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a b s t r a c t

A surfactant-free aqueous solution route has been established for the synthesis of LaF3:Ln3+/LaF3 core/

shell nanocrystals (Ln ¼ Ce, Tb, Nd) heated at 75 1C at ambient pressure. All the as-prepared

nanocrystals with spherical shape have an average size around 20 nm, and consist of well crystallized

hexagonal phases. The X-ray photoelectron spectra was used to confirm that the LaF3 shells have coated

the LaF3:Ce3+, Tb3+ cores. Compared with that of the original cores under the same conditions, the

emission intensity of the LaF3:Ce3+, Tb3+/LaF3 and LaF3:Nd3+/LaF3 core/shell nanocrystals increased

significantly of 120% and 60%, respectively. The quantum yield of the LaF3:Ce3+, Tb3+/LaF3 core/shell

nanocrystals reached about 27% in aqueous solution. These results indicate that a significant reduction

of the quenching from the surface of the core nanocrystals can be obtained by the synthesis of the core/

shell structures, and this method can provide more desirable lanthanide-doped nanocrystals for

potential biological applications.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

The past 10 years have witnessed a great increase in research
on inorganic fluorescent nanocrystals (NCs). Especially semicon-
ductor quantum dots (QDs) whose light emission is influenced by
quantum confinement effects have attracted much attention of
scientists [1–5]. For increasing the fluorescence efficiency of the
QDs, strategies were developed to synthesize core/shell structures
to suppress energy-loss processes at the particle surface [1,2]. As a
result, the core/shell structured QDs, providing higher quantum
efficiency than organic dyes, have been widely used in biological
areas [3–7]. However, QDs were still controversial in biological
areas because of their inherent toxicity and chemical instability
[8]. Recently, lanthanide-doped NCs aroused peoples’ interests
significantly as fluorescent labeling alternatives to QDs, consider-
ing their attractive chemical and optical features such as low
toxicity, characteristic narrow emission, and excellent
photostability [9–15]. The synthesis of core/shell structures is an
effective solution to suppress the surface quenching and increase
the quantum yield of the lanthanide-doped NCs, as of the QDs.
Currently, the synthesis of the core/shell structured NCs by using
different passivating inorganic shells (such as un-doped LaPO4,
LaF3 and NaYF4) to cap lanthanide-doped cores has been reported
by several groups [16–25]. In these works, the materials with
similar lattice constants as lanthanide-doped cores were chosen
ll rights reserved.
as the shells to avoid the formation of defects at the core–shell
interface.

Fluorides are more attractive as fluorescent host materials than
traditional oxide-based systems, such as Y2O3, LaPO4 and YVO4,
owing to their low vibrational energies, and the subsequent
minimization of the quenching of the excited state of the
lanthanide ions [15]. Hence, many efforts have focused on NaYF4

and LaF3 as lanthanide-doped hosts in recent years. NaYF4 as the
hexagonal phase is the most efficient upconversion host material
known to date [13,14]. However, high temperature must be
employed in the synthesis of hexagonal NaYF4. LaF3 are often
chosen as the host for downconverison ions, such as Ce3+, Tb3+ and
Nd3+. It has very low vibrational energy due to the high ionicity of
the La3+ to fluorine bond, therefore its non-radiative loss is
suppressed and a high quantum efficiency of the desired
luminescence can be obtained [12,15].

Water-soluble lanthanide-doped NCs were demonstrated to be
more preferable for bio-applications [10]. Organic surfactants
were often used in the synthesis to render LaF3 NCs water-soluble
and control their size; however, they also quenched the
fluorescence. In 2006, Wang et al. developed a facile method to
synthesize LaF3:Ln3+ NCs directly in water without any organic
surfactant, but a relatively low quantum yield was found. In this
paper, we reported a surfactant-free aqueous solution route to
synthesize highly fluorescent LaF3:Ln3+/LaF3 core/shell NCs at a
low temperature of 75 1C at ambient pressure, and the products
could be dispersed well in water. Various lanthanide ions
Ce3+, Tb3+, and Nd3+) with fluorescence from the visible (VIS) to
near-infrared (NIR) region were doped into, and the un-doped
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LaF3 shell were used as the outer layer. Their structure
characterization and fluorescent properties were studied, and a
huge increase of fluorescence intensity and a quantum yield of
about 27% were found.
2. Experimental

Lanthanide chlorides and ammonium fluoride were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and used as received.
Lanthanide chlorides stock solutions (0.2 M) and ammonium
fluoride stock solutions (0.6 M) were prepared by dissolving in
deionized (DI) water.

LaF3:Ln3+ NCs with a narrow size distribution were prepared by
modifying the method reported by Wang et al. [15]. A mixed
aqueous solution of Ln3+ (3.2 ml LaCl3, 3.6 ml CeCl3, 1.2 ml TbCl3 or
7.6 ml LaCl3, 0.4 ml NdCl3) were added to 32 ml DI water under
continue stirring for 10 min, and heated to 75 1C. Then 10 ml NH4F
was added into and the mixture was kept at 75 1C for 2 h at
ambient pressure under continue stirring. The obtained NCs were
collected by centrifugation at 6,000 rpm for 5 min. The crude
precipitate was then re-suspended in DI water and centrifuged at
10,000 rpm for 15 min. The washing procedure was repeated three
times and then the NCs were stored in 1 ml DI water. Powders of
the NCs were obtained from the colloidal solution by centrifuging
and subsequently drying under vacuum at ambient temperature.

LaF3:Ln3+/LaF3 core/shell NCs were prepared by using the
following method. A mixed aqueous solution of 0.2 ml as-
prepared LaF3:Ln3+ NCs were divided into two parts. One part
(0.1 ml) of the LaF3:Ln3+ NCs and 0.2 ml LaCl3 were added to 3.7 ml
DI water under continue stirring for 10 min, and heated to 75 1C.
Then, 0.2 ml NH4F was added into and the mixture was kept at
75 1C for 2 h at ambient pressure under continue stirring. The
obtained NCs were collected by centrifugation at 6,000 rpm for
5 min. Then the core/shell NCs were stored in 1 ml DI water.
Another part (0.1 ml) of the LaF3:Ln3+ NCs were mixed together
with 0.9 ml DI water under ultrasonication and kept for 10 min.
These two samples were prepared for the comparison of the
fluorescence intensity.

The transmission electron microscopy (TEM) image and the
high resolution TEM (HRTEM) image were measured with a JEOL
2010 HT and a JEOL 2010 FET transmission electron microscope
(operated at 200 kV). Powder X-ray diffraction (XRD) analyses
were performed on a Bruker D8-advance X-ray diffractometer
with CuKa irradiation (l ¼ 1.5406 Å) at a scanning speed of
0.0251/s over the 2y range of 201–701. X-ray photoelectron spectra
(XPS) were taken on a Kratos Ltd. XSAM800 electron energy
spectrometer. The fluorescence excitation and emission spectra of
were obtained with a Hitachi F-4500 fluorescence spectrophot-
ometer. The excitation source for the fluorescence spectra of Nd3+

ions in the NIR region was a Ti:Sapphire CW laser (Mira 900,
Fig. 1. Typical TEM images of LaF3:Ce3+, Tb3+ NCs (a), LaF3:Ce3+, Tb3+/LaF3 core/shell NC

SAED patterns (inset).
Coherent) with tunable wavelength in the range 700–1000 nm.
The fluorescence spectra were recorded by a spectrometer
(Spectrapro 2500i, Acton) with liquid nitrogen cooled CCD
(SPEC-10:100B, Princeton) and corrected with the spectroscopy
quantum efficiency curves.
3. Results and discussion

Fig. 1 (a) and (b) show the TEM images of the well-separated
spherical shaped LaF3:Ce3+, Tb3+and LaF3:Ce3+, Tb3+/LaF3 core/
shell NCs, respectively. The high degree of dispersibility may
indicate that the surface of the NCs is covered by hydroxyl groups,
which limit the growth of the particles and stabilize them against
agglomeration [15]. The average diameter of the LaF3:Ce3+, Tb3+ is
around 20 nm, after coating with the LaF3 shells, the average
diameter increase a little. These results are in good agreement
with the calculated value using the Scherrer equation from the
following XRD patterns. Fig. 1(c) shows a HRTEM image of an
individual LaF3:Ce3+, Tb3+/LaF3 core/shell NC, giving the resolved
lattice fringes. The inset of Fig. 1(c) displays SAED patterns taken
from an individual NC, suggests that this NC was single crystalline
in nature. In TEM images, contrast depends on the electron
scattering power of the object forming the images. The electron
scattering power in turn depends on the electron density inside
the object. Hence, direct evidence can be obtained from the image
contrast for the core/shell structure with different lattice para-
meters. For YF3/SiO2 core/shell structures reported previously, one
can clearly observe the core/shell border from TEM images [26],
however, for the LaF3:Ce, Tb/LaF3 core/shell NCs, no clear border
could be found from the TEM images, even HRTEM images,
because LaF3 and CeF3 have the similar lattice parameters [17].

Fig. 2 shows the XRD patterns of the LaF3:Ce3+, Tb3+ and
LaF3:Ce3+, Tb3+/LaF3 core/shell NCs. Both two types of the NCs
crystallized well and had hexagonal phase structures. The XRD
patterns of the LaF3:Ce3+, Tb3+ NCs are in good agreement with
hexagonal phase structure known from the bulk CeF3 crystal
(JCPDS Card 08-0045) due to the main amount of Ce3+ (45%) in the
lanthanide ions. For CdSe/CdS core/shell structures, with the
growth of CdS shells, diffraction peaks shift to larger angles
because of the smaller lattice constant for CdS compared with
CdSe [27]. It is noteworthy that for our core/shell NCs, diffraction
peaks shift slightly towards patterns of LaF3 (JCPDS Card 32-
0483), a little smaller angles, and the lattice constant of LaF3 is
larger than of CeF3. The results imply that the LaF3 shell had
formatted around the LaF3:Ce3+, Tb3+ cores. In Fig. 2, diffraction
peaks of two samples were broadened due to the smaller
crystallite size [17]. Estimated average crystallite sizes of the
LaF3:Ce3+, Tb3+ and LaF3:Ce3+, Tb3+/LaF3 core/shell NCs are about
20 and 23 nm from the Scherrer equation, respectively.
s (b) and (c) HRTEM image of one LaF3:Ce3+, Tb3+/LaF3 NC and the corresponding
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Fig. 2. XRD patterns of LaF3:Ce3+, Tb3+ NCs (b) and LaF3:Ce3+, Tb3+/LaF3 core/shell

NCs (d); the standard data for CeF3 (a) and LaF3 (c).

Fig. 3. XPS spectra of LaF3:Ce3+, Tb3+ NCs (a) and LaF3:Ce3+, Tb3+/LaF3 core/shell

NCs (b).

Fig. 4. (a) Absorption and excitation spectra of LaF3:Ce3+, Tb3+/LaF3 core/shell NCs;

(b) emission spectra of LaF3:Ce3+, Tb3+ NCs (I) and LaF3:Ce3+, Tb3+/LaF3 core/shell

NCs (II); Inset: photographs showing green fluorescence from these two samples.
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X-ray photoelectron spectra (XPS) are well known to analyze
surface elements of samples, and can penetrate only to a depth of
1–5 nm. For our core/shell NCs, XPS should be a proper method to
confirm the growth of LaF3 shells around the cores, because the
mean thickness of LaF3 shells is around 1.5 nm concluded from
XRD patterns. Fig. 3 shows the XPS spectra of the LaF3:Ce3+, Tb3+

(a) and LaF3:Ce3+, Tb3+/LaF3 core/shell (b) NCs. The spectrum of
the LaF3:Ce3+, Tb3+ NCs shows clear presences of visible Ce 3d
(binding energy ¼ 884.2, 902.5 eV), La 3d (binding energy ¼ 837.1,
853.7 eV) and Tb (binding energy ¼ 150.9 eV) peaks. While it is
difficult to detect peaks of Ce and Tb in the XPS spectrum of
LaF3:Ce3+, Tb3+/LaF3 core/shell NCs, and the peak of La is much
stronger than coated before. These results indicate that the LaF3

shells have completely covered the LaF3:Ce3+, Tb3+ cores. We note
that only the XPS results can give the direct experimental
evidence for the core/shell structure here. Since the core
and shell are both based on the LaF3 host, almost no obvious
difference can be found in the TEM images or XRD spectra.
Similar phenomenon has been found in previous literatures about
CeF3/LaF3 [17] NaYF4:Yb, Er/NaYF4 [22] and CePO4:Tb/LaPO4 [28]
core/shell structures.

To improve the luminescent properties of the Tb3+ ions in the
LaF3 host, the Ce3+ and Tb3+ were co-doped into the LaF3 NCs, in
which the Ce3+ absorbs energy effectively from ultraviolet (UV)
light and transfers it to the Tb3+ that emits green light. Under a
254 nm UV lamp irradiation, both these two NCs dispersed in
water exhibited bright green emissions (inset in Fig. 4b). Fig. 4a
shows the absorption and excitation spectra of the LaF3:Ce3+,
Tb3+/LaF3 core/shell NCs, respectively. Monitored with the emis-
sion wavelength of 542 nm, excitation spectrum consists of a
broad and strong band with a peak at 249 nm, which corresponds
to the transitions from the ground state 2F5/2 of Ce3+ to different
components of the excited Ce3+ 5d states split by the crystal field
[29]. The UV–VIS absorption spectrum of the LaF3:Ce3+, Tb3+/LaF3

core/shell NCs show four well-resolved absorption peaks at 248,
236, 218, and 208 nm for the Ce3+, basically in agreement with the
excitation spectrum (note that peaks at 236, 218, and 208 nm also
seem to exist in the excitation spectrum evidenced by the stronger
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Fig. 5. (a) Excitation (lem ¼ 1056 nm) spectra of LaF3:Nd3+/LaF3 core/shell NCs;

(b) emission (lex ¼ 800 nm) spectra of LaF3:Nd3+ (I) and LaF3:Nd3+/LaF3 core/shell

NCs (II).
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noise signals there). As a result, to get the emission spectra of
these two NCs at the same excitation wavelength, the 249 nm
light should be used to excite the samples.

Fig. 4b shows the emission spectra of the LaF3:Ce3+, Tb3+ and
LaF3:Ce3+, Tb3+/LaF3 core/shell NCs in dilute water solutions. The
spectra of these two samples are similar in profile, consisting of
the characteristic emission of Tb3+ with the 5D4–7FJ (J ¼ 6–3)
transitions ranging from 475 to 650 nm and the characteristic
emission of Ce3+ between 300 and 400 nm due to the 5d–4f

transition. When the LaF3:Ce3+, Tb3+ NCs were coated with LaF3

shells, the emission intensity was increased by about 120%. The
significant increase of the fluorescence can be attributed to the
beneficial influences of the LaF3 shells. To further research effects
of LaF3 shells on luminescent properties of LaF3:Ce3+, Tb3+ cores,
we measured quantum yields of both two samples. Commonly,
the quantum yield of luminous material was determined by
comparison with a dye. In this experiment, quinine bisulfate in
0.5 M H2SO4 was chosen as the standard because this dye is more
suitable for excitation in the UV light [30]. The quantum yield
was calculated from the equation Ysam ¼ Ysam(IsamAsta/IstaAsam), in
which A is the absorption intensity and I is integral fluorescence
intensity. The quantum yield of quinine bisulfate is 54.6% [31].
By measuring the luminescence of both terbium and cerium,
for LaF3:Ce3+, Tb3+ NCs dispersed in water, a quantum yield
of 19% was found, after coating with the LaF3 shells, the
quantum yield increases to 27%, which is also much higher than
that of the LaF3:Ce3+, Tb3+ NCs in menthol and water reported
previously [9,15].

In general, unlike molecular lanthanide complex compounds,
the lanthanide-doped NCs provide a rigid crystal environment,
resulting in a higher luminescence quantum yield of the latter.
However, the quantum yield of the lanthanide-doped NCs is
usually lower than that of the corresponding bulk material. This
phenomenon is probably ascribed to the energy-transfer pro-
cesses to the surface through adjacent dopant ions or the
luminescence quenching of the surface dopant ions [16]. If one
were able to grow a shell of an un-doped material around each
doped nanoparticle, the quench processes could be suppressed.
Usually, such passivating shell is made up of a material through
which energy cannot be transferred. In recent literatures, different
passivating inorganic shells, such as LaF3 [17,25], LaPO4 [16,28],
and NaYF4 [22] have been used to improve the fluorescence of
lanthanide-doped materials. In this paper, a facile and effective
method is exhibited to grow LaF3 shell onto LaF3:Ln3+ NCs,
resulting in a significant improvement of the luminescence
quantum efficiency. The mechanism of such passivating effects
can be concluded as the follow facts. Firstly, a significant amount
of nonradiative centers existing on the surface of the lanthanide-
doped NCs are eliminated by the shielding effect of the passivating
shells [16]. Secondly, in the core/shell structures, distances
between luminescent lanthanide ions and surface quenchers are
increased, thus reducing the nonradiative pathways and suppres-
sing the energy quenching in the energy-transfer processes [17].
Especially, as the LaF3:Ln3+ NCs here are directly prepared in
water, their surface may be covered by a large number of O–H
groups, which usually cause remarkably non-radiative transition
[15]. After passivating shells coated, surface luminescent centers
were protected from water, and brighter fluorescence was
obtained [18]. Similar effect has been observed in the annealed
NdF3/SiO2 core/shell nanoparticles reported by our group very
recently [32].

Near-Infrared (NIR) radiation in the spectral range
700–1100 nm is referred to as the ‘optical window’ of cells and
tissues owing to the lack of efficient endogenous absorbers there
[33]. Nd3+ ions with both fluorescence emission and excitation in
the NIR region can have desirable use as bio-label, especially in
tissue studies. Herein, the LaF3:Nd3+ and the LaF3:Nd3+/LaF3 core/
shell NCs were also prepared, and their luminescent properties
were studied. Fig. 5 gives the excitation (monitored at 1056 nm)
and emission (excited at 800 nm) spectra of the LaF3:Nd3+ and
LaF3:Nd3+/LaF3 NCs in aqueous solution. Excitation peaks at
around 730, 800 and 860 nm correspond to the 4S3/2/4F7/2,
2H9/2/4F5/2 and 4F3/2 multiplets of Nd3+, respectively [32,34].
Excited at 800 nm, the emission spectra show typical emission at
around 1056 nm corresponding to the 4F3/2-

4I11/2 transitions of
Nd3+ [12]. It is interesting that all the excitation and emission
peaks are within the NIR region, so they can provide both deeper
penetration of photons from the excitation source and greater
escape depths for the emission signal in biomedical samples. On
the other hand, the relatively low emission intensity is observed
in LaF3:Nd3+ NCs before being coated with the LaF3 shell, while
the emission of LaF3:Nd3+/LaF3 NCs was increased by about 60% at
1056 nm. The results indicate that our method was a universal and
effective solution to eliminate the surface quenching centers and
improve luminescent properties of LaF3:Ln3+ NCs.
4. Conclusion

In summary, both single-crystalline LaF3:Ce3+, Tb3+/LaF3 and
LaF3:Nd3+/LaF3 core/shell NCs with hexagonal structure have been
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successfully synthesized. The core/shell NCs exhibit highly
increased emission intensity and quantum yield as compared
with the bare LaF3:Ln3+ NCs. This facile method can provide more
desirable lanthanide-doped NCs with highly fluorescent proper-
ties, which can have potential use in biological areas.
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