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ZrO,:Eu’ " hollow spheres were successfully fabricated with the resin microspheres as the
template. The sample characterizations were carried out by means of x-ray diffraction (XRD),
scanning electron microscope (SEM), and photoluminescence spectra. XRD results revealed that
Eu®*-doped samples were pure t-ZrO, phase after being calcined at 873 K. SEM results exhibited
that this Eu®™" doped ZrO, was hollow spheres; the diameter and thickness of which were about
450 and 50 nm, respectively. Upon excitation at 394 nm, the orange-red emission bands at the
wave length longer than 570 nm were from Dy, — 'F; (J = 1, 2) transitions. The asymmetry
ratio of °Dy — 'F,)/(’Dy — 'F,) intensity is about 1.61, 1.26, 1.42, 1.42, 1.40, and 1.38 for the
Eu’" concentration 0.4, 0.7, 1.0, 1.5, 2.0, and 2.5 mol%, respectively. These values suggest that
the asymmetry ratio of Eu** jons is independent of the doping concentration. The optimal doping

concentration of Eu®* ions in ZrO, is 1.5 mol%. According to Dexter’s theory, the critical
distance between Eu’* ions for energy transfer was determined to be 16 A.

. INTRODUCTION

Rare earth (RE) ion-doped materials have drawn great
attention due to their significant technological importance
and are used as solid state lighting, medical labeling,
imaging, radiation detection, and other functional com-
pounds based on their optical, electronic, and chemical
characteristics.'® The macroscopic properties of phos-
phors, such as the emission spectrum or the luminous
efficiency, rely on their composition, crystal structure,
and morphology.”'? Extensive work has been devoted to
the development of effective morphology-controlled
methods to synthesize functional materials with complex
three-dimensional (3D) hierarchical architectures, such as
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Fe,O5 flower-like microspheres,13 urchin-like WOj3 and
MnWO, microstructures,'*!3 cactus-like B-Ga,O3 micro-
architectures,'® dandelion-like ZnO and CuO architec-
tures,'”*!® 3D hierarchical MWO, (M = Mn, Bi, Ba, and
Pb), and MMoO, (M = Fe, Pb, and Ba) superstruc-
tures,”'®>* which have been fabricated from low di-
mensional nanobuilding units by bottom-up approaches.
Since sphere morphology of phosphor is favorable for
high brightness and high resolution, spherical structured
particles have been interestingly studied in these years.'®™'®

The selection of host materials for RE ions is crucial to
obtain large luminescence signals.'* Materials with low
phonon energies present small nonradiative losses owing
to the multiphonon relaxation, and consequently, the
luminescence efficiency is enhanced. A suitable host
must also present large optical band gap along with good
solubility and stability. Zirconia is a suitable host for RE
material because it offers a large transparency window
from the short ultraviolet to the near infrared frequencies
and has excellent mechanical properties and good chemical
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stability.'> Generally speaking, the luminescence prop-
erties of phosphors strongly depend on the physical
properties, such as specific surface area, crystallinity,
particle size, size distribution, and morphology, of their
host materials. To understand the detailed factors
controlling the luminescence and to find the better ways
to enhance the photoluminescence (PL) property, for
instance, a lot of efforts related to photoluminescence of
nanometer zirconia powders based on different synthetic
methods have been made.”*’ To the best of our
knowledge, there are few reports related to Eu®*-doped
ZrO, hollow nanospheres, which were exploited for
photoluminescence properties.

Herein, we provide a facile and effective route for
shape-controlled synthesis of ZrO,:Eu®" hollow spheres
with the help of phenolic resin microspheres as template.
The luminescence properties were studied in detail and
PL spectra indicated that the ZrO,:Eu®" particles pre-
sented excellent orange-red emission at 614 nm and
excited at 394 nm. The effects of doped content and
critical distance of Eu®" jons in the ZrO, have been
systematically explored.

Il. EXPERIMENTAL
A. Synthesis of hollow sphere ZrO,:Eu®"

All the reagents are of the analytical grade. The
phenolic resin microspheres with diameter around
400 nm were synthesized according to literature.?>°
As shown in Scheme 1, a typical synthesis of the hollow
sphere ZrO,:Eu®" with 500 nm diameter was synthesized
as following procedures. 6.7 mmol of ZrClO,-8H,O
aqueous solution (20 mL) was mixed with a solution
(20 mL) containing 0.78 mmol of Y(NO3)3;-6H,0, 1.6
mmol of citric acid, and 0.2 g of the template, phenolic
resin microspheres. Subsequently, different amounts of
Eu(NOs)3-6H,0 (0.4%, 0.7%, 1.0%, 1.5%, 2.0%, and
2.5 mol%) aqueous solution were added and continually
stirred for 30 min, respectively. 0.03 g of polyvinylpyr-
idine (PVP) and 0.2 g of urea were then added to the
reaction solution and stirred for 5 h. The ZrO,/phenolic
resin composite microsphere-doped Eu’* was recovered
by centrifugation and air-dried at 100 °C for 12 h. For the
sintering, the powder was heated under air atmosphere to
600 °C with a heating rate of 1 °C min ', then
maintained at 600 °C for 2 h before measurements.

Phenolic resin (PR) Zro,@PR

microsphere

Q) synthesis / A

SCHEME 1. Schematic illustration of the formation process of ZrOy:Eu®*

simultaneous
dopmg

B. Characterization

The crystal structure of the samples was identified by
x-ray diffractometer (Rigaku D/max-2400, Tokyo,
Japan). Their diffraction patterns were obtained using
Cu K, radiation of wave length A = 0.15418 nm. The
morphology of the powder was recorded by a field-
emission scanning electron microscope (SEM, S-4700;
Hitachi, Tokyo, Japan). The room temperature PL,
photoluminescence excitation (PLE) spectra, and decay
curves of the products were measured by a fluorescence
spectrophotometer (Hitachi F-4600, Tokyo, Japan) with
a 450-W xenon lamp. In all experiments, both excitation
and emission slits were 1.0 nm.

lll. RESULTS AND DISCUSSION
A. Crystallization behavior and morphology

X-ray diffraction (XRD) analysis of ZrO,:Eu’" prod-
ucts sintered at 873 K for 2 h was used to identify the
sample phase and was shown in Fig. 1. The XRD pattern
indicates that all the ZrO,:Eu’* precursors underwent
thermal transformation to ZrO,:Eu®* samples and formed
pure t-ZrO, (JCPDS 50-1089) phase with good crystal-
lization. No other phase was found because the template
of the resin microspheres could be oxidized at high
temperature.

The morphology of ZrO,:Eu®* (1.5 mol%) powders
prepared under the above mentioned conditions was
studied by the SEM under different magnifications.
Figure 2(a) shows that the templates, composed of
phenolic resin microspheres, are regular spherical par-
ticles with uniform size about 400-500 nm. Figure 2(b)
exhibited ZrO,-covered template spheres with slightly
increased diameter of 500—600 nm. Seen from Figs. 2(c)
and 2(d), after postheated at 873 K for 2 h, the as-
synthesized ZrO,:Eu®* was hollow sphere with the
diameter and the thickness of about 450 nm and the
50 nm, respectively.

B. Luminescence properties of ZrO,:Eu®"

Due to the similarities in PLE and PL spectra of the
samples with different Eu®" concentrations, typical
spectra of ZrO, with 0.4 mol% Eu’" content are shown
in the Fig. 3. The PLE spectrum monitored at 614 nm
presents a series of intraconfiguratioal 4f-4f transitions of

ZrO,:Eu**@PR ZrO,:Eu®*

,_,'-’ sintering

.'r.
Ly -'-

hollow spheres.
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Eu’" as follows: °D4(362 nm), °G4(383 nm), and
SLe(394 nm) of Eu®" ions, respectively.7 These transi-
tions are followed by subsequent population decay to “D,
luminescent excited state. With excitation at 394 nm, two
main PL bands, associated with the 4f-4f internal orbital
transitions of Eu®* ions, are clearly resolved. They can be
related to the radiative transitions from the 5D0 state to 'F,
(J =1, 2) states of Eu’" at 594 and 614 nm, respectively.

Figure 4 shows the PL spectra of ZrO,:Eu’" synthe-
sized at 873 K for 2 h with different doping concen-
trations of Eu®* 04, 0.7, 1.0, 1.5, 2.0, and 2.5 mol%)
and the comparison with pure ZrOy:Eu’* powder. Upon
excitation at 394 nm, the orange-red emission bands at
the wave length longer than 570 nm are from Dy, — 'F;

0.4mol% 0.7mol%|
1.5mol%|

2.5mol%)

1.0mol%
2.0mol%

Intensity(a.u.)

10 20 30 40 50 60 70 8O 90
26(degree)
FIG. 1. The XRD patterns of the as-synthesized Eu>*-doped samples

postannealed at 873 K with different doping concentrations of Eu®*
0.4, 0.7, 1.0, 1.5, 2.0, and 2.5 mol%).

(J = 1, 2) transitions. The 5D0 — "F, band centered at
594 nm (orange) is a magnetic dipole transition and
hardly varies with the crystal field strength around the
Eu’" ion. On the other hand, the hypersensitive transition
5D0 — F, at 614 nm (red) is electric dipole allowed.
Consequently, it depends on the local electric field, and
hence, the local symmetry influences its strength. From
these considerations, the Dy, — 'F,)/°Dy — 'Fy)
intensity ratio gives a measure of the degree of distortion
from the inversion symmetry of Eu®>" ion local environ-
ment. The asymmetry ratio is about 1.61, 1.26, 1.42,
1.42, 1.40, and 1.38, which correspond to the Eu’t
concentration 0.4, 0.7, 1.0, 1.5, 2.0, and 2.5 mol%,
respectively. These different values suggest that the

7

Intensity (a.u.)

A " i 3 R Y 1 A A " A
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FIG. 3. Excitation and emission spectra of ZrO>:Eu®" (0.4 mol%)
powder calcined at 873 K for 2 h.

(c)

FIG. 2. SEM images of the products before (a and b) and after (c and d) postheated at 873 K for 2 h under different magnifications.

(d)
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FIG. 4. Emission spectra of ZrO,:Eu®": (a) the samples synthesized at 873 K for 2 h with different doping concentrations of Eu’* (0.4, 0.7, 1.0,
1.5, 2.0, and 2.5 mol%); (b) comparison of ZrO,:Eu®™ hollow sphere emission spectra with pure ZrO,:Eu’™ powder.

asymmetry ratio of Eu’" ions were independent of the
doping concentration. In addition, it is evident that the
emission intensity depends on the doping concentration.
At low Eu®* concentrations (¢ < 1.5 mol%), the emission
intensity is weak because there are no sufficient lumi-
nescence centers. However, under the condition of in-
creasing Eu’" concentration, the emission intensity
increases and reaches the maximal value at 1.5 mol%.
When the Eu®" doping ratio is greater than 1.5 mol%, the
luminescence intensity starts to reduce as concentration
quenching occurs due to the decrease in Eu—Eu dis-
tance.”® Based on Dexter’s theory,21 the critical distance
between Eu®" ions for energy transfer can be calculated
by the following relation:

R~ [6V/mx.2Z)' | (1)
where V is the volume of the unit cell, x, is the critical
concentration of the doping ions, and Z is the number
of host cation in the unit cell. For t-ZrO,, V = 66.7 A3,
Z = 2, and the critical concentration of Eu>" in the 71O,
host is 0.015. Therefore, the R. of Eu’" ions is de-
termined to be 16 A. What is more, the luminescence
intensity of ZrO,:Eu®" hollow sphere and pure ZrO,:
Eu®" powder was compared, which was shown in Fig. 4(b).
Obviously, the luminescence intensity of ZrO,:Eu®* hollow
sphere was stronger than pure Zr0,:Eu®* powder.

PL decay curves of ZrO,: Eu®" with different concen-
trations of Eu’* 04, 0.7, 1.0, 1.5, 2.0, and 2.5 mol%),
shown in Fig. 5, were used to calculate the lifetime and
investigate the luminescence dynamics of the samples. The
samples were excited at 394 nm and monitored at 614 nm,
and the curves were obtained with fluorescence spectro-
photometer under Time Scan mode, and the lifetime
values were calculated by the software of the spectropho-
tometer (Fluorescence Solutions for F-4600). It is found
that the curves followed the single-exponential decay

I = lexp(—t/7) (2)
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FIG. 5. The decay curves of ZrOy:Eu®* phosphors synthesized at

873 K for 2 h with different concentrations of Eu®* 0.4,0.7, 1.0, 1.5,
2.0, and 2.5 mol%).
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FIG. 6. The Commission Internationale de L’Eclairage (CIE) coordinates
of ZrO,:Eu*" phosphors synthesized at 873 K for 2 h with different
concentrations of Eu** 04, 0.7, 1.0, 1.5, 2.0, and 2.5 mol%).

0.8

where [, is the intensity at time ¢, I, is the intensity at
t = 0, and 7 is the decay lifetime. The fitted fluorescence
lifetime values of ZrO,: Eu’™ are 3.43, 3.5, 3.42, 3.36,
3.45, and 3.35 ms corresponding to the Eu* concentra-
tion 0.4, 0.7, 1.0, 1.5, 2.0, and 2.5 mol%, respectively.
The single-exponential decay curve reveals that these
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bands are not related to the defects of Eu host matrix,
which is also confirmed by Podhorodecki.*

The color coordinates for the orange-red emission in the
present experiment are calculated based on the correspond-
ing PL spectra, and the results are shown in Fig. 6. The
coordinates (x, y) of ZrO,:Eu™" are (0.645, 0.354), (0.639,
0.361), (0.640, 0.360), (0.646, 0.353), (0.646, 0.353), and
(0.647, 0.353), which correspond to the Eu®" concentra-
tion 0.4, 0.7, 1.0, 1.5, 2.0, and 2.5 mol%, respectively.
These results indicate that the as-obtained phosphors could
show merits of orange-red emissions in the visible region
when excited by a single wave length light, which might
find potential applications in the fields such as light display
systems and optoelectronic devices.”

IV. CONCLUSION

In summary, the controllable generation of ZrO,:Eu®*
hollow spherers has been successfully achieved with the
resin microspheres as the template. The diameter and
thickness of the samples were about 450 and 50 nm,
respectively. Upon excitation at 394 nm, the orange-red
emission bands at the wave length longer than 570 nm are
from Dy — 'F; (J = 1, 2) transitions. The asymmetry
ratio is about 1.61, 1.26, 1.42, 1.42, 1.40, and 1.38, which
correspond to the Eu’" concentration 04, 0.7, 1.0, 1.5,
2.0, and 2.5 mol%, respectively. These different values
suggest that the asymmetry ratio of Eu’* jons was
independent of the doping concentration. From the
luminescence study, the optimum concentration of lumi-
nescence is found to be 1.5 mol%. The critical energy
transfer distance of Eu®" in t-ZrO, host is calculated to
be 16 A. The single-exponential decay curves reveal that
these bands do not relate to the defects of Eu host matrix.
Because of the suitable excitation band, controllable
morphology, good CIE chromaticity, and chemical sta-
bility, the luminescence materials may find potential
applications in fields such as optoelectronic and nano-
scale devices or biological technology.
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