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a b s t r a c t

Ho3þ-Yb3þ sensitized YMoO4 core@shell upconversion (UC) nanoparticles (NPs) have been structurally
and optically characterized. Bright Field Transmission Electron Microscopy (TEM) imaging and the cor-
responding Fast Fourier Transform (FFT) pattern has been done to evidence the formation of core@shell
nanostructures. Optical properties viz. UVeVis absorbance spectra, Dynamic Light Scattering (DLS), zeta
potential measurement and upconversion (UC)/downconversion (DC) spectra of core and core@shell
nanoparticles have been reported. The core@shell NPs exhibits both the colloidal stability and solubility
in well suited biological liquids. Due to silica shell across the Ho3þ/Yb3þ codoped YMoO4 NPs, the fre-
quency UC emission intensity of all bands have been increased compared to that of core NPs. The colour
emitted from the core@shell NPs lies in the green region having colour purity ~95%. In biocompatible
solvents under 980 nm excitation, the reduction in the overheating problem is due to small decrement in
the UC emission intensity of core@shell NPs compared to that of the core NPs.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Rare earths (REs) doped upconversion (UC) nanoparticles (NPs)
have attracted significant interest because of their applications in
the field of UC lasers, IR quantum counters, solid state lighting
devices, security levels, LEDs, biological imaging, biosensing,
photodynamic therapy (PDT), etc. [1e9]. Many obstacles have been
found in the applications of UC NPs because of their poor water
solubility due to the presence of hydrophobic organic ligands on
the surface. This causes the negative influence to biological tissues
[10]. Due to low solubility in water and incompatible surface
property of the UC NPs, they cannot be used for biological appli-
cations. However, the core@shell nanomaterials and nano-
structures have become an important research area due to their
applications in different fields. Optical properties of the core@shell
nanomaterials will be different from its core nanomaterials and
depending on different surface morphologies of core and shell with
varying thickness, their functional properties can be tuned [11e14].
Shao et al. studied the upconversion luminescence, temperature
sensing and photothermal conversion properties in the lanthanides
rrai@iitism.ac.in (V.K. Rai).
doped core/shell nanoparticles under 980/808 nm excitation. They
reported that the developed nanoparticles can be used in imaging-
guided and temperature-monitored photothermal treatments [14].
The biodegradable silica rubber core-shell nanoparticles and their
stereocomplex for poly lactic acid (PLA) advanced composites ap-
plications have been reported by Li et al. [15]. Till now, various
core@shell nanoparticles have been successfully developed to
produce hydrophilic and biocompatible UC NPs [15e18]. To
improve the UC luminescence efficiency, researchers are trying to
grow shell of inert inorganic materials around the rare earth ions
doped core materials. The enhancement in luminescence efficiency
occurs due to the sufficient energy transfer from sensitizer to the
activator ions and also the shell can shield the dopant ions and
inhibits the defect sites on the particles surface from luminescence
quenching. But due to the hydrophobic nature and poor biological
conjugation activity, some of the inorganic shell materials cannot
be used in the biological fields [19,20]. Among the various surface
coating processes, silica coating formation is very simple and good
technique because of its high specific surface area, optical trans-
parency, chemical inertness, excellent biocompatibility, high
photochemical stability, nontoxicity and further concomitancewith
other functional groups [21e23].

Due to the excellent thermal stability and luminescent proper-
ties, rare earths doped molybdate materials have been studied in
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various fields such as phosphors, laser hosts, upconversion, bio-
labeling, etc. [24]. Among AMoO4 materials, the YMoO4 host having
scheelite type tetragonal structure due to the luminescent MoO4
tetrahedron cluster unit, serves as an excellent host material in the
luminescent fields [25,26]. On the other hand, triply ionized hol-
mium ions are very good activator due to their various energy levels
to reach visible UC emission. The UC luminescence intensity can be
enhanced by codoping with suitable sensitizers. The frequency UC
luminescence intensity can also be improved by developing the
shell around the core NPs. Triply ionized ytterbium ions are suitable
sensitizer under 980 nm NIR diode laser excitation, because it has
large absorption cross-section at 980 nm. The YMoO4 has been
taken as a host material for the Ho3þ ions because the ionic radius
of Ho3þ ions (104.1 p.m.) is similar to the Y3þ ions (104 p.m.) [27,28].
Due to similar ionic radii, Ho3þ ions may occupy the Y3þ sites
keeping sharp emission bands. On codoping with the Liþ ions in the
Ho3þ/Yb3þ:YMoO4 NPs, an enhancement of about ~2 times in the
green emission band has been reported [29].

Based on the different synthesis procedures using silica as shell
material, a variety of core@shell structured materials have been
prepared. For example, Fe3O4@SiO2, Gd2O3:Eu3þ@SiO2, BaFBr-
Eu2þ@SiO2 were obtained by different strategic routes such as
reverse microemulsion method, sol-gel method, St€ober method,
etc. [30e32]. St€ober method is much simpler and easy process that
has possibility to transfer the NPs into aqueous solvents. To the best
of our knowledge, the silica surface modified Ho3þ/Yb3þ:YMoO4
core NPs synthesized via St€ober method have not been prepared
and the frequency upconversion emission properties under 980 nm
diode laser excitation used for the present study have not been
reported till date.

2. Experimental section

2.1. Chemicals

Yttrium oxide (Y2O3), ammonium hepta molybdate
([NH4]6Mo7O24*4H2O), holmium oxide (Ho2O3), ytterbium oxide
(Yb2O3), aqueous ammonia, tetraethyl orthosilicate (TEOS) and
ethanol were used as received without further purification. The
distilled water used was purified by a Millipore system.

2.2. Synthesis

2.2.1. Synthesis of Ho3þ-Yb3þ:YMoO4 core nanoparticles (NPs)
The analytical grade (AR) yttrium oxide (Y2O3, 99.999%, Central

Drug House, India), ammonium heptamolybdate tetrahydrate
[(NH4)6Mo7O24$4H2O, E- Merck, India], ytterbium oxide (Yb2O3,
99.9%, Central Drug House, India), holmium oxide (Ho2O3, 99.99%,
Central Drug House, India), ethanol (99.9%, Analytical reagent)
were used as starting materials to prepare the Ho3þ-Yb3þ:YMoO4
nanophosphors [29].

At first, the oxide materials were mixed with nitric acid (HNO3)
to form their nitrates. After formation of yttrium nitrate, it was
dissolved into ammonium hepta molybdate to form yttrium
molybdate [29]. For preparing the Ho3þ-Yb3þ:YMoO4 nano-
phosphors the concentration of the Ho3þ ions were taken as 0.3, 0.5
and 0.7mol% whereas the concentration of the Yb3þ ions were
taken as 2.0, 4.0, 5.0, 7.0mol%. The dopants Ho3þ, Yb3þ were mixed
with the host material in the form of their nitrates and the solution
was then heated at 70 �C. The ammonia solution was added to the
transparent solution to get the precipitate and then it was kept for
24 h at room temperature. The precipitate was then filtered and
washed three times with deionized water and ethanol. The ob-
tained precursor was kept in an electric furnace for 15min at 550 �C
to get the powder form. Further, the phosphors were kept for 2 h at
800 �C for annealing to improve crystallinity.

2.2.2. Coating of Ho3þ-Yb3þ:YMoO4 nanoparicles with SiO2 shell
The core@shell NPs have been prepared by St€ober method [33].

The synthesized core NPs (50.0mg) were well dispersed in a mixed
solution of deionized water (50.0ml), ethanol (70.0ml) and
concentrated aqueous ammonia solution (1.0ml) in a three neck
round bottom flask. Afterward, 1.0ml TEOS was added in 2.0min
and the reactionwas allowed to proceed for 6.0 h under continuous
stirring at room temperature. After 6.0 h of continuous mechanical
stirring at room temperature, the silica coated core@shell NPs were
separated by centrifugation. The prepared core@shell NPs were
then washed with ethanol and dried at room temperature.

2.3. Material characterization

For X-ray Diffraction (XRD) measurements, the prepared sam-
ples were kept in a smooth surface sample holder at an angle of 45�.
A Bruker D8 advanced X-ray diffractometer with CuKa radiation
(k¼ 1.54Å) has been used for the XRD study of the prepared NPs.
For Transmission Electron Microscopy (TEM) imaging, High Reso-
lution TEM (HRTEM) imaging and Energy Dispersive X-ray Spec-
troscopy (EDS) analysis, a FEI Tecnai F30 transmission electron
microscope (TEM) operating at 300 keV was used. The optical ab-
sorption spectra have been performed by using the UVeViseNIR
spectrophotometer (Model no- Agilent Cary 5000). The frequency
UC emission has been performed with a Princeton triple turret
grating monochromator connected with a photomultiplier tube
(PMT) upon excitation with a continuous wave (CW) laser diode
lasing at 980 nm. All the measurements were performed at room
temperature.

3. Results and discussion

3.1. Formation and morphology of core@shell nanoparicles

The phase compositions of the prepared core and core@shell
NPs have been identified with the help of the X-ray diffraction
(XRD) studies. The X-ray diffraction patterns of the core and
core@shell NPs are shown in Fig. 1 (a). The XRD patterns of all the
samples are matching very well with JCPDS file no. 35-1470. The
lattice constants are a¼ b¼ 5.168Å, c¼ 11.002Å and
a¼ b¼ g¼ 90�. The diffraction peaks of the prepared Ho3þ-Yb3þ

codoped core@shell NPs are found at diffraction angles (2q) at
29.46, 32.91, 34.45, 48.40, 49.55, 56.23, 58.26 and 60.83 corre-
sponding to (112), (004), (200), (204), (220), (116), (312) and (224)
planes respectively [29]. The diffraction peaks positions of the core
and core@shell NPs arematching well which implies that the Ho3þ-
Yb3þ:YMoO4 NPs are not influenced by SiO2 shell. Both the samples
have the tetragonal phase with space group I41/a (88) of YMoO4.
The average crystallite size of the prepared core and core@shell NPs
has been calculated by Debye-Scherrer's formula [34e37]. The
crystallite size of the developed core and core@shell NPs are found
to be ~35 nm and ~38 nm respectively. The broad peaks observed in
Fig. 1 (a) are due to the nanocrystalline nature of the prepared
samples.

Bright field Transmission Electron Microscopy (TEM) images
confirm the formation of the core@shell NPs across the core ma-
terial. It is observed from Fig. 1 (b) that the as prepared cores NPs
have well defined size distribution of average particle size ~ 47 nm.
Fig. 1 (c) shows that the obtained silica coated core@shell NPs still
retain the uniform morphology. Bright field TEM images confirm
that the layer of coating has an average shell thickness of ~5 nm. No
significant change in the morphology and composition of silica
coated core NPs after the surface modification by SiO2 was



Fig. 1. (a) X-ray Diffraction patterns of the core and core@shell nanoparticles, Bright field TEM images of (b) core nanoparticles (inset shows the SAED pattern), (c) core@shell
nanoparticles (inset shows the zoom view of the core@shell NPs and the corresponding FFT pattern) (d) The EDS mapping across a particle in the core@shell NPs.
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observed. The Selected Area Electron Diffraction (SAED) pattern
{inset of Fig. 1 (b)} shows the spotty ring patterns of the prepared
samples thereby indicating the polycrystalline nature of the
developed NPs. The rings corresponding to the {(112), (004)} planes
of the YMoO4 NPs are in consistent with the XRD results. To
investigate the core@shell structure more clearly in the core@shell
NPs, FFT patterns {shown in inset of Fig. 1 (c)} of the crystalline
grains and boundaries are obtained. In the FFT patterns, the grain
and boundaries show the clear spot and diffuse ring patterns
respectively, thereby confirming the presence of the silica shell
[38]. The representative compositional mapping of the NPs has
been done to know the distribution of the individual elements
{Fig. 1 (d)}.
3.2. Optical properties

UVeVisible absorption spectra of the Ho3þ-Yb3þ:YMoO4 core
and silica surface modified core NPs dispersed in distilled water
with the help of ultrasonic bath were recorded at room tempera-
ture within the range 1.55e6.2 eV. The deviation in absorbance at
longer wavelength observed for the core and core@shell NPs is due
to the different scattering behavior of the solvents [25]. A broad
absorption band within 4.13e6.20 eV is attributed to the charge
transfer from the oxygen (2p) shells to Mo5þ ions inside the MoO4
groups [39]. The absorption spectra of the developed NPs show
almost similar features but the edge of the absorption bands are
different. This difference in the band edge occurs due to the for-
mation of thinner silica layer around the core NPs. From the Fig. 2
(a) one can see that the band edge in silica coated Ho3þ-
Yb3þ:YMoO4 NPs shifts towards the lower potential side. The high
absorbance of the core NPs is due to the charge transfer (CT)
mechanism inside the molybdate groups. The shift in the absorp-
tion band is because of the interaction between molybdate groups
and coating layer, which causes the change in coordination ge-
ometry and hence the symmetry of materials [40]. An additional
advantage of the SiO2 coating in NPs is that, it allows the hydrogen
bonding with protic glacial solvents such as water and methanol as
well as Vander Walls' weak interactions with aprotic polar solvents
such as DMSO (Dimethyl Sulfoxide). The colloidal stability of the
core@shell NPs has been tested by dissolving 10mg of the material
in 10ml of water, methanol and DMSO, respectively, with the help
of an ultrasonic bath and their sedimentation was observed after 1
day and 1 week. The sedimentation of the core@shell NPs dispersed
in water is shown in Fig. 2 (b). The resultant silica surface modified
core@shell NPs exhibit better dispersibility as well as colloidal
stability in water, methanol and DMSO than that of the core NPs
after 24 h. Due to the excellent colloidal stability and dispersibility
the core@shell NPs can be used for biological applications. The silica
coated core NPs can be used for drug delivery, fluorescence imaging
and also in different bio-related applications. Because of its smaller
size, it can escape from phagocytes in the reticuloendothelial (RES)
system, such as spleen and liver, and circulate through blood ves-
sels with a long blood half life but the larger NPs cause rapid uptake
by the RES system [33,41]. No clear agglomeration with the naked
eyes was noted after keeping the NPs for two weeks. The presence
of silica layer not only shows high dispersibility in water, it also
allows conjugation with various bio-molecules due to the presence
of silanol molecules. Moreover, the band gap energy of the pre-
pared core and core@shell NPs in its powder have been determined
by the Tauc relation [42] and the energy band gap is found to be
~2.99 and ~2.96 eV for the core and core@shell NPs respectively
{Electronic Supplementary Material (ESM) Fig. 1 (a)}. The reduction
in the band gap occurs due to the fitting errors.

Moreover, to confirm the colloidal stability of the NPs in water
Dynamic Light Scattering (DLS) and the corresponding zeta po-
tential measurements have been carried out. The hydrodynamic
diameter of the core@shell NPs have been found to be about
~110 nm in neutral water (pH~ 7) and showed negligible change
after one week {ESM Fig. 1 (b)}. The zeta potential of the core@shell
NPs is about ~26mV thereby indicating the good stability of the
NPs.



Fig. 2. (a) UVeVis absorption spectra, (b) Photograph taken after dispersing core and core@shell nanoparticles in water.
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3.2.1. Photoluminescence study
The host materials containing VO4, NbO4, WO4, and MoO4

groups, commonly known as self activated phosphors, are very
important now a day's for various photonic applications. The
downshifting photoluminescence (PL) behavior of the core and
core@shell NPs have been studied under 293 nm UV excitation. The
broad band observed in the large part of the visible electromagnetic
spectrum attributes to multiphonon and multilevel process, i.e.,
relaxation occurs in a system via several paths involving the
participation of numerous states within the band gap of the ma-
terial. It is observed that under 293 nm UV excitation {ESM Fig. 2
(a)}, which falls in the broad absorption range of the molybdate
host {Fig. 3 (a)}, the emission occurs due to charge transfer
Fig. 3. (a) Downconversion emission spectra under 293 nm excitation of core and core@shel
cm2 pump power density, (c) Schematic representation of energy level diagram of the Ho3þ-Y
980 nm excitation with different depths of water of the core@shell nanoparticles (inset sho
and core@shell nanoparticles).
transitions from 4 d state of Mo (below the conduction band) to
oxygen 2p states (near the valance band) in the MoO4 group. The
MoO4 group in the host lattice is deexcited radiatively and produces
broad emission within 400e650 nm region with maximum peak
intensity around ~470 nm [43]. The f-f transitions in the Ho3þ ions
are relatively weak and it is hard to detect the emissions arising
from the Ho3þ ions. The emission intensity is noted maximum in
the core@shell NPs, indicating that the coating of silica decreases
the nonradiative relaxations via surface defects of NPs and hence
causes an increase in the intensity.

The UC luminescence observation in the core and core@shell
NPs excitated at 980 nm within 13.18e61.29W/cm2 excitation
density has been performed. The UC emission spectra of Ho3þ
l nanoparticles (b) Upconversion emission spectra under 980 nm excitation at 29.42W/
b3þ systemwith the possible transitions (d) Upconversion luminescence spectra under
ws the variation of 541 nm emission intensities with different depths of water for core
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doped YMoO4 NPs on varying the concentration of Ho3þ ions from
0.3 to 0.7mol% have been recorded [29]. The maximum UC emis-
sion intensity was observed at 0.5mol% Ho3þ ions concentration
and above this value the UC emission intensity decreases due to
concentration quenching. Taking the optimum concentration of the
Ho3þ ions, the concentration of Yb3þ ions is varied from 1.0 to
5.0mol% to prepare the Ho3þ-Yb3þ codoped YMoO4 NPs. The UC
emission intensity increases with increasing the Yb3þ ions con-
centration and the maximum UC emission intensity is reported at
0.5mol% Ho3þþ4.0 mol% Yb3þ combination. Further, on increasing
the Yb3þ ions concentration (>4.0mol%) the UC emission intensity
decreases [29].

A comparative spectral investigation of the optimized core and
core@shell NPs carried out upon 980 nm NIR CW diode laser exci-
tation at room temperature is shown in Fig. 3 (b). The optimized
0.5mol% Ho3þ-4.0mol% Yb3þ: YMoO4 core NPs shows three
emission bands peaking at 541 nm, 551 nm and 668 nm in the
green and red regions corresponding to the 5F4, 5S2 / 5I8 and 5F5
/ 5I8 electronic transitions, respectively. The UC emission bands
lying in the green and red regions have been significantly increased
in the codoped core NPs compared to that of the Ho3þ singly doped
YMoO4 core NPs due to the efficient energy transfer from Yb3þ to
the Ho3þ ions [29,44,45]. The UC emission intensity of all the bands
have been further increased on developing the silica layer around
the Ho3þ-Yb3þ codoped YMoO4 core NPs. The enhancement of
about ~5 times for the green band and ~2 times for the red band has
been reported {Fig. 3 (b)}. One extra band at 757 nm corresponding
to the 5F4, 5S2 / 5I7 transition was also observed in the core@shell
NPs. UC emission intensity enhancement becomes ~250 times for
the green band in the Ho3þ-Yb3þ codoped YMoO4 core@shell NPs as
compared to that of the Ho3þ singly doped YMoO4 core NPs. The
spectral profile shows that both the core and core@shell NPs exhibit
similar transitions except their intensity changes, which further
confirms the identical environment of the core and core@shell NPs.

Interestingly, the enhancement in UC emission intensity occurs
after shelling the core with silica layer. As the silica itself does not
show crystalline nature as well as UC luminescence, but the silica
coated NPs show higher UC emission intensity for the green and red
bands. The enhancement in UC intensity occurs due to reduction in
the surface defect density on the core@shell NPs due to presence of
silica coating [46]. On increasing the pump power density the UC
emission intensity is increased. The enhancement observed in UC
emission intensity in the core@shell NPs is attributed due to the
shell shielding effect over the core from quenching arising from
ligands and solvents (i.e., surfactant hydroxyl groups) in the surface
of UC NPs [47e50].

The involvement of number of NIR pump photons in the UC
process can be obtained from the pump power dependence study
of various emission bands by using the following relation [51],

Iup a Pupn

where, “Iup” represents the intensity of UC emission band, “Pup”
represents the pump power of the excitation source and “n” is the
number of pump photons that are taking part in the UC process.
Subsequently, the slope of logarithmic UC emission intensity versus
logarithmic pump power shows the number of pump photons
required in the UC process. The pump power dependence versus UC
emission intensity study shows the involvement of two NIR pho-
tons {shown in inset of Fig. 3 (b)} for both the green (541 nm) and
red (668 nm) bands [44,45]. Further, the increment in UC emission
intensity for core@shell NPs than that of the core NPs was inves-
tigated in presence of coating of the silica layer that protects the
dopants present near at the surface of core from quenching arising
from surfactant hydroxyl groups. The UC mechanisms of the
prepared core/core@shell NPs could be explained by considering
the energy level diagram shown in Fig. 3 (c).

The mechanisms involved in the UC process are mainly the
ground state absorption (GSA), excited state absorption (ESA) and
energy transfer (ET). It is observed from energy level diagram that
there is energy mismatch between the energy of 980 nm photons
and the 5I6 level of Ho3þ ions. Whereas, the energy of the 2F5/2 level
of the Yb3þ ions matches well with the 980 nm photons energy so
that the Yb3þ ions sufficiently absorb the 980 nm pump photons
[29]. In case of the Ho3þ:YMoO4 NPs, after absorbing 980 nm
photons the Ho3þ ions by ground state absorption (GSA) process
jump to the 5I6 level followed by the nonradiative relaxation pro-
cess. Reabsorbing another 980 nm pump photons some of the triply
ionized holmium ions from the 5I6 level reaches to the 5F4, 5S2 level
via ESA1 process, from where it relaxes to the 5I8 and 5I7 levels
emitting photons in the green and NIR region corresponding to the
5F4, 5S2/ 5I8 and 5F4, 5S2/ 5I7 transitions respectively. The rest of
the Ho3þ ions which are in the 5I6 level relax nonradiatively to the
5I7 level and then by ESA2 process transit upward to the 5F5 level.
The excited Ho3þ ions relax radiatively to the 5I8 level by emitting
red light (668 nm). However, the UC emission intensity of the Ho3þ-
Yb3þ:YMoO4 codoped core NPs is higher than that of the
Ho3þ:YMoO4 core NPs. This is basically due to the efficient energy
transfer (ET1 and ET2) and cross-relaxation (5F5þ5I6 4 5I7þ5S2, 5F4)
along with the GSA, ESA1, ESA2 processes. The possible existence of
the UC emission band at ~489 nm {inset in Fig. 3 (b)} corresponding
to the 22F5/2/ 22F7/2 transition (Yb3þ) confirms the involvement of
cooperative energy transfer process among the Yb3þ ions in the 2F5/
2 state and hence also the energy transfer process (ET2) from the
Yb3þ to Ho3þ ions.

The core@shell NPs are more suitable in biological applications
due to lower decrement in the UC emission intensity than the core
NPs when these NPs are dissolved in different biocompatible sol-
vents for detecting the interior under 980 nm laser diode excitation.
The UC emission spectra of the green band in both core and
core@shell NPs with different depths of biological solvents such as
water, methanol and DMSO have been recorded. It has been
observed that through 6.0 cm depth of water, the UC emission in-
tensity was absorbed ~70% and ~35% in the core and core@shell NPs
respectively {Fig. 3 (d)}. This indicates that the measured emission
intensity of core@shell NPs is higher than that of the core NPs in
different biocompatible solvents, because the shell is shielding the
emitting ions from the quenching effect of surrounding solvents
and reduces the surface defects density. Similar results have been
analyzed in these three kinds of solvents. The UC emission intensity
has been reduced significantly when the NPs were dissolved in
DMSO due to its higher dipolar moment. According to the time
dependent Schrodinger's equation, the absorption coefficient is
directly proportional to the dipole moment [52,53]. The dipole
moment of DMSO, methanol and water are ~3.6 D, ~1.65 D and
~1.86 D, respectively [54e56]. Higher dipole moment of DMSO
induces higher absorption coefficient. The higher value of the ab-
sorption coefficient acts as a quenching source which inhibits the
UC emission intensity.

The time-resolved fluorescence spectra were recorded using a
single photon counting technique with a microsecond Xenon flash
lamp as the source of excitation. The decay profile was monitored
under 293 nm excitation for the green emission band of the Ho3þ

ions by microsecond xenon flash lamp {Fig. 4 (a) and (b)}. The
calculated fluorescence decay time of the 5F4, 5S2 level is found to
be 6.04 ± 0.081 ms for the core NPs, whereas it is 5.74± 0.70 ms for
core@shell NPs. This implies that the transition probability of the
emitting level in the core@shell NPs is relatively higher compared
to that of core NPs. Such a reduction in decay time suggests that the
surface modified silica core NPs results reduction in the surface



Fig. 4. Fluorescence decay curves for the 5F4, 5S2/5I8 green emission of Ho3þ ions in (a) core (b) core@shell nanoparticles (c) Calculated CIE colour coordinates at different pump
power densities (d) Photo taken (i) before and (ii) after 980 nm laser radiation, incident on written matter by using core@shell NPs at 34.84W/cm2 of pump power density. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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defects and it leads to a faster excitation of the emitting levels [51].
By reducing the surface defects via nonradiative recombination, the
luminescence decay time decreases, and therefore the lumines-
cence intensity increases in the core@shell NPs [57].
3.2.2. Photometric characterization and security ink applications
The chromaticity diagram of developed core@shell NPs at

different pump power densities is shown in Fig. 4 (c). The colour
emitted by the developed core@shell NPs lies in the green region
even at high pump power densities. The calculated colour co-
ordinates for core@shell NPs at different pump power densities are
found to be fixed at (0.29, 0.70). Further, on varying the tempera-
ture the colour coordinate value lies in the green region at (0.29,
0.70) {ESM Fig. 2 (b)}. Thus, it is obvious that the colour emitted by
the developed core@shell NPs is not tuned on varying the pump
power density and temperature.

The colour purity of the developed core@shell NPs can be
calculated by using the following equation,

Colour purity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXs � XiÞ2 þ ðYs � YiÞ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXd � XiÞ2 þ ðYd � YiÞ2

q x100%

where, (Xs, Ys) are the coordinates of a sample point, (Xd, Yd) are the
coordinate of the dominant wavelength and (Xi, Yi) are the co-
ordinates of illuminant point. The coordinate of the illuminant
point is (0.3101, 0.3162). The colour purity of the prepared core and
core shell NPs is found to be 92.02% and 95.30%, respectively.

The prepared core@shell NPs have also been utilized for security
ink applications {Fig. 4 (d)}. The ink was prepared by dissolving
0.25 gm of the core@shell NPs in 5.0ml acetone. The letters PHY
were written on a white paper and they are not visible under
normal day light illumination, but it could be seen in dark condition
by illuminating with a 980 nm CW laser diode at 34.84W/cm2 of
pump power density.

4. Conclusions

In conclusion, the developed multifunctional core@shell NPs
with particle size ~50 nm have been successfully structurally and
optically characterized. The representative EDS analysis confirms
the presence of all the elements (Ho, Yb, Y, Mo) in the NPs, whereas
silica layer is across the NPs. Due to presence of silica layer, the
core@shell NPs show both the colloidal stability as well as high
dispersibility in protic and aprotic polar solvents respectively. The
core@shell NPs enhances the luminescence intensity than that of
the core NPs due to reduction in the surface defects. A DLS and zeta
potential measurement supports the good stability of the NPs in
water. The difference in the UC emission intensity for the three
kinds of solvents (Water, DMSO, methanol) arises due to different
scattering behavior of the NPs. This is basically due to different
colloidal stability of the suspensions in these solvents. Based on the
experimental observations, it is believed that the developed
core@shell NPs can be used for photonic, security ink and biological
applications.
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