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ABSTRACT

Phase-pure Ce-/Tb-doped and co-doped lanthanum stannates (La;Sn,07) nanocrystals were synthe-
sized by a co-precipitation process combined with hydrothermal techniques without any further heat
treatment. The crystal structure, particle size, morphologies, and photoluminescence properties of
the as-synthesized products were investigated by X-ray powder diffraction (XRD), transmission elec-
tron microscopy (TEM), and photoluminescence spectroscopy (PL). The as-prepared samples were
single-phase cubic pyrochlore-type nanocrystals with a typical size of 10-20 nm. PL spectra showed
a dominating green-emitting line around 544 nm attributing to >D4-’Fs magnetic dipole transition for
Tb3* doped and Ce3*/Tb3* co-doped La,Sn,07 nanocrystals. Meanwhile, the concentration quenching
phenomenon was observed in both La; xTb,Sn;07 and La; g xCexTbg13Sn,07 nanocrystals. Further-
more, an interesting enhancement of the energy transfer induced green emission was observed in the
as-synthesized La; go_xCexTbg 15Sn,07 nanocrystals.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rare earth pyrochlore-type complex oxides [1,2] are of con-
siderable importance for a wide variety of applications, such as
hosts for luminescence centers [3], high temperature pigments
[4], catalysts [5], and ionic conductors [6]. Pyrochlore-type lan-
thanum stannates have attracted enormous interest recently due
to their excellent chemical and thermal stability, and ability to
host rare earth ions in their crystal lattice, especially in the octahe-
drally coordinated site. Lanthanum compounds have been widely
used as host materials for rare earth doped solid state lasers and
phosphors [7-9]. It is expected that pyrochlore-type lanthanum
stannate will be a promising host material for phosphors. Rare earth
doped pyrochlore-type lanthanum stannate has been proven to be
phosphate materials for promising applications in photonic devices
[10].

Terbium ions are the most important green-emitting lumines-
cent activators for several phosphors [11-13] because it has a sharp
emission around 544 nm with high intensity, which is close to the
theoretical optimum wavelength for the green component of three
primary color centers. Ce3* is also a widely used luminescence
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activator in optical materials and its properties are well known.
Ce3*-activated phosphors show a broad band emission at short
wavelength under excitation of VUV and UV light in most host
matrixes [14-16], which are useful for displaying, planography, and
optical data recording.

Many studies concerning the emission and excitation properties
of Tb3* and Ce3* co-activated systems with different hosts have
been published [17,18]. However, to the best of our knowledge, few
reports have been made regarding the luminescence properties of
La,Sn, 07 nanoparticles doped and co-doped with Ce3*, Th3* ions.

In this study, a co-precipitation process combined with
hydrothermal techniques was employed to synthesize
La1,94Ce0,055n207, L&z_beXSH207, and Lal.gz_xcebe0.1gSD207
nanoparticles phosphors. The structural properties and morpholo-
gies of the as-synthesized nanocrystals were investigated. The
photoluminescence properties of the resulting nanocrystals were
also studied, and an interesting enhancement of the energy transfer
induced green emission was observed in Lajgy_xCexTbg 18Sn,07
nanocrystals.

2. Material and methods

All the reagents in this study were analytical reagents and used as received with-
out further purification. Deionized water was used throughout. In a representative
synthesis route, stoichiometric amounts of high-purity solid oxides of lanthanum,
terbium and cerium were dissolved in concentrated nitric acid. The required amount
of SnCly-5H,0 was added by keeping the molar ratio of lanthanon to tin as 1:1. The
solution was thoroughly mixed for 1 h and added to the solution of ammonia under
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Fig. 1. XRD patterns of the as-synthesized La,_,TbySn,07 nanocrystals: (a) x=0.02;
(b)x=0.06; (c)x=0.10; (d) x=0.14; (e) x=0.18; (f) x=0.22. A representative zoomed
260 range (35-45°) of the XRD patterns for La; 94Tbg 0sSn207 sample is shown as an
inset.

continuous stirring at room temperature. Then, the pH of the above solution was
adjusted to 12 through the addition of NaOH solution (4 M) and the volume was
tailored to 64 ml as well while stirring vigorously on a magnetic stirrer [19]. The
solution was vigorously stirred for 1h before 1.0g ascorbic acid was added to it.
Subsequently, the resulting suspension was transferred into a Teflon-lined stainless
steel autoclave (80 ml capacity). The autoclave was maintained at 180 °C for 24 h and
cooled naturally to ambient temperature. The precipitates were filtered and washed
with deionized water and absolute ethanol several times to remove undesirable ions
such as Na* and NOs3 ~. The precipitates were dried at 100°C for 4 h in air.

Crystalline phase was identified by X-ray diffraction (XRD) using a Rigaku D/Max
2500 powder diffractometer with Cu Ka radiation (A =1.5406 A). XRD patterns were
recorded from 20° to 85° (26) with a scan rate of 8°/min. The morphologies of the
product particles were observed by transmission electron microscopy (TEM, Philips
Tecnai 20 G2 S-TWIN) under an acceleration voltage of 200 kV. The photolumines-
cence (PL) spectra were measured with a Hitachi F-2500 fluorescence spectrometer
at room temperature.

3. Results and discussion

Fig. 1 shows the X-ray diffractions of the as-synthesized
La,_,TbxSn,07 with different Th-doping contents. As presented
in Fig. 1, all the diffraction lines in each pattern can be indexed
well to the reference pattern (JCPDS 73-1686). It is well known
that four main peaks (222), (400), (440) and (62 2) are charac-
teristic of pyrochlore structure. Although similar diffractions were
also observed in the defect fluorite structure [20], the reflections
from the crystallographic planes (33 1)and (51 1) of the pyrochlore
structure are also found in the patterns. We can confirm that the
as-prepared samples possess pyrochlore type structure [21]. Arep-
resentative zoomed XRD pattern with the 260 range, ranging from
35° to 45°, was shown as an inset in Fig. 1. Two weak peaks corre-
sponding to (33 1) and (51 1) peaks could be observed. The results
indicated that all samples had a single cubic pyrochlore structure of
La,Sn, 07 with the space group of Fd-3m (No. 227). Using Scherrer’s
equation [22], the crystallite sizes of the samples were calculated
from the peak half-width of (2 2 2) peak and were found to be in the
range of 10-20 nm. It was worth noting that the diffraction peaks
of the samples shifted toward a higher diffraction angle as a result
of increasing Tb doping content, indicating that the lattice param-
eters had decreased due to the differences in ionic radius between
La3* (1.06 A) and Tb3* (0.923 A) [23], which in according to Veg-
ards’s law [24]. This implied that the La,_4TbxSn, 07 products were
not simple mixtures of La,Sn,07 and Tb,Sn, 07, but homogeneous
phase with a cubic pyrochlore structure. That is to say, a small quan-
tity of doped Tb ions had a negligible effect on the crystallographic
structures of La;Sn,07.
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Fig. 2. XRD patterns of the as-synthesized nanocrystals: (a) La; 94Ce06Sn207; (b)
La1.50Ce0.02Tho.155n207; (€) La1.76Ceo,06 Tho.18Sn207; (d) La.72Ceo.10Tho.1sSn207.

The XRD patterns of the as-synthesized Laj 94CeggsSn, 07 and
La; gy_xCexThg 18Sn,07 samples with different Ce-doping amount
were shown in Fig. 2. All the diffraction peaks in the XRD patterns
can be assigned to the pyrochlore phase of lanthanum stannate
(JCPDS 73-1686). The calculated crystallite sizes of the samples
were about 12-19 nm. In Fig. 2, it could also be observed the phe-
nomenon that those XRD peaks slightly shifted to a high degree
with the increase of Ce-doping content, similarly as in Fig. 1.

Morphologies of the samples were examined by TEM at
room temperature. Representative TEM micrographs of the as-
synthesized Ce-/Tb-doped and co-doped La;Sn, 07 nanocrystals are
shown in Fig. 3(A)-(C), respectively. The images show a homoge-
neous nanostructure and uniform particles with sizes of 10-20 nm.
The sizes of the crystallites were basically consistent with those
determined from the XRD patterns. The images clearly display that
the nanocrystals commonly occur as hard agglomerates, which is
the common character of hydrothermally synthesized Ln;Sn;07
powders [25,26]. In addition, TEM images of the other Ce-/Tb-
doped and co-doped La,Sn;07 nanocrystals were similar to those
of Fig. 3(A)-(C).

The excitation and emission spectrum of LajgsCeggSny07
nanocrystals were shown in Fig. 4(A) and (B), respectively. The
excitation spectrum of the Lajg4CegogSny;O; sample obtained
by monitoring the emission band at 377nm at room temper-
ature, as shown in Fig. 4(A), showed an obvious band around
332.5nm, attributing to the 2Fs/,-2D; (J=5/2, 3/2) transitions of
Ce3* jons. These transitions are parity allowed and have large
oscillator strength. However, it is difficult for us to observe the
crystal-field splitting of Ce3* 5d levels due to the experimen-
tal limitations. In consequence, the emission in Laj g4CegggSn, 07
is efficiently excited by direct excitation of the dopant ions.
Under excitation at 332.5nm, the emission spectrum of the as-
synthesized La; g4Ceq 0sSn07 nanocrystals, in Fig. 4(B), consisted
of two bands located at 352 nm and 377 nm, corresponding to the
2D;,-2F; (J=7/2, 5/2) transitions, respectively. The energy differ-
ence between 352 and 377 nm peaks was 1884 cm~!, consistent
with the usual ground state splitting of Ce3* in most Ce3* activated
phosphors [14].

The excitation and emission spectra were illustrated in Fig. 5(A)
and (B) for the as-synthesized La,_xTbySn;0- nanocrystals with
different Tb-doping contents. The excitation spectra obtained by
monitoring the green emission transition at 543 nm revealed a
group of excitation bands in the wavelength region from 300 to
500 nm, which correspond to the f-f transitions of the 4f electronic
shell of Tb3* ions. These bands could be assigned to the relevant
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Fig. 3. TEM images of the representative doped La,;Sn,07 nanocrystals: (a) La;.94Ceo06Sn207; (b) La; 86Tbo.14Sn207; (c) La.76Cep.06Tho.18SN207.

transitions from the ground state (“Fg) to the higher energy levels
such as °Hg (304 nm), °Dg (319 nm), °D, (359 nm), °D3 (379 nm),
and °Dy4 (488.5nm) [27]. A weak peak was also observed at 284 nm,
which was ascribed to the spin-forbidden (high-spin) 4f8-4f75d!
transition of Th3*. The strongest excitation peak located at 379 nm
is in agreement with a previous report from Zhang et al. [17]. The
emission spectrum of Laj g4Ceg gsSn, 07 and the excitation spectra
of Lay_4TbxSn, 07 have revealed that there was a significant spec-
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Fig. 4. (A) Excitation spectrum of the as-synthesized La;94Ce0sSn,07 nanocrys-

tals at Aem=377nm; (B) emission spectrum of LajgsCeposSn,07; sample at
tex=332.5nm.

tral overlap between the emission band of Ce3* and Tb3* excitation
band. Therefore, the effective resonance type energy transfer from
Ce3* to Th3* is expected.

The emission spectra of Th-activated phosphor measured at
379 nm were shown in Fig. 5(B). Under the excitation of 379 nm,
each sample exhibited a similar green luminescence. The strongest
emission peak located at 543 nm was ascribed to the magnetic
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Fig. 5. (A) The excitation spectra and (B) emission spectra of the as-synthesized
La,_«Tb,Sn,07 nanocrystals: (a) x=0.02; (b) x=0.06; (c) x=0.10; (d) x=0.14; (e)
x=0.18; (f) x=0.22.
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Fig. 6. (A) The excitation spectra of the as-synthesized Lajg;_xCexTbg13Sn,07
nanocrystals: (a) x=0.02; (b) x=0.06; (c) x=0.10; (B) the emission spectra of
the as-synthesized nanocrystals: (a) LajgoCep02Tbo18Sn207 (Aex =330nm); (b)
La; 76Ce0.06Tho.18SN207 (Aex =330 nm); (¢) Lay 72Cep.10Tbo.18SN207 (Aex =330 nm); (d)
La1‘32Tbo_135n207 (Atex =379 nm).

dipole °D4-"Fs transition of Tb3*. The other peaks at 488.5, 587
and 621 nm were corresponded to °D4—’Fg, °D4-’F4, and °D4-"F3
transitions of Tb3*, respectively.

The variation of the luminescent intensity with Tb~doping con-
tent could also be seen in Fig. 5. The °D4-’F5 transition intensity
increased initially, reached a maximum value at x=0.18, and then
decreased with the increase of Th-doping concentration, indicating
that the concentration quenching to occur if the activator concen-
tration increases above the critical concentration, i.e. x > 0.18. As the
Tb3* concentration increases, the distance between adjacent Th3*
ions decrease, facilitating the energy transfer between neighboring
Tb3* ions. The concentration quenching effect was attributed to the
possible non-radiative energy transfer between neighboring Th3*
ions, which increase the mobility of the excited states within the
host matrix and, therefore, increase the probability of non-radiative
de-excitation via traps. The optimum concentration of Tb3* is dif-
ferent from what others reported because it is a variable depending
on the excitation source and the host matrix [12,28].

The luminescence characteristics of (Lajgy_xCexTbg1g)Sny07
nanocrystals with different Ce-doping contents were explored. The
excitation spectra of (Laj gy_xCexTbg 18)Sn,07 nanocrystals were
obtained upon detection at 544 nm (Fig. 6(A)). The excitation spec-
tra showed a band at around 330 nm along with a weak band at
494 nm, which were assigned to the 2Fs/;-2D; (J=5/2, 3/2) transi-
tions of Ce3* and the 7Fg—°"Dy transition of Th3* [29], respectively,
and no other obvious excitation peaks could be observed. As the
Ce-doping content increased from 0.02 to 0.10, the band of the
2F5,-?D; (J=5/2,3/2) transitions exhibited a blue shift from 332 nm
to 330 nm. The intensity first increased and reached a maximum
at x=0.06 then decreased. The blue shift phenomenon indicated
that the lowest 5d level had a shift to lower energy level. It was
reported that the unit cell affected the crystal field around Ce3*,
and led to blue shift of spectra [30]. The lattice constants decreased
with increasing Ce-doping constant, as the analysis of XRD patterns
revealed (Fig. 2). Therefore, the blue shift of peak located around
330 nm was resulted from the change of crystal field around Ce3*
ions.

Fig. 6(B) showed the emission spectra of the (La; g;Tbg 18)Sn, 07
and (Lajgy_xCexTbg1g)Sn,0;  phosphors  with  different
dopant contents. The excitation wavelength was 330nm for
(La.g2-xCexTbg.18)Sn207 (x>0) phosphors and 379nm for
(Lay.82Tbg18)Sn,07 sample. As shown in Fig. 6(B), the emission
spectra were similar in shape and differ in the band intensities.

5D5/2—._—
R R 5D,
energy  ——t—0 s,
3 4 transfer
< i |
> D,
()
= g
B 2] g = EIEE
— o | S 8 &
= 1 23| 5l
R || @
1-
-
. e 3
4
2F 7/ i s F,
0 2F5,— :
Ce3* Th3+

Fig. 7. Energy-level diagram of (La; sz xCexTbg15)Sn,07 (x>0) nanocrystals with
radiative transitions and energy transfer processes. Dashed-doted arrow: excitation;
dashed arrows: non-radiative decay; solid arrows: radiative decay.

That emission spectra consisted of four main bands between 450
and 640nm, which corresponded to the >D4-"F; (J=6, 5, 4, 3)
transitions of Tb3* activators. It was remarkable that the co-doped
samples exhibited an enhancement of Tb3* overall emission
compared with the (La;gyTbg18)Sn,O; sample. Especially, the
(Laq.74Ceq o6 Thg.18)Sn,07 had the strongest emission intensity
and the emission intensity around 544 nm was 3.1 times higher
than that of (La;gyTbg1g)Sn,07, although the Tb content was
the same for both. Moreover, those >Ds-"F; (J=3, 4, 5 and 6)
transitions of those co-doped samples showed a slight red shift as
compared with that of Tb3* doped samples, which was probably
attributed to the distortion of dodecahedral symmetry around
Tb3* ions brought about by Ce3* substitution and subsequent
lowering of 5d energy level due to the large covalency. In addi-
tion, for the (Lajgy_xCexTbg.15)Sn,07 samples, the concentration
quenching could also be observed at x=0.10. In a word, in the co-
doped (La; g»_xCexTbg 13)Sn,07 system, the typical Tb3* emission
originated from the excitation band of Ce3* at 330nm and the
photoluminescence intensity depended on the Ce3* concentration
were strong evidences that the efficient energy transfer from Ce3*
to Th3* occurred. The phenomenon of energy transfer from Ce3* to
Tb3* had been already reported [31-33].

The energy transfer process from Ce3* to Tb3* was schematically
depicted in Fig. 7. First, the UV photons (at 330 nm) are absorbed
by Ce3* ions, resulting in the Ce3* ions excited to the >Ds; level.
Then, excited Ce3* ions in the 3Ds;, level may relax non-radiatively
to the first excited level, 5D3/2 level. Subsequently, excited Ce3*
ions in the first excited level may transfer their energy to nearby
ground state of Tb3* ions, thereby exciting them into the °D, level,
which decay non-radiatively to the Dy level followed by radiative
decay to various lower levels of 7F; (J=3-6). As a result, the as-
synthesized (Laj g;_xCexTbg.15)Sn,07 (x>0) nanocrystals exhibits
a strong green PL band centered at around 544 nm under 330 nm
light excitation. It was well understood that increasing the con-
centration of Ce3* jons would enhance the energy transfer rate
from the 5Dj3, level of Ce3* to the 5D, level of Th3*, which would
cause the high luminescence intensity of Tb3* ions in the co-doped
La;Sn,07 system. Simultaneously, it was expected that increasing
the content of Ce3* ions in (Laj gy_xCexTbg 13)Snp07 (x> 0) matrix
would increase the probability of forming Ce3*-Ce3* pairs due to
the decreasing distance of neighboring Ce3* ions. Those Ce3*-Ce3*
pairs play the role of an energy consumer via a cross-relaxation
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process [34], which suppresses the energy transfer from Ce3* to
Tb3* and the luminescence of Tb3* ions quenching.

4. Conclusions

Phase-pure terbium and cerium doped and co-doped La;Sn,07
nanocrystals have been successfully synthesized by a co-
precipitation combined with a hydrothermal process without any
further calcination treatment. The characterization of XRD and
TEM of samples revealed that the as-synthesized nanocrystals
had approximately 10-20nm diameters. The Lajg4CeggSny07
nanocrystals emitted two bands located at 352 nm and 377 nm, cor-
responding to2D5,—2F; (J=7/2,5/2) transitions. The La,_,TbxSn, 07
nanocrystals emitted a dominating and intense line at 543 nm,
attribute to °D4-’Fs magnetic dipole transition. Concentration
quenching was observed for Laj_4TbxSn,0; nanocrystals. The
optimum doped concentration for Tb3* was determined to be
0.18 for x in La,_TbxSn;07; phosphors. In the as-synthesized
(Laj g2_xCexThg 13)Sn>07 (x> 0) nanocrystals, the Ce3* ions strongly
sensitize the luminescence of the Th3* ions, it is likely that energy
transfer from Ce3* to Tb3* occurs. The (Laj 74Ceq.05Tbo.15)SN207
sample emitted 3.1 times higher luminescence intensity of >D4—"Fs
transition than that of (La; g;Tbg 13)Sn, 07 sample. Concentration
quenching was also observed in (Lajgy_xCexTbg18)Sny07 (x>0)
system and the optimum Ce-doped content was 0.06. The results
from this study may provide some information to develop new
phosphor materials and (La; g;_xCexTbg.15)Sn;07 (x> 0) is a promis-
ing green-emitting phosphor for applications in lamps and displays.
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