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Abstract

This paper describes the correlation existing between the photoluminescence of core-shell SiO,@Y,O05:Eu®*t nanoparticles
synthesised by a method based on a sacrificial polymer-shell intermediate, and the thickness of that polymer shell. The method is
based on the synthesis of a covalently bonded sacrificial polymer shell by polymerization of methacryl oxyethyl isocyanate (MOI) onto
silica cores; the polymer shell was demonstrated to act as a promoter and stabilizer of the adsorption of yttrium and europium ions on
the surface of silica, and its thickness plays an important role on the final luminescent intensity of the hybrid particles, which is related to
the adhesion and continuity of the lanthanide shell of SiO>@Y,05:Eu®* nanoparticles. Yttria shells were obtained with thickness
varying in the range 3-20 nm by tuning the polymer shell thickness in the range 0—50 nm. Results demonstrate that photoluminescence
of SiO>@Y,05:Eu®" nanoparticles prepared via the sacrificial polymer shell method is much higher with respect to nanoparticles
obtained by a traditional procedure.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Y,05:Eu® ™ phosphors have been widely investigated as
red-emitting phosphor for many display and lighting
devices [1]. Its main applications include field emission
displays (FED) [2], cathode ray tubes [3], tricolor lamps [4]
and plasma display panels [5].

Recently, core shell structures phosphors have attracted
great attention due to their advantages such as high
monodispersbility, cost reduction and crystallite size con-
trollability [6-9]. Undoubtedly, silica is the main important
material considered as core, because it is synthesized easily
by the Stéber procedure [10].

So far, different procedures have been applied to the
synthesis of core shell structures including spray pyrolysis
[11], precipitation [12], thermal decomposition [13] and the
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sol-gel process [14]. But lack of shell uniformity and low
degree of core coverage by shell are the main disadvantages of
these methods. Controlling the shell thickness is of funda-
mental importance due to the fact that it directly affects the
properties of the deriving core—shell particles [15,16], recently,
Liu et al. [17] demonstrated that thicker shells induce the
decrease of excitation power density and thus increased
intensity ratio of *Dy-'F to *Dy-'F, (J=1.4).

On the other hand, a wide amount of literature demon-
strates that silica can be easily encapsulated by homogeneous
polymer shells. Several examples of in-situ polymerizations
to cover silica cores with different polymer shells have been
reported [18,19]. Vinyltriethoxysilane [20], methacroyloxy-
propyltriethoxysilane [21], methyltrimethoxysilane [22] and
glycidyloxypropyltrimethoxysilane [23] are just a few exam-
ples of molecules or coupling agents which have been used
for this purpose.

In this work, we have prepared SiO,@Y,OyEu’*
particles by the sacrificial polymer shell method that we

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2012.11.047


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.11.047
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.11.047
dx.doi.org/10.1016/j.ceramint.2012.11.047
dx.doi.org/10.1016/j.ceramint.2012.11.047
mailto:maghahari@icrc.ac.ir

4514 M. Ghahari et al. | Ceramics International 39 (2013) 45134521

recently developed [24,25]. By tuning the thickness of the
sacrificial polymer shell we were able to tune the thickness
and uniformity of the final Y,O5:Eu®" layer, and hence
the photoluminescence of the hybrid nanoparticles.

2. Experimental
2.1. Materials

High purity raw materials for the synthesis of silica
particles (tetraethyloxsilane 99% (TEOS), absolute ethanol
(EtOH), ammonia 28% (NH;-H;0)), Y,03 (99.99%),
Eu,05 (99.99%), HNO3, trimethoxysilyl propyl methacry-
late (MPS), methacryl oxyethyl isocyanate (MOI), tetra-
hydrofuran (THF), 2,2’-azobisisobutyronitrile (AIBN)),
were all obtained from Merck to Sigma-Aldrich (Milan,
Italy) and used as received.

2.2. Preparation of silica particles encapsulated
in the polymer shell

Silica particles encapsulated in a sacrificial polymer shell
were prepared following a previously reported method
[24,25]. Briefly, monodispersed spherical silica nanoparti-
cles were prepared according to the Stober procedure and
surface functionalization by MPS was used to introduce
vinyl groups on the outer surface; these modified nano-
particles were named Si-MPS. A polymer shell was grown
onto Si-MPS by free radical polymerization of MOI. In a
typical preparation, 0.1 g of Si-MPS were dispersed in
4 mL of THF and then AIBN (4 wt% with respect to the
monomer) was added as initiator. After 2.5 h of mixing at
room temperature to promote AIBN adsorption onto
Si-MPS, the suspension was centrifuged and the residual
reintroduced in THF solution containing MOI at different
concentration, namely 0.85, 2.10, 2.70 or 3.35 M. The
polymerization was carried out under N, atmosphere at
60 °C for 24 h. After polymerization, the silica nanoparti-
cles modified by the polymer shell deriving from MOI
polymerization were centrifuged and washed three times
with fresh THF in order to eliminate any possible trace of
residual unreacted monomer.

Samples were coded following the MOI concentration
used for their preparation:

Si0,@0.85MOI, SiO,@2.10MOI, SiO,@2.70MOI and
SiO,@3.35MOL.

2.3. Synthesis of SiO>@Y>03:Eu’ " photoluminescent
particles

Stoichiometric amounts of Y,O; and Eu,Os; were,
respectively, dissolved in nitric acid to form Y(NO3); and
Eu(NOs3); solution. The doping concentration of Eu®* was
fixed at 4 mol% in all samples. Silica particles encapsulated
in the MOI polymer shell (0.1 g) were dispersed in 20 mL
aqueous solution containing yttrium nitrate (16.6 x 107>
mol/L) and europium nitrate (6.64 x 10> mol/L) in order

to promote the sequestering of the lanthanide ions by the
polymer shell. Vigorous mechanical stirring was applied at
a constant temperature of 50 °C for different time up to
100 h. After mixing, the solution was centrifuged and the
powder was dried under vacuum. Then the powder was
calcined at 750 °C for 2 h in air atmosphere to obtain a
complete elimination of the sacrificial polymer shell and
to get Si0,@Y,05:Eu®™ photoluminescent nanoparticles.
The same procedure was applied to bare silica for the
preparation of comparison samples.

2.4. Characterization

Identification and analysis of the polymer shell grown
onto the silica particles was done by transmission electron
microscopy (TEM) using a JEM 2010 instrument (JEOL
Oxford Instruments, UK). The samples were prepared by
dipping 150-mesh carbon coated copper grids into disper-
sion solution of the particles in EtOH. The crystal
structure of samples was studied by means of X-rays
diffraction (XRD, D500 instrument, Siemens, DE) using
CuK, radiation working with 30 kV accelerating voltage,
25 mA current and 2° 20/min. Thermogravimetric analyses
(TGA) were carried out using a TA TGA 7 instrument
under oxygen streaming atmosphere at a heating rate of
20°Cmin~' between room temperature and 700 °C.
Photoluminescence was studied through the emission and
excitation spectra of SiO,@Y,05:Eu* photoluminescent
particles recorded by a Perkin Elmer LS 50 spectrofluori-
meter. The amount of lanthanide ions present at the
surface of the photoluminescent particles was quantified
by X-rays photoemission spectroscopy (XPS). The experi-
ments were carried out in ultra-high-vacuum at a base
pressure of 10~° mbar. XPS data were recorded with a
double pass Perkin Elmer PHI 15-255 G cylindrical-mirror
electron analyzer (CMA) operated at constant pass energy.
The axis of the CMA was set to 15° from the sample
normal. X-ray photoemission was carried out with non-
monochromatic AlK, photons (hv=1486.6eV) from a
Vacuum Generators XR3 dual anode source operated at
15kV, 18 mA.

Carbon 1s (Ci), oxygen 1s (Oy), silicon 2p (Sipp),
yttrium 3d (Y34), europium 3d (Eusq) core level scans were
recorded with a resolution of 1 eV, using a pass energy of
50 eV. Quantitative analysis of surface composition was
made through the evaluation of the photoemission peak
areas, I, of Cy, Oy Sipp, Y3q and Eusy and using
appropriate empirical atomic sensitivity factors (ASF).
The relative atomic concentration of i element (C;) can
be obtained through the relation reported in Eq. (1):

_ LjJASF
" X,(5/45F)
The values of ASF depend on the kind of the analyzer

and therefore are characteristic for each instrument. A list
of ASF to be used for the double-pass cylindrical-mirror

(1)
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analyzer supplied by Physical Electronics is reported in the
Handbook of X-ray Photoelectron Spectroscopy [26].
Inductively coupled plasma mass spectrometry (ICP) was
performed using a Liberty 200 instrument (Varian) under
standard experimental conditions.

3. Results and discussion

3.1. Silica particles encapsulated in the sacrificial
polymer shell

The thermal properties of SiO,@MOI core shell nano-
particles obtained with different concentrations of MOI
(namely 0.85 and 3.35 M) were evaluated by TGA and
DSC measurements. The curves of the relative decomposi-
tion processes and enthalpic variations are, respectively,
reported in Fig. 1((a) and (b)). As expected, a correlation
between the weight loss and thickness of the polymer shell
was found; the weight loss for bare silica (10 wt%) was
increased up to approximately 60 wt% for SiO,@3.35MOI
sample.

The TGA of SiO,@MOI samples presents different
peaks: the weight reduction between room temperature
and 200 °C can be attributed to the elimination of residual
solvents, water and ethanol formed by condensation
reaction of a fraction of silanol groups and ethoxy groups.
The weight decrease between 250 and 400 °C is attributed
to methacrylate decomposition [27]. The peak at 400 °C is
probably due to the overlapping of the contributions from
methacrylate to further reaction of the residual silanol
groups. The peak at 539 °C can be attributed to a small
fraction of residual highly crosslinked polymer formed by
the reaction of amine and isocyanate with MPS on silica
surface.

This observation also confirms that the amount of
polymer grafted onto MPS-modified silica is fairly high.
It is very positive for its task of entangling the highest
possible amount of lanthanides ions which are precursors
of the photoluminescent Y,05:Eu®* shell to be created on
the silica cores.
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Table 1 shows the correlation between concentration of
MOI and average thickness of the obtained polymer shell
on silica core. As the monomer concentration during the
polymerization was increased from 0.85 to 3.35M, the
thickness of polymer shell also increased linearly from
~23 to ~ 55 nm, respectively. This caused that the average
thickness of yttria shell increased from ~12 to ~22 nm
,respectively, (compare pictures (c) of Figs. 4-7).

Table 1
Correlation between concentration of MOI and average thickness of the
obtained polymer shell on silica core.

Sample MOI sacrificial polymer yttria shell thickness
concentration shell thickness after calcination
M) (nm) (nm)
SiO,@0.85MOI 0.85 23 7
SiO,@2.10MOI 2.10 38 12
SiO,@2.70MOI 2.70 45 18
SiO,@3.35MOI 3.35 55 22
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Fig. 2. Amounts of Y*>* ions adsorbed by (a) bare silica and core shell
samples with (b) 0.85M MOI, (c) 2.7M MOI and (d) 3.35M MOI at
different mixing times.
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Fig. 1. TGA (A) and DSC (B) curves of bare silica (a), core shell samples with 0.85 MMOI (b) and 3.35 MMOI (c).
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3.2. Sequestering of lanthanide ions and formation of the
luminescent shell onto silica cores

In order to evaluate the capability of the polymer shell
to capture Y>* (Eu’™) ions, the SiO>@Y,05:Eu®" core—
shell particles were mixed in HNOj; solution for 24 h. In
this situation, Y,0j3 dissolves and turns to yttrium nitrate,
while silica remains unchanged. The ICP test was done on
the extracting solutions, in order to evaluate the amount of
Y?* ions released by the shell layers. Results reported in

9 =Y orNOs:Ions —mcreasmg Time

s = MOI polymer chains

Fig. 3. Schematic representation of the role played by the polymer shell in
adsorption of Y>* and Eu®™ ions.

Fig. 2 show that the amount of Y% ions released by the
Y,05:Eu®™ shell increases by increasing the time of mixing
in yttrium nitrite solution, and with increasing thickness
of the sacrificial polymer shell used to prepare the
Si0,@Y,05:Eu®" hybrid particles, which in turn is related
to the increasing concentration of MOI. This represents a
proof of the fundamental role played by the sacrificial
polymer shell for capturing the highest possible amount of
Y** ions responsible for a highly homogeneous and bright
photoluminescent shell.

As schematically represented in Fig. 3, the polymer shell
reaches higher degrees of swelling by increasing the time of
mixing in yttrium nitrate, thus allowing a higher diffusion
of Y3 and Eu® " ions towards the silica cores; these ions
will be also stabilized by the polymer chains [25] and this
will positively affect the homogeneity, thickness and adhe-
sion of the lanthanide shell. As attended, thicker polymer
shells deriving from higher concentrations of MOI need
longer time to swell.

By TEM micrographs reported in Figs. 4-7, the role
played by the thickness of the sacrificial polymer shell on
the final lanthanide layer can be directly observed.

Fig. 4. TEM micrographs of (a) bare silica, (b) silica grafted with 0.85 M MOI and ((c) and (d)) silica@Y,0s:Eu®* obtained from silica grafted with

0.85 M MOI after calcination for polymer removal.
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The pristine bare silica nanoparticle is shown in Fig. 4(a)
and (b) shows the particles modified by surface-initiated
polymerization of MOI for the creation of a sacrificial
polymer shell (SiO,@0.85MOI). The latest allowed to
obtaining homogeneous photoluminescent Y,O5:Eu®*
layers on the silica cores (Fig. 4(c)), approximately 7 nm
thick (Fig. 4(d)).

Analogous images are reported in Fig. 5((a)—-(d)) for
Si0,@Y,05:Eu™ hybrid particles were deriving from
SiO,@2.10MOI, in Fig. 6((a)~(d)) for hybrid particles
were deriving from SiO,@2.70MOI and finally in
Fig. 7((a)~(d)) for hybrid particles were deriving from
SiO,@3.35MOIL.

The HRTEM micrographs (Fig. 5(d) and Fig. 6(d))
clearly indicate the lattice fringes of the crystalline phase of
Y,O; located on the shell of silica cores. Also, the electron
diffraction patterns of SiO,@Y,05:Eu®™ derived from
SiO>,@3.35MOI shown in Fig. 7(d) demonstrate that the
shell contains nanocrystalline domains.

Therefore, the sacrificial polymer shell method allows
the formation of a more homogeneous and thicker layer of
photoluminescent oxide onto the silica cores, confirming
that the polymer act as adsorbent medium due to its

4517

amine, amide and urea groups which during the mixing
with yttrium nitrate solution attract and stabilize Y>* ions
[25]. Furthermore, the thermal removal of the sacrificial
polymer shell does not affect the adhesion of the lumines-
cent shell to the silica core.

The XRD patterns of SiO»@Y,05:Eu®* photolumines-
cent particles prepared with and without the sacrificial
polymer shell are reported in Fig. 8. All samples were
calcinated at 750 °C. As it can be noticed, the position of
all the main characteristic peaks (at 20 values of 29.160,
48.541 and 57.9) in the samples matches to those of the
reference pattern (JCPDS reference No. 83-927). However
there are differences in the intensity of peaks, which
increases by increasing the thickness of the polymer shell
on silica particles.

3.3. Photoluminescence

Finally, in order to find a correlation between the optical
properties (intensity of photoluminescence) of the prepared
core—shell particles, and their structural features, a quanti-
tative evaluation of the amount of yttrium atoms at the
surface of the particles has been done by XPS analysis.

(b)

Fig. 5. TEM micrographs of silica grafted with 2.1 M MOI (a), SiO»@Y,05:Eu®" obtained by silica grafted with 2.1 M MOI ((b) and (c)) after

calcination for polymer removal and HRTEM from the yttria shell (d).
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Fig. 6. TEM micrographs of silica grafted with 2.7 M MOI (a), Si0,@Y,05:Eu** obtained by silica grafted with 2.7 M MOI ((b) and (c)) after

calcination for polymer removal and HRTEM from the yttria shell (d).

Results are reported in Table 2 for bare silica (a),
SiO,@Y,05:Eu" prepared without polymer shell (b),
and with a sacrificial polymer shell having different
thickness, namely 23 nm (SiO,@0.85MOI (¢)) and 55 nm
(SiO,@3.35MOI (d)).

These results reveal that the sacrificial polymer shell
method (samples (c) and (d)), allows the stabilization of
higher amounts of yttrium atoms in the shell around silica
cores; the polymer shell thickness plays an important role,
higher concentration reflecting in higher amounts of Y ions
present at the surface.

Fig. 9(a)—(c) shows, respectively, the XPS spectra of Y34,
Sipp, and Oy, of bare silica cores and silica@Y,05:Eu®™
samples. In particular, in Fig. 9(a), the Ys4 spectra are
shown for samples (b)—(d) of Table 2. The spectra present
two structures, which can be associated to the Y34 peak at
158.7 ¢V and to the Si,, emission at 153.5 eV from the silica
cores. The energy resolution does not allow to disentangle
the 5/2-3/2 spin orbit splitting of the Y peak. Its energy
position is compatible with oxidized Y [28]. It is note-
worthy that the Si,s emission does not disappear even at the

high shell thickness of sample (d), which could indicate
some incomplete or inhomogeneous coverage. This is
consistent with Fig. 9(b), in which the evolution of the
Sip, peak is shown. The Si levels are initially at about
102.9 ¢V for both bare silica (a) and silica@Y,05:Eu® ™"
prepared without polymer shell samples (b). A binding
energy shift of 0.7eV towards lower binding energy is
observed for samples (¢) and (d). This can be related to a
reaction between Si and yttria in the form of Si—-O-Y
chemical bonds [29]. Concerning O, emission (Fig. 9(c))
bare silica cores present a prominent structure at 533 eV,
which is consistent with literature [28,30]. A minor lower
binding energy structure could be related to some traces of
hydrocarbon contamination. As long as the core particles
are covered with yttria, a low binding energy component at
about 530 eV increases, which can be associated to Y-O
bonding in the oxide [28,30]. The main component at
532.5¢eV can be assigned to Si-O-Y bond formation on
the silica surface [28,30] with contribution from the Si—O
bonding of the silica cores, which cannot be separated at
the used energy resolution.
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20 nm
I

Fig. 7. TEM micrographs of silica grafted with 3.35 M MOI (a), SiO,@Y,05:Eu®" obtained by silica grafted with 3.35 M MOI ((b) and (c)) after

calcination for polymer removal and diffraction pattern from the shell (d).
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Fig. 8. XRD patterns of SiO,@Y,05:Eu®" photoluminescent particles
prepared with or without the sacrificial polymer shell, at different MOI
concentration. (a): Without sacrificial polymer shell, (b): silica@
Yttria:Eu®*,0.85 M MOL, c: silica@ Yttria:Eu®**,2.1 M MOL, d: silica@
Yttria:Eu®*,2.7 M MOL (e): silica@ Yttria:Eu®*,3.35 M MOL.

Table 2
XPS quantitative evaluation of Y atoms at the surface of core—shell
particles.

sample % Si %Y Y%Eu

a 28 0 0

b 28 6 traces < 1%
c 14 12 traces < 1%
d 12 17 traces < 1%

Fig. 10 shows the excitation (a) and emission (b) spectra
of SiO,@Y,05:Eu®* core-shell particles synthesized by
the sacrificial polymer shell method, compared to analo-
gous particles prepared without polymer intermediate.

The intensity of photoluminescence results is impress-
ively higher for core—shell particles prepared through the
sacrificial polymer shell method and it increases by
increasing the polymer shell thickness.

It is clear that just the characteristic emission line
(°Dy-"F,) is present in the SiO,@Y,03:Eu’" (0% MOI)
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Fig. 9. Y34 (A), Siy, (B) and Oy, (C) XPS spectra of bare silica (a),
SiO,@Y,05:Eu**t prepared without polymer shell (b), and with a
sacrificial polymer shell method that monomer concentration was 0.85
(¢) and 3.35M (d). The spectra were decomposed in single voigt
components, according to a least square fitting, after a Shirley back-
ground subtraction.

spectrum, while the most characteristic emission lines
(5D0-7F J=1, 2, 3) are present in the spectra obtained
for particles prepared with the polymer shell [31,32].
Furthermore, there are no intense excitation peaks for
particles prepared without the polymer shell due to low

E
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e hem=611nm feaipeatim
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Fig. 10. Excitation (A) and emission (B) spectra of SiO,@Y,O05:Eu®*
samples, (a): silica@ Yttria:Eu> ", 0% MOIL, (b): silica@ Yttria:Eu>*+,0.85
M MOI, (c): silica@ Yttria:Eu®*,2.1 M MOI, (d): silica@ Yttria:Eu> ",
3.35M MOL

amount of yttria on silica particles. But, the maximum
excitation level belongs to SiO,@Y,05:Eu’"(3.35M
MOI) sample. The intensity of maximum peak is located
at 234 nm. This peak is assigned to the charged-transfer
band of Eu’* which corresponds to the electronic transi-
tion from the 2p orbital of O*~ to the 4f orbital of Eu®*
[33]. Y>O5:Eu’™ shell is responsible for luminescent inten-
sity. In other hand, the XRD and TEM results revealed
that crystallinity and amount of yttria on silica core are
higher for sample prepared by polymer shell method
than normal one. Therefore, the luminescent intensity of
Si0,@Y,05:Eu™ from SiO,@3.35MOI is the highest
because of the highest thickness of lanthanide shell [34].

4. Conclusions

Silica particles with poly (methacryl oxyethyl isocyanate)
chains grafted on vinyl groups introduced on silica by
chemical modification with 3-(trimethoxysilyl) propyl
methacrylate, have been successfully prepared by direct
free radical polymerization. These silica particles having a
highly homogeneous polymer shell of different thickness
have been mixed for different times with THF solutions of
lanthanide ions (Y>*, Eu’") in order to promote their
sequestering. Calcination at 750 °C induced the complete
thermal degradation of the sacrificial polymer shell, and
the achievement of a highly homogeneous Y,O5:Eu® " shell
(thickness up to 22 nm) deposited onto the silica cores.
XPS measurements demonstrated that the surface compo-
sition of the lanthanide shell is richer in yttrium atoms
when core—shell particles are prepared through a sacrificial
polymer shell. The presence of higher amount of lantha-
nides, along with the increased thickness and homogeneity
of the shell, reflects in much brighter photoluminescence.
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