAp and Tb3þ /Gd3þ -HAp prepared by
co-precipitation method at 30 1C, a-HAp; b-2 mol%Tb3þ /10 mol% Gd3þ -
HAp; c-2 mol% Tb3þ /15 mol% Gd3þ -HAp.

Table 1
Crystallite Sizes of pure HAp and Tb3þ /Gd3þ -HAp, as Assayed from the
Scherrer Equation.

Sample Doping concentration of
Tb3þ ions (mol%)

Doping concentration of
Gd3þ ions (mol%)

Average size of
HAp (nm)

1 0 0 23.7
2 2 10 20.3
3 2 15 19.8
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method using CaCl2 and Na2HPO4 � 12H2O as raw materials
and CTAB as a template in alkaline conditions. The terbium
and gadolinium sources for the synthesis were terbium oxide
(Tb4O9; 99.99% pure, Conghua Jianfeng Rare Earth Co. Ltd.,
Conghua, China) and gadolinium oxide (Gd2O3; 99.99% pure,
Conghua Jianfeng Rare Earth Co. Ltd., Conghua, China),
respectively. All the solvents and other reagents were of
analytical grade and were used without any further purifica-
tion. The experimental water was deionized water. TbCl3 and
GdCl3 were prepared by dissolving Tb4O9 and Gd2O3 in dilute
HCl with vigorous stirring, respectively. The superfluous HCl
was driven off by heating the solution until the TbCl3 and
GdCl3 crystal powders were obtained.

2.1. Synthesis of Tb3þ /Gd3þ -HAp and pure HAp nanoparticls

In a typical experiment for the synthesis of Tb3þ /Gd3þ -HAp
nanoparticls, a certain amount of CaCl2, TbCl3 and GdCl3 was
dissolved in 50 mL of deionized water to form Solution A and
the total amount of Ca2þ , Tb3þ and Gd3þ ions was 2.0 mmol.
The doping concentration of Tb3þ ions was fixed at 2 mol% and
that of Gd3þ ions was 0 mol%, 5 mol%, 10 mol% and 15 mol%
to the total amount of Ca2þ , Tb3þ and Gd3þ ions in mol.
Na2HPO4 � 12H2O (1.2 mmol) and CTAB (656.003 mg) were
dissolved in 50 mL of deionized water to form Solution B. Then,
Solution B was added into Solution A with an addition rate of
2 mL/min under vigorous stirring. Ammonia water was added to
adjust pH to 9.5, and the reaction was kept at 30 1C in water bath
for 2 h. The products were separated by centrifugation, then
washed by deionized water and anhydrous ethanol twice, and
finally dried in a vacuum oven at 75 1C. The pure HAp
nanoparticls were prepared under the same conditions mentioned
above except that terbium and gadolinium chloride were not used.

2.2. Characterization

Phase identification was performed by X-ray diffractometry
(XRD, Mode PW3040/60, Philips, Eindhoven, The Netherlands)
using nickel filtered CuKa radiation. Morphology of the nano-
particles was inspected using a scanning electron microscope
(SEM; S-4800, Hitachi) equipped with an energy-dispersive
X-ray spectrum (EDX; XFlash-Detector 4010, Bruker). High
resolution imaging of doped HAp was observed by transmission
electron microscope (TEM; JEOL-JEM-200CX). The photolumi-
nescence (PL) measurements were performed on a Hitachi
F-4500 spectrophotometer equipped with a 150 W xenon lamp
as the excitation source at room temperature. The magnetic
properties were characterized using a vibrating sample magnet-
ometer (VSM, JDM-13) at room temperature.

3. Results and discussion

3.1. Structure, formation, morphology of pure HA
and Tb3þ /Gd3þ -HAp

Fig. 1 shows XRD patterns of the pure HAp and Tb3þ /
Gd3þ -HAp nanoparticles prepared with the same conditions. It
is obvious that all the XRD diffractions of the products can be
indexed as a pure hexagonal phase (P63/m space group),
agreeing well with the values of the standard data (PDF: 024-
0033). Other metal oxide phases related with doped compo-
nent cannot be detected. Furthermore, it can be found that the
relative intensities of the diffractions decrease with the
increasing of the Tb3þ and Gd3þ doping concentrations,
indicating the declined crystallinity degree due to the small
change in the crystalline structure caused by the mismatch
between Ca2þ and lanthanide substitution cations. Assuming a
homogeneous strain exists across the nanocrystallites, the
average crystallite size can be estimated from the full width
at half maximum (FWHM) values of diffraction peaks at the
angle of 2θ¼25.8891 using the Scherrer formula. The results
are summarized in Table 1.
SEM and TEM micrographs of as-prepared HAp nanopar-

ticles are shown in Fig. 2. As observed in SEM images (Fig. 2a
and b), the undoped HAP and Tb3þ /Gd3þ -HAp powders were
sphere-like morphology, about 40–100 nm in diameter with a
little agglomerations. The incorporation of Tb3þ and Gd3þ

ions exerted little influence on the morphology and size of
HAp nanoparticles. HRTEM image (Fig. 2c) showed that the
40–100 nm particles in SEM image (Fig. 2b) were agglomer-
ated with about 20 nm similar spherical particles, which is
consistent with the average crystallite size (20.3 nm) obtained
via broadening analysis (Table 1). In addition, the HRTEM
image also provided further insight into the structure of the
products. The lattice fringes were observed and the distances
(0.347 nm) between the adjacent lattice fringes agreed well
with the d002 spacing of the literature value (0.344 nm) (PDF:



Fig. 2. SEM and HRTEM images of as-prepared HAp nanoparticles: a-SEM images of pure HAp; b- SEM images, c-HRTEM images and d-EDX spectrum of
Tb3þ /Gd3þ -HAp (2mol% Tb3þ , 10 mol% Gb3þ ).
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024-0033). The EDX spectrum (Fig. 2d) confirmed the
presence of Ca, P, Gd and Tb elements in the Tb3þ /Gd3þ -
HAp nanoparticles. The mole ratio of Gd3þ ions to total
amount of Ca2þ , Tb3þ and Gd3þ ions was 11.6 mol%. This
was calculated according to EDX spectra, which was consis-
tent with the assigned 10 mol% Gd3þ doping concentration.

3.2. Effect of Gd3þ ion doping concentration on PL
properties of Tb3þ /Gd3þ -HAp

Excitation and emission spectra of as-synthesized Ln3þ (Tb3þ

and Gd3þ ) doped HAp nanoparticles are shown in Fig. 3. In the
excitation spectrum monitored by the Tb3þ 5D4-

7F5 transition at
545 nm (Fig. 3a), the broad band with a maximum at 228 nm can
be assigned to charge-transfer transitions within the PO4

3� groups
[9]. Narrow excitation peaks from Gd3þ and Tb3þ f-f tran-
sitions can be detected at about 311 nm, 352 nm and 369 nm. All
the excitation peaks were strengthened due to the incorporation of
Gd3þ ions, indicating that Gd3þ ions sensitized 5D4-

7F5 transi-
tion emission of Tb3þ ions. In order to investigate the effect of
the Gd3þ dopant concentration on the PL, the concentrations of
Tb3þ ions were fixed at 2 mol% and those of Gd3þ ions were
varied. The excitation wavelength of 228 nm was chosen
according to the excitation spectrum. The emission spectra
(Fig. 3b) showed that the Gd3þ dopants had little effect on the
wavelength of emission peaks, but the PL intensity changed
considerably by varying Gd3þ concentrations. Four emission
peaks at about 490 nm, 545 nm, 590 nm and 625 nm appeared.
As is known, the most intense peak at 545 nm corresponds to
5D4-

7F5 transition, while the peaks at 490 nm, 590 nm and
625 nm correspond respectively to 5D4-

7F6,
5D4-

7F4, and
5D4-

7F3 transitions. The PL emission intensity increased with
increasing concentration of Gd3þ ions. The highest PL
emission intensity was observed at 10 mol% Gd3þ doping,
and then decreased remarkably when the Gd3þ concentration
exceeded the doping amount owing to the concentration
quench. The 5D4-

7F6 transition (at 490 nm) is known to be
worked by the electric–dipole mechanism, while the 5D4-

7F5
transition (at 544 nm) by the magnetic–dipole mechanism. The
peak height ratio F5/F6 is defined as the emission intensity
from the 5D4-

7F5 transition divided by that from the
5D4-

7F6 transition. The F5/F6 ratio reveals only slightly



Fig. 3. Excitation and emission spectra of as synthesized Ln3þ ( Tb3þ and
Gd3þ ) doped HAp nanoparticles; a- excitation spectra of Tb3þ -HAp and
Tb3þ / Gd3þ -HAp, and the break is to hide the half frequency peaks,
b-emission spectra of Tb3þ / Gd3þ doped HAp (Tb3þ : 2mol%, and Gd3þ :
0, 5 mol%, 10 mol%, and 15 mol% ), and inset: variation of emission intensity
from the 5D4-

7F5 transition and F5/F6 ratio with Gd3þ ions doping
concentrations.

Fig. 4. Room temperature magnetization curves of Tb3þ /Gd3þ -HAp (Tb3þ :
2 mol%, and Gd3þ : 0, 5 mol%, 10 mol%).

Z. Liu et al. / Ceramics International 40 (2014) 2613–26172616
variations with increasing Gd3þ content, because the electric–
dipole transition of Tb3þ ions is less affected by the variation
of the crystal structure and chemical surroundings.
3.3. Effect of Gd3þ ions doping concentration on
magnetization of Tb3þ /Gd3þ -HAp

Fig. 4 shows the room temperature magnetization curves of
Tb3þ /Gd3þ -HAp with different doping amount of Gd3þ ions.
Obviously, the doped HAp exhibited a paramagnetic behavior.
Without Gd3þ ions, Tb3þ -HAp nanoparticles showed a very
low magnetization level. Furthermore, the magnetization level
of Tb3þ /Gd3þ -HAp increased steadily with the doping con-
centration of Gd3þ ions, confirming its predominant role in
making the doped HAp magnetically functional. Due to the
isotropic electronic ground state 8S7/2 and half-filled f-orbit
with seven electrons, Gd3þ ions possess a high magnetic
moment, leading to obvious effects on both longitudinal and
transverse proton relaxation of Gd3þ ions even at low applied
magnetic fields [21]. Tb3þ /Gd3þ -HAp nanoparticles have a
potential as MR imaging contrast agents because of their
positive signal enhancement ability.
4. Conclusions

Tb3þ /Gd3þ -HAp nanoparticles with magnetic and lumines-
cent properties were prepared by a co-precipitation method.
The products are sphere-like morphology with particle sizes
ranging from 40 to 100 nm. Tb3þ /Gd3þ -HAp nanoparticles
are endowed with both good luminescence and paramagnetic
properties and demonstrate their potential applications in
biological labeling. Gd3þ ions play a predominant role in
sensitizing PL emission of Tb3þ ions and enhancing the
magnetization level of the Tb3þ /Gd3þ -HAp nanoparticles.
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