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In this paper, we report on the bifunctional Fe304@Si0, @YPy 1 V904:Dy3* nanocomposites were prepared
by the solvothermal method and sol-gel method. The structure, photoluminescence (PL) and magnetic
properties of the nanocomposites were characterized by means of X-ray diffraction, scanning electron
microscope, transmission electron microscope, PL excitation and emission spectra and vibration sample
magnetometry. It is shown that Fe;0,@Si0,@YPg ;1 V904:Dy3* nanocomposites with a core-shell struc-
ture present excellent fluorescent and magnetic properties. Additionally, the effects of the magnetic field
on the luminescence properties of nanocomposites were discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the application of photoluminescence (PL)
and magnetic nanocomposites have advanced development of
bioimaging technologies [1,2]. The integration of fluorescent prop-
erties and magnetic properties further offers a new potential
application for in vitro and in vivo imaging. Magnetic-fluorescent
nanoparticles serve both as magnetic resonance contrast agents
for magnetic resonance imaging (MRI) and drug delivery agents, as
well as in cell separation and labeling [3,4] and optical probes for
intravital fluorescence microscopy [5].

Most nanocomposites-based optical imaging agents can be sub-
divided into two categories: quantum dots (QDs) and dye-doped
nanoparticles [1,6]. Usually, QDs are photochemically stable [7]
and have narrow, tunable emission spectra [8], and are metabol-
ically stable [9]. However, issues of toxicity (generally related to
heavy metal ions such as PbZ* or Cd2*), photo-oxidation, and dif-
ficult surface conjugation chemistry associated with QDs limit its
applications, and a protective shell of insulating material or semi-
conductor is introduced to overcome these problems [10], which
indeed complicates the fabricating process. But for dye molecules,
they suffer from photobleaching and quenching due to interactions
with solvent molecules and reactive species such as oxygen or ions
dissolved in solution when they are exposed to a variety of harsh
environments [11,12].
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Most recently, new photostable materials derived from
lanthanide-doped nanoparticles have begun to gain attraction due
to its excellent luminescence properties, including large Stokes
shifts, high quantum yields, long lifetimes and superior photosta-
bility [6,13]. The presented examples include y-Fe,03/NaYFy:Y,
Er nanoparticles [14], Co:Nd:Fe,03/Gd;03:Eu core-shell parti-
cles [15], Tb-doped y-Fe,03 nanocrystals [11], Fe304@Y,03:Eu
nanocomposites [6], Fe304,@YPO,4:Re (Re=Tb, Eu) [16] and Fe30,@
YVO4:Eu nanocomposites [17]. Although there have been already
some reports on composites based on magnetite and lanthanide
dopants or lanthanide complexes [18], to the best of our knowl-
edge, there are no previous reports detailing the synthesis of
bifunctional nanocomposites Fe304@Si0,@YPg Vg 904:Dy3* com-
ponents in general.

2. Experimental details
2.1. Materials

Ferrous chloride hexahydrate (FeCl;-6H,0) (99%) were purchased from Alfa
Aesar Co. Y203 (99.9%) and Dy, 03 (99.9%) were purchased from BeiJing chemical
plant. Sodium hydroxide (NaOH), ammonium phosphate monobasic (NH4H,PO4),
ammonium metavanadate (NH4VOs3), trisodium citrate, tetraethyl orthosilicate
(TEOS), ethanol, and ammonia aqueous (25 wt%) (Shanghai Chem. Reagent Co.) are
all of analytic reagents and were used as supplied. Only distilled water was used.

2.2. Synthesis of Fe304 nanoparticles

Spherical magnetic Fe;04 nanoparticles were prepared by a modified solvother-
mal method [19]. Briefly, 1.35g of FeCl;-6H,0 and 7.2 g of NaAc were dissolved in
40 mL of ethylene glycol. The mixture was stirred vigorously for 30 min at 160°C
to form a homogeneous russet solution, and then transferred into a Teflon lined
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Fig. 1. XRD patterns of Fe30,@SiO, (a), YPo.1Vo904:Dy3* (b), Fe304@Si0,@
YPo.1Vo904:Dy**(c).

stainless-steel autoclave (50 mL capacity). The autoclave was heated to 200°C and
maintained for 8 h. Then it was cooled to room temperature. The black magnetic
particles were then rinsed several times with ethanol under ultrasonic conditions
to effectively remove the solvent, and dried in vacuum at 60°C for 12 h.

2.3. Synthesis of Fe304@Si0, nanoparticles

Fe304@Si02 nanoparticles were prepared according to the modified by the
Stober method [20]. Typically, 0.10 g of Fe304 nanoparticles (~130 nm in diameter)
were homogeneously dispersed in a mixture of 40 mL of ethanol, 10 mL of deioned
water, and 1.0 mL of 28 wt% concentrated ammonia aqueous solution (NHs-3H,0),
followed by the addition of 0.10 g of tetraethyl orthosilicate (TEOS). After vigorous
stirring at room temperature for 6 h, the obtained Fe;04@SiO, microspheres were
separated with a magnet and washed repeatedly with ethanol and water to remove
nonmagnetic by products.

2.4. Synthesis of Fe304@Si0;@YPy ;V;,904:Dy>* nanoparticles

Functionalization of YPg1V(904:Dy3* on the template free Fe304@SiO; was
achieved according to the reported process with the doping concentration of
Dy3* of 1mol% to Y3* in YPg1Vo904:Dy3*[21-23]. Typically, 0.223 g (0.9 mmol) of
Y03, 0.0037 g (0.01 mmol) of Dy,053, 0.023 g (0.2 mmol) NH4H,PO4 and 0.2103 g
(1.8 mmol) of NH4VO; were dissolved in dilute HNOs;. Then 0.84 g of citric acid
(4mmol) was added as a chelating agent. After stirred for 1h, a homogenous sol
was formed. Then desired amount of treated Fe3;0,@SiO, powders was added
into the sol with stirring. After further stirred for another 3h, the resulting
material was dried at 120°C for 12h. The obtained material was denoted as
Fe304@SiOZ@YPg_1 V0_9042Dy3+.

2.5. Characterization

The structure properties of all samples were checked by X-ray diffraction
measurements at room temperature using CuKa radiation (ko = 1.54059 A). A spec-
trophotometer (Hitachi F-4500 spectrophotometer equipped with a 150 W xenon
lamp as the excitation source) was used for the photoluminescent (PL) measurement
at room temperature. The morphology and structure of as synthesized compos-
ites were characterized with scanning electronic microscope (SEM, Philips XL-30)
and transmission electron microscopy (TEM, JEOL Jem-1200EX). The room temper-
ature magnetic hysteresis (M-H) loops were measured using a vibrating sample
magnetometry (VSM) system (JDM-13).

3. Results and discussion

Fig. 1 shows the XRD patterns of Fe30,@Si0,, YPg 1V 904:Dy3*
and Fe304@Si0,@ YPg 1V 904:Dy3* nanoparticles. The XRD peaks
in Fig. 1(a) and (b) can be readily indexed to a face-centered cubic
structure of Fe304@SiO, and the tetragonal phase of YPg 1V 904,
respectively. In the case of Fe304@Si0,@ YPj1V(904:Dy3*, the
peaks marked by asterisk (at 31.2, 36.5, 54.1 and 61) can be
indexed to Fe304 and those marked by circle can be indexed to
YP.1Vo904:Dy3*, which are in good agreement with the values in
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the standard card (JCPDS No.17-341 and 11-254). Therefore, the
presence of diffraction peaks can be used to evaluate the structural
order at long range or periodicity of the material [25]. All diffrac-
tion peaks can be assigned to the cubic, tetragonal and monoclinic
structure.

The results reveal that the coexistence of the Fe304 phase and
YP.1Vo904:Dy3* phase in the nanocomposite. For Fe304@Si0, in
Fig. 1(a), the broad band at 20 =22.0-25.0° can be assigned to the
amorphous SiO, shell (JCPDS No. 29-0085).

The SEM image shows that magnetite (Fe304) particles have
a mean diameter of about 130 nm and a nearly spherical shape
in Fig. 2(a). The magnetite particles coated with hydrophilic
species such as a silicon dioxide layer is of great interest to
enhance its dispersibility in aqueous solution and prevent them
from aggregating in liquid media. In addition, a shell such as
the silicon layer can effectively separate lanthanide based pho-
toluminescence component from the magnetite and prevent the
luminescence from quenching by magnetite. Fig. 2(b) shows that
Fe30,@Si0, particles still keep the morphological properties of
Fe304 except for a slightly larger particle size and smoother sur-
face, which silica are uniform coated on the Fe304 particles to
form silica shell. Compared to the Fe304,@SiO, microspheres, the
Fe30,@Si0,@ YPg1Vo904:Dy3* nanocomposites have a rougher
surface because the YPg;V904:Dy3* nanoparticles are randomly
deposited on the Fe30,4@SiO, microspheres, as shown in the SEM
image (Fig. 2(c)). The rough surface may provide a higher specific
area and be more beneficial for the biological application. Fig. 2(d)
shows the TEM image of the Fe304@Si0,@YPg1Vog04:Dy3*
nanocomposites obtained by modified treatment of Fe30,@SiO,
microspheres by sol-gel process, from which a grey layer (~25 nm
in thickness) deposited by numerous YPg1Vg904:Dy3* nanopar-
ticles can be clearly seen on the magnetite particles’ surface.
These nanocomposites also have the bigger particle sizes and
less aggregation, which can be seen clearly in Fig. 3. The size
may be up to about 500nm as the mass ration of core/shell
is 1:6.

The photoluminescence properties of YPg1Vp904:Dy3* and
Fe304@Si0,@YPy 1Vo904:Dy3* were further characterized by the
excitation spectra and emission spectra in Fig. 4. In the excitation
spectra (Fig. 4(A)), the strong excitation band of the samples is
at about 325 nm at the emission wavelength of 573 nm, which is
ascribed to a charge transfer from the oxygen ligands to the cen-
tral vanadium atom insides the VO43~ group ions. In the emission
spectra of samples (Fig. 4(B)), the characteristic transition lines
from the lowest excited *Fo, level of Dy3* to ®H;sj, and 6Hy); are
observed, dominated by the 4F9/2—5H13/2 hypersensitive transition
(AJ=2). It is because the Dy3* ions in the YVO,4 host lattices are
located at a low symmetry local site D,4 without inversion center
in the YVO4 host lattices [24]. Moreover, the presence of the VO43~
absorption in the excitation spectrum of Dy3* indicates that an
energy transfer occurs from V0,43~ ions to Dy3* ions in YVO4:Dy3",
and the energy transfer is very efficient because the emission of
V0,43~ is not observed and only the emission of Dy3* is observed
upon excitation at the VO43~. The energy transferring from V043~
to Dy3* is dominated by exchange interaction at room temper-
ature like VO43--Dy3* energy transfer in YVO,4 [22]. Although
the silica matrix acts as a barrier to protect YPg1VggO4:Dy3*
from quenching completely, Fe304 also products some effects
to a certain extent. Thus the intensities of both the excitation
spectra and emission spectra of Fe304@Si0,@YPy 1 Vo904:Dy3* are
decreased. Indeed, Fe304@Si0,@YPg 1V904:Dy3* colloidal solu-
tion is exhibited yellow-green PL emission at room temperature
under a UV-light in the inset of Fig. 3(b).

Fig. 5 gives the excitation spectra and emission spectra of bifunc-
tional nanocomposites with the different mass ration of core/shell.
It is clear that both the excitation spectra and emission spectra
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Fig. 2. SEM images of Fe304 (a), Fe304@Si0; (b), Fe304@Si0,@YPg 1V 904:Dy3* (c) and TEM images of Fe304@Si0;@YPq 1 Vo 904:Dy3* (d).

bands grow stronger with decreasing the mass ration of core/shell.
Moreover, the particle size may be up to about 500 nm as the mass
ration of core/shell is 1:6 in Fig. 3. Unfortunately, the relative strong
luminescence always accompanies with the weak magnetism.
When the mass ration of core/shell is 1:4, there are the excellent
luminescence and magnetism of Fe304@Si0,@YP 1V 904:Dy3*.

Fig. 6 shows the magnetic hysteresis loops of Fe304, Fe30,@SiO,
and Fe304@Si0,@YPy1V904:Dy3* nanocomposites. The special
saturation magnetization Ms of Fe30,4 nanoparticle is 73 emug~!
in Fig. 6(a), which is closely related to their particle size of samples.
The Ms value of Fe304@Si0, is decreased to 68 emu g~! in Fig. 6(b).
After YPg 1V 904:Dy3* is coated on the of Fe30,4@Si0,, the special

Fig. 3. SEM images of Fe304@Si0,@YPg ;1 V.904:Dy3* which molar ration of core/shell are 1:2(a) 1:6(b).
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Fig. 5. Excitation spectra (A) and emission spectra (B) of Fe304@Si0;@YPg 1 V904:Dy3* which mass ration of core/shell are 1:2(a), 1:4(b) and 1:6(c).
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Fig. 6. The magnetic hysteresis loops of Fe304 (a), Fe304@SiO; (b), Fe304@Si0,@
YPg.1V0904:Dy3* (c), nanocomposites.

saturation magnetization Ms of Fe304@Si0,@YP1Vg04:Dy3*
nanocomposites is significantly decreased to 10 emu g~ (Fig. 6(c)).
This phenomenon was mainly caused by the presence of high
proportion of YPg1V904:Dy3* in the composite NPs. Fortunately,
the magnetism of as-synthesized Fe304@Si0,@ YP1V(904:Dy3*
nanocomposites fulfils the requirements for bioseparation and
enrichment.

Fig. 7 shows the excitation spectra and emission spectra of
Fe304@Si0,@YP( 1Vo904:Dy3* nanocomposites dealt under the
external magnetic fields. The effects of the magnetic field on
the photoluminescence intensity of the nanocomposite were
discussed. The Fe304@Si0,@YPg 1 V904:Dy3* was under the mag-
netic fields 0.25T for 1h, 2h, 3h, 4h and 5h respectively. From
Fig. 7, the photoluminescence intensities of the nanocomposite
are firstly increased with increasing the time, and then decreased.
When for 3 h, there is a highest photoluminescence intensity. The
possible interpretation was discussed in Scheme 1. When the exter-
nal magnetic fields took effect on the magnetic silica, the magnetic
energy was partly transferred to the magnetic silica and the rest
released in the form of heat. It was represented that the energy of
the valence electron of the magnetite increased so that the valence
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Scheme 1. The possible action mechanism under the magnetic field on the lumi-
nescence intensity of the nanocomposite.

electron tended to escape from the orbit, but the system gave a
restriction on the valence electron to keep it steady. And then the
energy was transferred from the valence electron of magnetite to
that of phosphors. However, with the plus action time (up to 3 h)
under magnetic field, the increased energy showed the opposite
effect. As aresult, the valence electron of magnetite became steady
and no longer transfer energy to phosphor, so the fluorescence
intensity of phosphors decreased. The other reason may be the form
of the lattice defects which result in the changing of magnetism
and then further affect the photoluminescence intensity. During
the excitation process at room temperature, the electrons situated
at lower intermediary energy levels (oxygen 2p states) absorb the
photon energies (hv) arising from different wavelengths. As conse-
quence of this phenomenon, the energetic electrons are promoted
to higher intermediary energy levels (vanadium 3d states) located
near the conduction band. When the electrons fall back to lower
energy states again via radiative return processes, the energies aris-
ing from this electronic transition are converted in photons (hv’).
In this case, the several photons (hv') originated by the participa-
tion of different energy states during the electronic transitions are
responsible for the broad PL spectra.

4. Conclusion

In conclusion, we report the facile synthesis of a novel
magnetic/photoluminescence  bifunctional = nanocomposites

Fe30,@Si0,@YPy 1V 904:Dy3* nanocomposites with core-shell
structure by the solvothermal method and sol-gel method.
The as-prepared bifunctional nanocomposites combined the
advantages of magnetism and photoluminescence, The obtained
Fe304@Si0,@YPg 1Vp904:Dy3* nanocomposites have a mean
diameter of 180nm and uniform YPg1Vg04:Dy3* shell (about
25nm in thickness). From the effects of the magnetic field on
the photoluminescence intensity, it is shown that the photolu-
minescence intensities are gradually increased with the action
time until the duration was 3h, and then gradually decreased.
The double matrix and bifunctional nanocomposites may be a
potential materials application in more biological fields.
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