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| The double molybdate BaGd»(Mo0,)+:Er**/Yb* phosphors with the doping concentrations of Er** and Yb** (Er** = 0.05, 0.1, 0.2 and Yb** |
= 0.2, 0.45) have been successfully synthesized by a cyclic microwave-modified sol-gel process and the spectroscopic properties have

| been investigated. The microstructure exhibited well-defined and homogeneous morphology with particles sizes of 1-3 um. Under excitation |

| at 980 nm, BaGd>(MoOs).:Er**/Yb* particles exhibited a strong 525-nm emission band and a weak 550-nm emission band in the green |

| region and a very weak 655-nm emission band in the red region. The Raman spectra of the particles indicated the presence of strong peaks |

| |

| |

at higher frequencies and weak peaks at lower frequencies.
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INTRODUCTION

Recently, rare-earth-doped upconversion materials have
attracted consideration attention because of their unique
optical, spectral and chemical properties induced by the special
configurations and energy band gaps of the rare earth ions.
Rare-earth-doped luminescent materials have been widely
applied in the fields, such as lighting sources, display terminals
and biological detectors'?. The morphology controlled
synthesis of the rare-earth-doped materials are required for
well-defined and homogeneous morphology, because their
optical properties are dependent on their compositions, crystal
structures, shapes and particle sizes*®. Among the rare earth
ions, the Er’* ion is suitable for converting infrared to visible
light through the upconversion process due to proper electronic
energy level configuration. The co-doped Yb* ion and Er**
ion can remarkably enhance the upconversion efficiency from
infrared to visible light due to the efficiency energy transfer
from Yb* to Er’**. The Yb* ion as a sensitizer can be effectively
excited by incident light source energy that is transferred to
the activator, from which radiation can be emitted. The Er**
ion activator is the luminescence center of the upconversion
particles, while the sensitizer enhances the upconversion
luminescence efficiency’™.

The rare-earth-doped double molybdates have recently
been developed by solid-state reactions'®', co-precipita-
tion"'%, sol-gel method*®, hydrothermal method'”'*, Pechini
method"?°, organic gel-thermal decomposition®' and

microwave-assisted hydrothermal method*. For practical
applications of upconversion phosphors in products, well
defined features such as homogeneous particle size distribution
and morphology are required. As compared with the usual
methods, microwave synthesis has advantages of very short
reaction time with the homogeneous morphology features for
high purity of final polycrystalline. Microwave heating is
delivered to the material surface by radiant and/or convection
heating, which is transferred to the bulk of the material via
conduction™?*, A cyclic microwave-modified sol-gel process
is a cost-effective method that provides high-quality lumine-
scent materials with easy scale-up in short time periods. How-
ever, the cyclic microwave-modified sol-gel process has not
been reported.

In this study, BaGd,(Mo0Q4)4:Er**/Yb* phosphors with the
doping concentrations of Er’* and Yb* (Er** = 0.05, 0.1, 0.2
and Yb* =0.2, 0.45) were synthesized by the cyclic micro*wave-
modified sol-gel process for the first time. The synthesized
BaGd»(MoO.),:Er*/Yb* particles were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). The optical
properties were examined comparatively using photolumine-
scence (PL) emission and Raman spectroscopy.

EXPERIMENTAL
Stoichiometric amounts of Ba(NOs), (99 %, Sigma-
Aldrich, USA), Gd(NOs)3-6H,0 (99 %, Sigma-Aldrich, USA),
(NH4)6M070244H20 (99 %, Alfa Aesar USA), EI'(NO})}SHzO
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(99.9 %, Sigma-Aldrich, USA), Yb(NOs);-5H,0 (99.9 %,
Sigma-Aldrich, USA), citric acid (99.5 %, Daejung Chemicals,
Korea), NH,OH (A.R.), ethylene glycol (A.R.) and distilled
water were used to prepare BaGd,(Mo0O.),, BaGd, s(M0O,).:
EI'o,z, BaGd1,7(MOO4)4IEr0,1Yb0_2 and BaGdl.S(MOO4)4Z
Er0.05Ybo.4s compounds. To prepare BaGd,(Mo0OQs)s4, 0.4 mol %
Ba(NO;), and 0.4 mol % (NH4)sMo0,0,4-4H,0 were dissolved
in 20 mL of ethylene glycol and 80 mL of 5SM NH,OH
under vigorous stirring and heating. Subsequently, 0.8 mol %
Gd(NOs);-6H,0 and citric acid (with a molar ratio of citric
acid to total metal ions of 2:1) were dissolved in 100 mL of
distilled water under vigorous stirring and heating. Then, the
solutions were mixed together under vigorous stirring and
heating. At the end, the highly transparent solutions were
obtained and adjusted to pH = 7-8 by the addition of NH,OH
or citric acid. In second way to prepare BaGd, s(M0O.)4:Ery»,
the mixture of 0.72 mol % Gd(NOs);-6H,O with 0.08 mol %
Er(NO;);-5H,0 was used for formation of the rare earth solu-
tion. In third way, to prepare BaGd;7(MoO.)s: ErpYbo., the
mixture of 0.68 mol % Gd(NO;);-6H,O with 0.04 mol %
Er(NO;);-5H,0 and 0.08 mol % Yb(NO3);-5H,O was used for
creation of the rare earth solution. In fourth way, to prepare
BaGd, s(Mo00Ox)4:Erg s Yby 45, the rare earth containing solution
was generated using 0.6 mol % Gd(NOs);-6H,O with 0.02 mol %
Er(NO:;)5-5H,0 and 0.18 mol % Yb(NOs)s-5SH,O. The transparent
solutions were placed into a microwave oven operating at a
frequency of 2.45 GHz with a maximum output-power of
1250 W for 0.5 h. The working cycle of the microwave reaction
was controlled precisely between 40 s on and 20 s off for 15
min, followed by further treatment of 30 s on and 30 s off for
15 min. The ethylene glycol was evaporated slowly at its
boiling point. The samples were treated with ultrasonic radia-
tion for 10 min to produce a light yellow transparent sol. After
this stage, the light yellow transparent sols were dried at 120 °C
in a dry oven for 48 h to obtain black dried gels. The black
dried gels were grinded and heat-treated at 900 °C for 12 h
with 100 °C interval between 600-900 °C. Finally, the white
particles were obtained for BaGd»(Mo0OQ,), with pink particles
for the doped compositions.

The phase composition of the synthesized particles was
identified using XRD (D/MAX 2200, Rigaku, Japan). The
microstructure and surface morphology were observed using
SEM/EDS (JSM-5600, JEOL, Japan). The PL spectra were
recorded using a spectrophotometer (Perkin Elmer LS55, UK)
at room temperature. Raman spectroscopy measurements were
performed using a LabRam Aramis (Horiba Jobin-Y von, France).
The 514.5 nm line of an Ar ion laser was used as an excitation
source and the power on the samples was kept at 0.5 mW.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of the (a) JCPDS 36-0192
data of BaGd,(MoQy)s, the synthesized (b) BaGd, s-(MoOy):
El'o'z, (C) BaGd1A7(MOO4)4ZEr0A1Yb0A2 and (d) BaGd1,5 (MOO4)4Z
Erg05Ybos particles. All of the XRD peaks could be assigned
to the monoclinic-phase BaGd,(MoO.), with a scheelite-type
structure, which was in good agreement with the crystallo-
graphic data of BaGd>(Mo0O,), (JCPDS 36-1092). This means
that the obtained samples have a monoclinic phase with space
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Fig. 1. X-ray diffraction patterns of the (a) JCPDS 36-0192 data of
BaGd,(MoO,)s, the synthesized (b) BaGd, s(MoOs)s:Er», (¢) BaGd, 5
(M004)41Er0.1Yb0.2 and (d) BaGd1_5(M004)4:Er0,05Yb0_45 particles

group of C2/c after partially replacing Gd** by Er’* and Yb**
ions are effectively doped into crystal lattices of the monoclinic
BaGd,(MoO,), phase due to the similar radii of Gd**, Er** and
Yb** *®, Post heat-treatment plays an important role in a well-
defined crystallized morphology. To achieve a well-defined
crystalline morphology, the BaGd»(Mo0Q,)4:Er**/Yb** phases
need to be heat treated at 900 °C for 12 h. It is assumed that
the doping amount of Er**/Yb* has a great effect on the
crystalline cell volume of the BaGd,(MoO,)4, because of the
different ionic sizes and energy band gap.

Fig. 2 shows SEM images of the synthesized BaGd, s
(Mo0O4)4:Er0s Ybous particles. The as-synthesized sample is
well crystalline with a fine and homogeneous morphology and
particle size of 1-3 um. The sample has some inhomogeneous
particles. It is noted that the doping amounts of Er’* and Yb*
had effects on the morphological features. The combination
of doping amounts of 0.02 mol % Er** and 0.18 mol % Yb**
for BaGd; s(M00Ox)4:Ero.05s Ybos has a great effect on the morpho-
logical features. Fig. 3 shows the energy-dispersive X-ray
spectroscopy patterns of the synthesized (a) BaGd, s(MoO.):
Ero, and (b) BaGd; 5(M00Os4)s:Ero.0s Ybous particles and quanti-

Fig. 2. Scanning electron microscopy images of the synthesized
BaGd1,5(M004)4:Er0.05Yb0_45 particles
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tative results of the synthesized (c) BaGd, s(MoQs)4:Erp, and
(d) BaGd, 5(M00O4)4:Erg0sYbous particles. The EDS pattern
shows that the (a) BaGd, s(M00Q,),:Erg»and (b) BaGd, s(Mo0O,).:
Er0sYbous particles are composed of Ba, Gd, Mo, O and Er
for BaGd, s(M00,),:Erg, and Ba, Gd, Mo, O, Er and Yb for
BaGd; s(MoO.)s:Er 05 Ybos particles. The quantitative results
of (c) and (d) are in good relation with nominal compositions
of the particles. The relation of Ba, Gd, Mo, O, Er and Yb
components exhibit BaGd; s(MoO4)s:Erg» and BaGd; s(M0QOs)s:
Ero05Ybous particles can be successfully synthesized using the
cyclic microwave-modified sol-gel process.
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Fig. 3. Energy-dispersive X-ray spectroscopy patterns of the synthesized
(a) BaGd;s(M0O4)4:Erg; and (b) BaGd, s(M00O4)4:Ero.05Ybo.s
particles, and quantitative compositions of (¢) BaGd, s(M00O,)4:Er»
and (d) BaGdl_5(M004)4:Er0_05Yb0_45 particles

Fig. 4 shows the upconversion photoluminescence
emission spectra of the as-prepared (a) BaGd,(MoO.)4, (b)
BaGdl_g(MOO4)4Z EI'()_Q, (C) BaGd]_7(MOO4)4ZEI'()_]Yb()_2 and (d)
BaGd, s(M00O.)4:-Erg 05 Ybys particles excited under 980 nm at
room temperature. BaGd, s(Mo0Q4).:Er o5 Yby s particles exhibit
a strong 525 nm emission band and a weak 550 nm emission
bands in the green region correspond to the *H; 1, — “I;5, and
*S3, — ‘115 transitions, respectively, while a weak emission
655 nm band in the red region corresponds to the “Fo, — “I;5,
» transition. The upconversion intensity of (a) BaGd,(MoO.).
and (b) BaGd, 3(Mo00O.).:Er,» have not being detected. The
upconversion intensity of (d) BaGd; s(M0QO4)4:ErgsYboas is
much higher than that of (c¢) BaGd; 7(M0Ox)4:Ero Yby, parti-
cles. Similar results are also observed from Er**/Yb* co-doped
in other host matrices, which are assigned in the upconversion
emission spectra with the green emission intensity (*H;;, —
152 and *S3, — *I,5,» transitions) and the red emission intensity
(*For, = *Lis transition™'*'®* The doping amounts of Er**/
Yb** had a great effect on both the morphological features
and their upconversion fluorescence intensity. The Yb* ion
sensitizer can be effectively excited by the energy of the inci-
dent light source, which transfers this energy to the activator,
where radiation can be emitted. The Er** ion activator is the
luminescence center in upconversion particles and the sensi-
tizer enhances the upconversion luminescence efficiency.

Fig. 5 shows the schematic energy level diagrams of Er**
ions (activator) and Yb*" ions (sensitizer) in the as-prepared
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Fig. 4. Upconversion photoluminescence emission spectra of (a)
BaGdz(MOO4)4, (b) BaGd1.x(M004)4ZErn_g, (C) BaGd|.7(M004)4:
Er.1Ybo, and (d) BaGd; s(Mo0Os)4:Erg s Ybos particles excited under
980 nm at room temperature
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Fig. 5. Schematic energy level diagrams of Er’*ions (activator) and Yb**
ions (sensitizer) in the as-prepared BaGd,(MoO,),:Er**/Yb** system
and the upconversion mechanisms accounting for the green and
red emissions under 980-nm laser excitation

BaGd,(MoO,),:Er**/Yb* samples and the upconversion
mechanisms accounting for the green and red emissions at
980 nm laser excitation. In the complex Er**/Yb* co-doped
BaGdy(MoO,),:Er**/Yb* ions are initially excited from the
ground states to the excited states by the ground state absor-
ptiOH (GSA) processes (Elﬁ+ : 4115/2 g 41] 125 Yb*: 2F7/2 — 2F5/2)
or ET process of 2F5/2(Yb3+) + 4115/2(Er3+) — 2F7/2(Yb3+) +
*I,12(Er**) dependent on the population of the *I,;;; level in
Er*. It is considered that these three processes are able to
populate the *F;;, level from the *I,, level in the Er** level and
then the ‘Fy;, level relaxes rapidly and non-radiatively to the
next lower *H;,» and “S;, in Er** because of short lifetime of
the “F5, level. Then, the radiative transitions of *H, 1, — “Iisp»
and *S3» — *1,5, processes can produce green emissions at 525
and 550 nm'**, For the red emission, the *Fo, level is populated
by non-radiative relaxation from the *Ss; to the *Fy,, level and
cross relaxation (CR) via the 4F7/2 + 411 12— 4F9/2 + 4F9/2 transition
in Er’™* ¥, Finally, *Fo,, level relaxes radiatively to the ground
state at ‘I;s» level and releases red emission at 655 nm. The
strong 525 and 550 nm emission bands in the green region as
shown in Fig. 4 are assigned to the *H;1, — *1152 and *Szp — L5
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transitions of Er** ions, respectively, while the weak 655-nm
emission band in the red region is assigned to “Fop — ‘L5
transition. The higher intensity of the Sz, — “I,5,, transition in
comparison with that H,;;, — *I;5; transition may be induced
with the concentration quenching effect by the energy transfer
between nearest Er’* and Yb** ions and the interactions between
doping ions in BaGd,(Mo00Q,), host matrix”*.
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Fig. 6. Raman spectra of the synthesized (a) BaGd,(M0O,)s (BGM), (b)
BaGd, s(M00,)4:Ero, (BGM:Er), (¢c) BaGd, (MoO4)4:ErYbo,
(BGM:ErYb) and (d) BaGd, 5(M00O,)4:ErosYboss (BGM:ErYb#)
particles excited by the 514.5-nm line of an Ar ion laser at 0.5 mW
on the samples

Fig. 6 shows the Raman spectra of the synthesized (a)
BaGd,(Mo0O4), (BGM), (b) BaGd, s(M00O,)4:Er;, (BGM:Er),
(¢) BaGd,;(M00O,)4:Erg,Yby, (BGM:ErYb) and (d)
BaGd, s(M0O4)4:Erg s Yboss (BGM:ErYb#) particles excited by
the 514.5 nm line of an Ar ion laser at 0.5 mW on the samples.
The well-resolved sharp peaks for the BaGd,(MoO.), particles
in Fig. 6(a) indicate the high crystallization of the synthesized
particles. The internal vibration mode frequencies are depen-
dent on the lattice parameters and the degree of the partially
covalent bond between the cation and molecular ionic group
[MoO,]*. The Raman spectra of the (b) BaGd, s(MoO,),:Er»
(BGM:Er), (¢) BaGd,,(M00,)4:Ero;Ybo, (BGM:ErYb) and
(d) BaGd,;5(M004)4:ErgosYboss (BGM:ErYb#) particles
indicate the domination of strong peaks at higher frequencies
(1050, 1100, 1145, 1242, 1292, 1340 and 1400 cm™) and weak
peaks at lower frequencies (250, 320, 386, 438, 568 and 626
cm™).

Conclusion

The double molybdate BaGd,(MoO,),:Er**/Yb* phosphors
with the doping concentrations of Er** and Yb™ (Er’* = 0.05,
0.1, 0.2 and Yb** = 0.2, 0.45) were successfully synthesized
by a cyclic microwave-modified sol-gel process. Well-crysta-
llized particles were formed after heat treatment at 900 °C for
12 h, showing a fine and homogeneous morphology with particle
sizes of 1-3 um. Under excitation at 980 nm, BaGd, ,(M0O,),:

Ero1Ybo, and BaGd; s(MoOs)4:EroesYbos particles exhibited
a strong 525-nm emission band and a weak 550-nm emission
band in the green region. The upconversion intensity of the
BaGd, s(MoOx)4:Ero s Ybg s particles was much higher than that
of BaGd; 7(Mo0Q4)4:Ero1 Yby, particles. The Raman spectra of
the BaGdl_g(MoO4)4:Er0_2, BaGd1_7(MOO4)4IEI‘0_1Ybo_2 and
BaGd, 5(Mo00.,)4:Erg 05 Ybo s particles indicated the domination
of strong peaks at higher frequencies (1050, 1100, 1145, 1242,
1292, 1340 and 1400 cm™') and weak peaks at lower
frequencies (250, 320, 386, 438, 568 and 626 cm™).

ACKNOWLEDGEMENTS

This study was supported by the Basic Science Research
Program through National Research Foundation of Korea (NRF)
funded by the Ministry of Science, ICT & Future Planning
(2014-046024).

REFERENCES

1. M. Wang, G. Abbineni, A. Clevenger, C. Mao and S. Xu, Nanomedicine,
7,710 (2011).

2. YJ. Chen, HM. Zhu, Y.F. Lin, X.H. Gong, Z.D. Luo and Y.D. Huang,
Opt. Mater., 35, 1442 (2013).

3. C.Zhang, L. Sun, Y. Zhang and C. Yan, J. Rare Earths, 28, 807 (2010).

J. Liao, D. Zhou, B. Yang, R. Liu, Q. Zhang and Q. Zhou, J. Lumin.,

134, 533 (2013).

J. Sun, Y. Lan, Z. Xia and H. Du, Opt. Mater., 33, 576 (2011).

C. Guo, H.K. Yang and J.H. Jeong, J. Lumin., 130, 1390 (2010).

J. Sun, J. Xian and H. Du, J. Phys. Chem. Solids, 72, 207 (2011).

J. Sun, J. Xian, Z. Xia and H. Du, J. Rare Earths, 28, 219 (2010).

V.K. Komarala, Y. Wang and M. Xiao, Chem. Phys. Lett.,490, 189 (2010).

H. Du, Y. Lan, Z. Xia and J. Sun, Mater. Res. Bull., 44, 1660 (2009).

L.X. Pang, H. Liu, D. Zhou, G.B. Sun, W.B. Qin and W.G. Liu, Mater.

Lett., 72, 128 (2012).

12. M. Haque and D.K. Kim, Mater. Lett., 63, 793 (2009).

13.  C. Zhao, X. Yin, FE. Huang and Y. Hang, J. Solid State Chem., 184,
3190 (2011).

14. L. Qin, Y. Huang, T. Tsuboi and H.J. Seo, Mater. Res. Bull., 47, 4498
(2012).

15. Y.Yang, E. Liu, L. Li, Z. Huang, H. Shen and X. Xiang, J. Alloys Comp.,
505, 555 (2010).

16. Y. Tian, B. Chen, B. Tian, R. Hua, J. Sun, L. Cheng, H. Zhong, X. Li,
J. Zhang, Y. Zheng, T. Yu, L. Huang and Q. Meng, J. Alloys Comp.,
509, 6096 (2011).

17. Y. Huang, L. Zhou, L. Yang and Z. Tang, Opt. Mater., 33, 777 (2011).

18. Y. Tian, B. Chen, B. Tian, J. Sun, X. Li, J. Zhang, L. Cheng, H. Zhong,
H. Zhong, Q. Meng and R. Hua, Physica B, 407, 2556 (2012).

19. Z. Wang, H. Liang, L. Zhou, J. Wang, M. Gong and Q. Su, J. Lumin.,
128, 147 (2008).

20. Q. Chen, L. Qin, Z. Feng, R. Ge, X. Zhao and H. Xu, J. Rare Earths,
29, 843 (2011).

21. X. Shen, L. Li, F. He, X. Meng and F. Song, Mater. Chem. Phys., 132,
471 (2012).

22. J. Zhang, X. Wang, X. Zhang, X. Zhao, X. Liu and L. Peng, Inorg.
Chem. Commun., 14, 1723 (2011).

23. C.S. Lim, Mater. Chem. Phys., 131, 714 (2012).

24. C.S. Lim, J. Lumin., 132, 1774 (2012).

25. W.Lu, L. Cheng, J. Sun, H. Zhong, X. Li, Y. Tian, J. Wan, Y. Zheng, L.
Huang, T. Yu, H. Yu and B. Chen, Physica B, 405, 3284 (2010).

26. J. Sun, J. Xian, X. Zhang and H. Du, J. Rare Earths, 29, 32 (2011).

27. Q. Sun, X. Chen, Z. Liu, F. Wang, Z. Jiang and C. Wang, J. Alloys Comp.,
509, 5336 (2011).

>

o

—_ o



