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Abstract Uniform and well-crystallized NaY(MoO,),:
Eu’" 3D hierarchical flower-like architectures self-assem-
bled from different building blocks have been successfully
synthesized by a facile ethylene diamine tetraacetic acid
(EDTA)-mediated hydrothermal route. The crystalline
phase, size, morphology, and down-conversion lumines-
cence properties were systematically characterized using
powder X-ray diffraction, field emission-scanning electron
microscopy, photoluminescence (PL) and photolumines-
cent excitation spectra (PLE), respectively. It was found
that the pH value in the initial solution was responsible for
the crystal phase determination of final products. The
experimental results showed that the amount of EDTA was
a key parameter which not only determined their spacial
arrangement, but also affected the down-conversion lumi-
nescence intensity of the final products. In PL spectrum, a
prominent red emission was observed due to the hyper-
sensitive Dy — 'F, transition, and the optimum doping
level of Eu’" was 20 %. Two strongest lines at 396 and
467 nm in excitation spectra of these phosphors matched
well with the two popular emissions from near ultraviolet
and blue GaN-based LEDs, so they could be explored for
an efficient red region for white light-emitting diodes.
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1 Introduction

Nowadays, red phosphors are being developed as photo-
luminescence (PL) phosphors for white light-emitting
diodes (w-LEDs) [1-5]. W-LEDs, the so-called next gen-
eration solid-state lighting (SSL) technology, are the cur-
rent research focus in the lighting industry, due to their
advantages of high efficiency, compactness, long opera-
tional lifetime, and environmental friendliness. Generally,
W-LEDs can be fabricated by combining GaN-based blue
chips with YAG: Ce** yellow phosphors, but lacks a red
component, resulting in a low color rendering index
(R, < 80) and high color temperature (7, > 7000 K) [6-8].
Therefore, it is of high interest to search for a stable red-
emitting phosphor with a high absorption in the near-
ultraviolet or blue spectral region [9, 10].

Recently, trivalent rare earth ions doped
micro/nanocrystals materials have played an important role
in modern lighting and display fields due to their unique
electronic, optical, and chemical properties [11, 12]. The
PL emission from rare earth doped materials arises due to
the transitions within the 4f" energy manifolds which are
forbidden because of the electric dipole selection rule but
these are allowed due to the mixing of configurations
having opposite parity. Compared with other available
luminescence materials, such as organic fluorescent dyes
and semiconductor quantum dots, rare-earth ion-doped
materials have low toxicity, photostability, high thermal
and chemical stability, high luminescence quantum yield
(QY), and sharp emission bands [13]. There has been a
growing interest in solid-state materials such as vanadates,
tungstates, and molybdates doped with rare earths owing to
their long wavelength excitation properties and excellent
chemical stabilities [9, 14-17]. These compounds have
broad and intense charge transfer absorption bands in the
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near ultraviolet (NUV) range and are, therefore, capable of
efficiently capturing emissions over a large range of
wavelengths with proper luminescent centers. However,
much less is known about the properties of lanthanoids,
molybdates, and oxomolybdates, which are ternary oxides
of alkaline-earth elements.

Several chemical synthesis techniques to prepare rare
earth doped phosphors are available such as sol-gel, co-
precipitation, microwave, combustion, hydrothermal [18-
20], and all these techniques produce high homogeneity of
the ultimate product. But, hydrothermal technique is better
over other solution phase conventional techniques in terms
of its better homogeneity, low cost, low processing tem-
perature, less energy consumption and uniformity in par-
ticle size [21, 22]. Moreover, the luminescent intensity can
be enhanced in the uniform microcrystals rather than that
of agglomerates of distorted particles [23, 24]. Particularly,
during the hydrothermal process, through properly
employing organic additives with functional groups to the
reaction system, the morphology of the targeted material
can be effectively controlled since the additive can selec-
tively adhere to some specific crystallographic facet and
effectively slows the growth of that facet relative to others,
thus modify the crystal growth dynamically [25, 26].

In the current study, we report an efficient method for
the controlled fabrication of novel 3D hierarchical archi-
tectures of NaY(MoQy), with a high yield and good uni-
formity via a facile and mild hydrothermal method in
EDTA-mediated processes, which is different from the
previous published works [22, 27-29]. The effects of the
contents of Eu*" and the amount of ethylene diamine tet-
raacetic acid (EDTA) introduced into the reaction systems
on the down-conversion luminescence intensity are dis-
cussed in detail. These results indicate that this phosphor
material shows great prospect in practical application in
various fields of SSL.

2 Experimental procedure

2.1 Preparation of NaY(MoQy),: Eu’*
microcrystals

2.1.1 Materials

All the chemicals were commercially available and used
without further purification. Europium oxide (99.99 %)
were used as the starting raw materials. All other chemicals
used were analytical grade without further purification. The
yttrium nitrate hexahydrate (Y(NOj3);-6H,0) was used as
the yttrium source. Rare earth nitrate (Eu(NOj); stock
solutions of 0.04 M were prepared by dissolving Eu,05 in
dilute HNOj; under stirring and heating. The ammonium
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molybdate tetrahydrate (NH4)sM07,0,4-4H,0) was used as
the molybdenum source and sodium hydroxide (NaOH) as
the sodium source. Meanwhile, EDTA was used as the
“shape modifier”.

2.1.2 Synthesis of Eu’*-doped NaY(MoO.,),

In a typical synthesis procedure, stoichiometric amounts of
Y(NO3);-6H,O and Eu(NOs); was dissolved in 20 mL
deionized water. Subsequently, a predetermined amount of
EDTA (ranging from 0.3 to 0.55 g) was added to form an
Y>T—EDTA complex. After vigorous stirring for 10 min,
16 mL aqueous solution containing 0.6286 mmol (NHy)s.
Mo,0,4-4H,0 was added dropwise into the above solution
under continuous strong magnetic stirring at room tem-
perature. The pH of the milky colloidal solution was
adjusted to a specific value by adding a desired amount of
NaOH solution (7 M). NaOH immediately reacted with the
resulting white suspension, and a slurry-like white precip-
itate was formed. After additional agitation for 1 h, the as-
obtained mixing solution was poured into a Teflon bottle
held in a stainless steel autoclave, sealed and maintained at
180 °C for 24 h. The systems were then allowed to air-cool
to room temperature. The final products were separated by
means of centrifugation, washed with ethanol and deion-
ized water in sequence, and finally dried in vacuum at
60 °C for 6 h. Finally, the uniform distribution
NaY(MoO,),: 0.04Eu®>" microflowers were obtained.

2.2 Characterization

The powder X-ray diffraction (XRD) measurements were
performed on a Rigaku-Dmax 2500 diffractometer at a
scanning rate of 15°/min in the 20 range from 10° to 65°,
with graphite monochromatized Cu Ko radiation
(A = 0.15405 nm). The morphology and size of the
obtained samples were examined by a field emission-scan-
ning electron microscope (FE-SEM, XL30, Philips). The
ultraviolet—visible PL excitation and emission spectra were
recorded using a Hitachi F-7000 spectrophotometer equip-
ped with a Xe-lamp as an excitation source. All the mea-
surements were performed at room temperature.

3 Results and discussion

3.1 Crystal structure and morphology
of the NaY(Mo0O,),: Eu** microflowers

3.1.1 XRD

The composition and phase purity of the as-synthesized
products were characterized by XRD. Figure 1 showed the
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Fig. 1 XRD powder patterns of NaY(MoOQ,), samples prepared by
hydrothermal method at 180 °C for 24 h with the assistance of 0.45 g
EDTA at (a) pH=7; (b) pH =8; (¢) pH = 9; (d) pH = 10. The
standard data for NaY(MoQO,), (JCPDS card 52-1802) are also
presented for comparison

representative XRD diffractogram of the hydrothermal
reaction products prepared at different pH values for 24 h
at 180 °C in the presence of 0.45 g EDTA. Different pH
values for the synthesis of single phase -crystalline
NaY(MoO,),: Eu’" powders were investigated by varying
the base (NaOH) concentration used in the reaction pro-
cess. When the value of pH < 8 (Fig. la pH = 7 and 1b
pH = 8), some of MoO, and Na,MoO, impurity peaks
were detected in the XRD patterns, whereas beginning with
pH = 9 (Fig. 1c), no impurity lines were discovered in this
experimental range, all diffraction peaks of the sample
could be consistent with the pure tetragonal phase of
NaY(MoQy), (JCPDS #52-1802) with 14,/a lattice sym-
metry. Furthermore, the crystallization had reached com-
pletion with strong and sharp diffraction peaks at the pH
value of 9, showing that the Eu’" ions were entirely
incorporated in the NaY(MoOy,), host lattice at the present
doping level by substituting for the Y>". In addition, when
the value of pH = 10, we also could acquire the pure phase
(Fig. 1d). From the analysis above, we could conclude that
the pH value was undoubtedly vital in preparing the pure
phase NaY(MoQ,), in the current study.

The typical powder XRD patterns of the as-obtained
NaY(MoQ,), products acquired with the assistance of
different amounts of EDTA at pH = 9 were presented in
Fig. 2. Compared with the standard card of tetragonal
NaY(MoQ,),, all diffraction peaks of the different samples
could be well indexed to pure phase. Furthermore, it could
be observed that the intensity of the diffraction lines
increased and reached a maximum at 0.45 g of EDTA with
increasing the amount of EDTA. When the amount of

Fig. 2 XRD patterns of the as-synthesized products obtained at
pH = 9 in the presence of different amounts of EDTA. (a) 0.30 g
EDTA; (b) 0.35 g EDTA; (c) 0.40 g EDTA; (d) 045 g EDTA,;
(e) 0.50 g EDTA; () 0.55g EDTA. The standard data for
NaY(MoOy), (JCPDS card no. 52-1802) was shown as reference

EDTA was more than 0.45 g, the intensity of the diffrac-
tion lines tended to decrease. No other impurity peaks were
observed, revealing the high purity of the as-prepared
samples. In the latter work, it was also found that the
amount of EDTA introduced to the reaction system had a
crucial effect on the morphology and down-conversion
luminescence properties of the Eu*™ ions doped phosphors.

3.1.2 FE-SEM

In the synthesis of inorganic nano/microcrystals many
organic additives have been employed for the modifications
of certain crystallographic surfaces [30-33]. As is well
known, EDTA possesses four carboxyl groups (COOH)
and two lone pairs of electrons on two nitrogen atoms which
can act as binding sites. These characters endow EDTA
with a strong chelating ability and an excellent capping
ability, which can effectively modulate the growth rates of
different facets. In this work, when EDTA is added into
Y(NO,); solution, it can coordinate with Y ions to form
the intermediate complex of Y°T—EDTA, which greatly
decreases the concentration of free Y>" in solution and
helps to control the nucleation and growth of high-quality
crystals in view of the dynamic process. Then, the intro-
duction of molybdate into Y>"—EDTA leads to the com-
petition of MoO,>~ for Y>* with EDTA and the formation
of NaY(MoQ,), nanoparticles. From the thermodynamic
viewpoint, the incipient nanoparticles have a tendency to
self-aggregate into larger particles to minimize the surface
energy [34]. The morphology of the as-prepared
NaY(MoQy,),: Eu®" hierarchical flower-like architectures
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was first examined by field emission-scanning electron
microscopy (FE-SEM). Figure 3 illustrated the representa-
tive FE-SEM images of the samples prepared hydrother-
mally at 180 °C for 24 h at pH = 9. The panoramic FE-
SEM images were shown the range of morphologies
achievable through the current approach, depending on the
amount of EDTA (from 0.30 to 0.55 g) under otherwise

identical reaction conditions. We viewed the gradual mor-
phology evolution of resultant NaY(MoQy),: Eu’t crys-
tallites as the amount of EDTA was increased. As shown in
Fig. 3a, the product formed in the presence of 0.30 g EDTA
was almost entirely composed of tiny irregular microsheets
containing nanoparticles without a discernable morphology.
When 0.35 g of EDTA was added, we obtained self-

Fig. 3 FE-SEM images of NaY(MoO,),: Eu*" crystallites prepared
hydrothermally at 180 °C for 24 h at pH = 9 with the assistance of
different amounts of EDTA. a 0.30 g EDTA; b 0.35 g EDTA;
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¢ 0.40 g EDTA; d 0.45 g EDTA; e 0.50 g EDTA; f 0.55 g EDTA;
g magnified images of the flower-like microstructures (0.45 g EDTA);
h detailed view of an individual microflower (0.45 g EDTA)
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assembled microflowers with intercrossing petals, including
many nano-fragments (Fig. 3b). With the further increment
of the EDTA amount (0.40 g), more and more nanoplates
aggregated together to form flower-like polymerides
(Fig. 3c). When the amount of EDTA was 0.45 g (Fig. 3d),
well dispersed uniform NaY(MoQ,), submicrocrystals with
an average diameter of about 10 um were obtained. As the
amount of EDTA was increased to 0.50 and 0.55 g (Fig. 3e,
f), the product exhibited some accumulated bulk micro-
crystals, which were made up of some small plate crystals,
and regular microflowers disappeared. In order to investi-
gate the morphology and microstructure of the flower-
shaped NaY(MoQ,), sample, enlarged FE-SEM images of
the microcrystalline were employed in Fig. 3g, h. Higher-
magnification FE-SEM images revealed that the 3D hier-
archical flower-like architectures were constructed from a
great many amorphous tightly interleaved nanoplates. The
above-stated results indicated that the introduction of an
appropriate amount of EDTA was undoubtedly prerequisite
for the formation of such microcrystal textures in the pre-
sent system since the additive could selectively adhere to
some specific crystallographic facet and thus modified the
crystal growth dynamically [35-38].

3.2 Down-conversion photoluminescence
of NaY(Mo00y,),: Eu®* microflowers

NaY(MoQy,),, which shares scheelite-like structures, shows
excellent thermal and hydrolytic stability and is demon-
strated to be an efficient host for other lanthanide ions to
produce various luminescence properties [22, 27, 39-42].
The 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 due to the 5D0—7FJ J=1,2,3,4,5 and 6) transitions,
so it is of technological importance for improving their PL
properties. It is noteworthy that doping with Eu’" alters
neither the crystal structure nor the morphology of the host
material due to the similarity of Eu’" to Y.

At the same level of Eu’™, the NaY(MoOQy),: Eu’t
phosphors are prepared hydrothermally at 180 °C for 24 h
at pH =9 with the assistance of different amounts of
EDTA and the evolution of the excitation and emission
spectra as the increasing of the EDTA amount at room
temperature are depicted in Figs. 4 and 5, respectively. All
spectra are similar in the shapes and locations excluding
relative intensities, the difference in fluorescence intensity
of them can be ascribed to the combined roles of their
various dimensions, morphology, and the degree of crys-
tallinity. With the change of the EDTA amount from 0.3
to 0.55 g, the excitation and emission intensities increase
gradually and reach maximum at 0.45 g, which are con-
sistent with the results of XRD and FE-SEM. The
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Fig. 4 Room-temperature PL excitation spectra (Ao, = 616 nm) of
NaY(MoOy),: Eu’™ microcrystals with different amounts of EDTA
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Fig. 5 Room-temperature PL emission spectra (Aox = 282 nm) of
NaY(MoOy),: Eu’t microcrystals with different amounts of EDTA

morphology and PL are optimal when the amount of
EDTA is 0.45 g. The excitation spectra (Fig.4) are
obtained by monitoring the emission of the Eu*™ *Dy—"F,
transition at 616 nm. It can be observed clearly that the
excitation spectrum contains a strong broad band between
200 and 360 nm centered around 282 nm, which corre-
sponds to the O—Mo charge transfer transition [ligand to
metal charge transfer (LMCT)] [43, 44]. In addition, there
are some excitation peaks in the longer wavelength range
of 360-500 nm and the sharp lines at 396 ("Fo—"L¢) and
467 nm (7F0—5D2) are associated with the typical intra-4f
transitions of Eu*" ion. Upon excitation into the MoO4*~
at 282 nm (Fig. 5), the characteristic emission spectrum
exhibits five groups of emission lines at 540, 594, 616,
658 and 705 nm correspond to 5D1—7F1 and 5D0—7FJ
J =1, 2, 3, 4) transitions in Eu3+, respectively. It is well-
known that the intensity ratio of Dy —» 'F, to °Dy — F
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Fig. 6 a PLE (A, = 616 nm)
and b PL (Aex = 396 nm)
spectra of NaY go(M00Oy,),:
0.20Eu** samples prepared
hydrothermally at pH = 9 with
the assistance of 0.45 g EDTA.
Inset is the dependence of the
PL intensities on the contents of
Eu’T(x)

Intensity(a.u.)

(b)

Intensity(a.u.)

5 10 15 20 25 30 35 40
Content of Eu3+(mol%)

200 250 300

is strongly dependent on the local environment symmetry
of the Eu®* activators. Therefore, Eu’* ions are often
used as probes to detect local environment in a matrix.
According to Judd-Ofelt theory, when Eu*t ions are
located in a site with inversion symmetry, the *Dy—'F,
magnetic dipole transition will dominate; on the contrary,
when a Eu®" ion site is noncentrosymmetric, the SDo-"F,
electric dipole transitions will be preponderant in the
emission [45]. In this case, NaY(MoQOy,),: Eu*' has a
tetragonal scheelite structure with space group 14,/a, in
which Y*" is coordinated with eight oxygen atoms and
has a S, point symmetry with no inversion center. The
emission spectra are dominated by the red *Do—'F, tran-
sition of Eu’* at 616 nm, which is an electric-dipole-
allowed transition and indicates that the Eu®" ions occupy
a center of asymmetry in the crystal lattice. Although no
emission corresponding to MoO,>~ groups is observed,
the presence of an absorption band originating from the
MoO,4*~ groups is detected in the excitation spectrum
when monitoring at 616 nm. This fact suggests that the
energy absorbed by the MoO,>~ group is transferred to
Eu’" ion levels nonradiatively. So the emission corre-
sponding to Eu" ions has been observed under excitation
of the CT band of the MoO,>~ group, and this process has
been known as host-sensitized energy transfer [46]. In
addition, we have studied the effect of dopant concen-
tration of Eu’" ions. Inset of Fig. 6b depicts the depen-
dence of the PL emission intensity (the integrated area
under the PL profile from 604 to 646 nm) upon the Eu’"
concentration with 396 nm NUYV light irradiation. With
the concentration of Eu>" ion varying from low to high,
the intensity of emission is enhanced linearly until the
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doping level of 20 % followed by a remarkable decline
due to the concentration quenching effect. Room-temper-
ature PL excitation spectrum (Ao, = 616 nm) and PL
emission spectrum (Aq, = 396 nm) of Na¥Yggg(M0Oy),:
0.20 Eu’" (the optimal doping concentration) phosphors
synthesized by hydrothermal method at 180 °C for 24 h at
pH = 9 with the assistance of 0.45 g EDTA are displayed
in Fig. 6a, b. It can be visually observed from Fig. 6a that
the samples have an effective and intrinsic absorption at
about 396 and 467 nm associated with the typical intra-4f
transitions of Eu®* ion, which makes them match well
with the near-UV and blue GaN-based LED chips,
respectively. To summarize, the NaY(MoOy),: Eu’t
flower-like architectures synthesized in our experiment are
a kind of efficient phosphor with high color purity and
strong red luminescence, and may be applied as a red
component for white light emitting diodes (W-LEDs).

4 Conclusion

In conclusion, the NaY(MoQ,), microcrystals doped with
Eu’" ions have been successfully prepared by a hydrothermal
method in an EDTA-mediated processes. The results indicate
that the amount of EDTA and pH value of the precursor
solution are found to be crucial in determining the crystal
phase. The gradual morphology evolution and the evolution of
down-conversion fluorescent intensity of NaY(MoQy,),: Eu*"
as the increasing of the EDTA amount have been investigated
in detail. A crystallization pH value of 9 and EDTA amount of
0.45 g are optimal for the pure-phase synthesis, the uniform
morphology and the luminescence intensity of NaY(MoQOy),
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microcrystalline. The PL properties of Eu*" ion activated
NaY(MoOQ,), are investigated. We can observe the concen-
tration quenching of Eu®" emission when the Eu*" doping
level exceed 20 mol%. The as-obtained hierarchical
NaY(MoO,),: Eu** microflowers exhibit intense red emis-
sion, so the samples may have potential applications in the red
components for light display systems as well as optoelectronic
devices.
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