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Highly ordered SrMoO4 3D spherical superstructure assembled with nanosheets was synthesized via a facile
and fast sonochemical route without any template. The products were characterized by X-ray diffraction,
field emission scanning electron microscopy, transmission electron microscopy, and selected-area electron
diffraction. The results showed that the as-synthesized self-assembled SrMoO4 spheres were composed of
nanosheets with thickness of about 40-60 nm and width of 1 µm. The pH values and surfactants play an
important role in the morphologies of the final sample. The possible mechanism for the formation of self-
assembled SrMoO4 spherical superstructure is proposed. The luminescence properties of these SrMoO4 samples
with different morphologies have also been investigated.

Introduction

The fabrication of highly ordered self-assembled superstruc-
tures of inorganic materials has attracted considerable attention
because of their unique properties and potential applications in
science and engineering.1,2 Great effort has been devoted to
explore various methods for the control of shape, size, and
structure.3-8 However, most routes need high temperature,
catalysts, sophisticated process, or protection gases, which may
result in impurity of the final product, high-cost, or inconve-
nience. Therefore, it is necessary and important to develop a
facial approach to synthesize those materials with controlled
shape. Recently, sonochemical method has become an ideal
medium to synthesize inorganic materials with controlled
morphologies.9,10 The chemical effects of ultrasound are due to
acoustic cavitation, which generates localized hot spots having
very high temperatures (>5000 K), pressures (>20 MPa), and
cooling rates (>107 K/s). Such extreme environments provide a
unique platform for the growth of novel nanostructures.11 Using
this simple and spontaneous process, some materials with special
morphologies and hierarchical architectures have been success-
fully synthesized.12,13

In the past few years, scheelite-type metal molybdates have
received great attention because of their wide applications in
industry, such as scintillation detectors, optical devices, magnetic
materials, catalysts, and so on.14-17 Strontium molybdate (Sr-
MO4) is a typical scheelite-type molybdate and has green
luminescence at liquid nitrogen temperature.18 To enhance its
physical properties, differently ordered morphology is usually
needed. Hence, a variety of efficient techniques have been
carried out on the shape-controlled SrMoO4 crystal to improve
its properties. To date, different morphologies, such as particles,
sheets, dumbbells, and nanowires, have been successfully
synthesized.16,18-33 For instance, Liu and Huang prepared single-
crystalline SrMoO4 nanosheets by aqueous solution route.30

Chen et al. developed a mineralization method for SrMoO4

microcrystallites with delicate morphologies.32 Zhang’s group
synthesized SrMoO4 nanowires by hydrothermal method.33

However, the organization of SrMoO4 nanostructured subunits
into highly ordered superstructures still remains a challenge.
Recently, self-assembled hierarchical microstructures have at-
tracted much attention due to the interesting morphology,
properties, and potential applications. Hierarchical superstruc-
tures with excellent properties have been reported, such as
platelike FeWO4 microcrystals,34 BaMoO4 nestlike nanostruc-
tures,35 carbonated apatite flowers,36 and so on. Here we
introduce a facile and fast sonochemical route as a novel
technique to first prepare highly ordered SrMoO4 superstructures.
This facile technique offers a general methodology to prepare
organized shapes of metal molybdates. It was found that the
experimental parameters have great influence on the morphol-
ogies of products. The formation mechanism of self-assembled
SrMoO4 spheres was proposed in terms of the experimental
results. The luminescence properties of SrMoO4 samples with
different morphologies have been investigated.

Experimental Section

Synthesis of the Samples. All the reagents were of analytical
purity and used without further purification. In a typical
synthesis, Sr(NO3)2 (1 mmol) and Na2MoO4 (1 mmol) were
added to 40 mL of distilled water under vigorous stirring,
respectively, and then the pH value was adjusted to a specific
value with HCl solution. The final concentration was 12.5
mmol/L Sr(NO3)2 and 12.5 mmol/L Na2MoO4, and the total
volume of the solution was 80 mL. After the above resulting
solutions were mixed rapidly, the solution was exposed to high-
intensity ultrasound irradiation under ambient air. Ultrasound
irradiation was accomplished with a high-intensity ultrasonic
probe (Xinzhi. Co., China, JY92-2D, 10 mm diameter; Ti-horn,
20 kHz, 100 W/cm2) immersed directly in the reaction solution
for 30 min. Finally, a white precipitate was centrifuged, washed
with distilled water and ethanol, and dried in air.

Characterization. Powder X-ray diffraction (XRD) was
performed on a Philip X’pert X-ray diffractometer with Cu KR
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radiation (λ ) 1.5418 Å). Transmission electron microscopy
(TEM) and selected-area electron diffraction (SAED) were
measured on a JEOL JEM-200CX, using an accelerating voltage
of 120 kV. Scanning electron microscopy (SEM) was taken by
a LEO-1530 VP. Fourier transforms infrared (FT-IR) spectros-
copy was recorded by a Nicolet 6700. Photoluminescence (PL)
spectra were measured on a Shimadzu RF-5301PC fluorescence
spectrometer. All spectra were collected at room temperature.

Results and Discussion

Structures and Characterization. Highly ordered SrMoO4

3D spherical superstructure can be synthesized via a facile
sonochemical method. The crystalline phase of the product was
studied by XRD. The XRD of the obtained product is shown

in Figure 1. It is found that as-synthesized SrMoO4 sample
showed good crystallinity. All diffraction peaks can be indexed
to the tetragonal system with the lattice constants a ) 5.394 Å
and c ) 12.02 Å, which are in good agreement with the JCPDS
card no. 08-0482. No peaks of any other phases are detected,
indicating the high purity of the product. The crystal structure
of SrMoO4 is shown in Figure 1b. It is found that the
molybdenum atoms coordinated with four oxygen atoms and
the strontium atoms coordinated with eight oxygen atoms to
form the unit cell of SrMoO4.32

The morphology of the obtained SrMoO4 sample was
examined by SEM and TEM. As shown in Figure 2a, it is clearly
demonstrated that the product consisted of a large amount of
spherical structures. The mean diameters of these spheres are

Figure 1. (a) XRD pattern and (b) crystal structure for the obtained SrMoO4 sample.

Figure 2. Morphologies of the obtained SrMoO4 samples: (a) a typical SEM image, (b) a higher-magnification SEM image, (c) a typical TEM
image, and (d) the SAED pattern.
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Figure 3. TEM images of SrMoO4 sample prepared at pH of (a) 5.0, (b) 7.0, (c) 9.0, and (d) 11.0.

Figure 4. TEM images of SrMoO4 synthesized with different surfactants: (a) 0.5 g of PEG-200 at pH 5, (b) 0.5 g of PEG-200 at pH 7, (c) 0.5 g
of gelatin at pH 7, and (d) 0.5 g of gelatin at pH 5.
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about 1 µm. A higher-magnification SEM image (Figure 2b)
reveals that an individual sphere is composed of tens of similar
nanosheets with thickness of 40-60 nm and width of 0.5-1
µm. These nanosheets are connected with each other to form
sphere with random orientation. The morphology and micro-
structure of the as-synthesized SrMoO4 sample was further
studied by TEM (Figure 2c). In agreement with the SEM results,
we can distinctly observe that many minute projecting edges
attach on the surface of the spheres. This result further confirmed
that the individual SrMoO4 sphere is composed of nanosheets.
The SAED recorded on an individual SrMoO4 sphere reveals
that the final sample is polycrystalline.

Effect of pH Value. pH value is one of the most important
factors influencing morphology of the final product. To inves-
tigate the influence of pH value on the morphology, the SrMoO4

was prepared at different pH values under the present experi-
mental conditions. In the pH value under 4, no precipitate was
observed. When the pH value was increased to 5, the morphol-
ogy of the products was self-assembled spherical structure. It
was found that the sphere is composed of several tens of similar
nanosheets as shown in Figure 3a. When the pH value was 7,
the morphology of the sample consisted of spindle structure
with a mean diameter of 300 nm at the center and lengths of
about 2 µm (Figure 3b). When the pH was further increased to
9, some nanoparticles were observed on the surfaces of the
spindles structure (Figure 3c). After the pH was increased to
11, the morphology was a mixture of nanoparticles, spindles,
and nanorods (Figure 3d), and the product was mixture of
SrMoO4 and Sr(OH)4. This is due to the fact that the higher
concentration of Sr4+ has a more similar combining ability with
[OH]- than [MoO4]- in the higher alkali solution.

Effect of Surfactants. Surfactants have special structures and
fascinating template functionalities. Many studies have indicated
that surfactant-assistant synthesis has been a popular method
to achieve morphological control. In our case, it is found that
only some kinds of surfactants can influence the morphology
of the final sample. When 0.5 g of PVP (poly(vinylpyrrolidone)),
PEG (poly(ethylene glycol))-200, PEG-2000, PEG-20000, and
SDS (sodium dodecyl sulfate) were added into the reaction
system, respectively, the morphologies of all samples were keep
unchangeable. When the experiment was carried out under the
same conditions via employing above different kinds of sur-
factants at pH 5, their morphologies were spherical structures
with rough surface, and the average diameter was 1 µm (Figure
4a). While the pH was 7, the morphology was spindle (Figure
4b). However, when 0.5 g of gelatin was used, the morphology
was changed into rods, and these rods aggregated by each other
(Figure 4c). The average length of these rods was about 2 µm,
and the diameter was 500 nm. With further increase of the
concentration of gelatin, the morphology and size of the final
product hardly changed. Further research indicated that pH value
had also a significant effect on morphology in this case. When
pH changed to 5, mixture of spheres and rods was found, and
the surface of their spherical structure changed into smooth
(Figure 4d). Gelatin is an amphoteric polyelectrolyte consisting
of amino acid groups. It has good adsorption properties due to
the fact that the gelatin chains can interact with each other
through hydrogen bonding.37 Although the exact roles of gelatin
on the morphological control are still not completely understood,
gelatin might play a role as follows. Before the reaction begins,
Sr2+ and MoO4

2- ions have been protected by gelatin because
of the existence of hydrogen bonding between ions and the

Figure 5. (a) Typical SEM image of the obtained SrMoO4 with 0.5 g of P123. (b) SEM images of several broken hollow spindles viewed from
different angles. (c) Typical TEM image of the final product.
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gelatin chains. When the reaction system was irradiated with
ultrasound, they might attack each other and form initial SrMoO4

nanocrystals. These freshly formed nanocrystals were unstable
and could selectively adsorb gelatins due to the high surface
activity. The gelatin adsorbed onto some surfaces of SrMoO4

nanocrystals could restrain the growth rates of these surfaces
and lead to highly anisotropic growth. This process is the
preferential adsorption mechanism.38

When 0.5 g of Pluronic amphiphilic triblock copolymer P123
(EO20PO70EO20, MAv ) 5800) was added into the reaction
system, the majority of the final sample had a uniform spindle
shape with diameter of 500 nm at the center and length of about
2 µm (Figure 5a). It is found that a few partly broken hollow
spindles can be clearly observed. Figure 5b shows several broken
hollow spindles viewed from different angles. The morphology
of the as-synthesized SrMoO4 was further studied by TEM. It

is clearly found that a strong contrast difference exists between
the edges (dark) and centers (bright) and hollow interior with
wall thickness of about 50 nm in Figure 5c. P123 possesses a
dehydrated PPO segment and two hydrated PEO blocks. When
the polymer concentration exceeds the critical micelle concen-
tration (cmc), the P123 core-shell micelles are formed and are
able to bind with metal ions.39 Pb2+ ions easily form
Pb-(PEO-PPO-PEO) units on the micellar surfaces, which
provide nucleation domains to form nascent SrMoO4 nanopar-
ticles. In the later growth stage, the freshly SrMoO4 nanopar-
ticles further form SrMoO4 layer on the surface of the micellar
aggregates. The micellar templates can be eliminated by the
subsequent washing process. This process is the template
mechanism and similar to other hollow structures.40,41

Possible Growth Mechanism. In order to understand the
morphological evolution, time-dependent experiments were

Figure 6. TEM images of the final products obtained at different reaction times of (a) 2, (b) 5, (c) 20, and (d) 30 min. SEM images at the different
times of (e) 20 and (f) 30 min, respectively.
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performed. In the case of the self-assembled SrMoO4 spherical
superstructure, the samples were characterized by TEM at
different reaction times. Figure 6 showed the images taken from
the reaction mixture after the solution was exposed to high-
intensity ultrasound irradiation for 2, 5, 20, and 30 min. In Figure
6a, TEM images of the early growth stage of SrMoO4 showed
that SrMoO4 nanoparticles were obtained after ultrasound
irradiation for 2 min. With the ultrasound proceeding, the
nanosheets began to appear (Figure 6b), but small particles still
existed. When the reaction time reached 20 min, these nanosheets
began to assemble into sphere clusters, and the typical 3D sphere
structure was formed (Figure 6c). At the reaction time of 30
min, the reaction reached a stable state. The growth of the
SrMoO4 sample was also confirmed by SEM (Figure 6e and
6f). To make a comparison, we have also carried out the reaction
with vigorous electromagnetic stirring instead of ultrasound
irradiation. The final products are mainly amorphous particles.
The experiments proved that high-intensity ultrasonic irradiation
played an important role in the formation of self-assembled
SrMoO4 superstructure.

On the basis of the experimental results, a possible formation
mechanism was proposed. We believe that the sonochemical
formation of self-assembled SrMoO4 sphere superstructures
underwent three steps: (1) ultrasound-induced formation of
SrMoO4 nanoparticles, (2) these primary nanoparticles ac-
companying oriented attachment to form nanosheets, and (3)

these nanosheets further attached randomly and assembled into
spheres superstructure. A schematic illustration of self-assembled
SrMoO4 sphere superstructures is shown in Scheme 1.

The Luminescence Characterization. The optical properties
of as-prepared product were also studied. The infrared spectra
of SrMoO4 with different morphologies are shown in Figure 7.
As we know, SrMoO4 belongs to the scheelite family of
structures with space group I41/a. The MoO4

2- ion has
tetrahedral symmetry, and it is represented as ΓTd ) A1(ν1) +
E(ν2) + F2(ν3) + F2(ν4). Herein A1(ν1) and E(ν2) are Raman
active, but F2(ν3) and F2(ν4) are infrared active. The F2(ν3)
vibrations are antisymmetric stretches, whereas the F2(ν4)
vibrations are bending modes. The bands about 800 cm-1 are
assigned to F2(ν3) antisymmetric stretching vibrations of
SrMoO4.26,29 In our study, all samples exhibit the same peak at
about 810 cm-1 corresponding to the vibration modes F2(ν3),
which are consistent with those SrMoO4 reported previously.
This peak could be originated from the Mo-O stretching
vibration of the MoO4 group.26,29 In previous reports, SrMoO4

thin film possesses a weak absorption peak at 800 cm-1 because
of its relatively larger size and lower crystallinity.29

Figure 8 shows the room-temperature photoluminescence
spectra of the different morphologies using the same excitation
wavelength of 237 nm. The spectra show that all of the three

Figure 7. Infrared spectra of the obtained SrMoO4 with different
morphologies.

Figure 8. Room-temperature photoluminescence spectra of the
obtained SrMoO4 with different morphologies.

SCHEME 1: Schematic Illustration of the Formation of the Obtained SrMoO4 with Different Morphologies under
Ultrasound Treatment
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samples exhibited emission peaks at 369 nm. The emission peak
might be ascribed to the charge-transfer transitions within the
MoO4

2- complex.31,32,42-44 Ma et al. have synthesized SrMoO4

with a microspindle structure through a microemulsion route,
and they also possess similar PL emission at about 400 nm.25

The other authors have observed the maximum emission of the
PL emission at about 500 nm.28-32,45,46 Compared with previous
results, all SrMoO4 samples synthesized by sonochemical
method have an obvious blue-shifted PL emission because of
their relatively small sizes and unique structures. The differences
of maximum emissions wavelength can be assigned to the
structural organization levels, preparation methods, treatment
conditions, and different excitation wavelengths.28 It is well-
known that the relative intensity of the peaks varied, which
indicates that they seem to be closely related to the morphology,
size, surface defect states, and so on. The different shape and
size would change the carriers excited from the valence band
to the conduction band, and then finally result in the variations
of luminescence.47 In our case, it is interesting that the PL
intensity of the hollow spindle sample is higher than that of the
self-assembled sphere and solid spindle sample. The enhanced
luminescence performance due to hollow spindle shape has large
internal surface area at their interior and more surface defect
than the other two samples.48 Meanwhile, the self-assembled
sphere sample possesses more surface defects, so they show
more intensity PL emission than solid spindle sample. These
results indicate that the luminescence properties of SrMoO4 are
very sensitive to its morphology and strongly dependent on
structural defects.

Conclusion

In summary, self-assembled SrMoO4 sphere superstructures
composed of nanosheets have been successfully synthesized
without any surfactants, template, and structure-directing re-
agents under ultrasonic treatment. Our experiment results
indicated that by simply controlling pH value and addition of
surfactant, different morphologies could be obtained. The
formation mechanism of self-assembled SrMoO4 sphere super-
structure has been investigated. Different morphologies of
SrMoO4 show a similar PL emission peak at 369 nm under the
237 nm UV excitation, which is mainly attributed to the charge-
transfer transitions. Furthermore, this method is highly possible
to rapidly extend it as a general synthetic method for other metal
molybdates.
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