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Abstract In this work, a SiO, spherical were prepared by
the Stober Method and then recovered with a single layer of
Eu,0; oxide (SiO,@Eu,03) obtained by the Polymeric
Precursor Method. The SiO,@Eu,05; powder was heated
treated at 100, 300, 400, 500 and 800 °C. The samples were
characterized by the Scanning Electonic Microscopy
(SEM), Thermal Analysis (TGA/DTA), and the luminescent
properties of the SiO,@Eu,03; powders were studied by
their emission and excitation spectra as well as by the
lifetime measurements of the Eu®>* °D— F, transition. The
SEM analysis shows that the silica prepared by the Stober
Method is spherical with a particle size of 460 nm. The
emission spectra of the SiO,@Eu,0; powders presented
the Eu’" characteristics bands related to the *Dy— 'F; /=0,
1, 2, 3, 4) transitions at 577, 591, 616, 649 and 695 nm,
respectively. The band related to the Do— F, transition is
the most intense in the spectra, and its intensity decreases
with the temperature enhancement. The decay curves of the
SiO,@Eu,03 samples presented monoexponential features,
and the obtained lifetime values were higher than the Eu,0;
oxide. It was possible to conclude that the *Do—F,
hypersensitive transition is strongly dependent on the Eu®"
surrounding.
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Introduction

Since the fifties, materials have been synthesized by
different methodologies. In this search for new luminescent
materials, the Eu®" ion was incorporated in several matrixes
[1] such as Y,03;, YVO,, La(BOs3);, or YNbOy, and the
studies for controlling and arise their luminescent properties
has just started through the comprehension of the interac-
tion between the rare earth ions and the matrix [2].

The silica is one of the most inorganic substances used
as support for several systems with application in many
areas. The main silica property is related to its surface that
can be used in the immobilization of rare earth compounds.
These rare earth ions can recover the silica particles aiming
the obtention of a “core-shell” luminescent material where
the particle size is controlled by the silica, with the specific
objective of increasing the packaging, decreasing the
scattering of light, to increase the intensity of luminescence
and improve its definition [3—5].

The synthesis of spherical and monodisperse silica
particles was described by STOBER et al [6]. These silica
particles were prepared by the hydrolysis of tetraethylor-
thosilicate (TEOS) in a mixture of alcohol, water and
ammonia. The hydrolysis can be performed using an acid
condition, but a basic condition is in general more used.
The hydrolysis of alkoxysilanes occurs by a nucleophilic
mechanism, where under basic conditions the water
dissociates to produce nucleophilic hydroxyl anions (OH")
in a rapid first step, and then the hydroxyl anion attacks the
silicon atom. When an alkoxide group (OR") is replaced by
a hydroxyl group the others alkoxide groups are also
replaced giving rise to the Si(OH)4. The second step of this
reaction is the condensation of the Si(OH); when the
spherical silica particles are formed. The hydrolysis and the
condensation mechanisms of an alkoxysilane are presented
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in the Equations (1) and (2) as follow [7]:

Si(OR), + 4H,0 — Si(OH), + 4ROH (1)

nSi(OH), — nSiO, + 2nH,0 (2)

The excellent spherical silica particles monodispersivity
turns out the Stober Method widely studied in the obtention of
this kind of material. It is necessary to control some reaction
conditions such as temperature, pH, reagent concentration and
homogenization to promote a faster nucleation and a uniform
growth of the particles. The silica obtained by this method
presents a reticule structure with Si-O-Si linkages into the
particles and silanols groups Si-OH in its surface [8].

The “core-shell” particles comprehend a new class of
composites, which consists of a “core” generally involved
by a nanometric “shell”. In the same way, the core material
and the shell nanometric layer can be polymers, inorganic
solids, metals or bio-molecules. In the literature, they are
symbolized as core@shell [4, 5].

A core shell luminescent material receives considerable
attention because of their luminescent property that is
important to some photoelectronic devices, such as laser
materials and luminescence labels and in efficient light-
conversion molecular devices (LCMDs), organic light-
emitting devices(OLEDs), fluorescent lamps and
cathode-ray tubes, and plasma display panels (PDPs), but
also in biotechnological fields [9, 10].

Their importance in biotechnological applications are
related to some improvents in sensitivity, selectivity, and
multicomplexing capacity over conventional fluorophores.
A lanthanide doped the silica spheres can also be an
efficient and cheap visible light detectors, which can offers
much better performances than the infrared ones [11].

Besides the Pechini Method, others experimental proce-
dures were used to prepare these luminescent materials, as
in situ polymerization [12], layer by layer technique [13],
auto construction directed by template [14], sonochemical
method [15], and so one.

YU et al. [4], synthesized silica particles encapsulated
with YVO4:Eu’" by the Pechini Method, where the
luminescent properties of the obtained material were studied.
Through the obtained results, it was verified an enlargement
of the shell crystallinity with the annealing temperature,
promoting an increase of the electromagnetic radiation
intensity emitted by the material. Another important factor
in the luminescent properties was the shell quantity around
the silica. Another encapsulated luminescent [16] material
synthesized by this process was the SiO,@CaMoO4Eu’".
JIA et al. [17], encapsulated silica particles with the CaWO,:
Eu’*/Tb*" luminophors and the luminescent material
SiO,@CaWO,:Eu®" presented a strong red emission at
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614 nm, related to the characteristic “Dy— 'F, transition of
the Eu’" ion, while the SiO,@CaWO, :Tb*" material
presented a strong green emission at 544 nm, due to the
>D,— Fj5 transition of the Tb>" ion.

In this work, it was used to the rare earth encapsulation
the spherical silica synthesized by the Stober Method [6]. A
single Eu,0; oxide shell was deposited over this silica,
through a sol-gel modified method [18], giving rise to the
SiO,@Eu,05 spherical material that was characterized by
Scanning Electronic Microcoscopy (SEM) technique and
by Thermal Analysis (TGA/DTA). The photophysical
properties were studied to get information about the
environment around the rare earth ion during the heat
treatment. These properties were investigated through the
excitation and emission spectra, and also by the lifetime
measurements of the Eu’" °Dy—’F, transition. The
obtained results were compared with a sample prepared
with the commercial FUMED silica also encapsulated with
a single Eu,0; shell.

Experimental procedure
Spherical silica particles synthesis

The Stober Method [6] was employed in the spherical silica
particles, synthesis, and it is based in a hydrolysis of the
TEOS catalyzed by the ammonia. An amount of distilled
water, ethanol and ammonia was stirred for some minutes.
To this solution were added 10 mL of TEOS and the
recipient was stayed under stirring for more 4 h hermeti-
cally closed. After that, the solvent was evaporated and the
solid obtained was dried in an oven at 100 °C for 24 h,
where it was obtained 2.0 g of spherical silica.

Synthesis of SiO,@Eu,03 FUMED and SiO,@Eu,0;
spherical samples

The polymeric resin used to recover the FUMED and
spherical silica particles with a single shell of Eu,O; was
synthesized by the Polymeric Precursor Method [18].
Initially, a Eu®" polymeric precursor was obtained using
an aqueous Eu’" citrate solution prepared from europium
nitrate( europium oxide in nitric acid) and citric acid with
citric acid/ metal ratio of 3/1 ( mol%). Ethylene glycol was
added to the citrate solution at a mass ratio of 40/60 in
relation to the citric acid to produce a polymerizing
reaction. The polymeric resin was used in the encapsulation
after 48 h of stirring without heating. The Eu®" polymeric
coating an FUMED SiO, and spherical SiO, surface was
prepared by a soft, chemical method, as describe elsewhere
[19]. Next the suspension was dried and the obtained
powder of SiO,@Eu,0; FUMED samples were heat
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treated at 100, 300, 400, 500, and 800 °C for 2 h and the
SiO,@Eu,03 spherical samples were treated at 100, 300,
400, 500 and 800 at a heating rate of 5 °C/min in an
EDGCON 3P furnace.

Characterization

The SiO,@Eu,0; FUMED and SiO,@Eu,05 spherical
materials were characterized by a field emission scanning
electronic microscopy (FE-SEM), using a Supra 35-VP,
Carl Zeiss, Germany microscope and by Thermal Analysis
(TGA/DTA) in a Netzsch—Thermische Analyse STA 409
cell equipment using a heating rate of 5 °C/min under
synthetic air atmosphere. The luminescent properties were
studied through the excitation and emission spectra and
also by the lifetime measurements of the Eu’" °Dy—F,
transition. The photoluminescence (PL) data of the
Si0,@Eu,0; FUMED and SiO,@Eu,03 spherical were
obtained in a Jobin Yvon-Fluorolog 3 spectrofluorometer
at room temperature using a 450 W xenon lamp as
excitation energy source. Luminescence lifetime measure-
ments were carried out as well using a 1934D phosphor-
ometer coupled to the spectrofluorometer. Lifetime data of
the °Dy—F, state of the Eu’" in samples were also
obtained from its decay curve using the emission wave-
length set at 612 nm and exciting wavelength set at
393 nm.

Fig. 1 Scanning Electronic
Micrograph of the (a) spherical
Si0, particles and of the
Si0,@Eu,0; samples annealed
at (b) 300 and (c) 1000 °C

Results and discussion

Scanning electron microscopy is presented as a suitable
technique for the investigation of rough surfaces, because
its resolution is larger than in the optical microscopy. The
analysis by this technique was realized to get some
information about the size and morphology of particles.
Figure la, b and c¢ presents the micrographies of the
spherical SiO, sample prepared by Stober Method [6] and
the SiO,@Eu,03 spherical samples heat treated at 300 and
800 °C, respectively. From the micrograph of Stober silica
(Fig. 1a), it is observed that the silica particles are spherical,
monodispersed and this morphology is maintained after the
encapsulation (Fig. 1b and c). The samples thermally
treated are also much more clustered than the non
encapsulated silica. This agglomeration of particles is
caused by the heat treatment procedure.

A histogram of the average size of particles was determined,
since the size of these silica particles vary of some nanometers.
The average size of these particles was calculated using the
IMAGE J program and is presented in Fig. 2. From this
graphic, almost all the silica particles presented a size of
approximately 460 nm before the encapsulation. After this, it
was not verified a significant change in particle size,
indicating that there was only the formation of a thin film
on the silica surface, which can not be indentified by the
microscopic techniques used in this work. From the
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Fig. 2 Histogram representing the medium size of the Stober silica
particles

micrographies, the FUMED silica also presented a particle
size much greater than the spherical silica and they are not
spherical, like snowflakes, with a size of approximately
700 nm which are clustered. After the encapsulation the
samples are much more clustered and its morphology remains
the same as before this procedure (see Fig. 3 (a), and (b)).

The results obtained by the thermal analysis TGA/DTA
(Fig. 4) of the SiO,@ Eu,0; FUMED sample treated at
100 °C presents its thermal behavior with the temperature.
In the thermogram, the curve (a) represents the mass loss
during the heating of the sample from 100 to 1000 °C and
curve (b) represents the results of differential thermal
analysis. From these curves it is observed some transition
points for this material.

The first point at 74 °C is related to an exothermic
reaction which correspond a weight loss, caused by the
evaporation of the water molecules on the FUMED silica
surface. A second point is set from 172 to 294 °C, and
corresponds to an endothermic reaction attributed to the
degradation of the polymer layer containing the Eu®" ion,
which involves the FUMED silica. After this temperature,
the material becomes thermally stable.

Fig. 3 Micrographies of the
commercial FUMED silica (a)
and of the SiO,@Eu,03
FUMED sample annealed at
500 °C (b)
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Fig. 4 (a) TGA e (b) DTA curves of the SiO,@Eu,03; FUMED
sample annealed at 100 °C

Figure 5 presents the TGA (a) and DTA (b) curves of the
SiO,@Eu,05 spherical sample treated at 100 °C. Through
the DTA curve a transition point of an exothermic reaction
at about 58 °C was noticed, which corresponds to an
evaporation of water molecules on the silica surface. While
the temperature increases was not observed any weight loss,
indicating that the material is thermally stable.

All of the samples presented a similar behavior when
submitted to the heat treatment. First of all, the evaporation
of some water molecules in the silica surface is detected,
and then occurs the degradation of the polymeric chains
surround the rare earth ion. With the degradation of the
organic material, it is supposed that the Eu®" ion is possibly
incorporated by the silica matrix.

The synthesis process was accompanied by the emission
and excitation spectra of the Eu’" ion in the encapsulated
material. This technique allows us a better determination of
the interactions around the Eu’" ions than in the X ray
technique, for example, which detects only the long-range
interactions.

Figure 6 presents the excitation spectrum (A) and the
emission spectrum (B) of the Eu,O;. From the excitation
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Fig. 6 Excitation spectrum (A.,,=610 nm) (a) and Emission spectrum
(Aexc=394 nm) (b) of the Eu,05, at room temperature
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Fig. 7 Excitation spectra of the SiO,@Eu,0; FUMED (a) and the
SiO,@Eu,03 spherical (b) samples annealed at 800 °C, A.,,=610 nm

spectrum (Fig. 6a) it is observed the narrow bands
attributed to the 4f [6] intraconfigurational transitions, from
the ground state F, to the excited states *Gg at 361 nm, “H,
at 381 nm, L at 396 nm, °D, at 465 nm and D, at
536 nm [20].

Normally, in inorganic systems, where the Eu®" ion is
excited by a light source of 394 nm ("Fy—>Lg) occurs a
non radiative decay to the °D levels, where the main level is
the °Dy, from which the ground state is reached, and bands
of the 7FJ J=0,1, 2, 3,4, 5, 6) levels are visualized at the
emission spectrum [21]. Figure 6b presents the emission
spectra of the Eu,O; oxide, where is visualized the
characteristic bands of the Eu®" ion related to the decay of
radiation from the state *Dy— 'F; J=0, 1, 2, 3, 4) in
approximately 579, 591, 610, 650 e 707 nm, respectively,
which the most intense band is related to the *Dy—F,
transition at 610 nm.
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Fig. 8 Emission spectra of the SiO,@Eu,0; FUMED samples

annealed at (a) 100, (b) 300 °C. Insert: (¢) 400, (d) 500, (e) 800 °C,
Aexe=393 nm, at room temperature
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Fig. 9 Emission spectra of the SiO,@Eu,0O; spherical samples
annealed at 300 (a), 400 (b), 500 (c¢), and 800 °C (d). Insert:
SiO,@Eu,03 spherical sample heat treated at 100 °C. A, =394 nm,
at room temperature

Figure 7 presents the excitation spectra of the
SiO,@Eu,0; FUMED (Fig.7a) and the SiO,@Eu,0;
spherical sample (Fig.7b) annealed at 800 °C. In both
emission spectra appears a broad absorption band with a
maximum at 393 nm. As it is shown in the excitation
spectrum of the Eu,O5 (Fig 6a), this band is related to the
"Fo—>Lg transition of the Eu** ion, which indicates that in
the encapsulated material the mainly emission is propor-
tionated by the rare earth ion.

Figure 8 presents the emission spectra of the
SiO,@Eu,03; FUMED samples annealed at 100 (a), 300
(b). Insert: 400 (c), 500 (d) and 800 °C (e). At the Eu**
emission spectrum obtained for the sample annealed at
300 °C (Aexe =393 nm) the emission bands of this ion,
related to the 5D0—>7FJ =0, 1, 2, 3, 4) transitions
appeared at 577, 589, 612, 649 and 694 nm. The bands
are resolved and intense, as it shows in the Eu,05 emission
spectrum (Fig. 6b), but they are not narrow, indicating the
presence of different Eu®" sites, probably due to the
incorporation of the Eu®" by the FUMED silica.

From the emission spectra presented at Fig. 8, it is seen
an intensification in the bands relative intensity, when the
sample was heated from 100 (a) to 300 °C (b), due to the
degradation of the polymeric shell containing the Eu".

The temperature enlargement causes losses of the organic
groups and water molecules, which promotes a non
radiative relaxation of the Eu®" emission, which increases
the intensity of emission. For the samples annealed upper
than 300 °C, Fig. 8 (Insert (c), (d), (e)), however, they
presented a subsequent Eu’" ion emission quenching. In
this case, it is supposed that this ion was also incorporated
by the silica matrix, which posses some silanols groups that
are responsible by this phenomena.

Figure 9 presents the emission spectra for the spherical
silica, where it is observed the radiation decay from
*Do—"Fy (J=0, 1, 2, 3, 4), and it appears at 577, 591,
616, 649 ¢ 695 nm, respectively. The SiO,@Eu,0;
spherical sample annealed at 100 °C (Fig. 9, Insert) presents
the Eu’" ion characteristic bands more intense than those
noticed for the silica FUMED samples. From 100 to 300
and 400 °C happens a decrease in the relative intensity of
these bands, due to the degradation of the polymeric
organic shell involving the Eu’" ion, as discussed above.
In these spectra, the disappearance of the correspondent
>Dy— "F, emission at 577 nm also indicates an environ-
mental change around the rare earth ion as the temperature
enhances. However, from 400 to 500 °C it was observed
again an increase in the relative intensity of the *Dy— F,
emission at 577 nm, indicating another structural arrange-
ment in the matrix, promoting the enhancement of the Eu**
emissions, due to the interactions between this ion and the
silica matrix.

The incorporation of the rare earth ions by the silica
matrix during the encapsulation procedure it also studied by
our group at ref 21. In this paper, a single layer of Eu,0;
was deposited over the Si0,-GeO, VAD particles, and it
was observed that the organic groups in the polymeric
material containing the Eu>* was degradated with the heat
treatment, promoting some structural changes in the matrix,
and around the 1000 °C, the Eu®>" was incorporated by the
silica matrix via Ge-O-Eu, which causes the emission
quenching of this ion. However in this presented work, the
Eu’" emission quenching with the temperature enhance-
ment, was caused by the Si-OH groups in the silica surface.

In the FUMED silica surface, the Si-OH are homoge-
nized dispersed and besides, they are located between the
particles, promoting a stronger interaction with the Eu’"
than the observed for the Stober silica, because its material

Table 1 Lifetime of the Eu®"

*Dy—F, emission in the Temperature (°C)

Lifetime( ms) SiO>@Eu,0; FUMED

Lifetime(ms) SiO,@Eu,0; spherical

SiO,@Eu,03 FUMED and the
SiO,@Eu,03 spherical samples 100
300
400
500
800

0.51 0.28
0.67 0.23
- 0.37
0.42 0.35
- 1.03
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present the Si-OH groups only in the surface [22]. Besides
the quenching caused by the silanols groups, it can be also
caused by the agglomeration in the SiO,@FEu,0;5 spherical
and the SiO,@Eu,0; FUMED [23].

The lifetime of the *Dy— "F, emission of the Eu’" ion for
the SiO,@Eu,0; FUMED and the SiO,@Eu,0;5 spherical,
were measured through the decay curves which presents a
monoexponencial feature (Table I). With the temperature
increase there is a reduction in the lifetime of the Eu’®
emission, caused by the presence of hydroxyl groups and Si-
OH on the surface of silica. These groups have different
vibration levels, whose energies are located between the
excited 5DO and the 'F 6 ground level. This means that there
is a non-radiative loss of Eu’" for these grupos [24].

The lifetime for a sample of pure Eu,O; heated at
900 °C for 2 h was 0.16 ms. Comparing this result with the
other samples, it is improved that the Eu®" in the encapsulated
material is first into an organic polymer matrix and, after
heating treatment, in interaction with the silica matrix, and is
not present in the form of pure oxide.

Conclusion

It was possible to conclude that the *Dy— 'F, hypersensitive
transition is strongly dependent on the Eu®* surrounding.
With the temperature enhancement, occurs the polymeric
shell degradation, that causes a structural changing around
the Eu’'ion, and because of this degradation, this ion is
incorporated to the silica spherical and silica FUMED
matrixes. It can be also observed trough the lifetime values
for the SiO,@Eu,03 spherical and SiO,@Eu,0; samples
which presented a monoexponencial feature.
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