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Abstract

As-synthesized Fe3O4 nanoparticles were encapsulated with carbon layers through a simple hydrothermal process. Fe3O4/C

nanoparticles were coated with YVO4:Dy3þ phosphors to form bifunctional Fe3O4@C@YVO4:Dy3þ composites. Their structure,

luminescence and magnetic properties were characterized by XRD, SEM, TEM, HRTEM, PL spectra and VSM. The experimental

results indicated that the as-prepared bifunctional composites displayed well-defined core–shell structures. The �12 nm diameter

YVO4:Dy3þ shell exhibited tetragonal structure. Additionally, the composites exhibited a high saturation magnetization (13 emu/g) and

excellent luminescence properties, indicating their promising potential as multifunctional biosensors for biomedical applications.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Complex nanostructures have been attracting much atten-
tion because of their multifunction or new applications
originating from multicomponent [1–6]. The design and
fabrication of multifunctional nanostructures combined with
magnetic and fluorescence properties have recently increased
interest for biological and biomedical applications. Among
them, iron oxides with nanostructures have been extensively
studied due to their special magnetic properties. They could
be combined with other materials to obtain multifunctional
nanocomposites [7,8]. The immobilization of transition
metals or their oxides on the magnetic microspheres (MS)
could allow them to retain high activity and enable facile
separation from the reaction media. However, the combina-
tion of different building blocks into an ordered nanostruc-
ture is considerably difficult, especially for the components
with different crystalline structures. To develop a reliable
synthetic method for fabricating multifunctional nanocom-
posite with designed components and controlled morpholo-
gies is still a big challenge.
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A

g/10.1016/j.ceramint.2013.01.065

ing author. Tel.: þ86 431 85167712.

ess: huayang86@sina.com (H. Yang).
Recently, surface coated or surface modification nano-
composite has been recognized as one of the most intri-
guing methods to build complex nanostructures [9,10].
Coating or modification can alter the surface charge and
reactivity of the substrate. Compared to polymer and silica
shells that have been studied, carbon shells have exhibited
much higher stability in various chemical and physical
environments such as acid or base media, as well as at high
temperatures and pressures. Furthermore, carbon is a
special and unique material for coating treatment and
core/shell type nanostructures could be thus achieved.
Activated –COOH groups could be easily introduced onto
the carbon layer by the oxidization treatment [11,12]. As a
result, the carboxylic acid functional groups on the carbon
layer could give rise to preferred sites of nucleation.
For the fluorescent components, organic fluorophore and

quantum dots (QDs) are mostly used [13–15]. Although they
have been proven to be quite useful they are still far from
perfect because both of them have some inherent limitations.
For example, organic fluorophore is prone to photobleaching
and has a broad emission and small Stokes shift resulting in
cross-talk between excitation and emission signals [16]. QDs
are less chemically stable and potentially toxic and may
show fluorescence intermittence [17]. Moreover, their inherent
ll rights reserved.
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short-lived luminescence lifetimes may overlap with the
spontaneous background emission sources. In comparison
with organic dyes and QDs, lanthanide ions related com-
pounds have some unique luminescence properties, such as
sharp absorption and emission lines, long lifetimes, superior
photostability and effective elimination of short-lived scatter-
ing light and background noises [18,19]. Thus they are very
favorable for use in bioassays and bio-labeling.

In this article, lanthanide-doped inorganic nanocrystals
(YVO4:Dy3þ) have been chosen as a functional and
florescent component for further decoration on the surface
of Fe3O4@C nanoparticles. We report a simple sol–gel
process for the preparation of Fe3O4@C@YVO4:Dy3þ

composites with excellent magnetic and luminescence
properties. Reactive carbon interlayer is introduced in an
important role in which it separated lanthanide based
luminescent component from the magnetite. The combina-
tion of magnetic with luminescent functional groups to
form core–shell structured composites is undoubtedly of
special interest in enzyme immobilization [20], controlled
drug release [21,22], and bioseparation [23] based on their
unique magnetic responsivity, visible luminescence, low
cytotoxicity, and good biocompatibility.

2. Experimental section

2.1. Reagents

All reagents are of analytical reagent grade and used
without further purification. Ferrous chloride hexahydrate
(FeCl3 � 6H2O; 99%), sodium acetate (NaAc), Y2O3(99.9%)
and Dy2O3(99.9%) were purchased from Beijing Chemicals
Corporation. Citrate acid monohydrate and glucose were
purchased from Tianjin chemicals Corporation. Nitric acid
ethanol, ethylene glycol (EG) and ammonia aqueous (25%)
were purchased from Beijing Chemical Reagents Corpora-
tion. Only distilled water was used.

2.2. Synthesis of magnetic Fe3O4 nanoparticles

Magnetic Fe3O4 nanoparticles were prepared through a
modified solvothermal reaction [24]. Typically, 1.35 g of
FeCl3 � 6H2O and 7.2 g of NaAc were dissolved in 40 mL
of ethylene glycol and stirred for 30 min to obtain solution.
The solution was transferred into a teflon lined stainless-
steel autoclave (50 mL capacity) and heated at 200 1C for
10 h. Then it was cooled to room temperature. The as-
synthesized black products were thoroughly washed with
ethanol and deionized water three times, and were recov-
ered magnetically.

2.3. Synthesis of Fe3O4@C nanoparticles

Fe3O4 (0.1 g) powders were ultrasonicated in 0.1 M
HNO3 solution for 10 min and washed with deionized
water. Then the treated Fe3O4 microspheres were redis-
persed in 0.5 M aqueous glucose solution with vigorous
stirring for 10 min. The suspension was transferred to
autoclaves and maintained at 180 1C for 4 h. The black
products (Fe3O4@C) were separated by magnet and
washed with deionized water and ethanol several times,
then dried under vacuum at 50 1C for 12 h to obtain
Fe3O4@C nanoparticles.

2.4. Synthesis of Fe3O4@C/YVO4:Dy3þ composites

Modification of YVO4:Dy3þ on the surface of
Fe3O4@C nanoparticles was achieved according to the
reported process with the doping concentration of Dy3þ of
1 mol% to Y3þ in YVO4:Dy3þ [25,26]. The typical
procedure for synthesis is described as follows: 0.2231 g
(0.99 mmol) of Y2O3, 0.0037 g (0.01 mmol) of Dy2O3, and
0.2340 g (2 mmol) of NH4VO3 were dissolved in dilute
HNO3. Then 2.52 g of citric acid (12 mmol) was added as a
chelating agent. After stirring for 1 h, a homogeneous gel
was formed. Then desired amount of Fe3O4@C nanopar-
ticles was added into the gel, stirred for 3 h and then dried
at 80 1C for 12 h to obtain Fe3O4@C/YVO4:Dy3þ

composites.

2.5. Characterization

The morphology of all the as-synthesized samples was
characterized by a scanning electronic microscope (SEM;
Philips XL-30). The transmission electron microscopy (TEM)
and high resolution transmission electron microscopy
(HRTEM) images were obtained on a field-emission trans-
mission electron microscope (TECNAI G2; 200 kV). The
structural properties of all the samples were checked by
X-ray diffraction measurements at room temperature using
Cu-Ka radiation (Ka=1.54059 Å). Magnetic properties of
samples were measured by a vibration sample magnetometer
at room temperature. A spectrophotometer (Hitachi F-4500
spectrophotometer equipped with a 150 W xenon lamp as the
excitation source) was used for the photoluminescence (PL)
measurement at room temperature.

3. Results and discussion

We have successfully synthesized bifunctional Fe3O4@C/
YVO4:Dy3þ composites with magnetic and luminescence
properties. The formation process of the composites is shown
in Fig. 1. The Fe3O4 magnetite particles were synthesized by
the solvothermal method with FeCl3 as the iron source and
ethylene glycol as both solvent and reductant [27]. Herein, in
the preparation process, the Fe3O4 nanoparticles are success-
fully modified with a thin carbon layer after hydrothermal
reaction with the glucose. A carbon layer coated on the
surface of magnetite particles is of great interest to enhance
their dispensability in aqueous solution and prevents them
from aggregating in liquid media. In addition, the carbon
layer as a shell can protect the Fe3O4. Furthermore, the
carboxyl groups can be endowed to Fe3O4@C nanoparticles
with excellent affinity between the Fe3O4@C nanoparticles



Fig. 1. Schematic illustration of the preparation of Fe3O4@C/YVO4:Dy3þ composites.

Fig. 2. XRD patterns of Fe3O4@C (A-a), Fe3O4@C/YVO4:Dy3þ (A-b) and Fe3O4@C@/YVO4:Dy3þ (B) with different doped concentrations of Dy3þ

ions (a: 0.5%, b: 1%, c: 2%, d: 3% and e: 4%).
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and modified species. Thus easily, YVO4:Dy3þ precursor is
deposited on the surface of Fe3O4@C nanoparticles by the
sol–gel method. Finally, the Fe3O4@C/YVO4:Sm

3þ compo-
sites are preheated at 300 1C exposed to the air, after which,
the samples continued to be calcined at 800 1C under
condition of N2 atmosphere.

Fig. 2A shows XRD patterns of Fe3O4@C nanoparticles
and Fe3O4@C/YVO4:Dy3þ composites. The XRD diffraction
peaks located at 2y¼30.11, 35.81, 43.11, 53.81, 57.31 and 63.01
can be indexed to (220), (311), (400), (422), (511), and (440)
planes of Fe3O4 in a face-centered cubic (fcc) Fe3O4 (JCPDS
card no. 19-629), respectively. The broadened peak centered at
a small angle (2yo301) indicated the presence of amorphous
carbon shells, which is pointed with a black arrow in
Fig. 2A(a). Compared with XRD patterns of the Fe3O4@C
and the JCPDS of YVO4:Dy3þ , besides the characteristic
diffractions of cubic Fe3O4, the obvious diffraction peaks of
Fe3O4@C/YVO4:Dy3þ can be indexed to the tetragonal
phase of YVO4 (JCPDS no.17-0341), suggesting the successful
crystallization of YVO4:Dy3þ on the surface of magnetite
core. Moreover, no additional peaks for other phases are
detected, indicating that pure Fe3O4@C/YVO4:Dy3þ compo-
sites are prepared. Additionally, Fig. 2B gives the XRD
patterns of Fe3O4@C@/YVO4:Dy3þ with different doped
concentrations of Dy3þ ions, which indicated that the Dy3þ

doped concentration has not changed the structure of
Fe3O4@C@/YVO4:Dy3þ composites. However, it has impor-
tant influences on the PL properties of composites, and this
point will be studied in the later part of the article.
SEM images of Fe3O4, Fe3O4@C and Fe3O4@C/

YVO4:Dy3þ are shown in Fig. 3. From Fig. 3A, we can
observe that Fe3O4 nanoparticles are monodispersed and
have rough surface. Additionally, the nanoparticles are non-
aggregated and have narrow particle size distribution. Fig. 3B
shows that the Fe3O4@C nanoparticles are still spheres and
their diameter is about 200 nm. Interestingly, the surface of
the Fe3O4@C nanoparticles is much smoother than that of
pure Fe3O4, further indicating the uniform carbon shell
coated on the Fe3O4. As for Fe3O4@C/YVO4:Dy3þ compo-
sites (Fig. 3C), the morphological features are very similar to
Fe3O4@C, such as the spherical morphology and smooth
surface. Furthermore, no irregular particles related with the
introduced phosphors are detected. The results suggested that
the deposition had a little influence on the spherical mor-
phology and the phosphor layers are uniformly dispersed on
the surface of Fe3O4@C nanoparticles.



Fig. 3. SEM images of Fe3O4 (A), Fe3O4@C (B) and Fe3O4@C/YVO4:Dy3þ composites (C).

Fig. 4. TEM image of Fe3O4@C (A), HRTEM images of the marked square region of A (B) and Fe3O4@C/YVO4:Dy3þ (C).
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The morphological and structural features of the sam-
ples were further examined by TEM and HRTEM in
Fig. 4. From Fig. 4A, it is shown that the Fe3O4@C
nanoparticles are spheres and have core–shell structure.
Their particle sizes are about �200 nm, and thickness of
the carbon layer is about �10 nm. The uniform amor-
phous carbon is formed by the carbonization of glucoses
on the surface of the Fe3O4 particles involving intermole-
cular cross-linking and dehydration of the glucoses, oligo-
saccharides, and/or other macromolecules derived from
glucose during the hydrothermal treatment [28]. Moreover,
from HRTEM image of Fig.4B, it is shown that carbon
layer as a shell is on the surface of Fe3O4 and amorphous,
and the d spacing of core is 0.29 nm and indexed to the
(220) crystal plane of the Fe3O4 nanoparticles. Addition-
ally, the HRTEM image of Fe3O4@C/YVO4:Dy3þ

(Fig. 4C) shows high crystallinity and is in good agreement
with the XRD results (Fig. 2). The distance of 0.35 nm
between the adjacent lattice fringes is in agreement with
the d200 spacing (200) of the tetragonal YVO4 phase. And
the d spacing of the core is 0.48 nm; it is indexed to the
(111) crystal plane of the Fe3O4 nanoparticles. Notably,
the interface between Fe3O4 and YVO4:Dy3þ is carbon
layer, and thickness of the carbon layer is about 2 nm,
which may separate lanthanide based luminescent compo-
nent from the Fe3O4 magnetite and decrease the quenching
effect resulting from the Fe3O4 magnetite.
The magnetic properties of Fe3O4@C/YVO4:Dy3þ com-
posites were characterized by a vibrating sample magnet-
ometer at room temperature in Fig. 5A. As shown by the
magnetic hysteresis loops, the composites exhibit typical
ferromagnetic curves. The saturation magnetization Ms

values of the Fe3O4 nanoparticles, Fe3O4@C microspheres
and Fe3O4@C/YVO4:Dy3þ composites are 80, 60 and
13 emu/g, respectively. The Ms of Fe3O4@C/YVO4:Dy3þ

composites is the lowest, which may be due to the amorphous
carbon interfaces and the presence of the nonmagnetic
phosphor providing less magnetic moment per unit mass
than that of ferromagnetic core [29]. At the same time,
Fig. 5(B) shows the magnetic hysteresis loops of Fe3O4@C/
YVO4:Dy3þ composites with a different molar ratio of the
core and the shell, and it is clear that the composites have
lower Ms with the increase of content of phosphor shells.
Additionally, we can observe that all the composites with
different ratios have remanence (Br) and coercive force (Hc).
The possible reason is that compared with the pure Fe3O4,
there are some impurities in the composites, such as lattice
defects, hole and different phase, which make the lattice
magnetic domains bigger and lead to increase of remanence.
Of course, the coercive force also becomes bigger.
The luminescence properties of the samples were further

characterized by the excitation and the emission spectra, as
shown in Figs. 6–8. Fig. 6 shows the excitation spectra and
emission spectra of Fe3O4@C/YVO4:Dy3þ composites



Fig. 5. (A) The magnetic hysteresis loops of pure Fe3O4 (A-a), Fe3O4@C (A-b), Fe3O4@C/YVO4:Dy3þ (A-c) and Fe3O4@C/YVO4:Dy3þ (B) with

different molar ratios of core and shell.

Fig. 6. Excitation spectra (A) and emission spectra (B) of Fe3O4@C/YVO4:Dy3þ with different doped concentrations of Dy3þ (a: 0.5%, b: 1%, c: 2%, d:

3% and e: 4%).

Fig. 7. Excitation spectra (A) and emission spectra (B) of YVO4:Dy3þ (a) and Fe3O4@C/YVO4:Dy3þ (b) composites.
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with different doped concentration of Dy3þ ions. It is
shown that the optimum doped concentration of Dy3þ

ions in the Fe3O4@C/YVO4:Dy3þ composites is 1%.
Additionally, the luminescence intensities are decreased
with increasing doped concentration of Dy3þ . In the
excitation spectra in Fig. 6A, the strong excitation band
of the composites is at about 325 nm at the emission
wavelength of 574 nm, which is ascribed to a charge
transfer from the oxygen ligands to the central vanadium
atom inside the VO4

3� group ions. In the emission spectra
of the composites (Fig. 6B), it is shown that the electronic
transition lines of Dy3þ from 4F9/2–

6H13/2 to
4F9/2 –

6H15/2

are observed and 4F9/2–
6H13/2 hypersensitive electronic

transition (DJ¼2) dominates. It is because the Dy3þ ions



Fig. 9. The magnetic separation photograph of Fe3O4@C/YVO4:Dy3þ .
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in the YVO4 host lattices are located at a low symmetry
local site D2d without inversion center in the YVO4 host
lattices [30]. Moreover, the presence of the VO4

3� absorp-
tion in the excitation spectra of Dy3þ , indicates that an
energy transfer occurs in the electronic transition from
VO4

3� ions to Dy3þ ions in YVO4:Dy3þ , and the energy
transfer is very efficient because the emission of VO4

3� is
not observed and only the emission of Dy3þ is observed
upon excitation at VO4

3�. The energy transferring from
VO4

3� to Dy3þ is dominated by exchange interaction at
room temperature like energy transfer between VO4

3� and
Dy3þ ions in YVO4 [25]. Fig. 7 gives the excitation spectra
and emission spectra of YVO4:Dy3þ and Fe3O4@C/
YVO4:Dy3þ composites. For the Fe3O4@C/YVO4:Dy3þ

composites, it is clear that both the intensities of excitation
spectra and emission spectra decrease. It is because the
quenching effect for YVO4:Dy3þ resulted from Fe3O4.
Fortunately, the Fe3O4@C/YVO4: Dy3þ composites still
show a clear yellow–green light under the UV-light. Fig. 8
shows the excitation spectra and emission spectra of the
composites with different mass ratios of core and shell. It is
clear that the intensities in both the excitation spectra and
emission spectra bands are stronger with decrease in the
mass ratio of core and shell. Unfortunately, the relative
strong luminescence is always accompanied with the weak
magnetism. When the mass ratio is 1:3, there are excellent
luminescence and magnetic properties of Fe3O4@C/
YVO4:Dy3þ .

Fig. 9 gives the magnetic separation photograph of
Fe3O4@C/YVO4:Dy3þ dispersed in ethanol under UV
excitation at 323 nm and without UV-light. We can see
that the Fe3O4@C/YVO4:Dy3þ composites disperse well
in ethanol, and emit obvious yellow–green luminescence.
When we put a magnet near the squart cell, the nano-
composites accumulate near the magnet and still emit
yellow–green light. These photographs can prove that we
have successfully synthesized bifunctional magnetic–
optical nanoparticles. And the results are in agreement
with the above PL and magnetic results, which endow the
Fe3O4@C/YVO4:Dy3þ composites with potential applica-
tion in biological fields, such as biosensors for simulta-
neous labeling, sorting and separation of cancer cells.
Fig. 8. Excitation spectra (A) and emission spectra (B) of Fe3O4@
4. Conclusion

In conclusion, we report the synthesis of a novel
magnetic/luminescence bifunctional composite Fe3O4@C/
YVO4:Dy3þ with core–shell structure by a combination of
hydrothermal reaction and the sol–gel process. The
as-obtained Fe3O4@C/YVO4:Dy3þ microspheres have a
mean diameter of �200 nm and uniform YVO4:Dy3þ

shell (about 10 nm in thickness). Furthermore, the carbon
layers of �2 nm still remain in the composites, which may
separate lanthanide based luminescent component from
C/YVO4:Dy3þ with different molar ratios of core and shell.
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the magnetite to decrease the fluorescent quenching effect
resulting from the Fe3O4 magnetite. More importantly, the
as-prepared bifunctional composites combined the advan-
tages of magnetism and luminescence, which make the
composites have a potential application in more biological
fields.
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