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Uniform and well-crystallized octahedral NaGd(MoO,),:Eu** microcrystals have been successfully synthesized by a facile one-
step hydrothermal synthesis method without involving any templates. The prepared samples were systematically characterized by
powder X-ray diffraction, field-emission-scanning electron microscopy, photoluminescence (PL), and photoluminescent excitation
spectra. The starting pH value played an important role in the pure-phase formation and uniform morphology of octahedral
microcrystals. Detailed proofs indicated that the growth process of NaGd(MoO,),:Eu** microcrystals was dominated by a
nucleation—crystallization-oriented attachment mechanism. Furthermore, the luminescent properties of the as-synthesized
NaGd(MoO,),:Eu** microcrystals were investigated, demonstrating that the PL intensity was influenced by the different mor-
phologies, and the bipyramidal octahedra NaGd(MoQ,),:Eu** luminescent microcrystals might be applied as an excellent red

component for near-UV white light emitting diodes.
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The synthesis of micro- and nanoscale inorganic materials with
special size, morphology, and hierarchy has stimulated intensive in-
terest because of their importance in basic scientific research and
potential technological applications of such materials.' Many re-
cent efforts have been devoted to the morphological control and
spatial patterning of various materials, which is a crucial step toward
the realization of functional nanosystems.‘"7 Among various meth-
ods used, such as chemical vapor deposition methods or solution-
phase chemical routes, they usually require catalysts, expensive and
even toxic templates or surfactants, high temperature, and series of
complicated procedures. Therefore, it is still a big challenge to
develop simple and reliable synthetic methods for hierarchical
architectures with designed chemical components and controlled
morphologies, which strongly affect the properties of nano/
micromaterials.

Metal molybdates have a high application potential in various
fields such as photoluminescence (PL), microwave applications, op-
tical fibers, scintillator materials, humidity sensors, and catalysis." "
Lately, more and more attention is paid to red-emitting phosphor
based on Eu3*-doped molybdates used for white light emitting di-
odes (LEDs) because of their intense charge-transfer (CT) absorp-
tion bands in the near-ultraviolet (nUV) and effective f—f transition
of Eu®*.'*!5 White LEDs can offer benefits in terms of high lumi-
nous efficiency, maintenance, and environmental protection.16'18 To
obtain a higher efficiency white LED with an appropriate color tem-
perature and a higher color-rendering index, a new approach using
nUV InGaN-based LED chip coated with blue/green/red tricolor
phosphors was introduced.'” However, the lack of effective red
phosphor blocks the development of white LEDs because few red
phosphors could be excited efficiently by blue or nUV light. There-
fore, it is of high interest to search for a suitable red phosphor for
the fabrication of LEDs. However, among the previously published
results, nearly all of the molybdates were synthesized by the con-
ventional solid-state reaction method or sol-gel method with further
calcination treatment (=700°C).*>** These approaches usually re-
quire high temperatures, time-consuming heating processes, and
subsequent grinding. The grinding process damages the phosphor
surfaces, resulting in the loss of emission intensity.%25 The aggre-
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gation and inhomogeneous shape are also unavoidable, which in-
hibit the absorption of the excitation energy and therefore reduce the
emission intensity. Therefore, a simple and economical method for
making high quality phosphors is desirable.

Recently, the template-free hydrothermal method has been con-
sidered as a good synthesis process for some inorganic powders
because of the available synthesis of crystallized products at low
reaction temperature, flexibility in the design of reaction conditions,
uniformity of product composition, phase, and microstructure, and
simplicity of the equipment and processing.26 In this paper, we re-
ported that the octahedral NaGd(MoOy,),:Eu** microcrystals were
synthesized by a facile one-step hydrothermal process without using
any templates, surfactant, other organic additives, and further calci-
nation treatment. The optimal synthesized conditions for
NaGd(MoO,),:Eu** microcrystals were studied. A phenomenologi-
cal growth mechanism for the octahedron microcrystals has been
proposed.  Finally, the Iuminescent properties of the
NaGd(MoO,),:Eu** microcrystals were also presented, which
showed an intensive red emission, indicating that the
NaGd(MoO,),:Eu** microcrystals may become potential excellent
red phosphors for white LEDs.

Experimental

Preparation of NaGd(MoO,),:Ew’" microcrystals.— Materi-
als.— All reagents from Beijing Chemical Co. were analytical grade
and used directly without further purification. Ammonium molyb-
date tetrahydrate [ (NH,)¢Mo070,4-4H,0] was used as the molybde-
num source, gadolinium nitrate hexahydrate [ Gd(NO3);-6H,0] as
the gadolinium source, sodium hydroxide (NaOH) as the sodium
source, and europium nitrate pentahydrate [ Eu(NO3);-5H,0] as the
europium source. For the hydrothermal treatment, we used 60 mL
Teflon cups.

Synthesis— Appropriate  amounts  of  (NH,)gMo07;0,4-4H,0,
Gd(NO3)3-6H,0, and Eu(NO3);-5H,0 were dissolved in 35 mL
distilled water to form aqueous solutions and then mixed together
with strong magnetic stirring at room temperature for 10 min to
form a homogeneous solution. Next, the same solutions were ad-
justed to pH 4.5, 5, 5.5, 6, and 7 by adding dropwise into the above
solutions with a desired amount of NaOH (5 M) under vigorous
stirring before hydrothermal treatment. The amount of NaOH was
controlled by the pH value shown on the pH meter (the microdigit
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Figure 1. (Color online) XRD powder patterns of NaGd(MoO,),:Eu**
samples prepared by hydrothermal method at 180°C for 12 h at pH (a) 4.5,
(b) 5, (¢) 5.5, (d) 6, and (e) 7.

pH/mv meter with a high accuracy of =0.01 pH), and was assisted
with the diluted HNOj; solution by adding it dropwise when neces-
sary. First, NaOH immediately reacted with the molybdenum source
and rare-earth nitrate solutions, and a slurrylike white precipitate
was formed. The mixture was stirred again for 1 h. Finally, the
mixture was placed in a poly(tetrafluoroethylene) (PTFE) vessel,
and the vessel was capped by a PTFE cover and placed inside a
stainless steel autoclave. The autoclave was maintained at 180°C for
12 h and cooled naturally to room temperature. The precipitate was
filtered and washed with alcohol and deionized water several times.
The precipitates were dried at 60°C on air. Finally, the uniform
distribution of octahedral NaGd(MoO,),:Eu** microcrystals were
obtained. To investigate the intermediates of the octahedral
NaGd(MoO,),:Eu**, the synthesis was stopped at different stages
during the synthesis process. In addition, the activator content (Eu)
was maintained at 4 mol % for the prepared samples.

Characterization.— Powder X-ray diffraction (XRD) measure-
ments were performed on a Rigaku D/max 2500 diffractometer with
Cu Ka radiation (N = 0.15405 nm). The morphology and structure
of the obtained samples were inspected using a field-emission-
scanning electron microscope (FESEM, XL30, Philips). The UV-
visible PL excitation and emission spectra were recorded with a
Hitachi F-7000 spectrophotometer equipped with a Xe lamp as an
excitation source. All the measurements were performed at room
temperature.

Results and Discussion

Synthesis and morphology of NaGd(MoO,),:Euw’™ — Figure 1
shows the results of the XRD analysis of the hydrothermal reaction
products obtained at 180°C for 12 h under different pH values. The
suitable pH value for the synthesis of single-phase crystalline
NaGd(MoQ,),:Eu** powders was investigated by varying the base
(NaOH) concentration used in the reaction system. At pH = 3, a
trace of Gd,O3 and MoO; appeared as impurity [pH 4.5 (Fig. 1a)
and pH 5 (Fig. 1b)], whereas beginning at pH 5.5, no impurity peaks
were detected in this experimental range (Fig. 1c). All of the diffrac-
tion peaks can be indexed to the Scheelite-type tetragonal structure
(JCPDS no. 25-0828) with the I4,/a lattice symmetry. The lattice
constants are calculated to be @ = b = 5.237 A and ¢ = 11.437 A.
When the pH value varied from 6 to 7, we can also obtain the pure
phase [pH 6 (Fig. 1d) and pH 7 (Fig. le)]. Therefore, NaOH reacted
with Gd** and MoOi_ properly beginning at pH 5.5.

To fully understand the effect of pH value on the microstructure
and morphology of the synthesized samples, controlled experiments
were conducted to find the optimal morphology. Figure 2 shows the

Figure 2. FESEM images of NaGd(MoQ,),:Eu®* crystallites prepared hy-
drothermally at 180°C for 12 h at pH (a) 4.5, (b) 5, (c) 5.5, (d) 6, and (e) 7.
Insets in (b) and (c) show the FESEM images of randomly selected particle
of NaGd(MoO,),:Eu** microcrystals.

morphology evolution of resultant NaGd(MoO,),:Eu* crystallites
from different starting pH values after hydrothermal treatment at
180°C for 12 h. Obviously, the morphology of NaGd(MoQ,),:Eu**
crystallites can be tailored by adjusting the pH value of the suspen-
sion solution. At pH 4.5 (Fig. 2a), the micrographs revealed the
presence of NaGd(MoO,),:Eu** powders with some agglomerate
and small seeds, presenting a polydisperse nature. Some octahedron-
like microparticles with small seeds appeared at pH 5 (Fig. 2b). By
increasing the pH value to 5.5 (Fig. 2c), the uniform octahedral
NaGd(MoO,),:Eu** microcrystals in good dispersancy and with a
diameter of ~5 wm were obtained, and the magnified view shows
that these crystals are regular octahedra and have smooth faces.
When the pH value varied from 6 to 7 (Fig. 2d and e), octahedral
microcrystals disappeared and different polyhedral morphologies of
NaGd(MoO,),:Eu** appeared.

On the basis of the above discussion, our experimental results
indicated that the starting pH value played an important role in the
pure-phase formation and uniform morphology of octahedral
NaGd(MoO,),:Eu** microcrystals. The crystalline phase of the nu-
clei is critical for directing the intrinsic shapes of the crystals due to
its characteristic symmetry and structure.”” NaOH acting as the min-
eralizer in varying the pH value, to a certain extent, would change
the growth rate of crystallographic planes with different surface en-
ergies so as to form different crystallite morphologies.zg’3 3 There-
fore, a crystallization pH value of 5.5 was optimal.

Formation mechanism for the octahedral NaGd(MoO,),:Eu’™*
microcrystals.— The crystal growth mechanisms in the solution are
so complicated that the actual crystallization mechanism remains an
open question. Considering that there are no additional templates
and surfactants in the present case, it is reasonable that the growth
and formation of the microstructure is neither catalyst- nor template-
assisted because the only source materials used in this case are
pure (NH,)¢M070,4-4H,0, Gd(NOj3)3, and NaOH. On the basis of
time-dependent experiments (FESEM in Fig. 3), octahedral
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Figure 3. FESEM images of the products synthesized at 180°C and pH 5.5
with different hydrothermal reaction times: (a) 0, (b) 2, (c) 4, (d) 6, (e) 8, (f)
10, and (g) 12 h.

NaGd(MoQ,),:Eu** microcrystals can be obtained via a nucleation—
crystallization-oriented attachment growth mechanism. The kineti-
cally controlled oriented attachment growth process was also ob-
served by Penn and Banfield®* and Jun et al.* in the synthesis of the
TiO, nanostructure.

For better understanding of the formation process of the octahe-
dral NaGd(MoOy,),:Eu** microcrystals, reaction products obtained
at different growth stages were carefully examined by FESEM ob-
servations. Before the hydrothermal reaction, tiny microparticles
and seeds (Fig. 3a) were formed after the precipitate was stirred for
I h. Once the NaGd(MoQOy,), nuclei were formed, new reactants

continuously arrived at the site. Figure 3b showed the morphology
of the products synthesized at 180°C for 2 h under hydrothermal
conditions. We got some accumulated octahedron-like nucleation,
which were composed of some tiny microparticles and seeds. When
the reaction time was increased to 4 h, the octahedron-like nucle-
ation acted as the centers of crystallization; the crystal growth then
followed, and bigger particles grew at the expense of small crystals,
which are shown in Fig. 3c. As the reaction proceeded, the crystals
with the accidental surface were further grown on the basis of
octahedron-like microcrystals, which could be thought of as the
framework of an octahedron (Fig. 3d). Upon continuing the reaction,
the surface of the octahedron-like microcrystals became smooth
(Fig. 3e and f). Finally, the perfect octahedral NaGd(MoQ,),:Eu**
microcrystals were obtained (Fig. 3g).

It is believed that the reduction in surface energy is the primary
driving force for simple particle growth; the further reduction in
surface energy due to the minimization of high surface energy faces
drives the morphology evolution. From the crystal growth point of
view, the shape of the crystal highly depends on the relative growth
rates of various crystal planes. 6 Generally, the surface energy of the
{100} crystal face is higher than that of the {111} face, which causes
the growth rate along the (100) direction to be faster than those
along the (111) direction.’” Therefore, the growth rate of the {100}
surface is faster than that of the {I111} surface, and then the fast-
growing {100} faces eventually disappeared during the growth, re-
sulting in the formation of truncated octahedron microcrystals (Fig.
3f). Due to the lower disappearing rate of the {001} faces, the prime
bipyramidal octahedra with a longer axis were obtained (Fig. 3g).
From the above analysis, the nucleation—crystallization-oriented at-
tachment growth process contains obvious evolution stages for the
synthesis of octahedral NaGd(MoQ,),:Eu** microcrystals. The pro-
cess of the morphology evolution of octahedral NaGd(MoQ,),:Eu**
microcrystals is schematically illustrated in Scheme 1.

Luminescent properties— Eu’* ion is a well-known red-emitting
activator in commercial phosphors because the emission of the rare-
earth Eu?* ion consists usually of lines in the red spectral area and
these lines from the Dy — "F; (J = 1, 2, 3, 4, 5, and 6) transitions.
Moreover, Eu**-doped phosphors usually have effective and intrin-
sic absorption due to the 4f—4f transition of Eu’* at ~395 or 465
nm, which makes it well-matched with the blue/nUV LED chips as
an efficient red light emitting phosphor. Figure 4 shows the PL
excitation and emission spectra of the NaGd(MoQ,),:Eu** phosphor
with different morphologies, arising from different starting pH val-
ues. The excitation spectra (Fig. 4, left) were obtained by monitoring
the emission of the Eu* SDO — "F, transition at 616 nm. The exci-
tation spectrum consists of a strong and broad band from 200 to 350
nm with a maximum at ~285 nm, which is ascribed to the O-Mo
CT transition.* In the longer wavelength region (360-500 nm), the
sharp lines are intraconfigurational 4f—4f transitions of Eu* in the
host lattices, and the strong excitation band at 395 and 466 nm is
attributed to the 'Fy — 5L6 and "Fy - 5D2 transitions of Eu*, re-

Oriented
Crystallization attachment
—— ——

Scheme 1. Schematic illustration of the
formation and morphology evolution of
octahedral NaGd(MoO,),:Eu** microc-
rystals in the whole synthetic process.
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Figure 4. (Color online) PL excitation and emission spectra of
NaGd(MoO,),:Eu** microcrystals prepared hydrothermally at 180°C for 12
h from different starting pH values. Corresponding luminescence photograph
for sample under excitation of 254 nm UV lamp irradiation in dark.

spectively. Upon UV excitation at 395 nm, the NaGd(MoO,),:Eu’*
samples exhibit a strong red luminescence. The emission spectra are
described by the well-known Dy — 'F; (J = 1,2) emission lines of
the Eu’* ions with the strong emission for J = 2 at 616 nm, and the
sample displays a bright red color to the naked eye (inset of Fig. 4).
It indicates that Eu3* occupies a center of asymmetry in the host
lattice. The transition 5D0 -'F » is much stronger than the transition
5D0 — "F,, which is favorable to improve the color purity of the red
phosphor. In addition, from the emission spectra (Fig. 4, right), the
PL intensity of octahedral NaGd(MoQ,),:Eu** microcrystals in
good morphology prepared from pH 5.5 is the strongest, and about 8
times stronger than the other samples (pH 6 and 7). In summary,
uniform and well-crystallized octahedral NaGd(MoOQ,),:Eu** mi-
crocrystals synthesized in our experiment showed an intensive red
emission, indicating that it may be applied as an excellent red com-
ponent for nUV white LEDs.

Conclusion

In summary, a simple one-step hydrothermal method has been
successfully used to grow  well-crystallized octahedral
NaGd(MoO,),:Eu** microcrystals without using any templates, sur-
factant, and other organic additives. Crystallization pH 5.5 was op-
timal for the pure-phase synthesis and uniform morphology of
NaGd(MoQ,),:Eu** octahedron microcrystals. The formation pro-
cess of the octahedron was investigated in detail by time-dependent
experiments. The as-synthesized NaGd(MoO,),:Eu** microcrystals
prepared at pH 5.5 show the strongest red emission centered at
~616 nm from Eu** under UV excitation, which may have poten-
tial application for white LEDs. Further work is underway to study
the intrinsic physical property of the well-prepared samples and the
possibility of synthesizing other related materials.
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