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Multifunctional nanocomposites with Fe/Fe;04 nanoparticles as the core and europium-doped yttrium
oxide (Y03:Eu) as the shell (Fe/Fe30,@Y,05:Eu) have been obtained successfully employing a
solvothermal method. The nanocomposites showed both ferrimagnetic behavior and unique europium
fluorescence properties with high emission intensity. The spectra changes induced by the UV light irra-
diation and the magnetic field have been systematically studied and compared in detail. The relationship
between fluorescence and magnetic properties of the multifunctional nanocomposites has been investi-
gated in our manuscript. These multifunctional nanocomposites could be used in a number of biomedical
applications, such as drug targeting, cell separation and bioimaging.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Multifunctional nanocomposites have attracted considerable
attention in recent years because of their desirable properties
and relevant applications. For instance, nanocomposites with both
magnetic and fluorescent properties can be used in a wide range
of applications in biological systems, such as targeted drug, diag-
nostic, therapeutics and bioimaging [1-5]. They can be controlled
by an external magnetic field; they can also serve as luminescent
phosphors.

Most of the magnetic and fluorescent nanocomposites are
core-shell structures with the magnetic particles as the core and
the fluorescent phosphor as the shell. To the best of our knowl-
edge, there are a few reports on the synthesis of multifunctional
nanocomposites consisting of a magnetic core with a phosphor
shell [6-15]. However, the formation of the core-shell structured
nanocomposites in these papers are all conventionally followed by
an encapsulation process, where the magnetic cores are encap-
sulated by the silica shell using a sol-gel technique. After been
encapsulated by the silica shell, the saturation magnetization of the
multifunctional nanocomposites decreased dramatically. And the
size of the multifunctional nanocomposites increased. At present,
there are few reports on the direct combination of magnetic parti-
cles with lanthanide nano-phosphors. Lu et al. deposited a shell of
up-converting phosphor on an iron oxide core [16]. Kennedy et al.
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synthesized multifunctional Fe;04@Y,03:Eu nanocomposites by a
facile homogenous precipitation method [1]. However, the rela-
tionship between the magnetic and fluorescent properties is rarely
discussed, including the changes of the magnetic and fluorescent
properties under the UV-light irradiation and the magnetic field
effects.

Here we report the synthesis and properties of mag-
netic/fluorescent nanocomposites with Fe/Fe304 nanoparticles as
the core and the Y,03:Eu as the shell. Then we discussed the rela-
tionship between the magnetic and fluorescent properties. The
changes of the magnetic and fluorescent properties under the UV-
light irradiation and the magnetic field effects are investigated in
detail. Finally, we explained the changes of the magnetic and fluo-
rescent properties under the UV-light irradiation and the magnetic
field effects.

2. Experimental
2.1. Reagents and materials

All chemicals were of analytical grade and were used as received without further
purification. Deionized water was used. Ferrous chloride tetrahydrate (FeCl,-4H,0),
ethanol absolute, tetramethyl ammonium hydroxide (TAH) (N(CH3 )4OH), n-hexane
(C¢Hia), sodium oleate (C1gH33Na0,), Lny O3 (Y203, Eup O3 purity >99.99%) were all
purchased from the Beijing Chemical Reagent Company.

2.2. Synthesis of Fe/Fe304 nanoparticles

Stoichiometric molar ratios of starting materials were dissolved in distilled
water, and corresponding chloride solutions were obtained. In a typical synthe-
sis, 5 mmol of FeCl,-4H,0 was dissolved in 35 ml of mixture solution (15 ml ethanol
absolute, 15 ml n-hexane and 5 ml H,O) under N, atmosphere with vigorous stirring.
After 30 min, 3.5 g sodium oleate was added into the mixed solution. Then 10 ml of
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Scheme 1. Synthetic scheme for the synthesis and surface modification of multifunctional Fe3;0,@Y,03:Eu3% nanocomposites.

TAH was added dropwise. The mixture was stirred continually for another 30 min
and then transferred into a 50 ml Teflon lined stainless steel autoclave, sealed and
maintained at 180°C for 3 h. After completion of the reaction, the black solid prod-
ucts were collected by magnetic separation and washed several times with water
and ethanol. The final products were dried in a vacuum oven at 40°C for 6 h.

2.3. Synthesis of Y,03:Eu3% microspheres

In a typical synthesis, appropriate amounts of high purity Y,03 and Eu,03 (C
99.999%) were dissolved in concentrated HNO3 (65%) to form nitrate solutions.
2.5g CH3COONa and 37 ml mixing solution of EG and water (volume ratio for
EG:H,0=35:2) were added to the nitrate solutions. Then additional of TAH was
slowly added to the above solution and adjusted to a designated pH of 12. The mix-
ture was then transferred into a 50 ml Teflon lined stainless steel autoclave, sealed
and maintained at 160°C for 6 h. The resulting suspension was allowed to cool to
room temperature naturally. After centrifugation, washed with absolute ethanol
and distilled water for several times, the white precipitate was obtained. Finally,
the white precipitate was dried in vacuum at 40 °C for 12 h, and calcined at 1000 °C
for 3h.

2.4. Synthesis of multifunctional Fe/Fe304 @Y,03:Eu3% nanocomposites

Y,03:Eu phosphor was coated on the magnetic Fe/Fe3 04 nanoparticles by using a
solvothermal method (Scheme 1). In a typical synthesis, 15 mg of Fe/Fe;04 nanopar-
ticles were dispersed in 10 ml ethanol absolute containing 20 mM Ln(NOs);(Ln=Y,
Eu; Eu3* doping concentration was 3%). 2.5g CH3COONa and 37 ml mixing solu-
tion of EG and water (volume ratio for EG:H,0=35:2) were added to the nitrate
solutions. The mixture was sonicated for 30 min and the pH was adjusted to 12
by TAH. Then the mixture was transferred into a 50 ml Teflon lined stainless steel
autoclave, sealed and maintained at 160°C for 6 h. After completion of the reac-
tion, the products were collected and washed several times with water and ethanol.
The final products were dried in a vacuum oven at 40°C for 6 h. Finally, the pre-
cursor particles were clacinated at 1000°C for 3 h for complete conversion to the
oxide. The resulting multifunctional products were magnetic-fluorescent Fe/Fe304
@Y,05:Eu3% nanocomposites.

2.5. Characterization of Fe/Fe304 @Y,03:Eu3% nanocomposites

X-ray diffraction (XRD) patterns were performed on a Tokyo X-ray diffrac-
tometer with Cu Ka radiation (A =0.15405 nm). The morphologies and structures
of the as synthesized products were observed with a scanning electron microscopy
(SEM) (Philips XL30FEG) and a transmission electron microscope (TEM) (JEOL-2010,
200KkV). To prepare the samples for SEM studies, dried samples were dispersed in
ethanol, and the resultant suspensions were sonicated for 1-2 h. Then placed a drop
of the composite particle suspension on a piece of microglass slide attached to a
metal grid, and dried it gradually at room temperature. The sample was then sput-
ter coated with gold to assess the particle size and shape. All the samples for the
TEM characterization were prepared by directly transferring the suspended prod-
ucts to the standard copper grid coated with an amorphous carbon film. For this
measurement, the samples were obtained by diluting the dispersed solution with
ethanol and then placing a drop of the diluted solution onto a covered copper grid
and evaporated in air at room temperature. Before the samples were withdrawn, the
composites dispersing in the ethanol solutions were sonicated for 30 min to obtain
the better particles dispersion on the copper grid. Magnetic measurements were
carried out at room temperature using a Superconducting quantum interference
device (SQUID) magnetometer with a maximum magnetic field of 1T.

3. Results and discussion

In order to investigate the structure and composition of the
nanocomposites, XRD was employed to analyze the samples. Fig. 1
shows the XRD pattern of multifunctional Fe/Fe304@ Y,03:Eu3%
nanocomposites after clacination at 1000 °C for 3 h. The magnetic-

fluorescent of Fe/Fe304@Y,03:Eu3% nanocomposites exhibit the
characteristic diffraction peaks of Fe304 (marked with @) with
reverse spinel structure and additional peaks that coincide with
the peaks of cubic structure of Y503 (marked with O). No other
impurity peaks were detected. In addition, the peaks of the Fe in
multifunctional nanocomposites are not reflected in Fig. 1 because
of the relatively lower molar concentration.

SEM and TEM were used to characterize the morphology and
crystal structure of the products. SEM images of pure Y,03:Eu3%
microspheres and Fe/Fe30,4@Y,05:Eu3% nanocomposites with dif-
ferent magnifications are shown in Fig. 2, respectively. From the
SEM images of the pure Y,03:Eu3% microspheres (Fig. 2a and b),
we can observe that the samples consist of a large quantity of sub-
micrometer scale particles with average diameter of about 2 pm.
The SEM images indicate that these microparticles are spherical
in shape and uniform in size. The diameter of the microspheres is
mainly centered at 2 um. These particles are non-aggregated with
narrow size distribution. The SEM image also reveals the surface
configuration of the microspheres. The rough surface of the spheri-
cal microsphere implies that these microspheres may be comprised
of smaller subunits.

The structural and morphological features of the samples were
also investigated by TEM, as shown in Fig. 3. Fig. 3a and 3b shows
TEM and selected area electron diffraction (SAED) patterns of the
Fe/Fe304 nanoparticles. As shown in Fig. 3a, the solvothermal
treatment based on the ferrous ions disproportionation methods
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Fig. 1. XRD pattern of magnetic-fluorescent Fe3;0,@Y,05:Eu3% nanocomposites.
The diffraction peaks marked with @ are indexed to Fe;04, and the peaks marked
with ¢ are indexed to Y,03:Eu.
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Fig. 2. Low magnification SEM images of (a) and (b) Y203:Eu3%, (c) and (d) magnetic-fluorescent Fe;04@Y,03:Eu3% nanocomposites.

resulted in the spherical nanoparticles with average diameter of
20 nm. The selected area electronic diffraction (SAED) pattern of
the sample is consistent with the high crystallinity, and the diffrac-
tion spots could be indexed as the spinel phase of the magnetite.
Fig. 3c and d shows that the multifunctional Fe/Fe304,@Y,03:Eu3%
nanocomposites still keep the morphological properties of pure
Fe/Fe30,4 nanoparticles except for a larger particle size, which may
be caused by the coating of Y,03:Eu3% on the surface of the mag-
netic nanoparticles.

Fig. 4 shows the luminescent excitation and emission spectra
of the Y,03:Eu3% and Fe/Fe304,@Y,03:Eu3% nanocomposites. The
excitation spectrum (Fig. 4a) consists of a broad band with a maxi-
mum at 254 nm and some sharp peaks in the longer wavelength
region. The former is due to the charge-transfer band (CTB) of
Eu3*-02- bond, and the latter is due to the ff transition lines of
Eu3*. Upon excitation into the CTB of Eu3* at 254 nm, we obtained
emission spectrum of the Y,03:Eu3* microspheres which contain a
series of sharp lines in the region 500-700 nm (Fig. 4b). As can be
seen from Fig. 4b, the emission spectrum is composed of >Dg,; — 7F]
(J=0,1,2,3,4)transition lines of Eu3*. All the other emission peaks
at 533 (5D; — 7Fy), 580 (5Dg — 7Fy), 586, 592, 599 (5Dg — 7F;), 629
(°Do — ’F3) and 706 (°Dg — ’F4) have been assigned in Fig. 4b.
Under excitation at 254 nm, Y,03:Eu3% microspheres emitted a
strong red luminescence with a narrow peak centered at 610 nm,
which can be assigned to the transition from the Dy excited state
to the 7F, state, and the spectra properties are typical for the
well-known Y;03:Eu3* [17-23]. The decrease of the luminescence
intensity of the Fe/Fe304@Y,05:Eu3% nanocomposite, compared

to the value of the Y,03:Eu3%, can be explained by taking into
account the quenching effect of the magnetic ions. The magnetic
ions decrease the absorption UV energy of activator ions in host
because of a strong quenching effect on the luminescence inten-
sity. The decreased volume for the photon-solid interaction at the
surface of Fe/Fe304@Y,05:Eu3% nanopowder is the main reason for
the decreased emission intensity.

In order to investigate the fluorescence change of the
Fe/Fe30,@Y,03:Eu3% nanocomposites after UV light irradiation,
we first discussed the fluorescence change of the pure Y,03:Eu3%
after UV-light irradiation. Fig. 5 is the photoluminescence exci-
tation and emission spectra of Y,03:Eu3% microspheres after
UV-light irradiation for different times. Fig. 5a shows the CTB
changes of Eu3*-02- in Y,03:Eu3% microsphere before and after
UV light irradiation with the same wavelengths for different times.
As can be seen from Fig. 5a, the intensities of the CTB increase with
increasing the UV light irradiation time. This demonstrates that the
spectra change induced by the UV irradiation is time selective. The
present results are similar to that in Y,03:Eu3* NPS [24,25]. Under
UV light irradiation, the light-induced spectra change in Y,03:Eu3*
microspheres can be attributed to that the local environments
change the surrounding of Eu3* ions, instead of the photoreduc-
tion from Eu3* to Eu2* [24,25]. The variation of CTB with UV light
is related to surface effects of the samples. The local environments
for the Eu3* ions in the surface are easily rearranged by UV irradia-
tion, because of the existence of numerous surface defects, leading
to a change in the CTB [25]. The disordered Eu3* jons which located
at local environments surface become relatively ordered. The sur-
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Fig. 3. TEM images of Fe;04 and its SAED pattern (a) and (b), as well as TEM images of Fe304@Y,03:Eu3% nanocomposites (c¢) and (d).

face defects such as oxygen vacancies are modified as well, leading
to the enhancement of photoluminescence [26]. To further prove
the reproducibility of experimental results, the samples such as
YVOg4:Eu, YPO4:Eu, YBO3:Eu and other luminescent materials were
also irradiated by UV light, the results are consistent with the
results of Y,03:Eu3%. Fig. 6 is the photoluminescence excitation
and emission spectra of YVO4:Eu3% after UV-light irradiation for
different time.

In order to investigate the fluorescence change of the
Fe/Fe304,@Y,05:Eu3% nanocomposites under magnetic field
effects, we also discussed the fluorescence change of the pure
Y,053:Eu3% microspheres under magnetic field effects. Fig. 7 is the
photoluminescence excitation and emission spectra of Y,03:Eu3%
under UV-light irradiation and magnetic field effects. As can be
seen from Fig. 7a, the absorption peaks of Eu3*-02~ CTB transition
clearly enhances under the effects of UV irradiation and the
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2 £ 300
= =
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Fig. 4. Photoluminescence (a) excitation and (b) emission spectra of Y,03:Eu3% microspheres and multifunctional Fe;04@Y,03:Eu3% nanocomposites.
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Fig. 5. Photoluminescence (a) excitation and (b) emission spectra of Y,03:Eu3% microspheres after UV light irradiation for different time.
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Fig. 6. Photoluminescence (a) excitation and (b) emission spectra of YVO4:Eu3% after UV-light irradiation for different time.

magnetic field. This is mainly due to that there are many surface
defects on Y,03:Eu surface and the local environments for the
Eu3* ions in/near the surface are easily rearranged under the
UV irradiation and the magnetic field effects. For example, the

40

Lem=610 nm

—Y;03:Eu3%

rearrangement of Eu3* may be more inclined to order under the
magnetic field effects, so the absorption peaks of Eu3*-0%~ CTB
transition influenced by magnetic field effects are stronger than
the samples under UV irradiation. Fig. 7b reveals that the lumines-
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Fig. 7. Photoluminescence (a) excitation and (b) emission spectra of Y,03:Eu3% under UV-light irradiation and magnetic field effects.
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cence intensity under magnetic field effects is also stronger than
that after UV irradiation. This may be due to the fact that the d—f
electrons in Eu3* ions have been rearranged according to certain
rules (Fig. 8). The absorption energy of the electronic transition
under the magnetic field effects is larger than that after the UV
irradiation. Therefore, the luminescence intensity under magnetic
field effects is stronger than the sample after the UV irradiation.
The possible directed rearrangement of d-f electrons in Eu3* ion
are shown in Fig. 8.

Fig. 9 is photoluminescence emission spectra of
Fe/Fe304,@Y,05:Eu3% nanocomposites obtained under differ-
ent conditions. As can be seen from Fig. 9, after the UV irradiation
and the magnetic field effects, the luminescence intensity of the
magnetic-fluorescent nanocomposites significantly enhanced.
And the luminescence intensity of sample irradiated by UV light is
stronger than that which influenced by the magnetic field effects.
Interestingly, this result is just the opposite of the pure Y,053:Eu3%.
From the discussion of Fig. 7, we know why the luminescence
intensity of Y,03:Eu3% will increase after the UV irradiation and
the magnetic field effects. However, the luminescence intensity
of samples after UV irradiation is stronger than the effect of
magnetic field (Fig. 9). This may be due to the fact that the mag-
netic properties of the sample which decided by the arrangement
ordering of magnetic domains are decreased after the UV light
irradiation. Therefore, the lower magnetic properties weaken the
quenching effects on the luminescence intensity of Y,03:Eu. In
addition, the d-f electrons in Eu* ions will be rearranged in the
transition process under the UV light irradiation. As the result,
the effects of electronic cross-relaxation are weakened. And the
luminescence intensity of magnetic-fluorescent nanocomposites
becomes increasing.

under UV irradiatior

Relatively Intensity(a.u)

600 700
Wavelength (nm)
Fig. 9. Photoluminescence emission spectra of (a) Fe304@Y,03:Eu3% nanocompos-

ites, (b) the nanocomposite after UV-light irradiation and (c) under magnetic field
effects.

The magnetic properties of the multifunctional nanocomposites
were characterized using a superconducting quantum interference
device (SQUID) magnetometer with fields up to 1T. Fig. 10 shows
the saturation magnetization curves of the as-prepared nanocom-
posites. Hysteresis loops of the samples were registered at room
temperature (300 K). The saturation magnetization (Ms) value of
Fe/Fe30, is 80 emu/g. After the Y,03:Eu3* coating, the saturation
magnetization value dropped to 2.4 emu/g. The decrease of the sat-
uration magnetization, compared to the value of the Fe/Fe304, can
be explained by taking into account the diamagnetic contribution
of the thick Y,03:Eu3* layer surrounding the Fe/Fe304 [3]. Another
possible reason is that Fe304 could be oxidized to y-Fe;03 during
the synthesis [27]. Generally, spin disorder on the surface and sur-
face oxidation of nanocomposites would significantly reduce the
total magnetic moment. Similar results have been observed in pre-
vious work [28,29] where the saturation magnetic value of Fe304
is reduced after coating with a shell.

After UV light irradiation, the saturation magnetization value
of Fe/Fe30,@Y,05:Eu3* dropped to 2.1emu/g. The decrease of
the saturation magnetization after the UV light irradiation can
be explained by the arrangement of the magnetic domains. From
the view point of the microscopic atomic structure, the interac-
tion caused by electrons spin which lead to the formation of some
small spontaneous magnetization regions (magnetic domains) is
very strong. In a magnetic domain, the spin magnetic moment of
electrons arranged very neatly (Fig. 11), which exhibits strong mag-
netic properties. When the magnetic materials were irradiated by
UV light, the magnetic domain which arranged very neatly became
relatively disordered. That is to say the arrangements of the mag-
netic domains in magnet were disrupted. Therefore, the saturation

(%)

a-blank
b-under UV irradiation for 14 h

(a)

Ms(emu/g)
[

-1
-2
3
10000 -5000 0 5000 10000
Hc (O¢)

Fig. 10. Field-dependent magnetization curves of Fe3;04@Y,03:Eu3% obtained
under different conditions.
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Fig. 11. The possible spontaneous magnetization regions caused by electron spins.

magnetization of the Fe/Fe30,@Y,05:Eu3* after UV light irradiation
is decreased.

4. Conclusion

Multifunctional nanocomposites with Fe/Fe304 nanoparticles
as the core and europium-doped yttrium oxide (Y,0s3:Eu) as
the shell (Fe/Fe304@Y,03:Eu) have been obtained successfully
employing a solvothermal method. The nanocomposites showed
both ferrimagnetic behavior and unique europium fluorescence
properties with high emission intensity. The spectra changes
induced by the UV light irradiation and the magnetic field have
been systematically studied and compared in detail. And the hys-
teresis curve changes induced by the UV light irradiation have
been discussed. The nanocomposites could be used in a number
of biomedical applications, such as drug targeting, cell separation
and bioimaging.
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