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A uniform nanolayer of europium-doped Gd,O, was coated on the surface of preformed submicron
silica spheres by a Pechini sol-gel process. The resulted SiO, @Gd,0,:Eu®* core-shell structured
phosphors were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), field emission scanning electron microscopy (FESEM), transmission electron microscopy
(TEM), photoluminescence (PL) spectra as well as kinetic decays. The XRD results show that
the Gd,0,:Eu’* layers start to crystallize on the SiO, spheres after annealing at 400 °C and the
crystallinity increases with raising the annealing temperature. The core—shell phosphors possess
perfect spherical shape with narrow size distribution (average size: 640 nm) and non-agglomeration.
The thickness of the Gd,O,:Eu®* shells on the SiO, cores can be adjusted by changing the
deposition cycles (70 nm for three deposition cycles). Under short UV excitation, the obtained
Si0, @Gd,04:Eu®* particles show a strong red emission with °Dy—"F, (610 nm) of Eu®' as the most
prominent group. The PL intensity of Eu®* increases with increasing the annealing temperature and
the number of coating cycles.

Keywords: Gd,0;:Eut, SiO,, Core-Shell, Sol-Gel Process, Photoluminescence.

1. INTRODUCTION Core-shell particles have been synthesized using metals,
semiconductors metal oxides, alloys, dyes, biomolecules,
etc. Different schemes for obtaining core—shell par-
ticles and their applications have been discussed in
literatures.2- 26 Up to now, many methods have been
employed to fabricate such core—shell materials, such
as sol-gel process,® layer-by-layer technique.”’ tem-
plate directed self-assembly,*® and encapsulation of silica
nanoparticles by in situ polymerization.*’

The demand for high-resolution and increased efficiency
in phosphors for cathode ray tubes (CRT) and field emis-
sive displays (FEDs) has promoted the development of
phosphors that perform at low voltages.*® In particular,

The core—shell particles have been attracting a great deal
of interests due to their fantastic properties different from
those of single-component materials, and their synthesis
has opened new directions for material research.'> Core—
shell materials consist of a core structural domain covered
by a shell domain. The core and shell domains may be
composed of a variety of materials including polymers,
inorganic solids, and metals. The structure, size, and com-
position of these particles can be easily altered in a con-
trollable way to tailor their magnetic, mechanical, thermal,
electrical, electro-optical, and catalytic properties.’™'? The
core—-shell morphology can be used as a precursor form

to produce hollow spheres'! or to lower the cost of pre- phosphors made up of small, ideally spherical particles are
cious materials by coating them on inexpensive cores.'%-!3  of interest because they offer the possibility of brighter
Core-shell materials can also be used as fluorescent diag-  cathodoluminescent performance, high definition, and

nostic labels'™'® and for avoiding photodegradation,'™® ~ much improved screen packing.*' The ideal morphology
enhancing photolumincscence,' %20 creating photonic  of phosphor particles includes a perfect spherical (<3 pm)
crystals,?’**> and obtaining novel optical effects. 2 shape, narrow size distribution, and non-agglomeration.

Spherical morphology of the phosphors is good for high

* Author to whom correspondence should be addressed. brightness and high resolution. Additionally, high packing
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densities and low scattering of light can also be obtained
by using spherical phosphors. Nowadays, many synthetic
routes have been developed to control the size and distri-
bution of phosphor particles, such as spray pyrolysis®** and
fluxes precipitation.®

Silica can be easily fabricated controllably in spheri-
cal morphology from nanometer- to micronmeter size.* If
the silica spheres are coated with layers of phosphors, a
kind of core—shell phosphor materials with spherical mor-
phology will be obtained, and the size for the phosphor
particles can be controlled by the silica cores. Further-
more, because silica is cheaper than most of the phosphor
materials (which often employ the expensive rare earth
elements as the activators and/or host components), the
core—shell phosphor materials will be cheaper than the
pure phosphor materials in unit mass. It would be of great
interest and importance that the phosphor layers can be
prepared on silica glass substrates and silica spheres via
a sol-gel process.™* Many of the rare earth oxides are
very expensive and this has limited their use in a num-
ber of applications. The europium-doped Gd, O, phosp
have been paid much attention in terms of their lurfiines-
cence properties as a red-emitting phosphor.’”* Combin-
ing the promising fluorescent properties of Gd,0,:Eu**
with nanoparticles in the form of coatings or thin films
on the inert cores is important for the fabrication of the
cost efficient phosphors.* In this paper we report an alter-
native sol-gel synthesis of the Si0,@Gd,0,:Eu** core—
shell structured phosphor particles, and characterize the
structure, morphology, and photoluminescent properties in
details.

2. EXPERIMENTAL DETAILS
2.1. Synthesis of Silica Cores

Amorphous submicron spheres of silica in the size range
of 500-600 nm were synthesized by the well known Stéber
process, i.e., the hydrolysis of TEOS in an ethanol solu-
tion containing water and ammonia.>* This method yielded
the colloidal solution of silica particles with a narrow size
distribution in submicron range, and the particle size of
silica depended on relative concentration of the reactants.
In a typical experiment, the mixture containing 21 mL of
TEOS (99 wt%, analytical reagent, A. R.), 9 mL of deion-
ized H,0, and 245 mL of NH,OH (25 wt%, A. R.) were
added into 225 mL of absolute ethanol and stirred at room
temperature for 4 h, resulting in the formation of white
silica colloidal suspension. The silica particles were cen-
trifugally separated from the suspension and washed with
ethanol four times.

2.2. Coating of SiO, Cores with Gd,0,:Eu** Shells

8i0, core/Gd,0;:Eu** shell particles (SiO, @Gd,0,:Eu**)
were prepared by a Pechini sol-gel process.’ 340 The
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doping concentration of Eu’* was 5 mol% that of Gd** in
Gd,0; host (Gd, 4Eu, ,05), which had been optimized by
us previously.! 7.6 mmol Gd,0, (99.99%, Shanghai
Yuelong New Materials Co., Ltd.) and 0.4 mmol Eu,0,
(99.99%, Shanghai Yuelong New Materials Co., Ltd.)
were dissolved in dilute HNO; (A. R., Beijing Beihua
Chemicals Co., Ltd.) under vigorous stirring, and the
superfluous HNO; was driven off until the pH value of
the solution reached between two and three. Then 30 mL

HO OH
OH
PEG
Gda*/Eu?t
Citric acid

Surface reaction | 800°C
Gd,05:Eu
HOOC
D : OH Citric acid
*  HOOC ric aci
COOH
woaner H(OCH,CH,),OH PEG
Scheme 1. Formation process of SiO,@Gd,0;:Eu**  core—shell
particles.
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water—ethanol (v/v = 1:7) solution containing 32 mmol
citric acid (A. R., Beijing Beihua Chemicals Co., Ltd.)
as chelating agent for the metal ions was added to the
above solution. The resulted molar concentrations for Gd**
and Eu*" ions are 0.5067 mol/L and 0.0267 mol/L, respec-
tively. Then 0.48 mmol polyethylene glycol (PEG, molecu-
lar weight = 10000, A. R., Beijing Beihua Chemicals Co.,
Ltd.) was added as a cross-linking agent. Highly transpar-
ent sols were obtained after stirring for a few hours, and
then 50 mmol silica particles were added under stirring.
The final molar ratio of SiO,/Gd** was 3.3. The suspension
was further stirred for another 3 h, and then the parti-
cles were separated by centrifugation. The particle samples
were dried at 100 °C for 1 h and then annealed to the
desired temperature (300-800 °C) with a heating rate of
1 °C/min and held there for 2 h in air. The above process
was repeated for several times to increase the thickness of
the Gd,0,:Eu** shells. In this way, the core-shell struc-
tured Si0, @Gd,0::Ev** materials had been obtained, and
the whole process was shown in Scheme 1. For the purpose
of comparison, the coating sol was evaporated to form pow-
ders, which were annealed in a similar process to produce
the pure Gd,0;:Eu** powder phosphors.

2.3. Characterization

The X-ray diffraction (XRD) of the powder samples was
examined on a Rigaku-Dmax 2500 diffractometer using
Cu Ka radiation (A = 0.15405 nm). FT-IR spectra were
measurcd with Perking-Elmer 580B infrared spectropho-
tometer with the KBr pellet technique. The morphology
of samples was inspected using a field emission scan-
ning electron microscope (XL30, Philips) and transmission
electron microscope (JEOL-2010, 200 kV). The excita-
tion and emission spectra were taken on a Hitachi F-4500
spectrofluorimeter equipped with a 150 W xenon lamp as
the excitation source. Luminescence decay curves were
obtained from a Lecroy Wave Runner 6100 Digital Oscil-
loscope (1 GHz) using 253 nm laser (pulse width = 4 ns,
gate = 50 ns) as the excitation source (Continuum Sun-
lite OPO). All the measurements were performed at room
temperature (RT).

3. RESULTS AND DISCUSSION

3.1. Formation and Morphology of Si0,@Gd,0;:Eu**
Core-Shell Nanoparticles

Figure 1 shows the X-ray diffraction patterns of SiO,
@Gd,0,:Eu’t core—shell samples annealed at different
temperatures  (300-800 °C: a—f), bare SiO, particles
annealed at 800 °C (g), pure Gd,0,:Eu** powder (h), as
well as the JCPDS card (No. 12-797) for Gd,O; (i). For
$i0,@Gd,0;:Eu** core-shell sample annealed at 300 °C
(Fig. 1a), no diffraction peak is observed except for a
broad band centered at 28 = 22.00° (characteristic peak
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Fig. 1. X-ray diffraction patterns of Si0, @Gd,0;:Eu™* core-shell sam-
ples annealed at different temperatures (300-800 °C: a-f), bare SiO,
particles annealed at 800 °C (g), pure Gd,0,:Eu** powder (h), as well
as the JCPDS card (No. 12-797) for Gd,0, (i).

for amorphous SiO,, JCPDS 29-0085), which is similar
to that of the bare SiO, particles annealed at 800 °C
(Fig. lg). This indicates that the crystalline shell of
Gd,0,:Eu** has not formed at this low annealing temper-
ature. After annealing at 400 °C, crystalline Gd,Oy:Eu’*
can be observed on SiO,@Gd,0;:Eu*t core-shell sam-
ple (Fig. 1b). The crystallinity of Gd,O;:Eu’* on the
core-shell particles increases with raising the annealing
temperature (Figs. 1c—f). All the diffraction peaks for
Si0, @Gd,04:Eu** core—shell samples are in good agree-
ment with those of pure Gd,O;:Eu’* powder sample
annealed at 800 °C (Fig. 1h) and the standard diffrac-
tion data for crystalline Gd,0, (Fig. li, JCPDS card
No. 12-797). Note that the characteristic amorphous
band (22.00 °C) of SiO, can be observed for all the
Si0, @Gd,0;:Eu** core-shell samples annealed from 300
to 800 °C besides the diffraction peaks due to Gd,0;. No
diffraction peak due to other phase is detected, indicat-
ing that no reaction has occurred between the SiO, cores
and Gd,0,:Eu** shells when the annealing temperature is
lower than 800 °C.

The FT-IR spectra of the as formed SiO,, 800 °C
annealed SiO, @Gd,0;:Eu** core-shell sample and pure
Gd,0,:Eu** powders are shown in Figures 2(a), (b),

J. Nanosci. Nanotechnol. 6; 1416—1422, 2006
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Fig. 2. FT-IR spectra of the as formed SiO, (a). SiQ,@Gd,0,:En*!
core—shell samples (b), and Gd,O,:Eu*" powder (c) annealed at 800 °C.

and (c) respectively. In Figure 2(a) for the as formed SiO,
particles, the absorption bands due to OH (3435 cm™'),
H,O0 (1637 em™), Si-O-Si (v, 1100 cm™'; w»,
803 cm™'), Si-OH (v,. 949 cm™'), and Si-O (8, 469 cm™")
bonds (where v, = asymmetric stretching, v, = symmetric
stretching, & = bending) are observed.*” This indicates
that the as formed SiO, particles contain a large amount
of OH groups and H,0O on their surfaces.® The surface
Si-OH groups play an important role for bonding the metal
ions (Gd**, Eu’*) from the coating sol and forming the
Gd,0,:Eu*t layers on the SiO, surfaces in the follow-
ing annealing process,’®** as shown in Scheme |. In the
Pechini process, the citric acid first formed chelate com-
plexes with Gd** and Eu**, then the left carboxylic acid
groups in the citric acid reacted with polyethylene gly-
col to form polyester with a suitable viscosity. The Gd**
and Eu’*, stabilized by the chelating and polymerizing
process, were homogeneously distributed in the solution.
By stirring silica particles in the solution, a lot of Gd**
and Eu’" were absorbed onto the silica particles by phys-
ical and chemical interactions. After drying and anneal-
ing process, the Gd** and Eu**-complexes decomposed
to form Gd,O:Eu** layer on the silica cores.** For pure
Gd,04:Euv’t powders (Fig. 2¢), the weak peak at 545 cm™!
is attributed to the absorption of Gd (Eu)-O bonds.* In
Figure 2(b) for the SiO,@Gd,O4:Eu*" core-shell sam-
ple the characteristic absorption peaks of Gd-O bond
(545 em™'), and Si-O-Si bond (1114 cm™'; 803 ecm™"),
Si-O bond (469 cm™') for amorphous SiO, (Fig. 2a) have
been observed clearly. This suggests that crystalline phase
of Gd,0; has formed after annealing at 800 °C, agree-
ing well with the results of XRD. The signal of OH
groups from the as formed silica particles have almost
disappeared for Gd,O;:Eu**@SiO, core-shell particles
annealed at 800 °C. These results are consistent with
those of XRD, and further demonstrate the formation of

J. Nanosci. Nanotechnol. 6, 1416—1422, 2006

Fig. 3. FESEM micrographs of the as formed SiO, (a) and the SiO,
particles coated with three layers of Gd,0,:Eu*" (b) annealed at 800 °C.

crystalline Gd,O5:Eu** coatings on the silica surfaces via
the sol-gel deposition and annealing process.

Figure 3 shows the SEM micrographs of the as formed
SiO, particles (a) and SiO, particles coated by three
layers of Gd,O,:Eu’* (b), respectively. From the SEM
micrograph of Figure 3(a) we can observe that the
as formed SiO, consists of spherical particles with an
average size of 500 nm, and these particles are non-
aggregated with narrow size distribution. After function-
alizing the silica particles by Gd,0;:Eu** coatings, the
resulted SiO,@Gd,O;:Eu*" particles still keep the mor-
phological properties of the silica particles, i.e., these par-
ticles are still spherical and non-aggregated, but slightly
larger than the pure silica particles due to the additional
layers of Gd,O4:Eu*" on them, as shown in Figure 3(b).
Moreover, the surface of the $i0,@Gd,0;:Eu** particles
is not as smooth as that of bare SiO, particles (there is
certain amount of non-spherical clusters apparently stuck
on the surface of the coated particles, and they may be
attributed to the clusters of Gd,0;:Eu*t), also indicating
that the Gd,0y:Eu’* materials have been coated on the
surfaces of silica particles by our experimental process.
It should be mentioned that the SEM micrographs can
only provide the general information on the morphology
of Si0,@Gd,05:Eu** particles in large scale (namely, all
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(@) (b}

Fig. 4. TEM micrographs of the SiO, coated with three layers of
Gd,0,:Eu*" (a) and the bare SiO, particles (b) annealed at 800 °C.
The inset in (a) is clectron diffraction pattern for the selective region as
indicated.

of the SiO, particles remain spherical and non-aggregated
subjected to the sol-gel coating of Gd,0,:Eu** layers on
them) and the core-shell structure of SiO, @Gd,O,:Eu**
particles can not be resolved from the SEM micrographs
due to the low magnification,

The core—shell structure of Si0, @Gd,O,:Eu’* particles
can be observed clearly by the TEM images. Represen-
tative TEM micrographs for the SiO, particles coated by
three layers of Gd,O,:Eu** as well as for the pure SiO,
particles (as reference) are shown in Figures 4(a) and (b),
respectively. In Figure 4(a), the core-shell structure for the
Si0,@Gd,05:Eu** particles 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 500 nm
(similar to the pure SiO, particles in Fig. 4b), and the
shells have gray color with an average thickness of 70 nm.
The electron diffraction measurement was performed in
the interface region of the core and shell of a particle as
labeled in Figure 4(a), and the electron diffraction rings
in Figure 4 (a, inset) demonstrate the presence of crys-
talline phase (Gd,O,:Eu**) on the surface of the core-shell
particles.

3.2, Photoluminescence Properties

Upon UV excitation, the Si0O,@Gd,0;:Eu** core-shell
phosphors exhibit strong red luminescence. Figure 5(a)
and (b) show the excitation and emission spectra for
Si0, @Gd,05:Eu** core-shell phosphors respectively. The
excitation spectrum was obtained by monitoring the emis-
sion of Eu** SDy~'F, transition at 610 nm. It can be seen
clearly that the excitation spectrum consists of an intense
double band peaking around 250 nm and 232 nm. The
former (around 250 nm can be attributed to the charge
transfer band (CTB) between 0>~ and Eu*, and the lat-
ter (232 nm) to the Gd,0, host excitation band.*' The
sharp peak at 253 nm superimposed on the CTB of Eu**
and the weak shoulder at 277 nm can be attributed to the
¥S—*D and ®S-°I transition lines of Gd**, respectively.*
The general f-f transition lines of Eu** can be observed in
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Fig. 5. Excitation (a) and emission (b) spectra of SiO,@Gd,0,:Ev**
core-shell particles annealed at 800 °C.

the longer wavelength region (366 nm: "F,~°Dy; 385 nm:
"Fy—>G,; 397 nm: "F,-’L,) with very weak intensity. The
presence of Gd,0; host band and Gd** excitation lines in
the excitation spectrum of Eu** indicates that there exists
an efficient energy transfer from Gd,O4 host and Gd** to
the doped Eu**. Excitation with 253 nm UV (into CTB of
Fu**-0%" together with Gd**) yields the emission spec-
trum corresponding to f~f transitions of Eu** °D,, , -'F,
(/ =0, 1, 2, 3, 4, Fig. 5b), which is dominated by the
hypersensitive red emission *Dy—"F, transition at 610 nm.
Other observed transition lines for Eu** are labeled in the
figure. The emission spectrum of Si0, @Gd,0,:Eu** core—
shell phosphors agrees well with those of Gd,0;:Eu’* film
and powder reported previously and can be explained in a
similar way as before.*!- 479

The presence of emission lines from higher excited
states of Eu'* (°D,, °D,) is attributed to the low vibra-
tion energy of Gd-O bond (545 cm™'). The multiphonon
relaxation by Gd-O vibration is not able to bridge the gaps
between the higher energy levels (°D,, °D,) and °Dj, level
of Eu** completely, resulting in the emissions from these
levels.*

J. Nanosci. Nanotechnol. 6, 1416~1422, 2006
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Fig. 6. The decay curve for the *D,~"F, (610 nm) emission of Eu** in
Si0, @Gd,0,:Eu** sample annealed at 800 °C.,

The representative decay curve for the luminescence
of Eu’* ion *Dy-’F, (610 nm) in the SiO, @Gd,0,:Eu**
core—shell phosphors annealed at 800 °C is shown in
Figure 6. The decay curve can be well fitted into single
exponential function as I = Aexp(—1t/7), (where 7 is the
I/e lifetime of the rare earth ion) and the fitting param-
eters are shown inside Figure 6. A lifetime (7) of 1.706 ms
is obtained for Dy~"F, (610 nm) emission of Eu’* in
Si0, @Gd,0;:Eu’* sample.

The PL emission intensity of the Eu** in $iO, @Gd,05:
Eu** core—shell phosphors is affected by annealing tem-
peratures. Figure 7 shows the effect of annealing temper-
atures on the PL intensities. It can be seen that the PL
intensity increases with the increasing of annealing tem-
peratures from 400 to 800 °C. This is because with the
increase of annealing temperature the content of impuri-
ties in the Si0,@Gd,05:Eu** core—shell phosphors such
as —OH, NOj, —OR, —CH, and others decreases and the
crystallinity of Gd,0;:Eu** shell increases. The quench-
ing ol the luminescence of the Eu®* by the vibrations of
these impurities decreases, resulting in the increase of their
lifetimes and PL emission intensity.3:36
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Fig. 7. The PL emission intensity of Eu** in S$iO, @Gd,0,:Eu** sample
as a function of annealing temperatures.
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Coating Number

Fig. 8. The PL emission intensity of Eu** as a function of the number
of coatings (N) of Gd,0,:Eu** on SiQ, particles. The PL intensity of
pure Gd,0;:Eu** powder is also given for comparison.

Coating number is also an important factor influencing
PL intensity. Figure 8 shows the effect of coating number
on the PL intensity of SiO, @Gd,0,:Eu** core-shell phos-
phors annealed at the same temperature. The PL intensity
increases with the increasing of the coating number, which
is due to the increase of the thickness of Gd,Oy:Eu’*
shells on the SiO, spheres. When the coating number is
four times, the PL intensity is about 77% of that of pure
Gd,0;:Eu** powders, as shown in Figure 8.%

4. CONCLUSIONS

Nanocrystalline SiO, @Gd,0;:Eu** core-shell phosphors
were successfully prepared by the Pechini sol-gel process
using the cheap and non-toxic inorganic compounds as
main precursors. The obtained SiO,@Gd,0;:Eu’t core—
shell phosphors have spherical morphology, submicron
size, and narrow size distribution. The PL intensity of the
core—shell phosphors can be tuned by the anncaling tem-
perature and the number of coatings. With the increase of
annealing temperature and the number of coatings, the PL
intensity increases. The current method can be extended to
prepare various other core-shell phosphors with homoge-
neous morphology and decrease the cost of phosphors to
some degree.
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