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Abstract

Core—shell BaM0O,4@SiO, nanospheres were prepared in reverse microemulsions and exhibited enhanced photoluminescence (PL) intensity as
compared to that of the uncoated BaMoO,. Characterization was performed using transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), selected area electron diffraction (SAED), energy-dispersive X-ray spectroscopy (EDX), and X-ray
powder diffraction (XRD). It was found that the silica shell could increase the PL intensity, but the shell is not the thicker the better. The PL
emission can be decomposed into three individual Gaussian components: two UV emissions at 308 nm and 369 nm and a visible emission at
448 nm. Such short emission wavelengths can be attributed to quantum size effect of the small BaMoO, cores (~16 nm).

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

As an important type of inorganic luminescent materials,
molybdates and tungstates with large bivalent cations (ABOy,
ionic radius > 0.099 nm, A=Ca, Sr, Ba, Pb; B=Mo, W), existing
in the scheelite structure, have a high potential for applications in
many fields, such as light-emitting diodes, solid-state lasers, and
scintillation detectors [1-6]. Among these compounds, barium
molybdate (BaMoQO,) has been widely investigated because of its
attractive photoluminescence (PL) [7-10]. However, practical
applications of pure BaMoQO, have rarely been reported due to
the unsatisfying PL intensity. Thus, it is still highly needed to
develop a facile method to enhance it. On the other hand, UV
light-emitting materials have attracted considerable interest recently
due to the demand for optoelectronic devices, such as UV light-
emitting diodes, laser diodes, faster laser typing, and higher-density
information storage [11-14]. Thus, it would be very meaningful to
prepare materials with PL emissions mainly in the UV region.
As the BaMoOQ, particles decrease in size from 1300 nm [15] to
30 nm [7], their maximum PL emission peaks have a blue shift
from 542 nm to 400 nm, showing obvious quantum size effect.
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Therefore, preparing BaMoO, with sizes <30nm would be
a feasible way to obtain UV emission.

Since the 1990 s [16], core—shell structures have been popular
in the nano field because of their superior physical and chemical
properties compared to their single-component counterparts [17].
Among these core—shell structures, silica-coated nanoparticles
have become increasingly important in various fields since their
introduction by Liz-Marzan et al. [18] in 1996. Due to its optical
transparency, chemical inertness, and controlled porosity, silica
has been frequently used as a shell to improve the properties of
the core materials, such as the photostability of quantum dots
[19], the stability of catalysts [20], and the biocompatibility of
nanoprobes [21]. It is of special interest that silica coating can
enhance the PL intensity of luminescent materials, as observed by
Kuang [22], Zhou [23], and Lu [24,25]. Keeping this in mind, we
intend to synthesize core—shell BaMoO,@SiO, and investigate
the effect of coating on its PL property.

In the last decade, various methodologies for the silica coating
of nanoparticles have been developed [21,26]. Of these methods,
reverse microemulsions, as thermodynamically stable, transpar-
ent, and isotropic liquid media with nanosized water pools, are
particularly powerful [27-29]. In addition to their advantages of
being easy to handle, demanding no extreme pressure or
temperature, and requiring no special or expensive equipment,
their shape and size can also be readily controlled by adjusting
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their compositions [30]. We thus adopted a reverse microemul-
sion strategy to synthesize the core—shell BaMoO,@SiO,.

In this work, we prepared core—shell BaMoO,@SiO,
nanocomposites in a reverse microemulsion of Brij-58/cyclo-
hexane/water and investigated their optical properties. The PL
intensity was enhanced by silica coating and the main PL
emission peaks entered UV region.

2. Experimental
2.1. Materials

Polyoxyethylene (20) cetyl ether (Brij-58) was purchased from
Acros. Tetraethyl orthosilicate (TEOS), ammonium hydroxide
(NH3 - H,O, 25-28%), sodium molybdate (Na,MoOQOy, - 2H,0),
barium chloride (BaCl,-2H,0), cyclohexane, and isopropanol
(IPA) were purchased from Sinopharm Chemical Reagent Co.
Ltd. (SCRC). All chemicals were of analytical grade and used
without further purification. Deionized water (18.2 MQ) was used
as necessary.

2.2. Synthesis of BaMoO,@SiO,

In a typical synthesis, 3.37 g of Brij-58 (3 mmol) was added
to 15 mL of cyclohexane in a 50-mL two-necked round-
bottom flask, heated to 50 °C with stirring until the mixture
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became transparent. Then 0.45 mL of a sodium molybdate
solution (1 M) was added to form a reverse microemulsion.
After 1 h of stirring, 0.45 mL of barium chloride solution
(1 M) was added dropwise. After another hour, 1.2 mL of
ammonium hydroxide was added dropwise. Half an hour later,
either 1 g or 2 g of TEOS (in different experiments) was added
into the system. The silica-coating process was allowed to
proceed for 2 h, after which 15 mL of IPA was added for
demulsification. After ultrasonication for 5 min, the mixture
was centrifuged at 6000 rpm for 10 min. The precipitate was
washed twice with IPA, dried at 100 °C in an oven for 10 h,
and then calcined at 500 °C for 2h under an air stream.
Uncoated BaMoO, were obtained by repeating the same
procedure without the addition of ammonium hydroxide
and TEOS.

2.3. Characterization

TEM was performed at room temperature on a JEOL
transmission electron microscope (JEM-2000 EX) using an
accelerating voltage of 120 kV. High-resolution transmission
electron microscopy (HRTEM), selected area electron diffrac-
tion (SAED), and energy-dispersive X-ray spectroscopy
(EDX) were conducted on an FEI Tecnai G2 F20 microscope
working at 200kV. The XRD patterns were recorded on
a SHIMADZU X-ray diffractometer (XD-3A) with Cu-Ka
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Fig. 1. TEM images of BaM00O,@SiO, with TEOS amounts of (a) 1.0 g and (b) 2.0 g. The insets in (a) and (b) are corresponding shell thickness distribution
histograms. (c) HRTEM image, (d) SAED pattern and (e) EDX spectrum of BaMoO4 @SiO2 with 2.0 g of TEOS. The inset in (c) shows the fringes of the core at
higher magnification.
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(0.1542 nm) radiation, scanning from 10° to 70° (26) at a rate
of 6°/min.

2.4. Optical properties test

40 mg of uncoated BaMoO, was dispersed in 900 mL of
water, transferred into a 1000-mL volumetric flask, diluted
with water to volume and tested on UV—vis spectrophotometer
(Agilent 8453). According to the UV-vis spectrum, the
maximum absorption wavelength of BaMoO, was 209 nm,
and the absorbance value was 0.96. To compare the PL
intensity, the concentrations of the core—shell BaMoO,@SiO,
materials were adjusted to fix the absorbance at 209 nm to the
same value, i.e., 0.96. A PL spectrometer (Hitachi F-7000) was
used to test PL intensity at room temperature.

3. Results and discussion
3.1. Characterization of nano core—shell BaMoO ,@SiO,

Fig. 1a and b show typical TEM images and corresponding
shell thickness distribution histograms of core—shell
BaMoO,@Si0O, with different TEOS amounts. The size of
the BaMoOQO, cores in both core—shell structures is 16—17 nm,
endowing them with the potential for UV emission because of
the quantum size effect (the wavelength of the PL emission for
30 nm BaMoQOy is 400 nm [7]). Silica shell thickness increases
with the increased amounts of TEOS. The core—shell nano-
structures possess shell thicknesses of 12.1 +1.2nm and
180+ 1.1nm for 1g and 2g of TEOS, respectively.
For convenience, hereinafter the thicknesses are referred to
as 12 nm and 18 nm, respectively.

The HRTEM image, SAED pattern, and EDX spectrum of
BaMo0O,@Si0, are shown in Fig. 1c—e. From the HRTEM we
can see clear fringes of the lattice planes (marked by white
short parallel lines in the inset) on the core, indicating high
crystallinity of the BaMoO, cores. The interplanar distance of
335A can be attributed to scheelite BaMoO, (112).
The SAED pattern exhibits a number of bright spots arranged
in concentric rings, which correspond to the (112), (200),
(211), (204), (116), and (312) planes of scheelite BaMoO,.
Among those planes, (112) is the brightest one, indicating its
predominance. In the EDX spectrum, peaks of Ba, Mo, O, and
Si are observed, while the Cu signal is ascribed to the copper
grid for supporting the sample. These results amply demon-
strate the high crystallinity and composition correctness of our
product.

The phase structures of the as-synthesized samples were
characterized using powder X-ray diffraction (XRD). Fig. 2
shows diffraction patterns of BaMoO,@SiO, with different
shell thicknesses. All the peaks can be indexed to the pure
scheelite structure of BaMoO, (JCPDS Card no. 29-0193). The
dominant plane is (112), which agrees well with the HRTEM
result and electron diffraction data (Fig. 1c and d). The size of
BaMoO, cores was calculated to be 16.6 nm by the Debye—
Scherrer formula, also in good agreement with those observed
in TEM images (Fig. la and b). Pure amorphous silica was

a: Sio,

b: BaMoO,@SiO, (18 nm)
c: BaMoO,@SiO, (12 nm)
d: BaMoO, (JCPDS 29-0193)
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Fig. 2. XRD patterns of (a) pure silica, (b) BaMoO,@SiO, with shell
thickness of 18 nm, (c) BaMo0oO,@SiO, with shell thickness of 12 nm, and
(d) Literature data for pure BaMoO,4 (JCPDS No. 29-0193).

analyzed by XRD for comparison and showed a broad hump
between 20° and 30°, as shown in Fig. 2. Such a hump could
be identified in the XRD patterns of BaMoO,@SiO, with
different shell thicknesses. The intensity of the hump is very
weak compared to that of BaMoO, due to the amorphous state
of silica. However, a slight increase of the hump still can be
identified with the increase of the shell thickness, implying the
increase of SiO, mass fraction in the composites.

3.2. Formation mechanism of the core—shell structures

In order to investigate the formation mechanism of the core—
shell structures, we analyzed the intermediates (i.e., the
uncoated BaMoO, and coated but not calcined BaMoO,) by
XRD and HRTEM. The results, together with those of the final
products (take the BaMoO,@SiO, with 18 nm shell as an
example), are shown in Fig. 3. From the XRD patterns, we can
see that before silica coating, BaMoO, has been formed
(Fig. 3a). The weak intensity and broadening of the diffraction
peaks suggested low crystallinity. After silica coating, the
diffraction peaks (Fig. 3b) showed little difference except the
appearance of a broad hump between 20° and 30°, which can
be attributed to silica. After calcination, the diffraction peaks
became narrow and the intensity was significantly increased
(Fig. 3c¢), indicating high crystallinity was obtained. The same
results can be concluded from HRTEM images (Fig. 3d—f),
where we can see that after calcination the fringes of the lattice
planes appeared (Fig. 3f), which could not be observed before
calcination, further proving that calcination can increase the
crystallinity of the cores.

Based on the above analysis, the formation mechanism of
the core—shell BaMoO,@Si0, nanocomposites is proposed
and illustrated in Scheme 1. Firstly the microemulsion was
formed by Brij-58, cyclohexane, and Na,MoQO, solution.
The MoO3~ was confined in the water pools. Once BaCl,
solution was added, BaMoO, cores were precipitated out, which
can be confirmed by the XRD pattern of Fig. 3a. Then silica shell
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Fig. 3. XRD patterns of (a) bare BaMoO,, (b) uncalcined BaMoO,@SiO, and (c) calcined BaM0O,@SiO,. HRTEM images of the core of (d) bare BaMoO,,

(e) uncalcined BaMoO,@SiO, and (f) calcined BaMoO,@SiO,.
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Scheme 1. Illustration of the formation process of core—shell BaMoO,@SiO,.

was formed through the hydrolysis and condensation of TEOS
under the catalysis of ammonium hydroxide. After washing,
drying, and calcination, water and organic compositions were
removed. At the same time, the crystallinity of the BaMoO, cores
was improved, as shown by the variation of XRD patterns and
the appearance of lattice fringes in HRTEM images. Core—shell
BaMo00,@Si0O, nanomaterials were thus formed.

3.3. Optical properties of nano core—shell BaMoO,@SiO,

To investigate the influence of coating and shell thickness on
PL intensity, uncoated BaMoO, and BaMoO,@SiO, with
different shell thicknesses were dispersed in water and analyzed
by UV-vis and PL spectroscopy (Fig. 4a). Their concentrations
were carefully adjusted to ensure that the absorbance values at
209 nm (the maximum wavelength) were identical. From Fig. 4a,
we can see that a silica coating could significantly enhance the PL
intensity. The coated BaMoO, showed bright blue color under

UV light, whereas the uncoated particles were hardly visible
(Fig. 4c and d). The PL intensity of SiO,-coated NPs with shells
of 12 and 18 nm were enhanced by factors of 8.0 and 6.8,
respectively. From this we can conclude that silica shell can
increase the PL intensity, but the shell is not the thicker the better.

The reason for such a phenomenon can be deduced as
follows. It is well known that the surface of bare BaMoQO,
synthesized at low temperatures contains many defects, which
may cause non-radiative transition and decrease the PL
intensity. Silica coating could reduce or eliminate the surface
defects by reducing the number of dangling bonds on the
nanoparticle surface. Thus, the surface was passivated and the
PL intensity was enhanced [31]. However, light can be
absorbed upon passing through silica [24]. According to the
Lambert law, the transmission intensity of incident light will
decrease with increasing absorption layer thickness. Therefore,
for the thin shells the reduction of surface defects is the
dominant factor, resulting in the enhancement of the PL
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Fig. 4. (a) Absorption and emission spectra of uncoated BaMoO, and BaMoO,@SiO, with different shell thicknesses. (b) Decomposed Gaussian components of
bare BaMoO,. Photographs of the uncoated BaMoO, and BaMoO,@SiO, solutions under (c) ambient light and (d) UV light at 365 nm. (To see the blue PL color in

Fig. 4d, the reader is referred to the web version of this article).

intensity. For the thick shells, the absorption effect becomes
dominant. Hence, the PL intensity increases first and then
decreases with the increase in the shell thickness.

As to the luminescence mechanism, it is generally known
that the PL emission of the metal molybdates is mainly due to
the charge-transfer transitions within the [MoO7 7] complex
[7]. Due to the Jahn—Teller splitting effect on the excited states
of the tetrahedral [MoOﬁ_] anion, the fluorescence emission
spectrum is composed of several peaks overlapping each other
and shows a broad peak. As we can see from Fig. 4a, all PL
spectra show broad peaks, which can be decomposed into three
individual Gaussian components: 308, 369, and 448 nm
(Fig. 4b, the fourth Gaussian component at 550 nm is
attributed to the Frenkel defect structure). Compared with
reported data [7,9,15], where the main emission peaks are in
visible region, apparent blue shift was observed due to
quantum size effect, making the main emission peaks enter
UV region. It is worth noting that while the emission at
448 nm makes the material emit blue light, the UV emissions
at 308 and 369 nm might make the core—shell BaMoO,@SiO,
an active material for UV photonic devices.

4. Conclusions

In summary, nano core—shell BaMoO,@Si0O, with a core of
16-17 nm and shells of 12 and 18 nm were synthesized in a w/o
microemulsion of Brij-58/cyclohexane/water. The shell thick-
ness was tuned by varying the amounts of TEOS. We then
investigated the PL intensity of BaMoO, with different shell

thicknesses and found that the PL intensity of BaMoO, could be
greatly enhanced by coating a silica layer with appropriate
thickness. UV emissions at 308 and 369 nm were observed
besides a visible blue emission at 448 nm, making the core—
shell BaM00O,@Si0, a promising candidate for UV photonic
devices. Further we think that our synthetic strategy and PL
enhancement effect can be facilely extended to other silica
coated scheelite structured molybdates and tungstates, such as
CaMo0,@Si0,, PbWO,@Si0,, etc., due to the structural and
chemical similarity.
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