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INTRODUCTION

In recent years, inorganic nanomaterials activated by lanth-
anide has find wide applications in fiber-optic communications
[1], blue LED-based solid state lighting [2], lighting & display
[3,4], biological labelling/drug delivery [5,6], etc. The wider
applications of these crystalline phosphor nanomaterials over
the bigger or micron sized particles may be attributed to the
higher surface to volume atom ratio and quantum confinement
effect [7]. In case of lanthanides because of their well shielded
4f-electrons, 4f-4f transitions gives sharp absorption lines and
long decay life time with excellent coherence properties [8,9].
In addition these, lanthanides ions have emission range from
ultraviolet to infrared region and presence multi energy level
makes energy transfer amongst them possible. Due to this reason
nanoparticles doped with lanthanide ions have been widely
studied [2,4,10-17].

Rare earth phosphate (REPO4) nanoparticles, doped with
lanthanides ions have emerged as an important candidate for
optoelectronic devices and biological fluorescence labeling
[4,8,14,15]. They have excellent luminescence, long decay time,
low toxicity, high chemical and photochemical stability, resis-
tance to photochemical degradation and large Stokes shift [10,
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14]. At present, one of the important focus on these nano-
posphor is on improving the luminescence intensity by co-
doping of appropriate sensitizer in the different host material.
The sensitizers absorb energy strongly and transfer to the
excited state of activators efficiently.

GdPO4 is an important host matrix for luminescent lanth-
anide ion doped nanophosphors having multi functional nano-
platforms. Earlier we have reported GdPO4 as a potential host
where efficient energy transfer from gadolinium ion (Gd3+),
due to large absorption cross section (8S7/2→6I11/2 transition) in
the ultraviolet region, to activator ions (Eu3+, Tb3+, Dy3+, etc.)
[15,18-20]. However, further enhancement of luminescence
intensity can be normally achieved by co-doping a suitable
sensitizer such as Ce or Bi into the host matrix. There have
been report on Ce enhance luminescent host materials such as
LaPO4:Dy [21], YAG:Sm [22], LaPO4:Tb3+ nanorods [8],
NaCeF4 [23], Y/La/GdF3 [24], Ce3+, Dy3+/Tb3+ doped BaZn2-
(PO4)2 phosphors [23], etc. using different synthesis methods
(taru paper). However, only few literature are reported on Ce
codoped GdPO4:Tb nanophospor [25,26].

Hence, the present study deals with the low temperature
synthesis and luminescence properties of Ce3+ and Tb3+ doped
GdPO4 nanoparticles using ethylene glycol as solvent. The low
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temperature synthesis, using ethylene glycol helps to stabilize
the nanoparticles and thereby, without using any moisture
sensitive reagents, hydrothermal conditions and long chain
organic molecules as stabilizing ligands. Also photolumine-
scence study have been undertaken to confer the energy transfer
process. These stabilized nanoparticles are dispersible in aqueous/
organic solvents (water and ethanol) allowing for developing
polymer/sol-gel based luminescent materials and display devices.

EXPERIMENTAL

Sample preparations: Nanoparticles of GdPO4 and 10
at.% Tb3+ doped GdPO4 codoped with Ce3+ (Ce3+ = 1,3, 5, 7
and 10 at.%) were prepared using ethylene glycol (Merck) as
both capping agent and reaction medium at 160 ºC. Gadolinium
oxide (99.99%, Aldrich), terbium nitrate (99.99%, Alfa Aesar),
ammonium dihydrogen phosphate (99.999%, Aldrich) and
cerium carbonate (99.999%, Alfa Aesar) were used as sources
of Gd3+, Tb3+ and PO4

3- and Ce3+, respectively.
In a typical synthesis of 10 at.% Tb3+and 2 at.% Ce3+ doped

GdPO4 nanoparticles, 500 mg of Gd2O3, 67 mg of Tb(NO3)3

and 17 mg of Ce(NO3)3 were dissolved together in dilute HCl
acid in a 100 mL round bottom flask. Excess HCl was removed
by evaporating several times with double distilled water. To
this reaction medium, 50 mL of ethylene glycol and 360 mg
of NH4H2PO4 were added. The reflux was carried out at 160
ºC for 3 h. The precipitate formed was separated by centri-
fugation at 12,000 rpm, washed several times with acetone
and dried in ambient atmosphere. The same procedure was
followed for the preparation of all other doped samples by
taking stoichiometric amounts.

The reactions occured between M3+ and PO4
3- are as follows:

2M3++ 6Cl– → 2Gd/CeCl3 + 3H2O

MCl3 + (NH4)H2PO4 → MPO4 + NH4Cl + 2HCl

(M3+= Gd3+, Ce3+ and Tb3+)

Characterization: Structural analysis of the as-prepared
Ce3+/Tb3+:GdPO4 samples were done using a PANalytical
powder diffractometer (X’Pert PRO) with CuKα radiation (λ
= 0.15405 nm) with Ni filter. X Ray diffraction (XRD) patterns
were recorded from 10º to 70º (2θ) for 30 min. The FT-IR
spectra of the Ce3+/Tb3+ :GdPO4 samples were recorded using
a SHIMADZU (model 8400 S) spectrometer by making thin
pellets with KBr. A Perkin-Elmer (LS-55) luminescence spectro-
meter in phosphorescence mode equipped with xenon discharge
lamp as the excitation source is used to record all the photo-
luminescence spectra and lifetime measurements of the samples.
Pulse width at half height is < 10 µs. For the lifetime measure-
ments gate time was fixed at 0.05 ms and the delay time was
varied starting from 0.1 ms. All the measurements were taken
at room temperature.

RESULTS AND DISCUSSION

XRD study: The XRD patterns of as-prepared Ce3+ codoped
10 at.% Tb3+ doped GdPO4 (Ce3+ = 0, 5 and 10 atom.%) are
given in Fig. 1. The diffraction patterns of the as-prepared
nanoparticles were matched with the monoclinic GdPO4 struc-
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Fig. 1. XRD patterns of as-prepared GdPO4:Tb3+ (at.% 10) co-doped with
Ce3+ (a) 0 at.%, (b) 5 at.% and (c) 10 at.%

ture (JCPDS No. 32-0836). The similarities in the XRD patterns
indicate the homogenous substitution of Ce3+ and Tb3+ into the
Gd3+ sites of GdPO4 nanoparticles. It is attributed to the similar
ionic radii of Tb3+ (1.095 Å), Ce3+ (1.196 Å) and Gd3+ (1.107 Å)
in a nine coordinated system, making GdPO4 a suitable host/
matrix for incorporation of lanthanide ions [26]. The substitu-
tion of the Tb3+ into the Gd3+ sites of GdPO4 nanoparticles has
been elaborately discussed and reported elsewhere [15]. The
average crystallite sizes are calculated using Debye-Scherrer
equation (d = 0.9λ/βcos θ) and are found to be in range of 25-
46 nm (Table-1) for all doped samples and are in agreement
with the TEM study [15]. Here, particles are assumed to be
spherical in shape and its diameter is considered as crystallite
size.

TABLE-1 
CRYSTALLITE SIZE AND DECAY LIFE TIME  

OF 10 at.% Tb3+: GdPO4: CO-DOPED WITH  
DIFFERENT Ce3+ CONCENTRATION (at.%) 

Ce3+ (conc.) Crystallite size (nm) Time (min) 
0 32 3.1 
1 41 3.2 
3 46 3.7 
5 25 3.4 
7 39 3.2 
10 42 2.9 

 
IR studies: The Fourier transform IR spectra of Ce3+

codoped 10 at.% Tb3+:GdPO4 (Ce = 0, 1, 3, 5, 7, 10 at.%) nano-
particles are shown in Fig. 2. Prominent peaks at 554, 577,
630, 879, 951, 1069, 1458, 1670, 2861, 2931 and 3299 cm-1

are observed. From the (PO4)3- group symmetry, band regions
are assigned as ν1, ν2, ν3 and ν4, respectively [15,25,27]. The
frequency bands ν3 and ν4  are due to the stretching and bending
vibrations of IR active modes while ν1 and ν2 are due to Raman
active modes. The bands at 554, 577and 630 cm-1 were assigned
as ν4 region are for bending vibrations of PO4

3-. Whereas, the
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Fig. 2. IR spectra of as-prepared GdPO4:Tb3+ (at.%) co-doped with Ce3+

bands at 879, 951 and 1069 cm-1 were assigned as ν3 region,
which is due to the stretching vibrations of PO4

3- [25,27].
Similar peaks are reported in previous studies on LnPO4 (Ln
= Gd, Y, La) [21-23,25-27]. Peaks at 1670 and 3299 cm-1

correspond to bending and stretching vibrations, respectively
for O-H group of ethylene glycol molecule, which is used as
capping agent for nanoparticles [15,25,26,28]. The presence of
hydrogen bond in ethylene glycol molecules is indicated by
the broad band at 3299 cm-1 [15]. Water associated with GdPO4

could not be distinguished as the O-H peaks due to water have
been merged with those of ethylene glycol. The peaks at 2856
and 2927 cm-1 correspond to the stretching vibrations of CH2

group of ethylene glycol molecule whereas, its bending vibration
(scissoring) was observed at 1460 cm-1 [15,26]. The peak at
2362 cm-1 is due to absorption of CO2 gas from atmosphere
on the surface of particles. The IR study suggests as-prepared
Ce3+ and Tb3+ doped GdPO4 nanoparticles, have -OH group
the samples will be re-dispersible in water and ethanol, which
will make them a potential target for biological labeling. Again,
due to the re-dispersible properties such nanoparticles can also
be incorporated into polyvinyl alcohol polymer and this film
will be useful in optical devices [15].

Luminescence study: Excitation spectra of 10 at.% doped
Tb3+:GdPO4 sensitized with 5 at.% Ce3+monitoring emission
at 545 nm is shown in Fig. 3 and (inset) expanded region from
325 to 425 nm. The excitation spectrum consists of broad peaks
with maxima at 273, and a hump at 258 nm. These two peaks
are associated with 4f-5d transitions, which are spin allowed
of Ce3+ from ground state 2F5/2 of 4f to 5d excited state. The
spin forbidden 4f-4f transition of Ce3+ at 315 nm and Gd3+ at
278 nm could not be observed separately as merged with spin
allowed transition of Ce3+. The small excitation peaks at 350,
369 and 405 nm (inset) corresponds to 7F6→5G5, 7F6→5L10,
7F6→5G6 to 4f-4f transitions of Tb3+ [10,29,30]. The presence
of strong excitation peak over 4f-4f transition indicates the
occurrence of energy transfer process from Ce3+ and Gd3+ to
Tb3+ ion. It is to be noted that second harmonic generation of
545 nm will give ~273 nm. In order to verify, another excitation
spectrum of 5 at.% Ce3+ doped 10 at.% Tb3+:GdPO4 monitoring
emission at 488 nm and keeping filter at 395 nm was also
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Fig. 3. Excitation spectra of 5 at.% Ce3+ co-doped GdPO4:Tb (10 at.%)
monitoring emission at 545 nm

carried out (not shown). In this case, second harmonic gener-
ation of 488 nm will give peak at 244 nm, but was not observed.
Still, the same excitation peak position at 274 nm is obtained,
thus confirmed that excitation peak at 274 nm is genuine.

Photoluminescence emission spectra of 5 at.% Ce3+ doped
10 at.% Tb3+:GdPO4 at different excitation wavelengths of 258,
273, 350, 369 and 405 nm are shown in Fig. 4. From the spectra
several emission lines at 489, 545, 587 and 621 nm were obse-
rved and the peaks correspond to 5D4→7F6 (489 nm), 5D4→7F5

(545 nm), 5D4 →7F4 (587 nm) and 5D4→7F3 (621 nm) transitions
of Tb3+ [15,31]. The peaks at 489 nm and 545 nm correspond
to the electric dipole and magnetic dipole allowed transitions,
respectively. Among the various emission bands, the strongest
emission was obtained at 545 nm giving rise to the green emis-
sion for Tb3+

. The emission bands of the peaks excited at 273
and 258 nm is highly intense than when excited at 350, 369,
405 nm excitation, suggesting a strong energy transfer to the
excited states of Tb3+ from Gd3+/Ce3+. The energy transfer follows
the Foster-Dexter energy transfer theory, if two fluorophors
are within a critical distance (~20 Å) and the donor’s emission
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Fig. 4. Emission spectra of 5 at.% Ce3+ co-doped GdPO4:Tb3+ (10 at.%) at
different excitation wavelengths 258, 273, 35, 369 and 405 nm
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overlapped with the acceptor’s absorption bands, than transfer
of energy takes place from donor to activator [32,33]. A sche-
matic diagram of energy transfer between Ce3+/Gd3+ to Tb3+ is
shown in Fig. 5.
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Fig. 5. Schematic diagram of energy transfer process in Tb3+/Ce3+:GdPO4

In order to observe the changes in the emission intensity
for different concentrations of Ce3+, emission spectra of Ce3+

doped 10 at.%Tb3+:GdPO4 (Ce3+ = 0, 1, 3, 5, 7, 10 at.%) were
recorded after excitation at 273 nm (Fig. 6). The emission
intensity of Tb3+ increases as Ce3+ concentration increases from
3 to 5 at.% and then decreases with further increase of Ce3+. A
decrease in the intensity emission intensity of Tb3+:GdPO4 with
increasing Ce3+ ion concentrations might be due to critical
concentration of Ce3+ with the host or dipole-quadrupole inter-
action amongst the Ce3+ ions. A critical concentration of Ce3+

absorption cross-section from 250-290 nm (Ce3+/Gd3+ absor-
ption) are maximum with highest probability of energy transfer
to Tb3+. A net effect in the absorption as well as emission process
was observed with the simultaneous increase and Ce3+ and Gd3+

ion. Thus, above 7 at.% Ce3+ a decrease in emission intensity
of Ce3+/Tb3+ was observed due to critical concentration or dipole-
quadrupole interaction.
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Fig. 6. Emission spectra of GdPO4:Tb3+ co-doped with Ce3+(Ce3+ = 0, 1, 3,
5, 7, 10 at.%) monitoring excitation at 273 nm

Lifetime study: Fig. 7 shows the normalized photolumi-
nescence decays for of GdPO4:10 at.%Tb3+ codoped with
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Fig. 7. Normalized luminescence decays of 10 at.% doped Tb3+:GdPO4

co-doped with Ce3+ (Ce3+ = 0, 1, 3, 5, 7 and 10 at.%) samples after
excitation at 274 nm and monitoring emission at 545 nm

Ce3+(Ce3+ = 0, 1, 3, 5, 7 and 10 at.%) after excitation at 274 nm
and monitoring the emission at 544 nm. Decay data were fitted
with monoexponential equations (Fig. 8). For the monoexpo-
nential decay fit, it is expressed as:

0

t
I I exp

 = − τ 
(1)

where Io and I are intensities at zero time and at time t, respec-
tively, and τ is the lifetime for transition. This was carried out
by considering following assumptions [15,16]:

(i) Homogeneous distribution of Tb3+ ions in the host
matrix, and

(ii) Tb3+ ions may be located closer to surface due to strong
ligand-Tb3+ interaction and strong quenching effect at higher
concentrations.
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The ln I vs. time plots are shown in inset of Fig. 9, where
I stands for luminescence intensity. As the concentration of Ce3+

in Ce3+ co-doped 10 at.% Tb3+:GdPO4 increases above 5 at.%,
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the lifetime decreases (Table-1). This behaviour is attributed
to due to critical concentration or dipole-quadrupole interaction
of the Ce3+ ion as discuss earlier. The lifetimes varies from 3.1
to 3.7 ms for Ce3+ doped 10 at.% Tb3+:GdPO4 nanoparticles
(Ce3+ = 0, 1, 3, 5, 7 and 10 at.%).
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Fig. 9. ln (I) vs. time plot for luminescence decays of 10 at.% doped Tb3+:
GdPO4 co-doped with Ce3+ (Ce3+ = 0, 1, 3, 5, 7 and 10 at.%) samples
after excitation at 274 nm and monitoring emission at 545 nm

Conclusion

The Ce3+ and Tb3+ doped GdPO4 nanoparticles were synthe-
sized and their luminescence properties have been investigated.
For the different excitation wavelengths, the most prominent
emission was observed at 273 nm excitation, showing efficient
energy transfer from Ce3+ and Gd3+ to Tb3+. The luminescence
intensity increases manifold with the doping of Ce3+ and incre-
ases up to 5 at.% Ce3+ and then decreases as the dopant concen-
tration of Ce3+ increases. This may be due to critical concen-
tration of Ce3+ with the host or dipole-quadrupole interaction
amongst the Ce3+ ions. Moreover, as-prepared Ce3+ and Tb3+

doped GdPO4 nanoparticles, have -OH group the samples will
be re-dispersible in water and ethanol, which will make them
a potential target for biological labeling and optical devices.
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