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a b s t r a c t

YVO4:Eu, and YVO4:Eu/SiO2 nanocrystals (NCs) were prepared by hydrothermal method with citrate as
capping ligands. Their morphologies, structures, components, and photoluminescence properties were
investigated and presented in this paper. A remarkable fluorescence enhancement up to 2.17 times
was observed in colloidal YVO4:Eu/SiO2 NCs, compared to that of colloidal YVO4:Eu NCs. This is mainly
attributed to the formation of the outer protecting layers of biocompatible SiO2 shells; which shield
the Eu3+ ions effectively from water and thus reduces the deleterious effects of water on the lumines-
cence. Meanwhile, on the basis of laser selective excitation, two kinds of luminescent centers were con-
firmed in the NCs, namely, inner Eu3+ ions and surface Eu3+ ions. The surface modifications for YVO4:Eu
NCs effectively reduced the surface defects and accordingly enhanced the luminescence. The core/shell
NCs exhibited long fluorescence lifetime and high photostability under ultraviolet radiation.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Eu3+-activated Yttrium orthovanadate (YVO4), a well-
known rare-earth (RE) doped inorganic luminescent materials,
has been used as an important commercial red phosphor owing
to its high luminescence efficiency on electron-beam excitation
since 1964 [1]. Recently, considerable efforts have been devoted
to develop the different synthesis methods for preparation of lumi-
nescent colloidal YVO4:Eu NCs. Huignard et al. achieved transpar-
ent aqueous dispersions of 10 nm sized YVO4:Eu NCs based on
the aqueous precipitation reaction by the addition of a citrate li-
gand [2]. Haase et al. obtained different rare-earth ions doped col-
loidal YVO4 NCs with the size range from 10 to 30 nm via
hydrothermal method [3–4]. Other methods such as microwave
irradiation [5], microemulsion [6] have also been adopted in the
preparation of colloidal YVO4:Eu NCs. For RE doped nanophos-
phors, a very important application is to exploit them as fluores-
cence probes in biological fields such as immunoassaying, DNA
sequencing, and clinical diagnosing. Water-solubility is necessary
to exploit the applications of RE doped nanophosphors in biology.

However, one problem, arising from the absorption of surface
OH- and water molecules, is frequently encountered when NCs
are dispersed into aqueous environment. The OH- group has a high
vibration frequency and can efficiently quench the luminescence of
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RE ions [7–11]. Meanwhile, various defects on the surface of NCs,
such as dangling bonds and disorder, also greatly decrease the
luminescent intensity of nanophorphors [12–16]. Fortunately,
these problems can be overcome when an appropriate shell is
grown around the core. Silica is usually used as a coating material
due to its high chemical stability, optical transparency, easy con-
trollable shell thickness, and biocompatibility [17]. For example,
Nann et al. has successfully synthesized YVO4:Eu/SiO2 core/shell
nanocrystals in microemulsion [18]. In this paper, we synthesized
water-soluble YVO4:Eu colloidal NCs via hydrothermal method fol-
lowed by coating with silica shell, and then we noticed their lumi-
nescence enhancement of 2.17 times. We then used the laser
selective excitation spectra to study the surface modification effect
on the photoluminescence of YVO4:Eu and YVO4:Eu/SiO2 NCs.

2. Experimental

All the chemicals utilized in the synthesis were of analytical
grade and were used as received without any purification. Rare-
earth chemicals were obtained from Shanghai Yuelong New Mate-
rials Co., Ltd. The other chemicals were purchased from Beijing
Chemical Reagent Company.

The YVO4:Eu NCs were synthesized with similar hydrothermal
methods reported in literature [2,3]. In a water bath at 60 �C, a
2 ml aqueous solution containing Y(NO3)3�6H2O (0.95 mmol) and
Eu(NO3)3 � 6H2O (0.05 mmol) was mixed with another aqueous
solution (2 ml) containing 0.22 g citrate sodium under vigorous
stirring, and a white precipitate of lanthanide citrate was formed.
An aqueous solution of Na3VO4 (0.1 mmol, pH 12.7) was then
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Fig. 1. XRD patterns of YVO4:Eu (A) and YVO4:Eu/SiO2 (B) NCs.

Fig. 2. TEM images of YVO4:Eu (A) and YVO4:Eu/SiO2 (B) NCs. The scale bar is 20 nm
and the insets display the SAED patterns.
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added dropwise to the mixture until the precipitate was com-
pletely dissolved. After being stirred for 1 h, the resulting clear pre-
cursor solution was transferred to a 50 ml autoclave for
hydrothermal treatment at 200 �C for 10 h followed by cooling in
the furnace. The precipitate of YVO4:Eu NCs was separated by cen-
trifugation and then washed with deionized water and ethanol
several times.

Stöber method was adopted for the SiO2 coating process [19].
50 mg YVO4:Eu NCs were dispersed in a mixture of distilled water
(1.5 ml) and ethanol (20 ml). Then 400 ll of NH4OH (25%) were
added in the solution under stirring. After mixing for 10 min,
200-ll tetraethyl orthosilicate (TEOS) was added dropwise to the
mixture. The mixture was stirred for 3 h. White-colored silica-
coated YVO4:Eu NCs were centrifuged and washed with ethanol
for several times and then dried in vacuum.

The size and morphology of NCs were characterized by TEM
(JEM, 2000EX 200KV). The sample for TEM observation was pre-
pared by placing a drop of diluted water dispersion of NCs onto
copper grid supported by a holey carbon film. Phase identification
was performed via powder X-ray diffraction (XRD) (Rigaku RU-
200b) with Cu Ka radiation (k = 1.5406 Å). The XPS spectra for
powder samples were recorded on an ESCALAB MK II X-ray photo-
electron spectrometer from VG Co. with Al Ka radiation. Infrared
spectra with range of 400–4000 cm�1 were obtained on a Bio-
Rad Fourier transform infrared spectrometer with fresh KBr pellets.
The UV–vis absorption spectra were recorded by a UV–vis-NIR
scanning spectrophotometer (SHIMADZU). Room-temperature
excitation and emission spectra were performed with a Hitachi
F-4500 fluorescence spectrometer equipped with a continuous
150 W Xe-arc lamp. For comparing the intensities of different sam-
ples, the emission spectra were measured with the same instru-
ment parameters (2.5 nm for excitation slit, 2.5 nm for emission
slit, and 700 V for PMT voltage). High-resolution emission spectra
and laser selective excitation spectra (luminescence decay curves
were measure at room-temperature) were performed at 10 K with
the samples mounted in a helium exchange gas chamber of a
closed cycle refrigeration system. A pulsed Nd:YAG laser equipped
with second (532 nm), third (355 nm), and fourth (266 nm) har-
monic generators was used as excitation source, which has a line
width of 0.2 cm�1, pulse duration of 10 ns, and repetition fre-
quency of 10 Hz. A Rodamine 6 G dye laser pumped by the 532-
nm beam was used for site-selective excitation. High-resolution
spectra were recorded on a Spex 1403 spectrometer, and photolu-
minescence signals were detected by a photomultiplier (R955),
averaged with a gated boxcar integrator, and processed by a per-
sonal computer. The fluorescence photo of colloidal NCs with
0.125 mg/ml concentration in water was acquired with a digital
camera under 254-nm excitation from an UV lamp.
3. Results and discussion

Fig. 1 shows the powder X-ray diffraction (XRD) patterns of
YVO4:Eu, and YVO4:Eu/SiO2 NCs. Both of these patterns could be
readily indexed with tetragonal cells of a � 7.12 Å and c � 6.29 Å,
which match well the record of JCPDS 17-0341. The indexes are in-
cluded in the figure. It proved that we have successfully synthe-
sized the pure YVO4 phase.

From the Fig. 2A, one can see that most YVO4:Eu NCs present
tetragonal-like morphology with average size of 30-nm. Fig. 2B
shows that the silica-coated YVO4:Eu NCs have clear core/shell
structures. The selected area electron diffraction (SAED) patterns
of the YVO4:Eu and YVO4:Eu/SiO2 NCs (insets in Fig. 2A, and B,
respectively) show some discrete spots and even rings. The d
spaces calculated for both patterns match well with our XRD re-
sults, which confirmed that our particles are nano scaled YVO4
phase. We then use XPS (X-ray photoelectron spectra) to deter-
mine the surface composition of our samples. As shown in Fig. 3,
the peaks of binding energy from the Eu (3d) can be clearly seen
in YVO4:Eu NCs and the europium concentration is 4.9%. However,
the peak of Eu (3d) cannot be detected in YVO4:Eu/SiO2 NCs due to
the cover of the SiO2 shell, whereas the peak of Si (2p) is obvious,
indicating that Si compound is coated on the particles (Fig. 3). This
result is in good agreement with TEM observation of YVO4:Eu/SiO2

NCs. It is worth mentioning that the binding energy of O (1s) shifts
to high-energy side in YVO4:Eu /SiO2 NCs (Fig. 3). Compared with O
(1s) peaks of YVO4:Eu NCs, there is a chemical shift of 2.7 eV. The
difference in binding energy came from the structure difference,
i.e., O (1s) peaks of YVO4:Eu NCs is assigned to the lattice oxygen,
while the O (1s) peak of YVO4:Eu/SiO2 is assigned to the oxygen of
Si–OH [20–22].

Fig. 4 shows the Fourier transform infrared spectroscopy (FT-IR)
spectra of YVO4:Eu and YVO4:Eu/SiO2 NCs. From the FT-IR spectra,
it can be observed that the strong peak at 802 cm�1 and the weak
peak at 453 cm�1 are apparently associated with the characteristic
vibrational mode of V–O bond and Y–O bond, respectively [23]. The
broad absorption band at 3411 cm�1 and a weak one at 1629 cm�1

can be assigned to the symmetrical stretching vibration and
the bending vibration of H–O–H (H2O molecules), respectively
[24–25]. The peaks at 1392 and 1577 cm�1 are assigned to
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Fig. 4. FT-IR spectra of the YVO4:Eu (A) and YVO4:Eu/SiO2 (B) NCs.
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Fig. 5. UV–vis absorption spectra of the YVO4:Eu NCs in ethanol (A) and YVO4:Eu/
SiO2 NCs in water (B).
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vibrations of the carboxylate anion in the citrate [24,26], which
confirm the presence of the citrate ligands. The positions of these
two bands were sensitive to the chemical compositions of the
nanoparticle surfaces [27]. In addition, the two weak bands at
2924 and 2854 cm�1 correspond to the asymmetrical and symmet-
rical stretching vibrational modes of the CH2 group, respectively
[28–29]. In the case of silica-coated NCs (Fig. 4B), aside from
the presence of the characteristic absorption bands, the strong
absorption peaks at 1083 and 467 cm�1 are attributed to Si–O–Si
asymmetrical stretching vibration and Si–O bending vibration,
respectively. The absorption band in the region of 3700–
3000 cm�1 is stronger than that in the YVO4:Eu NCs, which mainly
bases on stretching vibration of –OH groups from silica shells. Due
to the presence of the hydrophilic citrate ligands and silica shell,
the YVO4:Eu and YVO4:Eu/SiO2 NCs can be redispersed into water
and keep stable for more than 24 h without any visible precipitate
under ambient conditions.

The UV–vis absorption spectra of the samples are shown in Fig. 5.
The broad band from 250 to 300 nm centered around 280 nm is
attributed to a charge transfer from the oxygen ligands to the cen-
tral vanadium atom inside of the VO3�

4 group. Under 280-nm UV
excitation, colloidal YVO4:Eu and YVO4:Eu/SiO2 NCs solutions exhi-
bit strong red luminescence of Eu3+ ions (see Fig. 6, right). The exci-
tation peaks corresponding to the europium emission of NCs (Fig. 6,
left) agree well with the absorption peaks from the vanadate ions,
while the Eu3+ ions have no absorption at the excitation wavelength
of 280 nm. Therefore, it is clear that the emission from Eu3+ ions in
the nanocrystals occurs after the energy transfer from the excited
vanadate to the europium ions. The energy transfer process has
been investigated by other authors [30–31].

The room-temperature emission spectra of YVO4:Eu and
YVO4:Eu /SiO2 NCs were measured in water with 0.125 mg/ml con-
centration. The most intense peak at 616 nm corresponds to
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5D0 ?
7F2 forced electric-dipole transitions (Fig. 6, right). While the

weak peaks at 535, 590, 650, and 700 nm correspond to the transi-
tions of 5D1 ? 7F1, 5D0 ?

7F1, 5D0 ?
7F3, 5D0 ?

7F4, respectively. It
is well-known that the 5D0 ?

7F1 transition is a typical magnetic
dipole transition and usually taken as a standard transition be-
cause its intensity is independent to a large extent on the local
environment. The electric-dipole transitions 5D0 ?

7F2 is a hyper-
sensitive transition, which is allowed only on the condition that
the europium ion occupy a site without an inversion center and
very sensitive to the local environment [32–33]. In YVO4:Eu NCs,
the Eu3+ ions occupy the sites without inversion symmetry (D2d),
which results in the high luminescence intensity of 5D0 ?

7F2.
The remarkable fluorescence enhancement of 2.17 times were ob-
served for YVO4:Eu/SiO2 NCs. As we known, for rare-earth-doped
materials, hydroxyls play a major role in fluorescence quenching
[34–35]. When the NCs are dispersed in aqueous solutions, the sur-
face of the NCs adsorbs a lot of hydroxyl species. After the YVO4:Eu
cores were coated by a shell of SiO2, the emission intensity in-
creased substantially. This is mainly because the SiO2 on the sur-
face of the NCs forms a protecting layer, which would effectively
isolate the Eu3+ ions from water and thus reducing the deleterious
effects of water on the luminescence yield.

In addition, surface defects also play important roles in quench-
ing the luminescence of NCs due to the large surface-to-volume ra-
tio of NCs. Based on experimental and theoretical studies, many
reports have confirmed that surface and interior environments
are different for RE ions doped in NCs [12–16,24,36–41]. In the fol-
lowing discussion, the Eu3+ ions were also used as a probe to inves-
tigate effect of the surface and coating on photoluminescence in
YVO4:Eu and YVO4:Eu/SiO2 NCs. The low-temperature (10 K) emis-
sion spectra of YVO4:Eu and YVO4:Eu/YVO4/SiO2 NCs excited with a
266-nm laser are presented in Fig. 7. The emission at 616 and
619 nm corresponds to Stark levels in the 5D0 ?

7F2 transition.
Fig. 8 gives the low-temperature excitation spectra of 5D0 ?

7F2

fluorescence (619 nm), and there are two excitation peaks corre-
spond to the 7F0 ?

5D0 transition. The 5D0 and 7F0 states do not
split in the crystal field. Therefore, the emission and excitation
transitions between 5D0 and 7F0 levels can be used to monitor
the number of symmetry sites present in the lattice [9,13,14]. By
frequency selective excitation, different Eu3+ luminescent centers
can be distinguished if they exist. Note that the 5D0 ?

7F0 transi-
tion is strictly forbidden for Eu3+ ions occupying a site of D2d sym-
metry in the single-crystalline YVO4 [42], but becomes partially
permitted in the YVO4 powders [36]. In our experiments, the exci-
tation band for 7F0 ?

5D0 transition presents two peaks clearly
(marked as site (a) and site (b)). The peak of site (a) has a long tail
extending to the high-energy side, and also its linewidth is broader
than that of site (b). The site-selective emission spectra were re-
corded by using different resonant excitation wavelengths in the
7F0 ?

5D0 absorption bands (labeled as 1–4 in Fig. 8), as shown
in Fig. 9. The difference in spectral configuration among the emis-
sion spectra is apparent. Spectra 1, 2, and 3 were obtained by excit-
ing different positions of site (a). The Stark splitting cannot be
discerned clearly from the spectra. We propose that site (a) is an
emission center on the NCs surface. The Eu3+ ions on the surface lo-
cate at various symmetrical sites because the surface states modify
the site symmetry irregularly. Spectra 4 were taken by exciting at
site (b), exhibiting two clear peaks centered at 616 and 619 nm and
indicating that site (b) originates from an emission center in a crys-
talline environment. According to the low-temperature emission
spectra, these two peaks are attributed to the Stark splitting of
5D0 ?

7F2 transition, so we conclude that the site (b) is an interior
center in the NCs. The 7F0 ?

5D0 absorption bands of samples
(Fig. 7) are deconvolved into two individual Gaussian peaks. From
which one can see that the intensity ratios of these two peaks are
different in these samples. The intensity ratios of site (a) to site (b)
are 5.82 and 2.33 for YVO4:Eu and YVO4:Eu /SiO2 NCs, respectively.
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This indicates that the SiO2 shells effectively reduce the surface de-
fects of YVO4:Eu NCs and the modification of surface results in the
enhancement of luminescence intensity.

Luminescence lifetime is a key parameter for luminescence
probe. Considering that all possible applications of luminescent
probes for bio-detection should be carried out at room tempera-
ture, the room-temperature luminescence decay curves of 5D0 en-
ergy level in two samples under 266-nm excitation are measured
and shown in Fig. 10. The average luminescent lifetimes of
YVO4:Eu and YVO4:Eu/SiO2 NCs are 749 ls and 884 ls, respec-
tively. The increased lifetime is observed in YVO4:Eu/SiO2 NCs, as
compared to that of YVO4:Eu NCs. Knowing that the measured life-
time (s) is related to the radiative (sr) and nonradiative lifetime
(snr). Obviously, the surface modification decreases the nonradia-
tive processes and increases the luminescent lifetime of Eu3+ ions.
Photostability is another key parameter for luminescent probes.
The photobleaching experiments of YVO4:Eu and YVO4:Eu/SiO2

NCs were carried out in water (Fig. 11). It was observed that the
fluorescence intensity from the YVO4:Eu NCs solution decreased
by approximately 16.1% in 20 min, whereas the fluorescence inten-
sities of the YVO4:Eu/SiO2 NCs solutions showed only 3.9% de-
crease in the same time. Interestingly, a little increase was
observed in the sample YVO4:Eu/SiO2 in the first 3 min. The reason
for this phenomenon is current under investigation. The high
photostability of the enveloped nanoparticles should be arisen
from the isolation of the Eu3+ from the outside environment by a
layer of hydrolyzed SiO2, which shield the Eu3+ from solvent mol-
ecules and free radicals caused by light exposure and effectively
protect the molecules from photodecomposition.
4. Conclusion

In summary, the water-soluble YVO4:Eu and YVO4:Eu/SiO2 col-
loidal NCs were synthesized successfully. FT-IR spectra confirmed
that the citrate ligands presented on the surface of the NCs, which
make these NCs dispersable in water and cause the formation of
transparent solutions. After the YVO4:Eu NCs were coated with
SiO2, a protecting layer formed on the NCs surface and reduced
the fluorescence quenching from water molecules. The laser selec-
tive excitation spectra confirm that there are two kinds of lumines-
cent centers, inner Eu3+ ions and surface Eu3+ ions in the both two
samples. The SiO2 shell modified the surface of YVO4:Eu NCs and en-
hanced the luminescence intensity. The dynamic analysis at room
temperature and photobleaching experiments indicate that the
YVO4:Eu/SiO2 NCs have longer lifetime and higher photostability.
These features are very attractive for exploitation of fluorescent
bio-probes. By incorporating different RE ions into the YVO4 lattice
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different color emission will be obtained, for example, up-conver-
sion fluorescence NCs doped with Er3+ ions [4,43], which means that
these core/shell NCs may find their practical applications in biology.
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