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Abstract A highly water-dispersible NaYF,:Ce/Tb (core),
NaYF4:Ce/Tb@NaYF4(core/shell) and NaYF,4:Ce/
Tb@NaYF4@SiO, (core/shell/SiO,) nanoparticles (NPs)
were synthesized via a general synthesis approach. The
growth of an inert NaYF, and silica shell (~14 nm) around
the core-NPs resulted in an increase of the average size of the
nanopaticles as well as broadening of their size distribution.
The optical band-gap energy slightly decreases after shell for-
mation due to the increase the crystalline size. To optimize the
influence of shell formation a comparative analysis of
photoluminescence properties (excitation, emission, and lumi-
nescence decay time) of the core, core/shell, and core/shell/
Si0, NPs were measured. The emission intensity was signif-
icantly enhanced after inert shell formation around the surface
of the core NPs. The Commission International de 1’Eclairage
chromaticity coordinates of the emission spectrum of
core, core/shell, core/shell/SiO, NPs lie closest to the
standard green color emission at 545 nm. By quantita-
tive spectroscopic measurements of surface-modified
core-NPs, it was suggested that encapsulation with inert
and silica layers was found to be effective in retaining
both Iuminescence intensity and dispersibility in aqueous
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environment. Considering the high aqueous dispersion and
enhanced luminescence efficiency of the core-NPs make them
an ideal luminescent material for luminescence bioimaging
and optical biosensors.
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Introduction

Recently, synthesis of luminescent nanomaterials (NMs)
has been focused by many researchers for their applications
in biomedical imaging, optical bioprobes, photonics,
nanophosphors, and therapeutics [1-5]. A large number of
luminescent NMs have been reported in the literature such
as traditional organic dyes (Rhodamine, Fluorescein iso-thio-
cyanate), quantum dots (CdS, CdSe, CdTe, ZnS, ZnO) [4, 5],
metal NPs (Au, Ag, Ru etc.), and lanthanide (Ln>") ions doped
NMs are widely used in the field of biological analyses [3-9].
However, these luminescent nanomaterials have not been ex-
tensively used as optical bioprobes because they have draw-
backs such as weak photostability, broad absorption and emis-
sion bands, low dispersion in water, toxicity, blinking proper-
ties, and moderate quantum yield. In order to address these
key issues, it is a challenge to develop alternative luminescent
NMs, which have better characteristics as compared to con-
ventional luminescent NMs. To overcome this problem, Ln*"
ion doped NPs have been recently reported [10—17]. Such
kind of Ln*" ion doped luminescent NMs exhibit unique lu-
minescent properties, such as sharp absorption and emission
bands, high quantum yields, long lifetimes, superior
photostability, low cytotoxicity, and excellent biocompatibili-
ty [10]. These features are particularly attractive as potential
emitters for the fluorescent biolabeling of biomacromolecules
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at ambient temperature and therefore require a further devel-
opment of new luminescent materials possessing a high sur-
face area and which are optically active [13—17].

Among various host materials, rare-earth fluoride host (ex.
NaYF,) NMs doped with Yb*"/Er*", Yb**/Tm’", Yb**/Ho>"
have been extensively studied because these upconversion
luminescent materials possesses advantageous properties such
as high refractive index, low phonon energy (~350 cm™ "), and
more stable physical and chemical properties [18]. On the
other hand, certain Ln>" ions doped NaYF, NPs show
down-conversion emission under deep UV excitation, which
has significant technological implications in different field of
material sciences as well as biological sciences such as
biolabeling, optical bioprobes, and detection of biological
analytes [19-21]. Moreover, these Ln>" ions doped NPs show
tunable multicolor emissions by varying the Ln>" ion concen-
trations in the host NPs. In addition, tunable multicolor emis-
sion using a single excitation wavelength is highly suitable for
multiplexed biological detection applications [19-22].
Recently, Tu et al., synthesized amine functionalized Ce®*/
Tb**-doped NaYF, NPs and utilized as a new type time re-
solved Forster resonance energy transfer for optical bio-probe
applications [20]. Chen et al., reported multicolor emission
achieved via co-doping with Ce’*/Tb*" ions [19]. Wu et al.
[23] Ghose et al. [21] and Kim et al. [24] also reported the
luminescent properties of Ce**/Tb*" ions doped NaYF, NPs
under UV excitation. However, due to the non-radiative decay
from the defects on the surface of the NPs, the luminescence
efficiency of nanostructural materials is usually lower than
that of the corresponding bulk materials. To reduce these de-
fects, the growth of an inert crystalline shell around the core-
NPs to form core/shell architecture has been regarded as an
effective strategy to improve the luminescent efficiency [17,
25]. In recent years, we and some other research groups were
successfully applied this strategy to synthesis core/shell
architecture, in which luminescent Ln** jons were doped
in core (active) and inert host compounds as shells [17,
25]. This inert inorganic crystalline shell efficiently pas-
sivates the fast non-radiative decay channels originating
from the surface states of the NPs. Although, growth of
an inert shell around core-NPs enhances the radiative
decay rate still toxicity of the NPs is a significant con-
cern to the biological systems. Hence, much work has
to be done to modify and/or functionalize the surface of
NPs. A simple but effective method is to grow an amor-
phous silica shell around the NPs, forming the so-called
core/shell nanostructures [13, 17]. The silica coating can
improve the photo-stability and biocompatibility of the
NPs, due to the presence of -OH bonds on the surface of the
NPs. It is well established method for conjugation of biomol-
ecules to a silica surface [13].

In this paper, we developed a solution based soft chemical
synthesis method for the preparation of highly water
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dispersible Ce** and Tb*" co-doped NaYF, luminescent
core-NPs. The growth of NaYF, shell surrounding the core-
NPs was created to improve the luminescence efficiency by
enhancing the energy transfer from Ce** to Tb>" ions. The
core/shell nanostructures represent one approach that has been
researched to increase the luminescence efficiency by remov-
ing surface quenching sites that can strongly quench the RE**
luminescence. Transmission electron microscopy (TEM) mi-
crographs and different spectroscopic methods were utilized
to investigate the crystalinity, size, and shape of the nanostruc-
tured materials. The excitation, emission, and luminescent de-
cay time of the NPs were studied. Also, the surface of the
core/shell NPs was modified with amorphous silica to en-
hance the dispersion ability of the NPs. Moreover, the forma-
tion of amorphous silica surface is easy to conjugate with
various biomolecules and shows excellent dispersion ability
in aqueous solvents, good biocompatible and non-toxic in
nature. Thus, such a configuration of the NPs can satisfy the
desired criteria of high luminescence as well as long-life, easy
conjugation, dispersions in water, and photo-stability in the
development of a biolabiling application. In this core/shell/
Si0, nanoparticles, the SiO, shell and NaYF,:Ce/
Tb@NaYF, core/shell will interact with each other,
which affects emission properties of the core/shell/SiO,
nanoparticles. However, its physical nature has not been
well understood. Therefore, it is necessary to deeply
study the effect of surface coating or relationship of
inert crystalline NaYF, and SiO, shell on structural, optical
and photoluminescence properties of Ce®" and Tb>" ions
doped NaYF,:Ce/Tb nanoparticles. These new core/shell/
SiO, NPs show a great potential to be used as a luminescent
bio-probe for the detection of biological analytes and
biolabiling applications etc.

Experimental
Materials

Yttrium oxide (99 %, BDH, England), Terbium oxide
(99.99 %, Alfa Aesar, Germany), Cerium nitrate (99.99 %,
BDH Chemicals Ltd., England), Sodium fluorite(NaF),
Ethylene-diamine tetra-acetic acid(EDTA), Tetraethyl
orthosilicate (TEOS, 99 wt% analytical reagent A.R.),
C,HsOH, NaOH, HNO; and NH4,OH were used as the
starting materials without any further purification.
Yttrium nitrate (Y(NOj3);.6H,0) and terbium nitrate
(Tb(NO3)3.6H,0O) hexa-hydrated were prepared by dis-
solving the corresponding oxides in diluted nitric acid.
Nanopure water was used for preparation of the solutions.
Ultrapure de-ionized water was prepared using a Milli-Q sys-
tem (Millipore, Bedford, MA, USA). All other chemicals used
were of reagent grade.
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Preparation of NaYF4:Ce/Tb NPs

For the preparation of NaYF,:Ce*"/Tb>" NPs, 1.379, 0.091,
and 0.090 g of Y(NO3);6H,0, Ce(NO3)3;6H,0O and
Tb(NO3);6H,0, respectively were dissolved together in
100 mL dist. Water and heated up to 80 °C. An equivalent
amount 1:1 M ratio of EDTA (1.631 g) was dissolved in dist.
Water (50 mL) and introduced dropwise in metal solution for
complex formation. This reaction continued up to 2 h for
complex formation. Afterward, another solution was formed
as dissolving the 1:3 M ratio of sodium fluorite (0.518 g) in
minimum quantity of distilled water. This solution was mixed
up in this forgoing reaction and kept for constant stirring with
heating (80 °C) on hot plate for 1 h [15]. The reaction mixture
was heated up to 150 °C for 3 h under reflux conditions until a
white precipitate was formed. The synthesized NPs were then
collected by centrifugation, washed with distilled water and
absolute ethanol five times, and then dried in oven at 60 °C for
6 h for further characterization.

Preparation of NaYF,:Ce/Tb@NaYF, Core/Shell NPs

In the procedure of NaYF,:Ce**/Tb**@NaYF, core/shell NPs
formation, similar EDTA based complexation process was
used as discussed above. Initially, 0.399 g of NaYF,: Ce*"/
Tb*>* NPs were dispersed in 10 mL of distilled water with the
help of ultrasonic bath and then constant stirring for 30 min.
Typically 0.632 g Y(NO3);6H,O was dissolved in distilled
water and then a solution of EDTA was injected into this
reaction. Afterward, sodium fluorite (0.410 g) dissolved in
distilled water was mixed-up in this foregoing mixed system,
and the suspension was refluxed at 150 °C for 3 h until the
precipitation was occurred. This white precipitate was centri-
fuged and washed five times with ethanol to remove of excess
of unreacted reactants. The core/shell NPs were collected after
centrifugation and then dried in oven at 60 °C for 6 h for
further characterization.

Preparation of Silica Coated
NaYF4:Ce/Tb@NaYF,@SiO, Core/Shell NPs

The NaYF4:Ce3+/Tb3+@NaYF4@Si02 core/shell NPs were
prepared through a versatile Stober sol-gel process as de-
scribed below [13, 26]. The synthesized NaYF,:Ce>"/
Tb*>* @NaYF, NPs (50 mg) were well dispersed in a mixed
solution of deionized water (50 mL), ethanol (70 mL) and
concentrated aqueous ammonia (1.0 mL) in a three-neck
round-bottom flask. Afterward, 1.0 mL of tetraethyl
orthosilicate (TEOS) was added slowly for hydration, and
the reaction was allowed to proceed for 5-6 h under
continuous mechanical stirring. After 6 h of continuous
stirring at room temperature, the silica-coated core/shell
NPs were separated by centrifugation, washed five times

with ethanol then dried in oven at 60 °C for 6 h for further
characterization.

Characterization

The size and morphology of the samples were inspected using
a field emission transmission electron microscope (FE-TEM)
equipped with the EDX (FETEM, JEM-2100F, JEOL, Japan)
operating at an accelerating voltage of 200 kV. EDX analysis
was used to confirm the presence of the elements. The samples
for TEM were prepared by depositing a drop of a colloidal
ethanol solution of the powder sample onto a carbon-coated
copper grid. Fourier transform infrared spectroscopy (FTIR)
spectra were recorded on a Perkin-Elmer 580B IR spectrom-
eter using KBr pellet technique in the range 4000-400 cm .
The UV/Vis absorption spectra were measured in the Perkin-
Elmer Lambda-40 spectrophotometer in the range 190—
600 nm, with the sample contained in 1 cm® stoppered quartz
cell of I cm path length. Photoluminescence excitation spectra
of the samples were recorded using Hitachi F-4500 spectrom-
eter equipped with a 150 W Xe lamp as a source having
spectral resolution of 3 nm. Photoluminescence spectra were
studied by a 266 nm pulsed Nd-YAG laser (Spitlight 600,
Innolas, Germany) source. Photoluminescence decay
was recorded with an Edinburgh instrument F-920
equipped with a 100 W ps flash xenon lamp as the
excitation source. All measurements were performed at
room temperature.

Results and Discussion
Crystallographic Studies

Phase purity and crystal structure of the core, core/shell and
silica coated core/shell/SiO, NPs were characterized by XRD
analysis (Scheme 1). In Fig. 1, all the diffraction peaks of the
core and core/shell NPs are broad with low intensity can be
exclusively indexed as a pure cubic phase of NaYF,, the lo-
cation and relative intensities of the reflection planes coincide
well with the literature values (JCPDS card No. 77-2042) and
no impurity phase can be found in the diffraction pattern,
indicating that pure a-NaYF, phase was obtained under this
condition [19]. It is found that the widths of all reflection
planes are broader due to small crystalline size of the
nanomaterials. As illustrated in Fig. 1, the relative diffraction
peak intensity of core/shell/SiO, NPs decrease in respect to
core and core/shell NPs, because amorphous silica surface
coating significantly influence the grain size, resulting the
reflection intensity is changed in XRD pattern. Whereas, we
did not observed any characteristic peak of amorphous silica
in XRD pattern of core/shell/SiO, NPs may be due to thinner
layer of silica encapsulated around the surface of NPs.
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Scheme 1 Schematic diagram
showing the synthesis process of
core, core/shell and silica surface
modified core/shell/SiO2 NPs
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Morphological Studies

TEM was employed to determine the size and morphology
changes after surface modifications of the NPs. Figure 2.
shows the low resolution TEM images of core and silica coat-
ed core/shell/SiO, NPs. As shown in Fig. 2a, core-NPs are
irregular spherical, highly agglomerated, polycrystalline with
a narrow size distribution ranging from 10 to 15 nm. The
high aggregation and irregular shape may be due to the
employed complexation rout of core-NPs, in that case
little amount of EDTA has remained attached around the
surface of core-NPs. The existence of EDTA is also confirmed
by FTIR observations see in Fig. 3. Inset of Fig. 2a shows the
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Fig. 1 X-ray diffraction pattern of core, core/shell, and core/shell/SiO2 NPs
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selected area electron diffraction pattern (SAED) of the core
NPs. The SAED pattern shows a continuous circular ring pat-
terns with bright diffraction spots shows the highly crystalline
nature of the core-NPs. It is worth noting that after amorphous
silica surface modification the morphology, size and poly-
dispersibility of the core/shell NPs is greatly affected. It indi-
cates that silica has been grafted successfully surrounding the
core/shell NPs as seen in Fig. 2b & c. It can be seen that the
core/shell NPs are composed of well dispersed and irregular
spherical particles with average diameter around 20 nm
(Fig. 2¢). The luminescent cores are dark and an irregular
shape whereas, silica surface is in light grey color.
Interestingly, the silica coated core/shell NPs did not exhibit
a smooth surface. This confirms that the irregular shape of the
NPs resulted from a co-precipitation process. Such a feature is
highly desirable for optical bioprobe or bioimaging
applications.

Element composition of the synthesized samples were
analysis by energy dispersive X-ray spectroscopy (EDX) to
examine the successful incorporation of doping Ce and Tb
ions into the NaYF, lattice (Fig. 2d & e). The presence of Si
element in EDX analysis suggests that amorphous silica has
been grafted effectively around the core-NPs, which provides
an additional evidence for encapsulation of silica layer. Note
that the C and Cu signals were from the Cu grid (substrate) on
which the sample is deposited. The FE-TEM images of pure
core-NPs and silica coated core/shell/SiO, NPs (Fig. 2e) and
the EDX pattern (Fig. 2¢) simultaneously show that the silica
coated core/shell/SiO, NPs exhibit a well ordered mesoporous
structure with a 2D cubic arrangement.

Optical Properties

FTIR spectroscopy was examined in order to confirm the suc-
cessful silica surface modification of the core/shell NPs. A
broad absorption band is observed in between 3000 and
3600 cm !, and weak intensity band located at 1622 cm "
are assigned to the O—H symmetrical stretching and bending
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Fig. 2 TEM images of a
NaYF4:Ce/Tb (core) in inset
shows the SAED patterns and b
NaYF4:Ce/Tb@NaYF4@SiO2
(core/ shell/SiO2) NPs. ¢ Energy
dispersive X-ray spectrograph of
core and d core/shell/SiO2 NPs

Silica shell

vibrational modes of HO molecules of EDTA (Fig. 3) [13,
17, 26, 27]. The low intensity sharp peaks at 1740 and at
around 1430 cm™ !, which can be ascribed to C =0 and C-O

Core
Core/shell
Core/sheII/SiO2

% Transmittance

4000 3600 3200 2800 2400 2000 1600 1200 800 400
-1
Wavenumber (cm™)

Fig. 3 FTIR spectra of core, core/shell, and core/shell/SiO2 NPs

Cu

CeCe ThTh l Eu
T T

600 9.00 1200
eV

stretching vibration of EDTA [27, 28]. The peaks at 3035 and
2881 cm ! are based on the asymmetric and symmetric
stretching bands of -CHj3. A doublet strong transmission band
observed at 1080 cm ™' originates from the Si-O—Si asymmet-
ric, symmetric stretching vibration of amorphous silica. The
bands at 800 and 450 cm ™" are assigned to the Si—-OH and Si—
O stretching respectively [13, 17, 26]. These characteristic
infrared transmission bands confirm the successful silica sur-
face modification around the core/shell NPs.

Optical absorption spectra were used to characterize the
optical features of the as-synthesized core and core/shell
NPs. Figure 4 illustrates the optical absorption spectra of core,
core/shell and silica coated core/shell/SiO, NPs measured in
absolute ethanol. It is noted that the absorption spectrum of
core/shell/SiO, NPs exhibits distinctively different shape of
band in colloidal phase in the UV-region. A significant en-
hancement in the absorption band is due to the silica surface
modification, which enhanced the surface properties of NPs

@ Springer
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Fig. 4 UV-vis absorption spectra of a core b core/shell and ¢ core/shell/
Si02 NPs suspended in absolute ethanol; inset shows the plot of (chv)2
vs. photon energy(hv) of the a core b core/shell and ¢ core/shell/SiO2 NPs

[15-17]. These observations indicate the successfully encap-
sulation of amorphous silica layer around the surface of bare
NPs. Optical energy band gap, E, for the core, core/shell and
core/shell/SiO, NPs are determined from the sharply increas-
ing absorption region according to Tauc and Menth’s law [29].
The inset of Fig. 4 shows a plot of («/v) versus the photon
energy (hv). The experimentally estimated band gap is about
1.75,1.41 and 1.36 ¢V, for core, core/shell and core/shell/SiO,
NPs, respectively. It is worth mentioning that the band gap
energies are decreasing after surface modification because of
increase crystalline size of the materials [17]. The optical be-
havior of Ce*" and Tb*>" ions doped core-NPs with doping
concentrations of 5 % is investigated because these ions are
good probes for the chemical environment of the Ln>" ions.
Ln>" ions doped in the unit cell will replaced by Y*" ions. In
this context photoluminescence properties of the NPs were
investigated by excitation, emission and lifetime measurement
at room temperature as shown in Figs. 5-7. The excitation
spectra was taken with a monitoring wavelength of 541 nm,
and emission spectra was excited on 355 nm. As shown in
Fig. 5, all three samples display several excitation peaks mon-
itored at 317("Fg — °Dy), 326(’F¢ — °Dy), 340('F¢ — ° L),

Core
Core/Shell
Core/Shell/SiO,

Relative Intensity(a.u.)

280 320 360 400 440 480 520
Wavelength(nm)
Fig. 5 Excitation spectra of core, core/shell, and core/shell/SiO2 NPs
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Fig. 6 Emission spectra of the as-prepared core, core/shell and
core/shell/SiO2 NPs

350("F¢ — "Dy & °Gs), 368("F¢ — °Gyg), and
377('F¢ — °D;) nm are originating from 4£-4f transitions of
Tb>" ions along with strong band located at 275 nm corre-
spond to 4f-5d transition of Ce** ions [16, 25]. The excitation
spectra show a similar trend in all samples and all excitation
transitions are identical to the excitation of Tb>* ion in powder
samples [25]. As seen in Fig. 5, the peak intensities of 4f4f
transitions of Tb*>" ions are increase it may be related to sur-
face growth of undoped NaYF, layer around the core-NPs.
Whereas, the relatively peak intensity decrease after silica sur-
face modification, due to the influence of amorphous silica.
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The emission spectra of three samples were measured from
450 to 750 nm are mainly composed of six strong peaks lo-
cated at 488 nm(’D; — F), 541 nm (°D, — Fs), 583 nm
(D4 — 'F4), 618 nm (°D, — 'F3), 640 nm (°D4 — 'F»), and
674 nm (°D, — 'F,), which separately correspond to the char-
acteristic 4£-4f transitions of Tb>" ions and in good agreement
with the standard energy levels [16, 25]. Among the Tb**
emission transitions, the most intense and sharp emission band
is observed at 541 nm due to the D4 — 'F5 transition reveals
greatest sensitivity in all three samples [16, 25]. This emission
transition is the true fingerprint for the characteristic emission
lines corresponding to the 4£-4f transition of the Tb*" ion,
which is induced by the change in the chemical environment
of the Tb>" ions during the formation of a new chemical bond
between host and the Tb>" ion [16, 24, 25]. The relative in-
tensities and peak positions of all emission transitions are in
consistent with the previously literature reports, indicating that
the Ce** and Tb>" ion are co-doped in a NaYF, crystal site
[19, 20]. Moreover, shape and intensity of transitions provide
a better model to investigate the effect of environment on
optical properties of the NPs. As seen in Fig. 6b, typical band
features of all emission transitions clearly suggest the surface
modification of the NPs [24, 25]. A remarkable enhancement
is observed in emission intensity of inert shell coated
core/shell NPs in respect to the uncoated core-NPs. This in-
crease emission intensity may be attributed to the fact that a
significant amount of non-radiative centers existing on the
surface of core-NPs are eliminated by the shielding effect of
the NaYF, shell [17, 25]. On the other hand, in this core/shell/
Si0O, structure, the distance between the luminescent lantha-
nide ions and the surface quenchers is increased, thus reducing
the non-radiative pathways and suppressing the energy
quenching in energy transfer processes [7, 14, 17, 25, 30,
31]. On the other hand, NPs are prepared in aqueous media
and their surface may be covered by a large amount of hy-
droxyl groups either chemically anchored or physically
adsorbed to the surface, as confirmed by the FTIR and UV/
Vis study. These hydroxyl groups made them highly aqueous
dispersion at room temperature. Whereas, these hydroxyl
groups may also cause considerable non-radiative transition
and reduce the quantum efficiency of the luminescent Ln**
ions. Appearance of reduced intensity of emission transitions
in core-NPs with respect to core/shell NPs clearly indicates the
effect of hydroxyl groups. Notably, core/shell NPs reveals
better enhancement in emission intensity most likely because
the low phonon energy of the NaYF, shell that not only resist
water but also minimizes resonant energy loss.

It is worth noticing that as seen in Fig. 6¢, the emission
intensity of silica surface modified core/shell/SiO,-NPs is re-
markably lower than the core/shell NPs, which is similar to
some literatures related to silica coated nanophosphors
[32-35]. And, After coating, the possible reasons of the re-
markable emission intensity reductions are as follows: SiO,

1157
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0.4
0.2
0.0 T T T T 1
0 0.2 0.4 0.6 0.8 1

X
Fig. 8 CIE diagram of core, core/shell, and core/shell/SiO2 NPs

coating leads to the decrease in NaYF,:Ce/Tb amount per unit
volume of the sample; SiO, is in amorphous state and the
silanol (SiO-H) group which acts as the luminescence quench-
er may present; the power of the excitation light reaching the
NaYF4:Ce/Tb core becomes weak due to the scattering and
reflection of silica shell. Further, the emission of surface mod-
ified NPs was examined in terms of their Commission
International de 1’Eclairage coordinates (Fig. 8) and lifetime
of °Dy state of Tb>" ions (Fig. 7) to understand the effect of
local environment on luminescence properties.
Representative photoluminescence decay time of core,
core/shell and core/shell/SiO, NPs are illustrated in Fig. 7.
Photoluminescence decay curves of °D, (541 nm) level of
Tb>" ion for core, core/shell, and core/shell/SiO, NPs under
355 nm excitation (Ao, = 541 nm) is shown in Fig. 7. The
decay curve for D, — ’Fs transition (541 nm) of Tb*" ions
are not well fitted with monoexponential function as
[=TIpexp(—t/Ty) (Fig. S1, ESI), where I, and 7 are the intensities
at the =0 and 7 ms and 7 is the lifetime. It is further confirmed
by plotting Log(I) — t curves of the photoluminescence decay
for the *Dy — ’Fs transition of Tb>" ion (ESI S1(b)). Fitting
parameters obtained after mono-exponential fitting are shown

Table 1  The lifetime parameters obtained from the biexponential
fitting to the luminescence decay data of the Core, Core/Shell, and
Core/Shell/SiO, NPs at 355 nm excitation (A, = 541 nm)

Nanoparticles (%) Ti(ms) L(%) T(ms) T,(ms) R?

Core 144 0.182 856 4.631 3.99 0.9762
Core/Shell 205 0.838 795 5602 4.62 0.9934
Core/Shell/SiO, 304 0265 69.6 4.141 296 0.9606
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Table S1. This is may be due to the presence of significant
numbers of —OH ions, nonradiative processes, and/or surface
defects present on the surface of the NPs [36]. It result the
deviation mono-exponential fit to the photoluminescence de-
cay data (poor R?). Furthermore, the photoluminescence decay
data was fitted using a biexponential function which is defined
as, [ = [yexp(—t/t,) + Lexp(—t/T,), where T, and T, are the fast
and slow components of the luminescence lifetime decay con-
stants and I; and I, are the intensity parameters [37]. The
biexponential fitting to the decay data of core, core/shell, and
core/shell/SiO, NPs were shown in Fig. 7 and fitting parame-
ters (11, 11, 11, T, Tay and Rz) are summarized in Table 1. Where
Tay 18 the average lifetime for D, — "Fs transition of Tb>" ion
(541 nm) is calculated using the formula as t,, = (I;7; + L)/
(I; + I)). In general, biexponential behavior is observed due to
the presence of an inhomogeneous distribution of the photo-
luminescent ions (Tb>") in the core/shell. For a typical
biexponential fitting, under 355 nm excitation, the lifetime de-
cay values for core and core/shell samples are found to be
182 us (ty) and 4.631 ms (T,) with an average lifetime of
3.99 ms (T,,) and core/shell samples 838 us (t;) and
5.602 ms (T,) with an average lifetime of 4.62 ms (T,,), respec-
tively. Recently, Parchur et al. reported the lifetime value of
Tb*>" doped CaMoO, NPs in the range of 60-896 us [25].
Also, Li et al. reported average of lifetime value to be 8.1 ms
for 900 °C annealed SiO,@Cag95TbgosM00, sample [38].
Further, lifetime values extensively depend on presence of —
OH ions present on the surface of the NPs, nonradiative tran-
sition of Dy — 'F }» and energy transfer between D, levels of
Tb" ions. Increase in lifetime values of core/shell NPs as com-
pared to the core-NPs was also supported by increase in lumi-
nescence by inert shell (without Tb*") formation of active core
(with Tb*"). Veggel and his group demonstrated that the surface
modified lanthanide ion doped nanomaterials efficiently con-
trols the non-radiative process due to the reduction in presence
of dangling bond present on the surface of the NPs [38]. It
results the increase in quantum yield and lifetime values of
core/shell NPs as compared to core particles [39]. It is also
found that, T, T, have a 14.4 and 85.6 % contribution in T,
value in case of core particles, respectively while ~20.5 and
79.5 % contribution was found for core/shell particles. For
core/shell/SiO, samples, the lifetime values are found to be
265 ps (T;) and 4.424 ms (1,) with an average lifetime of
2.96 ms (Tay). The T, T, have a 30.4 and 69.6 % contribution
in T,, value. Moreover, the slow lifetime component T, of
core/shell/Si0, NPs lies between the value of core and
core/shell NPs.

Conclusions

In conclusion, we have successfully synthesized water dis-
persible with greatly improve luminescent down-conversion

@ Springer

core, core/shell and core/shell/SiO, NPs via facile complexa-
tion rout. FETEM and FTIR spectral analysis confirmed the
core/shell/SiO, structure. The optical absorption band edges
were shifted to longer wavelength from seed luminescent core
to silica modified core/shell/SiO, NPs. The bandgap energy
was decrease after shell formation, which attributed to the
quantum-size effect due to the growth of the crystalline inert
and amorphous silica layers improve the crystallinity of the
core/shell nanomaterials. The formation of an inert shell be-
fore silica surface modification mainly promote luminescence
enhancement and silica greatly improve their solubility char-
acter in aqueous solvents. A remarkable improvement of lu-
minescent efficiency was achieved after grown an inert inor-
ganic shell surrounding the surface of seed core-NPs. This
novel strategy after improving the luminescence performance
and water dispersibility in aqueous solvents is important for
realizing practical applications in luminescent bioimaging or
as optical bio-probe for detection of analytes.
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