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a b s t r a c t

Rare-earth ions (Eu3+, Tb3+) doped AMoO4 (A ¼ Sr, Ba) particles with uniform morphologies were

successfully prepared through a facile solvothermal process using ethylene glycol (EG) as protecting

agent. X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy

(TEM), X-ray photoelectron spectra (XPS), Fourier transform infrared spectroscopy (FT-IR), photo-

luminescence (PL) spectra and the kinetic decays were performed to characterize these samples. The

XRD results reveal that all the doped samples are of high purity and crystallinity and assigned to the

tetragonal scheelite-type structure of the AMoO4 phase. It has been shown that the as-synthesized

SrMoO4:Ln and BaMoO4:Ln samples show respective uniform peanut-like and oval morphologies with

narrow size distribution. The possible growth process of the AMoO4:Ln has been investigated in detail.

The EG/H2O volume ratio, reaction temperature and time have obvious effect on the morphologies and

sizes of the as-synthesized products. Upon excitation by ultraviolet radiation, the AMoO4:Eu3+

phosphors show the characteristic 5D0–7F1–4 emission lines of Eu3+, while the AMoO4:Tb3+ phosphors

exhibit the characteristic 5D4–7F3–6 emission lines of Tb3+. These phosphors exhibit potential

applications in the fields of fluorescent lamps and light emitting diodes (LEDs).

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

During the past decades, self-assembled micrometer-sized
inorganic materials with special size, morphology, and hierarchy
were of special interest in the areas of materials synthesis and
device fabrication due to their hierarchical and repetitive super-
structures, which show potential applications in wide fields of
crystals, catalysis, diagnostics, and pharmacology [1–8]. Consider-
able efforts have been devoted to the synthesis of two-dimen-
sional (2-D) and three-dimensional (3-D) microscale particles
with well-controlled morphology and architectures for revealing
their morphology-dependent properties and for achieving their
promising applications, because of their unique optical, electronic,
magnetic, and mechanical properties [9–13]. 3-D hierarchical
particles have attracted special attention because of the practical
importance related to some fractal growth process. In most cases,
the formation of 3-D hierarchical particles may result from the
evolution of 1-D primary crystals via an oriented routine or a self-
assembly process, which results in the formation of anisotropic
shapes arising from the blocking or retarding of growth along one
or more directions through selective adhesion [14–19]. Further-
more, because the physicochemical properties of crystals depend
ll rights reserved.
not only on their chemical composition but also on the
morphology and size, controllable synthesis of high-ordered
structures then is very intriguing. So far, various approaches have
been employed to control the shape and size of the products, such
as template methods [20,21], vapor transport and condensation
[22], Langmuir–Blodgett technology [23,24], chemical vapor
deposition (CVD) [25], and electrodeposition method [26].

Metal molybdates of relatively large bivalent cations (AMoO4,
ionic radius 40.99 Å, A ¼ Ca, Ba, Sr) mainly exist in a scheelite-
type tetragonal structure form, where the molybdenum atom
adopts tetrahedral coordination [27]. Recently, metal molybdates
such as SrMoO4 and BaMoO4 have been extensively studied or
reviewed due to their luminescent behavior and structural
properties, which have potential application as electro-optical
device, solid-state laser, photoluminescence device, scintillators,
acousto-optic filter, and stimulated Raman scattering materials
[28–37]. Flux method [38], Czochralski technique [39], floating
zone-like technique [40], co-precipitation process [41], citrate
complex method [42], hydrothermal technique [43,44], and
solvothermal routines [45–47] have been employed to prepare
molybdates. Among all these methods, surfactant-assisted micro-
emulsion-mediated solvothermal process has proved an efficient
approach to synthesize inorganic materials with interesting
morphologies and regular particle sizes. However, in the reverse
micelles and microemulsion process, the introduction of tem-
plates or substrates usually results in heterogeneous impurities,

www.elsevier.com/locate/jssc
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which increases the production cost for further treatment, leading
to the difficulty for scale-up production. Thus, the seeking of facile
process for the synthesis of inorganic materials with controllable
features without using the surfactants should be of significant
promise.

Furthermore, many rare-earth ions (Eu3+, Tb3+) doped schee-
lite-related molybdates have been reported and have broad and
intense absorption bands due to charge transfer (CT) from oxygen
to metal in the near-UV region [48,49]. It is shown that
CaMoO4:Eu3+ can be effectively excited by near-UV LEDs
(380–410 nm), and then emits bright red fluorescence (5D0–7F2).
Therefore, rare-earth-ions-doped molybdates should be potential
materials for LED applications. To the best of our knowledge, the
solvothermal process using ethylene glycol (EG) as reaction media
for the synthesis of the rare-earth-ions-doped molybdates with-
out further heat treatment has never been reported. Herein, a
facile solvothermal process using EG as protective agent without
templates was proposed for the synthesis of rare-earth ion (Eu3+,
Tb3+)-doped molybdates particles with uniform morphology and
narrow size distribution. The obtained samples were well
characterized by means of XRD, FESEM, TEM, XPS, IR, optical
spectra as well as the kinetic decay times. A possible growth
process for the micro-sized particles has also been investigated.
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Fig. 1. XRD patterns of the as-synthesized SrMoO4:Eu3+ (a), SrMoO4:Tb3+ (b), and

the standard data for bulk SrMoO4 (JCPDS 08–0482) (c).

Table 1
Unit-cell parameters and the deviations for the as-synthesized SrMoO4:Eu3+,

SrMoO4:Tb3+, BaMoO4:Eu3+, and BaMoO4:Tb3+ samples.

Samples a, b (Å)/ c (Å)/ Unit cell volume
3

Crystal
2. Experimental section

2.1. Synthesis of SrMoO4:Eu3+, SrMoO4:Tb3+, BaMoO4:Eu3+, and

BaMoO4: Tb3+

All the reagents for synthesis including ethylene glycol (EG)
(A. R., Beijing Fine Chemical Company), Sr(NO3)2 and Ba(NO3)2 (A.
R., Beijing Chemical Regent Company), ammonium molybdate
((NH4)6Mo7O24 � 4H2O) (A. R., Beijing Chemical Regent Company),
Eu2O3, Tb4O7 (99.99%, Science and Technology Parent Company of
Changchun Institute of Applied Chemistry), HNO3 (A. R., Beijing
Beihua Chemical Company) were used without further purifica-
tion. The doping concentration of Eu3+ was 5 mol% to Sr3+ in
SrMoO4:Eu3+. In a typical process, 0.0176 g (0.05 mmol) of Eu2O3

was dissolved in dilute HNO3 with stirring. The superfluous HNO3

was driven off until the pH value of the solution reached between
2 and 3. The obtained Eu(NO3)3 crystal powders and 0.201 g
(0.95 mmol) of Sr(NO3)2 were added into 20 mL of the mixed
solution of EG and water (volume ratio ¼ 37/3) under stirring.
Another 20 mL of the same solution containing 0.176 g of
(NH4)6Mo7O24 � 4H2O were added to the former solution. After
further stirring for another 1 h, the resulting solution was then
transferred into a 50 mL sealed Teflon autoclave and statically
heated at 160 1C for 8 h. After the autoclave was naturally cooled
to room temperature, the final products were separated by
centrifugation, and washed several times with ethanol and
distilled water. Finally, the obtained samples were dried in
vacuum at 80 1C for 24 h. In this way, the Eu3+-doped SrMoO4

was obtained, which was designated as SrMoO4:Eu3+.
SrMoO4:Tb3+ with the doping concentration of 5 mol% of Tb3+

and BaMoO4:Eu3+ (Tb3+) with the doping concentration of 5 mol%
of Eu3+ (Tb3+) were prepared in the same process.
deviations deviations (Å )/deviations size (nm)

JCPDS

08–0482

5.394 12.01 3.492

SrMoO4:Eu3+ 5.382/0.012 11.98/0.03 3.469/0.023 19

SrMoO4:Tb3+ 5.386/0.008 11.99/0.02 3.477/0.015 21

JCPDS

29–0193

5.580 12.821 3.992

BaMoO4:Eu3+ 5.567/0.013 12.790/0.031 3.964/0.028 23

BaMoO4:Tb3+ 5.570/0.010 12.801/0.02 3.979/0.013 25
2.2. Characterization

Powder XRD patterns were obtained on a Rigaku TR III
diffractometer with CuKa radiation (l ¼ 0.15405 nm). The accel-
erating voltage and emission current are 40 kV and 200 mA,
respectively. Fourier-Transform IR spectra were performed on a
Perkin-Elmer 580B IR spectrophotometer using the KBr pellet
technique. Field emission scanning electron microscope (FESEM)
images were inspected on an XL30 microscope (Philips) equipped
with an energy-dispersive X-ray spectrum (EDS, JEOL JXA-840).
Transmission electron microscope (TEM) and high-resolution
transmission electron microscope (HRTEM) images were carried
out on an FEI Tecnai G2 S-Twin with an acceleration voltage of
200 kV. The samples used for TEM were prepared by dispersing
some products in ethanol, then placing a drop of the solution onto
a copper grid and letting the ethanol evaporate slowly in air. The
X-ray photoelectron spectra (XPS) were taken on a VG ESCALAB
MK II electron energy spectrometer using MgKa (1253.6 eV) as the
X-ray excitation source. The doping concentrations of Eu3+ and
Tb3+ in the resulting materials were determined by Inductively
Coupled Plasma (ICP) (ICP–PLASMA 1000). The UV–vis excitation
and emission spectra were recorded on a Hitachi F-4500 spectro-
fluorimeter equipped with a 150 W xenon lamp as the excitation
source. Luminescence decay curves were obtained from a Lecroy
Wave Runner 6100 Digital Oscilloscope (1 GHz) using a 250 nm
laser (pulse width ¼ 4 ns, gate ¼ 50 ns) as the excitation source
(Continuum Sunlite OPO). All the measurements were performed
at room temperature.
3. Results and discussion

3.1. Phase, composition and structure

The phase and the composition of the rare-earth-ions-doped
SrMoO4 samples were first examined by XRD, as shown in Fig. 1.
The vertical bars (Fig. 1c) indicate a standard tetragonal bulk
SrMoO4 peak position from the standard data (JCPDS 08–0482). It
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Fig. 2. XRD patterns of the as-synthesized BaMoO4:Eu3+ (a), BaMoO4:Tb3+ (b), and

the standard data for bulk BaMoO4 (JCPDS 29–0193) (c).

Fig. 3. SEM image of SrMoO4:Eu3+ (a), EDS of SrMoO4:Eu3+ (b), SEM image of SrMoO4:Tb

sample synthesized at 160 1C for 8 h.
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can obviously be found that all the XRD diffractions of the
products can be well indexed as a pure tetragonal phase (I41/a
space group), agreeing well with the values of the standard card.
No other impurities related to doped components can be detected,
suggesting the high purity of the samples and that rare-earth ions
have been uniformly incorporated into the host lattice of SrMoO4.
The calculated unit-cell parameters of the as-synthesized samples
(Table 1) are well consistent with the standard data (JCPDS
08–0482). Furthermore, it is clear that the diffractions of the XRD
patterns show some distant broadening, indicating the small size
nature of the components. The peak broadening can be used to
estimate the average crystallite sizes by the Scherrer formula,
D ¼ 0.89l/b cos y, where D is the average grain size, l is the X-ray
wavelength (0.15405 nm), and y and b are the diffraction angle
and full-width at half-maximum (FWHM), respectively. The
strongest three peaks (112) at 2y ¼ 27.661, (204) at 2y ¼ 45.111,
and (312) at 2y ¼ 55.951 were used to calculate the average
crystallite size (D) of the sample. The average crystallite sizes for
SrMoO4:Eu3+ and SrMoO4:Tb3+ were finally estimated be about 19
3+ (b), EDS of SrMoO4:Tb3+ (d), TEM (e), and HRTEM (f) images of the SrMoO4:Eu3+
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and 21 nm, as shown in Table 1. Moreover, the respective actual
doping concentrations of Eu3+ in SrMoO4:Eu3+ and of Tb3+ in
SrMoO4:Tb3+ sample are 2.98 and 3.09 wt% as determined by the
ICP analysis, which are much closer to the stoichiometric values
(3.03 wt% or 5 mol% to Sr2+ in SrMoO4:Eu3+ and 3.16 wt% or 5 mol%
to Sr2+ in SrMoO4:Tb3+).

Fig. 2 gives the XRD patterns of rare-earth-ions-doped BaMoO4

samples and the standard data for the tetragonal BaMoO4,
respectively. The diffraction peaks can be directly indexed to the
tetragonal BaMoO4 in I41/a space group (JCPDS 29–0193). The
calculated cell lattice constants summarized in Table 1 are in good
agreement with the standard values of pure BaMoO4, indicating
the high purity and crystallinity of the as-synthesized samples.
Moreover, the average crystallite sizes determined by the Scherrer
formula are calculated to be 23 and 25 nm, respectively. The
actual doping concentrations of Eu3+ and Tb3+ in the doped
BaMoO4 products are 2.49 and 2.58 wt%, respectively, as
determined by ICP analysis, which are similar to the
stoichiometric values (2.54 and 2.66 wt% or 5 mol% to Ba2+ in
BaMoO4:Eu3+ and BaMoO4:Tb3+).
Fig. 4. SEM image of BaMoO4:Eu3+ (a), EDS of BaMoO4:Eu3+ (b), SEM image of BaMoO4:T

sample synthesized at 160 1C for 8 h.
3.2. Morphology

The morphology and the microstructure details of the as-
synthesized products were examined by SEM and TEM techni-
ques. Fig. 3 shows the SEM images, EDS of SrMoO4:Eu3+ and
SrMoO4:Tb3+, TEM and the HRTEM images of SrMoO4:Eu3+. The
low-magnification SEM image (Fig. 3a and c) reveals that the two
as-synthesized products consist of exclusively peanut-like
particles with relatively narrow size distribution, indicating that
the doping components have little effect on the morphological
features of the samples. Additionally, the samples exhibit
relatively well-defined peanut-like crystals with diameter
300–500 nm and length 800–1000 nm. Furthermore, it can be
seen that the single peanut-like particle is actually composed of
numerous small nanosized particles, which can be responsible for
the broadening of the XRD peaks. The EDS (Fig. 3b and d) of the
samples confirms the presence of strontium (Sr), molybdenum
(Mo), oxygen (O), europium (Eu), and terbium (Tb) in the product
(the carbon signal is from the carbon substrate). The approxi-
mate surface composition extracted from the EDS analysis gives a
b3+ (c), EDS of BaMoO4:Tb3+ (d), TEM (e), and HRTEM (f) images of the BaMoO4:Eu3+
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Eu/Sr/Mo/O atomic ratio of 0.04:0.96:1:4.1, which is much closer
to the ICP results. TEM investigations can provide further insight
into the morphology details and structural features of the peanut-
like particles. The TEM image (Fig. 3e) of SrMoO4:Eu3+ exhibits
much similar morphological features provided by the SEM
analysis. Furthermore, the lattice fringes in the HRTEM image
(Fig. 3f) are obvious, revealing the high crystallinity of the
product. The lattice fringes of (112) planes with an interplanar
distance of 0.32 nm are marked by the arrows. The calculated
interplanar distance between the adjacent lattice fringes agrees
well with the d112 spacing of the literature value (0.3222 nm)
(JCPDS 08–0482). HRTEM investigation confirms the high
crystallinity and single-crystal nature of the product.

The typical SEM images, EDS of BaMoO4:Eu3+ and Ba-
MoO4:Tb3+, TEM and the HRTEM images of BaMoO4:Eu3+ are
depicted in Fig. 4. It can be seen that the two samples are
composed of uniform oval particles with the particle size of about
1mm in length and 300–500 nm in width (Fig. 4a and c). These
particles are non-aggregated with narrow size distribution. The
SEM image also reveals that the big single particle actually
consists of many small nanoparticles, which results in the
broadening of the XRD patterns. In the EDS spectra (Fig. 4b and
d), the signals of barium (Ba), molybdenum (Mo), oxygen (O),
europium (Eu), and terbium (Tb) suggest the presence of the
corresponding element in the products (the carbon signal is due to
the carbon used). The EDS analysis gives the approximate surface
composition of 0.06/0.94/0.9/4.0 of Eu/Ba/Mo/O molar ratio in the
as-synthesized product, agreeing well with the ICP results. The
TEM image (Fig. 4e) shows a morphology similar to that of the
SEM result. In this HRTEM image (Fig. 4f), taken with the electron
beam perpendicular to the c-axis of the oval particle, the
interplanar distances between adjacent lattice fringes are
determined as 0.34 nm, agreeing well with the d spacing value
(0.3357 nm) of the (112) planes of tetragonal BaMoO4.

The surface components of SrMoO4:Eu3+ and BaMoO4:Eu3+

were further examined by the XPS analysis, as shown in Fig. 5. In
the XPS spectrum of SrMoO4:Eu3+ (Fig. 5a), the binding energy
(calibrated using C 1 s (284.7 eV) as the reference) of Mo (Mo2p3/2,
415.1 eV; Mo2p1/2, 398 eV; 3d5/2, 232.5 eV; 3d3/2, 235.3 eV), Eu (3d,
1132.9 eV), O (1s, 529.6 eV), and Sr (2p, 132.9 eV) can be obviously
found (the C signal is due to the carbon used as reference). By
combining the XRD result, it can be deduced that these signals can
be attributed to SrMoO4:Eu3+. In the case of BaMoO4:Eu3+ (Fig.
5b), in addition to the binding energies of Mo, O, and Eu, the
binding energies of Ba (Ba2p3/2, 778.1 eV; Ba2p1/2, 793.4 eV) are
apparent.

Fig. 6 shows the FT-IR spectra of the as-synthesized
SrMoO4:Eu3+ and BaMoO4:Eu3+ particles synthesized at 160 1C
for 8 h. It can be seen that the two samples have approximate
vibration modes. The respective bands at 3419 and 1631 cm�1 can
be ascribed to O–H stretching vibration and H–O–H bending
vibration of physically absorbed water on the sample surface. A
strong absorption peak at 807 cm�1 can be assigned to n3 anti-
symmetric stretching vibration originating from the Mo–O
stretching vibration in MoO4

2� tetrahedron [44,50]. And the
weak adsorption peak at 404 cm�1 can be assigned to n2

bending vibration of Mo–O [44]. C–Hx bending vibration at
2921 cm�1 can be detected, indicating the incomplete removal
of the EG molecules from the surface of the samples.
80
7

Wavenumbers (cm-1) 

05001000150020002500300035004000

Fig. 6. FT-IR spectra of the as-synthesized SrMoO4:Eu3+ and BaMoO4:Eu3+ samples

synthesized at 160 1C for 8 h.
3.3. The growth process and the factors influencing the formation of

the products

A proposed formation process is presented in Scheme 1.
Typically, after the two solutions containing Sr(NO3)2 and
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(NH4)6Mo7O24 � 4H2O were mixed together, amorphous SrMoO4

nuclei will form. When the water ratio in the media is very low
and the EG concentration is high enough, the low water content in
the media leads to the formation of numerous tiny droplets
surrounded by the protective agent. The amorphous fine particles
may act as the precursor and the subsequent growth of
SrMoO4:Eu3+ nuclei is confined within the droplets.
Consequently, the peanut-like SrMoO4:Eu3+ crystals were
formed by self-assembly through the further solvothermal
process. The formation of BaMoO4:Tb3+ proceeds in a routine
similar to that of SrMoO4:Eu3+ except for the oval morphology of
the final product. In order to investigate the formation process,
pure water was used as the reaction media for the synthesis of the
same product through a hydrothermal process. Ethylene glycol
(EG) has been widely used as an effectively protective agent to
control the growth rate of the particles in the solvothermal
process. Thus, the size and morphology of the final products
should be much different when using different concentrations of
water and EG in the reaction media. Fig. 7 shows the typical SEM
images of the as-synthesized SrMoO4:Eu3+ particles synthesized
with EG/H2O volume ratios of 0 and 37/3, respectively. FE-SEM
micrographs obviously reveal that the SrMoO4:Eu3+ powders
synthesized at 160 1C for 8 h with EG/H2O volume ratio of 0
(pure water) exhibit a large quantity of small particles with
agglomerated and polydisperse features (Fig. 7a). This random
aggregation can be related to the increase of the effective collision
rates between the nano-scale particles by the hydrothermal
treatment without the protection of the EG molecules [51]. In
MoO4
2-

Mixture of solution

Sr2+

MoO4
2-

Eu3+ Sr2+

Amorphous nuclei

Formation of crystal
by solvothermal treatment

Eu3+

SrMoO 4:Eu
3+

EG

Scheme 1. Illustration for the formation process of SrMoO
the case of the sample synthesized with the EG/H2O volume ratio
of 37/3, the high magnification image (Fig. 7b) indicates the
relatively uniform peanut-like morphologies with the particle size
of 800–1000 nm in length and 300–500 nm in width. It can be
obviously seen that the large particles actually consist of
numerous nanosized small particles. The adsorption/absorption
of a large amount of EG molecules on the surface of the small
particles and the high collision rates promoted by the
solvothermal treatment favor the formation of the peanut-like
morphology. The results indicate that the volume ratio of EG/H2O
play a key role in affecting the morphology and size of the final
product.

To further study the growth of SrMoO4:Eu3+ and BaMoO4:Tb3+

microcrystals in the solvothermal process, the products synthe-
sized at different solvothermal times and temperatures were
investigated in detail using the FE-SEM technique. Fig. 8 shows
the SEM images of SrMoO4:Eu3+ synthesized at different
temperatures of 140, 160, 180 and 200 1C for 8 h with the EG/
H2O volume ratio of 37/3. Obviously, the particle size of the
samples shows a gradually increasing trend from 500 nm to 1mm
in length with the increasing reaction time from 4 to 24 h, while
the relatively uniform peanut-like morphology has been
maintained. Of note is that when the reaction temperature is
increased to 200 1C, the microproducts did not have the exclusive
peanut-like morphology, and some nanoparticles with much
smaller particle size are also found (Fig. 8d). The typical SEM
image of SrMoO4:Eu3+ synthesized at 160 1C for different reaction
times is given in Fig. 9. An obvious growing process from the small
MoO4
2-

Mixture of solution

Ba2+

MoO4
2-

Tb3+ Ba2+

Amorphous nuclei

Formation of crystal
by solvothermal treatment

Tb3+

BaMoO4:Tb
3+

4:Eu3+ and BaMoO4:Tb3+ with different morphologies.
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Fig. 8. SEM images of the as-synthesized SrMoO4:Eu3+ particles synthesized at 140 1C (a), 160 1C (b), 180 1C (c), and 200 1C (d) for 8 h.

Fig. 7. SEM images of the as-synthesized SrMoO4:Eu3+ particles synthesized with EG/H2O volume ratio of 0 (a) and 37/3 (b) at 160 1C for 8 h.

P. Yang et al. / Journal of Solid State Chemistry 182 (2009) 2510–25202516
particle to the final larger products by self-assembly is found. The
results suggest that the reaction temperature and time play an
important role in the morphology and size of the final product. A
similar growth process has also been found for the formation of
BaMoO4:Tb3+ synthesized at different temperatures, except for the
oval morphology of the products (Fig. 10).
3.4. Photoluminescence properties

The as-synthesized SrMoO4:Eu3+ and BaMoO4:Eu3+ particles
show red emission under ultraviolet (254 nm) excitation, as
shown in Fig. 11. The PL properties of the samples were further
characterized by the PL excitation and emission spectra (Fig. 11a
and b). It can be seen that the two Eu3+-doped samples show
much similar PL spectra. The excitation spectra were obtained by
monitoring the emission of the Eu3+ 5D0–7F2 transition at 612 nm.
It is obvious that all the spectra consist of a broad band with a
maximum at about 270 nm and some weak peaks between 300
and 500 nm. The broad band at 270 nm can be associated with the
MoO4

2– groups [52]. The weak peaks within the Eu3+ 4f6

configuration can be assigned to 7F0-
5D4 (367 nm), 7F0-

5L6

(396 nm) and 7F0-
5D2 (469 nm) [53]. Upon excitation into the

MoO4
2– groups at 270 nm, not only the characteristic transition

lines from the lowest excited 5D0 but also those from higher
energy levels (5D1) with weak intensities can be found (Fig. 11a
and b, right) (the locations of the emission lines together with
their assignments are labeled as well) [54]. The emission of Eu3+ is
dominated by the red 5D0–7F2 hypersensitive transition.

As shown in Fig. 11, the as-synthesized SrMoO4:Tb3+ and
BaMoO4:Tb3+ particles show green emission under short ultra-
violet (254 nm) excitation. Fig. 11(c and d) depicts the PL
excitation and emission spectra of the SrMoO4:Tb3+ and Ba-
MoO4:Tb3+ particles, respectively. The two samples also show
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Fig. 10. SEM images of the as-synthesized BaMoO4:Eu3+ particles synthesized at 160 1C for 4 h (a), 8 h (b), 12 (c), and 24 (h).

Fig. 9. SEM images of the as-synthesized SrMoO4:Eu3+ particles synthesized at 160 1C for 4 h (a), 8 h (b), 12 (c), and 24 (h).
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much similar emission features except for a slight difference in
the intensities. In the excitation spectra monitored by the
emission of the Tb3+ 5D4–7F5 transition at 544 nm, a broad band
from 200 to 400 nm with a maximum at 258 nm can be observed,
which can be ascribed to the charge-transfer transitions within
the MoO4
2� groups [52]. The f–f transitions within the Tb3+ 4f8

configuration can hardly be detected due to their weaker intensity
with respect to that of MoO4

2�, revealing the efficient energy
transfer from MoO4

2� to Tb3+. Upon excitation into the MoO4
2� at

258 nm, the characteristic transition lines from the excited 5D4
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Fig. 11. The excitation (left) and emission (right) spectra for SrMoO4:Eu3+ (a), BaMoO4:Eu3+ (b), SrMoO4:Tb3+ (c), BaMoO4:Tb3+ (d) and their corresponding photographs

under ultraviolet (254 nm) excitation.
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level of Tb3+ are apparent in the emission spectra (Fig. 11c and d,
right). Additionally, the characteristic emission of Tb3+ with
5D4–7F5 green emission (544 nm) is the most prominent group
compared with other transitions.

The typical decay curves for the luminescence of Eu3+ in
AMoO4:Eu3+ (A ¼ Sr, Ba) and Tb3+ in AMoO4:Tb3+ (A ¼ Sr, Ba) are
shown in Fig. 12. It can be seen that the decay curves for 5D0–7F2

(612 nm) of Eu3+ and 5D4–7F5 (544 nm) of Tb3+ can be well fitted
into a double-exponential function as I ¼ A1 exp(�t/t1)+A2 exp(�t/
t2) (t1 and t2 are the fast and slow components of the
luminescence lifetimes, A1 and A2 are the fitting parameters),
and the fitting results are shown in Fig. 12. The respective average
lifetimes for 5D0–7F2 (612 nm) of Eu3+ in SrMoO4:Eu3+ and
BaMoO4:Eu3+ are 0.71 and 0.55 ms, respectively, which are
determined by the formula t ¼ (A1t1

2+A2t2
2)/(A1t1+A2t2) [55].

However, the average lifetimes for 5D4–7F5 (544 nm) of Tb3+ in
SrMoO4:Tb3+ and BaMoO4:Tb3+ are 0.99 and 0.88 ms, respectively.
The double-exponential decay behavior of the activator is
frequently observed when the excitation energy is transferred
from the donor to the acceptor [55,56].
4. Conclusions

In summary, rare-earth ion (Eu3+, Tb3+) doped AMoO4

phosphors have been synthesized by a simple solvothermal
process using EG as protective agent without further heat
treatment. The obtained products exhibit well-defined peanut-
like and oval morphologies, non-agglomeration, and narrow size
distribution. The obtained AMo4:Eu3+ and AMoO4:Tb3+ phosphors
show the characteristic emission lines of Eu3+ and Tb3+, respec-
tively. The decay curves of all the samples fit well into a double-
exponential function. The possible formation process for the
AMoO4:Ln phosphors has been studied in detail. The solvothermal
reaction temperature, reaction time, and EG/H2O volume ratio
play significant roles in the morphologies and sizes of the
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Fig. 12. The decay curves for SrMoO4:Eu3+ (a), BaMoO4:Eu3+ (b), SrMoO4:Tb3+ (c), and BaMoO4:Tb3+ (d).
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as-synthesized products. These phosphors exhibit a potential
application in the display fields because of their special size,
morphology and luminescence properties.
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