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Tb-doped Y2O3 microspheres (MSs) were prepared via a homogeneous thermal degradation process at a low
temperature and then coated with a nanosilica shell (Y2O3:Tb@SiO2) using a sol-gel process. The core MSs
were highly crystalline and spherical with a porous surface, single cubic phase, and particle size of
100–250 nm. Transmission electron microscopy (TEM) images clearly showed the spherical shape of the as-
prepared coreMSs, whichwere fully coveredwith a thick andmesoporous nanosilica shell. Fourier transform in-
frared (FTIR) spectra displayed the well-resolved infrared absorption peaks of silica (Si\\O, Si\\O\\Si, etc.),
confirming the presence of the silica surface coating. The core MSs retained their spherical shape even after
heat treatment and subsequent silica surface coating. It was observed that the core/shell MSs are easily dispers-
ible in aqueous media and form a semi-transparent colloidal solution. Ultraviolet/visible and zeta potential stud-
ieswere tested to prove the changes in the surface chemistry of the as-designed core/shellMSs and comparewith
their core counterpart. The growth of the amorphous silica shell not only increased the particle size but also en-
hanced remarkably the solubility and colloidal stability of theMSs in aqueousmedia. The strongest emission lines
originating from the characteristic intra-shell 4f-4f electronic transitions of Tb ions were quenched after silica
layer deposition, but the MSs still showed strong green (5D4 →

7F5 at 530–560 nm as most dominant) emission
efficiency, which indicates great potential in fluorescent bio-probes. The emission intensity is discussed in rela-
tion to the quenching mechanism induced by surface silanol (Si-OH) groups, particle size, and surface charge.
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1. Introduction

In recent years, the synthesis of luminescent lanthanide nano/
micromaterials with controlled shape and size morphologies has
opened new opportunities in photonic-based biomedical sciences
[1–4]. Currently, the synthesis of preferably spherical luminescent
nano/micromaterials represents an especially fascinating research
field compared to the syntheses of those with other morphological
structures and geometric features [5–10]. Compared to other one- and
two-dimensional nano/micromaterials, spherical luminescentmaterials
have distinctive features such as a high specific surface area, active sur-
face sites, ionic intercalation, a porous surface, and low active densities,
and they have prospective scale-dependent photonic-based biomedical
applications [3,6,7,11–15]. The ideal morphology for a luminescent ma-
terial includes a spherical shape, a narrow size distribution, and the ab-
sence of aggregation [6–10,12]. To date, many synthesis methods have
been established for controlling the morphological structures and
dispersibility of luminescent nano/micromaterials, including thermal
esaansari@gmail.com
decomposition, hydrothermal/solvothermal methods, polyol methods,
combustion [16], the Pechini sol-gel method, and precipitation tech-
niques [6–11,14,15,17–19]. Generally, urea was used as a weak base
for the synthesis of luminescent nano/micro-materials through thermal
decomposition technique at a low temperature [5–9,11,20]. The advan-
tages of this method is that it involves lower-temperature synthesis, is
economical and eco-friendly, and offers easy control of themorphology
of the final luminescent nano/microspheres, which are weakly hydro-
philic in nature because of the use of aqueous media. Among the lumi-
nescent lanthanide nano/micromaterials, Y2O3 is considered to be one
of the most attractive phosphors because of its outstanding chemical
and optical properties as a host lattice [2,3], such as high thermal con-
ductivity and expansion coefficient, broad transparent range of 0.23–8
μm, and relatively lowphonon energy (max. 600 cm−1) [21,22]. Sotiriou
et al. fabricated uncontrolled silica-coated Y2O3:Tb nanoparticles using a
flame spray pyrolysis reactor [2,23,24]. Wu et al. applied a sol-gel tech-
nique for the synthesis of Y2O3:Tb nanoparticles [25], and a similar pro-
cesswas utilized by various researchers for their synthesis to investigate
their optical properties [26–28]. Xu et al. used a polystyrene template
for the preparation of uniform terbium-doped yttriumoxide hollowmi-
crospheres [5]. In another study, a co-precipitation method was
employed for the synthesis of spherical microspheres [29–31].
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Fig. 2. X-ray diffraction pattern of core and core/shell MSs.

Fig. 1. Thermogravimetric analysis of core MSs.

349A.A. Ansari et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 211 (2019) 348–355
Mukherjee et al. applied a combustion process for the preparation of
Y2O3:Tb nano/microphosphors at a high temperature [32,33]. Most of
the processes used result in uncontrolled growth of particles and are hy-
drophobic in nature. Because of the uncontrolled size of the nano/
microphosphors, good luminescence efficiency was not achieved even
under ambient conditions. It is well known that a controlled morphol-
ogy with a designed crystal structure strongly affects the luminescence
properties of particles. Therefore, their use in the biological window for
the detection or labeling of bio-macromolecules is very limited. In the
present study, we developed a facile urea-based homogeneous thermal
decomposition process for the large-scale preparation of spherical and
porous Y2O3 nano/microphosphors with high photoluminescence effi-
ciency. The porous surface of the luminescent materials is highly desir-
able for tagging and labeling bio-macromolecules. Furthermore, the
benefit of this method is that it is an inexpensive, eco-friendly, simple,
low-temperature synthesis method that can easily afford spherical,
hydrophilic, porous nano/microphosphors. More importantly, the
preparation of luminescent nano/microphosphors, preferably spherical,
is of concern because they offer the opportunity for higher
photoluminescence performance, high definition, and more enhanced
screen packing.

In order to improve the performance of luminescent nano/micro-
spheres in the biological window, several efforts have been made to
change the nano/microparticles from hydrophobic to hydrophilic
through surface hydroxylation using silica or polymeric materials.
Among the surface hydroxylation processes, coating with an amor-
phous silica surface has gainedmuch attention owing to some attractive
features such as high solubility in most polar solvents, transparency in
the visible region, a stable mesoporous structure, eco-friendliness, low
cost, excellent biocompatibility, and non-toxicity in nature [26,34–44].
Additionally, the silica layer has a tunable pore size distribution, offers
easy surface alteration, and has an exceptionally large specific surface
area with plentiful silanol (Si\\OH) groups. These surface-modifying
functional groups can bind easily with suitable bio-macromolecules
through their functional groups (\\OH,\\NH2, or\\COOH) for loading
and releasing drug molecules via an additional reproducible and pre-
dictablemethod. Because of their good fluorescence, solubility, colloidal
stability, biocompatibility, and non-toxicity, silica-modified nano/mi-
croparticles have been considered for use in photonic-based applica-
tions in biological sciences [15,37,41,45–48]. Here, we present the
synthesis of luminescent core microspheres (MSs) and silica-coated
core/shell MSs and their characterizations with various physicochemi-
cal techniques such as transmission electron microscopy (TEM), energy
dispersive X-ray (EDX) analysis, X-ray diffraction (XRD), Fourier trans-
form infrared (FTIR) spectroscopy, FT-Raman spectroscopy, thermogra-
vimetric analysis (TGA), dynamic light scattering (DLS), zeta potential
measurement, and photoluminescence spectroscopy to examine the
phase purity, particle size, morphological structure, thermal stability,
surface chemistry, hydrophilicity, and optical and luminescence proper-
ties. The effects of amorphous silica layer deposition on the physico-
chemical and photoluminescence properties were studied, and these
properties were compared with those of bare luminescent core MSs.
In the core/shell structure, the silica layer interactswith the luminescent
Y2O3:Tb (core) MSs, which affects the luminescence properties of the
core/shellMSs. Most importantly, the as-designedMSs displayed strong
green luminescence even after silica surface modification and good
dispersibility in aqueous media.

2. Experimental Section

2.1. Materials

Y2O3 (99.9%, BDHChemicals, UK), terbiumoxide (99.99%, Alfa Aesar,
Germany), tetraethyl orthosilicate (TEOS), NH4OH, HNO3, urea, and eth-
anol were used directly without further purification. Hydrated yttrium
nitrate and terbium nitrates were synthesized by dissolving the corre-
spondingmetal oxides in dilute (0.01M) HNO3. Milli-Q (Millipore, Bed-
ford, USA) water was used for the synthesis and characterization of the
powder products.

2.2. Synthesis of Y2O3:Tb and Y2O3:Tb@SiO2 Core/Shell MSs

In a typical synthesis of Y2O3:Tb MSs, a freshly prepared 0.2 M solu-
tion of yttrium nitrate (Y(NO3)3·6H2O, 3.895 g) and terbiumnitrate (Tb
(NO3)3·6H2O, 0.226 g, 1.25 mL) were added to 50 mL of distilled H2O
and the mixture was kept on a hot plate for mechanical stirring. After-
wards, 11 g of aqueous dissolved urea was introduced into the vigor-
ously stirred solution to form a homogeneous mixture [6,8,11]. For the
thermal decomposition of urea, themixture was decomposed under re-
flux conditions at 150 °C for 3–4 h under constantmagnetic stirring. The
resulting precipitate was separated from the mixture by centrifugation
and washed with distilled H2O to remove unreacted reactants and
then dried in a furnace at 600 °C for characterization [1,3,6,8,11,49,50].

A modified Stober method was employed to apply a silica surface
coating over the luminescent MSs. With the help of ultrasonication,
500mg of the as-synthesized Y2O3:TbMSs were dispersed in a minimal
amount of aqueous media [45,51,52]. Afterwards, the ultrasonicated
MSs were centrifuged and re-dispersed in a solution of 150 mL of
ethyl alcohol, 50 mL of distilled water, and 4 mL of ammonium hydrox-
ide. The resulting solution was kept on a hot plate at ambient
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temperature for mechanical stirring. After 30 min, 1 mL of TEOS was
added slowly into the strongly stirred solution and reaction proceeds
for 5–6 h. The obtained productwas separated from themixture by cen-
trifugation, washed with distilled H2O, and dried overnight at 60 °C.

2.3. Characterization

The compositions and crystallinities of the products were examined
usingXRDwith a PANalytical X'Pert X-ray diffractometer equippedwith
a Ni filter using Cu Kα (λ=1.5406Å) radiation. Themorphologieswere
examined using a field emission-transmission electronmicroscopy (FE-
TEM, JEM-2100F, JEOL, Japan) instrument functioning at an accelerating
voltage of 200 keV. The TEM instrument was equipped for EDX, which
was employed for elemental analysis. Water-suspended core and
core/shell samples were used to measure the size distributions and
zeta potentials using a Zeta PALS 90 plus particle size analyzer
(Brookhaven Instruments Corp., Holtsville, NY, USA). TGA was con-
ducted using a TGA/DTA instrument (Mettler Toledo AG, Analytical
CH-8603, Schwerzenbach, Switzerland). Infrared spectra were obtained
Fig. 3. TEM images of (a) lowmagnification core (b & c) single particle of core-MSs with highm
TEM image of core/shell (f) high magnification TEM image of core/shell (g) EDX spectrum of c
using a Vertex 80 (Bruker, USA) infrared spectrometer with the KBr pel-
let technique. Photoluminescence and Raman spectra were obtained
using a 325 He-Cd laser (Jobin Yvon HoribaHR800 spectrophotometer).
A slit width of 100 μm was used, ensuring a spectral resolution better
than 1 cm−1 [47].
3. Results and Discussion

Fig. 1 shows the results of TGAwith a heating rate of 10 °C/min of the
as-synthesizedmaterials, revealing the phase purity and thermal stabil-
ity of the luminescent nanomaterials under a N2 atmosphere. The initial
weight loss (~3%) in the core samplewas observed below 400 °C, which
could be due to the loss of chemisorbed water and the loss of organic
moieties that are trapped inside the pores. The second stage sluggish
weight loss of approximately 2.4% was observed between 400 and 800
°C may be attributed to the presence of little carbonates which may be
originated from air. Our results are in agreement with previous litera-
ture reports [5,53,54].
agnified rough surface (d) lowmagnification TEM image of core/shell (e) high resolution
ore (h) EDX spectrum of core/shell MSs.



Fig. 4. Particle size distribution of core and core/shell MSs in aqueous media deduced in
dynamic light scattering.
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The powder XRD patternwas obtained to examine the compositions
and crystallographic structures of the as-synthesized samples. All reflec-
tions in both samples corresponded well with the body-centered cubic
Y2O3 phase (JCPDS No. 005-0574) [55]. As shown in Fig. 2, the peak lo-
cations and intensities matched with those in published literature re-
ports [23,55]. The absence of any additional reflection peaks related to
impurities or the amorphous form confirmed the composition and the
successful homogeneous distribution of Tb3+ ions in the crystal matrix.
a

b

Fig. 5. Zeta potential graphs of (a) core and (b)
As shown in Fig. 2, the amorphous silica surface coating did not altered
the crystalline structure of the as-designed phosphor, because all dif-
fraction planes in XRD pattern of core and core/shell MSs are almost
identical in shape, position, and intensity [23]. However, the reflection
peak intensity is slightly lower with a higher peak width for the core/
shell sample because of the influence of the amorphous silica [56,57].
This indicated that the amorphous silica framework expanded the
nanopore structure over the surface of the luminescent core MSs and
rearranged the Si\\O\\Si network structure while containing no
impurities.

Themorphological structure and silica surface coatingwere examined
through TEM images. The TEM images in Fig. 3a–b show the porous sur-
face and reveal that the particles are irregular in size but spherical and
highly aggregated with an average size of 100–250 nm. Previously our
and some other research groups have reported that silica coating not
only enhances the hydrophilicity but also improves the biocompatibility
and non-toxicity of the lanthanide nanoparticles. [1,15,36,45,46,58–60].
No change in the morphological structure was observed after silica sur-
face coating and the spherical shape was retained, but the particle size
was larger than that of the corresponding non-silica-coated luminescent
core MSs, owing to the growth of an additional amorphous silica layer
(Fig. 3d–e). As shown in Fig. 3e–f, amesoporous silica layer approximately
40–50 nm thick effectively covered the surface of the luminescent core
MSs. Silica-coatedMSs still aggregate in aqueousmedia because of the ex-
istence of abundant surface-bound hydroxyl groups,which are connected
to each other throughhydrogen bonding [15,59]. Additionally, the surface
of silica-modified MSs is irregular, aggregated, and mesoporous, suggest-
ing that the MSs are coated with silica via a sol-gel process. As shown in
core/shell MSs at physiological pH value.



Fig. 7. FT-Raman spectra of the core and core/shell MSs.

Fig. 6. FTIR spectra of the core and core/shell MSs.
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Fig. 3d & f, the silica coating can be distinguished simply through dissim-
ilar electron penetrability; the core is gloomy, black, and spherical and the
silica layer is amesoporous surfacewith a light grey color. Elemental anal-
ysiswas carried out using EDX to verify the success of SiO2 surface coating
and the presence of doping constituents (Fig. 3g–h). As shown in Fig. 3g–
h, all elements, namely Y, Tb, O, and Si, in the Y2O3:Tb and Y2O3:Tb@SiO2

MSs appear in the spectrum, and the presence of the Si peak at approxi-
mately 1.68 keV (Fig. 3h) confirmed the successful application of an
amorphous SiO2 external coating over the luminescent core MSs. The ap-
pearances of the dominant C and Cu peakswere attributed to the carbon-
coated copper grid.

DLSmeasurementswere performed in aqueousmedia (pH=7.0) to
investigate the hydrodynamic size, surface charge, and biocompatibility
of the as-synthesized core and core/shell MSs. At physiological pH, the
average particle sizes of the as-synthesized core and core/shell MSs
are 150–400 and 250–600 nm, respectively (Fig. 4). As shown in
Fig. 4, the sizes of the core and core/shell MSs are larger than those
from the TEM results. This was probably because the thick amorphous
silica shells spread out and tend to form aggregates in aqueous media,
which is consistent with the TEM image (Fig. 3a, c, & d). It is obvious
from the TEM images that after the growth of the amorphous silica
shell, the particles tended to increase in size. The observed zeta poten-
tial values at physiological pH were 19.7 and −17.6 mV for the core
and core/shell MSs, respectively (Fig. 5). A remarkable difference in
zeta potential values was observed after silica surface modification, re-
vealing that the silica shell has a large number of hydroxyl groups,
owing to the deprotonation value of silica-modified MSs (−17.6),
which are more easily available for bonding with bio-macromolecules
[61–63]. On increasing the pH value from 7 to 10, the zeta potential
value decreased greatly from +19.7 to −21.2 mV for core MSs and
from −17.6 to −68.2 mV for core/shell MSs (see Supplementary
data). This indicates that high-surface-area core/shell MSs have good
stability over a broad range of pH values.

The FTIR spectra show a characteristic strong infrared absorption
bandwith doublet intensity located at 1090 cm−1 alongwith compara-
tivelyweak-intensity peaks located at 800 and 600 cm−1 ascribed to the
stretching and bending vibrational modes of Si\\O\\Si, Si\\O, and
Si\\OH, respectively (Fig. 6) [52,64–68]. The broad band at
3000–3700 cm−1 and two weaker-intensity peaks located at 800 and
600 cm−1 are attributed to the stretching, bending, and wagging vibra-
tional modes of surface-adsorbedwater and silanol groups [45,46,68]. A
sharp infrared peak at 463 cm−1 corresponds to the metal-oxygen
ν(M\\O) vibration (Fig. 6) [45–47]. Raman spectroscopy was carried
out to examine the structural disorder in the as-synthesized samples
at room temperature. The Raman spectra of the core and core/shell
MSs in Fig. 7 display all of the characteristic vibrational modes of the
body-centered cubic structure of yttrium oxide located at 376, 469,
and 637 cm−1, which is in good agreement with previous observations
[69,70]. In addition, the Raman peaks are intense and sharp, indicating
strong interaction between the metal and oxygen ions in the sample.
Furthermore, Raman spectroscopy verified the crystal structure of the
materials, whichwas not altered even after the application of the amor-
phous silica surface coating. However, the Raman spectrum after coat-
ing with silica showed reduced intensity, which could be the result of
the influence of amorphous silica surface modification. The absorption
spectrum of the core/shell sample was measured in aqueous media to
examine the solubility and colloidal immovability characteristics of
the as-prepared sample (see Supplementary materials).

Photoluminescence spectra were measured to investigate the dop-
ing of luminescent terbium ions into the Y2O3 crystal matrix and the
coating of the luminescent core MSs with mesoporous silica. The emis-
sion spectra were recorded at room temperature between 450 and
700 nm spectral range under monitoring at an excitation wavelength
of 325 nm (3.82 eV) in aqueousmedia aswell as solid phase, which cor-
responds to the 5D4 →

7FJ transitions (where J = 6, 5, 4, 3, 2, etc.), and
detection in the 450–700 nm range [24,34,47,51]. The
photoluminescence spectra of both samples were measured in the
solid phase with equal weights, and exhibited several strong and
weak emission transitions in the visible region with multiple splittings
(Fig. 8). The most prominent emission transition was observed in the
middle of the visible region at 530–560 nm and was due to the so-
called hypersensitive 5D4 → 7F5 strongest green emission transition
[28,34,47,51,71]. Notably, the emission transitions are highly sup-
pressed for the core/shell MSs, despite the luminescent core sample,
suggesting the successful application of the amorphous silica surface
coating, which enhanced the multiphoton relaxation pathways,
resulting in the quenched luminescence intensities of the transitions
[36,40,65,72,73]. The absence of 5D3 → 7Fj transitions in this work is
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related to increased doping concentration, which induces non-radiative
de-excitation through cross relaxation [25]. As observed in Fig. 8e, the
emission spectra in aqueous media shows similar pattern as measured
in solid phase. No significant changes of emission spectrawere observed
Fig. 8. Photoluminescence spectra of the core and core/
in aqueous phase. The emission spectra in solid phase revealedmultiple
splitting; it could be due to higher values of J, which in turn split the
levels into various sub-levels [51,74,75]. We expected that crystal field
surrounding the Tb3+ ions degenerate leading to change the nature of
shell MSs (a–d) in solid and (e) in aqueous phase.



354 A.A. Ansari et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 211 (2019) 348–355
the emission spectra of the 5D4 →
7Fj compared to the other samples,

and also leading to the quenching of 5D4→
7Fj overall emission intensity

[47,76,77]. In general, most of the luminescent lanthanide ions revealed
multiple splitting in emission transitions because of the crystal field
splitting of the energy levels resulting reduced in the luminescent inten-
sity of the emission lines [47,78–81]. It is expected that the multiple
splitting in the emission transitions are related to the crystal field effect,
because of the shielding effect of 5s2p6 sub-shells. It is a fact that silica
surface functionalization lowered the emission intensity compared to
that of bare core MSs. TEM results further verified that core MSs are
fully covered with an amorphous silica layer. The zeta potential values
explained the surface hydrophilicity of the core/shell MSs.

4. Conclusions

In summary, highly crystalline Y2O3:Tb MSs with a porous surface
and pure cubic phase were successfully fabricated through a thermal
decomposition method at a low temperature. These luminescent core
MSs were effectively encapsulated with an amorphous silica shell to
form core/shell microstructures. The applied thermal decomposition
method allowed slow homogeneous decomposition of a weak base
(urea) for the preparation of spherical luminescent microspheres in
aqueous media without any surfactants or chelating agents at low tem-
perature. In general, this facile method may be used in the preparation
of other nanoscale spherical inorganic materials. The influence of silica
layer deposition on particle size, solubility, colloidal stability, surface
chemistry, and luminescence properties were described and the test re-
sults for the core and core/shell MSs were also compared. The as-
designed core MSs were irregular in size, spherical, and fully covered
with a thick mesoporous silica layer, as confirmed from TEM micro-
graphs. The core MSs displayed strong photoluminescence efficiency
under excitation with UV radiation in the center of the visible region
even after modification with a thick silica layer. However, the silica
surface-modified core/shell MSs exhibited suppressed emission inten-
sity despite their core MS counterparts owing to the presence of high-
vibrational-energy surface silanol groups, which enhancedmultiphoton
relaxation pathways. These qualities could be highly useful towards
photonic-based bio-probes because they lead to excellent dispersibility
in aqueous media and the provision of important surface functional
(Si\\OH) groups for bio-functionalization; therefore, luminescent
core/shell MSs are promising candidates for photonic-based biomedical
applications.
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