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1 Introduction

In recent years, considerable efforts have been devoted to 
the synthesis of luminescent NPs of lanthanide because of 
their sharp absorption and emission transitions in visible 
region, high quantum yield, long life time, superior photo-
stability, high chemical and thermal stability, excellent bio-
compatibility and low toxicity which make them essential 
candidates for their potential use in various field of applied 
material as well as in biomedical sciences [1–5]. In com-
parison to various kind of traditional oxide based lumines-
cent lanthanide materials such as Ln2O3, [6, 7] LnPO4 [8, 
9] and LnVO4 (where Ln = Y, La and Gd) [10–12] fluorides 
are advantageous as fluorescent host materials owing to 
their low vibrational energies and the subsequent minimiza-
tion of the quenching of the excited state of the lanthanide 
ions [13–23]. Hence, lanthanide ions-doped nanostructural 
fluorides have attracted extensive interests due to their 
potential applications in lighting, displays, up-converters, 
magnetic resonance imaging (MRI), biological fluores-
cent labels, optical amplifiers, transparent glass, scintilla-
tors, photonic crystals [13–23], etc. Among these fluorides, 
YF3 host matrix exhibits high photochemical stability, 
excellent biocompatibility, non-toxicity and relatively low 
crystalline temperature, and its phonon energy is as low 
as 350  cm−1 [14–18, 21–23]. The lanthanide ions (Eu3+, 
Tb3+, Er3+, Pr3+, Ho3+, Yb3+, Tm3+) doped YF3 NPs, YF3 
triangular nanoplates and silica-coated or organic ligands 
modified YF3 luminescent NPs have been reported in lit-
eratures [15–18, 21–25]. The luminescent quantum yield 
of NPs is limited due to the non-radiative decay from sur-
face defects. In order to increase the quantum yield, a good 
way is to form a core/shell structure [26–33]. This core/
shell structure consists of a core doped with luminescent 
lanthanide ion which is covered by shells of similar lattice 
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constant materials. In this structure the distance between 
the luminescent lanthanide ions and the surface quenchers 
is increased, thus, reducing the nonradiative pathways. In 
these core/shell materials design, the outer shell protects 
the luminescent core ions from oxidation, hydrolysis or dis-
solving in aqueous environment at room temperature and 
decreases their solubility in most of the solvents. Owing to 
the surface coating of an inert crystalline layer, these lumi-
nescent NPs revealed weak solubility in aqueous and non-
aqueous solvents. Therefore, their applications in biomedi-
cal sciences are limited because they don’t have additional 
functional chemical groups for attachment of biomolecules.

To overcome this problem, it is better to grow a porous 
silica shell surrounding the core/shell NPs, since the silica 
shell is easy to grow on the surface of luminescent core-
NPs and has the ability to enhance the solubility, bio-
compatibly and non-toxic nature of the luminescent core/
shell-NPs [14, 19, 26, 30, 34, 35]. Silica coating is a popu-
lar method for improving water solubility and protecting 
NP cores from the surrounding environment [19, 26, 30, 
34, 35]. Inexpensive and easy method of obtaining spheri-
cal particles with narrow size distributions, chemical inert-
ness and optical transparency are some of the advantages 
of using SiO2 as shell in NPs. Increased optical response, 
higher luminescence and longer decay times have been 
observed when the cores of luminescent Ln3+-doped 
materials are covered by SiO2 shells [19, 26, 30, 34, 35]. 
Because of the low chemical activity of SiO2, the coating 
process seems to be an effective way of lowering the cyto-
toxicity of the cores. However, no one has reported such 
core/shell/SiO2-nanostructure and also no research have 
been done to investigate their structural, optical and photo-
luminescence properties.

In the present study, we propose a facile and effec-
tive strategy to grow a new kind of core/shell/SiO2 nano-
struture to enhance the luminescent efficiency along with 
their solubility in aqueous and non-aqueous solvents. The 
obtained core-NPs exhibited bright orange/red emission 
which was remarkably enhanced after passive LaF3 layer 
coating and then luminescent intensity got suppressed due 
to the amorphous silica surface coating, although, their 
solubility character in aqueous and non-aqueous solvents 
was improved significantly. The existence of the silanol 
(Si–OH) groups on the surface of core/shell-NPs is an 
advantageous over unmodified cores. These groups could 
be used for chemical modifications and conjugation of bio-
molecules such as biotin, antibodies and oligonucleotides. 
The silica shell also improves the water solubility of the 
NPs, and is known as an anti-agglomerating agent. There-
fore, it is important to study the effect of surface coatings 
on the spectroscopic properties of NP cores. The aim of 
this research was to investigate the effect of surface coating 
on structural, optical and photoluminescence properties of 

luminescent seed core-NPs. This work is still under inves-
tigation to evaluate the cyto-toxicity, biocompatibility and 
their further use in biological sciences.

2  Materials and Methods

Yttrium oxide (99%, BDH chemicals Ltd, England), 
Europium oxide (99.99%, Alfa Aesar, Germany), etha-
nol (E-Merck, Germany), Tetraethyl orthosilicate (TEOS, 
99  wt% analytical reagent A.R.),ethylene glycol(EG), 
NH4F, HNO3 and NH4OH were used as the starting mate-
rials without any further purification. Y(NO3)36H2O and 
Eu(NO3)36H2O were prepared by dissolving the corre-
sponding oxides in diluted nitric acid. The de-ionized water 
was prepared using a Milli-Q system (Millipore, Bedford, 
MA, USA). All other chemicals used were of reagent grade.

For preparation of Eu3+-doped YF3 NPs (Y0.95Eu0.05F3), 
0.2 M stock solutions of Y(NO3)36H2O and Eu(NO3)36H2O 
in de-ionized water were prepared. In brief, 9.5  ml of 
Y(NO3)36H2O and 0.5  ml of Eu(NO3)36H2O were dis-
solved in 50  ml of ethylene glycol. Then an equiv. molar 
aqueous solution of NH4F was added drop wise under mag-
netically stirred forgoing reaction, and kept whole solu-
tion with magnetic stirring on hotplate at 80 °C to obtain 
homogenously mixing. Later, this homogenously mixed 
solution was transferred in a round bottle 250 ml flask fit-
ted with reflux condenser and waited for 4  h until com-
plete precipitation. On cooling to room temperature, the 
white precipitates segregated to the bottom. The product 
was collected by centrifugation and washed with distilled 
water and absolute ethanol several times, and dried in oven 
at 60 °C for 6 h for further characterization. The obtained 
solid product can be re-dispersed in de-ionized water to 
form a water-dispersible solution.

For the preparation of YF3:Eu3+@LaF3 core/shell NPs, 
similar polyol process was used as discussed above. The as-
prepared 0.500 g YF3:Eu3+ were dispersed with the help of 
ultra-sonication in 10 ml of distilled water. These dispersed 
NPs solution mixed into magnetically stirred hot EG dis-
solved La(NO3)36H2O (0.500 g) solution. After thirty min-
utes an equiv. molar aqueous solution of NH4F was injected 
into the foregoing mixed system under magnetic stirring at 
80 °C. Afterward this suspension was refluxed at 80 °C for 
3 h until the complete precipitation is occurred. This white 
precipitate was centrifuged and washed many times with 
ethanol and dist. water to remove excess un-reacted reac-
tants. The core/shell NPs were collected after centrifuga-
tion and allowed to dry in ambient temperature for further 
characterization.

The YF3:Eu3+@LaF3@SiO2 core/shell NPs were pre-
pared through a versatile solution sol–gel method as fol-
lows [19, 26, 30, 34, 35]. The synthesized YF3:Eu3+@LaF3 
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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 drop-wise in 2 min, and the reaction was allowed 
to proceed for 5–6 h under continuous mechanical stirring. 
After continuous stirring at room temperature, the silica-
coated YF3:Eu3+@LaF3 core/shell NPs were separated by 
centrifugation, washed several times with ethanol and dried 
at room temperature for further analysis.

The crystalinity of the powder samples was examined 
by X-ray diffraction (XRD) at room temperature with the 
use of Rigaku X-ray diffractometer equipped with a Ni fil-
ter using Cu Kα (λ = 1.54056 Å) radiations as X-ray source. 
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. The 
FTIR spectra were recorded on a Perkin-Elmer 580B IR 
spectrometer using KBr pellet technique in the range 4000–
400 cm− 1. 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  cm3 
stoppered quartz cell of 1  cm path length. Photolumines-
cence spectra were recorded on Fluorolog 3 spectrometer 
model: FL3-11, Horiba JobinYvon Edison MJ USA. All 
measurements were performed at room temperature.

3  Results and Discussion

The crystal structure, phase analysis and crystalinity of 
the prepared products were verified from X-ray diffraction 
pattern. As seen in Fig. 1, all three samples exhibit the all 
reflection planes of well crystalline cubic YF3 (space group 
Pnma(62)) cell parameters (a = 6.35, b = 6.85, c = 4.39 A), 
which are in good agreement with the standard data 
(JCPDS card No. 072–0579) [15–17], although some impu-
rities of orthorhombic phase (JCPDS No. 074–0911) are 
also present in the sample. Absence of any other impurity 
peak suggests that luminescent Eu3+ ion has been effec-
tively doped into the YF3 lattice site and pure crystalline 
phase of orthorhombic YF3:Eu could be obtained from this 
facile synthesis rout. It is worth noticing that, all reflection 
peaks are broad that may be result from nanocrystalline 
size of the building units, lattice imperfections and stacking 
faults in the contacting area between neighboring particles 
in the structure. Although the reflection peak positions are 
same, relative peaks intensity corresponding to (101), (131) 

and (231) planes are varied significantly in the observed 
core–shell pattern (Fig. 1 (core)). We believe that it could 
be due to the possible tropism of the crystals and probable 
anisotropy growth of shell. Furthermore, enhancement in 
peak intensity could be related to increase in the grain size 
and similar structure between YF3 and LaF3. Moreover, it 
is difficult to distinguish the diffraction planes of LaF3 shell 
just from the XRD pattern. We believe that YF3 and LaF3 
are iso-structural (cubic phase) crystalline materials and 
similar lattice constant of these two materials, resulting the 
XRD pattern not to change after LaF3 layer deposition. It is 
apparent in Fig. 1 (core/shell), that diffraction peak inten-
sities are decreased owing to the amorphous silica shell 
growth on the surface of core/shell NPs. Average grain 
sizes of the samples estimated according to the Scherrer 
formula from the most strongest peak (2θ= 44°) are to be 
12, 17 and 22 nm, for core, core/shell and core/shell/SiO2 
NPs. The increases of acrystaline size suggest the growth 
of shell on the surface of core-NPs.

Transmission electron microscopy was carried out to 
examine the morphology, micro-structural details and 
surface coating of silica around the core/shell NPs. As 
observed in Fig.  2a, luminescent core-NPs are irregular 
grain shaped particles which are highly aggregated with 
narrow size distribution, with average particle size of the 
core-NPs between 10 and 15 nm supported by XRD results 
through Debye–Scherrer formula. In this micrographs dark 
area with highly aggregated small particles are related to 
luminescent core-NPs. However, light grey color smooth 
amorphous silica shell is surrounding the aggregated lumi-
nescent core-NPs. It is mentioning that the presence of 
hydrated (EG) groups on the surface of as-prepared lumi-
nescent core-NPs enhanced their aggregation in aqueous 
solvent. These results are in good agreement with a pre-
vious report by Yan et al., who synthesized different Ln3+ 
ions doped YF3 nanocrystals in aqueous environment 
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[15–17, 35]. Previously some researchers have observed 
that EG promotes increase in aggregation process of small 
particles or nucleation seeds on the surface through the 
lateral interaction of hydrogen bonding of H2O with the  
–OH groups of this ethylene glycol [19–23, 33, 36]. Silica 
surface modification is performed over aggregated core/
shell-NPs and the particles are still aggregated with nar-
row size distribution [16, 19, 35, 36]. But these core/shell 
nanostructures are considerably larger in size ~40 nm than 
the parent luminescent core-NPs. This is because amor-
phous silica shell has been effectively encapsulated sur-
rounding the core/shell-NPs through so-gel process as 
seen in Fig.  2a, b. An approximately 15  nm thick silica 
shell is coated over aggregated core/shell nanostructures. 
Because of hydrated surface and high aggregation of core-
NPs, amorphous silica can easily react with the surface of 
core-NPs and form thick layer surrounding the aggregated 
core-NPs. EDX analysis further supported this hypothesis. 
Energy dispersive X-ray analysis was carried out to deter-
mine the doping, chemical composition and atomic ratio in 
the as-prepared nano-product. The EDX results in Fig. 2c, 
display that the core/shell/SiO2-NPs are mainly composed 
of Y, La, F, O and Si elements. Note that the strong signals 

for C and Cu come from the carbon coated copper TEM 
grid. No other impurity peak can be detected, supporting 
the XRD results.

FTIR spectroscopy was performed to further confirm 
the grafting of silica shell around the core/shell NPs and 
to understand the surface chemistry before surface coat-
ing of nanocrystals. Notably, a strong doublet strong peak 
at around 1150  cm−1 and relatively sharp intensity peaks 
at 951 and 799 cm−1are observed, which correspond to the 
symmetrical stretching and bending vibrations of (Si–O), 
(Si–O–Si) and (Si–OH) groups from the surface anchored 
amorphous silica [19, 26, 34, 36]. All three samples display 
broad infrared absorption band located at 3436 cm−1 along 
with weak intensity bands at around 1620 and 1430 cm−1, 
which originate from symmetrical stretching, bending 
and wagging vibration modes of (O–H) groups from sur-
face bound physically adsorbed residual water molecules 
[19, 26, 34, 36]. The infrared absorption band observed 
at around 475 cm− 1 is attributed to the absorption of M-O 
network. Since these samples are prepared in aqueous sol-
vents, we expect that their surface may be covered by a 
large amount of (O–H) groups either chemically attached 
or physically adsorbed on the surface of NPs. Additionally, 

Fig. 2  FE-TEM images of (a and b) core and core/shell/SiO2 NPs (c) energy dispersive X-ray analysis of core–shell-SiO2 NPs
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crystalline water may be adsorbed onto the surface of lumi-
nescent NPs as a coordinating ligand with lanthanide ions. 
These observations are in good agreement with the litera-
ture reports [8]. These surface hydroxyl groups increase the 
hydrophilicity of the materials in aqueous solvents (Figs. 3, 
4).

Optical properties and colloidal stability were deter-
mined by UV–visible spectroscopy. Figure 4 illustrates the 
absorption spectra of core, core/shell and core/shell/SiO2 
NPs in dist. water over the range from 200 to 600 nm under 
UV–vis region. From Fig. 4a, a significant enhancement is 
observed in absorption spectrum of silica surface modified 
NPs in respect to non-modified core/shell NPs since amor-
phous silica surface coating enhanced dispersibility of NPs 
in aqueous solvent. The high colloidal dispersibility of sur-
face modified core/shell/SiO2 NPs in dist. water as well as 
in ethanol suggests that optically active amorphous silica 
layer has been successfully encapsulated around the sur-
face of core/shell NPs. Moreover, non-modified NPs also 
show dispersibility in aqueous solvent, as they are prepared 
in aqueous solvent and hydroxyl groups are covered around 
the surface of NPs either chemically bonded or physically 
adsorbed on the surface of NPs. We consider that these 
surface hydrophilic (hydroxyl) groups may increase their 
dispersibility in aqueous solvents. The content of hydroxyl 
groups on the surface of core, core/shell NPs are also deter-
mined by FTIR spectroscopy. We observed similar trend in 
absorption spectra measured in ethanol as shown in Fig. 4b. 
According to the Tauc and Menth law the experimentally 
estimated band gap energies of core, core/shell and core/
shell/SiO2-NPs are found to be 2.14, 2.13 and 2.07  eV 
in H2O and 1.98, 1.97 and 1.86  eV in absolute ethanol, 
respectively [37]. We believe that, the discrepancies in the 
band gap energies could be related to the grain size. As 
the grain size increases after surface coating the energy 
band gap decreases. The decrease in the band gap can be 
attributed to defects, local bond distortion, intrinsic surface 

states, and interfaces that yield localized electronic levels 
in the forbidden band gap. We believe that this significant 
difference is attributed to surface and interface intrin-
sic defects and quantum confinement effects linked to the 
nano-crystalinity.

In order to examine the effect of surface coating, we 
observed the photoluminescence spectra of core, core/shell 
and core/shell/SiO2-NPs at room temperature. Figure 5 dis-
plays the excitation spectra of core and their respective inert 
LaF3 and silica surface coated core/shell-NPs by monitor-
ing the emission at 593 nm corresponding to the 5D0→

7F1 
transition. As shown in Fig. 5, all observed excitation spec-
trum composed of many sharp excitation transitions in UV/
Vis region. The observed sharp excitation peaks in near UV 
region consisting at 316 (7F0→

5H3,6), 360 (7F0→
5D4), 370–

385 (7F0→
5G3), 393 (7F0→

5L6), 413 (7F0→
5D3) and 463 
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(7F0→
5D2), which attributed to intra-configurational parity 

forbidden 4f6-4f6 excitation electronic transitions originat-
ing from 7F0 ground state to the labeled excited states of 
Eu3+ ions [1, 38–40]. These observed excitation transitions 
of Eu3+ ions are agreeing well with the published literature 
reports [38–40]. Figure 6 illustrates the comparative emis-
sion spectra of core, core/shell and core/shell/SiO2-NPs 
excited using 393  nm under similar experimental condi-
tions within the spectral range from 400 to 750  nm. The 
emission spectra of all three samples composed of three 
strong and three weak emission transitions in visible region 
assigned to 523–535 (5D1→

7F1), 553 (5D1→
7F2), 585–593 

(5D0→
7F1), 608–619 (5D0→

7F2), 641–650 (5D0→
7F3), and 

686–700 (5D1→
5F4), deriving from intra-configurational 

parity forbidden 4f6-4f6 -excitation electronic transitions 
originating from 5D0 ground state to the labeled excited 
states of Eu3+ ions [1, 5, 11]. Among the recorded emis-
sion transitions, magnetically dipole allowed transition 
observed in visible region located at 595 nm (5D0→

7F1) is 

most prominent transition in all three samples because of 
similar crystal structure. And the intensity of (5D0→

7F1) 
transition is much stronger than that of the (5D0→

7F2) tran-
sition, indicating good mono-chromaticity and the inver-
sion symmetry of the Eu3+ site. As seen in Fig. 6, after sur-
face modification no notable shift in peak positions of the 
emission transitions is occurred since the 4f energy levels 
of Eu3+ are hardly affected by the crystal field because of 
the shielding effect of the 5s25p6 electrons. But the selec-
tion rules and transition probabilities depend on the crystal 
field. It is well-known that the 5D0 →

7F2 transition is parity 
forbidden and can be observed only when the lattice envi-
ronment is distorted and contains a noninversion symme-
try [1]. Being a forced electric dipole transition, this tran-
sition is hypersensitive to the environment. However, the 
5D0→

7F1 transition is insensitive to the environment due to 
allowed magnetic dipole consideration and the ratio of the 
two intensities is a good measure for the symmetry of the 
Eu3+ site. The 5D0→

7F1 magnetic dipole transition in the 
inversion symmetry site is dominating, while the 5D0→

7F2 
electric dipole transition in the noninversion symmetry site 
is the strongest. In the emission spectrum of as-prepared 
YF3:Eu3+ nanocrystals, the most intense peaks are centered 
at 585 and 591  nm. Both peaks correspond to the mag-
netic dipole transitions (5D0→

7F1) and much stronger than 
the 610 and 619  nm (5D0→

7F2) emission. Therefore, it is 
inferred that the Eu3+ ions in YF3 located a site with inver-
sion symmetry. The other transition 5D0→

7F3 has a mixed 
electric dipole and magnetic dipole character while transi-
tion 5D0→

7F4 is an electric dipole transition.
On comparing the emission spectra of three samples, the 

relative peak intensity is little stronger in core/shell NPs 
compared to core-NPs. The increase intensity could have 
resulted from the increase in size of the core-NPs after sur-
face growth of similar passive crystal structure LaF3 shell. 
Moreover, growth of inert LaF3 shell around the core-NPs 
protects the doped luminescent lanthanide ions from non-
radiative transitions, which originate from high vibration 
energies or other quenching sites located at the surface of 
the NPs. It is known that the emission intensity of lumi-
nescent lanthanides ions will be quenched to some extent 
in the environment that has a high phonon frequency such 
as –OH groups which have high vibrational frequency near 
3450 cm−1, also confirmed by FTIR results [28–36]. Thus 
epitaxial growth of passive LaF3 layer effectively reduces 
non-radiative quenching of the luminescent lanthanide 
ions by surface defects and surrounding surface adsorbed 
organic moieties. Furthermore, considerable enhancement 
in luminescence efficiency is attributed to the facts that the 
LaF3 layer has been grafted successfully, which protect the 
luminescent core-NPs from non-radiative transitions. Sub-
sequently, we grafted an amorphous silica layer around 
core/shell NPs through the hydrolysis and condensation of 
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silanol groups. However, after coating a silica layer lumi-
nescent intensity is suppressed to some extent because of 
the light scattering effect on both emission and incident 
light by the porous silica layer. This phenomenon can be 
attributed to the involvement of large vibrational modes, 
such as Si–OH on the surface of NPs, which may cause 
considerable non-radiative transition and reduce the lumi-
nescence intensity of luminescent lanthanide ions. A lot of 
papers have also reported that non-radiative centers such as 
–OH group exist on the surface [26, 28, 33, 36] and they 
proved that the silica surface modified NPs could suppress 
the luminescent intensities because that the silica shell net-
work amplify the surface defects. On the other hand, these 
luminescent quenching silanol molecules greatly enhanced 
the solubility, colloidal stability, biocompatibility and non-
toxic nature of the as-prepared NCs. The amorphous silica 
coating was conducted in our work for further biological 
applications and to maintain luminescent efficiency.

4  Conclusions

In summary, well crystallized YF3:Eu, YF3:Eu@LaF3 and 
silica surface modified YF3:Eu@LaF3@SiO2-NPs were 
prepared successfully. These core and core/shell/SiO2-NPs 
ranging from 35 to 40  nm are well dispersed in aqueous 
solvent as verified from UV/Vis spectra. FTIR analysis 
confirmed the silica surface modification, resulting the suc-
cessful formation of YF3:Eu@LaF3@SiO2 core/shell nano-
structure. The decrease in experimentally estimated energy 
band gap from core to core/shell/SiO2-NPs is attributed to 
the quantum size effect because growth of passive LaF3 
and silica layers enhanced the grain size of the luminescent 
core-NPs. The core/shell-NPs revealed enhanced lumines-
cent intensity due to the shielding effect, in which forma-
tion of passive LaF3 layer surrounding the luminescent 
core-NPs protect from incident and emission light scatter-
ing. The silica modified core/shell/SiO2-NPs shows lower 
emission intensity because of absorption of UV exciting 
radiation by the SiO2 shell and its quenching properties. 
These results suggest safety and adequacy of NPs for future 
use in medical or biological applications. Covering NPs by 
SiO2 shell opens up new possibilities like modification of 
the surface of core/shell structures or chemical connection 
with important organic molecules/drugs. This understand-
ing may facilitate synthesis of orange/red nanophosphors 
with a biocompatible coating suitable for display and bio-
imaging applications.
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