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YNbO4:Eu?* layers.

The core-shell structured YNbO,:Eu>*/Tb>*@Si0, particles were realized by coating the YNbO4:Eu®*/Tbh>*
phosphors onto the surface of spherical silica via a sol-gel process. The obtained materials were
characterized by means of X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), Fourier transform IR spectroscopy (FT-IR), photoluminescence
(PL) spectra, and cathodoluminescence (CL) spectra. The results indicate that 600 °C annealed samples
consist of amorphous silica core and crystalline YNbO4:Re shell, having perfect spherical morphology with
uniform size distribution. Upon excitation by UV or electron beam, these phosphors show the
characteristic ®Dy-"F;_4 emission lines of Eu>* and the characteristic °D4-’F;_g emission lines of Tb3*.
The PL intensities of Eu>* can be tuned by altering the annealing temperature and the coating number of

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Recently, nano-scale core-shell structured particles have
attracted much attention due to their potential applications in
the filed of diagnostics, catalysis, photonic crystals, and pharma-
cology [1-5]. In general, the core-shell structured materials are
defined by a core that is covered by a shell with different
composition [6-10]. The morphology, structure, and composition
of these particles can be tuned in a controllable manner to tailor
their physicochemical properties [10-16]. So far, a large number of
approaches have been employed for the fabrication of such
core-shell structured materials, including layer-by-layer techni-
que, sol-gel process, template directed self-assembly, and in situ
polymerization [17-19]. For most of these procedures, the degree
of surface coverage is usually low and the coating is far from
uniformity. The sol-gel method provides a simple and effective
process for preparing core-shell structured materials with uni-
form coverage [11].

Furthermore, the demand for high resolution and efficiency in
phosphors for cathode ray tubes (CRTs) and field emissive displays
(FEDs) has also promoted the development of phosphors [20].
Particularly, the phosphors with non-agglomerated, mono-dis-
perse, and spherical morphology (0.5-2 pm) are of special interest
because of their brighter cathodoluminescent performance, high
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definition, and much improved screen packing [21,22]. Many
synthetic processes have been developed to control the size and
distribution of phosphor particles, including fluxes precipitation
and spray pyrolysis [23,24]. But the obtained phosphors are far
from ideal morphology.

Silica particles can be controllably prepared from nanometer to
micrometer size with spherical morphology [25,26]. A kind of
core-shell structured phosphors can be realized by coating
phosphor layer onto the surface of spherical silica [6,7]. As a
well-known self-activated compound, LnNbO,4 presents a strong
broad band under ultraviolet excitation, which makes it potential
to develop new, efficient luminescent materials [27,28]. So far, no
report has been found concerning the functionalization of
spherical silica with YNbO4:Eu>*/Tb3* phosphors. Herein, the
nanometer mono-disperse core-shell YNbO4:Eu*/Tb*>*@Si0,
phosphors were prepared via the Pechini sol-gel process. The
structure, morphology, and luminescence of the obtained materi-
als were investigated in detail.

2. Experimental section

The starting materials: Y,03 (99.99%, Shanghai Yuelong
Nonferrous Metals Ltd.), Eu,03 (99.99%, Shanghai Yuelong Non-
ferrous Metals Ltd.), Tb40- (99.99%, Shanghai Yuelong Nonferrous
Metals Ltd.), ammonium niobium oxalate, C;oHgN>0O33Nb, (A. R.,
Fluka), tetraethyl orthosilicate, Si(OC;Hs)s (TEOS, A. R., Beijing
Beihua Chemicals Co., Ltd.), NH4OH (25%, A. R., Beijing Beihua
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Chemicals Co., Ltd.), polyethylene glycol (PEG, M,, = 10000, A. R,
Beijing Beihua Chemicals Co., Ltd.), HNOs; (65%, A. R., Beijing
Beihua Chemicals Co., Ltd.), C;HsOH (A. R, Beijing Beihua
Chemicals Co., Ltd.), citric acid (A. R., Beijing Beihua Chemicals
Co., Ltd.), ethylene glycol (EG, A. R., Beijing Beihua Chemicals Co.,
Ltd.) were used without further purification.

2.1. Synthesis of spherical silica core

The mono-disperse silica spheres with particle sizes of 300 nm
were prepared by hydrolysis of tetraethyl orthosilicate (TEOS), in
an alcohol medium in the presence of water and ammonia via a
modified Stéber process [25]. This method yielded the colloidal
solution of silica particles with a narrow size distribution in the
nanometer range, and the particle size of silica depended on
relative concentration of the reactants. In a typical process, 8.4 mL
of TEOS, 18 mL of deionized H,O, and 97.9 mL of NH,OH were
added into 75.7mL of absolute ethanol and stirred at room
temperature for 4h, resulting in the formation of white silica
colloidal suspension. The silica particles were centrifugally
separated from the suspension and washed several times with
ethanol.

2.2. Coating of SiO, cores with YNbO4:Eu®* shells

The core-shell structured YNbO,4:Eu**@SiO, phosphors were
prepared by coating YNbO4:Eu>* phosphor on the surface of silica
via a Pechini sol-gel process [6,7,29]. The doping concentration of
Eu?* was 5 mol% to that of Y>* in YNbO,4:Eu3". Typically, 0.2145 g of
Y205 and 0.0176 g of Eu,;03 was dissolved in HNO3; under vigorous
stirring, and the superfluous HNO3 was driven off until the pH
value of the solution reached between two and three. The as-
prepared material was mixed with 0.87 g ammonium niobium
oxalate, 20ml water-ethanol (V/V = 15/5) solution containing
0.8406 g citric acid as a chelating agent for the metal ions,
followed by the addition of 0.8 g of PEG as a cross-linking agent
with a final concentration of 0.04 g/mL. The solution was stirred
for 1h to form a sol, then the silica particles were added with
vigorous stirring. After the suspension was further stirred for
another 3 h, the silica particles were separated by centrifugation.
The as-made samples were dried at 100°C for 1h immediately.
Then the dried samples were annealed to the desired temperature
(500-900 °C) with a heating rate of 1 °C/min and held there for 3 h
in air. In this way, the core-shell structured YNbO4:Eu?*@Si0,
materials were obtained, and the whole process is shown in
Scheme 1. For the purpose of comparison, the coating sol was
evaporated to form powders treated in a similar process. The
YNbO,4:Tb>*@Si0, phosphors with the Tb>* molar ratio of 5mol %
to that of Y3* were fabricated in the same manner of preparing
YNDbO4:Eu**@SiO,.

2.3. Characterization

X-ray diffraction (XRD) patterns were examined on a Riga-
ku-Dmax 2500V diffractometer wusing CuKe radiation
(2 =0.15405nm). FT-IR spectra were measured with a Perkin-
Elmer 580B IR spectrophotometer using KBr pellet technique. The
morphology of the as-prepared samples was inspected on a field
emission scanning electron microscopy (FE-SEM, XL30, Philips)
and transmission electron microscope (TEM) (FEI Tecnai G2
S-Twin). The UV-vis excitation and emission spectra were
obtained on a Hitachi F-4500 spectrofluorimeter equipped with
a 150W xenon lamp as the excitation source (the excitation
spectra are calibrated for the system responsivity). Luminescence
decay curves were obtained from a Lecroy Wave Runner 6100
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Scheme 1. Formation process of YNbO,:Eu**@SiO, core-shell particles.

digital oscilloscope (1GHz) wusing a 250nm laser (pulse
width = 4 ns, gate = 50ns) as the excitation source (Continuum
Sunlite OPO).

3. Results and discussion
3.1. Structure and morphology of YNbO4:Eu?*/Tb**@SiO, particles

Fig. 1A shows the XRD patterns for the 600°C annealed
YNbO4:Re@SiO, composites, pure silica as well as the standard
data for YNbO, (JCPDS No. 38-0187), respectively. As shown for
YNbO,:Eu3*@Si0, (Fig. 1A(b)) and YNbO,4:Tb3*@ SiO, (Fig. 1A(c)),
The diffraction peaks at 20 = 29.4° (112, strongest), 34.4° (200),
48.6° (204), and 58° (312) can be well indexed to the JCPDS Card
38-0187 for tetragonal YNbOQ,, suggesting the successful crystal-
lization of YNbO,:Re on the surface of amorphous silica. The broad
band peaking at 20 = 22° can be assigned to the characteristic
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Fig. 1. X-ray diffraction patterns for (A) the 600°C annealed YNbO4:Eu**@SiO,
(a), YNbO4:Tb**@Si0, (b), pure SiO, (c), and the standard data for YNbO,; (B) the
YNbO,4:Eu**@Si0, particles annealed at 500 °C (a), 600 °C (b), 700 °C (c), 800 °C (d),
and 900°C (e).

diffraction for the amorphous SiO, cores (JCPDS 29-0085).
Additionally, no other phase can be detected, indicating no
other reaction occurs between silica (core) and the deposited
phosphor (shell). Fig. 1B shows the XRD diffraction patterns of
YNbO,4:Eu?*@Si0, samples annealed from 500 to 900 °C. The XRD
results indicate that the sample begins to crystallize in tetragonal
YNbO,4 phase at 500°C, and the crystallinity increases with the
increase of annealing temperature. Furthermore, the nano-crystal-
line size of the crystallized phosphor can be calculated from the
Scherrer formula [30]. The estimated average crystallite sizes of
YNbO4:Eu?*/Tb3" in YNbO4:Eu3*@SiO, and YNbO,:Tb**@Si0O, are
13 and 15 nm, respectively. The XRD patterns reveal the structure
of YNbO,:Eu?*/Tb®* belongs to the tetragonal crystal phase. And
the refined crystallographic unit cell parameters and the calcu-
lated particle sizes for YNbO,:Eu?*/Tb>*@Si0, annealed at 600 °C
are list in Table 1.

Fig. 2 displays the SEM images of the pure SiO, particles, the pure
YNbO4:Eu®* powders, YNbO4:Eu**@SiO,, and YNbO4:Tb**@SiO,,
respectively. It can be seen from Fig. 2(a) that pure SiO, consists
of spherical particles with a uniform particle size of about 300 nm,
and these particles are non-aggregated with narrow size distribu-
tion. While for the pure YNbO4:Eu>* powders (Fig. 2(b)), irregular
particles with size distribution from 150 to 500 nm are observed.
The resulting YNbO,:Eu**/Tb>*@Si0, particles still keep the mor-
phological properties of the silica particles, such as the spherical
morphology, non-aggregation, and uniform size distribution.
The results suggest that the coating of YNbO,4:Eu**/Tb>* has little

Table 1
Unit cell parameters and calculated sizes for YNbO, and those in the YNbO4:Eu3*/
Th3*@Si0, core-shell particles annealed at 600 °C

Samples a (nm) b (nm) ¢ (nm) Crystal size (nm)
YNbO,4 0.5164 0.5164 1.0864

YNbO,4:Eu®*@Si0, 0.5179 0.5179 1.0851 13
YNbO,:Tb**@Si0, 0.5183 0.5183 1.0855 15

influence on the morphology of pure silica. The slightly larger
particle size may be due to the deposited layer of phosphor on the
surface of silica. Moreover, the irregular particles of the pure
YNbO4:Eu®*/Tb®* powers cannot be observed in the resulting
YNbO4:Eu®*/Tb**@Si0, particles (Fig. 2(c, d)), indicating the uniform
coating of YNbO,4:Eu>*/Tb>* onto the surface of silica particles.

The representative TEM images of the pure silica particles and
the YNbO,:Eu**@SiO, phosphors are depicted in Fig. 3, respec-
tively. For the YNbO,4:Eu>*@SiO, particles (Fig. 3(b)), the core-
shell structure can be clearly observed because of the different
electron penetrability between the cores and shells. The cores are
black spheres with an average size of about 300 nm, which is
similar to that of the pure SiO, particles (Fig. 3(a)), and the shell
shows gray color with an average thickness of 30 nm. The HRTEM
image was performed in the interface region of the core and shell
for the YNbO4:Eu?*@Si0, particle as labeled in Fig. 3(b) and (c). As
shown, the lattice fringes of crystalline phase (YNbO,4) can be seen
clearly in Fig. 3(c). The distance (0.31 nm) between the adjacent
two lattice fringes just matches well with the d (112) spacing
(0.303 nm) of YNbO,4 (JCPDS 38-0187). The HRTEM result further
confirms the crystalline YNbO4:Eu®* on the surface of silica.

As shown in the IR spectrum for pure YNbO4:Eu3* powders
(Fig. 4(a)), a strong absorption peak at 810cm™! and a weak one at
452cm™! should be attributed to the internal modes of the
tetrahedral NbO4 unit [31]. For the pure silica (Fig. 4(b)), the
absorption bands due to OH (3449cm™!), H,O (1633cm™'),
Si-0-Si (vs, 1100cm™; vas, 810cm™1), Si—-OH (vs, 951 cm™1), and
Si-0 (8, 470 cm™!) (where v, represents symmetric stretching, vas
asymmetric stretching, and 6 bending) are obvious [6,7]. The
strong bands of OH (3449 cm™!) and H,0 (1633 cm™!) suggest that
a large number of OH groups and H,O molecules present, which
are essential for bonding metal ions from the coating sol and
forming the phosphor layers on the silica surfaces. From the
spectrum of the core-shell YNbO4:Eu*'/Tb>*@SiO, sample
(Fig. 4(c, d)), the absorption peaks of the NbO4 unit or Si-O-Si
(810cm™) and the Si-O-Si bond (1110cm™!) for amorphous SiO,
are observed clearly, and the weak peak of the NbO4 unit
(452cm™!) in YNbO,:Eu?* disappears, which may attributed to
the covering of the bending vibration of Si-O bond at 470cm™".
The intensity of OH groups from the as-formed silica particles
have greatly been reduced in the 600°C annealed YNbO4:Eu?*/
Tb3*@Si0, core-shell particles, which may be caused by the
covering of —OH sites by the deposited phosphors.

3.2. Photoluminescence and cathodoluminescence properties

Fig. 5(a)-(d) shows the photoluminescence (PL) excitation and
emission spectra of the YNbO,4:Eu**@SiO, and YNbO4:Tb>*@SiO,
phosphors, respectively. In the excitation spectrum (monitored by
the Eu* °Do-"F, transition at 612 nm) for YNbO4:Eu3*@SiO, (Fig.
5(a)), the obtained excitation spectrum consists of a broad intense
band with a maximum at 255 nm and some weak lines between
300 and 500 nm. The broad band with a maximum at 255 nm can
be ascribed to the NbO3~ groups, and the weak lines arise from f-f
transitions within the Eu®" 4f° electron configuration. The
excitation lines can be assigned to “Fo—°Hg (322nm), "Fg—°Dy



1946 P. Yang et al. / Journal of Solid State Chemistry 181 (2008) 1943-1949

Fig. 3. TEM images of pure SiO; (a), YNbO4:Eu*>*@Si0, (b), and HRTEM for YNbO4:Eu*>*@Si0, coated with three times of phosphor layers (c).

(367nm), 'Fy —°G, (385nm), "Fo—°Lg (397nm), “Fo—°Ds
(419nm), “Fo—°D- (468 nm), respectively [32]. Upon excitation
into the NbO3~ groups at 255nm, not only the characteristic
transition lines from the lowest excited D but also those from

higher energy levels (°D;) with weak intensities are observed
(Fig. 5(b)). The emission of Eu* is dominated by the red >Do-F,
hypersensitive transition, indicating that Eu®* is located at a site
without inversion symmetry [6,7]. For the YNbO4:Tb**@SiO,
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Fig. 4. FT-IR spectra for the 600°C annealed pure YNbO, powder (a), SiO,
(b), YNbO4:Eu**@Si0, (c), and YNbO4:Tb**@Si0, (d).
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Fig. 5. Excitation spectra (a, c) and emission spectra (b, d) for YNbO4:Eu>*@Si0,
and YNbO4:Tb*>*@Si0,.

phosphor, the strong excitation band observed at 250nm
corresponds to the charge-transfer transitions within the YNbO,4
groups (Fig. 5(c)). No excitation peaks of Tb>* from its f—f
transitions can be detected because of their relatively low
intensity with respect to that of YNbO, group. So it can be
deduced that the excitation of Tb>* is mainly caused by the energy
transfer from NbO3z™. It should be noted that there are some
difference between our spectrum and that in the paper [33]. Very
small or almost non-broad band ascribed to NbOz~ is observed in
the spectrum (Fig. 5(c)), while it is obvious in the previous paper’s
spectra. The difference in the excitation spectrum may be caused
by the different examining temperature. Upon excitation into the
NbOz~ at 250nm, the obtained emission spectrum (Fig. 5(d))
contains characteristic emission of Tb>* with the most prominent
5D4-Fs emission (544nm) as well as other transitions. Further-
more, no emission from NbO3z~ is detected, indicating an efficient
energy transfer from NbO3~ to Tb>*.

The representative decay curves for the luminescence of Eu®* in
the YNbO,:Eu®>*@SiO, phosphors and Tb>* in the YNbO,:Tb*>*@SiO,
phosphors are shown in Fig. 6. The decay curves for °Dg-'F,
(612 nm) of Eu>* and >D4-"Fs (544 nm) of Tb>* can be well fitted into
a double-exponential function as I= A;exp(—t/t1)+A,exp(—t/t2)

A
Aem = 612 nm 5Dy-"F,
Blank circles: experimental data
Solid line: fitted by | = Ayexp (-t/t1) +A, exp (-t/ty)
. A=0.013, 11 = 0.94 ms,
; A,=0.0039, 7, = 1.910 ms
=
k%)
c
[]
=
T T T T T T T T T
0 2 4 6 8 10
Decay time (ms)
B
Aem = 544 nm 5D,-"F,
Blank circles: experimental data
Solid line: fitted by | = Ay exp (-t/t1) +A, exp (-t/ty)
A;=0.00088, 11 = 0.312 ms,
S A,=0.00124, 1, = 1.567 ms
‘E Average lifetime t = 1.41 ms
.“5;
c
[]
=

Decay time (ms)

Fig. 6. Decay curves for the luminescence of Eu** in YNbO,:Eu>*@SiO, and Tb>* in
YNbO,4:Th**@Si0, annealed at 600 °C.
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Fig. 7. The CL emission intensities of Eu>** in YNbO4:Eu*>*@SiO, as a function of
accelerating voltage.

(r1 and 1, are the fast and slow components of the luminescence
lifetimes, A; and A, are the fitting parameters). The average
lifetimes for °Do-’F, (612nm) of Eu** and °D,-’F5 (544nm) of
Th>" are determined by the formula as t = (A;77+A513)/(A111+As12),
and the fitting results are shown in the Fig. 6 [34]. The respective
average lifetimes for °Dg-’F, (612nm) of Eu®* and °D,-"Fs
(544nm) of Tb>" are 1.30 and 1.41ms, respectively. The double-
exponential decay behavior of the activator is frequently observed
when the excitation energy is transferred from the donor to
acceptor [35].

Fig. 7 shows the CL spectra of YNbO4:Eu>*@SiO, under
excitation of an electron beam (1-6 kV), which are well consistent
with its corresponding PL spectra. As shown, only emissions from
>Do-"Fy234 are observed, suggesting an efficient energy transfer
from NbO3~ to Eu®* as well as direct excitation of Eu*>* by the
plasmas produced by the incident electrons. In addition, it can be
clearly seen that the CL intensity increase with the increase of
accelerating voltage from 1 to 6 kV. This can be attributed to the
different penetration depth of electrons, which is determined by
the energy of the electron beams.

3.3. Effect of the treating conditions on the PL emission intensity

Effect of annealing temperature on the PL emission intensity of
the Eu3* in YNbO4:Eu**@SiO, and Tb3* in YNbO,:Tb**@SiO, is
shown in Fig. 8. Obviously, the PL intensities all increase with
increasing annealing temperature. This can be attributed to the
enhanced crystallinity of the YNbO,:Eu**/Tb*>*@SiO, phosphors
(Fig. 1). Meanwhile, the components of impurities such as —OH,
NO3, -CH; have been markedly reduced. Therefore, the quenching
effect on the luminescence by the vibrations of these impurities
decreases, resulting in the increase of the emission intensity. Fig. 9
displays the effect of coating number on the PL intensity of the
Eu®* in YNbO4:Eu**@SiO, and Tb>* in YNbO,:Tb**@SiO, phos-
phors. As shown, the PL intensity increases with increasing
coating number, which can be due to increased thickness of
YNbO,:Eu3*/Tb®* shells on the SiO, cores. When the coating
number is 5, the PL intensities of the obtained phosphors are 85%
of that of pure YNbO4:Eu>* and 81% of pure YNbO,:Tb>* powders,
respectively. It should be noted that the luminescent properties
between the pure YNbO4:Eu>* powders and core-shell structured
YNbO4:Eu3*@SiO, are similar except for a slight decrease of the
emission intensity.
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Fig. 8. The PL emission intensities of Eu* in YNbO,4:Eu**@SiO, (a) and Tb** in
YNbO,4:Tb**@Si0, (b) as a function of annealing temperature.
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Fig. 9. The PL emission intensities of Eu>* in Eu** in YNbO4:Eu?*@Si0, (a) and Th>*
in YNbO,4:Thb3*@Si0,, (b) as a function of phosphor coating times.

4. Conclusions

A simple and effective sol-gel process has been developed to
coat YNbO4:Eu** and YNbO4:Tb** phosphor layers on mono-
disperse spherical silica particles. The obtained core-shell
structured YNbO,4:Eu*>*@SiO, and YNbO,:Tb**@SiO, phosphors
keep the spherical morphology, nanometer size and narrow size
distribution. Under UV light and low-voltage electron beam
excitation, the YNbO4:Eu**@SiO, and YNbO4:Th**@SiO, phos-
phors exhibited strong luminescence. The PL intensity of the
core-shell phosphors can be controlled by tuning the annealing
temperature and the phosphor coating times. The obtained
core-shell phosphors have potential applications in the lumines-
cent fields.
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