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Synthesis and Photoluminescence Properties of HEu,_,Gd,(Mo0Qy);

Nanophosphor

Mizuki WATANABE'®, Kazuyoshi UEMATSU'?, Sun Woog KIM', Kenji TODA™,

SUMMARY  New HEu;_,Gd,(M00O4), nanophosphors were synthe-
sized by a simple one-step ion-exchange method. These nanophosphors
have rod-like particle morphology with 0.5-15 um in length and outer di-
ameters in the range of 50-500nm. By optimization of the composition,
the highest emission intensity was obtained for the samples with x = 0.50
for both KEu;_,Gd;(Mo0QOy); and HEu;_,Gd,(M0Oy);.

key words: Nanophosphor, soft chemical process, rare earth molybdate,
layered structure.

1. Introduction

Thin films with dispersed nanophosphor have been inves-
tigated for their use in displays, LEDs, and solar cells be-
cause of their excellent optoelectronic properties and low
light-scattering intensity [1]-[5]. In particular, transparent
displays with thin films containing dispersed nanophosphor
attracted much attention in the context of next-generation
displays [6]. Such transparent displays have been demon-
strated mainly in the field of organic light-emitting de-
vices [7]. In addition, stable low-scattering suspensions of
inorganic phosphors in organic solvents have to be devel-
oped to improve the durability of flexible and transparent
displays [8], [9]. However, almost all inorganic phosphors
with high luminescence efficiency contain micron-sized par-
ticles, which have strong scattering characteristics. The
desired insignificant scattering can be obtained for parti-
cles smaller than 50nm [10]. Therefore, nano-sized inor-
ganic phosphors are required for the fabrication of flexible
and transparent displays. However, such nanophosphors ag-
glomerate easily in organic solvents. Therefore, the fabrica-
tion of stable suspensions of nanophosphors is required.
Several wet chemical methods have been reported for
the preparation of nanophosphors, such as the hydrother-
mal method [11], polymerized complex method [12], sol-
gel method [13], and others. These methods offer several
advantages, such as homogeneity, phase purity, and narrow
size distribution. However, these methods require a special
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reactor and special precursor materials to achieve complete
dissolution in solvent solutions. In addition, methods for
the synthesis of clear suspensions of nanophosphors have
not been well established until now [14].

In this paper, we propose a new simple synthesis
method via ion-exchange for preparing nanophosphors with
high luminescence efficiency. We selected a triclinic al-
kali rare earth molybdate, KEu(MoOy,), as the precur-
sor material to synthesize emissive nanophosphors. Tri-
clinic KEu(MoQy); is a well-known phosphor material and
presents excellent red emission due to the 4f—4f transition
of Eu?* [15]. Furthermore, triclinic KEu(MoO,), has a lay-
ered structure, which is shown in Fig. 1, using the VESTA
program [16]. In the crystal structure of KEu(MoOy),,
the polyhedral EuOg layers are situated between two tetra-
hedral MoOy layers along the c-axis with the exchange-
able potassium cations located between these (Eu(Mo0Qy),),
layers. Therefore, the K* ions in KEu(MoQy), are ex-
pected to be exchanged by other ions via ion-exchange
methods with corresponding easy control of the particle
size and morphology. However, KEu(MoQ,); is easily dis-
solved in concentrated acidic solutions; therefore, there have
been no reports on the successful ion-exchange of molyb-
date and the related synthesis of nanophosphors. On the
other hand, we have successfully synthesized HEu(Mo0QOy),
nanophosphor with rod-like particle morphology by sim-
ple ion-exchange methods in dilute acid, and the solution
with the dispersed HEu(MoQO,), nanophosphor showed high
transparency and strong red-emission due to the f—f transi-
tion of Eu?* [17]. In order to further enhance the emission

Fig.1  Crystal structure of KEu(Mo0Oy4);.

Copyright © 2014 The Institute of Electronics, Information and Communication Engineers



1064

efficiency of HEu(MoOy), nanophosphor, part of the Eu*
ions in the HEu(MoOy), lattice were substituted by smaller
Gd>** ions, and the particle morphology and luminescence
properties of HEu;_,Gd,(MoO,), were investigated.

2. Experimental

KEu;_,Gd,(MoOy), (0.00<x<1.00) were synthesized by
a conventional solid-state reaction method. K,COj; (pu-
rity 99.95%; Kanto Chemical Co. Inc.), Gd,O3; (pu-
rity 99.99%; Shinetsu Chemical Co. Inc.), Eu, O3 (purity
99.99%; Shinetsu Chemical Co. Inc.), and MoOj3 (purity
99.99%; Kojundo Chemical Co. Inc.) were mixed using a
mortar and pestle with acetone; the mixture was then cal-
cined at 700°C for 6 h in air. HEu;_,Gd,(MoOj,), samples
were obtained by the H* exchange of KEu;_,Gd,(Mo0Qy),
in HNOj; solution (0.01 M, 100 mL) at room temperature for
7 days. After stirring, the solutions were isolated by suc-
tion filtration using a membrane filter (ADVANTEC MFS,
INC., mixed cellulose ester, pore size: 0.45um, diameter:
47mm). The samples were washed with deionized water
for 12h and then dried at 50°C for 24h. The obtained
HEu;_,Gd,(MoQOy), powder samples were redispersed in
deionized water (pH=7).

The obtained samples were characterized by powder X-
ray diffraction (XRD, MX-Labo; Mac Science Ltd.) to iden-
tify the crystal structure and the sample composition was
determined by X-ray fluorescence analysis (XRF, SII, SEA
1200 VX). The sample morphology was characterized by
scanning electron microscopy (SEM, Hitachi, S-4300SD).
The emission (PL) and excitation (PLE) spectra were mea-
sured at room temperature with a spectrofluorometer (Jasco,
FP-6500/6600); emission spectra were obtained for exci-
tation at 309 nm, and excitation spectra were obtained for
emission at 614 nm.

3. Results and Discussion

Figure 2 shows the XRD patterns of the precursor
KEu;_,Gd,(M0QOy), (0.00< x <1.00) phosphors. The XRD
patterns of all samples were in good agreement with single-
phase triclinic alkali rare earth molybdate.

Figure 3 shows excitation and emission spectra of
the precursor KEu;_,Gd,;(MoQy), (x=0.00 and 0.50) phos-
phors. The excitation spectra of all samples consisted of a
strong broad band in the range from 220 to 350 nm, cor-
responding to the charge-transfer (CT) transition of 0% —
Mo®*. Some strong narrow peaks are observed between 360
and 500 nm and are attributed to the 4f—4f transitions of the
Eu?* ion. On the other hand, the CT band of Eu?*-0?% is
not clearly observed in the excitation spectra, possibly due
to the overlap of the CT band with that of the molybdate
group [15], [17]-[19]. In the emission spectra, all peaks
corresponded to the Eu* 4f—4f transition. The emission
peak intensity corresponding to the Dy—'F, electric dipole
transition at 614 nm is higher than that of the >Do—'F; mag-
netic dipole transition at 592 nm, suggesting that the Eu**
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Fig.2  XRD patterns of KEu,_; Gd,(MoOy4), (0.00<x<1.00) synthesized
by the solid-state reaction method at 700°C for 6 h in air.
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Fig.3  Excitation (broken line) and emission (solid line) spectra of
KEu;_,Gd;(M004)2 (x=0.00 ((a), gray line) and x=0.50 ((b), black line))
phosphors.

ions occupy sites in the KEu(MoOy), lattice without in-
version symmetry. The ratio I6l4nm(5D0_7F2)/IS92 nm(SDQ—
"F}) of KEu(MoOy), (12.5) decreased upon Gd3** doping
and was 10.8 in case of KEug50Gdys50(M0Qy),. This re-
sult indicates that the symmetry of the Eu’* site in the
KEu;_,Gd,(MoOQy), lattice was higher than that of the sam-
ple without the Gd** doping. It is well known that the
SDy-'F, electric dipole transition of Eu®* is sensitively
affected by the change of the site symmetry in the host
lattice. The peak intensity corresponding to the Dy—
F, transition is relatively higher than that of the SDy—
F, transition when Eu’* is located at a site having high
symmetry (inversion symmetry site) in the host lattice,
such as in case of Ba,GdNbOs:Eu?*, NaLuO,:Eu?*, and
InBOs:Eu* phosphors [20]. Concerning the presently stud-
ied KEu,_,Gd,(MoOy),, since the ionic radius of Gd**
(0.1193 nm for 8-fold coordination [21]) is smaller than that
of Eu?* (0.1206 nm for 8-fold coordination [21]), a lattice
distortion is induced by doping of Gd** at the Eu’" site of
KEu(MoQ,),, which leads to a change of the local environ-
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Fig.4 Dependence of the emission intensity on the Gd>* content in
KEu;_,Gd;(M004); (0.00<x<1.00) phosphors.

ment and symmetry of the Eu* site in the crystal lattice.
On the contrary, the emission intensity of KEu(MoQOy), was
effectively enhanced by doping of Gd>* into the host lat-
tice. This can be explained by the suppression of the con-
centration quenching on decreasing Eu®* concentration in
KEul_dex(MOO4)2.

Figure 4 shows the compositional dependence of the
emission intensity excited at 309 nm of KEu,_,Gd,(MoOy4);
(0.00< x <£1.00). The emission intensity initially increases
with increasing amount of Gd** and reaches a maxi-
mum at x=0.50. However, the emission intensity de-
creases on further increasing Gd** content beyond the op-
timum concentration, which is attributed to the decrease
of the Eu** concentration. To synthesize nanophosphors,
the obtained KEu;_,Gd,(MoOy), phosphors were stirred
in HNO; solution at room temperature. However, the
KEu;_,Gd,(MoQOy), powders were completely dissolved in
highly concentrated HNOj3 solution above 0.05M during
the stirring process. In contrast, for the samples stirred in
0.01 M aqueous HNOj solution for 7 days, the K* ions of
the KEu;_,Gd,(MoOQy), phosphors were successfully ex-
changed by H* without particle dissolution. The compo-
sition of KEu;_,Gd,(MoOy), before and after H exchange
was analyzed by XRF. The amount of K* ions in the phos-
phors after H* exchange was reduced to about 30% com-
pared with the precursor materials KEu;_,Gd,(MoQOy),.

To compare the photoluminescence property of
K0'3H0.7EU1_deX(MOO4)2 (H*—form) with that of KEul_x
Gd,(Mo00Qy), (K*-form), the H*-form powders were washed
with deionized water for 12h and then dried at 50°C for
24h. Figure 5 shows excitation and emission spectra of
dried K*-form and H*-form powders. The behavior ob-
served in the excitation and emission spectra of all H*-form
powders was similar. The highest emission intensity was
obtained for the H*-form with x = 0.50.

The peak wavelength of the CT bands of these phos-
phors depends on the excitation energy for electron transfer
from O~ to Mo®*. Since the electronegativity of H (2.1)
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Fig.5 Excitation (broken line) and emission (solid line) spectra
of dried (a) KEugs50Gdgs50(M00Qy4), (K*-form) and (b) Ko 3Ho7Eugs0
Gdj50(M0O4), (H*-form) powders prepared by stirring in 0.01 M HNO3
solution for 7 days.
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Fig.6  Dependence of the emission intensity on the Gd>* content of dried
Ko.3Ho.7Eu1-,Gd,,(M004)> (0.00<x<1.00) phosphor powders prepared by
stirring in 0.01 M HNO3 solution for 7 days.

is larger than that of K* (0.8), the electronic attractive force
between O>~ and Mo®* is increased by H* exchange which,
in turn, is causative for the increase of the excitation energy
for the electron transfer from O?~ to Mo®*. As a result, the
excitation absorption band corresponding to the CT transi-
tion of O>—Mo%" is shifted toward shorter wavelength by
H* exchange. In addition, the peak intensity of the CT tran-
sition of O>"—Mo®" decreased in comparison with that of
the K*-form. This is probably because H,O persisted in the
interlayers as a result of using dilute acid.

Figure 6 shows the compositional dependence of the
luminescence intensity excited at 309 nm of Kq3Hp7Eu;_,
Gd,(Mo0Oy); (0.00<x<1.00). Similar to the results obtained
for the K*-form samples that are shown in Fig. 4, the emis-
sion intensity was effectively enhanced by doping of Gd**
into the Ko 3Hp7Eu(Mo00y), lattice and the highest emission
intensity was obtained for K¢ 3Hg7Eug 50Gdg.50(M0QOy),.

Figure 7 shows SEM images of dried K*-form and H*-
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(a) K*-form

Fig.7 SEM images of dried (a) KEug 50Gdg.50(M0O4), (K*-form) and
(b) Ko3Ho7Eug.50Gdg.50(M0oOy), (H*-form) powders and (c) H*-form
particles redispersed in deionized water (pH=7) and corresponding photo-
graph of the clear colloidal solution (the concentration of H*-form powder
was 1.0 x 1073 mol/dm?).

form powders. The K*-form powder has a granular parti-
cle morphology with average particle size of 10 yum. In
contrast, although a small amount of granular particles re-
mained, the dried H*-form powders have rod-like particle
morphology with 115 ym in length and outer diameters in
the range of 50-500 nm. These results indicate that the par-
ticle size and morphology of KEu,_,Gd,(MoQ,), were suc-
cessfully changed by H* exchange at the K* sites. Although
the mechanism of the particle-morphology change remains
unexplained in detail, it is possible to consider exfoliation
of the Eu;_,Gd,(Mo0Qy), layers by the substitution of K* by
H* ions, which may has contributed to the change of the par-
ticle morphology. In addition, the rod-like particles formed
larger aggregates, like fascicles of fibers. The dispersion of
nanophosphors in solution is of high significance for their
use in transparent displays. Figure 7(c) shows a SEM image
of H*-form powder redispersed in deionized water (pH=7).
A corresponding photograph of the suspension after 1h is
also shown in Fig. 7. The concentration of the H*-form
powders were adjusted to 1.0x1073 mol/dm?. The Tyndall
effect was confirmed by the scattering of a laser beam in
the colloidal nanophosphor solution, suggesting that the H*-
form nanophosphors were fully suspended in deionized wa-
ter without precipitation. From Fig. 7(b) and (c), the ag-
gregation of H-form nanophosphor particles was signifi-
cantly reduced by the redispersion in deionized water and,
as a result, the particles formed small units. These results
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suggest that Ko 3Hg7Eug50Gdg.s0(M00O4), might be used as
a nanophosphor for transparent displays.

4. Conclusion

HEu,_,Gd,(Mo0Oy4), nanophosphors were synthesized by
one-step ion exchange achieved by stirring KEu;_,Gd,
(Mo00Oy), phosphors in 0.01M aqueous HNO; solu-
tion at room temperature for 7 days. The obtained
Ko3Hp7Eu;_,Gd,(MoOy), nanophosphors have rod-like
particle morphology with 0.5-15 um in length and outer di-
ameters in the range of 50-500nm. The emission inten-
sity of these phosphors was effectively enhanced by Gd**
doping and the highest emission intensity was obtained
for the samples with x=0.50, both for KEu,_,Gd,(Mo0O,),
and Ky 3Hp 7Eu;-,Gd,(MoQy), phosphors. The aggregated
dried nanophosphor powders could be redispersed in deion-
ized water. Thus, it is expected that these phosphors can be
applied as a transparent display material.
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