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Abstract-Highly luminescent Tb*" doped CePO, nanoparticles
(NPs) co-doped with some metal ions (Li*, Ba*", Bi®*") are
prepared using different solvents. The prepared samples show
changes in phase and luminescent properties with the solvent
used. Samples prepared in EG shows maximum luminescence
intensity compared to other solvents. Highly green
luminescence properties of the prepared NPs are due to the
emission peak at 544 nm corresponding to *D,—’Fs transition
of Tb**. The hexagonal phase of the samples prepared in water
and water mixed solvent transformed to monoclinic phase after
heating at 900°C. The luminescence intensity further enhanced
with co-doping of Li* ions while co-doping of Ba?* and Bi*" ions
reduces the intensity. These NPs can be incorporated in
polymer films such as polyvinyl alcohol (PVA). Thus the
prepared phosphors can be used as green emitting material in
the field of illuminations and display devices.
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I. INTRODUCTION

In recent years, great effort has been devoted to the
controllable synthesis of rare earth-doped nanoparticles
(NPs) driven primarily by the fact that doped nanocrystalline
phosphors yielded high luminescence efficiencies . With
rapidly shrinking size, nanomaterials display novel shape
and size-dependent properties for their extremely small size
and relatively large specific surface areas *®. Based on
these unique and fascinating properties, rare earth doped
nanocrystalline materials may play an outstanding role in
display devices, optical telecommunication, solid-state lasers,
and so on [ Therefore, the development of a facile
synthetic method toward high quality rare earth nanocrystals
with uniform size and shape appears to be of key importance
for the exploration of new research and application fields.

It is well known that Ce** and Th*" doped materials (for
eg. LaPO,:Ce, Th; CePO,:Tb) serve as efficient green
emitting phosphors due to high efficiency of energy transfer
from Ce®* to Tb*" B°l They are extensively applied as
fluorescent lamps, cathode ray tubes and plasma display
panels as green emitting components ' Due to the high
absorption of ultraviolet light radiation, Th** activated YPO,
has been emerging as a new type of efficient phosphor in
PDPs . Thus, Tb* doped phosphate nanocrystals have
aroused great interest among researches. In addition, if
incorporated in a suitable polymer matrix, nanoparticles of
such rare earth phosphates can be used in a variety of
applications ranging from biological to optoelectronics. The
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introduction of inorganic NPs into a polymer matrix has
proved to be an effective method to improve the
performance of polymer materials and bring about novel
properties in them &34,

Here, we report a facile one pot synthesis of re-
dispersible CePO, doped with Th*®" in different solvents like
EG (ethylene glycol), water, DMF (N,N’-dimethyl
formamide) and their mixed media at a relatively low
temperature of 140°C in the absence of any surfactant,
catalyst or template during the synthesis. The influence of
addition of various metal ions in the luminescence properties
of CePO,:Tb*" have been studied. The as-prepared samples
were characterized by X-ray diffraction (XRD) and
Transmission Electron Microscopy (TEM) for their
structural properties. Photoluminescence properties for all
the samples were also characterized and studied.

Il. EXPERIMENTAL DETAILS

A. Sample Preparation

Cerium nitrate hexahydrate (Ce(NOs);. 6H,0, CDH),
terbium nitrate (Tb(NO3)3.6H,O, 99.99%, Aldrich) and
ammonium dihydrogen phosphate (NH4H,PO,4 99.999%,
Aldrich) were used as starting materials. Solvents used were
ethylene glycol (EG), water and N,N’-dimethylformamide
(DMF). All the reagents were of analytical grade and used
without further purification.

In a typical synthesis of 5 at.% Tb* doped CePO,,
0.5000 g of Ce(NOs3); and 0.0274 g of Th(NOs3); were
dissolved in minimum amount of conc. HCI in a 100 mL
round bottom flask. The excess acid was removed by
evaporation with double distilled water. To this solution,
0.1394 g of NH4H,PO,4 and 50 mL of EG were added. The
solution was refluxed for 3 hrs at a relatively low
temperature of 140°C and at 100°C for samples prepared in
water. The precipitates formed were separated by
centrifugation for 10 mins. at 15,000 rpm. It was washed
several times with acetone and finally dried under ambient
atmosphere. The dried sample was used for characterization.
The same procedure was followed for the preparation of all
the other doped samples by taking stoichiometric amounts.

B. Characterization

The structural characteristics and purity of the final
products were inspected using PANalytical powder
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diffractometer (X’Pert PRO) with Cu-Ka radiation
(A=1.5405 A) with Ni filter in the 26 ranges from 10° to 80°
for 45 mins. The size distribution and morphology of the
samples were elucidated by Transmission Electron
Microscopy (TEM) observation on a Philips make CM-200
transmission  electron microscope operating at an
accelerating voltage of 200 kV. For this, the samples were
ground and mixed together with EG and dispersed under
ultrasonic vibration for 30 mins. A drop of the dispersed
particles was put over the carbon coated copper grid and
evaporated to dryness in ambient atmosphere. FT-IR of the
CePO, samples was studied using SHIMADZU (model 8400
S) spectrometer by making thin pellets with KBr. UV/Vis
absorption spectrum was measured on Shimadzu (model
2450) spectrophotometer. All the photoluminescence spectra
and lifetime measurements of the samples were recorded
using Perkin Elmer (LS-55) luminescence spectrometer in
phosphorescence mode equipped with xenon discharge lamp
as the excitation source. Pulse width at half height is < 10 ps.
The emission spectra were recorded using maximum
excitation wavelength. For the lifetime measurements gate
time was fixed at 0.05 ms and the delay time was varied
starting from 0.1 ms. All excitation and emission spectra
were measured at room temperature with the same
instrumental parameters.

I11. RESULTS AND DISCUSSIONS

A. XRD Study

The typical XRD pattern of as-prepared 5 at.% Tb**
doped CePO, prepared in EG, DMF and that co-doped with
metal ions (Li*, Ba?* and Bi**) prepared in EG (Fig.1) are
found to be in good accord with monoclinic system of pure
CePO, (JCPDS card no. 73-0478). However, the samples
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prepared in water and water mixed solvents (1:1 EG+water
and 1:1 DMF+water) shows hexagonal phase (JCPDF 04-
0632) which transforms to monoclinic phase after heating at
900°C for 3 hrs (Fig. 2). The XRD patterns do not reveal any
diffraction peaks from the starting materials indicating
homogeneous incorporation of Th® ions in the lattice sites
of Ce** in CePO, matrix. The unit cell volume determined
by calculating the cell parameters from the XRD pattern
goes on decreasing with increase in the concentration of the
dopant ions. This is accountable to the larger ionic radius of
Ce** (1.150 A) than that of Th** (1.040 A). Crystallite sizes
are calculated using Scherrer equation, d=0.94/fcos6),
where d is the average grain size, 0.9 is Scherrer constant, 1
is the X-ray wavelength, ¢ is the diffraction angle and £ is
full width at half maximum. Table | presents the detailed
values of lattice parameters, unit cell volume and crystallite
sizes of Th* doped CePO, samples. Phase transformation
for the samples prepared in water, 1:1 EG+water and 1:1
DMF+water from hexagonal to monoclinic phase after
heating upto 900°C may be attributed to the presence of
sufficient water molecules to surround Ln** in [Ln(H,0)]*".
Coulombic attraction occurs when PO,> ion from
NH,H,PO, approaches Ln** ion, resulting in the formation
of LnPO,. But still, there are sufficient water molecules
available in the medium. Moreover, hexagonal structure can
have many pores along the c-axis like a channel (zeolite
configuration) ™7 easily occupied by water molecules.
Thermodynamically, hexagonal phase will be more
favourable in water medium because such pores along the c-
axis will not be possible in tetragonal or monoclinic phases.
In pure EG or DMF, the water molecules, if present, will not
be able to surround the Ln®*" ions resulting in the formation
of other possible phases.
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Fig. 1 XRD patterns of CePO4:Th3+ (5 at.%) prepared in EG, DMF and that co-doped with metal ions (Li+, Ba2+ and Bi3+) prepared in EG.
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Fig. 2 XRD patterns of CePO4:Th3+ (5 at.%) prepared in water, 1:1 EG+water and 1:1 DMF+water and that heated at 9000C.

TABLE I. LATTICE PARAMETERS, UNIT CELL VOLUME AND CRYSTALLITE SIZES OF TB3+ DOPED CEPO4 SAMPLES

Lattice parameters

Tb* Unit cell Crystallite
conc.(at.%) a(A) b(A) ¢A) volume (A% size(hm)
2 7.220 7.146 6.369 316.38 29
5 6.791 7.018 6.451 297.90 17
7 6.852 6.946 6.383 297.07 14
10 6.746 7.021 6.445 296.57 13
15 6.770 6.986 6.439 296.05 1
20 6.746 7.009 6.441 296.04 11
B. TEM Study C. FT-IR Study
Fig. 3 represents the TEM image along with The FT-IR spectrum of 5 at.% Tb** doped CePO, NPs

corresponding selected area electron diffraction (SAED)
patterns of 5 at.% Tb** doped CePO, samples prepared in
EG. It clearly indicates that the synthesized NPs has an
average diameter of 4-6 nm, length of 11-14 nm for Tb**
doped CePO, samples prepared in EG. The crystallinity of
the samples has been confirmed from the circular patterns
observed in the SAED image.

Fig. 3. TEM image for CePO,:Tb*" (5 at.%) prepared in EG; along with the
corresponding SAED patterns.
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prepared in EG, water and DMF is shown in Fig. 4. Bands
appearing at 535-639 cm™, considered as the v, region,
correspond to the bending vibrations of PO, and it overlap
with those of O=C-N stretching mode for samples prepared
in DMF whereas the stretching vibrations of PO,®, which
are referred to as vs region, are observed at 960-1130 cm™.
In this region, peak corresponding to CH3 rocking mode of
DMF is merged with those of PO,% group U*2Y. The
wagging vibration at 1266 cm™, twisting vibration at 1155
cm™ and rocking vibration at 899 cm™ due to presence of
CH, are merged with bands of PO, . The peaks at 2888 and
2950 cm™ are assigned to the stretching vibrations of CH,
group of ethylene glycol molecule whereas its bending
vibration (scissoring) can be seen at 1404 and 1455 cm™
(2022241 peaks appearing at1632 and 3345 cm™ correspond
to bending and stretching vibrations for O-H group
respectively of ethylene glycol molecule, which is used as
capping agent for the nanoparticles 2°?22%, N-C-H bending
vibration of DMF can be seen in the region 1380 cm™ 4.
All these indicate the presence of EG molecules as
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stabilizers on the surface of the NPs. When the samples are
heated at 900°C, peaks corresponding to the solvents/organic
molecules are removed (Supplementary Fig. S1).
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Fig. 4 IR spectra of CePO4:Th3+ (5 at.%) prepared in different solvents.
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Fig. S1 IR spectra of CePO4:Th3+ (5 at.%) prepared in different solvents
when heated at 9000C.

D. Luminescence Study

The UV-visible absorption spectrum of as-prepared 5 at.%

Tb*" doped CePO, sample shows strong absorption band at
275 nm (Supplementary Fig. S2). The band is ascribed to
charge transfer band (CTB) and is found to be in good
accord with the excitation wavelength (274 nm) of Tb**
doped CePQO,. The excitation spectra for as-prepared
samples of Tbh® doped CePO, are shown in Fig. 5. In
crystalline monoclinic CePO,, each Ce* ion can have only
C, symmetry, as it is coordinated to nine oxygen atoms
forming an irregular polyhedron 3. This leads to the
splitting of 5d levels into five non-degenerate levels.
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Fig. S2 UV-visible absorption spectrum of
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Fig. 5 Excitation spectra of CePO4:Th3+ (5 at.%) prepared in EG.

The emission spectra of CePO,:Th*" excited at different
wavelengths at 225, 243, 274 and 305 nm (Supplementary
Fig. S3) show strong Tb®* emission along with Ce®"
emission. The presence of both Ce®* and Th** emission
suggests that the energy transfer between the host CePO,
and Tb*" is incomplete. This is understandable, as the energy
transfer takes place through dipole-dipole interaction, Ce*
ions which are near to the Tb*" ions, can only transfer the
excited energy to Tbh®* ions. However, with increase in
excitation wavelength, there occurs a decrease in Ce*
emission. The intensity of the emission peak is found to be
maximum for 274 nm excitation wavelength. The spectrum
exhibit the characteristic emission of Th®" at 489, 544, 585
and 621 nm which arises from the excited °D, to the ground
state 'F; (J = 6,5,4,3) transitions respectively. The green
emission transition (°Ds—'Fs) at 544 nm, which is a
magnetic dipole transition withA J = 0, +1, is more intense
than the electric dipole transition ("D,—'F) at 489 nm with
AJ = +2 P9 0On the basis of Judd-Ofelt theory "% the
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magnetic dipole transition is allowed while electric dipole
transition is allowed except on the condition that the
activators occupy sites without inversion centre. This means
that Th* ions occupy high symmetric sites. But it is
opposite to the actual crystal symmetry site of CePO;, (i.e.
asymmetry). This may be accounted to the polarization
effect which arises from the surrounding PO,* ions %, The
emission intensity gradually decreases with increase in
dopant concentration which is attributed to the concentration
quenching effect. It is a typical property of lanthanide-doped
systems when the distance between the neighbouring dopant
ions decreases. This leads to cross-relaxation among the
lanthanide ions when the mean distance between them is less
than a critical value and hence the probability of radiative
transition is reduced.
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Fig. S3 Emission spectra of as-prepared CePO4:Th3+ (5 at.%) prepared in
EG when excited at different wavelengths.

The emission spectra of as-prepared samples of 5 at.%
Tb** doped CePO, samples prepared in different solvents
(EG, water, DMF and their mixtures) are shown in Fig. 6. It
was found that the emission intensity is higher for the
samples prepared in EG than that prepared in water, DMF or
their mixed solvents. As revealed by the XRD study, the
samples prepared in EG and DMF exhibit monoclinic phase
while the samples prepared in water and water mixed
solvents exhibit hexagonal phase. In hexagonal phase, water
molecules can occupy the voids along the c-axis like zeolite
structure. When water molecules are present near the Ln**
ions, there is a chance of quencher in luminescence .
Therefore, samples having monoclinic phase show higher
luminescence intensity than that exhibiting hexagonal phase.
The reason that can be given is that after a suitable
excitation wavelength, the energy of the excited state is
utilized in both radiative and non-radiative processes. Non-
radiative process is dependent on the surrounding
environment of the Ln* ions. If the surrounding
environment has a high vibrational energy, non-radiative
rate is high, resulting in weak luminescence intensity. As is
well-known, OH" vibration frequency occurs in the broad
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range of 2700-3700 cm™ B** which is much higher than
other vibration such as PO,>. As a result, only few phonons
are required for non-radiative de-excitation. OH" ions, thus,
seem to be efficient quenchers for luminescence through
multiphonon relaxation. Hence, samples prepared in water
and water mixed media show weaker luminescence intensity.
Moreover, samples prepared in DMF show stronger
quenching effect than that prepared in EG. This could be due
to the presence of N-H group % from DMF, which acts as
quencher in luminescence.
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Fig. 6 Emission spectra of CePO,:Th*" (5 at.%) prepared in
different solvents (EG, water, DMF and their mixtures).

Fig. 7 shows the emission spectra of 5 at.% Tb** doped
CePO, NPs annealed at 900°C prepared in water and DMF
and that mixed with EG or DMF along with the spectra of
as-prepared samples for comparison. It can be seen that the
emission intensity is highly enhanced for the annealed
samples than the as-prepared ones. This can be attributed to
the removal of water molecules that can act as efficient
quenchers, surface dangling bonds over the NPs and organic
molecules from the environment of the NPs.
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Fig. 7 Emission spectra of CePO4:Th3+ (5 at.%) as-prepared and annealed
at 9000C prepared in water and DMF mixed with EG or DMF.
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With a view to increase the luminescence efficiency of
CePO,:Tb* NPs, univalent (Li*), divalent (Ba’") and
trivalent (Bi*") ions were introduced. Fig. 8 (a) represents
the enhanced photoluminescence intensity of >D,—'Fs and
D,—'Fs transitions of as-synthesized CePO,:Tb*" (5 at.%),
Li* NPs as a function of Li* concentration. The
luminescence is most optimum for 0.5 at.% of Li* and then
decreases. It is speculated that low fraction of Li*
substitution (0.5 at.%) in the host lattice induced fast energy
transfer from the host to the dopant ions and a decreased in
interstitial oxygen and hence conducing an increase in the
hole concentration leading to a decrease in competitive
absorption and produced a higher quantum yield 3. Also,
the incorporation of Li* ions create oxygen vacancies, which
might act as sensitizer for the energy transfer to the rare
earth ions due to the strong mixing of charge transfer states
resulting in highly enhanced luminescence B with the
gradual increase in Li* content, the oxygen vacancies of host
lattice greatly increase which will destroy the crystallinity
and lead to luminescence quenching. However, the
introduction of Ba®* and Bi** ions in 5 at.% Tb* doped

CePO,4 NPs does not lead to luminescence enhancement (Fig.

8 (b)). This phenomenon is complicated to explain but one
possible reason that may be given is that for Tb®" transitions
to be quenched in any particular Tb* ion, it requires that at
least two neighbouring ions are excited to a specific energy
state. Any luminescence quenching in Tb®* then occurs via
excitation transfer to non-radiative sinks like defects or
impurities. This may occur as a result of either direct energy
transfer to acceptor states or by migration of the excitation
among Tb*" ions until it arrives in the vicinity of a suitable
sink (1,
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Fig. 8 Emission spectra of CePO4:Th3+ (5 at.%) co-doped with (a) Li+ and
(b) Ba2+ and Bi3+.

The integrated intensity area under the curve is
determined by fitting with Gaussian distribution function,
given by

2id)
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where | is the intensity, Iz is the background intensity, w;
is the width at half-maximum intensity of the curve and A; is
the area under the curve. 4 is the wavelength and / is the
mean wavelength value corresponding to the transition. All
the fittings were carried out in the range 520-560 nm and
470-510 nm for the transitions °D,—'Fs and *D,—'Fg
respectively (Fig. 9). It is observed that the emission
intensity increases up to 5 at.% Th** (optimum concentration)
and decreases with further increase in Tb** concentration
due to concentration quenching effect.
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In order to investigate the luminescence dynamics of the
samples, the photoluminescence decay curves have been
measured by fixing the excitation and emission wavelengths
at 274 nm and 544 nm respectively. The curves are fitted
with both monoexponential and biexponential decay
equations to the decay data. The goodness of fits of
parameters for 5 at.% Th** doped CePO, with mono- and bi-
exponential equations were found to be 0.95980 and
0.99926 respectively. Thus the curves follow biexponential
decay (inset of Fig. 9). This behaviour can be explained by
the presence of structural water, which acts as non-radiative
transition channels "8l The biexponential fitting was
carried out using Equation (2)

_t _t
|t:|1ef1+|2872 (2

where I; and I, are the intensities at different times and t;
and 1, are their corresponding lifetimes. The average
lifetime was calculated by the equation,:

_lot .z,
.+ 1.

The biexponential decay behaviour is found to be
dependent on the number of different luminescent centres,
energy transfer, defects and the presence of impurities in the
host B%. The average lifetime value for the most intense
transition, 5 at.% Th>* doped sample was determined to be
2.06 ms. In addition, the calculated average lifetime for Li*
(0.5 at.%) co-doped CePO,:Th* (5 at.%) comes out to be
3.54 ms which means that the non-radiative decays are less

3)

av

and these NPs will have better photoluminescence properties.

Whereas the average lifetime for Ba®* and Bi** co-doped
CePO,:Tb* (5 at.%) samples were found to be 0.96 ms and
1.42 ms respectively. The lifetime value of 5 at.% Tb**
doped sample was reported to be 4.23 ms “I As the
concentration of Tb*" in Tb* doped CePO, increases above
5 at.%, the lifetime decreases. This is attributed to strong
quenching as the distance between the Th*-Tb*" decreases.
Moreover, cross-relaxation among the Tb** ions is dominant
over the non-radiative relaxation, which arises from the
surface or near the surface for higher-doped samples.

E. Dispersion of Nanoparticles in Polar Solvents and PVA

Film

Stock solutions of 5% PVA (polyvinyl alcohol) and 0.1
M borax (cross linker) were prepared in double distilled
water. 5 mL of PVA stock solution was mixed with 10 mg
of CePO,:Tb*" (5 at.%) and the mixture was subjected to
ultra-sonication for 1 hr to get homogeneous dispersion.
After sonication, 1.5 mL of borax solution was added to the
mixture and stirred gently using a glass rod avoiding bubble
formation. The polymer gel formed is then transferred to a
glass slide. A uniform film is formed after keeping for 5
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days at ambient atmosphere. Here, the PVA molecules are
cross-linked by borax. Also, PO,> of CePO,Tb* can
interact with the OH group of the PVA.

Fig. 10 shows the emission spectra of CePO.Tb* (5
at.%) dispersed in methanol and that incorporated in PVA
film excited at 274 nm along with the photographic image,
after irradiation under UV light. The characteristic emission
peaks of Th** are well observed and the image shows bright
green (Tb*") light. The presence of EG on the surface of the
NPs accounts for their re-dispersibility in polar solvents like
water, ethanol, methanol, etc. Good dispersibility is an
important criterion that aids ease of fabrication and also
facilitates the use of NPs for biological assays. Such
dispersed NPs could prove to be potential phosphors for
biological fluorescence labelling, biological imaging and
other diagnostic applications.
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Fig. 10 Emission spectra of CePO4:Th3+ (5 at.%) dispersed in methanol
and that incorporated in PVA film excited at 274 nm along with

photographic images after UV irradiation in (a) methanol and (b) PVA film.

IVV. CONCLUSIONS

Monoclinic and hexagonal phases of Tb** and Dy**
doped CePO, nanoparticles have been prepared successfully
at 140°C in different solvents (EG, DMF, water and their
mixed media) by a simple route. TEM image reveals rod like
morphology of Tb*" doped CePO, prepared in EG. The
luminescence intensity of the samples prepared in EG with
monoclinic phase are found to be most prominent than those
prepared in other solvents. Hexagonal phase is obtained for
the samples prepared in water and water mixed solvents.
This hexagonal phase transformed to monoclinic phase after
heating the sample at 900 °C. The luminescence emission
intensity of the as-prepared samples increases significantly
after introduction of Li* ions and heat treatment. The as-
prepared samples are dispersible in polar solvents and can be
incorporated in polymer films of PVA. These nanomaterials
may find industrial applications due to their properties,
simplicity of process, low cost and availability of raw
materials.
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V1. SUPPLEMENTARY INFORMATIONS

IR spectra of CePO,:Th** (5 at.%) prepared in different
solvents when heated at 900 °C, UV-visible absorption
spectrum of as-prepared CePO,Tb** (5 at.%) NPs and
emission spectra of as-prepared CePO,Tb* (5 at.%)
prepared in EG when excited at different wavelengths.
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