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X1-Y2SiO5:Eu3+ and X1-Y2SiO5:Ce3+ and/or Tb3+ phosphor
layers have been coated on nonaggregated, monodisperse,
submicron spherical SiO2 particles by a sol–gel process, fol-
lowed by surface reaction at high temperature (1000 °C), to
give core/shell structured SiO2@Y2SiO5:Eu3+ and
SiO2@Y2SiO5:Ce3+/Tb3+ particles. X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM), TEM,
photoluminescence (PL), low voltage cathodoluminescence
(CL), and time-resolved PL spectra and lifetimes are used to
characterize these materials. The XRD results indicate that
X1-Y2SiO5 layers have been successfully coated on the sur-

Introduction

The synthesis of nanostructured inorganic materials with
hierarchical morphologies has attracted considerable atten-
tion in the fields of catalysis, separation technology, micro-
electronic devices, and biomaterials engineering.[1] In par-
ticular, the term core/shell nowadays comprises a huge area
of particles that are in the broadest sense defined by a core
of matter that is surrounded by a shell of different matter.[2]

Core/shell materials can be used to protect drugs or other
materials from dissolving or hydrolysis and to strength
polymeric materials,[3] and a gold core has been found to
act as an antenna that absorbs light that is then transferred
to a bound rare-earth oxide shell, thereby enhancing the
oxide luminescence.[4] There are numerous methods for pre-
paring core/shell structured materials, including vapor de-
position, plasma-assisted techniques, chemical reduction,
self-assembly, and co-precipitation.[5] In most cases, how-
ever, the degree of surface coverage is low and the coating
is not uniform.[6] The sol–gel process is an effective method
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face of SiO2 particles, as further verified by the FESEM and
TEM images. The PL and CL studies suggest that
SiO2@Y2SiO5:Eu3+, SiO2@Y2SiO5:Tb3+ (or Ce3+/Tb3+), and
SiO2@Y2SiO5:Ce3+ core/shell particles exhibit red (Eu3+,
613 nm: 5D0–7F2), green (Tb3+, 542 nm: 5D4–7F5), or blue
(Ce3+, 450 nm: 5d-4f) luminescence, respectively. PL exci-
tation, emission, and time-resolved spectra demonstrate that
there is an energy transfer from Ce3+ to Tb3+ in the
SiO2@Y2SiO5:Ce3+,Tb3+ core/shell particles.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

for preparing such materials since the reactants can be ho-
mogeneously mixed at molecular level in solution.

The current demand for high-resolution, high brightness,
and high efficiency in phosphors for cathode-ray tubes,
field-emissive displays, and plasma display panels has pro-
moted the development of new phosphors, particularly
those with a nonagglomerated, monodisperse, spherical
(�2 µm) morphology as they offer higher packing density,
lower scattering of light, brighter luminescent performance,
higher definition, and more improved screen packing.[7]

Nowadays, many synthetic routes have been developed to
control the size, morphology, and distribution of phosphor
particles, such as spray pyrolysis[8] and flux precipitation,[9]

but it is still difficult to obtain highly monodisperse and
spherical phosphor particles by these methods.

It is well known that monodisperse and spherical silica
particles in the nano- to submicron range can be prepared
by the hydrolysis and condensation of tetraethoxysilane
(TEOS) catalyzed by ammonia.[10] If the silica spheres are
coated with phosphors layers, a kind of core/shell phosphor
material with spherical morphology will be obtained and
the size of the phosphor particles can be controlled by the
silica cores. Furthermore, because silica is cheaper than
most of the phosphor materials, which often employ ex-
pensive rare-earth elements as activators and/or host com-
ponents, core/shell phosphor materials should be cheaper
than the pure phosphor materials. Y2SiO5 is an important
material that shows many interesting properties, and rare-
earth (RE) oxyorthosilicates [(RE)2SiO5] doped with Eu3+,
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Ce3+, and Tb3+ are well-known luminescent materials.[11–13]

It is well known that Y2SiO5 is a good laser host[14] and
Y2SiO5:Tb is one of the best green-emitting cathodolumi-
nescent phosphors.[15] Y2SiO5:Eu has also been found to
be a promising candidate for coherent time-domain optical
memory (CTDOM) applications.[16] Therefore, rare-earth-
doped yttrium orthosilicates have been attracting the atten-
tion of many research groups.

In this paper, we employ monodisperse SiO2 spheres as
supporting cores to prepare SiO2@Y2SiO5:Eu3+ and
SiO2@Y2SiO5:Ce3+/Tb3+ core/shell-structured phosphor
particles by a sol–gel process, and thoroughly characterize
the structure, morphology, and luminescent properties of
these samples.

Results and Discussion

The procedures for preparation of monodis-
perse core/shell-structured SiO2@Y2SiO5:Eu3+ and
SiO2@Y2SiO5:Ce3+/Tb3+ submicron spherical particles to-
gether with their luminescence photos are given in Fig-
ure S1 (see Supporting Information). The synthesis of the
monodisperse SiO2 core particles was carried out by the
well-known Stöber method, i.e., hydrolysis of TEOS in an
ethanol solution containing water and ammonia.[10] This
process yielded a colloidal solution of silica particles with
a narrow size distribution in the submicron range, with the
particle size of silica dependent on the relative concentra-
tion of the reactants. A sol–gel technique was used for the
deposition of the Y2SiO5:Eu3+ and Y2SiO5:Ce3+/Tb3+ shells
on the SiO2 cores to produce core/shell-structured
SiO2@Y2SiO5:Eu3+ and SiO2@Y2SiO5:Ce3+/Tb3+ particles.

Formation and Morphology of Core–Shell Particles

The formation and morphology of the core/shell particles
were performed representatively for SiO2@Y1.9Tb0.1SiO5 by
X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), and TEM. The results for the other
compounds were similar to those of SiO2@Y1.9Tb0.1SiO5

and will not be discussed further.
The oxyorthosilicates (RE)2SiO5 of the larger rare-earth

ions (RE = La–Tb) possess a monoclinic X1-type structure
with the space group P21/C (no. 14),[17] whereas the smaller
ones (RE = Dy–Lu, Sc) have an X2-type structure with the
space group B2/b (no. 15).[18] Y2SiO5 crystallizes in the X1

structure when annealed at a temperature below 1190 °C
and in the X2 structure above this temperature.[19] Figure S2
(Supporting Information) shows the structure of X1-
Y2SiO5. This structure contains isolated SiO4 tetrahedra
and nonsilicon-bonded oxygen. There are two types of Y
positions. Y1 is coordinated by nine oxygen atoms, eight of
which are bonded to silicon, and Y2 is coordinated by seven
atoms, four of which are bonded to silicon.[20]

Figure 1 shows the XRD profiles for the pure
Y1.9Tb0.1SiO5 powder (a) and SiO2@Y1.9Tb0.1SiO5 (b),
both annealed at 1000 °C, as well as the JCPDS 21-1456
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card for X1-Y2SiO5 (c) as the reference. For the
SiO2@Y1.9Tb0.1SiO5 sample (Figure 1, b), besides the broad
band at 2θ = 22° due to amorphous SiO2,[7] all the diffrac-
tion peaks can be indexed according to the standard data
of X1-Y2SiO5 (JCPDS 21-1456). This agrees well with the
pure Y1.9Tb0.1SiO5 powder sample annealed at 1000 °C,
which also crystallizes with the X1-Y2SiO5 phase structure.
No second phase was detected. In general, the nanocrys-
tallite size can be estimated from the Scherrer formula:
Dhkl = Kλ/(βcosθ), where λ is the X-ray wavelength
(0.15405 nm), β is the full-width at half-maximum, θ is the
diffraction angle, K is a constant (0.89), and Dhkl is the size
along the (hkl) direction.[21] Here, we use diffraction data at
29.60°, 31.02°, 32.58°, and 33.64° to calculate the crystallite
size, which give an estimated average crystallite size of
22 nm for Y1.9Tb0.1SiO5 on the SiO2 sphere and 29 nm for
pure Y1.9Tb0.1SiO5. The unit cell parameters and crystallite
size of Y2SiO5 powder and SiO2@Y1.9Tb0.1SiO5 core/shell
particles, as well as the internuclear distances and angles of
the SiO2@Y1.9Tb0.1SiO5 core/shell particles, were calculated
using Jade 5.0 and CASTEP,[22] respectively. The results are
listed in Table 1 and Table S1, respectively.

Figure 1. XRD patterns of SiO2@Y1.9Tb0.1SiO5 (a) and
SiO2@Y1.9Tb0.1SiO5 (b) particles annealed at 1000 °C as well as
the standard data for JCPDS No. 21-1456 (c) as a reference.

Table 1. Calculated unit-cell parameters and crystalline size of
Y2SiO5 powder and SiO2@Y2SiO5:Tb core/shell particles.

Sample a b c β Crystal size
[nm] [nm] [nm] [°] [nm]

Y2SiO5 powder 0.905 0.690 0.664 106.41 29
SiO2@Y2SiO5:Tb 0.899 0.694 0.662 106.48 22
core/shell particles

Figure 2 shows the SEM micrographs of the as-formed
SiO2 particles (a) and SiO2@Y1.9Tb0.1SiO5 (coated four
times) core/shell particles (b). From the SEM micrograph
in Figure 2 (see part a), we can see that the as-formed SiO2

sample consists of spherical particles with an average size
of 385 nm and that these particles are nonaggregated and
have a narrow size distribution. After functionalizing the
silica particles by coating four times with Y1.9Tb0.1SiO5, the
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Figure 2. FESEM micrographs of amorphous SiO2 (a) and core/shell-structured SiO2@Y1.9Tb0.1SiO5 particles (b) as well as the histograms
for their size distribution (d for a, e for b) and EDX analysis of the core/shell-structured SiO2@Y1.9Tb0.1SiO5 particles (c).

resultant SiO2@Y1.9Tb0.1SiO5 particles are still spherical
and uniform and keep the morphological properties of the
silica particles, as shown in Figure 2 (b). The mean size of
these particles is about 413 nm, which is a little larger than
pure silica. The core/shell spheres were examined by energy-
dispersive X-ray (EDX) analysis, which confirmed the pres-
ence of Y, Si, and O on the surface (Figure 2, c). Tb was
not detected due to its low concentration, although it can
be detected in the luminescence spectra (see below).

In order to investigate the inner structure of
SiO2@Y1.9Tb0.1SiO5, TEM was performed. Figure 3 shows
the SiO2 particles coated by four layers of Y1.9Tb0.1SiO5

shells; the core/shell structure of the sample can be seen
clearly due to the different electron penetrability of the core
and shell. The core can be seen as a black sphere with an
average size of 350 nm and the shells have a gray color and

Figure 3. TEM micrographs of SiO2@ Y1.9Tb0.1SiO5 (a, b). The
inset in (b) is the electron-diffraction pattern of the selected region.
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an average thickness of 50 nm. Electron diffraction mea-
surements were performed at the interface region of the
core and shell of a particle, as shown in the inset of Figure 3
(b). The electron-diffraction rings demonstrate the existence
of a crystalline phase at the surface of the core/shell par-
ticles.

Photoluminescence Properties

The as-prepared core/shell particles of
SiO2@Y2SiO5:Eu3+, SiO2@Y2SiO5:Tb3+ (or Ce3+/Tb3+),
and SiO2@Y2SiO5:Ce3+ can be dispersed in solvents such
as ethanol and water to form a relatively stable colloidal
solution. Under UV excitation, these colloidal sol-
utions show bright red (SiO2@Y2SiO5:Eu3+), blue
(SiO2@Y2SiO5:Ce3+), and green (SiO2@Y2SiO5:Tb3+ and
SiO2@Y2SiO5:Ce3+,Tb3+) luminescence, as shown in Fig-
ure S1.

SiO2@Y2SiO5:Eu3+

SiO2@Y2SiO5:Eu3+ core/shell particles exhibit a strong
red emission under UV irradiation. Figure 4 (a) shows the
excitation and emission spectra of SiO2@Y1.8Eu0.2SiO5

core/shell particles. The excitation spectrum (Figure 4, part
a, left) consists of a broad, intense band, with a maximum
at 253 nm, and some weak lines. The former is due to the
charge-transfer band (CTB) of Eu3+–O2–, and the latter are
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due to f-f transitions within the Eu3+ 4f6 electron configura-
tion (320: 7F0�5H6; 364: 7F0�5D4; 384: 7F0�5G2; 397:
7F0�5L6, 468: 7F0�5D2).[23] Upon excitation into the CTB
at 253 nm, the emission spectrum was found to be com-
posed of 5D0�7FJ (J = 0, 1, 2, 3, 4) emission lines of Eu3+,
with the hypersensitive red emission 5D0�7F2 (612 nm)
transition being the most prominent group (Figure 6, part
a, right). When the Eu3+ is located at a low-symmetry local
site (without an inversion center), the hypersensitive
5D0�7F2 transition is often dominant in its emission spec-
trum.[24] This is actually the case for X1-Y2SiO5, which
adopts a monoclinic structure with a space group of P21/c
where the two Y3+ sites have a C1 point symmetry (without
an inversion center).[12,24] The doped Eu3+ ions occupy the
Y3+ sites in the SiO2@X1-Y2SiO5 core/shell particles, which
results in the hypersensitive red emission 5D0�7F2 transi-
tion of Eu3+ being the most prominent group in its emission
spectrum.

Figure 4. Excitation (left) and emission (right) spectra for
SiO2@Y1.8Eu0.2SiO5 core/shell particles (a) and excitation (left) and
emission (right) spectra for SiO2@Y1.9Tb0.1SiO5 core/shell particles
(b).

The decay curve for the 5D0�7F2 transition of Eu3+ in
SiO2@Y1.8Eu0.2SiO5 core/shell particles is shown in Fig-
ure S3; it can be well fitted to a single-exponential function
as I = Aexp(–τ/τ0)[25] (the fitting parameters are shown in
the figure). A lifetime, τ, of 2.31 ms is obtained for the
5D0�7F2 emission of Eu3+.
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Because of the invariability of the Eu3+ 5D0�7F1 transi-
tion intensity, it can be taken as a reference for the calcula-
tion of luminescent quantum yield.[26,27] On obtaining the
intensity parameters of the Eu3+ emission spectra, the total
radiative rate of 5D0 can be expressed by Equation (1),[27,28]

(1)

where S(0�J) and S(0�1) are the integral intensities of the
5D0�7FJ and 5D0�7F1 transitions, respectively, and kι(0�1)

is the radiative rate of the 5D0�7F1 transition. Since
[kι(0�1)]vac is 14.65 s–1,[29] when an average index of refrac-
tion, n, equal to 1.506 is considered, the value of k0–1 is
equal to n3[kι(0�1)]vac, about 50 s–1.[26,29–32]

The total radiative rate of 5D0 was determined to be
0.137 ms–1 from Equation (1). All the 5D0 decay curves de-
termined for the samples could be fitted well to a single-
exponential function, which reflects the existence of the
Eu3+ local site symmetry.[33,34] The fitted lifetime is 2.31 ms.
From these data, the total decay rate of 5D0 (Ktot), which
can be given as Equation (2), is 0.433 ms–1. Finally, the ab-
solute emission quantum yield (η) determined from Equa-
tion (3) is around 32%. This quantum value seems rather
low considering that the materials have been annealed at
1000 °C, which generally leads to high quantum yields for
this rare-earth ion. This may be due to the concentration
quenching effect. It should be noted that Equation (3) de-
scribes the quantum efficiency of the Eu3+ 5D0 level and
not the absolute emission quantum yield of the
SiO2@Y2SiO5:Eu3+ core/shell particles, and that the abso-
lute emission quantum yield is a more general quantity that
involves the ratio between light absorption and light emis-
sion. Therefore, the absolute emission quantum yield and
the quantum efficiency of the 5D0 level are equal if all the
energy absorbed is transferred to the 5D0 level.

(2)

SiO2@Y2SiO5:Tb3+

SiO2@Y2SiO5:Tb3+ core/shell particles exhibit a strong
green emission under UV irradiation. Figure 4 (b) shows
the excitation and emission spectra of SiO2@Y1.9Tb0.1SiO5

core/shell particles. The excitation spectrum (Figure 4, part
b, left) contains an intense, broad band with a maximum at
247 nm due to the spin-allowed 4f8�4f75d transition (∆S =
0) of Tb3+.[34] The excitation lines in the longer wavelength
regions within the Tb3+ 4f8 electron configuration cannot
be seen at this magnification due to their weak intensity.
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Excitation into the spin-allowed 4f8�4f75d band at 247 nm
yields the characteristic emission lines of Tb3+ 5D4�7FJ (J
= 3, 4, 5, 6) transitions, with the 5D4�7F5 (543 nm) green
emission as the most prominent group (Figure 4, part b,
right).

The decay curve for 5D4�7F5 of Tb3+ in
SiO2@Y1.9Tb0.1SiO5 core/shell particles is shown in Fig-
ure S4, which can also be well fitted to a single-exponential
function like the situation for Eu3+ in SiO2@Y1.8Eu0.2SiO5;
the fitting parameters are shown in the figure. A lifetime
value of 3.29 ms is obtained for the 5D4�7F5 emission of
Tb3+.

The PL intensity of SiO2@Y1.9Tb0.1SiO5 core/shell par-
ticles can be tuned by the number of coatings. Figure 5
shows the PL intensity of the sample as a function of the
coating number. Obviously, the PL intensity increases with
an increase of coating number, which can be attributed to
an increase of the thickness of the Y1.9Tb0.1SiO5 shells on
the SiO2 spheres. The PL intensity of the four-layer
SiO2@Y1.9Tb0.1SiO5 core/shell particles reaches about 62%
of that of the pure Y1.9Tb0.1SiO5 sample, as indicated in
Figure 5.

Figure 5. The photoluminescence intensity of Tb3+ as a function
of the number of coatings (N) of SiO2@Y1.9Tb0.1SiO5 core/shell
particles. The photoluminescence intensity of pure Y1.9Tb0.1SiO5 is
also given for comparison.

SiO2@Y2SiO5:Ce3+ and SiO2@Y2SiO5:Ce3+,Tb3+

The SiO2@Y2SiO5:Ce3+ core/shell particles show a blue
emission under longer wavelength UV excitation. The exci-
tation (a) and emission (b) spectra of SiO2@Y1.94Ce0.06SiO5

core/shell particles are shown in Figure 6. The excitation
spectrum mainly consists of a strong band with a maximum
at 370 nm and a weak band at 282 nm, corresponding to
the transitions from the ground state 2F5/2 to the excited 5d
states of Ce3+. The emission of Ce3+ includes a broad band
with a maximum at 443 nm, which is assigned to the parity-
allowed transitions of the lowest component of the 5d state
to the ground state of Ce3+.[35]
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Figure 6. Excitation (a) and emission (b) spectra for SiO2 @
Y1.94Ce0.06SiO5 core/shell particles.

SiO2@Y1.84Ce0.06Tb0.1SiO5 core/shell particles show a
blue-green emission under UV excitation. The excitation
spectrum monitored with the 543 nm emission (5D4�7F5)
of Tb3+ contains an intense band at 247 nm, a weak band
at 282 nm, and a strong band with a maximum at 370 nm.
By comparison with the excitation spectra for
SiO2@Y1.9Tb0.1SiO5 (Figure 4, b) and SiO2@Y1.94Ce0.06-
SiO5 (Figure 5), we can easily ascribe the former band at
247 nm to the 4f8�4f75d transitions of Tb3+, and the latter
bands at 282 and 370 nm to 4f–5d transitions of Ce3+ in
Figure 7 (a). The presence of the excitation bands of Ce3+

in the excitation spectrum monitored with Tb3+ emission
indicates that an energy transfer has occurred from Ce3+ to
Tb3+ in the SiO2@Y1.84Ce0.06Tb0.1SiO5 sample. Excitation
into the Ce3+ excitation band at 370 nm yields both the
emission of Ce3+ (380–470 nm, which is identical to the
emission spectrum of SiO2@Y1.94Ce0.06SiO5 core/shell par-
ticles, dotted line) and that of Tb3+ (5D4�7FJ at 488, 543,
586, 625 nm), as shown in Figure 7 (b), and is further in-
dicative of the energy transfer from Ce3+ to Tb3+ in
SiO2@Y1.84Ce0.06Tb0.1SiO5.

The kinetic decay curves for the emission of Ce3+ in
SiO2@Y1.94Ce0.06SiO5 and in SiO2@Y1.84Ce0.06Tb0.1SiO5

were also measured (see Supporting Information, Fig-
ure S4, parts a and b, respectively). Both of the decay curves
for Ce3+ can be well-fitted to a single-exponential function,
and the lifetimes (τ) for Ce3+ were determined to be 39.8 ns
in the former and 20.1 ns in the latter. The shortening of
the lifetime in SiO2@Y1.94Ce0.06SiO5 with respect to
SiO2@Y1.84Ce0.06Tb0.1SiO5 is due to the occurrence of the
energy transfer from Ce3+ to Tb3+ in the latter sample. The
Ce3+�Tb3+ energy transfer is not complete due to the pres-
ence of the strong Ce3+ emission. The energy-transfer effi-
ciency from a donor (Ce3+) to an acceptor (Tb3+) can be
calculated according to the formula ηET = 1 – Id/Id0 (= 1 –
τ/τ0), where Id (τ) and Id0 (τ0) are the corresponding lumi-
nescence intensities (lifetimes) of the donor (Ce3+) in the
presence and absence of the acceptor (Tb3+) for the same
donor concentration, respectively.[36] The energy-transfer
efficiency from Ce3+ to Tb3+ is 48%, as calculated from the
lifetimes of Ce3+.

In order to study the energy-transfer process from Ce3+

to Tb3+ in SiO2@Y1.84Ce0.06Tb0.1SiO5 in more detail, the
time-resolved emission spectra were measured by excitation
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Figure 7. Excitation (a) and emission (b) spectra for SiO2@Y1.84-
Ce0.06Tb0.1SiO5 core/shell particles.

into the Ce3+ band with a 370-nm laser. The emission spec-
tra collected at different delay times t are shown in Figure 8.
When t = 0.25 µs, only the broad emission of Ce3+ is ob-
served; no Tb3+ emission is present because the excitation
energy of Ce3+ has not been transferred to Tb3+ within this
short time. When t = 1.25 µs, the emission of Ce3+ starts to
decreases and is accompanied by a Tb3+ emission due to the
energy transfer from Ce3+. The emission of Ce3+ decreases
gradually with further increase of the delay time, while that
of Tb3+ begins to increase (a large part of the Tb3+ emission
is from the 5D3 level) due to transfer of more excitation
energy from Ce3+ to Tb3+. When t = 7.75 µs, the emission
of Ce3+ disappears, and the emission spectrum contains ex-
clusively that of Tb3+. The emission from the 5D3 level of
Tb3+ then begins to decrease until it is quenched completely
at t = 100 µs. This quenching of the 5D3 emission of Tb3+

is due to cross-relaxation between two adjacent Tb3+ ions,
i.e. Tb3+ (5D3) + Tb3+ (7F6) � Tb3+ (5D4) + Tb3+ (7F0),
which occurs at a longer delay time.[36]

The mechanism of nonradiative energy transfer from
Ce3+ (5d-level) to Tb3+ (mainly the 5D3 level) is an inductive
resonant process. Since the concentration of Ce3+ ions is
not great, a dipole–dipole interaction between Ce3+ and
Tb3+ in the excited state is the most likely one.[37,38] The
absolute constant of the energy-transfer rate can be defined
by the formula Kt = 1/τ – 1/τ0, where τ and τ0 are the decay
times of luminescence for the donor ions with and without
the acceptor, respectively.[38,39] So, for SiO2@Y1.84-
Ce0.06Tb0.1SiO5, the energy-transfer rate from Ce3+ to Tb3+

is 25 µs–1 (at room temperature). This is much faster than
the radiative rate of Tb3+.[40] As a result, the excited state
of Tb3+ (5D4) can be populated many times by energy trans-
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Figure 8. Time-resolved PL spectra of SiO2@Y1.84Ce0.06Tb0.1SiO5

core/shell particles (λex = 370 nm).

fer from Ce3+ before the depopulation occurs, which result
in the increase of emission intensity during this period.
Thus, the emission characteristics of Ce3+ and Tb3+ in Fig-
ure 8 can be understood.

A summary of the emission and energy-transfer pro-
cesses in SiO2@Y1.84Ce0.06Tb0.1SiO5 is shown schematically
in Figure 9.[41] An electron on Ce3+ ion is excited from the
ground state (4f) to the excited state (5d) by UV light. In
the excited state, this electron either relaxes to the lowest 5d
crystal-field-splitting state then returns to the ground state
to produce the blue emission, or transfers its excitation en-
ergy to the higher excited energy levels of Tb3+ (4f8), which
relax to the 5D4 level, where the green emission (5D4�7FJ)
takes place.[41] Competition between the above two pro-
cesses results in the occurrence of emission from Ce3+ and
Tb3+ simultaneously in SiO2@Y1.84Ce0.06Tb0.1SiO5 (Fig-
ure 9, b)

Figure 9. Scheme of energy transfer from Ce3+ to Tb3+.

Cathodoluminescence Properties

Similar to the emission under UV excitation, the
SiO2@Y1.9Tb0.1SiO5, SiO2@Y1.94Ce0.06SiO5, and SiO2@
Y1.84Ce0.06Tb0.1SiO5 core/shell particles also exhibit strong
red-green, blue, and blue-green luminescence, respectively,
upon excitation with an electron beam (3 kv). Typical
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emission spectra are shown in Figure 10 (a–c), respectively.
These emission spectra basically agree with the correspond-
ing PL emission spectra (Figure 4 and Figure 7). The CL
emission for SiO2 particles coated with four layers of
Y1.94Ce0.06SiO5, Y1.9Tb0.1SiO5, Y1.84Ce0.06Tb0.1SiO5 were
investigated as a function of accelerating voltage, as shown
in Figure S6 (a–c, respectively). When the filament is fixed
at 14 mA, the CL intensities of SiO2@Y1.94Ce0.06SiO5,
SiO2@Y1.9Tb0.1SiO5, and SiO2@Y1.84Ce0.06Tb0.1SiO5 core/
shell particles increase upon raising the acceleration voltage
from 1 to 5 kV. For cathodoluminescence, the Ce3+ and
Tb3+ ions are excited by the plasmons produced by the inci-
dent electrons. The electron penetration depth can be esti-
mated by Equation (4)[42,43]

where n = 1.2/(1 – 0.29·log10 Z), and A is the atomic weight,
ρ is the density, Z is the atomic number, and E is the acce-
lerating voltage (V).[44] For SiO2@X1-Y2SiO5:Tb3+ and
SiO2@X1-Y2SiO5:Ce3+, the electron penetration depth at

Figure 10. CL spectra of SiO2@Y1.94Ce0.06SiO5 (a),
SiO2@Y1.9Tb0.10SiO5 (b), and SiO2@Y1.84Ce0.06Tb0.10SiO5 (c) core/
shell particles (voltage: 3 kV).
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5 kV is 16.5 nm. This value is within the X1-Y2SiO5:Tb3+,
X1-Y2SiO5:Ce3+, and SiO2@Y1.84Ce0.06Tb0.1SiO5 shell for
the SiO2@X1-Y2SiO5:Tb3+, SiO2@X1-Y2SiO5:Ce3+, and
SiO2@Y1.84Ce0.06Tb0.1SiO5 core/shell particles, respectively.
With the increase of accelerating voltage, more plasmons
will be produced by the incident electrons, which results in
more Ce3+ and Tb3+ions being excited and thus a higher
CL intensity. The increase in electron energy is attributed
to deeper penetration of the electron into the shell, which
is governed by Equation (4).

The deeper penetration of electrons into the shell results
in an increase in the electron–solid interaction volume in
which excitation of Ce3+ and Tb3+ions, which is responsible
for light emission, takes place. Therefore, an increase in in-
teraction volume, which effectively determines the genera-
tion of light inside the shell, with an increase in electron
energy brings about an increase in the CL brightness of
SiO2@Y2SiO5:Tb3+ and SiO2@Y2SiO5:Ce3+ core/shell par-
ticles.[45]

Conclusions

A simple and effective sol–gel process has been devel-
oped to coat X1-Y2SiO5: RE3+ (RE = Eu3+, Ce3+, and/or
Tb3+) phosphor layers on monodisperse spherical
SiO2 particles. The obtained SiO2@Y2SiO5:Eu3+,
SiO2@Y2SiO5:Tb3+, SiO2@-Y2SiO5:Ce3+, and
SiO2@Y2SiO5:Ce3+,Tb3+ core/shell-structured phosphors
maintain the spherical morphology, submicrometer size,
and narrow size-distribution of the originals. Under the ex-
citation of UV light and electron beams, these core/shell
phosphors show red, green, blue, and green luminescence,
respectively. An energy transfer from Ce3+ to Tb3+ exists in
SiO2@Y2SiO5:Ce3+,Tb3+ core/shell phosphors, and this has
been studied by time-resolved spectroscopic methods. This
process can be extended to prepare other phosphor materi-
als with a homogeneous spherical morphology.

Experimental Section
The core/shell samples with general compositions SiO2@Y1.8Eu0.2-
SiO5, SiO2@Y1.9Tb0.1SiO5, SiO2@Y1.94Ce0.06SiO5, and SiO2@
Y1.84Ce0.06Tb0.1SiO5 were prepared by a sol–gel process. The
main starting materials were Y2O3 (99.99%), Eu2O3 (99.99%),
Ce2(CO3)3 (99.99%), and Tb4O7 (99.99%), all of which were pur-
chased from Shanghai Yuelong Nonferrous Metals Limited, tetra-
ethyl orthosilicate Si(OC2H5)4 (TEOS, 99 wt.-%, analytical reagent,
Beijing Beihua Chemicals Co., Ltd.), polyethylene glycol (PEG,
molecular weight 10000, analytical reagent), and ammonium hy-
droxide (25 wt.-%, analytical reagent, Beijing Beihua Chemicals
Co., Ltd.).

First, monodisperse silica spheres were prepared by the well-known
Stöber method.[10] In a typical experiment, 7.8 mL of TEOS, 18 mL
of deionized H2O, and 98 mL of NH4OH were added to 75 mL of
absolute ethanol and stirred at room temperature for 3 h to give a
white silica colloidal suspension. The silica particles were centrifu-
gally separated from the suspension and washed with ethanol three
times. Then, coating of the SiO2 particles with Y2SiO5-based phos-
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phor layers was performed by a sol–gel process. According to the
compositions in the above formulae, stoichiometric amounts of
Y2O3, Eu2O3, Tb4O7, and Ce2(CO3)3 were dissolved in dilute
HNO3 with vigorous stirring. Then, a certain amount of TEOS
and water/ethanol (v/v = 1:7) was added to the solution and PEG
was added with a concentration of 0.1 g/mL. The solution was
stirred for 3 h to form a sol, and then silica particles were added
with stirring. After stirring for 3 h, the silica particles were sepa-
rated by centrifugation. The samples were immediately dried at
100 °C for 1 h. The dried samples were annealed to 1000 °C at a
heating rate of 2 °Cmin–1 and held there for 2 h in air (for samples
containing Eu) or in a reducing atmosphere (CO for samples con-
taining Ce and/or Tb). The above process was repeated several
times to increase the thickness of the phosphor shells. For compari-
son, the coating sol was evaporated in a similar way to produce the
pure Y2SiO5-based powder phosphors. The whole process is shown
schematically in Figure 1.

X-ray diffraction (XRD) studies of the powder samples were per-
formed with a Rigaku-Dmax-IIB spectrometer with using Cu-Kα

radiation (λ = 0.15405 nm). The morphology of the samples was
inspected with a field emission scanning electron microscope (FE-
SEM, XL30, Philips) and a transmission electron microscope
(JEOL-2010, 200 kV). The excitation and emission spectra were re-
corded with a Hitachi F-4500 spectrofluorimeter equipped with a
150-W xenon lamp and 1–6-kv electron gun (self-made) as the exci-
tation source. Luminescence decay curves were obtained with a
Lecroy Wave Runner 6100 Digital Oscilloscope (1 GHz) using a
250-nm laser (pulse width: 4 ns, gate: 50 ns) as the excitation source
(Continuum Sunlite OPO). All the measurements were performed
at room temperature.

Supporting Information (see also the footnote on the first page of
this article): Figure S1. Formation process of SiO2@Y2SiO5:Eu3+,
SiO2@Y2SiO5:Ce3+, SiO2@Y2SiO5:Tb3+, and SiO2@Y2-
SiO5:Ce3+,Tb3+ core/shell particles with the corresponding lumi-
nescent photos under UV irradiation. Figure S2. The crystal struc-
ture of X1-Y2SiO5. Figure S3. Decay curves for the luminescence of
Eu3+ in SiO2@Y1.8Eu0.2SiO5 core/shell particles. Figure S4. Decay
curve for the luminescence of Tb3+ in SiO2@Y1.9Tb0.1SiO5 core/
shell particles. Figure S5. Decay curves for the luminescence of
Ce3+ in SiO2@Y1.94Ce0.06SiO5 (a) and in SiO2@Y1.84-
Ce0.06Tb0.1SiO5 (b) core/shell particles. Figure S6. CL emission in-
tensity of SiO2@Y1.94Ce0.06SiO5 (a) SiO2@Y1.9Tb0.10SiO5 (b), and
SiO2@Y1.84Ce0.06 Tb0.10SiO5 (c) core/shell particles as a function
of accelerating voltage. Table S1. Calculated internuclear distances
and angles of SiO2@Y2SiO5:Tb core/shell particles.
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