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Abstract

Monodisperse, core–shell structured SiO2@Gd2(WO4)3:Eu3+ particles were prepared by the sol–gel method. The samples were char-
acterized by X-ray diffraction (XRD), field emission scanning electron microscopy, transmission electron microscopy, photoluminescence
(PL) and low-voltage cathodoluminescence (CL). PL and CL study revealed that the core–shell structured SiO2@Gd2(WO4)3:Eu3+ par-
ticles show strong red emission dominated by the 5D0–7F2 transition of Eu3+ at 615 nm with a lifetime of 0.89 ms. The PL and CL emis-
sion intensity can be tuned by the coating number of Gd2(WO4)3:Eu3+ phosphor layers on SiO2 particles, the size of the SiO2 core
particles, and by accelerating voltage and the filament current, respectively.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Recently, considerable efforts have been devoted to the
design and preparation of composite particles consisting
of core covered by shells of different chemical composition.
The interests in such core–shell materials stem from the
fact that the properties (mechanical, optical, electrical,
magnetic and catalytic) of core or shell can be tailored by
their size, morphology, component and structure of their
shells or cores [1–3]. A great number of processes have been
developed to prepare core–shell materials, such as tem-
plate-directed self-assembly [4], precipitation and surface
reaction [5], layer-by-layer technique [6] and sonochemical
method [7].

The current demand for high-resolution, high brightness
and high efficiency in phosphors for cathode ray tubes, field
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emissive displays and plasma display panel has promoted
the development of phosphors. Particularly, phosphors
with nonagglomerated, monodisperse, spherical (<2 lm)
morphology are of great interest, because they offer higher
packing density, lower scattering of light, brighter lumines-
cent performance, higher definition, and more improved
screen packing density [8,9]. Nowadays, many synthetic
routes have been developed to control the size, morphology
and distribution of phosphor particles, such as spray pyro-
lysis [10] and fluxes precipitation [11], but it is still difficult
to obtain highly monodisperse spherical phosphor particles
from these processes.

It is well known that monodisperse spherical silica par-
ticles from nano- to submicron range can be prepared by
hydrolysis and condensation of tetraethoxysilane (TEOS)
catalyzed by ammonia [12]. If the silica spheres are coated
with layers of phosphors, a kind of core–shell phosphor
materials with spherical morphology will be obtained,
and the size for the phosphor particles can be controlled
by the silica cores. Furthermore, because silica is cheaper
than most of the phosphor materials (which often employ
the expensive rare earth elements as the activators and/or
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Fig. 1. XRD patterns of SiO2 (a), SiO2@Gd1.4Eu0.6(WO4)3 (b) and
Gd1.4Eu0.6(WO4)3 (c) samples annealed at 800 �C as well as the standard
data for Gd2(WO4)3 (JCPDS No.72-0257) (d) as a reference.
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host components), the core–shell phosphor materials will
be cheaper than the pure phosphor materials in unit mass.
RE2(WO4)3 (RE = La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+,
Gd3+, Tb3+, Dy3+, Ho3+) has been widely investigated
for its prominent luminescent properties, among which
Gd2(WO4)3 is an important phosphor host material [13–
15]. Accordingly, in the present work we prepared mono-
disperse core–shell structured SiO2@Gd2(WO4)3:Eu3+ via
the sol–gel process and investigate their photoluminescent
and cathodoluminescent properties.

2. Experimental section

Amorphous sub-micrometer silica spheres with size
ranging from 400 to 700 nm were synthesized by the well-
known Stöber process, i.e., the hydrolysis and condensa-
tion of tetraethoxysilane (TEOS) in an ethanol solution
containing water and ammonia, as described previously
[12,16]. SiO2@Gd2(WO4)3:Eu3+ core–shell phosphors were
prepared by a Pechini sol–gel process [15,17]. The doping
concentration of Eu3+ is 30 mol% of Gd3+ in Gd2(WO4)3

host, which had been optimized previously [15]. Stoichio-
metrically, 0.5068 g Gd2O3 (99.99%, Shanghai Yuelong
New Materials Co. Ltd.), 0.2112 g Eu2O3 (99.99%, Shang-
hai Yuelong New Materials Co. Ltd.), were dissolved in
dilute HNO3 (analytical reagent, AR) under vigorous stir-
ring, and the superfluous HNO3 was driven off until the pH
value of the solution between two and three. The above
solution was mixed with 1.6500 g ammonium (meta) tung-
state hydrate (H26N6O41W12 Æ 18H2O (Fluka), 20 mL
water–ethanol (V/V = 15: 5) solution containing citric acid
(AR) as a chelating agent for the metal ions. The molar
ratio of metal ions to citric acid was 1:2. As a cross-linking
agent, polyethylene glycol (PEG, molecular weight =
10000, AR) was added with a final concentration of
0.20 g/mL. The final solution was stirred for 1 h to form
a sol, and then the silica particles were added under stir-
ring. The suspension was further stirred for another 4 h,
and then the silica particles were separated by centrifuga-
tion. The samples were dried at 100 �C for 1 h immediately.
Then the dried samples were annealed to 500 �C with a
heating rate of 1 �C/min and held there for 2 h in air.
The above process was repeated for three times to increase
the thickness of the Gd2(WO4)3:Eu3+ shells. After these
processes, the sample was annealed to 800 �C with a heat-
ing rate of 5 �C/min, and hold there for 2 h in air. In this
way, the core–shell structured SiO2@Gd1.4Eu0.6(WO4)3

samples were been obtained. For the purpose of compari-
son, the coating sol was evaporated in an 80 �C water bath
to form gel, which was annealed in a similar process to pro-
duce the pure Gd1.4Eu0.6(WO4)3 powder.

The X-ray diffraction (XRD) of samples were examined
on a Rigaku-Dmax 2500 diffractometer using Cu Ka radi-
ation (k = 0.15405 nm). The morphology of samples was
inspected using a field emission scanning election micro-
scope (FESEM, XL30, Philips), transmission electron
microscope (TEM, JEOL-2010, 200 kV). The photolumi-
nescence (PL) excitation, emission spectra and cathodolu-
minescence (CL) spectra were taken on a Hitachi F-4500
spectrofluorimeter equipped with a 150 W xenon lamp
and a self-made electron gun (10�6 Pa vacuum, 1000–
5000 V ) as the excitation source, respectively. The lumines-
cence decay curve was measured on a Lecroy Wave Runner
6100 Digital Oscilloscope (1 GHz) using 266 nm laser
(pulse width = 4 ns) using YAG: Nd as the excitation
source. All the measurements were performed at room
temperature.

3. Results and discussion

3.1. Formation and morphology of core–shell particles

The formation and morphology of the core–shell parti-
cles have been examined by XRD, FESEM and TEM,
respectively. Fig. 1 shows the XRD patterns of 800 �C
annealed bare SiO2 (a), Gd1.4Eu0.6(WO4)3 (b) and
SiO2@Gd1.4Eu0.6(WO4)3 (c) particles as well as the stan-
dard data for Gd2(WO4)3 (JCPDS No. 23-1076) (d) as a
reference, respectively. For SiO2 particles annealed at
800 �C (Fig. 1a), no diffraction peak is observed except
for a broad band centered at 2h = 22.0�, which is the char-
acteristic peak for amorphous SiO2 (JCPDS 29-0085). For
the SiO2@Gd1.4Eu0.6(WO4)3 core–shell sample fired at
800 �C (Fig. 1b), besides the broad band at 2h = 22.0� from
amorphous SiO2, all the diffraction peaks belonging to
crystalline Gd2(WO4)3 are present, suggesting that the
coatings of Gd1.4Eu0.6(WO4)3 have crystallized well on
the surfaces of amorphous silica particles. This coincides
well with the XRD pattern of pure Gd1.4Eu0.6(WO4)3 par-
ticles annealed at 800 �C (Fig. 1c) and the standard data for
Gd2(WO4)3 (JCPDS No. 23-1076). No other phase has
been detected, indicating that no reaction occurred between
the SiO2 cores and Gd1.4Eu0.6(WO4)3 shells. In general, the
nanocrystallite size can be estimated from the Scherrer



360 P.Y. Jia et al. / Chemical Physics Letters 424 (2006) 358–363
formula: Dh k l = Kk/(bcos h), where k is the X-ray wave-
length (0.15405 nm), b is the full-width at half-maximum,
h is the diffraction angle, K is a constant (0.89) and Dh k l

means the size along (hk l) planes [18]. The estimated crys-
tallite size is around 20 nm.

Fig. 2 shows the FESEM micrographs of the bare SiO2

(a, b, c, d) and the corresponding SiO2@Gd1.4Eu0.6(WO4)3

(a1, b1, c1, d1, four times coated) core–shell particles
annealed at 800 �C, respectively. The bare SiO2 samples
consist of nonaggregated, monodisperse and spherical par-
ticles with size of 400 nm (Fig. 2a), 500 nm (Fig. 2b),
600 nm (Fig. 2c) and 700 nm (Fig. 2d), respectively. After
functionalizing the SiO2 particles with Gd1.4Eu0.6(WO4)3

coatings, the resulting SiO2@Gd1.4Eu0.6(WO4)3 particles
still keep the morphology of the silica core particles, i.e.,
these particles are still nonagglomerated, monodisperse
Fig. 2. FESEM micrographs amorphous SiO2 particles with different sizes be
layers annealed at 800 �C.
and spherical, as shown in Fig. 2a1–d1, respectively. How-
ever, due to the additional layers of Gd1.4Eu0.6(WO4)3

coated on SiO2 particles, the SiO2@Gd1.4Eu0.6(WO4)3 par-
ticles become not as smooth as the corresponding bare sil-
ica ones, and have sizes of 500 nm (Fig. 2a1), 600 nm
(Fig. 2b1), 700 nm (Fig. 2c1) and 800 nm (Fig. 2d1) (i.e.,
about 100 nm larger than the corresponding the bare silica
ones), respectively.

TEM was performed to verify the core–shell structure of
SiO2@Gd1.4Eu0.6(WO4)3 particles directly. As a represen-
tative example, the TEM micrographs of 400 nm – SiO2

bare spheres and those coated (four times) with
Gd1.4Eu0.6(WO4)3 layers are shown in Fig. 3a and b,
respectively. Only black spheres (400 nm in diameter) were
observed for bare SiO2 particles (Fig. 3a). In contrast, the
core–shell structure for the SiO2@Gd1.4Eu0.6WO4 particles
fore (a, b, c, d) and after (a1, b1, c1, d1) coating with Gd1.4Eu0.6(WO4)3



Fig. 3. TEM micrographs of bare SiO2 (a) and core–shell structured
SiO2@Gd1.4Eu0.6(WO4)3 (b) particles annealed at 800 �C.

Fig. 4. Excitation (a), emission (b) spectra and decay curve (c) of Eu3+ in
core–shell structured SiO2@Gd1.4Eu0.6(WO4)3 sample annealed at 800 �C.
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(Fig. 3b) can be seen clearly due to the different electron
penetrability for the cores and shells. The cores are black
spheres with an average size of 400 nm (similar to the pure
SiO2 particles in Fig. 3a), and the shells have gray color
with an average thickness of 50 nm. The electron diffrac-
tion measurement performed in the interface region of
the core and shell of a particle (inset of Fig. 3b) has shown
electron diffraction rings with some disorder, just demon-
strating the coexistence of crystalline phase [Gd1.4-
Eu0.6(WO4)3] and amorphous phase (SiO2) in the interface
region of the core–shell particle.

At last, we would like to elucidate the formation process
of the core–shell structured SiO2@Gd1.4Eu0.6WO4 particles
qualitatively. In the Pechini process, the citric acid first
formed chelates with Gd3+ and Eu3+ ions, then the left car-
boxylic acid groups in the citric acid reacted with polyeth-
ylene glycol to form polyester with a suitable viscosity. The
Stöber process-derived silica particles contained large
amount of free hydroxyl groups (–OH) and silanol groups
(Si–OH) on their surface [19]. By stirring silica particles in
the solution, a lot of Gd3+, Eu3+ and tungstate groups were
absorbed onto the silica particles by physical and chemical
interactions. After drying and annealing process, these spe-
cies reacted and crystallized on the surface of SiO2 parti-
cles, resulting in the formation of SiO2@Gd1.4Eu0.6WO4

core–shell particles. These particles are very stable for a
long time.

3.2. Luminescence properties

Under ultraviolet radiation, SiO2@Gd1.4Eu0.6(WO4)3

core–shell phosphor particles show red emission. Fig. 4
shows the excitation (a) and emission (b) spectra as well
as the decay curve of Eu3+ in of SiO2@Gd1.4Eu0.6(WO4)3

sample. Monitored by the 5D0–7F2 transition of Eu3+ at
615 nm, the obtained excitation spectrum consists of a
broad band peaking at 260 nm with a shoulder at 240 nm
and a group of sharp peaks originating from Eu3+ f–f tran-
sitions (397 nm: 7F0–5L6; 468 nm: 7F0–5D2). The broad
band at 260 nm is due to W6+–O2� charge transfer transi-
tion and the shoulder peak at 240 nm may be ascribed to
the Eu3+–O2� charge transfer transition [14,15]. The pres-
ence of WO2�

4 absorption in the excitation spectrum of
Eu3+ indicates that there exists an energy transfer from
WO2�

4 to Eu3+ in the sample [14,15]. Excitation into
WO2�

4 at 260 nm yields the characteristic emission of
Eu3+ (Fig. 4b), which contains the characteristic emission
from the excited 5D0,1 to 7FJ (J = 0–4) of Eu3+, with
5D0–7F2 hypersensitive forced electric-dipole transition
being the most prominent group. This is because the
Eu3+ ions occupy the Gd3+ sites (Cnv symmetry, without
inversion center) in Gd2(WO4)3 host [14]. The 5D0–7F4

(around 700 nm) of Eu3+, which belongs to forced elec-
tric-dipole transition, should also be present with a compa-
rable intensity in this case. However, in Fig. 4 it is present
with a very weak intensity (which can be seen clearly by
enlarging by 10 times). This situation might be caused by
the low sensitivity of our photomultiplier’s response
around 700 nm. Note that the 5D0–7F0 transition of Eu3+
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shows one peak at 578 nm, suggesting the existence of only
one kind Eu3+ site in the host lattices [20].

The PL decay curve for Eu3+ in SiO2@Gd1.4Eu0.6-
(WO4)3 is shown Fig. 4c, which can not be fitted into a sin-
gle exponential function, but a double exponential function
as I = Af exp(�t/sf) + As exp(�t/ss) (sf and ss are the fast
and slow components of the luminescence lifetimes, Af

and As are the fitting parameters, respectively). The average
lifetime for Eu3+ can be determined by the formula as
s ¼ ðAfs2

f þ Ass2
s Þ=ðAfss þ AfssÞ [21], and the average life-

times for Eu3+ in SiO2@Gd1.4Eu0.6(WO4)3 is determined
to be 0.89 ms. The double exponential decay behavior of
the activator (Eu3+) is frequently observed when the excita-
tion energy is transferred from the donor ðWO2�

4 Þ [21].
It is interesting to note that the PL intensity of the

SiO2@Gd1.4Eu0.6(WO4)3 core–shell structured phosphors
can be tuned by the SiO2 core particle size and the coating
number of Gd1.4Eu0.6(WO4)3 phosphor shells. Table 1 lists
the PL intensity of the SiO2@Gd1.4Eu0.6(WO4)3 sample as
a function of the SiO2 core particle size and the coating
number (N). Clearly seen form the figure, the PL intensity
increases with the increase of SiO2 core particle size and
coating numbers. In general, bigger phosphor particle size
is good for the improvement of the PL intensity of phos-
phors [8]. Here, it is believed that the amount of emitting
Eu3+ ions per SiO2 particle will increase with the increase
of SiO2 cores, resulting in the enhancement of the PL inten-
sity. Similarly, with the increase of coating number, the
thickness of Gd1.4Eu0.6(WO4)3 shell will increase accord-
ingly, thus leading to the increase of the PL intensity.

Similar to the emission under UV light illumination, the
SiO2@Gd1.4Eu0.6(WO4)3 core–shell particles also exhibit
strong red emission under the excitation of electron beam.
The CL emission spectrum under the excitation of electron
beam (5 kV) is similar to the PL emission spectrum
(Fig. 4b). The CL intensity of SiO2@Gd1.4Eu0.6(WO4)3

has been investigated as a function of accelerating voltage
and the anode (filament) current, and the results are shown
in Table 2. It can be seen clearly from Table 2 that the CL
intensity increases with the increase of accelerating voltage
(1–5 kV) and anode current (14–18 mA). With the increase
Table 1
PL intensity of SiO2@Gd1.4Eu0.6(WO4)3 samples as a function of SiO2

particle size and coating number

SiO2 core (nm) 400 500 600 700
PL intensity (a.u.) 62687 65140 87714 99875
Coating number (N) 1 2 3 4
PL intensity (a.u.) 54798 76833 96032 99875

Table 2
CL emission intensity of SiO2@Gd1.4Eu0.6(WO4)3 core–shell structured
sample as a function of accelerating voltage and anode current

Voltage (kV) 1 2 3 4 5
CL intensity (a.u.) 8995 10650 11739 12508 12973
Current (mA) 14 15 16 17 18
CL intensity (a.u.) 13666 15808 20859 31175 60133
of accelerating voltage and anode current, more plasmas
will be produced by the incident electrons, resulting more
Eu3+ ions being excited and thus higher CL intensity.
Due to the strong low voltage CL intensity and excellent
dispersing properties of SiO2@Gd1.4Eu0.6(WO4)3 core–
shell phosphors, they are potentially applied in field emis-
sion display (FED) devices.

4. Conclusions

A simple and effective sol–gel process has been devel-
oped to coat Gd2WO4)3:Eu3+ phosphor layers on monodis-
perse and spherical SiO2 particles with different sizes. The
obtained core–shell structured SiO2@Gd2WO4)3:Eu3+

phosphors maintain spherical morphology and narrow size
distribution. Under UV light and low-voltage electron
beam excitation, the SiO2@Gd2WO4)3:Eu3+ phosphors
show the characteristic red emission of Eu3+ (dominated
by 5D0–7F2 transition at 615 nm). The PL intensity
increases with the increase of coating number and the size
of SiO2 particles. This provides effective ways to tune the
PL intensity of the phosphors. The CL intensity also
increases with the increase of anode current and accelerat-
ing voltage, leading the core–shell phosphors to have
potential application in FED devices.
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