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| Er*/Yb* co-doped CaWO4(CaWO.:Er**/Yb**) composites with superparamagnetic iron oxide nanoparticles (SPIONs) were successfully |
synthesized by a cyclic microwave-assisted metathetic method followed by heat-treatment. The microstructure exhibited well-defined and

| homogeneous morphology with the CaWO,:Er**/Yb*" particle size of 1-2 um and Fe;O, particle size of 0.1-0.5 um. The Fe;O, particles |

| were self-preferentially crystallized and immobilized on the surface of CaWO,:Er**/Yb** particles. The synthesized SPION/CaWO.:Er**/ |

| Yb** composites were characterized by X-ray diffraction, scanning electron microscopy and energy-dispersive X-ray spectroscopy. |

| |

| |

Spectroscopic properties were examined using Raman spectroscopy.
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INTRODUCTION

Superparamagnetic iron oxide nanoparticles (SPIONs)
incorporated into photoluminescent composites containing two
different functionalities could provide novel characteristics via
the integration of fluorescent and magnetic properties, offering
new potential in a wide range of applications in biomedical
systems, such as targeted drugs, diagnostics, therapeutics and
bio-imaging'. The particles of rare-earth-doped upconversion
of CaWO, molybdate which shows a Scheelite-type structure
with unit cell parameters a = b = 5.2425 A and ¢ = 11.3715
A* are relatively stable in the air and have stable physical and
chemical properties, low excitation threshold energy and low-
cost productivity. Recently, several processes have been
developed to increase the applications of rare-earth-doped
CaWO. prepared using a range of processes including solid-
state reactions’®, the sol-gel method’, the hydrothermal
method®’, the combustion method'’, the solvothermal route'!
and the sonochemical method'. For practical application of
photoluminescence in such products as lasers, three-dimen-
sional displays, light-emitting devices and biological detectors,
features such as homogeneous particle size distribution and
morphology need to be well defined.

The cyclic microwave-assisted metathetic (MAM) synthesis
of materials is a simple and cost-effective method that provides

a high yield with an easy scale-up and it is emerging as a
viable alternative approach for the synthesis of high-quality
novel inorganic materials in short time periods". In this study,
the Er*/Yb* co-doped CaWO, (CaWO,:Er**/Yb™) and Er’*/
Yb* co-doped CaWO, with SPIONs (SPION/CaWO:Er**/
Yb*) composites were synthesized by the cyclic microwave-
assisted metathetic method followed by heat-treatment. The
synthesized CaWO,:Er**/Yb**and SPION/CaWO,:Er**,Yb*
composites were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS). Spectroscopic properties have been
investigated by Raman spectroscopy.

EXPERIMENTAL

Appropriate stoichiometric amounts of CaCl,, ErCl;-6H,0,
YbCls-6H,0, Na,WO,-2H,0, 5-nm-sized Fe;O, nanoparticles
and ethylene glycol of analytic reagent grade were used to
prepare the CaWO.:Er’*,Yb** and SPION/CaWO.:Er**,Yb*
compounds. To prepare CaWO.,:Er**/Yb*, 0.8 mol % CaCl,
with 0.02 mol % ErCls-6H,O and 0.18 mol % YbCl;-6H,O and
1 mol % Na,WO, -2H,0 were dissolved in 30 mL of ethylene
glycol. To prepare SPION/CaWO,:Er’*,Yb*, 0.2 mol % CaCl,
with 0.02 mol % ErCl;-6H,O and 0.18 mol % YbCls-6H,O
and 1 mol % Na,Mo0O,-2H,O with 0.5 mol % Fe;O; were
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dissolved in 30 mL ethylene glycol. The solutions were mixed
and adjusted to pH 9.5 using NaOH. The solutions were stirred
at room temperature. Then, the mixtures were transferred into
120 mL Teflon vessels. Each Teflon vessel was placed into a
microwave oven operating at the frequency of 2.45 GHz with
the maximum output power of 1250 W for 23 min. The
working cycle of the microwave-assisted metathetic reaction
was been controlled precisely between 30 s on and 30 s off for
8 min, followed by a further treatment of 30 s on and 60 s off
for 15 min. Ethylene glycol was evaporated slowly at its boiling
point. Ethylene glycol is a polar solvent at its boiling point of
197 °C and it is a good candidate for the microwave process.
The resulted powder samples were treated with ultrasonic
radiation and washed many times with hot distilled water. The
white precipitates were collected and dried at 100 °C in a drying
oven. After this, the final products were heat-treated at 600 °C
for 3 h.

The phase composition of final powder products formed
after the cyclic MAM reaction and following heat-treatment
was identified using XRD (D/MAX 2200, Rigaku, Japan). The
microstructures and surface morphologies of the CaWO,:Er**/
Yb** and SPION/CaWO,:Er**/Yb* composites were observed
using SEM/EDS (JSM-5600, JEOL, Japan). Their PL spectra
were recorded at room temperature using a spectrophotometer
(Perkin Elmer LS55, UK). Raman spectroscopy measurements
were performed using a LabRam HR (Jobin-Yvon, France)
device. The 514.5 nm line of an Ar-ion laser was used as an
excitation source and the power on the samples was kept at
0.5 mW.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of (a) pure CaWO, (JCPDS
72-1624) and (b) the synthesized SPION/CaWO,:Er**/Yb**
particles. All the diffraction peaks were assigned to the tetra-
gonal-phase CaWO, with a Scheelite-type structure and Fe;Os,
which were in good agreement with the crystallographic data
of CaWO, (JCPDS 72-1624) and Fe;04 (JCPDS 19-0629).
The diffraction peaks marked with asterisk are related to
Fe;0.. The result confirms that the SPION/CaWO,:Er**, Yb**
composites can be prepared using the cyclic MAM route. The
post-synthesis heat-treatment plays an important role in
forming well-defined crystallized micromorphology. To
achieve such morphology, the SPION/CaWO,:Er*,Yb*
composites need to be heated at 600 °C for 3 h. This suggests
that the cyclic MAM route, in combination with subsequent
heat-treatment, is a suitable way for the formation of SPION/
CaWO4:Er**,Yb™ polycrystalline composites with well deve-
loped high-intensity peaks from the (101), (112) and (204)
planes, which are the major peaks* of CaWO,.

The SEM image of the synthesized SPION/CaWOy:
Er**,Yb* composite is shown in Fig. 2. The as-synthesized
sample has a well-defined and homogeneous morphology with
the CaWO,:Er™*,Yb* particle size of 1-2 um and Fe;0, particle
size of 0.1-0.5 um, respectively. The Fe;O, particles were self-
preferentially crystallized and immobilized on the surface of
big CaWO,:Er**,Yb** particles.

The incorporation of Fe;O, nanoparticles to the CaWOy:
Er**,Yb*™ compound particles can be successfully achieved
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Fig. 1. XRD pattern of (a) pure CaWO, and (b) the synthesized SPION/

CaWO4Er’*,Yb* composites

Fig. 2. A SEM image of the synthesized SPION/CaWO.:Er**,Yb**
composites

using the cyclic MAM method. The MAM reactions, such as
CaCl, + Na; WO, — CaWO, + 2NaCl, involve the exchange
of atomic/ionic species, in which the driving force is the exo-
thermic reaction accompanying the formation of NaCl". The
SPION/CaWO,:Er**,Yb* composites were heated rapidly and
uniformly by the cyclic MAM route. This classifies the method
among simple and cost-effective ones and, evidently, the MAM
technology is able to provide high yields with an easy scale-
up as a viable alternative for the rapid synthesis of complex
oxide composites'.

The recorded EDS pattern, quantitative compositions,
quantitative results and the SEM image of the synthesized
SPION/CaWO4:Er**,Yb* composite are presented in Fig. 3.
The EDS pattern shown in Fig. 3(a) displays that the SPION/
CaWO,:Er’*,Yb* sample is composed of Fe, Ca, W, O, Er and
Yb with the dominance of Fe, Ca, W, O. The EDS pattern and
quantitative compositions in Fig. 3(a,b) could be well assigned
to the SPION/CaWO4:Er**,Yb* composite. Thus, the incor-
poration of Fe;O4 nanoparticles to the SPION/CaWOj,:
Er**,Yb* compound particles can be successfully achieved
using the cyclic MAM reaction. The cyclic MAM reactions
provide a convenient route for the synthesis of such complex
products as SPION/ CaWO4:Er**,Yb* composites. The cyclic
MAM route provides the exothermic energy to synthesize the
bulk of the material uniformly, so that fine particles with
controlled morphology can be fabricated in an environmentally
friendly manner and without solvent waste generation.
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Fig. 3. (a) EDS pattern, (b) quantitative compositions, (c) quantitative results and (d) SEM image of the synthesized SPION/CaWO4: Er’*,Yb**

composites

Fig. 4 shows the Raman spectra of the synthesized (a)
CaWO, particles and (b) CaWO,: Er’**, Yb* (CWO:ErYb) and
SPION/CaWO,:Er**,Yb* (F-CWO:ErYb) composites excited
by the 514.5-nm line of an Ar-ion laser at 0.5 mW. The Raman
spectra for the CaWO, particles in Fig. 4(a) were detected as
Vi(Ay), V3(By), Vi(E,), V4(E,), V4(B,) and vi(B,) vibrations at
912, 838, 796, 399, 332 and 274 cm™, respectively, which
provide evidence of a Scheelite structure. The well-resolved
sharp peaks for the CaWO, particles indicate that the
synthesized particles are highly crystallized. The vibration
modes in the Raman spectrum of tungstates are classified into
two groups, internal and external*"’. The internal vibrations
are related to the [WO,]* molecular group with a stationary
mass center. The external vibrations or lattice phonons are
associated to the motion of the Ca** cation and rigid molecular
units. The external modes were localized at211-115 cm™. The
internal modes for the CaWO,:Er**, Yb**(CWO:ErYb) and
SPION/CaWO,:Er**,Yb*(F-CWO:ErYb) composites in Fig.
4(b) were detected as Vi(Ag), vi(Bg), vi(Eg), V4(Eg), v4(Bg)
and v»(Bg) vibrations at 911, 838, 796, 405, 342 and 313 cm’',
respectively. The external modes were localized at 218-115
cm™. From the comparison in Fig. 4(b) it can be depicted that
the peak positions are practically the same, while the intensities
obtained from CaWO4Er**,Yb* (CWO:ErYDb) are slightly

higher than those of SPION/CaWO.:Er**, Yb**(F-CWO:ErYb).
The internal vibration mode frequencies are dependent on the
lattice parameters and the degree of the partially covalent
bonding between the cations and molecular ionic group'®>
[MoO,]*. Raman spectra of the synthesized CaWO,: Er™,
Yb*(CWO:ErYb) and SPION/CaWO,:Er**, Yb* (F-CWO:ErYb)
composites indicate additional peaks at both middle (618, 577,
528 and 485 cm™) and lower frequencies (373, 355 and 269
cm™), which are attributed'**'*** to the doping ions of Er**and
Yb*. It is noted that the Fe;O, particles have no influence on
the Raman spectra, while the doping ion of Er**/Yb* can
influence the Raman spectra. Raman spectra proved that the
Er*/Yb* doping ions can influence the structure of the host
materials.

Conclusion

The SPION/CaWO,:Er**,Yb** composites were success-
fully synthesized by the cyclic MAM method. The microstruc-
ture exhibited a well-defined and homogeneous morphology
with the BCaWO,:Er**,Yb** and Fe;0, particle size of 1-2 and
0.1-0.5 um, respectively. The Fe;O, nanoparticles were self-
preferentially crystallized and immobilized on the surface of
CaWO,:Er**,Yb* particles. The Raman spectra of the synthe-
sized CaWO4Er**, Yb**(CWO:ErYb) and SPION/CaWOy:
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Fig. 4. Raman spectra of the synthesized (a) CaWO, particles and (b)
CaWO4:Er**,Yb*(CWO:ErYb) and SPION/CaWO4:Er**,Yb**(F-
CWO:ErYb ) composites

Er*,Yb**(F-CWO:ErYb) composites indicate additional peaks
at both middle (618, 577, 528 and 485 cm’') and lower
frequencies (373, 355 and 269 cm™), which are attributed to
the doping ions of Er**and Yb**.
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