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Uniform Y,03 hollow microspheres have been successfully prepared via a urea-based homogeneous precipitation
technique with colloidal melamine formaldehyde (MF) microspheres as templates followed by a subsequent
calcination process. X-ray diffraction, energy dispersive X-ray analysis, and Fourier transform infrared spectroscopy
results show that the MF templates can be effectively removed, and the amorphous precursor has converted to
crystalline Y03 during the annealing process. Scanning electron microscopy and transmission electron microscopy
images indicate that the Y,O3 hollow spheres inherit a spherical shape and good dispersion of MF templates, and the
shell of the hollow spheres is composed of a large amount of uniform nanoparticles. The lanthanide activator ion Ln*-
doped Y,03 hollow microspheres exhibit bright down- and upconversion luminescence with different colors coming
from different activator ions under ultraviolet or 980 nm light excitation, which may find potential applications in fields
such as light phosphor powders, advanced flat panel displays, or drug delivery.

1. Introduction

Recently, much research attention has been paid to the
synthesis of lanthanide compounds, because they can be used
as high-performance phosphors, catalysts, and other func-
tional materials as a result of their novel electronic, optical,
and chemical properties arising from their 4f electrons.' ® It
is well-known that the lanthanide oxides are very excellent
host lattices for the luminescence of various optically active
lanthanide ions.”~” Among them, yttrium oxide (Y,05) is a pro-
mising host matrix for down- and upconversion luminescence
due toits good chemical durability, thermal stability, and low
phonon energy. The rare earth ion Ln*"-doped Y,0; mate-
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rials have been proven to be important downconversion'?'?

and upconversion'* !¢ phosphors. In particular, Y,05:Eu®"
phosphor is a well-known red phosphor that is used in
fluorescent lights, field emission displays, and cathode-ray
tubes. To date, various morphologies of Y,O3 have been
successfully prepared via different synthesis routes.'” 2!
However, to our knowledge, little attention has been paid
to the synthesis of uniform and well-defined Y,O3 hollow
microspheres and their down- and upconversion lumines-
cence properties. In addition, because the melamine formal-
dehyde resin is very cheap, hollow spherical phosphors would
achieve a reduction in the amount of expensive rare earth
materials, and thus lower the cost of the rare earth lumines-
cent materials.
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Generally, the properties of inorganic micro/nanostructures
are fundamentally related to their chemical composition, cry-
stal structure, surface chemistry, shape, and dimensiona-
lity.*** Remarkably, hollow nano-/microspheres currently
represent one of the fastest growing areas compared with
other structural and geometrical features due to the distinct
low effective density, high specific surface area, and encap-
sulation ability.** Recently, hollow spherical materials have
found many applications in various fields such as photonic
devices,?® confined catalysis,?® biotechnology,?’ electro-
chemical cells,” and drug delivery.”” Many efforts have been
made in the development of different methods for the design
and fabrication of nano-/microscaled hollow spheres. Tem-
plate-directed synthesis has been demonstrated to be an
effective approach to prepare inorganic hollow spheres.®*°
Among various hard templates, polymer latex particles,
especially polystyrene (PS) beads, have been reported to be
effective templates for the preparation of hollow spherical
inorganic materials.”' Recently, melamine formaldehyde
(MF) colloidal particles which act as templates have been
steadily employed to fabricate carbon spheres,** poly-
electrolyte coated particles or hollow polymer capsules,*® and
core—shell structured particles.** However, to our knowl-
edge, little attention has been paid to the preparation of
hollow spherical inorganic compounds by using MF colloidal
particles as templates. Compared with other hollow spherical
functional materials, the rare earth oxide hollow spheres have
been rarely studied. So it is desirable to develop facile and
controllable methods for the synthesis of hollow spherical
rare earth oxides with promising properties.

Li et al. have successfully prepared monodisperse Y(OH)-
COj; precursor and Y,0; colloidal spheres via a urea-based
homogeneous precipitation method.*> Recently, we have
synthesized the YPO, hierarchical hollow spheres by using
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the Y(OH)CO; precursor spheres as templates.*® In the
present study, we have utilized a homogeneous precipitation
method to fabricate uniform and well-dispersed Y,Oj; hollow
microspheres with MF colloidal microspheres as templates
followed by heat treatment. The phase structure, formation
process, and luminescence properties of the as-synthesized
hollow spheres have been investigated in detail.

2. Experimental Section

Ln(NOs5); (Ln =Y, Eu, Yb, and Er) aqueous solutions
were obtained by dissolving Ln,O3 (99.99%) in dilute HNO;
solution under heating with agitation. All the other chemicals
were analytical grade reagents and were used directly without
further purification.

2.1. Synthesis. The monodisperse MF colloidal microspheres
were prepared according to our previous report with a slight
modification (reaction temperature: 80 °C).>* In a typical synth-
esis of Y,Oj3 hollow spheres, 1.6 mmol of Y(NO3); aqueous solu-
tion was added to 30 mL of distilled water. Then 3.0 g of urea
was dissolved in the solution by vigorous stirring to form a clear
solution. Subsequently, the MF microspheres (0.2 g) were added
and well dispersed into the above solution with the assistance of
ultrasonication for 15 min. Finally, the mixture was transferred
into a round-bottom flask and heated at 85 °C for 3 h with
vigorous stirring. The precursor was collected by centrifugation
and washed by deionized water and ethanol several times and
dried at 60 °C in air. The final Y,0O3 hollow microspheres were
obtained through a heat-treatment at 800 °C for 2 h in air with a
heating rate of 2 °C min ™.

A similar process was employed to prepare Y,05:5%Eu’",
Y,05:1%Er’ ", and Y,05:10%Yb*",1%Er*" hollow micro-
spheres by using a stoichiometric amount of Eu(NOs);, Er-
(NO3)3, and/or Yb(NOs3); aqueous solutions instead of
Y(NOs); solution for the precursors at the initial stage as
described above.

2.2. Characterization. The samples were characterized by
powder X-ray diffraction (XRD) performed on a D8 Focus dif-
fractometer (Bruker). Fourier transform infrared (FT-IR) spec-
tra were obtained with a Perkin-Elmer 580B infrared spectro-
photometer with the KBr pellet technique. Thermogravimetric
analysis and differential scanning calorimetry (TG-DSC) data
were recorded with a thermal analysis instrument (SDT 2960,
TA Instruments, New Castle, DE) at a heating rate of 10 °C
min~'. The morphology and composition of the samples were
inspected using a scanning electron microscope (SEM; S-4800,
Hitachi) equipped with an energy-dispersive X-ray spectro-
meter (EDX; XFlash-Detector 4010, Bruker). Transmission
electron microscopy (TEM) images and selected area electron
diffraction (SAED) patterns were obtained by an FEI Tecnai
G2 S-Twin transmission electron microscope with a field
emission gun operating at 200 kV. Photoluminescence (PL)
excitation and emission spectra were recorded with a Hitachi
F-4500 spectrophotometer equipped with a 150 W xenon lamp
as the excitation source. The luminescence decay curves were
obtained from a Lecroy Wave Runner 6100 Digital Oscilloscope
(1 GHz) using a tunable laser (pulse width = 4 ns, gate = 50 ns)
as the excitation (Continuum Sunlite OPO). The upconversion
(UC) emission spectra were obtained using a 980 nm laser from
an OPO as the excitation source and detected by R955
(Hamamatsu) from 400 to 730 nm. All measurements were
performed at room temperature.

3. Results and Discussion

3.1. Formation Process, Phase Identification, and Mor-
phology. In this work, the homogenecous precipitation
route was utilized to prepare uniform Y ,O5 hollow micro-
spheres with MF microspheres as templates. The whole
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Scheme 1. Schematic Illustration for the Overall Formation Process
of Y,O3 Hollow Microspheres

Melamine | ondensation_ Y, urea c.b:lnahlon

>

ﬁ.ﬂﬂ‘uﬂoﬁ

Precursor Hollow sphere

synthetic process can be summarized by the following
steps:
(a) Preparation of uniform MF microspheres via a
condensation process in aqueous solution;***
(b) Synthesis of core—shell-structured precursor by a
homogeneous precipitation method;
(c) Calcination of the precursor to remove the MF
cores and make the precursor shell decompose,
thus resulting in Y,O3 hollow spheres.

A schematic illustration for the overall formation
process of the uniform Y,O3 hollow spheres is presented
in Scheme 1. The MF colloidal microspheres consist of a
large amount of hydrophilic functional groups, so the MF
templates are hydrophilic and may have a good affinity
with Y**, OH ™, and CO5*>~ (OH ™ and CO5>~ releasing
from urea) in aqueous solution. During the formation
process of the precursor, the as-formed Y(OH)CO; nuclei
may be easily absorbed on the surface of the hydrophilic
MF microspheres. As the reaction proceeded, the amor-
phous precursor nuclei continued to grow and served as
the seeds for the growth of Y(OH)CO;5; nanoparticles on
the surface of the MF templates. In the calcination pro-
cess, the MF cores were burned out and the amorphous
Y(OH)COs shell converted into crystalline Y,O3, result-
ing in the formation of the uniform Y»,O3 hollow spheres.

Figure 1 shows the X-ray diffraction patterns of the as-
formed precursor, the pure and Ln’**-doped Y,Oj5 after
calcination at 800 °C. It can be seen that no obvious
diffraction peak appears for the precursor, indicating that
the precursor is amorphous before calcination. The com-
ponent of the amorphous precursor can be conﬁrmed to
be Y(OH)CO; according to previous reports.®*> After
annealing at 800 °C for 2 h, all the diffraction peaks of the
pure and Ln’"-doped products can be indexed well to the
cubic phase of Y,03 [JCPDS No. 65-3178; space group:
1a3(206)] (Figure 1b—e). One can also observe that the
diffraction peaks of the as-obtained Y,O; and Ln’*-
doped Y,05 samples are very sharp and strong, indicating
that the Y->O5; product with high crystallinity can be
synthesized by this method. This is important for phos-
phors, because high crystallinity generally means less
traps and stronger luminescence. As the ionic radius of
Y3+ Is smaller than that of Eu*" and bigger than those of
Yb and Er** ions, the diffraction peaks of the Y,03:5%
Eu’" sample shifts to the lower angle side and the
Y,05:1%Er*" and Y,03:10%Yb* ", 1%Er’" samples
shift slightly to the higher angle side in contrast with that
of the undoped Y,O5 sample. The result indicates that the
activator ions have been effectively doped into the Y,O3
host lattice.

The thermal behaviors of the as-prepared precursor
were investigated by TG-DSC measurements (Figure 2).
There are two major stages of sharp weight loss in the TG
curve at 410 and 493 °C, accompanying their correspond-
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Figure 1. XRD patterns of the samples for (a) as-formed precursor and
(b) Y04, (¢) Y>03:5%Eu*", (d) Y,05:1%Er*", and (e) Y>05:10%
YB3, 1%Er after calcination at 800 °C for 2 h. The standard data for
cubic phase Y,03 (JCPDS No. 65-3178) is presented as a reference.
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Figure 2. TG-DSC curves of the core—shell-structured precursor.

ing exothermic peaks in the DSC curve (red line). The two
rapid weight losses can be assigned to the dehydration
and burning of the MF templates, respectively. In addi-
tion, a slight weight loss accompanied with a broad
endothermic peak can be observed from 600 to 800 °C,
which can be assigned to the conversion from the amor-
phous precursor to the crystalline Y,0;. The residual
weight percentage of the precursor is about 30.5%, which
accounts for the final Y,O3 product.

Figure 3a shows the SEM image of the bare MF
microspheres. One can observe that the MF templates
consist of highly uniform and well-dispersed micro-
spheres with diameters of about 2.3 um. It can also be
seen that the surfaces of the monodisperse MF micro-
spheres are very smooth. Figure 3b shows the SEM
image of the precursor before calcination. The uniform
composite microspheres inherit the spherical morphology
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Figure 3. SEM images of (a) MF microspheres, (b) core—shell-struc-
tured precursor, and (c, d) Y,O3 hollow microspheres.

and the good dispersion of the MF templates, but the
surfaces of precursor particles are much rougher than that
of bare MF cores due to the precipitation of a large
amount of uniform Y(OH)CO; nanoparticles. Naturally,
the size of the core—shell-structured particles is a little lar-
ger than that of pure MF microspheres because of the
amorphous shell. Figure 3c,d shows the morphology of
the Y,0; sample after calcination at 800 °C. A panoramic
SEM image demonstrates that the Y,03 sample consists
of a large scale of uniform and well-dispersed hollow
spheres (Figure 3c), which implies that the MF templates
essentially determine the shape and structure of the final
products. In addition, it can be seen that the average dia-
meters of the Y,0Oj3 hollow spheres decrease in comparison
with those of the precursor microspheres. The shrinkage
can be attributed to the dehydration of the cross-linked
MF templates and the conversion from the loosely com-
posite precursor to compact oxides in the outer shell. The
ruptured hollow microspheres (Figure 3d) indicate that
the microspheres are of hollow structures and the thick-
ness of the shell is about 100 nm. The rupture of the
microspheres can be attributed to releasing of gaseous
carbon/nitrogen oxides when the burning of MF tem-
plates occurred during the annealing process.

Figure 4 shows the TEM images of the Y,O3 hollow
spheres. The TEM images exhibits uniform spherical
morphology and good dispersion. The strong contrast
between the dark edge and the pale center is direct evidence
of the hollow nature of the microspheres (Figure 4a). The
average size of the hollow spheres and the thickness of the
shells are about 1.8 um and 100 nm, which are in agree-
ment with the SEM images (Figure 3c,d). As can be seen
from the enlarged TEM image, the shells of the hollow
spheres are composed of uniform nanoparticles (Figure 4b).
It should be noted that the morphologies of the as-
synthesized Eu®*, Er*", and/or Yb*"-doped Y,0; hollow
spheres are similar to that of the Y,0O5 sample.

The Eu’"-doped precursor and final product were
taken as an example to investigate the element composi-
tion by EDX spectra. The EDX analysis indicates that the
MF templates have been removed completely and the
precursor shell has converted to crystalline Y,O5 during
the calcination process (Figure S1 in the Supporting
Information). In addition, the FT-IR spectra were used
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Figure 4. (a, b) TEM images of the Y,0; hollow microspheres.
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Figure 5. (a) PL excitation and emission spectra and (b) decay curve of
Y>05:5%Eu** hollow microspheres.

to identify the functional groups of the MF template, the
core—shell-structured precursor, and the final Y,Oj3 pro-
duct (Figure S2 in the Supporting Information). The FT-
IR result provides additional evidence that the MF
template can be effectively removed during the calcina-
tion process, which agrees well with the XRD and EDX
results. The detailed discussion for the EDX and FT-IR
analysis are presented in the Supporting Information.

3.2. Luminescence Properties. It is well-known that the
yttrium oxide (Y»0s3) is an excellent host lattice for both
downconversion and upconversion luminescence of var-
ious optically active rare earth ions due to its favorable
physical properties. In our case, a stoichiometric amount
of lanthanide ions (Eu®", Er*", and Yb*") were doped
into the Y,Oj3 host lattice to investigate the luminescence
properties.

Figure 5a shows the excitation and emission spectra of
as-prepared Y,O5:Eu®" hollow spheres. The excitation
spectrum consists of a strong broadband at about 248 nm



Article
A =980 nm (a)
ox
4 4
Faz ™ hsn
= o
8 Y,0,:Yb™/Er’
Q Red
"1}
c
]
£
- sz" 'Sm = ﬁm

450 500 550 600 650 700
Wavelength (nm)

1004 - i (b)

5 48
. i | = Aexp - thy
Jeo© ‘k{,{ "™ c=133ps
2 | e
‘B " ik 10 20 E') 4
c . N
£ 40 o,
€
— A =980 nm
20 4
| 2 =662nm (°F -*)
044 - r - T g T T
0 10 20 30
Decay time (us)

Figure 6. (a) UC luminescence spectra of Y,05:10%Yb>",1%Er**
hollow spheres under 980 nm light excitation and (b) the temporal
behavior of Er*' in Y,05:10%Yb ", 1%Er*" sample. Inset is the lumi-
nescence decay curve of Er** (662 nm, 4F9/2—4115/,2).

and some weak lines in the longer wavelength region,
which are due to the charge-transfer band (CTB) between
the O®~ and Eu’" ions and the f-f transition of the Eu’*"
ions, respectively. Upon excitation into the CTB of the
Eu®" ions at 248 nm, the emission spectrum exhibits six
groups of emission lines, which are ascribed to the *D;—
F,and °Dy—"F,(J = 0, 1,2, 3, 4) transitions of the Eu*"
ions, resgectively. The emission spectrum is dominated by
the red Dy—'F, (610 nm) transition of the Eu’" ions
which is an electric-dipole allowed transition and hyper-
sensitive to the environment. Figure 5b shows the decay
curve for the luminescence of the *Dy—"F, transition of
the Eu®" ions in Y,O; host lattice. The luminescence
decay curve of Y,O5:Eu’" sample can be well fitted into a
single-exponential function, and the lifetime of the Eu®*
ions is determined to be 1.47 ms. The result is basically in
agreement with other Y,0O5:Eu®" phosphors in previous
reports.®2°
The UC luminescence spectrum of Y,0;:1%Er* " sam-
ple consists of two intense bands in the green emission
region and a band in the red emission region (Figure S3 in
the Supporting Information). The series of emission lines
between 515 and 565 nm can be assigned to the ’H, 12—
1, s> and 453/2—4115/2 transitions of the Er** ions, and the
band at 662 nm in the red emission region is assigned to
the 4F9/2—4115/2 transition of Er’" ions. Figure 6a shows
the UC emission spectrum of Y,05:10%Yb* ", 1%Er* "
sample. The UC luminescence spectrum of Y,03:10%
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Yb** Er’" hollow microspheres mainly includes strong
red emission corresponding to the 4F9/2—4115/2 transition
of the Er’" ions, together with the weak emissions
assigned to the 2H11/2—4115/2 and 4S3/2—4115/2 transitions
of the Er** ions, respectively. One can see clearly from the
UC emission spectra that the emission color changed
greatly when Yb*" ions were codoped with Er*" into
Y,05 host lattice. This result (the green emission de-
creases, and the red emission increases) agrees well with
the previous literature.>’ %" The temporal behavior for
UC luminescence of Er*" (662 nm, “Fo,—*I;5)5) in the
Y,05:10%Yb* ", 1%Er’ " sample was also investigated
(Figure 6b). The time evolution process consists of an
initial rise starting at zero intensity followed by a decay,
which is the feature of an energy-transfer upconversion
rocess.*! The luminescence decay curve of Er* " (662 nm,
Fo/u—*T152) in Y203:10%Yb**,1%Er’" sample can be
well fitted into a single-exponential function, and the
lifetime of the Er’" ions is determined to be 13.3 us
(inset in Figure 6b). The result agrees well with other
Er’"-doped UC phosphors in the previous literatures.*?

4. Conclusions

In summary, we have successfully prepared the uniform
and well-dispersed Y,O; hollow spheres by a template-
directed method with MF microspheres as templates. The as-
obtained Y,O+:Ln*" (Ln = Eu, Yb, and Er) hollow spheres
show strong down- and upconversion luminescence under
UV excitation or 980 nm light excitation, which may find
potential applications in the fields of lighting, displays, or
biomedicine. Furthermore, the main process of this method
was carried out in aqueous condition without any organic
solvents, surfactant, catalyst, or etching agents. This facile,
green, and low-cost method may be of great significance in
the synthesis of other hollow spherical or core—shell struc-
tured inorganic functional materials.
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